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ABSTRACT Single-phase dc-excited flux-switching machine (DCFSM) exhibits low manufacturing cost
and rugged structure. This type of machine has better efficiency and torque density than single-phase
induction machine and universal machine. In addition, single-phase DCFSM can generate lower torque
ripple than other types of single-phase machines, e.g. switch reluctance machine and brushless DC machine.
These advantages make it suitable for low-cost variable speed applications. However, single-phase DCFSMs
requires accurate position feedback from a position sensor to generate smooth torque. The position sensor
such as an encoder is not permitted in the low-cost applications due to its high cost. To eliminate the position
sensor, this paper presents a novel sensorless control scheme for single-phase DCFSMs. Rotor position is
estimated with the position-dependent armature current ripple induced by injecting high-frequency square-
wave voltage to the field winding at standstill and low speeds. At medium and high speeds, armature mutual
flux linkage is calculated and used to estimate the rotor position. A seamless transition between these two
methods is achieve by mixing the calculated position error signals as the input for a single position estimator.
The experimental results show that with the proposed scheme, the single-phase DCFSM can accelerate from
standstill to the rated speed with 50% load, and to the maximum speed with 25% load, respectively.

INDEX TERMS DC-excited flux switching machine, single-phase machine, sensorless control, flux linkage

estimation, high-frequency voltage injection.

I. INTRODUCTION

Single-phase dc-excited flux-switching machines (DCFSMs)
have low manufacturing cost due to magnetic field is gen-
erated by field windings rather than magnets. The structure
of DCFSMs is rugged since the armature and field windings
are located in the stator slots. Moreover, literatures have
reported that single-phase DCFSMs exhibit higher efficiency
[1]-[4] and lower torque ripple [5] than other type of single-
phase machine, e.g. single-phase induction machines (IMs),
universal machines (UMs), and single-phase brushless dc
machine (BLDC).

Similar to the other types of single-phase machines, single-
phase DCFSMs also encounter start-up problem as the rotor
parks nearby the commutation positions, where the arma-
ture current commutates [6]—-[9]. To solve this problem, the
authors in [10] proposed a two-layer rotor for single-phase
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DCFSMs. The two-layer rotor is composed of a standard
doubly-salient rotor and an asymmetric pole shoe rotor. With
this two-layer rotor, the motor can start-up nearby the com-
mutation positions with the significant reluctance torque pro-
duced by the field current.

Another problem of single-phase machines is the amount
of the torque ripple. In general, torque ripple of single-phase
DCFSMs is greater than 100% because of the commutation
of armature current. A torque ripple reduction scheme was
presented in [5], and it was implemented on the single-
phase DCFSM with a two-layer rotor presented in [10].
This machine exhibits a complementary torque characteristic
due to the two-layer rotor structure. On the basis of this
unique characteristic, the armature and field current profiles
were established to generate smooth torque response and
low torque ripple. The experimental results demonstrated that
torque ripple can be reduced to approximately 30%, and
the speed regulation performance is excellent. However, this
control system relies on an accurate position feedback, which
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is not permitted because the single-phase DCFSMs usually
target for the low-cost applications.

Numerous sensorless control schemes for -electric
machines were proposed to eliminate the need for physical
position sensors over the last two decades. These schemes
are generally divided into two categories: (i) model-based
(MB), and (ii) high-frequency-voltage-injection (HFVI). In
the MB methods, rotor position is estimated by using a
phase-lock loop (PLL) to track the back-electromotive force
(EMF) [11]-[13] or the stator flux linkage [14]-[19]. These
methods were experimentally validated that they can provide
satisfactory performance at medium and high speeds. In
contrast to the MB methods, a high-frequency (HF) voltage
signal is injected into the machine for HFVI methods. Then,
the position-dependent current component is demodulated
from the difference of HF current and used to estimate rotor
position [20]-[23]. In general, HFVI method provides better
performance at standstill and low speeds.

Majority of the aforementioned studies are focused on
three-phase machines. Sensorless control for single-phase
machines are rarely discussed. The authors in [24]-[27] pre-
sented a method to estimate rotor position of single-phase
brushless dc ma-chines (BLDCs) and single-phase IMs by
tracking the stator flux on the virtual rotor-reference frame,
taking the advantage of the phase-split capacitor and the start-
ing winding. In [28], [29], the zero-crossing points (ZCPs) of
the machine’s back-EMF were detected and used to commu-
tate armature current. However, the machine’s capability of
start-up with a heavy load was not demonstrated.

This paper presents a novel sensorless control scheme for
single-phase DCFSMs. Rotor position is estimated with the
difference of HF armature current by injecting a HF square-
wave voltage into the field winding at standstill and low
speeds. At medium and high speeds, rotor position is esti-
mated by tracking the armature mutual flux linkage with a
novel single-phase PLL. A seamless transition between these
two methods is achieved with a single position estimator.
The estimated position can successfully integrated into the
torque ripple reduction control presented in [5]. In addition,
the experiment results demonstrate that with the proposed
sensorless control, the machine can start up with a 50% rated
load. Therefore, with the proposed sensorless control, the
single-phase DCFSM can be a good alternative for low-cost
variable speed applications in which the other type of single-
phase machines is usually adopted.

This paper is organized into seven sections. An overview
about the challenges of sensorless control of the single-phase
DCFSM is highlighted in Section I. The studied single-phase
DCFSM and the control system is introduced in Section II. In
Section III, the sensorless control using the armature mutual
flux linkage is formulated. The sensorless control based on
the HFVI is presented in Section IV. The starting procedure
and the integration of two sensorless controls is presented in
Section V. The performance of the proposed control system
is demonstrated in Section VI. Finally, conclusions are stated
in Section VIIL.
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FIGURE 1. (a) Image of studied single-phase DCFSM and (b)
cross-sectional view (only standard rotor visible) [10].

Il. OVERVIEW OF THE PROPOSED CONTROL SYSTEM
The machine studied in this paper is an eight-slot, four-pole,
single-phase DCFSM with a two-layer rotor. Its rotor is com-
posed of a standard doubly-salient rotor and an asymmetric
pole shoe rotor, as shown in Fig. 1(a) [10]. Fig. 1(b) displays
the cross-sectional view of the machine to show the winding
configuration, where 6, denotes the rotor electrical position.
For a clear observation, only the doubly-salient rotor is shown
in this figure. The main parameters of the machine are listed
in Table 1, Appendix.

According to the energy conversion principle, the gener-
ated torque is expressed as follows:

2 db, 2 db, o,
= TretucA + Tretuck + T, (1)

5 2
ic d ivd d .
T.=P |:_a_Lus + E fs +la—— (lfLm):|

where P is the number of rotor poles; i, and iy are the
armature and field currents, respectively; L, and Ly are
the armature and field self-inductances, respectively; and L,,
is the mutual inductance. The generated torque comprises
three components: (i) the electromagnetic torque generated
by both currents and the mutual inductance (7},); (ii) the
reluctance torque generated by the armature current and its
self-inductance (Trenc4); and (iii) the reluctance torque gen-
erated by the field current and its self-inductance (Tyepycr)-
Fig. 2 presents the calculated self-inductances and mutual
inductance.
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FIGURE 2. Calculated self-inductances and mutual inductance.
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FIGURE 3. Schematic of proposed sensorless control system.

Fig. 3 illustrates the proposed sensorless control system,
with *, /A, and w,, denoting the command, estimated value,
and shaft speed, respectively. The control system comprised
four components: the (i) speed controller; (ii) torque ripple
reduction controller; (iii) current controller; and (iv) rotor
position and speed estimator. A simple proportional-plus-
integral regulator was used for speed control. This study
adopted the torque ripple reduction scheme and current con-
troller presented in [5]. These controllers require rotor posi-
tion information to generate current commands and, in turn,
control the currents. In general, this paper reports on a scheme
for estimating the position and speed of a rotor; this scheme
also integrates the estimated position, estimated speed into
the controllers for the sensorless control.

FIGURE 4. Current commands for different torque values [5].

The torque ripple reduction scheme employs the studied
machine’s complementary torque characteristic to generate
current command profiles. The current commands for various
torque values are displayed in Fig. 4, where T,g, Te1, Te2,
T.3, and T4 denote 0%, 25%, 50%, 75%, and 100% of the
rated torque, respectively. The measured torque waveforms
are presented in Fig. 5. The armature current commutation
positions marked by the gray dashed line indicate that the
significant reluctance torque (7repcr) is produced by the field
current to compensate for the loss of 7, and to suppress the
torque ripple. With the assistance of Tp,cF, the machine can
start up at any position.

As presented in Fig. 3, rotor position is estimated with the
HFVI method at standstill and low speeds. A HF square-wave
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FIGURE 5. Motor torque measured with the current commands presented

in Fig. 4 [5].

voltage signal (v;‘h) is injected into the field winding, the
position-dependent current ripple in the armature winding is
measured, and its difference is calculated. Subsequently, a
position identifier is proposed to estimate the rotor position
with the calculated current. At medium and high speeds, rotor
position is estimated using the MB method. The mutual flux
linkage induced on the armature winding is estimated using a
closed-loop flux estimator, and the rotor position is estimated
through tracking the flux linkage with a novel single-phase
PLL. During the transitional region the position error signals
calculated with the HFVI and MB methods are mixed with
a speed-dependent weighting function, and then inputted for
a position estimator. The following sections in this paper
describe the position estimation schemes.

Ill. POSITION ESTIMATION WITH MODEL-BASED
METHOD

Armature winding voltage (v,) and field winding voltage (vr)
are expressed as follows:

Va = lafa + 8 (ialas) +5 (ifLrn)
vp = ifry +5 (irLgs) + 5 GaLm) . ©)

where s is the Laplace operator; r, and ry are the armature and
field winding resistances, respectively; and w, is the electrical
speed. Because mutual inductance is position-dependent, the
induced back-EMF can be used to estimate rotor position.
However, because this back-EMF is sensitive to the pulsating
field current, the mutual flux linkage (A4;,) produced by the
field current is used for rotor position estimation instead.

A. MUTUAL FLUX ESTIMATOR

The armature flux linkage (A,s) can be calculated with either
the voltage model from (2), denoted as

has = (Va = lara) [5 3
or with the current model from (2)
has = (iaLas) + (ifLm) - “
According to (4), A,y is expressed as follows.
ham = Aas — (laLas) = irLp ()

Subsequently, the armature current can be estimated from
the estimated flux linkage with estimated parameters as
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follows.
;a = (ias - if[:m) /I:as (6)
Because the flux linkage calculated with (3) is highly sen-
sitive to the armature voltage offset and drift [14]-[15],[17], a
closed-loop estimator was developed to estimate flux linkage

through the convergence of the estimated armature current to
the actual current [18]-[19].

I, 4

“ Las 9,, — LA é

FIGURE 6. Mutual flux estimator.

Fig. 6 illustrates the proposed mutual flux estimator. The
inductances (L,; and L,,) are functions of rotor position,
pre-measured and stored in the controller’s lookup tables.
Armature flux linkage is first evaluated using the voltage
model in (3) and the voltage command. Subsequently, arma-
ture current is estimated with (6); the error between the
measured and the estimated armature current is regulated by
the proportional control (with the gain k,f) to suppress the
offset and drift on the estimated flux linkage. Finally, mutual
flux linkage is calculated with the estimated flux linkage ()Ams)
as follows.

j\\am = j;as - (iaias) (7)

In this study, the acceptable estimation performance is
achieved through the experimental tuning of ks to 1.
From Fig. 6, A4 can be derived as follows.

~

(ia — ?a) g+ (V= dara) = 5 Aas 8)
Substituting (3), (4), and (6) into (8), A is derived as

N kyr [ Ly N s ~
)‘as - M . )Vas,l + - 7. )\as,V
s+ kpf / Lgs s+ kpf / Ly

kpf (Lmias - lA‘mLas>
Ea— ir, (9
LasLas (S + kyr / Las)

where A7 and Ay y are the flux linkages calculated from
the current and voltage models, respectively. At low frequen-
cies, A4s,; dominates. In addition, the offset and drift on
Ags,v can be suppressed with the high-pass filter established
by the proportional controller to eliminate integral windup.
Furthermore, assuming Ag; = Agsv = Ags, ):as can be
approximated as follows.

~ s+k,/L kp (Lmi/as _imeas
has = o/l i (10)

as = = as . ~ If
s+ky / Lo Lok s (s +ky / Lm)
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Consequently, Aam can be rewritten as

N (1—a)s a-s+kpf~,3/ias R
am — ~ ~ * ham, (11)
s+ kpf/LaS s+ kpf/Las

where = ias / Lys; B = f,m / L,,. Equation (11) reveals that

Aam = Aam When the inductances are correct.

Aas +

B. INDUCTANCE COMPENSATION

The inductances of the studied machine are greatly affected
by motor torque because of magnetic saturation. As presented
in (11), the mismatched inductances result in amplitude and
phase distortion of the estimated flux linkage. The estimated
flux linkage is distorted at high frequencies due to the mis-
match of L,; and the differential operation. However, the
mismatched L,, disturbs the estimated flux linkage only at
low frequencies. In addition, because ks is the numerator
of the second term on the right side of (11), increasing ks
to enhance performance can amplify the effect of inductance
mismatch. To compensate for this, the inductances in the flux
estimator are adaptively tuned according to the torque com-
mand. The relationship between the inductances and torque
command were measured experimentally and depicted in
Fig. 7. The inductances shown in Fig. 2 were used as the ini-
tial values and denoted by a subscripted 0. Both inductances
decrease at high torque commands; at low torque commands,
however, the inductances are slightly less than the initial
values because of the FEM model error.

l’:us 05 im.O lA’ux > i’m

L

'

as 4
as,0

'm,0

0 125 25 375 50 625 75 87.5 100112.5125
T, (% of rated torque)

FIGURE 7. Compensation of inductances in the flux estimator.

C. ROTOR POSITION ESTIMATION

Fig. 8(a) presents the A4, waveform calculated with the
inductances described in Fig. 2 and with T, = T,. Aqp is
similarly sinusoidal. A general form for A,, can be estab-
lished as

ham = a1 50O + 1) + Y dam i sin k6, + @r),  (12)
k

where the subscripted 1 denotes the fundamental component;
¢ is the phase shift; and k is a positive integer denoting
the order of the harmonic. The use of PLL to estimate the
position of a single-phase signal has been widely discussed
in [30]-[34]. The input signal is first multiplied by a sine or
cosine function, and the result is processed with a low-pass
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filter (LPF). After the harmonics are filtered, a low-frequency
component is obtained that is relevant to the position error
between the input signal and the trigonometric function.
Finally, an estimator is used, converging the phase error to
zero to estimate the position. However, this type of PLL
cannot estimate the position effectively when the frequency
varies significantly, and the estimator performance is highly
dependent on the amplitude of the input signal.
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FIGURE 9. Proposed position estimator for model-based method.

The proposed single-phase PLL is depicted in Fig. 9, where
J is the combined inertia of the rotor and load, and B is the
friction coefficient. The input signal is multiplied by a sine
and a cosine function, and the results are as follows.

iam sin ér
) . .
= “;"’1 (cos <9r + o1 — Or) — cos (9r + o1+ 9r)>
+ D dam sin (k6 + @) - sin 0y (13)
k

Aam COS O

)\am,l

(sin <9r +¢1+ ér) + sin (6, + o1 — ér))
+ Z )A\am,k cos (kO + i) - cos é, (14)
k

After the harmonics are suppressed with the LPFs, their
position error A6, is calculated with the following four-
quadrant inverse tangent function (ATAN2):

Agr,k
ATAN2 (LPF{XM cos é,] LPF[ wm Sin 6, })

(05 gy sin (6 + 01 =)

Ll 05 Aamlcos(e +<p1—9>

tan™

., (15)

stwipr
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where wy,r denotes the cut-off frequency of the LPFs. When
0, + @1 — 6, ~ 0, (15) can be approximated as follows:

oy .
N (9’ T 9’)

AB, ; ~ tan~ o
S+(Dlpf :
NM.(9,+¢1—5,). (16)
§ + wipr

The calculation of ATAN2 reduces the influence of the
LPFs and normalizes the position error signal by eliminating
):am, 1. Consequently, the dynamic response of the estimated
position and speed improved.

Subsequently, a zero-phase lag estimator estimates the
rotor position by regulating the phase error to zero [12], and
a proportional-integral-derivative regulator is used for the
estimator. In this paper, the cutoff frequency of the LPFs
was set to 50 Hz to provide sufficient bandwidth for speed
control. Therefore, the double frequency components can be
effectively suppressed when the MB method is implemented.
Considering the phase delay introduced by the LPFs, the
estimator bandwidth is tuned to 40 Hz to ensure operational
stability.

The phase shift of the fundamental component in Fig. 8(b)
indicates that A4, marginally leads the rotor position, which
causes the estimated position to lead the actual position.
Subsequently, armature current will commutate earlier due to
the phase lead. Early armature commutation may disturb the
motor’s back EMF and cause control system instability [35].
To alleviate this problem, a compensation angle (Bcomp) as
a function of both torque and speed was introduced, as
described in Fig. 9; however, speed dependency is negligible
in the estimator. Therefore, ¢y, was experimentally tuned
offline to minimize the error between the torque command
and the average torque. The waveform of 6., is depicted in
Fig. 10.

30 T T T T T T T T
625_ /\/\ ]
£20 .
S
< 154 i
100 125 25 375 50 675 75 875 100 112.5
17, (%)

FIGURE 10. Compensation angle versus torque command.

IV. POSITION ESTIMATION WITH HIGH-FREQUENCY
VOLTAGE INJECTION METHOD

At low and zero speeds, the proposed MB method must
extract the phase error signal with considerably smaller
wpps. Thus, the system bandwidth deteriorates, rendering it
impossible to perform sensorless control. Therefore, a HFVI
method with a position identifier was formulated to estimate
the rotor position at low and zero speed.

A. HIGH-FREQUENCY MODEL
The HF voltage model can be derived from (2) by
ignoring the resistive drop, which is represented as
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follows:

Vah L Ly, lah
= ) . N 17
|:Vﬂt} [Lm Lfs] [’ﬂl} a7

where the subscripted / denotes the HF component. Because
the inductances fluctuate slowly with the rotor position, the
voltage drop caused by the HF currents dominates, whereby
(17) can be rewritten as follows:

Vah | _ Los L A i.ah , (18)
Vi Ly Lis | AT | im
where A is the difference operator and AT is the half period

of vp.

To obtain optimal estimation performance, the HF voltage
is injected into the field winding, and the position is estimated
from the HF armature current [36]. A HF square-wave voltage
with amplitude V), is injected into the field winding and

written as follows.
Vah | _ 0
["ﬂt} B [i"h] (19

The induced HF currents are as follows.
L

Aigy = == - Aig, (20)
LtlS
+V), - AT

Aig, = 2n

Ly — L2 [ Las
By substituting (21) into (20), the difference of HF arma-
ture current can be derived as follows.
L, £V, AT

e (22)
Las Lfs - L,%l / Lqs

Nigp = —

Subsequently, Ai,, is adjusted according to the voltage
polarity as follows.

Algp,
Aigy =1 7'
_Alahy

v >0 23)
v <0

PWM 4 /\/\/\

carrier. yt
- 2] ——— ’t

Viy ——— —
v, f ] f >t

W e 1 | I 4

*
iah [n_ 1 ] iah [n]

FIGURE 11. Exemplary timing sequence of vg, and igp.

Fig. 11 illustrates an exemplary timing sequence of vy,
and i,;, where the injection voltage changes its polarity,
and i,y is sampled at every pulse width modulation (PWM)
cycle. With igy[n] and igu[n-1] as the present and previous
sampled currents, Aiyy, is the calculated difference between
them. Because of the delay introduced by the PWM, the
actual voltage lags the voltage command by one PWM period
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(i.e. izn[n] is induced by the voltage command two PWM peri-
ods before). Consequently, the calculation of Aiyj, is modified
as follows:

Aigp, v}“h [n—2]>0

Algh = (24)

—Aigp, Vf*h [n—2] <

B. ROTOR POSITION ESTIMATION

The difference of current calculated with the inductances in
Fig. 2 is represented in Fig. 12(a), where V;, = 78 V and
AT = 1/16000 for example. Aigy, is a single-phase signal
fluctuating one cycle per electrical period. Because the LPFs
become ineffective at low speeds, the position estimator pre-
sented in Fig. 8 is unsuitable for Ai,;. Instead, a position
identifier is proposed to detect discrete rotor positions with
Aigp, where a position estimator is then employed to smooth
the discrete rotor position.

0.3
< ! |
30 ‘ _—
& L i L
(a) -0.3 = PR - PR ]
— 1r [—‘—l : [—'ﬁ
s OI- [ : i . E . ‘ E N
g 1. [
T 0 I L b ‘ ) N ) . N )
= foo] 10 Juail o1 Joox 10 Jii} o1 |}
(b) 360— o '9 : E
¥ s | 0- o 8
180 o ! o ——
3 ! .
Ry '
(C) 0 i 4 H " [ f o 1 1
0 90 180 270 360 450 540 630 720

Rotor position (°)

FIGURE 12. Waveforms of (a) calculated Aigy; (b) signals H1, H2, and Ht;
and (c) estimated discrete position.

17 Ll Identify

Aigy 2 rotor é,.‘d,x
m position

FIGURE 13. Position identifier.

Fig. 13 illustrates the position identifier, and the wave-
forms depicted in Fig. 12(b) and (c) explain its operations.
Two hysteresis comparators detect the status of Aigy. One
comparator with the thresholds of /o4 and Ip— detects the
ZCPs of Aiyp, and its output is denoted by H1. H1 becomes
high level when Ai,;, > o4, and it becomes low level when
Aigp < Ip—. Another comparator with the thresholds of Ip
and Ip_ detects the maximum and minimum of Ai,,, and
its output is denoted by H2. H2 becomes low level when
Aiyp, > Ip4, and it becomes high level when Ai,, < Ip_.
H1 and H2 are then combined and denoted by Ht. Four rotor
positions are identified within one electrical period according
to the levels of Ht. They are marked as 6p_, 09+, Op+, and 6y,
with the discrete rotor position denoted as ér,dis.
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Because the resolution of ér,dis is low, a zero-phase lag
estimator is used to process a smooth position estimation.
Fig. 14 presents the block diagram of the estimator, where
AB,, gr is the position error. The estimator bandwidth is
tuned to 25 Hz to suppress the HF harmonics on é,,dis and
to retain sufficient bandwidth for speed control.

Js+ B

FIGURE 14. Position identifier for the HFVI method.

Aiah M . T Aiak Ip+‘_? -

4.f:”lr0+

FIGURE 15. Aig measured at torque ratings of T3 = (a) 25%, (b) 50%, (c)
75%, and (d) 100%.

C. SETTING OF POSITION IDENTIFIER

Because Aiy, is greatly affected by magnetic saturation, the
thresholds and values of é,,dis at different Ht levels are tuned
experimentally. Fig. 15 presents Ai,, measured at different
torque commands. The frequency of the injection voltage is
set to 8 kHz (half of PWM frequency) to avoid HF current
disturbing the current controller. In addition, the magnitude
of the injection voltage is set to 78 V because Ai,;, can have
lowest total harmonic distortion (THD) and ensure sufficient
signal-to-noise ratio (SNR). When T > 75% (Fig. 15(c)
and (d)), the ZCPs of Ai,, are distorted so that the machine
cannot generate sufficient torque at g4 and 6y_. Therefore,
the HFVI method is not feasible for torque rated at 7} > 75%.
Still effective for torque rated at 7, < 65%, the maximum
torque command for the HFVI method (T, = 65%) is
denoted by 7, in the experimental verifications. Table 2 lists
the thresholds settings and values of ér,dis for various torque
commands.
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FIGURE 16. Starting procedures of sensorless control system.

V. INTEGRATION OF MODEL-BASED AND HFVI SCHEMES
Fig. 16 illustrates the starting procedures for the sensorless
control system. Prior to speed control activation, an alignment
is performed to move the rotor to a nonzero torque posi-
tion by the reluctance torque with the application of i. For
single-phase DCFSMs, initial position cannot be estimated
precisely, because rotor positions can correspond to the same
level of Ai,,. However, because the studied DCFSM has two
nonzero torque positions (i.e., 130° and 304° [10]), after the
alignment, the HFVI method is used to identify the exact
rotor position according to the polarity of Ai,y. The estimated
position é, is set to 130° for Ai,, < 0 and set to 304° for
Aign > 0. It is noted that the machine is suitable for the
applications that allows the initial rotor movement due to
the alignment procedure. Because a smooth speed control
nearby zero speed is difficult to achieve due to the stepwise
ér,d,'s, after the alignment, torque command is set to T:op
(65% rated torque) to hold the rotor position regardless of the
load until the speed controller is activated. On these settings,
the machine can start from standstill with any load smaller
than T,

In the speed control mode, speed is controlled with the
HFVI and MB methods when the speed is below 600 and
above 900 rpm, respectively. Although these two sensor-
less methods calculate the position error through different
approaches, the position estimators are identical. Therefore,
between 600 and 900 rpm, the calculated position errors
(ie., A6,; and A6, yr) are combined with a speed-
dependent weighting function (G,,). Fig. 17 represents the
position estimator, and Fig. 18 depicts the waveform of G,,,
with a piecewise linear function used for convenience. In
addition, the estimator bandwidth is adaptively tuned from
25 to 40 Hz according to &, for optimal dynamic response.

#

i3 Fig. 10 B{1-G..} Ocomp

AHI‘, HF Gw + 4+ 1 1 _
PID o P53 4,
Ab, ,—1-G, - Js+B s .
o —’a)m

FIGURE 17. Position estimator with mixed position errors.

It is noted that the position estimator in Fig. 17 involves
the mechanical parameters. The effect on the position estima-
tor causing by the parameter uncertainties was investigated
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FIGURE 18. Weighting function used in position estimator.

in [12]. The results demonstrated that this type of position
estimator is robust against the parameter uncertainties within
the estimator bandwidth. In addition, the target applications
of single-phase DCFSMs generally require slow dynamic
response. Therefore, the parameter uncertainties is a slight
issue to the proposed sensroless control. For the applications
requiring higher dynamic response, an auto-tuning scheme
of mechanical parameters can be integrated to the proposed
sensorless control to improve the robustness of the position
estimator.

-
Servo motor

FIGURE 19. Experimental setup.

VI. EXPERIMENTAL RESULTS

Fig. 19 depicts the experimental setup. The studied machine
was coupled with a servomotor to provide load torque. An
encoder with 2000 pulses per revolution was implemented
to monitor the position and shaft speed of the machine to
validate performance. A torque meter was connected between
the two machines to measure shaft torque. The input dc volt-
age was 156 V. The proposed sensorless control scheme was
implemented on a Texas Instrument’s digital signal processor,
TMS320F28335. The PWM frequency was 16 kHz, which
is identical to the sampling frequency for the torque ripple
reduction control, current control, and sensorless control. The
sampling frequency for speed control was 2 kHz. The current
and speed controller bandwidths were tuned to 1.6 kHz and
5 Hz, respectively. The armature voltage and field voltage is
generated by a full-bridge inverter, respectively.

A. LOW-SPEED OPERATIONS

Fig. 20 indicates the dynamic responses when the machine
was started at 6, = (a) 21° and (b) 211°, respectively. A
field current of 8 A was applied to align the rotor, which
successfully moved to a nonzero torque position following
the application of ir. The HFVI method was then employed to
identify the angle of this position. In Fig. 20(a), 6, was 304°
because Aiy, > 0, and in Fig. 20(b), ér was 130° because
Aigp < 0. Then, T was gradually increased to 7,  to

eop
hold the rotor position. Subsequently, the rotor moved to the
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FIGURE 20. Dynamic responses for motor starting at 6, = (a) 21° and
(b) 211°.

commutation position because the external load had yet to be
applied. Finally, a 50% load torque was applied, causing the
rotor to move slightly to a nearby position. In addition, based
on ér,d,‘s the proposed position identifier was demonstrated
to be effective. Because the position estimator had yet to be
enabled, 6, remained unchanged regardless of the load. The
position estimator was enabled when the speed control was
activated.

BT, = Top
e EL»VLoad applied P Speed control
e T
0.32 Nm

. OF T
0 ol 280 LMV UL T
0 of Lse LWV Y
9 0 N A VY / V |

"0 s 2s

FIGURE 21. Dynamic response when machine accelerated from standstill
to 200 rpm with 50% load.

Fig. 21 illustrates the dynamic response when the machine
accelerated from standstill to 200 rpm with a 50% load.
The rotor was initially held at the commutation position
by the torque produced by T;,. Following an application
of the external load, the rotor oscillated and settled into a
new position that was measured using the HFVI method to
initialize the position estimator. Subsequently, the machine
successfully started with the external load and ran at target
speed. As mentioned in Section IV, the external load is limited
to a torque rated at 65% to maintain the effectiveness of the
HFVI method.

Fig. 22 illustrates the dynamic response when the machine
was running at 600 rpm and subjected to a 25% step load.
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FIGURE 22. Dynamic response when machine was running at 600 rpm
and subjected to 25% step load.

The result demonstrates that the shaft speed was successfully
controlled at 600 rpm within approximately 0.6 s for both
the application and load removal. Even when subjected to a
considerable load, with the HFVI method, the machine could
start stably and run in the low-speed region.

+——Speed control——»
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FIGURE 23. Dynamic response when machine accelerated from standstill
to 3500 rpm with 50% load.

B. MEDIUM- AND HIGH-SPEED OPERATIONS

Fig. 23 presents the dynamic response when the machine
accelerated from standstill to 3500 rpm with a 50% load.
Fig. 24 represents the amplified waveforms in the transitional
region. The rotor was initially held by 7 = and, the torque
command was also limited to T* for effectlve HFVI control
below 900 rpm. Above 900 rpm, the machine accelerated with
100% of the rated torque because it was controlled with the
MB method. Consequently, T, underwent a step change from
0.42 to0 0.64 Nm at 900 rpm. Because of the torque limitation,
significant speed error was observed during the acceleration
period. Nonetheless, the acceleration time was approximately
1 s, and a seamless transition from the HFVI method to
the MB method was achieved with the integration of the
position errors. Fig. 25 indicates the dynamic response when
the machine accelerated from standstill to 6000 rpm with
a 25% load. The acceleration time was also approximately
1 s. The results in Fig. 23-25 demonstrate that full-speed
operation was achieved through the proposed sensorless con-
trol scheme. During the transition, the shaft speed could be
smoothly controlled even with considerable torque.
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FIGURE 25. Dynamic response when machine accelerated from standstill
to 6000 rpm with 25% load.
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FIGURE 26. Dynamic response when machine was running at 3500 rpm
and subjected to 90% step load.
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FIGURE 27. Dynamic response when the machine was running at 6000
rpm and subjected to a 40% step load.

Fig. 26-27 describe the dynamic response when the
machine was subjected to a 90% step load at 3500 rpm and
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to a 40% step load at 6000 rpm, respectively. The shaft speed
was successfully controlled to the target speed within 0.7 s for
both the load application and load removal. In addition, the
proposed flux and rotor position estimators were able to esti-
mate the armature mutual flux linkage and the rotor position
under drastic torque change. These results demonstrated that
the proposed MB method can provide satisfactory dynamic
performance for high-speed operations.

VII. CONCLUSION

This paper presents a novel sensorless control scheme for
single-phase DCFSMs. Rotor position was estimated using
the HFVI method with a position identifier at standstill and
low speeds, and by tracking the armature mutual flux link-
age with a single-phase PLL at medium and high speeds.
The position error signals calculated with these two methods
were mixed with a weighting function during the transi-
tional region. The experimental results demonstrated that the
machine can robustly start from standstill provided that the
load was smaller than 65% rated torque, accelerated to the
rated speed with a 50% load, and accelerated to the maximum
speed with a 25% load. Moreover, the machine can effectively
recover from a 90% and 40% rated step load change within
1 s while running at constant speed. These results validated
the startup and speed regulation performance of the proposed
sensorless control system. Consequently, with this control
scheme, single-phase DCFSMs can be an alternative for the
variable speed applications that usually employ single-phase
machines, providing a smooth torque response and robust
speed control without the use of positon sensor.

APPENDIX

TABLE 1. Main parameters of single-phase DCFSM.

Parameters Value Unit

Stator outer radius 50 mm

Stack length 30 mm

Rated voltage 150 v

Rated speed 3500 rpm

Maximum speed 6000 rpm

Rated torque 0.64 N-m

TABLE 2. Settings of position identifier.

Te* (%) 0r,dis (o) Threshold (mA)

GP- 90+ 9P+ 60- [P- IO+ [P+ IO-
<375 |51 190 229 16 | -Ip+ 20 140 -Io+
>375 |59 189 255 18 | -Ip+ 20 150 -lo+

>50 | 84 192 259 23 |-Ip. 20 160 -l
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