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Abstract—In a sliding mode observer-based sensorless drive
system, the estimated back electromotive force (BEMF) always
contains abundant low-order harmonics caused by nonideal fac-
tors, e.g., flux spatial harmonics, inverter nonlinearity, and current
measurement error, resulting in large estimated position errors.
In previous studies, adaptive notch filters are usually adopted
to suppress the BEMF harmonics. However, these filters suffer
from enormous computation and increase system complexity, espe-
cially facing numerous low-order harmonics. In this article, a new
frequency-adaptive notch filter employing delay signal cancelation
(DSC) is proposed, which can be tailored to eliminate multiple
harmonics with a simple structure. First, Lagrange interpolation is
applied to realize fractional-order delay in the frequency-adaptive
DSC (FADSC). Then, a frequency-dividing record method is de-
signed to shorten the recording array length for the FADSC at
low speed. Next, a switching procedure is introduced to change the
frequency-dividing factor smoothly at different speeds. Finally, the
transformation matrix in the DSC is changed in the FADSC by
adding the rotation direction to make it suitable to forward and
reverse rotations of an interior permanent magnet synchronous
machine (IPMSM). The accuracy of the estimated rotor position
can be improved by FADSC, which is verified by experiments on a
prototype IPMSM.

Index Terms—Frequency-adaptive delay signal cancelation
(FADSC), interior permanent magnet synchronous machine
(IPMSM), sensorless control, sliding mode observer (SMO).

I. INTRODUCTION

NTERIOR permanent magnet synchronous machine
(IPMSM) has been widely used in modern industry because
of their high efficiency and high power density [1]. In an
IPMSM-based drive, the accurate rotor position is vital for
speed-closed loop control, which can be measured by physical
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sensors, such as encoders [2], resolvers [3], and hall sensors
[4]. However, these sensors not only increase the cost of the
control system but also weaken the system’s reliability in harsh
environments [5]. Alternative sensorless control strategies have
been widely studied to overcome these drawbacks of physical
Sensors.

Generally, the sensorless strategies can be roughly divided
into two categories: saliency-based and back electromotive force
(BEMF)-based methods [6], where the former is normally ap-
plied at zero/low speeds, and the latter is suitable at medium/high
speeds. The concept of BEMF-based methods is to estimate
the BEMF by employing observers, including sliding mode
observer (SMO) [7], extended Kalman filter [8], state observer
[9], disturbance observer [10], and model reference adaptive
system [11]. Among them, the SMO method is extensively
adopted due to its simple structure, good dynamic performance,
and robustness to parameter variations [12].

Inan SMO, the BEMF is obtained from the difference between
estimated and measured phase currents. Hence, the estimated
BEMF is sensitive to phase current harmonics, which are af-
fected by flux spatial harmonics and the inverter nonlinearity
[13], [14], [15], [16], [17], [18], [19], [20], [21], [22], [23],
[24], [25]. Both the flux spatial harmonics and the inverter
nonlinearity will result in the 6k+1 order phase current har-
monics, which are transferred into the estimated BEMF har-
monics in SMO. Moreover, the phase current measurement
error from the sampling circuit is inevitable even if it is well
designed due to the following factors, such as the nonlinearity
of Hall current sensors, the thermal drift of analog elements,
and the nonlinearity of A/D converters [13], [14], [15] Fur-
thermore, the current measurement error will produce low-order
harmonics in the estimated BEMF, which unfavorably lead to
inaccurate rotor positions, increased torque ripples and power
losses.

To reduce the position estimation error, many methods based
on the BEMF-harmonic suppression principle have been pro-
posed [16], [17], [18], [19], [20], [21], [22], [23], [24], [25].
However, in [16], [17], and [18] only the inverter nonlinearity
is compensated, but the flux spatial harmonics and current
measurement errors are not considered. The resonant filters
proposedin [19], [20], and [21] can extract the fundamental com-
ponent from the estimated BEM, but their low-order-harmonic
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Fig. 1. Block diagram of a sensorless drive system for an IPMSM.

suppression effects are still unsatisfactory. In [22], [23], [24], and
[25], adaptive notch filters based on the algorithms, including
least-mean-squares, recursive-least-square, bilinear recursive-
least-square or adaptive linear neural network, are introduced to
eliminate the specific harmonics, respectively, however, where
many coefficients need to be tuned online and the complexity
of estimation system is increased, especially when eliminating
abundant low-order harmonics.

Different from the adaptive notch filters introduced above,
the delay signal cancelation (DSC) needs no online tuned coef-
ficients and can eliminate a series of harmonics with a simple
structure [26], [27]. It is normally used in a power grid with
a fixed fundamental frequency of 50/60 Hz, which means that
the conventional DSC is not suitable for a varying-frequency
scenario.

In this article, a new adaptive filter based on frequency-
adaptive DSC (FADSC) is proposed to eliminate the estimated
BEMF harmonics in SMO for the adjustable-speed motor drive.
First, Lagrange interpolation is applied to approximate the frac-
tional order delay in FADSC. Second, a frequency-dividing
record method is designed to apply FADSC at lower frequencies
under the limitation of the record array length. Third, a switch-
ing procedure is implemented for FADSC to change different
frequency-dividing factors smoothly. Finally, a transformation
matrix with the rotation direction information is adopted to
make FADSC work in both forward and reverse rotations of the
motor.

The organization of this article is as followed. In Section II,
the SMO structure is introduced, where the effects of inverter
nonlinearity, flux spatial harmonics, and current measurement
errors on the estimated BEMF harmonics are analyzed. Then,
the structure and design principle of the proposed FADSC are
introduced in Section III. Then, in Section IV a series of experi-
ments are carried out to verify the effectiveness of the proposed
FADSC. Finally, Section V concludes this article.

II. SMO-BASED IPMSM SENSORLESS DRIVE SYSTEM

An IPMSM sensorless drive system is shown in Fig. 1. The
position and speed estimation method is based on an SMO with
a phase-locked loop (PLL) as shown in Fig. 2. In the following,
the structure of the SMO is introduced first. Then, the impacts of
common nonideal factors on the estimated BEMF are analyzed.
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Fig. 2. Structure of the SMO-based position and speed estimation method.

A. SMO-Based Sensorless Control Method
The BEMF model of an IPMSM in «/3-axes is expressed as
Rs + PLd

Ua | _ we (Lg— Lg)| |ia n €q )

Ug —We (Ld — Lq) Ry +pLg Z'g es
where u,/ug and i, /ig are o3-axes stator voltages and currents,
L4/L, are dg-axes inductances, R, is phase winding resistance,

w, 18 electrical angular speed, and p is the differential operator.
Besides, e,/eg are BEMFs in the stationary a3 frame as

—sin 6,

[ea] = ((Lg — Lq) (weiq — piq) + wepy) [ cos 0,

€p

] @

where i4/i, are stator currents in the rotating dg frame, 6. is the
rotor electrical angle, and ¢ is PM flux-linkage.

The current differential function is expressed in the following
equation based on (1), where the a/3-axes BEMFs are repre-
sented by the estimated «S-axes BEMFs (z,/z23):

it

g ()

where " represents the measured values, and z,/zg are obtained
from the difference between the estimated and measured currents
by a saturation function as

-+
<8

where k; is the sliding mode gain, which is larger than (e,
€3)max, and sat() is the saturation function.

In Fig. 2, a low-pass filter (LPF) is applied to suppress the
high-frequency noise in the z,/zg. Thus, the estimated BEMFs
are further expressed as

éa|  |LPF (zq4)
ég| |LPF(z3)|"
The estimated BEMFs are then inputted into a PLL to estimate
the rotor position and speed, as illustrated in Fig. 2.

3)

sat %a — 1q
s )
sat (15 — 1

(&)

B. BEMF Harmonics Caused By Nonideal Factors

The LPF in SMO can only filter out the high-frequency
harmonics in the estimated BEMF. But the estimated BEMF
also contains abundant low-order harmonics, caused by the flux
spatial harmonics, inverter nonlinear, and current measurement
error, which result in position estimated errors, and need to be
removed by an extra filter. In the following, the specific orders
of these low-order harmonics are analyzed.
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TABLE I
EFFECT OF NONIDEAL FACTORS ON BEMF HARMONICS

Factors Harmonic order
Flux spatial harmonics and Inverter nonlinearity =5 and +7
Offset current measurement error 0 and +2
Scaling current measurement error -1 and +3

The flux spatial harmonics and inverter nonlinearity will
generate the 6k= 1 order harmonics in stator currents, and conse-
quently the 6k+1 order harmonics in the estimated BEMF [22],
[23], [24], [25]. Hence, only the effects of 5-order negative se-
quence and 7-order positive sequence harmonics are emphasized
considering the amplitude of these harmonics.

As another nonideal factor, the current measurement error
is analyzed considering the nonlinearity of Hall sensors, the
thermal drift of analog elements, and the nonlinearity of A/D
converters. The current measurement error consists of the offset
error and scaling error, which can be expressed in the phase
current error as

Ay = 84 11 cos (wet) + 0q4
Aip = sp I1 cos (wet — 2m/3) + op 6)
Aid, = —Aig — Aty

where s,/s;, and 0,/0;, are the scaling and offset currents errors
of phases A and B, and /; is the amplitude of phase current.

The BEMF harmonics affected by the current measurement
error are obtained by transforming (6) into the rotating dq frame
and then substituted into (2) as

A [ H1 H2 COS (Zwet -+ le) — HlHQ COS 1
+1.5H Hs cos (3wt + 7/3) + Hy Hy sin (—wet)
—1.5HHj3 cos (—wet —m/3)

A eg = Hy Hysin (2wt + p11) + H1Hasin g
+1.5H Hs sin (3wt + 7/3) + Hy Hy cos (—w,t)
—1.5H 1 Hz sin (—wt — 7/3)

@)

where

Hy = (Lg—Ly) we, Ho = 2\/(03 + 0q0p + og) /3,
(Sa — Sp) /\/?;, Hy=1 (5q4+ ) /2,

p1 = tan (\/goa/ (04 + 201,)) .

It can be observed from (7) that the current measurement
errors produce abundant low-order harmonics in the estimated
BEMF. Among them, the 0-order (dc-biased) and 2-order posi-
tive sequence harmonics are related to the offset error, whereas
the 3-order positive sequence components and 1-order negative
sequence components are caused by the scaling error.

The main harmonics caused by flux spatial harmonics, in-
verter nonlinearity, and current measurement errors are listed in
Table I.
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Fig.3. Bode diagram of DSC. (a) DSC,,. (b) Cascade of DSC,,1 and DSC,,2.

III. STRUCTURE AND DESIGN OF FADSC
A. Conventional DSC

The estimated BEMF harmonics feature periodicity, is uti-
lized by DSC to eliminate a series of harmonics with specific
orders. The transfer function of the conventional DSC is ex-
pressed as

1 + 7 2m 2w o

6 n nwqo
Gpsc (s) = -5 (®)
where n is the delay factor and wy is the fundamental angular

frequency.

Based on the transfer function, the bode diagram of DSC is
presented in Fig. 3. It can be observed from Fig. 3 that the DSC
has unit gain and zero phase shift at first-order harmonic, and
zero gain at a series of the harmonics, which are determined by
the n and expressed as follows:

b
Nei = 1+§,b:il,ﬁ,i3... ©)

where Ngj; represents the orders of eliminating harmonics.

To be implemented on a digital processor, the DSC should be
expressed in its discretization form. The discretized DSC can be
deduced when applying it to eliminate the a3-axes estimated
BEMF harmonics as

DSC,, (es [ki]) = % es k] (1 +R (2;:) z_D) (10)

where k; is the sampling point, e represents the a3-axes signal
matrix ([eq, e@]T), and the transformation matrix R() and the
delay number D is given in the following equations:

cosf) —sinf
R(0) = [sin@ cos } an
= QLfS (12)
nwo

where f is the sampling frequency.
A single DSC can eliminate a series of harmonics, but it cannot
eliminate the harmonics not satisfied with (9). Thus, a cascade of
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multiple DSCs is generally adopted for the abundant harmonics
and its transfer function is expressed as

K |4 s
Gense (s) =[] —

k=1

13)

where K is the number of DSC in cascade.

The bode diagram of the cascade of DSC,,; and DSC,,5 is
presented in Fig. 3(b), where the unit gain and zero phase shift
at first-order harmonic remain. Besides, the eliminated harmonic
orders of cascaded DSC consisted of those of DSC,,; and
DSC,,2, which indicates each DSC in cascade can be analyzed
independently to reveal characteristics of the cascaded DSC.
Thus, the following modifications carried out on the single DSC
are reasonable.

B. Fractional Delay (FD) for FADSC

In a fixed-frequency system, 7'; can be specially designed to
guarantee that D is an integer. However, w should be set as the
rotor electrical angular position in a variable-frequency drive
system, which means D might be noninteger. If D is fractional,
the time delay item cannot be obtained directly. To solve this
problem, Lagrange interpolation is adopted.

First, the time delay number (D) is divided into the integer
part (D,,) and the fractional part (Dy) as

D,, = floor (D), Dy = D—D, (14)

where floor(D) is the function to obtain the maximum integer
less than D.

Then, the FD is approximated by Lagrange interpolation in
the discrete domain as

15)

where N is the order of Lagrange interpolation, and the interpo-
lation coefficient L, is given as

N .
Df—l
Lo = it S 1
= 1l == (16)
i=0
i#a

For Lagrange interpolation-based FD (LI-FD), the order (V)
is the only coefficient to design. From (15) and (16), the numbers
of multiplication and addition are (2N?> 4 2N) and (2N? + 3N),
respectively, in the N-order LI-FD. Obviously, the resultant com-
putation of LI-FD increases geometrically with N. Considering
the processor’s computation capacity, the high order (N > 3)
LI-FD is not considered in this article. To further determine the
LI-FD order, Fig. 4 gives magnitude response of the LI-FD for
N =1, 2, and 3 in the worst-case approximation (D = 0.5) [28].
In Fig. 4, the low-order LI-FD can obtain good approximations
at low normalized frequency. Besides, the magnitude response
of the 2-order LI-FD (dashed line) is closer to the unit magnitude
than that of the 1-order LI-FD (solid line) in the whole normal-
ized frequency range. Moreover, the magnitude of the 3-order
LI-FD (dotted line) exceeds the unit magnitude, which might
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Fig. 5. Relationship between record array length (L,) and minimum applica-
tion frequency (fmin) of FADSC for f; = 10 kHz and the delay factor n = 2, 4,
and 6.

lead to a stability problem. Accordingly, the 2-order LI-FD is
recommended.

For the 2-order LI-FD, its magnitudes decrease versus the
increase of normalized frequency, which is defined as the ratio
of the objective harmonic frequency to half of the sampling
frequency (f). In the estimated BEMF, the 7-order harmonic has
amaximum frequency of 933.3 Hz at the rated angular frequency
(133.3 Hz) of the prototyped IPMSM. This rated 7-order har-
monic frequency corresponds to a magnitude response is 0.9974
in the case of f; = 10 kHz, demonstrating the effectiveness of
the 2-order LI-FD.

C. Frequency-Dividing Record Method for FADSC

In a digital system, the data record is the premise of realizing
time delay, and it needs a long enough array. The long length
of the array can be caused by low fundamental frequency,
occupying high memory consumption, under the fixed sampling
frequency condition. Nevertheless, the memory of a digital
processor is an important and restricted resource, especially in
a complex control system, which limits the length of the record
array.

The record array length (L,) is related to the minimum fre-
quency (fimin) of the input signal to realize the time delay and
their relationship yields

L, = s
nfmin

7)

As shown in (17), the record array length is also affected by
the delay factor (n) and sampling frequency (7), apart from
Jfmin- The effects of n and fi,;,, on L, are illustrated in Fig. 5
in the case of a 10 kHz sampling frequency. Fig. 5 reveals that
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(Ly) and minimum frequency (fimin) for FADSC with n = 2 in the cases of m =
1,3 and 5.

the record array length is reversely proportional to the minimum
frequency and the delay factor.

The lowest frequency of SMO is set as 20 Hz considering the
signal-to-noise ratio of the estimated BEMF of the prototyped
motor. Accordingly, the record array lengths at f,;, = 20 Hz
for n = 2, 4, and 6 are marked as P1, P, and P3 in Fig. 5. The
record array needs to record 250 floating-point data for realizing
time delay at n = 2. The record array length will come to 500
and consume lots of memory if a 2-order FADSC is used to
eliminate the harmonics in the «3-axes BEMFs. The other two
record arrays at n = 4 and 6 suffer similar problems, even though
their lengths are shorter than that at n = 2. On the other hand,
if the maximum length of the recording array is limited to 100,
FADSC will fail to work at 20 Hz for n = 2 and 4, shown as
P5 and Pg in Fig. 5, respectively. Moreover, the application of
cascaded FADSC will increase memory consumption further,
which is not allowed.

To solve this problem, a frequency-dividing record method
is proposed. It can make the array record the BEMF data every
m sampling period as shown in Fig. 6. The FADSC is rewritten
based on this method as

2
FADSCn(m) (es [kt]) = — €4 [k‘t] (1 + R (;LT) ZDm)
(18)
where D,,, is a new delay number and expressed as
27 fs
D, =2t _m (19)
nmw m

where m; is the counter of frequency dividing shown in Fig. 6.

Using the dividing-frequency recording method, the relation-
ship between the record array length and minimum frequency
becomes

fs
nmL,

The impact of frequency-dividing factor (m) on f,i, and L,
for n = 2 is illustrated in Fig. 7, which demonstrates that L, is

fmin - (20)
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tors.

Arrangement of FADSCy,(,,) with different frequency-dividing fac-

N ++; Calculate D,,;
Record the BEMF data e[k

Disabled FADSC Output
and output e,[k/] FADSC,m) (es[k])

Fig. 9. Flowchart for the frequency-dividing factor changing procedure.

proportion to m for a specific fi,in. m = 3 and 5 can decrease L,
of an FADSC with n = 2 by 166.7 and 200, respectively, which
is a significant improvement.

D. FADSC Frequency-Dividing Factor Change Method

The above frequency-dividing record method is to decrease
the sampling frequency from f; to fo/m for an LI-FD, and it
increases the normalized frequency equivalently. Consequently,
the approximation of an LI-FD with a large frequency-dividing
factor becomes unsatisfactory at the high speed as shown in
Fig. 4. For example, the magnitude response of the 5-order
harmonic decreases from 0.9993 to 0.9542 when m changes from
1 to 3 at rated speed (133.3 Hz). Its corresponding magnitude
becomes 0.7605 for m = 5. Hence, the frequency-dividing factor
should be changed at different motor speeds to overcome this
drawback.

Hence, an arrangement of FADSC with different frequency-
dividing factors is illustrated in Fig. 8. To avoid frequent switch-
ing, the changing moments of m corresponding to speed-down
and speed-up are separated and set at w; and wq, respectively.
For a good approximation of LI-FD, wy is set as the minimum
frequency of 2-order LI-FD with m =y, and w» is suggested as
the value not to decrease the magnitude response of the 2-order
LI-FD heavily.

A changing procedure is designed to make the frequency-
dividing factor change smoothly as presented in Fig. 9. Its key
concept is to disable FADSC until the number of record data
under the new frequency-dividing factor is larger than the delay
number. The dashed line in Fig. 9 represents the other procedures
necessary for a sensorless IPMSM control system.
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Fig. 10.  Whole block diagram of the proposed FADSC.
TABLE II
IMPLEMENTATION OF THE FADSC,, (1)
BEMF FADSC,(n) Change signal
harmonic orders frequency
0 and +2 FADSCz(l) or FADSC2(5) 50 and 65 Hz
-1, +3, =5, and +7 FADSC,y or FADSCys) 25 and 50 Hz

E. Rotation Direction Correction for FADSC

DSC in the o3 frame can be transformed from that in the
dg frame by the Park transformation [27], which is based on
the positive frequency. However, the conventional DSC fails to
work with the negative frequency corresponding to the reverse
rotation of the motor. This problem also existed in the FADSC,
and it is solved by modifying R() given as

_ cos 6 —sign (we) - sin 6
Ry (0,we) = [sign (we) - sinf cos 6 @D
where sign() is the sign function.
Then, the expression of FADSC can be rewritten as

FADSC,, (1 (€ [ki] ,we)

1 2
= = e[kt (1 + Ry, <7T,we) z‘Dm) -
2 n

E Implementation of FADSC

(22)

The proposed FADSC,,(,,) is still capable of eliminating
harmonics given in (9). Nevertheless, a single FADSC cannot
remove BEMF harmonics listed in Table I simultaneously what-
ever n is. Thus, a cascaded structure of multiple FADSCs similar
to the cascaded DSC is necessary. The structure of the proposed
FADSC is illustrated in Fig. 10, and it is applied after the LPF
in SMO given in Fig. 2.

The main information of the cascaded FADSC for eliminating
BEMEF harmonics is given in Table II based on the above design
principle.

IV. EXPERIMENTAL RESULTS

To verify the proposed FADSC, an experimental setup com-
posed of a prototype IPMSM drive system is shown in Fig. 11.
The control program is executed on the TMS320F28335, and
the data are outputted to the oscilloscope by a D/A conversion
circuit. The main parameters of the prototype IPMSM and
control system are listed in Table III. The current offset error
of phase A and the scaling error of phase B are set as 0.5A
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TABLE III
MAIN PARAMETERS OF THE IPMSM AND CONTROL SYSTEM

Value
200V
Rate speed 2000 r/min|
Record array length 60

Value
10 A
Pole pairs 4

10 Hz

Description Description

Rate voltage Rated current

Sampling frequency

N 20ms/div

\V\‘/ \\"\/ 4

e

DSC; 4

: N
o 0

FADSCys,

Fig. 12.
(=20 Hz).

Comparison of BEMF waveforms by different methods at —300 r/min

and 4-0.1 manually to simulate the serious current measurement
errors. The cutoff frequencies of LPFs in the SMO and FADSC
are both set as 100 Hz. The bandwidth of the PLL is set as 628.3
rad/s.

A. Effect of FADSC on BEMF Harmonic Elimination

Fig. 12 presents the a-axis BEMF estimated by SMO without
extra filter (red), with DSCs 4 (green) and with FADSCy(5) 4(5)
(purple) at —300 r/min (—20Hz). The subscripts of DSC and
FADSC represent the cascaded types. Experimental results
demonstrate that the conventional DSC fails to obtain a useful
signal under reverse rotation, whereas the proposed FADSC can
extract the fundamental component and suppress the harmonics.

In Fig. 13, the estimated «-axis BEMF processed by
FADSC with different frequency-dividing recoding factors
(FADSCy(1),4(1) and FADSCy(5) 4(5)) are tested and compared
at 300 r/min (20 Hz) and 2000 r/min (133.3 Hz). Limited by the
record array length and the approximation ability of the 2-order
LI-FD, the phase and amplitude of a-axis BEMF filtered by
FADSC5(1) 4(1) are changed in a low-frequency state (20 Hz), as
shown in Fig. 13(a). Fig. 13(b) reveals that the estimated a-axis
BEMF is distorted by FADSCy(s) 4(5) in a high-frequency state
(133.3 Hz). These experimental results prove the correction of
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the analysis of FADSC in Section III and the significance of the
frequency-dividing record method is validated.

The necessity of the frequency-dividing factor changing pro-
cedure is verified in Fig. 14, where the estimated c-axis BEMF
is distorted when the proposed changing procedure is not applied
at the factor’s changing moments.

B. Steady Experiments

The estimated BEMF and the spectrum of «-axis BEMF
at 600 r/min and 1500 r/min are given in Figs. 15 and 16,
respectively. The figures both illustrate that the estimated BEMF
without the proposed FADSC have rich harmonics, e.g., 0, 2, 3,
5, and 7 orders, agreed well with the nonideal factors of the flux
spatial harmonics, inverter nonlinearity, and current measure-
ment errors. Also, even order harmonics exist in the estimated
BEMF waveforms, but they have been eliminated thanks to
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FADSCs. Figs. 15(b) and 16(b) show that the proposed FADSC
can eliminate almost all the low-order harmonics effectively.

The estimated rotor positions with and without FADSC at
600 r/min are compared in Fig. 17. It can be seen that the
proposed FADSC can suppress the fluctuations of the estimated
rotor position error effectively. The same conclusion can also be
obtained in the case of 1500 r/min as shown in Fig. 18.

The converging time of the proposed FADSC at 600 r/min
is about 8 ms as shown in Fig. 19, which is about 1/4th of the
fundamental period.

C. Transient Experiments

The transient experiments are divided into load-changing and
speed-changing scenarios. As shown in Fig. 20, the load sud-
denly changes from 50% to 100% of the rated torque and then to
50% at a constant speed of 900 r/min. Itis found that the proposed
FADSC can suppress the fluctuations of the estimated position
error and angular speed error effectively without affecting the
dynamic performance of the drive system.

In Fig. 21, the speed first changes from 600 r/min to 2000
r/min and then back to 600 r/min again. As shown in Fig. 11,
the load of the prototype IPMSM is a PMSM with the resistance
load, which makes the phase currents’ amplitudes large as the
speed increases. Thus, the influence of the current measurement
scaling error is large at high speed. This phenomenon is pre-
sented in Fig. 21(a). The influence of these unfavorable factors
is suppressed thanks to the proposed FADSC. Consequently,
the estimated position error and angular speed error are small,
shown in Fig. 21(b).
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V. CONCLUSION

This article aimed to eliminate the low-order harmonics
caused by nonideal factors in BEMF estimated by SMO, and
further reduce the rotor position estimation error in a sensorless
IPMSM drive system. For this purpose, a filter based on FADSC
extended from the conventional DSC was proposed to eliminate
multiple harmonics simultaneously with a simple structure.

The following modifications were adopted to realize FADSC.

1) The Lagrange interpolation was adopted to realize FD.

2) The frequency-dividing record method was proposed to

3) The

overcome the limitation of record array length at low
speed.

changing procedure for switching different
frequency-dividing factors was proposed.

4) A new transformation matrix was designed to suit both the

both forward and reverse rotations.

Besides, the principles for designing the main parameters of
the proposed FADSC were given in detail. Its effectiveness was
demonstrated by experimental results. As a result, the accuracy
of estimated rotor position in an SMO-based sensorless drive
system was improved even considering serious nonideal factors.
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