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Selected aspects of design and modelling of linear actuator based on PM
BLDC motor

Abstract. The article describes process of design and modeling PM BLDC motor operating in a linear actuator. The actuator drive mechanism is
implemented on base of a ball screw. The possibility of applying the simplifications consequent by the need for the implementation of model real-
time calculation was considered. The differences in the results generated using such models in comparison to the full model was also taken into
account. Furthermore, it was presented the structure of the real actuator control system. The results of computer simulations were compared with
the measurements waveforms, obtained on the test bench. (Wybrane aspekty projektowania i modelowania sitownika liniowego
zrealizowanego na bazie silnika PM BLDC)

Streszczenie. W artykule opisano proces projektowania i modelowania silnika PM BLDC pracujgcego w sitowniku liniowym. Mechanizm posuwu
sifownika realizowany jest na $rubie kulowej. Rozwazono mozliwosci stosowania uproszczen wynikajgcych z potrzeby realizacji obliczen w czasie
rzeczywistym. W badaniach uwzgledniono réznice w wynikach generowanych przy uzyciu modeli uproszczonych w poréwnaniu do modeli petnych.
Ponadto zaprezentowano strukture uktfadu sterowania rzeczywistym sitownikiem. Uzyskane wyniki symulacji komputerowych zestawiono z

przebiegami pomiarowymi otrzymanymi na stanowisku badawczym.
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Introduction

The subject of the paper is the numeric model of a linear
actuator designed for a six motor drive of a parallel
manipulator. Control of the above mentioned manipulator
requires at first the development of the six motor drive
control structure. Another requirement is an implementation
of inverse kinematics or even, in particular cases, inverse
dynamics solution. When kinematic description of the
manipulator is sufficient, the results of algebraic or numeric
calculation are setpoints of actuators stroke controller.
Considering the accelerations of six actuators, it might be
necessary to calculate inverse dynamics solution of parallel
manipulator and limit each actuator currents in order to
achieve appropriate accelerations. Thus the model of single
actuator is a fundamental component of the parallel
manipulator complex numeric model. The development and
laboratory verification of such a model is described in the
paper.

The ancestor of systems with parallel structure is
a movable platform based on six telescopic actuators,
which are joined with ball joints. That device was designed
by Gough in 1947. But in 1965 the design known as Stewart
platform was contributed to the theory of machines. In that
time Stewart developed parallel structure with six degrees
of freedom for a flight simulator. There exists also a term
Stewart-Gough platform [17, 16]. Mechanical system of this
design are used for the construction of aircraft flight or
driving vehicle simulators. Another branch of applications of
the abovementioned systems is a design of test stands for
analysis of impacts of the vibrations and shocks on the
tested system operation. Parallel manipulators like Stewart-
Gough design are also used as stabilization system in
medical conveyances for patient protection in cases of
spinal injuries or in neonatal transport as well as in special
transport area for sensitive goods protection.

There are some advantages of parallel manipulators,
starting from the possibility of six degrees of freedom
motion, through the possibility of high accelerations and
velocities due to small masses of moving parts and finishing
with high positioning accuracy resulting from the high
rigidity of the mechanism. Besides Stewart-Gough parallel
manipulator is characterized by advantageous weight to

volume ratio. It is also worth to mention that all the drives of
that system are identical, which leads to better efficiency
and higher loads of the manipulator.

There are also few disadvantages of parallel
manipulators like limitations of working space, which is
often much smaller than the dimensions of the platform.
The other drawbacks are: possibility of conflict between the
kinematic chain elements, presence of singular points within
the workspace, the difficulty in determining direct geometric-
kinematic parameters, complex control system, the
complexity of the linkages between the moving kinematic
chains.

Figures 1a and 1b show the types of kinematic chains of
linear actuator used in parallel manipulators. Both kinematic
chains have three types of joints in different configuration:
universal U, prismatic P, and spherical S. Design principles
of prismatic joints P based on ball screw are described in
detail by [1] and [10].

Beside the classical kinematics platform 6-UPS
(Figure 2a) proposed by Gough-Stewart and then [2] or [18]
and [5] based on linear actuators, it is known and used in
modified solutions. Such kinematics is shown in Figure 2b.
It developed the novel platform 6-PSU, which consists of six
legs with a prismatic joint P, spherical joint S, and universal
joint U [4]. The six prismatic joints move vertically with
respect to the base, which appears to be a significant
improvement over the standard Gough-Stewart platform.
The same 6-PSU kinematic diagram of the parallel
manipulator was proposed by [15]. In the analyzed cases,
each linear actuator consists of a drive and joints: the
universal U, prismatic P, and spherical S. Usually, the
authors do not focus on the modeling of DC drive but the
acceleration-based force-impedance controller. In one case,
classic mini DC motors (15W, 18 V and 5300 rpm) were
used [15]. The authors present a dynamic model of the DC
drive as an element of the Robotic Controlled Impedance
Device (RCID). In another case, the model of 6-UPS
platform was developed based on permanent magnet
synchronous motors [18]. This type of kinematics is shown
in Figure 2a.
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Fig.1. Kinematic diagrams of linear actuator: a) UPS
kinematic chain; b) PSU kinematic chain

The same kinematics of 6-UPS platform driven by
hydraulic linear actuators were used as a motion simulator
[6]. The paper proposes three systematic optimal design
procedures to solve the practical design problems of the
Gough-Stewart platform and the authors focus on the
modeling of electrohydraulic linear actuator. There is one
article dedicated to modeling of PM BLDC linear actuator
drive [20], but in the paper [9] describe model of PM BLDC
designed to gear servo actuator. Quite similar 6-3 UPS
kinematics of parallel manipulator is presented in [8]. It is
illustrated in Figure 2c. The 6-3 UPS parallel manipulator
consists of six linear actuators connected to the base
platform in six points via universal joints U, and to the
motion platform in three points via spherical joints S.
Consequently, the consecutive linear actuators are linked to
each other in three pairs.

The linear actuator as an application of a parallel
manipulator

Parallel manipulator operating in six degrees of freedom
(6DOF) consists of a fixed lower base and movable upper
platform. These parts are connected with six independent
linear actuators (Figure 3a). Each of the actuators, also
called arms of the manipulator, is made up of two main
parts connected with a screw driven by motor and a ball
nut. Those parts of the whole mechanism enable
conversion of rotary to progressive motion. The screw is
propelled by permanent magnet brushless DC motor
(PM BLDC). Lower part of the arm is connected with the
base with the Cardan joint, while upper part of the arm is
linked to the upper platform with mechanical system, which
includes Cardan joint and rotary universal joint. Control of
the described parallel manipulator is based on an
appropriate setting of each actuator length, which leads to
achieving six degree of freedom for the upper platform of
the manipulator. PM BLDC motors of 400 W were used in
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the drive system of each actuator. The motors were
equipped with integrated control unit controlling the velocity,
current, and position of the motor. The motion parameters
including the rotation direction and the number of pulses of
the encoder can be set using the CANopen protocol.

Control methods of parallel manipulators

Control methods of parallel manipulators can be
classified in respect of mathematical description form and
the accuracy of manipulator positioning derived from that
[21, 19]. In this perspective the parallel manipulator control
algorithms can be divided into two categories: first-based on
the analytical methods, and second - based on numerical
calculations. Specific algorithms of parallel manipulator
motion control differ mainly in positioning accuracy and
computational complexity.

Typical description of the parallel manipulator is based
on the three dimensional Cartesian coordinates (X, Y5 Z3)
and three angles (6, ¢, w). It is shown in the Figure 3b. The
central point of the manipulator is the center of the local
coordinate system of the manipulator, while the central
point of lower base Q, is the center of the global base
coordinate system. The points from 4; to 45 describe the
manipulator base. The upper platform of the manipulator is
defined by points B; to Bs. The mentioned two parts of the
manipulator are linked with six linear actuators labeled as
L, L, L; L, Ls and L, Vector p is the orientation vector of
the coordinate Qg with respect to Q. The position vector a;
(related to Q,), bi - the position vector (related to Qp). The
idea of the algorithm of the manipulator control lies in
determination of the wupper platform translations and
rotations in three dimensions. Depending of the desired
motion parameters, position and orientation or even
acceleration in three dimensions are determined.
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Fig.2. Kinematics diagram of Stewart-Gough parallel

manipulator: a) the 6-UPS parallel manipulator; b) the 6-PSU
parallel manipulator; c) the 6-3 UPS parallel manipulator.

When, translations, called also actuator strokes are
known, the calculation of motion is described as forward
kinematics. The inverse kinematics algorithm allows to
determine strokes of all actuators in assumption of desired
change of positions of manipulator upper platform.
This control method requires determination of all angular
and linear translation values, which are possible within
certain constraints of linkages and which lead to desired
position of the upper platform of the parallel manipulator.
The solution of inverse kinematics is the main task of
control and motion programming for parallel manipulators.
This is important when determining manipulator motion in
time. The inverse kinematic solution leads to determination
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of the values of controls for each linear actuator drive. In
such approach the torques, inertias and forces, present
when the manipulator is in motion, are omitted. In order to
achieve accurate values of actuator controls, corresponding
to the values of the real mechanical system, it is necessary
to solve inverse dynamics task.
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Fig.3. CAD model of 6DOF parallel manipulator: a) design;
b) kinematic model

Design of the linear actuator for parallel manipulator

We have used the SolidWorks software package for the
development of linear actuator design. This engineering
Computer Aided Design (CAD) tool allows not only for three
dimensional models design, but as well allows for
examination of designed mechanical elements in respect of
the selected issues of kinematics, dynamics and
endurance. The design process has been started from
making the assumptions concerning kinematics and
manufacturing materials. Then three-dimensional model
has been designed and it has been used for determination
of selected endurance parameters. The final shape of the
designed actuator is shown in the Figure 5. As the
examples of computer analysis made in SolidWorks
environment in the Figure 4 we have shown load force and
load torque of the designed linear actuator during vertical
motion cycle of the parallel manipulator.
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Fig.4. The waveforms of a) ball screw load force of single linear
actuator; and b) load torque of this actuator PM BLDC motor
drive, during full vertical movement of the parallel manipulator

The linear actuator presented in Figure 5 is based on
the cage framework consisting of six hexagonal aluminum
discs, connected with six connected circular steel rods.
Three of these rods are firmly fixed with both motor body
and the ball screw. The pitch of the used ball screw is
Pse=5 mm. A shaft of the PM BLDC motor is linked to the
ball screw with a clutch. The ball screw is mounted in upper
and lower ball bearing. The motor, ball screw and fixing
bearing make a complete drive mechanism. Lower bearing
block consists of two ball bearings, while upper bearing
block is made of single ball bearing. The translation
mechanism consists of three remaining leading rods fixed to
the ball screw. Possible translation of this mechanism is
/= 335mm. Fixing and leading rods are led by linear
bearings, which are mounted in the holes in the hexagonal
discs. The rod endings are fixed in the appropriate discs
with axial and radial screw connections [10]. Minimal length
of each actuator is L,,;,= 890 mm.
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Fig.5. The design of linear actuator with PMBLDC motor

For designing the three-dimensional model of the
parallel manipulator (Figure 3a) we have used the linear
actuator model, which we designed in SolidWorks CAD
environment. We have designed the parallel manipulator
model in order to make analysis of that electromechanical
device and also in order to make a synthesis of its control
system structure and parameters. That approach, based on
integration of CAD software with simulation environment
was previously described in a few publications for example
in [3]. We have used Matlab/ Simulink model compatible
with  SimMechanics toolbox prepared from the data
automatically exported from the previously designed three-
dimensional model. The described design process
sequence allowed for simplifying the implementation of
inverse kinematic of the designed parallel manipulator in the
Matlab/Simulink environment. We have obtained virtual
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laboratory stand thanks to the connection of two computer
design and simulation environments. There is the possibility
of control system design and visualization of static and
dynamic states of the three-dimensional model of a real
object. The drawback of such approach is the necessity of
taking into account accurate parameters of the real object.
It requires detailed specification of numeric model designed
in  SimMechanics toolbox running in Matlab/Simulink
environment.

As it comes from our analyses the initial virtual model is
usually an approximation and it could be supplemented with
details after the identification of the real object parameters.
Besides, in case of computer simulation there appear some
problems arising from numerical method used in the model,
which may lead to the lack of convergence of numerical
computation, for example in case of improper treatment of
the mechanical system constraints.

The overall structure model of linear actuator drive with
PM BLDS motor

The overall structure model of linear actuator drive is
presented in Figure 6. PM BLDC motor model is the primary
block of the shown structure. We have integrated in single
block the components of motor model and electronic
commutator model. Other blocks are responsible for
matching the input circuit parameters and transforming
rotary motion into linear.

1y

-
v | PMBLDC
Psc | Motor

Fig.6. The block diagram of the linear actuator model drive with
PM BLDC motor

Output quantities of the motor are DC power circuit
voltage Uy, load torque 7; and moment of inertia of load
converted to the motor output shaft J;. Input quantities are
DC circuit current Iy, angular velocity w and motor torque T.
The motor model is connected to the actuator model with
aset of matching blocks, which convert quantities
characteristic for linear screw drive to quantities specific for
PM BLDC motor. The value of input voltage Uy is calculated
by position controller (PC). The set point of the mentioned
controller is translation of linear actuator I, which is
determined by master control system. The matching blocks
at the motor model inputs are responsible for load mass m
and force F conversion to a signal proportional to the
additional moment of inertia J. and load torque Ti.
However, the task of analogous matching blocks at the
motor outputs is to convert signals proportional to angular
velocity @ and motor torque T into signals referring
to translational velocity of linear actuator v and force F,
to which the movable part of that element is exposed.
These matching blocks are based on then following
relationships:

e block module of converting mass into moment of
inertia:
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e block module of processing load force into load torque:
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e block module of converting motor torque to linear
actuator force:

w
3) F=2T =T 1o

where: J, — moment of inertia of the drive clutch, J, —
additional moment of inertia converted to the motor output
shaft; T, motor load torque; Tg 1,s gear losses torque; F —
force generated by the actuator, F, — force loading the
linear actuator; m - part of the parallel manipulator load
mass attributable to single actuator.

Modified model of PM BLDC motor

Due to extending simulation times of complete six-motor
drive for parallel manipulator, we have decided to simplify
one of the main components of the model. The accurate
permanent magnet brushless DC motor model, which is
available in Matlab/Simulink environment was the reference
for the new model, which we have created for the purpose
of the project described in the paper. The proposed model
made possible simulation of static and dynamic states of
PM BLDC motor. The diagram of three-phase brushless DC
motor main circuit connections is presented in Figure 7.
There is one pair of poles in the shown motor and the
windings are connected in star. The electronic commutator
structure is a three-phase bridge. A motor applied in the
design of linear actuator is consistent with the schematic,
except for four pairs of poles instead of one.

...mg\}nl LEI} D ..EE‘} D,
LE §D, T*.Eﬁxm TQE\} D,

Logical Circuit [
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D

Fig.7. Wiring diagram for 3-phase PM BLDC motor with electronic
commutator

The principle of operation and basic properties of
PM BLDC motor are widely described in literature, for
example in [11, 12, 22]. The most important relationships
describing the motor are listed below:

(4) e =0k,
(4) Ty = Ky
C
6) T,= > Ty
k=A

(7) =1 +T,,

do
8 Ty=J—=T,-T
®) dy e ¢

The following designations have been used: ¢, - phase
electromotive force (EMF); Ky, - excitation coefficient for k-th
phase; T, — electromagnetic torque generated by k-th
phase current, 7, — total electromagnetic torque of the

motor; 7, Ty and T, — anti-torque, load torque and motor
loss torque; Ty, — dynamic torque; J — total moment of
inertia; ® — angular speed.

The motor with structure shown in Figure 6 can be
brought [12, 11] into constant current equivalent model with
structure illustrated by Figure 8. The main assumption of
that operation is neglecting the difference between
waveforms of back EMF, which is variable in PM BLDC
motor and constant in case of typical DC motor. The other
simplifying assumptions involve omission of the resistances

and inductances of electronic commutator and motor
terminals.
Inc 2R, 2L; Ig
o—»—|
Voltage D
Unc Regulator Ug 2E, <
I ( P
T. N
o P

Fig.8. PM BLDC motor as a special case of a DC motor

For circuits with DC voltage controller or pulse-width
modulation (PWM), the following relationships are true:

(9) Ug =U4:Upc
1

10 Iy = I

(10) d Uge DC

where Uy« is relative voltage value and Upc is source dc
voltage.

In case of ideal motor with negligible inductance impact,
the following relationships are true:

Ug-2R,I
(11) o=Ya281s
2K,
(12) Te =2Kg 14
U,
(13) wy =—3
2K,
14
(14) w = @y _RS_
Kg,

where Ky, is phase excitation coefficient for the flat section
of phase EMF waveform.

In real motor, when the windings are switched, the
currents do not instantly increase in a step-like manner, but
they rise in accordance with exponential curve [12]. This
causes emergence of additional voltage drops and increase
in slope of torque-speed characteristic. What is more, due
to energy recuperation into the source during the time when
backward diodes conduct current, the current producing
electromagnetic torque I, is greater than average input
current I, calculated for DC circuit, that is:

(15) I, = Te

2Kfp
The additional voltage drops may be taken into account by
introducing the commutation impact coefficient, which
provides information on how many times the voltage drop
due to commutation is greater than voltage drop across the
resistance. If we refer to [12], we find that commutation
coefficient defined as:

>Id
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U,
(16) kg =&

Ur
will be defined as follows, when slight simplifying
assumptions have been adopted:

L

(7) 0 =P O

2n 2R,

The most important of all simplifying assumptions is that
during commutation motor speed remains approximately
constant. When commutation coefficient is used (16), (14)
may be reduced to:

1
18 w=wy—-R, (1+ky )=
(18) 0 s( Q) K
When commutation coefficient (17) is introduced into (18),
we obtain:

T,
(19) w=k,| o,-R— |=k,o

S 2 1
fp
wherein:
1 1
(20) k,, = -
L. T L
1+Z1PK5 & 1+Z”’KS 1,
T Bep Bfp T Rfp

Coefficient k., represents additional slope of mechanical
characteristic, where w;, is angular speed of ideal motor with
negligible inductance impact.

Basing on the relationships previously listed, which
describe ideal PM BLDC motor, it is possible to develop a
model with the structure identical to typical DC motor model
structure. Such a model was denoted as modified model of
PM BLDC motor [13]. The structure is shown in the
Figure 9b.

Verification of numerical model of linear actuator

The numerical model of a single permanent magnet
brushless DC motor propelled actuator was created on the
basis of construction data of that element (Figure 10a). The
model implemented in Matlab/Simulink environment has
been used for development of parallel manipulator model as
well as at the stage of PM BLDC motors selection for
parallel manipulator design [7]. The model calculation has
been accelerated in comparison with the typical PM BLDC
motor numeric model, thanks to the implementation of
previously described extension of DC motor model, based
on the taking into account the slope of mechanical
characteristic of the motor.

Another application of created model was the
development and implementation of control algorithm. We
have performed verification of a single actuator designed for
the parallel manipulator on the laboratory stand shown in
Figure 10b. The actuator was mounted in vertical position
during tests. The PM BLDC motor was mounted in lower
part of the actuator. Both simulation and laboratory tests,
have been carried out for motor BG75x50PI, manufactured
by Dunkermotoren company, with the following catalogue
parameters: U,= 24 V, p= 4, R= 20 mQ, L= 0,125 mH,
P,=431 W, T,= 1,09 N.m Jy= 43,7+10° kg.m2, T,= 0,04
N.m, K,= 52 mN.m/A, K;,= 26 mV.s/rad.

Verification of the elaborated numeric model correctness
was one of the aims of the laboratory tests of single
actuator, designed for parallel manipulator. The evaluation
of the model was based on the comparison of selected
quantities, obtained by simulation research and during
measurement of real object. The performed comparative

analysis also gave an opportunity to determine the effect of
adopted simplifications. Besides, we have planned and
partially conducted verification of requirements assumed at
the design stage. We have performed the measurements
using the test system presented in Figure 10b, equipped
with CAN bus for acquisition of measured quantities.
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L -— v | —

(2]
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Fig.9. Models of PM BLDC motor: a) constant current model of
PM BLDC motor; b) modified model of PM BLDC motor, which
takes into account mechanical characteristics slope coefficient
kCh

At first we have verified computer model of the
PM BLDC motor. Figures 11 and 10 show the torque-speed
characteristics of the motor obtained by measurements of
real motor in comparison to the characteristics obtained
from the simulation results. The tests have been run for
voltages identical to those wused during computer
simulations. We have carried out the simulations using the
modified constant current model, in which the influence of
the inductance, as in real PM BLDC motor has been taken
into account. As it comes from the diagram below, obtained
simulation results are consistent with mechanical
characteristics of real PM BLDC motor in range of nominal
load torque. Figure 13 shows waveforms of translation / of
the linear actuator, velocity n of the motor and current
drawn from the voltage source Ip.. There are presented
simulation results (Figure 13a) and measurements of the
real motor (Figure 13b). We have obtained the waveforms
for set stroke length /= 330 mm and for rotational velocity
800 rpm. The presented simulation results were acquired
for control system structure, where master position
controller was implemented.
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Fig.10. Linear actuator a) numerical model; b)view of the
measuring system

Measured operational parameters of the motor were
acquired by internal built-in sensors and transferred to the
host computer using CAN bus. The test results were stored
in a file on the computer controlling the motor also through
CAN interface. During the measurements the linear actuator
was not loaded with any additional mass.
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Fig. 11. Torque-speed characteristics of the modified constant
current model motor obtained by computer simulations (1, 2, 3)
for three supply voltage values (24V, 16V and 8V) and
measurement results (4, 5, 6) obtained for identical voltages.
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Fig.12. Mechanical characteristics w = f(T,) obtained for the
motor powered with voltage of 24V for PM BLDC model from
Matlab/Simulink library and for modified DC model of that motor.

Summary and conclusions

On the basis of performed work in range of computer
modelling and on the basis of the laboratory verification of
permanent magnet brushless DC motor, loaded with the
ball screw linear actuator, we could state that numeric
model, worked out for the research, is correct and allows for
calculating acceleration with assumed accuracy. Obtained
simulation results are consistent with laboratory tests
measurements, although some simplifications have been
applied relative to accurate full PM BLDC motor model.

The developed model of PM BLDC motor with electronic
commutator gives possibility to determine average
rotational velocity and current values, with proper accuracy.
The obtained results are similar to those, which are
available in case of application of library model of PM BLDC
motor from Matlab/Simulink simulation environment.
However, in case of modified model application, the
simulation times are significantly reduced. The model that
we developed, is suitable for simulation of multi PM BLDC
motor drives. In order to achieve correct simulation results,
the switching period of commutator valves should be lower
than electromechanical time constant of the motor.

In range of PM BLDC motor control we have applied the
CAN bus as an interface, connecting master computer
control system with the motor equipped with built-in power
electronics converter and controller. Despite the lack of
application of real time operating system in the computer
controller, we have noted proper operation of the controlled
drive system. On the basis of the process and results of the
laboratory research, we could state, that developed control
architecture is suitable for digital recording of measured
quantities through internal motor controller. We have found,
that in case of final control system for six PM BLDC motors
drive implementation, it is advantageous to apply real time
operation system. Another solution for that control system is
based on the development of dedicated controller with DSP
microcontroller or other motion class controller. Moreover,
due to the planned further laboratory tests of multi motor
drive for parallel manipulator, it is useful to carry out the
verification of laboratory control system based on LabVIEW
computing environment, seen as an alternative to the
currently used computer control system based on the tools
provided by the motor manufacturer.

106 PRZEGLAD ELEKTROTECHNICZNY, ISSN 0033-2097, R. 91 NR 6/2015



a)
he]
[0]
[0]
&
T
c
S
k)
[e]
[h'4
b)
T 02
= o1 A
VA ERANEY,
g / SN/
2 -0,17 vd A4
(0]
F 029 02 04 06 08 1
Time [s]
g 2000
2= 1000 |
5 S S | v
= 0. -1000
- C
@ 200055, 04 OF 08 1
ime |S
z 10
5 s = 7
g 0 J |
=}
© 59 02 04 06 08 1
Time [sf

Fig.13. The recorded waveforms of translation /, rotational velocity
n and current Ipc of actuator drive for: a) simulations; b)
measurements
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