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Abstract—This paper proposes a novel maximum-
force-per-ampere strategy for the current distribution of
planar switched reluctance motors (PSRMs) for efficiency
improvement. This strategy is the first of its kind for planar
motors, and it is used to generate the desired thrust force
with the minimum sum of squares of the three-phase cur-
rent. To formulate this strategy, a constrained optimization
problem with time-varying parameters is first developed.
Then, the problem is transformed into an unconstrained
problem with a barrier function. Additionally, a self-
designed adaptive genetic algorithm is introduced to solve
the unconstrained optimization problem for locating the
optimal currents. Comparative studies of the proposed and
conventional strategies for a PSRM system are carried
out via simulation and experiment, and planar trajectory
tracking for the system with the proposed strategy is exper-
imentally performed. The validity of the proposed strategy
is also verified.

Index Terms—Adaptive genetic algorithm (AGA), effi-
ciency improvement, maximum-force-per-ampere (MFPA),
planar switched reluctance motor (PSRM).

[. INTRODUCTION

RECISION positioning has played an ever increasing role to
meet growing requirements of semiconductor lithography,
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scanning microscope, surface profilometer, etc. [1]-[4]. Com-
pared to actuators achieving planar motion with complicated
mechanical transmissions, planar motors are particularly attrac-
tive due to their advantages of direct drive, simple structure,
high reliability, low friction, and no backlash [4]-[7]. Among
different types of planar motors, the planar switched reluctance
motor (PSRM) is a promising candidate since it features high
precision, low cost, low heat loss, easy manufacture, and strong
resilience to harsh environment [8]. However, the switched
reluctance motor (SRM) is generally considered as a low-
efficiency motor compared with the permanent-magnet motor [9].
Industrial applications demand high-efficiency electrical ma-
chines, and a wide variety of research works are aimed at
improving their machine’s efficiency [10]-[14]. For the emerg-
ing planar motors, efficiency improvement is a key factor to
promote their adaptation to the industry. The main methods of
improving the efficiency of planar motors are structural design
improvement and advanced control strategies. For the struc-
tural design aspect, a new permanent-magnet array has been
presented to improve efficiency for permanent-magnet planar
motors in [15]; novel overlapping ironless windings for
permanent-magnet planar motors have been designed, resulting
in a larger force with the same copper losses in [16]. For
the advanced control strategy aspect, an ohmic-loss reduction
control strategy of planar motors has been proposed, but no
experimental study has been given in [17]; a commutation
strategy has been applied to magnetically levitated planar ac-
tuators, which minimizes the ohmic losses of coils through the
2-norm minimization of the current vector [18], [19]. However,
no refereed literature has been reported on the efficiency im-
provement of the PSRM based on a specific control strategy.
This paper aims to further fill this void by reporting on a
theoretical and experimental study of efficiency improvement
for the PSRM, which employs a novel current distribution
method with a maximum-force-per-ampere (MFPA) strategy.
The MFPA strategy is first developed to fulfill the require-
ment of energy saving for planar motors. Under constant turn-
on and turn-off positions of phase currents, this strategy is
used to generate the desired instantaneous thrust force, with
the minimum sum of squares of the three-phase current. This
strategy is applicable to general operations of the PSRM. In
such strategy, the efficiency of the PSRM is increased as the
copper losses are minimized. As a current-minimizing tech-
nique, the MFPA requires a solution to find the optimal currents.
The solution of the MFPA is very different from that of the
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maximum-torque-per-ampere (MTPA) widely applied to
permanent-magnet synchronous motors [20]-{23] since the
switched reluctance principle of the PSRM is distinctly differ-
ent from the alternating current (ac) motor operating principle.
The MTPA has been developed for the rotary SRM in recent
years. There are two primarily applications. For the first
application, the MTPA is applied to the vector control drive,
based on the vector control of the ac motor. The aim is to
minimize the magnitude of the current vector for generating
desired instantaneous torque under constant root mean square
(rms) current [24]. In the second application, to maximize the
average torque with the same rms current or maximize the aver-
age torque per ampere, the MTPA is employed to optimize the
turn-on and turn-off angular positions of phase currents [25],
[26]. Since the physical and mathematical descriptions of the
MTPA for the rotary SRM are different from those of the MFPA
for the PSRM, the solution of the MTPA for the rotary SRM
cannot be directly applied in the MFPA.

In this paper, the MFPA is formulated as a nonlinear
constrained optimization problem, and its state continuously
changes due to its time-varying parameters. The commonly
used mathematical optimization methods, such as the quasi-
Newton method and the method of Lagrange multipliers, are
not appropriate for the MFPA because they cannot find the
global optimal solution or cannot yield the optimality condition,
particularly when the conditions are changing all the time.
Hence, the MFPA is faced with a task of determining an
effective optimization method featuring wide applicability and
global optimization. Under this situation, the adaptive genetic
algorithm (AGA) is found to be suitable for the optimization
problem of the MFPA since its applicability and global opti-
mization observably outperform other optimization methods,
and the AGA exhibits features of easy implementation, strong
robustness, and fast convergence [27]-[31]. Additionally, the
constrained optimization problem solved by the AGA needs to
be transformed into an unconstrained problem since the AGA
is an unconstrained search procedure within a given search
space [27]. However, the constraints can be handled via the
barrier function.

This paper is concerned with the MFPA strategy of the
current distribution of a PSRM for efficiency improvement
using the AGA. The main contributions of this paper consist
of the following: 1) developing a novel MFPA strategy for the
PSRM to improve its efficiency; 2) extending the energy-saving
study to the PSRM; and 3) demonstrating a systematic research
of efficiency optimization for the PSRM using the proposed
control strategy.

Il. SYSTEM FORMULATION OF THE PSRM
A. Mechanical Structure

The PSRM can be seen as two linear switched reluctance
motors (LSRMs) with orthogonal magnetic circuits. The pro-
totype of the PSRM developed in our laboratory is presented in
Fig. 1, and its specifications are listed in Table I. The PSRM
consists of a stator base, stator sets, - and y-axes moving
platforms, z- and y-axes linear encoders, and z- and y-axes
linear guides. The y-axis moving platform consists of an x-axis

I y-axis

Xx-axis

Linear guide

Xx-axis moving
platform
y-axis moving
platform
Linear encoder

Stator sets

Stator base

Fig. 1. Prototype of the PSRM.

TABLE |
SPECIFICATIONS OF THE PSRM

Parameters Value
Tooth width of movers and stators 3.6 mm
Pole pitch of movers and stators 7.2 mm
Mass of x-axis moving platform 59kg
Mass of y-axis moving platform 13.9 kg
Mass of the PSRM 554 kg
Air-gap length 0.3 mm

Range of base plate 600 mm x 600 mm
Phase resistance 0.5 Q
Number of turns per phase 150

moving platform and a sliding plate. The z-axis moving
platform is composed of two sets of three identical movers. The
two sets of movers are perpendicular to each other, and each set
of movers is responsible for motion in its axis. Phases za, xb,
and zc and phases ya, yb, and yc are the three-phase winding
in x- and y-axes, respectively. The stator block and mover are
composed of a set of laminated silicon steels.

B. Modeling

Since the two sets of three-phase winding of the PSRM are
decoupled magnetically, electromagnetic forces of two axes are
independently generated with little mutual influence.

The thrust force is represented as [32]

¢ c Tk (t) i
A= fu i (t), m(e)) = 3 Lo e Ddine()
k=a

k
Oy(t)

k=a

(D

where z; andf; are the position and the thrust force of the

l-axis (I = x, y), respectively. fir, 91k, @ik, and 7y, are the thrust

force, the phase current, the flux linkage, and the constant phase
current of phase k(k = a, b, c) in the [-axis, respectively.

For a linear magnetic field, the thrust force is derived as [32]

GRS %%ﬁﬁ;’”ﬁm &)
k=a

where Ly, is the winding inductance of phase & in the [-axis.
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C. Control Strategy

Fig. 2 depicts the block diagram of the PSRM system. For
x-axis linear motion, the actual position x,., is detected and
transformed into the position signal x,- through an x-axis linear
encoder. x, is compared with the reference position x,¢f, and
their position error e, is processed to produce the thrust force
command f, via an z-axis position controller. In terms of f,
and x,, the three-phase current commands %4, t2p, and i,
are obtained from the current distribution. 7,4, %4, i2c, and the
detected three-phase current i/, i’,,, and i/, are processed via
current drivers to provide three-phase current to the PSRM for
achieving x-axis linear motion.

D. Current Distribution

From the z-axis current distribution module shown in Fig. 2,
the three-phase thrust force commands f,,, fzp, and f,. are
generated via the force distribution function of f, and . iq4,
iz, and i, are obtained by inverse force functions according
to z;, fza’ fzb, and fzc-

The operation of the PSRM follows the inductance profile.
The inductance profile and generated thrust force of the x-axis
under a linear magnetic field are shown in Fig. 3. p is the pole
pitch, and fimax, Lazmaxs and Lgmin are the maximum thrust

where LCEA = Lzmax - Lzmin [33]
From (3), the x-axis inverse force functions of three-phase
winding are represented as

. Pfza
tea = : 27 S 2p s
szAsm( o —|—§)
. _pf:cb
L D
szAsin( ”;“)
e = Pl )

: 2MSyp _ T '
T LA sin ( > 3)

The force distribution function of the z-axis listed in
Table II [34] is exploited, where g4, g=p, and g, are given by

Lo . ( 2MSgp T >
Gra = sin +=
p p

3
WLIA . (27T81b>
Gab = — sin
P p
L 2
g =228 Sin( e _ f) . 5)
P p 3
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FORCE DISTRIBUTION FUNCTION OF x-AXIS
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Ill. PROPOSED MFPA STRATEGY OF
CURRENT DISTRIBUTION

A. Proposed Current Distribution

The production of electromagnetic forces relies on the in-
ductance change for the SRM. It is the inductance change
rate dLi/dx; and square of phase current Zle that determine
the thrust force of single phase fj; in terms of (2). For the
three-phase mover at a fixed position, the phase with a larger
d Ly /dx; produces a larger fj;; at a fixed phase current, and it
is offered a smaller i?, to generate a constant fi. Hence, the
phase with a larger dL;j, /dx; has larger thrust force per square
ampere and smaller copper losses per thrust force. The total
thrust force of the [-axis f; results from the linear superposition
of the three-phase thrust force according to (1). Therefore, there
are infinitely many combinations of [-axis three-phase current
to generate a specific f; at a fixed position.

The conventional current distribution strategy described in
Section II is applied to output low-ripple three-phase current
to generate a total thrust force with low ripple. Despite the
fact that the excited phases have a big difference in the in-
ductance change rate, they make similar contribution to the
total thrust force. Thus, the strategy aiming at lower force
ripple suffers from lower efficiency since it does not take
full advantage of the phase with a larger inductance change
rate. Under this condition, the phase is capable of producing
larger thrust force per square ampere and smaller copper losses
per thrust force. The MFPA strategy given in this section is
employed to optimize the three-phase current to generate a total
thrust force with minimum sum of squares of the three-phase
current, and it provides larger current to the phase with a larger
inductance change rate. The phase with larger thrust force per
square ampere and smaller copper losses per thrust force is
the main contributor of the total thrust force. Hence, compared

Current distribution of single-phase excitation .
f; | ¥ B l_xa

. Inverse force 1
Sxb Current distribution rule : xb
X functions

| T

Current distribution of two-phase excitation

lXC

ﬁ | ¥ Y Ixg
Sxb Current distribution rule MFPA llxb
XC.

| T

Fig. 4. Current distribution of z-axis based on the MFPA strategy.

TABLE 11
CURRENT DISTRIBUTION RULE OF z-AXIS

Sxb £>0 J<0
Oorp ixa Ixe
0 pl6) ixa i, ive
pl6 ixa ixh
(/6 pl3) ia, ixe ixp
p/3 ixe ixh
(/3 p2) ixe fxa i
p/2 ixe ixg
(p/2 2p/3) ixp, Ixe ixa
2p/3 ixp ixa
(2p/3 5p/6) ixp Ixq, Ixc
5pl6 ixp ixe
(5p/6 p) Ixa,ixb fxe

with the conventional strategy, the MFPA strategy can gener-
ate a specific total thrust force with higher ripple and much
smaller sum of squares of the three-phase current for improving
efficiency.

The current distribution with the MFPA strategy for the
PSRM in the z-axis is shown in Fig. 4. f, and s,;, are inputs of
the current distribution, and they are mapped into the current
distribution rule listed in Table III to determine the excited
phases.

For single-phase excitation, a specific ;; is used to generate
a specific f, in terms of (2), and the excited 4;; is obtained
via inverse force functions given in (4). For two-phase ex-
citation, there are infinitely many combinations of two-phase
current to produce specific f, from (2), and thus, the MFPA
is applied to attain optimal two-phase current for efficiency
optimization.

Since the maximum number of excited phases is two, the sum
of squares of the three-phase current command ¢, for two-phase
excitation is represented as
k=a,b,c; j#k

(6)
where i,; > 0, i, > 0, and i, > 0, as the PSRM is based on
the switched reluctance principle.

.2 ) 2 .2 .9 . .
it =1y tigyTig. =1y tizg, J=0a,b,¢
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TABLE IV
COMBINATIONS OF 3, 1, AND g5 + iy,

iAjJrixk ﬁ "
L 2 L, . 27
I o gin(Fw 4 2 TR g ()
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L, . 2 )
fxative et e ) Tl (5 7y
p r 3 P p 3
7Ly . 278, 7L, . 27xs T
IxpTixe 7T"Asm(%) TXASIH(TM _ g)

B. Proposed MFPA Strategy
For the PSRM generating desired f, # 0 by two-phase ex-

citation, the MFPA operating condition is achieved only for
solving the constrained optimization problem

o0

-2

— Bi2.
.9 2 x ij
U =05 F gy =1 + ———

n
/Bl;rj Z O
n

/\_<fm_ ;rj) Z0 (7)
n

where f, = (3i2; +1iZ;, A is the maximum phase current,
B # 0and n # 0 are time-varying parameters with respect to f
and sy, and f,, 3, and n have the same sign. From (2) and (3),
the combinations of /3, 7, and i, + i,y are listed in Table I'V.

To gain the minimum ., the AGA is used to solve (7) for
locating the optimal i,; and ¢,. For better solving (7) by the
AGA, the barrier function is utilized to transform (7) into an
unconstrained optimization problem as

fz_ 212'
n

min

St A >0, A—ig; >0, (fx

min F(izj,7) =5, +

2L 4 rH (i) (8)

where r > 0 is a penalty factor; H(i,;) is deduced from the
constraints of (7), and it is given as
1

Hin) =2} + (A — i) ! +<fm nﬁm)

-1

(SIS

Jz— ﬁl;pj
n

+ 1A= C))

For (8), if i,; is in the constraints of (7), the value of 7 is
sufficiently small such that F'(i;, ) has a small value. If not,
the value of r is very large such that F'(i,;, r) has a large value.

IV. AGA

An AGA is developed to solve (8) for obtaining the optimal
i5j. The flowchart of the AGA is shown in Fig. 5.

The real number encoding is utilized to the chromosome
encoding. The chromosome can be directly represented as the

Select the encoding of chromosomes.

Y

Create an initial population, select the maximum generation,
and choose the fitness function.

L]

Evaluate the fitness of individuals. |

—]

Output the

optimal individual.
I Perform the selection operation.

Y
] End )
y

ICalculate the crossover rate and perform the crossover operation.l

¥

ICalculate the mutation rate and perform the mutation operation.l

(]

-I Produce a new generation. I

Fig. 5. Flowchart of the AGA.

individual with this encoding. Hence, i,; €
the chromosome.

[0, A]is selected as

A. Fitness Function

The fitness function is used to provide a search direction for
finding the optimal individual in the selection process. Employ-
ing the penalty criterion, the fitness function is chosen, and the
evaluation criterion is that the smaller the fitness value is, the
better the individual is. The fitness function is represented as

32} fa‘
wliag) = {11?0;:0

TJ—I—OlH(Zx]) iijD

izj € D
where a high fitness value is assigned to the solutions that

violates D, and D formulating the constraints of (7) is ex-
pressed as

(10)

D ={iz; € R |{iz; >0}N{\—is; >0}

1 1
. 3 3
fCE Baj] ZO ﬂ )\_ fa: Bzz‘j

n n

N >0

(1)

B. Selection Operation

The selection operation is to select the individuals with better
fitness values. A hybrid strategy of adaptive ranking selection
and elitist selection is employed.

The adaptive ranking selection is depicted as follows.

1) The population is sorted by descending fitness values.

2) A probability distribution is designed, and each of the
probability values assigned to each individual is sorted
by fitness values.

3) With the probability values, the roulette wheel selection
[28] is applied to generate the population of the next
generation.
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The designed probability distribution is given as
1 + =
p) =5 (o7 - - 0)

N -1
+—1—|——favg, =1,.

pt = N (12)

max

where p™ +p~ =2, 1 < pT <2, N is the population size,
ps(n) is the probability value of the nth individual, and
fmax and faye are the maximum and average fitness values,
respectively.

The elitist selection process is described as follows.

1) The individuals with the highest and smallest fitness
values are determined.

2) If the fitness value of the best individual in the current
generation is better than that of the previous generation,
the best individual of the current generation is retained
in the next generation. If not, the worst individual of the
current generation, which has performed crossover and
mutation operations, is replaced by the best individual of
the previous generation.

C. Adaptive Crossover Operation

The crossover operation creates new and improved chromo-
somes. A nonuniform crossover is utilized and given by

(13)

2y =gz + (1 —ag)zs
{1 ( ) , a1 <pe

zh =agzo+ (1 — a2)z1
where a; € [0, 1] and ay € [0, 1] are random numbers, z; and
29 are the individuals of the current generation, 2] and 2/ are

the created individuals of the next generation, and the adaptive
crossover operator p,. is represented as

be = {pcl _ (pul_fPUZ)E.; _favg)’ f/ Z favg
. =

max—favg / (14)
DPeci, < favg

where f’ is the better fitness value between 21 and zo, p.1 =
0.9, and p.o = 0.6.

D. Adaptive Mutation Operation

The mutation operation is to preserve and introduce diversity.
The mutation operation is selected as

y/ _ y1+044(0—y1);
! Y1+ ag(X —y1),

ag < pmand ayg > 0.5 (15)
ag < pmand ay < 0.5

where a3 € [0, 1] and a4 € [0, 1] are random numbers, y;
is the individual of the current generation, 3/, is the created
individual of the next generation, and the adaptive mutation
operator p,, is

{pml _ (p7n17pm,2)(fmax7f)’
Pm =

f > favg
[ < Jfavg

where f is the fitness value of y1, p,,,1 = 0.1, and p,,2 = 0.001.

fmax_favg

(16)
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Fig. 6. (a) Overlapped position of phase zb s.;. (b) Thrust force
command f;.
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Fig. 7. Three-phase current command of the conventional strategy.
(a) iza- (b) ixb- (C) igc-

V. SIMULATION RESULTS

To verify the validity of the proposed current distribution
strategy of the PSRM, for an z-axis linear motion, a compara-
tive study of the proposed and conventional current distribution
strategies is carried out under the same condition, based on
MATLAB/Simulink.

The inputs of both simulation systems are the x-axis thrust
force command f,, and overlapped position of phase b s.p. fo
is from the x-axis position controller, and s, is from the x-axis
linear encoder. To simulate a real-life practical system, f, and
Szp are obtained from experimental measurement, and they are
presented in Fig. 6. The maximum current command is 10 A.
The population size and the maximum generation of the AGA
are selected as 30 and 200, respectively.
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TABLE V
SUM OF SQUARES OF THE THREE-PHASE CURRENT

Mean value of i
for experiment

Mean value of i,
for experiment

Mean value of i;
for simulation

SR i

0 0.5 1 1.5 2 25 3 3.5 4 45 5
Time [s]

(2)

Conventional

current distribu- 9.2578 A? 9.4223 A? 9.8170 A2
tion strategy
Proposed cur-

rent distribution 8.2596 A” 8.3604 A” 8.6655 A”

strategy

i [A]

w

o [9)]
o —=—

Time [s]

(b)

[A]

~ LhH

0 0.5 1 1.5 2 25 3 35 4 45 5
Time [s]

(©)

Fig. 8. Three-phase current command of the proposed strategy. (a) izq-
(b) ixb- (C) igce

< TTTRETSAI A

Time [s]

Fig. 9. Difference ie.

The three-phase current commands ¢, ¢4p, and 2, from the
conventional and proposed strategies are shown in Figs. 7 and 8,
respectively. The shapes of the waveforms of 7,4, i, and i,
from the proposed strategy are substantially consistent with
those from the conventional strategy. In the time from 2.278
to 2.494 s, the excited phases of the two strategies are phases
za and xb, and the magnitudes of ¢, and i, from the conven-
tional strategy have no significant difference. For the proposed
strategy in the same instant range, i,, and i,; are almost zero
for a short period of time since phases xa and xb have a much
smaller inductance change rate with less contribution to the
total thrust force at that time. The magnitudes of i,, and i,
have no significant difference for the remaining time, as phases
za and xb have similar inductance change rate with similar
contribution to the total thrust force at that time. Fig. 9 depicts
the difference i.. 7. denotes the sum of squares of the three-
phase current command 7; from the proposed strategy minus
that from the conventional strategy. Each value of i; from the
conventional strategy is higher than that from the proposed
strategy. The mean values of 7, of the two strategies are listed
in Table V. The mean value of i; of the proposed strategy is
reduced by 10.78% compared with that of the conventional
strategy.

Power supply

Fig. 10. Experimental setup of the PSRM system.

In comparison with the conventional strategy, the proposed
strategy is capable of producing the desired thrust force with
much smaller sum of squares of the three-phase current, and
its efficiency is increased with the copper losses decreased by
10.78%. Thus, the proposed strategy can improve the efficiency
of the PSRM substantially.

VI. EXPERIMENTAL VERIFICATION

A. Experimental Setup

Fig. 10 shows the experimental setup of the PSRM system.
Two linear optical encoders from Renishaw’s Tonic series with
dual resolutions of 100 and 50 nm are used to detect the posi-
tions of both axes. Six 50A20 servo drives of advanced motion
controls are applied as direct current (dc) current drivers to offer
currents to the excited phase windings. The control algorithm
is designed based on MATLAB/Simulink, and it is downloaded
to dSPACE modular hardware for realizing real-time control.
The utilized dSPACE modular hardware includes a DS1005
PPC board, a DS2103 D/A board, and a DS3001 incremental
encoder interface board.

B. Experimental Results

To clearly demonstrate the validity of the proposed current
distribution strategy of the PSRM, a comparative study of
the proposed and conventional current distribution strategies
is performed. The inputs of the PSRM system are identical
to those of the simulation system manifested in Fig. 6. To
improve real-time performance, the proposed current distrib-
ution strategy is implemented by a lookup table. The maximum
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current command is 10 A, and the sampling time of the control
algorithm is 0.0005 s.

The three-phase current commands ¢, 255, and i,. and the
detected three-phase currents i/, i/, and i/, from the conven-
tional and proposed strategies are depicted in Figs. 11 and 12,
respectively. The shapes of the waveforms of i,4, ixb, Pzc,

ilyq Uy and 4, from the conventional strategy substantially
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Fig. 13. (a) Difference .. (b) Difference ..

coincide with those from the proposed strategy. The shapes
of the waveforms in Figs. 11 and 12 are consistent with
those in Figs. 7 and 8, respectively. The currents from current
drivers quickly track the current commands from the two strate-
gies. The satisfactory real-time performance is consequently
achieved. The differences i, and i/, are indicated in Fig. 13.
il is expressed as the sum of squares of the detected three-
phase current 7, from the proposed strategy minus that from the
conventional strategy. Fig. 13 reveals that the magnitudes of i,
and 4} of the conventional strategy are substantially higher than
those of the proposed strategy. Table V lists the mean values of
ix and 7} of the two strategies. Compared to the conventional
strategy, the mean values of i; and ¢} of the proposed strategy
are decreased by 11.27% and 11.73%, respectively. The pro-
posed strategy is capable of producing the desired thrust force
with much smaller sum of squares of the three-phase current;
the efficiency is increased due to the copper losses reduced
by 11.73%.

To further illustrate the feasibility of the proposed strategy, a
pentangular trajectory tracking is applied to the PSRM system.
A waveform with a maximum amplitude of 30 mm and a
frequency of 1/3 Hz is used as the x-axis reference position,
while a waveform with a maximum amplitude of 28.53 mm and
afrequency of 1/3 Hz is utilized as the y-axis reference position.
Two proportional-derivative (PD) controllers are provided to
control the x- and y-axis positions. The parameters of the PD
controller in 2- and y-axes are k., = 303.5 and k4, = 1.1 and
kpy = 561.6 and kg, = 1.7, respectively. The bandwidths of
the closed-loop position control for z- and y-axes are 61.9 and
52.5 Hz, respectively. The maximum current command is 10 A,
the thrust force command is limited to 30 N, and the sampling
time of the control algorithm is 0.0005 s.

Fig. 14 shows the current commands and detected cur-
rents of the PSRM system, and it manifests that the currents
from current drivers quickly track the current commands from
the proposed current distribution. The thrust force commands
of two axes from PD controllers are presented in Fig. 15.
Fig. 16 depicts the planar trajectory tracking response, the
position responses of two axes, and the speed responses of two
axes. In Fig. 16(c), v&yref, VTr, VYref, and vy, are the z-axis
reference speed, x-axis detected speed, y-axis reference speed,
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and y-axis detected speed, respectively. The position errors
of two axes are indicated in Fig. 17(a). Figs. 16 and 17(a)
reveal that the system exhibits satisfactory dynamic and steady-
state performances since it tracks the given pentangular tra-
jectory smoothly, quickly, and precisely. To further validate
the effectiveness of the proposed strategy, the position errors
of the PSRM system with the conventional strategy under the
same condition are acquired and manifested in Fig. 17(b). It
can be noticed that the general trend of the position errors
for the two strategies is consistent within one cycle of the
trajectory tracking because the thrust force commands of the
two strategies are similar under the same operating condition.

Fig. 15. Thrust force commands. (a) z-axis. (b) y-axis.
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Fig. 16. (a) Planar trajectory tracking response of the PSRM system.
(b) Position responses of z- and y-axes. (c) Speed responses of x- and
y-axes.

The absolute position errors of the trajectory tracking for the
proposed and conventional strategies are less than 91.2 and
56.1 um, respectively. For the proposed strategy, the position
errors increase versus the conventional strategy since the less
smooth optimal three-phase current results in the slightly larger
vibration. It is found that there is a tradeoff between the effi-
ciency and the positioning accuracy for the current distribution.
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Although the position errors increase, the proposed strategy is
aimed at improving the efficiency in the presence of satisfactory
dynamic and steady-state performances.

The aforementioned analysis proves that the proposed strat-
egy is valid, and it can be readily implemented for any real-time
control application.

VIl. CONCLUSION

In this paper, a novel MFPA strategy of the current distribu-
tion for the PSRM has been proposed to improve the efficiency.
An AGA has been implemented to solve the unconstrained
optimization problem of the MFPA. From the simulation and
experimental results, some conclusions can be drawn: 1) Com-
pared to the conventional strategy, the proposed strategy is
capable of generating the desired thrust force with higher ripple
and much smaller three-phase current, resulting in an increase
of the efficiency; 2) the PSRM system with the proposed
strategy exhibits increased vibration and satisfactory dynamic
and steady-state performances; and 3) the proposed strategy
is a better alternative to the current distribution strategy for
efficiency improvement of the PSRM. The proposed strategy
can also be applied to other similar types of motors, such as the
rotary SRM and the LSRM.
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