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Abstract

In order to solve the problem of complex motion coordination deviation and low flexibility of the existing drive unit
in multi-rigid body coupling system, a new type of permanent magnet three-degree-of-freedom motor structure
design is proposed, which is divided into inner deflection module and peripheral rotation modules. Their operating
strategies can be divided into independent control and hybrid drive. By using the effect of strong magnetic and
magnetic circuit shielding of Halbach array, the magnetic field characteristics of the motor's self-rotating
permanent magnet are optimized and improved. Based on the construction of the joint simulation platform, the
controlled object was derived by ADAMS software, and the control system was designed in MATLAB software. Aiming
at the nonlinear and strongly coupled dynamic system, sliding mode control was selected as the dynamic control
algorithm to study the trajectory tracking of the motor rotor shaft. By combining the dynamic model of the motor,
the S function is written to complete the design of the controller. The simulation results show that the joint
simulation interface and sliding mode control algorithm can well implement the trajectory tracking of hybrid drive

motors.
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1. Introduction

A complex and cumbersome multi-body mechanical
system is often accompanied by a nonlinear, strongly
coupled control method and multi-pattern, multi-
degree-of-freedom motion conditions.

The transmission device composed of a plurality of
conventional motors cooperates with each other, and
the volumetric weight of the system is too large, and
the mutual clearance of the plurality of bearings easily
affects the rotation precision of the transmission [1]-
[3].

Secondly, for the planning of complex multi-free
movements, there will also be shortcomings such as slow
response speed and poor transmission flexibility. To this
end, domestic and foreign scholars have devoted
themselves to the design and research of special motors
with multiple rotational degrees of freedom in order to
solve the above limitations. The multi-degree-of-
freedom motor has many advantages such as compact
size [4]-[7], compact structure, high material utilization
rate and high mechanical integration, which greatly
reduces the number of systems coupling mechanisms
and further improves the accuracy of motor positioning
motion [8]-[10].

In 1979, the American researcher K. Halbach was the
first who proposed a new permanent magnet structure
named Halbach array [9]. The magnetization direction
was formed by a combination of radial and tangential
directions and continuous change according to angle
[10], which is usually considered in the manufacturing
process. After the permanent magnets are divided into
blocks [11]-[13], the angle between any adjacent
magnets is kept the same, and the one-side effect of
shielding on one side of the magnetic side is created,
and a more sinusoidal air gap magnetic field and a
smaller of torque fluctuations can be obtained [14]-[17].

At the same time, it can be seen from the references
at home and abroad that the analysis and research of
multi-degree-of-freedom motors mostly pay attention
to the design of their body structure, but the motion
control and trajectory planning of the three-degree-of-
freedom of the motor are rarely involved [18]-[20].

When exploring the dynamic analysis of multi-
degree-of-freedom motor, it mainly comes from the
combination of mechanical design principle and
classical theoretical mechanics [21].

However, due to the fast response motion
characteristics of the motor during multi-degree-of-
freedom motion, as well as bearing friction and external
disturbance, the motor is caused. It is difficult to control
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continuously, stably and accurately. Conventional PID
control and torque control often fail to meet the
requirements of trajectory tracking accuracy.
Therefore, based on the characteristics of strong
coupling and nonlinearity of complex mechanical
systems, a new intelligent control scheme suitable for
multi-degree-of-freedom motors is proposed [22]. The
parameters of the controlled object can be freely
designed to reduce the sensitivity of the disturbance
and make the control system more Good robustness.

2. Materials and Methods

2.1 Structural design and magnetic field distribution
of a hybrid-driven motor

The proposed driving mechanism of the permanent
magnet three-degree-of-freedom motor is hybrid drive
type, including two types of electric modules, one is a
rotation electric module, and the other is a deflection
type electric module. The motor can independently
complete the rotation and deflection operation
according to the respective hinge constraints in the
corresponding module, and complete the tilting
operation and the rotating operation of the motor; it
can start the rotation at the same time when the motor
is deflected to a certain angle; it can also run to any
Deflection at the same time, or in the cooperation of
two different control strategies, realize three freedom
of movement in the space.

Two fixed joints are fixed to the disc base by welding
nails and bearing brackets, and two linkage joints are
connected to the yoke of the deflection rotor by welding
nails. The centre of the rotating stator yoke is provided
with a circular hole for placing to cooperate with the
rotation movement of the motor Rolling bearing, the
cross connecting shaft is connected to the rotating rotor
yoke in the axial direction, ends at the centre, and one
end extends downward, embedded in the rolling bearing
of the deflecting rotor yoke, fixed with the bearing inner
ring, and can simultaneously carry radial And axial load;
the other end extends upwards, as the external output
shaft of the motor, which can maintain the linkage
action on the output shaft during the overall model
operation of the motor. The spherical bearing bracket is
used to support the perforated shaft sleeve and the
cross coupling, so that the deflection module is not
limited to the deflection movement along the axis and
can also realize multi-angle tilt operation. The overall
model of the motor is shown in Figure 1.

Figure 1. The overall model of the motor, the
transmission, and the connecting shaft

In the structure that controls the motor's deflection
movement, the inner rotor permanent magnets are set
to 8 poles, 90 ° to each other, and a spherical patch is
arranged up and down. The radial magnetization
method in the spherical coordinate system is adopted.
In the rotor yoke of the deflection module, the motor
can be deflected after a certain time of the rotation
operation.

One side of the deflection stator core is a drum type,
which is suitable for four deflection permanent
magnets.

The other side leads to three joints. The deflection
stator coil is wound around the upper and lower joints
of the stator core, opposite to the deflection stator
core.

The inner side of the yoke is the deflection stator
back yoke, which is fixedly connected to the deflection
stator yoke by the intermediate joint of the deflection
stator core.

One end of the stator bracket is connected to the
deflection stator yoke, and the other end is connected
to the disc base through the eight welding pins on the
four sides. The base is fixed and plays the role of
connecting the deflection stator.

In the structure that controls the rotation of the
motor, the outer rotor permanent magnets are set to an
8-pole, ring-shaped columnar structure, arranged in the
Halbach array in the vertical direction, and embedded
in the outer rotor yoke, that is, the motor casing.

Each stage is divided into 3 pieces, and the
magnetization direction of a single piece of permanent
magnet in each stage changes sinusoidally along the
circumferential direction. Together with the motor
housing, it forms a rotation rotor, which can also
achieve rotation when the motor is deflected to a
certain angle.

The stator core of the rotation module of the drive
motor is also distributed in a ring shape, and the
rotation stator coil is wound around the salient pole
portion of the stator core.

Maxwell's equations describing the relationship
between magnetic field distribution and current are
established by using the permanent magnet flux density
B as the objective function under the solution domain.

V-H(xy,2)=J(xY,2) 0
V-B(x,y,z)=0
The permanent magnet flux density is decomposed
into three components in a Cartesian coordinate
system, and multiplied by the unit vectors
characterizing the three directions, and then added, the
resulting vector form can be expressed as follows:

— — -
B(x,y,2)=B, - x+B, -y+B, -z "

The components of the air gap magnetic flux density
in the motor rotation module and the deflection module
are extracted, and after coordinate conversion, they are
mapped to the cylindrical coordinate system and
spherical coordinate system corresponding to the two
types of drive modules, respectively,
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And solved and calculated in the static magnetic
field.

B, cosg sing 0) B,
B,=|B, |=|-sing cosp 0| B, (3)
B, 0 0 1)\B,
B,, sindcosp sindsing cosé \ B, @)
B,=|B,, |=| -sing cos ¢ 0 B,,
B,, cos@cose cosdsing -siné |\ B,

Among them, By and B; are the air gap magnetic field
density of the entire rotation module and the deflection
module, By, Biy, and By, are the three components of
the rotation module in the cylindrical coordinate
system, and By, B,,, and Byg are the deflection modules
in the spherical coordinate system of the three
components. The magnetic field lines of the two types
of permanent magnets of the motor are shown in
Figure 2 and Figure 3.
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Figure 2. Magnetic field line distribution of a
permanent magnet of a rotation module
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Figure 3. Magnetic field line distribution of a
permanent magnet of a deflection module

2.2 Dynamic Model of hybrid drive motor

The default motor static axis coincides with the
dynamic and static coordinate system at the static
equilibrium position. The rotation sequence of 313 is
used to move relative to the coordinate axis from Oy, to
x"y”z” respectively, which is regarded as the dynamic

coordinate system Ogpq. The coordinate formulas for
giving three rotations are as follows:

1 0 0 X

y' |=|0 cosa sina |y (5)
7 0 —sina cosa )\ z
X cosf 0 —sing) x

yil=l 0 1 1 |y (6)
Z" sing 0 cosp \z'
! cosy sing 0} x
y" |=|=siny coss Oy
z' 0 0 1\7

7)

In the rotating coordinate system, the angle

between x" y" in the dynamic coordinate system and the
N line vertically projected on the X0Y coordinate plane
is a and B, and the angle between z " and the z axis is y.

The coordinate formula of the three rotations in the
above equations (5), (6), and (7) is combined, and the
coordinate conversion formula and the transition matrix
from the static coordinate system O, to the dynamic
coordinate system Ogpq are obtained. As shown in Figure
(8) below.

X' cosfcosy  sinasin fcosy +sinycosa  —sin Bcosa cosy +sinasiny | x
y" =
S

—cosfBsiny  —sinasinf+cosacosy  sinycosacosf+sinacosy |y

sin g —sinacos S cosa cos B z

(8)

In order to accurately characterize the relationship
between the pose change of the rotor shaft of the motor
and the externally applied three-direction torque, all
the rotor parts are regarded as the same linked rigid
body, and are derived according to the second type
equation of Lagrangian mechanics as follows:

d| oE oE .

T Q=128

1\ 2q; ) 2q; )
where

E is the kinetic energy of the local dynamic
coordinate system;

g; is the jth action point in the dynamic
coordinate system;

Q; is the rotational moment applied under the
action point g;.

When the motor moves to any posture under the
action of three driving torques, there is a rotation
coordinate (a,B8,y)T corresponding to the Euler
parameter. The angular velocity of rotation of the rotor
shaft of the motor along the axis is represented by a
vector form of w=(wy,wy,w;)T. According to the
conversion relationship of the dynamic coordinate
system to the static coordinate system, set («, 4, )T as

the angular velocity under the rotation coordinate
(a,B,y)T. The angular velocity of rotation in the kinetic
calculation can be represented by a transition matrix in
rotational coordinates:
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W, cospgcosy siny O\ a
W, |=| —cosBsiny cosy O B (10)
W, sing 0 1\y

In the case of the three-degree-of-freedom
movement of the motor, the condition that the degree
of freedom of the mechanical system is greater than the
value of the constrained drive is required, and there are
three unconstrained degrees of freedom, that is, n=3.

The generalized local coordinate points are gi=a,
g:=8, gs=y, and the generalized driving torque is Q;=T,-
Tra, Q=T5-Ts8, and Qz=Ts-Tss. In the formula, t,, 15, andts
represent that the rotor shaft of the motor is affected
by the internal load, and the driving torque in the
deceleration braking period is the magnitude of three
axis components.

Taking the Cartesian global coordinate system as the
stationary coordinate system, the kinetic energy of the
rotation and deflection parts of the hybrid drive motor
when they are synchronized is:

E=%def+%\)qw§+%\]pw32 (11)
Jo Jy Je
et d=|3, I, J,
Jo Iy I,

be the inertia tensor matrix of the rotor part of the
motor to reflect the inertia of the inner and outer rotors
in the rigid body system. When the motor moves freely,
the rotation along different axes in the relative static
coordinate system is the difference is that it is necessary
to determine the axis that describes its relative motion.
Ja, Jp and Jq are the permanent magnet three-degree-
of-freedom motor in the local motion coordinate system
dpgq, respectively, for the X-axis, Y-axis, Z-axis spindle
moment of inertia, the remaining inertia products are
0.

And since the overall model of the motor is
symmetric about the two coordinate planes of X0Z and
YOZ, then Jg=Jp2Jq. Here is the order Jo=Jp=J4. Combine
the above kinetic energy expressions as follows:

1 1
E:Equ(WlZ+W§)+EJqW§ (12)

Combine the above formula (12) and substitute it to:
(J4qC08% B+, sin? B)+J jsin
+2(J, — Jgg)apcos Bsin B+, By cos B = Tp., (13)

Jysin g+3,y+J,apcos =1, 1

The dynamic mathematical model of the multi-
degree-of-freedom motor is mainly used to better
describe the driving torque applied in the three
directions of the motor and the pose change of the
components in the rotation and deflection modules.

Establish a mathematical model of the three-
degree-of-freedom dynamics of a hybrid-driven motor in
space.

H(a)4+C(a,q)d =7

Among them,

(14)

Hy1 Hip Hiz

H(aq)=| Hp1 Hpp Hos
Hz; Hizp Hss

is the inertia matrix of the rotor output shaft, t is the
matrix of the combined component torque, g=(a,B,y)" is
the column vector of the Euler rotation angle, and

Ch C, Cy
C(q,Q): C21 sz Cza
Ca Gy Gy

is the Coriolis centrifugal force matrix.
H,, = J4,c08° B+ sin’ B
H,,=0
Hy;=J,sinp
H, =0
sz = qu
H,,=0
Hjy =J,sin g
H,;,=0
H,, = Jq

(15)

After solving the established dynamic equation, the
coefficients of the inertia matrix and the Coriolis
centrifugal force matrix are as follows. The components
of the inertia matrix are shown in equation (15), and the
parameters of the Coriolis centrifugal force matrix are
shown in equation (16).

From the equations, the effects of cross coupling can
be clearly shown, which is just similar with the
characteristics of robotics and spatial motion
mechanisms and the simulation and control can be
referred from them.

Cy =W, —Jy)Bsin Bcos
C,, =0, —qu)dsinﬂcosﬁ+%\]p;}cosﬂ

Cis :%JP,BCOS,B

C, =g, — I )asin ﬂcosﬂ—%prcosﬁ'

Cp, =0
1. .

C,s :7§Jpacosﬂ
1. .
C31:§Jpﬂcosﬁ
C,, :%decosﬁ
Cy: =0
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2.3 Dynamic Co-simulation Based on Cooperative
Control of Hybrid Driven Motors

A ball hinge is added at the boundary between the
spherical inner bearing and the perforated bushing of
the motor, and three directions of rotational torque are
applied as the torque for driving the motor three free
movements. The remaining inner and outer rotors are
connected by a fixed pair and are regarded as a linkage,
which moves as the output shaft moves. By giving
different forms of drive torque, the hybrid drive motor
can be moved in a variety of three degrees of freedom
around its static equilibrium point. Based on the three-
degree-of-freedom motion of the ball hinge, the three
slip degrees of freedom are constrained, and the axial
torque of the three vertical coordinate planes is
applied, and then the three-degree-of-freedom
dynamics simulation of the motor is realized.

In order to reflect the linkage control of the motor
in cooperation with the rotation module and the
deflection module, a typical three-degree-of-freedom
motion condition trajectory under dynamics is planned.
At the same time, the rocking motion around the left
and right sides of the z-axis and the tilting motion
deviating from the z-axis are realized, which are
synthesized into a lightning-type motion that
reciprocates three times. Drive torque as shown in
Figure 4 below.

newton-meter

120
Time (sec)

Figure 4. "Helical" motion trajectory and axial angle
monitoring of the motor

The simulation time is set to 24 seconds, the number
of simulation steps is 1500, three axial torques are given
by the nested IF function, and the driving torque around
the x-axis and the z-axis is controlled to be a sine and
cosine variation of the equal amplitude, phase The
difference is 90 °, and then the motor is driven to
complete the arc offset of each reciprocating motion;
the torque around the y-axis is controlled to be a
periodic sinusoidal change, wherein each 8 s is a period,
and the interval is divided by 2 s in each period. The
torque direction is cycled three times in the order of "+-
-+", and the lightning-type trajectory of the motor
reciprocating three times around the y-axis is
completed.

As shown in Figure 5 below, under the combined
action of the above three axial driving torques, the
lightning-type motion trajectory of the motor can be
realized.

Time:/24.000  ~Cyrent: 5046

0.0 125 0

Figure 5. Lightning motion trajectory and axial angle
monitoring of the motor

It can be used for the processing of heterogeneous
complex mechanical parts, and the complicated path
that cannot be realized by single-degree-of-freedom
motor and has special requirements. For example, when
the glass wire of the shaped glass member is wound, the
obstacle can be effectively avoided.

At the same time, the three axial angles are
measured in real time. By adjusting the motor moment
of inertia, the driving torque and the position of the
centroid point, the angle between the x and y axes of
the motor is limited to 20° when the motor is engaged
in lightning motion. The z axial angle is limited to 25 °.

Based on the virtual prototype technology and the
control system process for collaborative control, an
interface  module for dynamic joint simulation is
established, 6 state variables are created, 3 axial drive
torques are set as input variables, 3 axial angular speeds
are output variables, and The external load
corresponding to the motor model is electrically
related. Set the corresponding control parameters and
generate the corresponding joint simulation file after
export.

First, three axial torques are applied to the hybrid
drive motor, and the three axial angular velocities
obtained after open-loop control are used as inputs. At
the same time, the axial angle and axial angular
acceleration of the motor are obtained through the
integral and differential links. It is used to cooperate
with the design of subsequent controllers; secondly, the
dynamic control algorithm is written by the S function
to obtain the dynamic control law, so as to output the
axial torque. At the same time, the three axial torques
are also used as the input of the joint simulation. After
the joint simulation interface is output, the axial
angular velocity is fedback and the input axial angle is
fed back to achieve closed-loop control of trajectory
tracking of the hybrid drive motor.

Take the lightning trajectory of the motor as an
example. Based on the virtual prototyping technology
and the control system flow, the interface module of
the dynamic co-simulation is established, six state
variables are created, three axial driving torques are set
as input variables, and three axial angular velocities are
output variables. The external load corresponding to the
motor model produces an electrical correlation. Three
input/output interfaces are determined and exported in
the form of mechanical system sub-modules to generate
a virtual prototype model, adams_sub, of the hybrid
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drive motor. The virtual prototype model of a hybrid-
driven three-degree-of-freedom motor is shown in
Figure 6.

ADAMS_uout

Torque_X U To Workspace Velacity_X

Torgue_Y Velocity Y

ADAMS Plant

ADAMS_yout

Torque_Z Velocity_Z

¥ To Workspace

e ADAMS._tout

T To Workspace

Figure 6. Virtual prototype model of hybrid drive
motor

Set to discrete, interactive operation mode, the
three axial drive torques of the motor are taken as input
functions, and the three axial angular velocities of the
motor are obtained through the virtual prototype model
adams_sub as the controlled object and complete the
following dynamic open loop control simulation.

At the same time, the three axial angular velocities
of the motor are stored as synchronous simulation data
to three specific working spaces, which facilitates the
subsequent trajectory tracking control of the motor.

The mathematical model of the dynamics of a hybrid
drive motor is:

M(\N)W +C(\N,W)W =7 (17)

Let HW,W)=CW,W)W , it can be expressed as
follows:

In the above formula, W=[V\11,W2,W3Ir is the angle

value of the feedback, and w! = [Wld ,w;’ ,w;’ ]r is the
given angle value; v'\/:[v'\ll,\/'vz,v'\/3]T is the angular

velocity value of the feedback, and W= [Wld Wy WS]T
is the given angular velocity value.

Set the trajectory tracking error function to be:
s=Ke+¢

Ky
Here, K= Ky ,
Ks

function is derived, you can get:

and after the error

kg6 +6 ke | (W | [y
S={kee, +6&, |=| k&, [+| W5 |—| W,
K€, + &, kogy | v | [
|(1é1 Wld
=|k,&, |[+| W |[-M*(z—H)
k3e3 Wg

(18)

Select to approach the sliding surface at an equal
rate:

—&sgn(s,)
§ =—esgn(s) =| —&,59n(s,)
In the above formula, ¢ is the degree of speed of the
multi-degree-of-freedom motion of the virtual
prototype model to approximate the slip surface s=0.
The value of ¢ directly affects the rate at which any
point in the motor's motion trajectory reaches the
sliding surface. If the value of ¢ is too large, the
corresponding "chattering” will be larger.
After the above finishing, the control law of joint
simulation can be obtained as follows:
ke | |
r=M||K,&, |+]| Vi

. oo d
k3e3 W3

+—&sgn(s) |+ H (20)

When the virtual prototype based on hybrid drive
motor realizes the cooperative control of the rotation
motion and the yaw motion, it is likely that large
eccentric displacement and bearing friction and other
uncertain factors will occur, which will further weaken
the damage of the chatter control system stability.

The saturation function sat(s) is used to replace the
symbol function sgn(s) in the controller, and linear
feedback is used inside the boundary layer to form a
smooth approaching effect near the switching surface.
As follows:

1 S>A
sat(s) =1 ks ls|<a  k=1/A (21)
-1 S<-A

In the above formula (24), A is a boundary layer of
the sliding surface.

After the substitution of equation (22), the final
control law of the co-simulation system is:

klél Wf
r=M| |k, [+| Wi |+—esat(s) [+H (22)
k3é3 Wg
Set the dynamics system stability function to:
1
V ==ss'
2 (23)
After the formula (24) is derived, it is:
o] [
V =ss=s[| ke, [+| W |-M(z—H) (24)
K€, | | WE

Substituting equation (25) is:
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V = —ssat(s)s (25)
when € >0,v <0, the co-simulation control system
tends to be stable.

3. Results

Faced with uncertainties such as input disturbance,
bearing friction, and parameter perturbation, the
sliding mode variable structure control algorithm with
invariance, high reliability and good robustness was
selected. Combined with the dynamic mathematical
model of the hybrid drive motor, based on the real-time
data exchange between the virtual prototype and the
control system under collaborative control, a machine-
control integrated control simulation platform is
established. The controller algorithm design of the
motor is completed by writing S-Function.

The virtual prototype model of the hybrid drive
motor was used as the controlled object. The three axial
angular velocities, three axial angles, and three axial
angular accelerations obtained before the open-loop
control were used as the given nine input quantities.
The three axial angular velocities and three axial
angular outputs output by the virtual prototype model
are used as the six input quantities for feedback.

It can be seen that the change trend of the error is
roughly equivalent to the change trend of the angular
velocity. The tracking error range of the dynamic
trajectory tracking of the motor x and z axis angular
velocity is -0.0012-0.0012 rad/s, and the tracking error
range of the y axis angular velocity is -0.015-0.015.
Around rad/s, the error between the output response
and the input signal is about 2.5 %, which proves that
the sliding mode control is good, and the design of the
controller can effectively track the trajectory of the
output shaft.

When running the simulation, set the simulation
time to 24 s and the communication time to 0.05 s. With
the constant change of the control parameters, the
sliding mode surface finally converges to 0.

As shown in Figure 7, the angular velocity curves
correspond to the y-axis of the "folded-line" motion
trajectory of the hybrid drive motor under joint
simulation.

04

" —Given "
- FeedBack

02

Angular Velocity Y(rad/s)
o

0.4 L L
0 51 12 18 24
time(s)
Figure 7. Axial angular velocity tracking under sliding
mode control

It can be seen that the feedback signal of the three
axial angular velocities at the beginning of the
movement can track the input signal with almost no
delay time, except that the change trend of the output

response has a certain trend at the inflection point. In
addition to jitter, the tracking effect can be achieved
during the entire dynamic control period.

4. Discussion

As shown in Figure 8, the experimental platform for
the multi-degree-of-freedom motor is built.

Figure 8. Experimental test of the motor

The control algorithm is downloaded to the
controller, and the external rotation module is
connected to the three-phase power frequency
alternating current to realize the rotation operation of
the motor. The switching power supply is connected to
the deflection module, and the direct current of 5A is
input. Under the synergy of the two types of drive
modules, the motor is controlled by the modulation of
the controller and the drive to realize a three-degree-
of-freedom ‘"lightning type" obstacle avoidance
movement. The end of the motor output shaft is
equipped with a displacement sensor.

The collected data is input to the controller through
the wireless transmission module, and the controller
data is exported to the MATLAB to draw the motion
track and compared with the previous simulation
results.

35

20
a0 T
X (mm) 40 75 Y (mm)

Figure 9. Comparison of experimental test and
simulation

As shown in Figure 9, Figure a and b show the three-
dimensional curve of the end point of the motor output
shaft and the two-dimensional trajectory projected on
the XOY coordinate plane. The red curve is the
displacement change of the experimental test. The blue
curve is the displacement change of the dynamic
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simulation. It can be seen that the displacement of the
dynamic simulation trajectory is a three-time shift
starting at the static equilibrium position, and the
displacement of the tracking trajectory has basically no
change in the tilting movement away from the z-axis.

There are fluctuations in the rocking motion around
the z-axis left and right sides. Compared with the
dynamic simulation planning trajectory offset to the
point position, it is smoother and has a certain
deviation, but the overall trend and the dynamic
simulation trajectory trend is consistent.

5. Conclusions

This paper proposes a new hybrid drive type three-
degree-of-freedom motor. Taking the 12/8 pole fixed
rotor of the external rotation module and the 8/4 pole
fixed rotor of the internal deflection module as
examples, the Halbach array magnetization method in
the cylindrical coordinate system is used for the rotation
permanent magnet of the motor. The three-degree-of-
freedom motion of the space is planned under the
constraint of the ball hinge, and the variation range of
the angle value with the three axes and the trend of the
displacement change are detected, which proves the
rationality and practicability of the motor to realize the
three-degree-of-freedom motion. It provides more
theoretical basis for the subsequent manufacture and
testing of physical prototypes and maximizes cost
savings. By combining the dynamic mathematical model
of the three-degree-of-freedom motor, a joint
simulation platform based on the sliding mode control
system is built to realize the trajectory tracking of the
three axial angular velocities of the motor.

Finally, a hybrid-driven multi-freedom motor control
platform was built. Aiming at the problem of tracking
the rotor shaft displacement, the comparison between
physical tests and simulations verified the correctness
of the control algorithm and the prototype.
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Abstract

This paper presents an approach to develop a brushless DC motor to assist an electric power steering. Optimal
design for electric power steering system implies the adequate selection of topology, technology, sizes and control
algorithm. This paper briefly describes the electric power steering system structure, the most used topologies of
electric power steering and the advantages of using brushless DC motors for electric power steering assistance. An
electric power steering architecture is proposed. The method of design the brushless DC motor for this electric
power steering is presented. Design of the brushless DC motor was based on the analysis of the requirements of
the EPS systems, analysis of the control methods, modelling and simulation in MATLAB/SIMULINK. Simulation for
six various conditions are presented and analysed for optimal sizing of the electric motor. An experimental model
of the designed motor has been manufactured for validation.
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1. Introduction

In recent years, brushless DC motors (BLDCs) have
started to be used frequently in many applications in
automotive industry, such as electric vehicles drive
systems, electric power steering, air conditioner,
engine cooling, etc.

Joanne Goh's analyses on the evolution of the market
share for different electric motors used in the
automotive industry, for the 2016-2021 time frame,
highlight that the growth rate of BLDCs sales is higher
than that of DC brushed motors and stepper motors [1],
[13].

The global brushless DC motor market size is
expected to reach over § 15.000 million in 2021, from
about $ 12,000 million in 2016.

The steering system is one of the most important and
complex system installed on a vehicle. Steering system
provides the directional change in the movement of an
automobile. This system converts the rotation of the
steering wheel into angular movement of the front
wheels to control the direction of the vehicle motion.

In recent developments, in automotive industry, the
trend is that electrical power steering (EPS) replaces the
hydraulic power steering (HPS). EPS offers several
advantages.over.conventional HPS, such as improved

fuel economy (because the electric motor is driven only
when the steering wheel is turned), elimination of
hydraulic fluid and eliminates many components such as
the pump, hoses, fluid, drive belt and pulley. For this
reason, electric steering systems tend to be smaller and
lighter than hydraulic systems [2], [3].

One of the main parts of the EPS is the electric
motor, typically a BLDC motor, which replace the
hydraulic actuation mechanism to develop the required
steering torque.

Many research and technical papers on the EPS
system and BLDC motors have been published, relating
to basic principle and control algorithms and strategies,
method for operating the brushless electric motors,
permanent magnets, inverters for actuating brushless
motors, BLDC rotor position control method [2]-[6].
Various EPS systems were modelled and analysed. Most
articles refer to column type EPS [7]-[9], [23]-[25].

However, the topic is still of interest, in order to
improve and optimize the BLDC motors and EPS systems
performances.

Current research areas are:

- improvement of manufacturing materials and

technologies;

- power electronic drivers;

- feedback sensors;
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