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Abstracit—In this article, a position estimation method is
proposed to realize sensorless control of planar switched
reluctance motor (PSRM) with core loss. First, a square-
wave voltage generated through bipolar pulsewidth mod-
ulation (PWM) is injected into the idle phase of a PSRM,
thereby generating core loss. The corresponding core-loss
average power (CLAP), which contains position informa-
tion, is calculated in real time. Then, depending on the six-
phase CLAP, the initial position can be estimated for the
PSRM startup. To stabilize the position estimation in differ-
ent regions of pole pitches, position data measuredinalong
stroke are utilized to determine a function mapping from the
CLAP with respect to position. Furthermore, a sensorless
control system and commutation strategy are designed.
Finally, the capability of different methods for position esti-
mation and sensorless control of a PSRM system are exper-
imentally investigated. The feasibility and effectiveness of
the proposed method are verified through the experimental
results.

Index Terms—Core-Loss calculation, planar switched re-
luctance motor (PSRM), position estimation, sensorless
control, voltage injection.

[. INTRODUCTION

LANAR direct-drive positioning devices have attracted in-
creased attention because of their simple structure, low
friction, and no backlash, which are substantial advantages over
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conventional planar positioning devices with cumbersome me-
chanical transmission mechanisms [1]-[3]. A planar switched
reluctance motor (PSRM) is a kind of planar direct-drive po-
sitioning device. In addition to the merits mentioned above,
PSRMs are also low cost, exhibit high reliability without per-
manent magnet utilization, and provide high heat dissipation for
air-contacted stator arrays and phase windings [4], [5].

Rotary switched reluctance motors (RSRMs), linear switched
reluctance motors (LSRMs), and PSRMs operate based on the
minimum reluctance principle [4]. Hence, position information
is crucial for PSRM commutation and position control. Position
information is generally detected by position sensors, such as
optical encoders or magnetic sensors. However, the utilization
of position sensors limits PSRMs by increasing cost, decreasing
reliability, increasing system complexity, and introducing elec-
trical connection problems. To overcome such drawbacks, it is
imperative to investigate suitable position estimation methods
to realize sensorless control of PSRMs.

Over the last few decades, many position estimation methods
have been proposed for RSRMs or LSRMs with a wide speed
range from standstill to high speeds. Considering the restrictions
in stroke and acceleration, operation of PSRMs can be deemed
as low speed. Hence, low-speed position estimation methods
should be emphasized for PSRMs, and these methods can be
mainly classified as pulse injection methods [6]-[8], current
waveform methods [9]-[11], flux linkage methods [12], [13],
observer-based methods [14]-[17], intelligent methods [18]-
[20], and component-addition-based methods [21]-[23].

The flux linkage method is based on the fact that the flux
linkage is a function of the phase current and position; however,
this method is associated with high memory utilization and high
computational costs. For less memory utilization and a simpler
computation, an improved flux linkage comparison scheme was
proposed in [12]. To improve the measurement accuracy of the
flux linkage, an automated resistance correction is adopted for
RSRM sensorless control [13]. However, for a PSRM, the mag-
netic characteristics should be obtained from a two-dimensional
(2-D) plane, which is complicated and time-consuming process.
For the observer-based method, adaptive state observers [14] and
sliding mode observers [15], [16] have been applied to estimate
the rotor position for RSRMs. However, the estimation accuracy
in this approach is easily affected by model inaccuracies and dis-
turbances. For PSRMs, a sliding mode observer was adopted to

0278-0046 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: SHENZHEN UNIVERSITY. Downloaded on March 13,2020 at 13:56:15 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0002-1359-7235
https://orcid.org/0000-0002-9393-2389
https://orcid.org/0000-0002-2417-7500
mailto:lawrence.chennan@gmail.com
mailto:gzcao.01@gmail.com
mailto:hsdsudan@gmail.com
mailto:hsdsudan@gmail.com
mailto:sunjundi@email.szu.edu.cn

6032

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 67, NO. 7, JULY 2020

achieve position estimation in [17], but sensorless control was
not realized. The intelligent method often combines flux link-
age characteristics and uses artificial neural networks [18], fuzzy
logic [19], or a combination thereof [20] for position estimation.
Although the intelligent method can reduce memory utilization,
this method is still inconvenient to implement. The component-
addition-based method requires additional components, such as
search coils [21], [22] and bootstrap circuits [23]. This method
may lead to assembly problems and increased spatial occupa-
tion. The current waveform method utilizes the current slope
during the chopping period to obtain the inductance charac-
teristics of a switched-reluctance-type motor and subsequently
estimate position [9]-[11]. The back electromotive force and
resistive voltage drop can be compensated by the current slope
difference in the rising region and descending region [24]. The
principle of the pulse injection method is similar to that of the
current waveform method, but the current waveform used for
slope calculation in the former is generated by injecting voltage
rather than current chopping [6], [7].

For the traditional pulse injection method and the current
waveform method, the calculation of phase inductance is cru-
cial. The variation in the phase inductance of PSRMs is much
smaller than that in other switched-reluctance-type motors be-
cause PSRMs have a much smaller pole pitch. Thus, phase
inductance calculation errors would cause more substantial neg-
ative effects in PSRMs than in other switched-reluctance-type
motors. Additionally, due to the relatively large core loss gen-
erated in PSRMs [25], the phase current caused by an injected
voltage is distorted because of the effect of core loss, which leads
to significant errors in phase inductance calculation. Hence,
such traditional sensorless methods cannot be directly applied
to PSRMs without producing unacceptable errors in position
estimation.

Although an inductance compensation method considering
core loss was proposed in [8], a linear approximation of the
current slope was still adopted. In [26], a position estimation
method was proposed based on the difference in current rising
time caused by the eddy current effect. However, the current
rising time needs to be measured accurately, and the precision
of position estimation should be improved. Therefore, to apply
the pulse injection method for achieving sensorless control in
PSRMs considering the effect of core loss, a position estimation
method based on voltage injection combined with core-loss cal-
culation is proposed in this article. This method avoids current
slope calculation and focuses instead on power calculation. In
contrast to the differential operation of the current slope cal-
culation used in traditional methods, the power calculation in
the proposed method involves an integral operation that can
notably reduce current noise. Moreover, the proposed method
needs only one current sensor per phase and does not require
a voltage sensor, thereby reducing the system cost further. The
main contributions of this article are as follows:

1) proposing a real-time core-loss calculation method;

2) proposing a position estimation method that considers
core loss;

3) extending the theories of position estimation and sensor-
less control to PSRMs;
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Fig. 1. Overall structure of the PSRM prototype.
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Fig. 2. Equivalent phase circuit of the PSRM considering core loss.

4) realizing sensorless control of PSRMs for the first time
by implementing the proposed methods.

Il. DESCRIPTION OF THE PSRM SYSTEM
A. Mechanical Structure

The PSRM prototype developed in our laboratory is presented
in Fig. 1, and the specifications of this device are listed in [5].
This PSRM can be regarded as two LSRMs with orthogonal
magnetic circuits, consisting of a stator base, stator sets, x- and
y-axis moving platforms, x- and y-axis linear guides, and x-
and y-axis linear optical encoders. The y-axis moving platform
is composed of an x-axis moving platform and a sliding plate.
The x-axis moving platform is composed of two sets of three
identical movers. These two sets of movers are perpendicular to
each other, and each set of movers is responsible for one axial
motion. Phases xa, xb, and xc and phases ya, yb, and yc are
the three-phase windings in the x- and y-axis, respectively. The
stator block and mover are fabricated from a set of laminated
silicon steels.

B. Modeling

Since the two sets of three-phase windings in the PSRM
are decoupled magnetically [1], the mutual inductances of each
winding are negligible, and the electromagnetic forces in the two
axes are independently generated with little mutual influence.

The equivalent phase circuit considering core loss is shown
in Fig. 2 [27]. For phase k in the [-axis, the voltage balance
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Fig. 3. Block diagram of the PSRM sensorless control system.
equation is given by Substituting (3) into (2) yields
i, (t) = Z'mag,llf (t) + Teorelk (t) Cind_lk (t) = (L”C (Zmang (t)v Yz (t))
i (imag (), p1 (1))
. g 1k , DI 1 . .
wk (t) = G () R + o (D e it (1) 0L (imagik (1), 1 (t))) dimag 1k ()
. . . mag- .
g (t) = ok () Rk, + core sk (£)7u (Gcore sk (£), pi(t)) Dlmag 11 dt
“
where 1., imag_1k» and 4iyon 1 are the phase current, magnetizing OL (imag (), pi (1))
current, and core-loss current of phase Ik (I = x, y; k = a, b,  €mottk (t) = imagr () v (1) ©)

¢), respectively; p; is the moving platform position in the /-axis;
and w;i, Rk, 7, and Uy, are the voltage, equivalent winding
resistance, equivalent incremental core-loss resistance, and flux
linkage of phase Ik, respectively.

The derivative of the flux linkage can be represented by

du (imag.i (1), i (t)) _ Ok (fmagr (t), D1(t)) dimag 1k (t)

dt aimag,l k (t) dt
+ 8¢1k (imaglk (t)7pl (t)) dpl (t)
oy (t) dt

= €ind ik (t) + emort (t) 2)
where ej,q 5 18 the induced electromotive force and eng i 1S
the motional electromotive force.

According to the definition of inductance, the flux linkage
can be expressed as

Ui (tmag 1k (1), 21 (t)) = Lk (tmagir (t), D1 (t))imagir () (3)

where L;;, is the inductance of phase /k.

Opy

where v; is the [-axis speed. In [5], the thrust force is given as

Ft) = Z Fi; (imag i (), pi(t))
k=a

Cc

>

k=a

0 i)y (18, () ()
opi(t)

where Fj and Fj;; are the thrust forces along the /-axis and of
the phase Ik, respectively.

Since deore 11 is much less than éiag 1, tmag ik 1 approximately
equal to 4. Therefore, by replacing 4mag 1 With 4y, the thrust
force under a linear magnetic field can be expressed as [5]

= LdLy (p(t))
RO =3 5

(6)

(t)- o

C. Sensorless Control System

Fig. 3 depicts the block diagram of the PSRM sensorless
control system. Two proportional—derivative (PD) position con-
trollers with a 1 kHz control frequency are provided to control
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the x- and y-axis positions. Six proportional-integral (PI) current
controllers are implemented with a 10 kHz control frequency to
control the current of all six phases.

Neglecting friction, the transfer function from thrust force to
position can be represented by

pi(s) 1
G = = 8
1(5) F(s) Ms*>+Cs ®)
where M; and C) are the mass of the moving platform and the
damping coefficient in the /-axis, respectively.
For the phase winding, the transfer function from phase volt-
age to phase current can be expressed as

Uk (S) _ 1
wy(s)  Lis+ Ry

Ga(s) = ©

To reduce the model complexity, L;; and I;; are set to the
average phase inductance and a constant value, respectively.

To determine the parameters of PD and PI controllers, (8)
and (9) are imported into the proportional-integral-derivative
(PID) Tuner Toolbox in MATLAB, and these parameters are
adjusted to ensure that the step responses have no overshoot
and that the settling time is as short as possible. Because there
are differences between the actual system and the theoretical
system, the obtained parameters also need slight adjustment in
the actual system. Finally, the parameters of the PD and PI
controllers are determined.

Six current sensors are utilized to detect the phase current for
current control and core-loss average power (CLAP) calculation.
Six voltage drivers with H-bridges are adopted to power the six-
phase winding and to generate square waves for voltage injection
via bipolar pulsewidth modulation (PWM).

The inverse force function is introduced to calculate the phase
current command according to the phase thrust force command.
In terms of (7), the inverse force function of phase /k is repre-

sented by
ik (t) = \/QEk(t) <W)

where 7, is the phase current command of phase lk.

According to (10), ¢, is related to the derivative of the in-
ductance with respect to position, which goes against sensorless
control and increases complexity. Hence, a positive constant
slope G is used to represent the slope of the inductance-position
curve in a monotonous area. The inverse force function can be
given as

(10)

’L'le(t) = \/2F‘lk(t)G71. (11)

According to the actual inductance-position curve of the
PSRM, G is determined as 1.11 mH/mm.

The operating principles of the x-axis motion and y-axis mo-
tion are similar. For x-axis linear motion, the actual position p,
is estimated as p.,. by the sensorless position estimation method.
The position 7., in a pole pitch ranges from O to 7 mm, where
7 is the pole pitch of the mover and stator, and this position
is used for the commutation of the PSRM. A moving average
low-pass filter with a span of 15 points is employed to filter

TABLE |
COMMUTATION STRATEGY IN ONE AXIS

Thrust force Position in Conducted  Injected
command a pole pitch phase phase
Fi>0 [117/12, 1)U [0, 37/12) c a,b
Fi>0 [37/12, 77/12) a b, c
Fi>0 [77/12, 117/12) b a,c
F;<0 9712, 7) U [0, 7/12] a b, c
Fi<0 (57/12, 97/12] c a, b
F;<0 (¢/12, 57/12] b a,c

lk_max,

- Inductance

I R W I <l B T
M0 w12 312 sv12 iz 9912 izt
Relative position
Fig. 4. Three-phase inductance curves in the l-axis.

out noise from the estimated position p.,, providing a position
feedback signal p/ . to the position control. The position error
e, 18 generated by comparing p/, and the reference position
Praz», and is processed with the x-axis position controller to pro-
duce the x-axis thrust force command F,.. In terms of F, and
Tesz, the three-phase thrust force commands F,,, F;, and F).
are generated by the commutation strategy. Through the inverse
force functions, three-phase current commands %, 4, %25, and
ir4. are obtained. The actual three-phase currents ., .5, and
1, are measured with current sensors, and these measurements
are fed back to the current controllers for generating duty cycles
for the PWM generators. The three x-axis voltage drivers output
the proper voltages to the PSRM according to the PWM signal,
achieving x-axis linear motion.

D. Commutation Strategy

The commutation strategy is shown in Table I. The following
can be concluded from Table I.

1) The commutation is dependent on both the direction of
the thrust force command and the position in a pole pitch.

2) When the direction of the thrust force command is
changed, the commutation region of each phase is corre-
spondingly changed.

3) The commutation region per phase is 7/3.

4) For the motion in one axis of the PSRM, all three phases
are fully employed, of which one phase is used as the
conducted phase and the other two phases are applied as
the injected phase.

The three-phase inductance curves in the /-axis are shown
in Fig. 4. A phase will be conducted when it has a positive
inductance slope in the motion direction. Once the phase is no
longer conducted, it becomes an idle phase. When the phase
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current of the idle phase decreases to zero, the injection will ~ Wiyg i is represented by
start immediately. o+ T
The voltage injection is achieved by changing only the fre- Windik = / €ind 1k (t)imag 1k () dt. (14)
to

quency of the PWM signal, which can be conveniently achieved
in the actual system. When a phase is conducted, the PWM
frequency of this phase is set to 50 kHz, and enters the current
control mode. When the injection conditions of a phase are sat-
isfied, the PWM frequency of this phase is changed to 500 Hz,
and enters the voltage injection mode.

I1l. CORE-LOSS CALCULATION
A. Core Loss

The core loss in a switched-reluctance-type motor is depen-
dent on many factors, including the magnetic material charac-
teristics, operating frequency, and flux density. However, the
magnetic material characteristics are fixed for a specific PSRM.
And for an injected phase, if the amplitude and frequency of the
injected square-wave voltage are fixed, the flux and operating
frequency are distinct. Nevertheless, although the flux is fixed,
the distribution of the flux density is still affected by the posi-
tion, indicating that core loss is related to the position. Thus,
only the relationship between the core loss and position should
be considered for a specific PSRM.

For RSRM, the equivalent incremental core-loss resistance
r;; 18 related to the rotor position, and the value of r;; at the
aligned position is less than that at the fully unaligned position
[27], [28]. Similarly, the position information of the PSRM is
also reflected by r;;,. However, because it is difficult to obtain 7,
directly in the actual system, a power-calculation-based method
is considered. If the phase current is small, the voltage drop in
Ry, is negligible compared to the phase voltage. According to
(1), the core-loss power Peore s can be expressed as

Pcore,lk (t) = 1:;: g)) .

According to (12), the position information of the PSRM is
also contained in P.q 7. When u;;, remains constant, the value
of Peoresr at the aligned position is larger than that at the fully
unaligned position. Therefore, Py 1S @ periodic function of
the position, and the period of the function is the pole pitch.

(12)

B. Proposed CLAP Calculation Method

The injected voltage is a square wave generated through bipo-
lar PWM. For most inverters, because the on-state resistance is
much less than the equivalent winding resistance, the resistive
voltage drop in the inverter is negligible. Under this condition,
the maximum value of the square wave is a positive dc-link
voltage Uy, and the minimum value is —Uq.. By defining the
period of a square wave as 7, the total energy consumption
Wiotaiz Of phase /k in one square-wave period can be expressed
as

to+T
Wiotalit = / wi ()i (t)dt. (13)

to
According to (4), because the average power of the inductor
in one period is zero, the energy consumption of the inductor

The mechanical energy Wi, in one square-wave period
can be expressed as

to+T
Whee ke = / €mot_1k (t)imag,lk (t)dt

to

(t)dt.
(15)

totT aLl}g(imag lk(t))pl(t)) 2
_ - )i .
/tU o Ul( )Zmag,lk

Due to the limited stroke and acceleration of the PSRM, the
speed cannot be accelerated to a large value. Furthermore, when
aphase is in the voltage injection mode, the phase current caused
by the injected voltage is obviously smaller than the conducting
current. According to (15) and assuming that the PSRM operates
at a low speed, Wy, cci 1S approximately zero.

According to (1), the copper loss Wop 11 can be calculated as

to+T
Weoptk = / i, () Ry dt. (16)
to
An analysis of the components of the total energy consump-
tion shows that Wy ;1 can also be expressed as

I/Vtotal,lk = I/Vind,lk + Wmec,lk + Wcop,lk + Wcore,lk (17)

where Wiore 11 18 the core loss.
To calculate Weore 11, (13)—(16) can be substituted into (17),
which yields

Weorear = Wiotalir — Wcop,lk
to+T to+T
= / Uik (t)ilk (t)dt — / i%k (t)ledt
to to

= /t0+ (’U,lk(t) — ilk (t)le) ilk (t)dt. (18)

to

Weoress Syt (uai (8) = g (8) Rug i (£)
T T

where P is the CLAP in one period.

To calculate Py, in real time, a PWM rising-edge triggered
analog-to-digital converter (ADC) burst sampling technique is
employed to sample the phase current. By setting the number of
burst sampling points as M, P;; can be calculated in real time
by

P = ((Uprsr — Inpsa Risd) Inpa ) AT 30 T (20)

Py = (19)

where Iy and R, are the phase current sample vector and
the equivalent winding resistance, respectively, and AT ;1 is
the time interval vector, which is expressed as

T
ATy = [AL AL AT AL =

i 1)

where At is the ADC burst sampling interval.
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The phase voltage vector is

T
Ui = [U17u2,~--,UJ\J/27UJ\1/2+1aUM/2+27~-~,UM]
{Udmj € [17M/2] NN~

. : (22)
—Uge,j € [M/2+ 1, M]N N*

U; =

Because the dc-link voltage Uy, is known, there is no require-
ment for a voltage sensor.

IV. PROPOSED POSITION ESTIMATION METHOD
A. Initial Position Estimation Method

The initial position is crucial for the PSRM startup from
a standstill. The initial position can be obtained by inject-
ing voltage to all phases and calculating the corresponding
CLAP.

The mapping from the /-axis position p; to CLAP Fj;, of phase
lk is a periodic function, which can be expressed as a Fourier
series

Py = fu(p) = Puo + Y Prgnsin (nwpr + @ixn) — (23)

n=1

where f;; is the function mapping, n is a positive integer, w
is the angular frequency of the first harmonic, Py is the dc
component, Py, is the amplitude of the nth harmonic, and ¢y,
is the initial phase angle of the nth harmonic.

The angular frequency of the first harmonic is expressed as

2
w=—.

(24)
-

According to the mechanical structure of the PSRM, the rel-
ative angles between the three-phase movers in the /-axis are
27/3 radians. By neglecting the harmonics where n > 1 and
assuming that the position of p; = 0 is the aligned position of
phase [b, the [-axis three-phase CLAP is given as

21
Py = Piao + Piaicos (prz + 3)

27
Py = Pyo + Ppicos (sz> (25)

2
-Plc = -PICO + -PZCICOS (Tpl - 2;)

Defining the a-, b-, and c-axis with a relative angle of 27/3
radians and the orthogonal a- and (3-axis, let the a-axis coin-
cides with the b-axis, as shown in Fig. 5. P, P}, and P, are
defined as 1-D vectors along the a-, b-, and c-axis, respectively,
where P, is the vector sum of P, P, and Pj.. P, is then pro-
jected to the orthogonal - and (3-axis, obtaining P}, and Pjg,
respectively. Therefore, a transformation from P, Pj;, and P,
to P, and P,z can be expressed as

P _; ! _% e

lo

_ 26

[Pw] V3 V3| [ Ew (26)
5 Y 5] ke

P B

a

Fig. 5. Coordinate systems a—b—c and a—3.

Substituting (25) into (26) and assuming that P,g = Py =
Py and Piy1 = P2 = Pieg = Py yields

2
o (2)
|:Ba:|_ 2 T
Pgs| 2
7 20 ()
2 T

Hence, the estimated initial position pinit est Of the [-axis
can be expressed as
P )
Piq

Considering the signs of Pz and Fj,, the full-range of
Dinit_est can be obtained, which is [0, 7).

27

Pinit_estl = larC tan ( (28)
27

B. Position Estimation Method for a Long Stroke

According to (23), if the function mapping f;; is obtained
accurately, the [-axis estimated position pes;; can be obtained
by

pr =i (Pir)- (29)

Because fjy, is a periodic function, the traditional method uti-
lizes the function fitting to determine flz_l based on monotonic
interval data in a short stroke [8], [26], [29]. A short stroke is
a relative concept corresponding to a long stroke, which con-
sists of many pole pitches. For a PSRM, because of the large
number of pole pairs, existing manufacture tolerances [30], and
the different core-loss conditions under different pole pitches,
monotonic interval data in a short stroke cannot sufficiently re-
flect the function relation in a long stroke without resulting in
significant fitting errors.

For the purpose of overcoming this drawback, a position fit-
ting method is proposed for a long stroke. Since the relative
angles between the three-phase movers in the [-axis are 27/3
radians, the positions of the three-phase movers in the /-axis can
be transformed from the moving platform position p; to periodic
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Fig. 7. Experimental setup of the PSRM system.

three-phase position triangular waves by

T

Puida = 5arc cos (cos (Zp; + 2T))

Puiay = 5=arc cos (cos (£ p;)) (30)

T

Prite = 5=arc cos (cos (Zp — 27))

where piyi_ia, Piritp» and pyri_. are the position triangular waves
of phases a, b, and c in the [-axis, respectively. The transformed
results within two pole pitches are shown in Fig. 6. Hence, a
new function relation that needs to be fitted is represented by

Peridk = gik (Pir) 3D

where ¢;;. is the function mapping from P, to perik-

Since both Py, and py,i g, are periodic functions, the data
can be measured from the position of a long stroke of the
PSRM, which means that g;; can provide the position infor-
mation within a long stroke.

To determine g, a polynomial fitting is carried out by the
least squares method. Considering the fitting precision and cal-
culation complexity, a three-order polynomial is adopted, which
is given as

y=a,2" +a, 12" '+ +az+a,n=3  (32)
where x, y, a,,, and n are the input, output, coefficient, and order
of the polynomial, respectively.
V. EXPERIMENTAL VERIFICATION
A. Experimental Setup

Fig. 7 shows the experimental setup of the PSRM system. Six
LEM CKSR 6-NP current sensors are employed to measure the

~

—
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=}

'
—

'
~

] | i |
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Fig. 8.
voltage.
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108 144 18 216

Fig. 9. CLAP versus position. (a) x-axis CLAP. (b) y-axis CLAP.

phase current. Six voltage drivers with H-bridges are designed
based on TI CSD18533Q5A MOSFETs to power the phase
windings. A dc power supply provides a dc-link voltage of 30
V. Two Renishaw TD0400A40A linear optical encoders are used
to detect the actual positions of both axes for error analysis. The
control software is designed in MATLAB-Simulink, and this
software can be seamlessly uploaded to the dSPACE MicroLab-
Box to realize real-time control. The graphical user interface
is created using ControlDesk and combined with dSPACE for
parameter setting and data acquisition.

B. CLAP Calculation

The CLAP calculation is based on the phase current caused
by injection, and the typical phase current waveforms of phase
xb are shown in Fig. 8. The frequency of the injected bipolar
PWM voltage is 500 Hz, and R, is 0.56 €). If the core loss
is nonexistent, the peak of the phase current should be less at
the aligned position than that at the fully unaligned position
due to the inductance characteristics. However, the peaks of the
phase currents at the two positions are approximately equal. The
additional current generated by core loss is most obvious at the
aligned position.

The calculated three-phase CLAP of x- and y-axis are shown
in Fig. 9(a) and (b), respectively. Fluctuations in the amplitude
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TABLE Il

ERRORS IN y-AXIS POSITION ESTIMATION UNDER DIFFERENT METHODS

Method Error type Value (mm)
Observer-based MAE 2.535
method AAE 1.093
Traditional pulse MAE 1.533
injection method AAE 0.383
Proposed MAE 0.605
method AAE 0.026

TABLE lII

PARAMETERS OF THE POSITION AND CURRENT CONTROLLERS

: I | —Phase xa —-Phase xb Phase xc \
~E~o.5 ?
E -
5 0 AN AN
E W
=.0.5
1 I I 1 1
-21.6 -18 -144 -108 -7.2 36 0 3.6 72 108 144 18 21.6
Position (mm)
(@)
1 T T T
H I —Phase ya —-Phase yb Phase yc I H
_ i 4 i P : : : : : :
= 0.5 4
£l 1
= :
L} :
=-0.5 : \
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Position (mm)
(W)
Fig. 11.  Polynomial fitting errors. (a) x-axis errors. (b) y-axis errors.

are caused by the gaps in the stator array structure. According to
the abovementioned theoretical analysis, the CLAP periodically
varies with the position, and the period is the pole pitch 7 of
7.2 mm. When the phase is aligned, the CLAP increases to a
maximum value; when the phase is fully unaligned, the CLAP
decreases to a minimum value.

Controller Parameter Value
. o kipx 6
PD x-axis position controller
ks 0.16
R ko 10
PD y-axis position controller .
kay 0.22
PI current controller for the ky 10.75
six phases ki 772.6

C. Initial Position Estimation

Although the initial position estimation should be performed
at a standstill, to improve the efficiency of the experiment, the
data are acquired when the moving platforms are slowly moved
by hand. The performance of the proposed method under low-
speed conditions is theoretically worse than that under standstill
conditions because of the negligible mechanical energy of the
injected phase. Hence, the experimental results for both axes are
conservative, which are shown in Fig. 10.

Because the pole pitch 7 is 7.2 mm, the position range of
Dinit_est 1S [0, 7.2) mm. After reaching a value of 7.2 mm,
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TABLE IV
ERRORS IN POSITION ESTIMATION AND TRAJECTORY TRACKING
. Xx-axis position y-axis position Xx-axis trajectory y-axis trajectory
Reference trajectory estimation (mm) estimation (mm) tracking (mm) tracking (mm)
Radius — Period  Velocity s AAE MAE AAE MAE AAE MAE AAE
(mm) (s) (mm/s)
30 5 37.70 0.997 0.199 0.900 0.219 1.485 0.440 1.200 0.379
20 3 41.89 0.895 0.199 1.183 0.243 1.281 0.418 1.325 0.353
30 4 47.12 1.213 0.267 1.107 0.199 1.401 0.442 1.401 0.333
30 3 62.83 1.107 0.258 1.204 0.249 1.149 0.348 1.259 0.350
30 2.5 75.40 1.468 0.287 1.527 0.278 1.385 0.321 1.060 0.335
40 3 83.78 1.289 0.268 1.387 0.385 1.085 0.323 0.953 0.415
TABLE V

NORMALIZED ERRORS IN POSITION ESTIMATION AND TRAJECTORY TRACKING

X-axis position

Reft j L .
eference trajectory estimation (normalized)

y-axis position
estimation (normalized)

Xx-axis trajectory
tracking (normalized)

y-axis trajectory
tracking (normalized)

Radius  Period  Velocity MAE AAE MAE AAE MAE AAE MAE AAE

(mm) (s) (mm/s)
30 5 37.70 0.679 0.693 0.589 0.569 1.000 0.995 0.857 0913
20 3 41.89 0.610 0.693 0.775 0.631 0.863 0.946 0.946 0.851
30 4 47.12 0.826 0.930 0.725 0517 0.943 1.000 1.000 0.802
30 3 62.83 0.754 0.899 0.788 0.647 0.774 0.787 0.899 0.843
30 2.5 75.40 1.000 1.000 1.000 0.722 0.933 0.726 0.757 0.807
40 3 83.78 0.878 0.934 0.908 1.000 0.731 0.731 0.680 1.000

Dinit_est; Will step to O mm. In Fig. 10(a) and (b), positive slope
indicates positive movement, whereas negative slope indicates
negative movement. In each pole pitch, the estimated initial po-
sition is able to track the actual initial position for both axes. The
initial position estimation error curves are shown in Fig. 10(c).
The x-axis error is less than 0.451 mm, and the y-axis error is
less than 0.555 mm, which demonstrates the effectiveness of the
proposed method.

D. Position Estimation for a Long Stroke

The position detected by the linear optical encoder is regarded
as the actual position; hence, the position estimation error can
be defined as the estimated position minus the actual position.
The data for polynomial fitting are sampled from a range that
is larger than 200 mm from both the x- and y-axis. The input
sample set is the CLAP of phase lk, which is similar to Fig. 9.
The output sample set is the position triangular wave of phase
Ik, as shown in Fig. 6. The fitting errors for the x- and y-axis
with a range from —20 to 20 mm are depicted in Fig. 11(a)
and (b), respectively. The fitting error for the x-axis is less than
0.664 mm, whereas that for the y-axis is less than 0.844 mm. The
errors are distributed uniformly over the different pole pitches,
which establishe the basis for the stability and consistency of
the position estimation.

To further verify the superiority of the proposed position es-
timation method, comparative experiments are carried out uti-
lizing the observer-based method, the traditional pulse injection
method, and the proposed method.

The observer-based method was implemented to achieve
position estimation of a PSRM in [17], where the maximum
absolute error (MAE) and average absolute error (AAE) of

the y-axis position estimation were 2.535 and 1.093 mm,
respectively. The traditional pulse injection method has not
been previously applied to a PSRM, and the core principle of
this method is the calculation of phase inductance. Hence, the
current-slope-difference method from [24] is adopted in this
article to calculate the phase inductance. The y-axis position
estimation experiment is performed under the condition that
the PSRM operates based on close-loop control with a position
sensor. The comparative experiment results are shown in Fig. 12
and Table II. For the traditional pulse injection method, the
MAE and AAE in position estimation are 1.533 and 0.383 mm,
respectively. For the proposed method, the MAE and AAE in
position estimation are 0.605 mm and 0.026 mm, respectively.
These comparative experiment results verify the superiority of
the proposed position estimation method.

For the traditional pulse injection method, the MAEs in posi-
tion estimation are relatively large compared with the conduct-
ing region of a phase. According to the experiment, applying
the traditional pulse injection method to the PSRM leads to
commutation failure, indicating that this method cannot achieve
closed-loop sensorless motion. The observer-based method also
causes the same problem. Therefore, such methods were ap-
plied to the PSRM system only to perform position estimation
experiments.

E. Sensorless Control

Experiments on sensorless control are carried out with a group
of circular reference trajectories, which means that two-axis
reference positions p,, and p,, are sinusoidal signals with a
phase difference of 7/2 radians. By changing the radius and
period of the circular reference trajectories, six experiments are
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implemented. The determined parameters of the position and
current controllers listed in Table III are used for the six exper-
iments. The errors in the six experiments are listed in Table IV,
and their normalized forms are listed in Table V. The velocity
of the reference trajectory is defined as the perimeter divided by
the period. Table I'V shows that when the PSRM operates under
sensorless control, the MAE and AAE of the position estimation
for both axes are less than 1.527 and 0.385 mm, respectively,
whereas the MAE and the AAE of the trajectory tracking for
both axes are less than 1.485 and 0.442 mm, respectively. The
normalized AAEs in the position estimation of both axes listed
in Table V exhibit an increasing trend as the velocity of the ref-
erence trajectory increases. This phenomenon occurs because
the mechanical energy in one square-wave period is neglected.
Hence, a higher velocity leads to greater errors when calculating
the CLAP.

The fifth experiment was carried out through a circular refer-
ence trajectory with a radius of 30 mm and a period of 3 s. The
corresponding results are depicted in Figs. 13 and 14. Fig. 13(a)
presents the current of phase xa under the injecting region and
conducting region. Fig. 13(b) and (c) show the three-phase cur-
rent waveforms of both x- and y-axis. When the PSRM operates,
the current control mode and voltage injection mode alternate.
Fig. 14(a) shows that the estimated position can dynamically
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Fig. 14. Experimental results of trajectory tracking. (a) Estimated po-
sition. (b) Position estimation errors. (c) Trajectory tracking response.
(d) Position tracking errors. (e) 2-D planar trajectory.

reflect the actual position detected by the encoder for both axes
when the PSRM operates under sensorless closed-loop posi-
tion control. The position estimation errors in both axes un-
der sensorless control conditions are less than 1.204 mm, as
shown in Fig. 14(b). Fig. 14(c) depicts the reference position
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and actual position versus time, showing that the actual position
can accurately track the reference position. The corresponding
tracking errors for both axes are less than 1.259 mm, as shown
in Fig. 14(d). Moreover, the circular reference trajectory and
two-axis actual trajectories are shown in Fig. 14(e), intuitively
demonstrating the tracking performance of the sensorless PSRM
control system.

The experimental results indicate that the proposed posi-
tion estimation method can realize stable two-axis sensorless
control of a PSRM system under different reference trajectory
conditions.

VI. CONCLUSION

In this article, a position estimation method based on voltage
injection combined with core-loss calculation was proposed for
PSRMs. The position estimation and sensorless control were
analysed experimentally. The experimental results showed that
the x- and y-axis errors in the initial position estimation were
less than 0.451 and 0.555 mm, respectively; the maximum MAE
and AAE in position estimation under sensorless control were
1.527 and 0.385 mm, respectively; and the maximum MAE and
AAE in trajectory tracking under sensorless control were 1.485
and 0.442 mm, respectively.

The following conclusions can be drawn.

1) The CLAP can be calculated in real time with the pro-
posed method.

2) The initial position estimation method is capable of esti-
mating the initial position at a standstill.

3) Sensorless control of the PSRM system can be realized
in a long stroke based on the stable position estimation.

The feasibility and effectiveness of the proposed method was
verified experimentally. This method can also be applied to other
similar types of motors, such as RSRMs and LSRMs, as long as
a relatively large core loss exists.
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