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Abstract: A decoupled two-degree of freedom (2-DOF) switched reluctance motor is investigated for a special application in
concentrated photovoltaic (CPV) power generation system. Firstly, a new method to adjust the gesture of solar cells by the
motor is proposed. Second, the motor is introduced elaborately, including its structure, design and control. Importantly, this
motor has been manufactured and initially used by the CPV power generation system. Thirdly, experimental measurements
involving force outputs and torque outputs are given. The tracking accuracies in linear and rotary directions can achieve high
accuracy in both degree of freedom of 0.3 degree and 100 um respectively that is utterly needed by CPV. As the results of the
tracking upgraded, the power generation output of the new CPV system has been enhanced, validating the effectiveness of
the motor and the solar tracking system proposed. This power generation approach can be used in solar energy harvesting
in future.

1. Introduction

In seeking for high efficiency of PV generation
systems, several methods are used to enhance the efficiency S [ [ T
of solar cells, such as converters, control algorithms, G o |
maximum power-point tracking schemes [1-4]. Concentrated — l
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photovoltaic (CPV) power generation system, as a hew type
of solar energy harvesting method, has been investigated for i i i som
several years. One of popular solar cells for CPV power
generation system is a triple-junction made of GalnP (1.9 V), R——
GaAs (1.4 eV), Ge (0.7 V). The recorded efficiency has sl L i ° i
achieved 41% under concentrated sunlight AM1.5D I
illumination. As we know, a conventional optical part of the
concentrator is composed of parabolic dish focusing reflector
and Fresnel focusing lens. Fresnel focusing lens is popular in
CPV power generation systems in recent years, because,
compared with the other lens, it can reduce some expensive
materials and improve the conversion efficiency. Researchers
focus the solar power generation on CPV power generations
because of the improved efficiency by a precise solar tracker.
Therefore, the solar tracking system is the core part in CPV
power generation system to reach the maximum power output
for the power generation system. Generally, to keep the
tracking error less than 0.5 ° is utterly needed for CPV; a solar
sensor is employed to feedback the angle of the solar cell and
sunlight in real time. It is necessary to adjust the CPV very
accurately in order for, the solar cells reach the plane vertical
to sunlight [5-7]. The solar tracking system usually consists
two axes of rotation of azimuth and inclination with accurate -
tracking devices in order to increase the power conversion Inclination angle —— Motor
efficiency. As shown in the Fig 1 (a), the traditional CPV
modules can rotate from 0 ° to 180 ° vertically and 90 ° to

180 ° horizontally with two gears. ) b
Fig. 1.

(a) The overall mechanical structure of CPV system (b) The
mechanical configuration for solar tracking system
structure
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Traditional solar tracking systems are two directions
of azimuth and inclination of cogwheels, which are driven by
two motors with drive pinions. It utilizes a steel structure to
fasten the CPV modules with large size and weight. In Fig.1
(b), the new tracking system is only based on a two-degree
rotary-linear motor to complete all tracking operations. A
two-degree motor has combined the CPV modules and
support group together. The inclination angle tracking is
achieved by the linear motion of the motor and the azimuth

angle tracking is achieved by the rotating motion of the motor.

The comparison of the proposed simple tracking system with
the traditional one show that, not only the size and weight of
new tracker is reduced, but also the tracking precision can be
improved.

Traditional mechanical tracking systems usually take
advantage of electrical machines as the executors, including
direct current (DC) motors, such as permanent magnet (PM)
brushless direct current motors (BLDCM) and alternating
current (AC) motors to control the gesture of the solar panel
[8]. However, conventional approaches cannot avoid some
drawbacks. The deteriorated working environment, such as
high temperature and vibration, could cause demagnetization
to the permanent magnets. Hydraulic motors and gear motors
are also used to control the position of the panel, which needs
to be maintained periodically [9]. According to the weight
and volume of CPV module, the mechanical devices have
been considered, such as transmission gear boxes, connecting
rods etc. which are traditionally applied to change the speed
and torque of the motor simultaneously [10]. If there are over
two actuators to realize the gesture regulation, it will not only
increase the number of mechanical subsystem and the entire
cost of the system, but also reduce the position tracking
accuracy. Meanwhile, the growing number of intermediate
mechanical converters will increase more maintenance for the
system [11-12].

To tackle the problems mentioned above, the concept
of two-dimensional should be used. Although such motor
exists but their accuracy in angle control is not satisfactory.
A new application of rotary-linear machine based on
switched reluctance motor is put forward for the industrial
motion control equipment [13-14]. Rotary-linear switched
reluctance motors (RLSRMs) are usually implemented in
industry applications, such as boring mill, drill press and
carving machines, etc. Conventional machines are described
in [15] and [16], and such motions are commonly realized by
two independent motors and some mechanical connection
parts. However, the traditional designs cannot avoid the
drawbacks of complex mechanical structures and control
methods, thus reducing their tracking accuracy. Nowadays,
the direct-drive machine has the advantages of a high tracking
accuracy and simplified mechanical configuration indicating
its wide range application.

In [17-19], the principles of the actuator based on the

permanent magnet synchronous motor (PMSM) are discussed.

However, it is not suitable for the simultaneous movements
of rotating and linear pulsing, because of its complex control
method and operating environment restriction. There are
other configurations focused on induction motors [20], and
stepper motors [21]. Unfortunately, neither of them is applied
to widespread occasions. Therefore, the switched reluctance
(SR) machines are suitable to be used in industry, due to the
advantages of the mechanical stability and simple structure.
Moreover, an RLSRM was presented to integrate rotating and

linear motion [22-25]. In [22] and [24], the coupling effect
has occurred when both the rotary and linear motions are
produced by the same coils. Although the coupling effect is
eliminated in [23], the volume of the whole motor is quite
large and linear motion will affect the torque output of the
rotatory part greatly when linear move and rotation are
operated simultaneously. In [25], different windings are
utilized for rotary and linear motion, however, the linear
motion still has a negative effect on the rotary motion and the
whole volume is large. Therefore, the decoupled control
methods have been investigated in [26-29], where reasonable
distribution control of the current is achieved, and the
decoupling action of both rotation and linear motion is
implemented. Therefore, the control accuracy has been
improved. Since the switched reluctance motor is selected as
the actuator, not only the efficiency of it is lower than other
kinds of motors, but also the force volume ratio is relatively
small. Although the rotating linear motor has been controlled
by the method of the decoupling, it cannot solve the problems
of the lower conversion efficiency, the smaller torque and
linear direction force.

In this paper, a new RLSRM s investigated in this
paper. Its property of physically decoupled structure has been
highly investigated, and the tracking precision increases by
using a simple control scheme. Moreover, the concept is
confirmed by finite element method (FEM). The
experimental results prove that the errors of rotary and linear
tracking can be controlled within 0.3° and 100 upm,
respectively. On the basis of the high tracking precision and
conversion efficiency, the improvement of output power has
been verified.

2. Construction of the motor

The RLSRM combines a 4-phase LSRM and a 3-
phase RSRM together using longitudinal fluxes and transvers
fluxes, as shown in Fig.2 (a). The basic specifications are
exhibited in Table I. The outside part controls the moving
shaft for linear motion, while the inside part, which is an inner
stator and outer rotor structure, dominates the rotary motion.
The core of the machine is that the rotor is screwed on the
shaft and the moving part can achieve a linear-rotary motion.
The shaft is supported by two bearings. The moving part has
been fully embraced by solid aluminium. The linear stator
relates to and fixed on the outside stator base of the RLSRM.
Fig.2 (b) is the side views of the proposed motor.

According to the structure in Fig. 2 (a), the moving
part is completely physically decoupled for the linear and
rotary movements. Therefore, the difficulty of manufacturing
has been reduced significantly. Moreover, the linear and
rotary movements can be controlled individually, and there is
no electromagnetic interference between them. Meanwhile,
by optimizing and simplifying the control method, high-
precision tracking can be realized as well. Fig.2 (c) shows the
prototype of the proposed motor. The advantages of the motor
topology can be summarized as follows:

1) Any decoupling control method is not needed; there are
no interferences between the rotary part and linear part;



2) Control method is simpler and easier, and the
movements of rotary and linear can be controlled
independently;

3) Force of linear motion is increased with high tracking
precision.

4) Robust mechanical configuration is achieved for
RLSRMs.

Outside stator core
L)

Outside winding

Inside stator core

Inside \\indin![; b

Moving part

Outside stator

b

Ry il
inside stator core
- shel —aatt

e AL
moving shaft

de rotor core

nonmagnetic material g

c
Fig.2. (a) Configuration of the proposed motor. (b) side
views of the proposed motor and (c) prototype of the motor

Table 1The main specifications of the motor

Symbol Specification Value
R1 Inside stator radius 20 mm
R2 Inside stator radius 33 mm
Rs3 Inside stator radius 55 mm
R4 Inside rotor radius 55.4 mm
Rs Inside rotor radius 60.4 mm
Rs Inside rotor radius 65.4 mm
Re Outside rotor radius 71 mm
R Outside rotor radius 80 mm
R1o Outside stator radius 80.3 mm
Ru Outside stator radius 100 mm
Rz Outside stator radius 115 mm
hy Inside stator yoke 15mm
h, Outside stator yoke 15mm
a Inside stator angle 23°

b Outside stator angle 21°
M Mass of the moving platform 25 kg
Oa Inside air gap length 0.3mm
Ob Outside air gap length 0.5 mm
01 Number of phases 3

02 Number of phases 4
Nph1 Turn number of inside winding 106
Nph2 Turn number of outside winding 70

3. Theoretical analysis
3.1. The linear section
The exact specifications of the linear section include

the maximum velocity of 1.0 m/s, and the acceleration time
of 0.167 s. So, the acceleration can be defined by:

a=5.98 m/s? (1)

The maximum mass for the moving part is 25 kg. Then,
average thrust force can be calculated as:

F=M-.a=1495N )
The power capacity is given by:
P=F.v=1495 W 3)

3.2. The rotary section

Assume that q is the number of phases. e, and i. are
the induced electromotive force and current in each phase
winding, respectively. Kq is load factor of each phase in a
switching period. Then, the electromagnetic power is
calculated as:

P, =0-e, i, -K, =400 W 4

D, is the diameter of rotor, and N, is the number of the rotor
poles. The rotor pole pitch is:

S (5)



@ is the main flux with each o, and s is the length of the
stator base. Therefore, the magnetic load is defined by:

B,=— (6)

The electromagnetic torque is given by:
P
T, =—"=1671N"m )
4]
According to the winding current I, and the number of turns
per phase Nph. The electrical load can be calculated as:

:q-Nph-I
s [)ﬂ

A (8)

Based on the cross-sectional area of conductor S,, the electric
current density is calculated:

s (7-D,-A)/(q-Ny,)

S S

a a

=5.006A/mm?  (9)

4. Performance and simulation results
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Fig.3. (a) Magnetic field distribution of linear section
and(b) Magnetic field distribution of rotary section

To analyse the magnetic field distribution and
properties of the motor, FEM calculation is utilized. Fig.3 (a)
is the magnetic field distribution of the linear section by using
3-D FEM when the excitation currentis 2 A. And Fig.3 (b) is
the magnetic field distribution of rotary section by using 2-D
FEM under the rated current 10 A. It can be seen that the
decoupled property has been achieved completely.

Fig.4 (a) and (b) shows the waveforms of the linear
force and the rotary torque by using FEM calculation. Both
of the two sections are given based on the corresponding
phase current levels with different colors. The simulation
result shows that the linear force achieves over 150 N under
the rated current 10 Ampere. For rotary section, the torque of
7.2 N-misrealized. Furthermore, the inductance property of
the linear stator is shown in Fig.4 (c).
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Fig.4.(a)waveforms of FEM calculation of linear section,
(b) waveforms of FEM calculation of rotary section, and
(c)Inductance performance of the linear part

5. Page Formatting Performance and simulation
results

5.1. The configuration of controller

The controller of the solar tracking system consists of
a single chip microcomputer (MCU), a solar sensor, a GPS
module, a wind sensor and a motor drive system. The
controller mainly obtains the position signal of the sun with
the help of the solar sensor, and converts it into the angle
signal through mathematical calculation. Then, the MCU
sends the angle signal to the motor drive system, and the
proposed motor is started for tracking. The diagram of the

4



controller configuration is shown in Fig.5 (a), and (b) is the

flow chart of the essential operation of solar tracking system.
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Fig.5. (a) the diagram of the configuration of the controller,
(b) the flow chart of the essential operation of the solar
tracking system

5.2. The control method

The control method can be roughly divided into two
broad categories. One is open-loop control, for which the
sun’s trajectory parameters are required to be programmed
into the equipment in the form of geographic coordinates
beforehand, and then the system will track automatically
based on the values in the coordinates. The other one is
closed-loop control, which depends on the angle signals
feedback by the solar sensor attached at the side of the CPV
modules. The responsibility of the solar sensor is to measure
the position of the sun and send the signal back to the tracking
controller, and eventually the angle error between the real
direction of the sunlight and that of the normal vector of the
CPV modules will be corrected by two motors.

6, is represented by the inclination angle in the
mathematic model and it can be calculated as follows [28]:

sing, =sing-sind +cos¢-coso - cosw (10)

where:

0, : The altitude angle in the system (8, = 90 ° - sun’s zenith
angle)

@ : The latitude ¢= 22 ° is the location

w: The hour angle (15 ° /hour)
6 : The solar declination

6=23.45°-sin[

360
Desa+N)| @)

In this equation, N is the ordinal number of the day in
the whole year (from 1 to 365). The relationship between the
Azimuth angle and the inclination angle can be obtained from
this equation:

sing, = coso-sinw (12)
cosé,

5.3. The position control scheme

The control system is responsible for linear and rotary
motion separately. The feedbacks of both the two movements
of angle and position are sampled by their own position
sensors. Controllers output the force and torque reference
commands for the force to current part and torque to current
distribution part, respectively. Finally, the two-distribution
parts output current commands for the drivers to control the
motor. The closed current control based on proportional—
integral algorithm with pulse width modulation (PWM) is
performed inside the current drivers for precise current
control. The trajectories of the two axes for the motor are

shown below in Fig.6.
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Fig.6. Control block for the proposed machine

It can be seen that the proposed motor is able to govern
the movement of the power generation system. The simple
PID controller can be applied in angular and linear position
control with the control parameters in Table II.

Table 2 Parameters of the controller

Parameters Angular position Linear position
P 0.410 325

| 6.066 2.20

D 0.005 0.008

6. Experimental results
6.1. Force and Torque outputs

The force and torque outputs of the motor has been
measured, as shown in Fig.7 (a) is the measured force outputs
under different currents at 6 A, 8 A and 10 A, respectively,
and (b) is the torque outputs as well.
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Fig.7. (a) Force outputs measurement, (b) Torque outputs
Fig. 8 shows the pictures of the proposed CPV power
generation system. The tracking position of the motor is
obtained by experimental tests. The whole experimental set
up consists of a computer, a ASSPACE DS1104 card, a power
supplier, a driver and the motor, as shown in Fig.10. The
control scheme as well as the controllers is built using the
software package MATLAB/Simulink. The entire Simulink
software will be programmed and debugged into the dSPACE
card which is regarded as a hardware controller. This control
card outputs commands to the driver for the motor after
getting the position and rotational feedbacks from two
encoders fixed on the motor’s shaft, constructing a closed
loop control. The position information for linear and rotary
movement through experiments in laboratory can be obtained
from Fig. 9 (a) and (b). The results indicate that the position
tracking for rotation and linear motions without any
decoupling method is capable of regulating the two axes.
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Fig.8.Constructed RLSRM(a) Mover structure. (b) Outside
winding. (c) experimental measurement for position control
and (d)The prototype of CPV solar tracking system

The dynamic tracking error response is shown in Fig.
9 (¢) and (d). The control system is able to track position
command signals precisely with slight vibration errors within
0.3 © and 100 um for the rotary and linear axes, respectively.
Therefore, the tracking precision can ensure within 0.3 °. The
tacking position accuracy will be improved and energy
conversion efficiency for the system would be enhanced.

However, the vibration of waveform shows that the
motor also vibrated during the process. Obviously, this
vibration is a factor of efficiency loss of motor. In order to
eliminate the influence, the aluminium plate attached to the
stator should be thickened. Therefore, not only the efficiency
will be improved, but also the tracking precision will be
higher.
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6.2. Power outputs of the solar system

In order to verify the improvement of the output power
with the proposed solar tracker, the power output of the
system has been tested. Based on the CPV power generation
system for the experiment B, its detailed specifications and
parameters are shown in Table I11.

Table 3 Main specification of the power generation system

Parameters Value Notes
lsc 6.91A Short circuit current
Bin Q0w Max power output (per
module)
Voc 18.6 V Open circuit voltage
Temp 25°C Temperature
lir 850 Power output per square meter
W/m?
Weight 1300kg (Maximum load)
Tracking 0.5° Accuracy requirements
precision

Fig.10 (a) and (b) are the measured results of the
output voltage, current and output power of a CPV module
(90 W) against different loads under 15 MJ/m? on 8th,
November 2016, respectively.
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It was found that with the load increasing, the output
voltage goes up while the value of the current decreases. The
output power reaches its highest value, approaching 47.4 W
when the load is 3.494 Q. When the load increases from 3.494
Q to 5.009 Q, the output power will decline rapidly.

Fig.10 (c) shows the comparison of the measured output
power between the proposed solar tracker and conventional
solar tracker on 8th, November 2016. The output power was
improved by using the proposed solar tracker with the two-
degree freedom rotary-linear SR motor. The efficiency was
enhanced by 2.78 % at the maximum power point at 13:30.
Consequently, the improvement of conversion efficiency and

output power of proposed solar tracking system was achieved.

7. Conclusion

In this paper, a new RLSRM is proposed, and the
major design parameters are calculated, including both of
linear and rotary sections. The results of FEM confirm the
feasibility of the RLSRM decoupled design. Also, the
experimental test result shows that decoupling is achieved
when the linear motion and rotation are operated
simultaneously. Finally, PID control scheme is put forward
for the motor to achieve a decoupled high position tracking
accuracy in CPV. The tracking errors are 0.3 ° and 100 pm
for the rotary and linear axes, respectively. With the same
current, not only the linear force achieved 150 N, but also the
torque is £7.2 N-m.

The proposed motor has been applied to the solar
tracking system for CPV power generation system to track
the sun accurately. Its theoretical analysis, configuration and
control method are described in detail. The achievements of
experiment have verified the improvements output power,
which is enhanced by 2.78 %, respectively. It is a successful
development for real application in CPV. Apart from this
application, it is expected that this motor can be used by two-
dimensional drilling or welding equipment.
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