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Position and Speed Detection Method Based on
Cross-Decoupling Network Filtering for Gearless
Traction Motor Drives at Low-Speed Operation

Yin Bai ¥, Gaolin Wang

Nannan Zhao

Abstract—This article proposes a position and speed detection
method based on the cross-decoupling network filtering (CDNF)
method combined with phase-locked loop (PLL). This method is
used to enhance the detection precision of position and reduce
the speed fluctuations at low-speed operation for gearless traction
motor drives with an ordinary-resolution encoder. The harmonic
distributions of the discontinuous orthogonal position signal in
low-speed region are analyzed. On this basis, the position and speed
detection method based on CDNF with PLL is presented to obtain
the harmonics of the discontinuous position signal adaptively for
eliminating the position detection error and improving the accu-
racy of the speed feedback. The criteria of the filter parameter
design are presented based on the maximum phase margin theory
to maintain the stability of the system. Experiments were carried
out on an 11.7 KW permanent magnet gearless traction motor drive
with an ordinary-resolution encoder installed. The experimental
results verify the effectiveness of the proposed method at low-speed
operation.

Index Terms—Discontinuous position, gearless traction motor
drives, low-speed operation, ordinary-resolution encoder, phase-
locked loop.

I. INTRODUCTION

ERMANENT magnet synchronous motors (PMSMs) have

been widely used in industrial applications due to the high
efficiency, good performance, and high-power density [1]-[4].
In the gearless elevator traction system, PMSM is mainly used
as the traction motor to improve performance, save energy, and
reduce space. The rotor position needs to be detected through an
encoder to obtain the accurate position and speed signals for the
field-oriented control. Nowadays, high-resolution encoders are
difficult to meet the cost-effective development of gearless trac-
tion system. When the elevator motor drives use relatively cheap
ordinary-resolution encoders, the speed fluctuations caused by
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the discontinuous position signal behave obvious at low-speed
operation. The fluctuations would decrease the riding comfort
of the elevator. Therefore, it is a challenge to obtain accurate
rotor position and speed information for gearless traction motor
drive system installed with an ordinary-resolution encoder.

At present, a lot of research works have been carried out to
investigate this issue. The literatures are mainly divided into
model-based and nonmodel-based methods. The model-based
method needs to detect the rotor position through the motor
model and the parameters, such as Luenberger observer, slid-
ing mode observer, etc. [S]-[12]. The mechanical equation of
PMSM is always used to ensure the estimated position converge
to the actual one. Careful selection of the observer bandwidth
is needed to ensure accurate estimation of the position and
speed. A sliding mode control method combined with extended
state observer (ESO) was presented to estimate the position
and speed [5]. In this method, ESO was used to observe the
lumped disturbance, which could obtain less observation error
of position. A cascade observer was proposed to reduce the
speed detection error in [6]. This observer used a second-order
sliding mode controller to get the rotor position accurately. It
needs to consider the system convergence carefully when using
combination of two kinds of observers, which would increase
the order of the system.

In order to improve the bandwidth of the position and speed
observers, the adaptive law can be applied in model-based
method. The observers can adjust the response by adaptive law,
which will help to improve the dynamic performance of the
system [7]-[9]. A sliding mode observer using the adaptive law
based on the least square method was proposed to suppress the
harmonics generated by the nonlinear characteristics of inverter
[7]. Meanwhile the adaptive law based on the frequency tracking
controller was used to track the back-EMF of the motor accord-
ing to the variation of operating frequency [8]. The model-based
method can observe the rotor position on the premise that the
motor parameters are known exactly [9]. If the motor parameters
are inaccurate, the high-precision rotor position is difficult to
obtain.

The nonmodel-based method is mainly divided into inter-
polation method and filtering method. For the interpolation
method, the detection of position signal mainly depends on the
selection of appropriate interpolation basis functions to predict
the position of the next sampling period [10]-[20]. The precision
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of the position signal after fitting is determined by the carrier
frequency of the control system. In general, the precision is
higher than that of the position signal obtained by the encoder
[12]-[14], [16]. Therefore, the speed acquired by differential
fitting position signal has fewer fluctuations. The fitting preci-
sion of the position is related to the selection of the interpolation
basis function [20]. Improper selection of interpolation basis
function or parameters will lead to inaccurate fitting and even
instability of the system. The radial basis function was set to
update the basis function for tracking the position effectively
[15]. A moving least square (MLS) algorithm was used to obtain
the high-precision estimation of discrete positions [18]. The
interpolation method tends to produce noise in rotor position,
and it will cause the phase delay of the estimated position.

Another nonmodel-based method is the filtering method,
which can obtain continuous position by dealing with the origi-
nal discrete position signals. With the development of digital
control system, filtering schemes are convenient to be used
in the rotor position estimation. It can effectively extract the
harmonics in the back-EMF signal [21]-[25]. A least square
adaptive filter was used to obtain the harmonics of the back-EMF,
which can realize the frequency adaption [21]. A proportional
resonant (PR) controller under low carrier radio was proposed to
get the harmonics in original position signal [22]. The existing
filtering method can estimate the rotor position and the speed
using the lower-bits encoder such as Hall sensors. Once the
resolution of the encoder increases, the harmonic frequencies
in the rotor position become higher [25]. These methods have
the common way of constructing harmonics, which could get
distorted if the frequency of the harmonics is close to the PWM
frequency of the system. Hence, it still needs further study in
the filtering methods to improve the precision of position using
the ordinary-resolution encoder in low-speed operation.

This article proposes a detection method based on the cross-
decoupling network filtering (CDNF) method combined with
phase-locked loop (PLL) to detect the rotor position and speed
of gearless traction motor using an ordinary-resolution encoder.
Based on the analysis of harmonics in orthogonal signal of
position, the CDNF method is constructed to eliminate the
harmonics in the discontinuous orthogonal signal. Then, the
accurate position signal can be extracted through PLL. In order
to further simplify the complexity of CDNF, the harmonics
of adjacent frequencies are combined to reduce the number
of subharmonic filters, which can achieve the satisfactory per-
formance. Furthermore, the selection criteria of parameters are
given to maintain the stability of the system. The effectiveness
of the scheme is verified on 11.7 kW gearless traction motor
drive test platform.

II. HARMONIC ANALYSIS OF POSITION SIGNAL FOR GEARLESS
ELEVATOR MOTOR DRIVES AT LOW SPEED

The field-oriented control scheme for gearless traction motor
drive system is shown in Fig. 1. The PMSM is used as a traction
motor in the elevator, and an ordinary-resolution encoder is used
as rotor position sensor, which is the incremental encoder. When
the traction motor works at low speed, there exists the problem
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Fig. 1. Block diagram of field-oriented control system for gearless traction
motor drive.
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Fig. 2 Analysis of low-precision rotor position and speed fluctuations at low
speed using ordinary-resolution encoder.

of low-sampling ratio of rotor position, which would decrease
the riding comfort of the elevator.

The analysis of the original rotor position and speed informa-
tion obtained by the digital control system using an ordinary-
resolution encoder at low-speed operation are shown in Fig. 2.
In Fig. 2, T is defined as the time interval between the two
sampling pulses of the encoder, and the carrier period of the
field-oriented control system of the traction motor is 7Ts. The
relationship between T and T's satisfies T = nT;. When n<1 and
T<T, the count value of the encoder can be updated within each
PWM carrier period. When n>>1 and 7>T, it cannot ensure that
the count value of the encoder can be updated within each PWM
carrier period. However, only within n PWM carrier periods
can the count value of the encoder be updated once. The speed
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obtained by differentiating the position signal contains obvious
fluctuation. This kind of speed ripple affects the comfort of
passengers. In general, T method has been commonly used for
speed detection in the low-speed region. However, in extremely
low-speed region, only one encoder pulse can be sampled within
multiple cycles of the speed loop. When the speed changes, the
calculated speed is updated only after several speed loop cycles,
which may behave large speed error. Besides, long time interval
for updating the speed due to the low-encoder resolution may
cause a large delay in the speed calculated by 7' method. Hence,
more accurate position and speed detection algorithms need to
be studied.

In order to analyze the harmonic distributions of the detected
position and speed at low-speed operation, the sampling position
signal from the encoder in Fig. 1 is orthogonalized in the
stationary «3-axes coordinate system

{ H(a) = COS(Q:S)
H () = sin(6.)

where 6, is the discontinuous rotor position signal obtained
from the encoder. H(«) and H([3) are a pair of orthogonal scalar
signals. The position information can be expressed as a rotating
space vector signal. H(«) and H((3) can be expressed as

H = H(o)+ jH(B). 2
The real part and the imaginary part of the orthogonal signal
are both expressed by Fourier series, which can be obtained as
{ H (o) =Y 7., oy cos(kb,) 3)

H(f) = >, Br sin(kfe)
where 6. is the continuous rotor position, & is an integer number

with the range of [1, +0), a;, and [, are the coefficients of the
Fourier series, which can be expressed as

ey

_JO, k#FpxN+1 B
O‘k’—{cos( )k =pxN+1 p=123... (4a)
_JO0, k#FpxN+1 B
Bk_{‘%n( )hkE=pxN+1 p=123... (4b)

where N represents the resolution of the encoder, and p is a pos-
itive integer. The harmonic distribution of discrete orthogonal
position signals can be obtained through (3). Further, H(«) and
H([3) can be expressed as

H{(a) = cos(0, — ) +

Mg

[ chos(k:w t—0,+ )]

>
Il
—

+
M8

[kNHcos(kw t+0,—)

k=1
H(B) =sin(d, — ) + kX_:I [kN -sin(kw;t — 0, + 1))
+ kij: [kNHsm(kw t+0,— )
- ©)

where w; is the harmonic frequency of the discontinuous position
signal, satisfying w;t = N#., and v is the phase error, satisfying
1 = 7/N.

The relationship between the corresponding fundamental and
harmonic components of spatial rotation vector in af-axes is
shown in Fig. 3. In the space vector coordinate system, H is the
position space rotating vector calculated by 0.. The trajectory of
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Fig.3. Spatial rotation vector of the orthogonal position signals with harmonic
distribution.

H is a positive N-sided shape, since 0. varies discretely. H can
be divided into the fundamental component H y and the harmonic
component Hj,. Then, H, Hy, and H}, satisfy

H = Hf + Hy,
— ej(ée_w) + Z
k=1

*j(kwit*ée+w) + 1 ej(k)wit'f'éefd)) . (6)

EN +1

1
kN —1
From (6), it can be seen that H is constituted by continuous
rotor position vector 6., whose trajectory is the circumscribed
circle of the trajectory of H. Meanwhile the harmonic component

Hj, results in discontinuous motion of H. Therefore, H;, needs
to be filtered out to obtain accurate rotor position.

III. POSITION AND SPEED DETECTION METHOD BASED ON
CDNF WiTH PLL

A. Strategy of Position and Speed Detection

The position and speed detection method of gearless traction
motor drive system based on CDNF with PLL is shown in Fig. 4.

The orthogonal pulse information output by the encoder is cal-
culated to obtain the discontinuous rotor position of the traction
motor. First, a group of discontinuous orthogonal signals can be
obtained after the orthogonalization of sampled position signal,
which is used as the input of cross-decoupling network filter. The
output signals become a group of continuous orthogonal signals
after digital filtering, which contains accurate rotor position
information. Then, PLL is adopted to extract the position and
the speed information.

B. CDNF of Orthogonal Position Signal

The block diagram of the CDNF method for attenuating
position error is shown in Fig. 5. In CDNF, the discrete orthog-
onal position signals are taken as the input. The fundamental
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Fig. 5. Block diagram of CDNF to extract rotor position information.

component and each harmonic can be extracted and the remain-
ing harmonics are subtracted from the input. Only the current
harmonic part of the input is retained. In this scheme, CDNF
forms harmonic feedback loops, which will filter the harmonics
of each order effectively.

From Fig. 5, the structure of CDNF contains two parts, the
fundamental component extraction module and the harmonic
component extraction module. Both two extraction modules
are designed based on the complex filter. According to [27],
the transfer function of the fundamental component extraction
module based on complex filter can be shown as

H (o) We
Fi(s) = = 7
7(5) H(a) s—jwy+w, ™
where wq is the fundamental frequency of the discontinuous
orthogonal position signal, and w, is the cut-off frequency of

complex filter. The real and imaginary parts of the fundamental
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component of the spatial rotation vector can be obtained through

(6)
[Hf(a)] We . |:H(a)_Ha21:|

H () 82 + 2wes + w2 + wi H(B) — Hpsn
(8a)
st we —wo
H, = { wo 5+wc] (8b)

where H (o) and H (3) are the fundamental components in the
discontinuous orthogonal position signal, H,s; and Hgyx,; are
the components except for the other harmonic components.

The harmonic component extraction module consists of sub-
harmonic extraction modules of different frequencies. Each
subharmonic extraction module extracts only one frequency of
harmonic. Suppose that wyx_; is the frequency of (kN—1)th
harmonic, and w7 is the frequency of (kN+1)th harmonic.
The frequencies between the fundamental component and the
high harmonics satisfy wy y— ; = (kN-1)w g, wg N+ 1 = (KN+1)wy.
The transfer functions between the input signal and the extracted
harmonics in Fig. 8 can be expressed as

_ Hpen-n(e) we
Fyun-1)(s) = ”;IAEO;)) = = (kN—1)jwotw, ©)
F (s) = Hygnin(a) _ we
h(kN+1)(S) = H(a) T s—(kN+1)jwotw,

Eq. (9) can obtain the expressions of the real and the imaginary
parts of (kN—I)th and (kN+ I)th harmonics in the discontinuous
orthogonal position signal

(o]

weH kN 1
52 + 2wes + w2 + (kN — 1)%w32

H(a) - Hha(kNl)]
10a
[H(ﬂ) — Hypgn-1) (102)
_ s+we —(kN —1)wo
Hkal_ [(kN—l)wo S+wc (10b)
[Hh(kN+1)(a)} _ weH kN1
Hynv1)(B) $2 4 2wes + w2 + (EN + 1)2w8
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H(a) - Hha(kN+1)}
* {H(ﬁ) — Hyppen+1) (112)

s+w. —(kN +1)wg
Hyyia = {(kN—I— 1Dwo ( s—|—wc) } - (11b)
Fig. 6 shows the Bode diagram of CDNF. Taking kNth har-
monics as an example, it can be seen that CDNF at the funda-
mental frequency part has the unit gain at the fundamental fre-
quency. The gains on both sides of the fundamental frequency are
rapidly attenuated, which can extract the fundamental frequency
effectively. In the harmonic frequency, the absolute value of the
gain drops to zero gradually, forming the notch effect, which
can filter the harmonics availably. Hence CDNF can extract
the continuous orthogonal position in the discrete orthogonal
position, and obtain the accurate position signal combined with
PLL. The traditional first-order and second-order low-pass filters
are usually used to suppress the harmonic components, which
perform phase delay to a variable extent. Compared with the
traditional low-pass filters, the phase delay of CDNF at the
fundamental frequency is 0, which can extract the fundamental
frequency signal more accurately.

IV. STRUCTURE OPTIMIZATION SCHEME AND STABILITY
ANALYSIS OF CDNF

A. Structure Optimization Scheme of CDNF at Low Speed

In practice, the number of harmonic extraction modules
should be limited to simplify the system structure. From (5),
the fundamental and harmonic components of the orthogonal
signal at the discontinuous position can be extracted as follows:

H (o) = cos(0,—)
Hp (o) = 30y [ cos(hw;t — 0.+¢)]
+ 30l [ cos(kw;t + 0,—1)]
H () =sin(0.—)
Hh(/B) = Zf:l [ kN 1 Sm(kw t— ee'Hp)]
+ 2k Ly sin(kw;t + 0,—v)).

The harmonic components can be simplified as

Hy(a) = Z — kQNz[cos(kwt—G +1)
+ cos(kw t n 0 —1)]
+ Z 2N [cos(kw;t — 0,+1) + cos(kw;t + 0,—)]

12)

H,(B) = Z - k2N2[s1n(kwt70 +1)
+ sm(kw t + 9 —1)]
+ Z 17k2N2 [Sln(kwit - 96“‘1/}) + Sin(kwit + 96_’(/})]'
k=1
(13)

The ordinary-resolution encoders commonly have N P/R res-
olution while N>>1. So, 1527 >> 7775 and

{ Hy(a) ~ 352, — 2M\]+2~(]9\;2_w)Cos(kzo.)it) (14)

H(5) ~ 303 — 2l sin(u).
This method focuses on solving the problem of the traction

motor operating at low speed in which case it can be seen
that w;t > 6. So,sin(f,—1)) can be constant when sin(kw,t)
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changes. Therefore, the discontinuous orthogonal position sig-
nal can be expressed as

H (o) = cos(0, — ) + > 5 ay cos(kw,t)

{ H(f) =sin(0, — ¥) + 3232, Bnsin(kw;t)
__ 2kNsin(0,.—)
~ T EENZ_1

2kN cos(0,—) "

EZN2—1

It can be seen from the comparison between (6) and (15)
that after structure optimization, the number of subharmonic
extraction modules is reduced by half, which can simplify the
complexity of CDNF. In the actual processing, the (kN—1)th
and (kN—+1)th harmonic extraction modules can be combined to
filter the kNth harmonics directly. Moreover, the harmonics may
also exist between (kN—I)th and (kN+-1)th harmonics during
the traction motor runs. By combining the filters, the harmonics
can be attenuated between the frequencies of (kN—/)w( and
(kN +] )UJ().

The structure and Bode diagrams of CDNF without and with
the structure optimization are shown in Figs. 7 and 8, respec-
tively. It can be seen that the harmonic extraction modules exist at
the frequencies of (kN-1)wg and (kN+1)wq, which acts notch at
the two frequencies according to the Bode diagram in Fig. 7(b).
And the absolute gain value still exists between (kN—1)wq and
(kN4-1)wq. After the structure optimization, the harmonic ex-
traction modules act notch at kNw, and the effective notch is still
achieved at (kN—1)wq and (kN+1)wg. The harmonics between
(kN—1)wg and (kN+1)wq are still attenuated in Fig. 8(b). So,
the structure optimization can simplify the structure of CDNF
while maintaining the filtering effect. In fact, the harmonics at
the order of k = 1 and k = 2 are the main components causing
the discontinuity of position signal. So, the optimal value of k
equals 1 and 2.

15)

where

n =

B. Stability Analysis of CDNF With PLL

According to the control principle, the open-loop transfer
function of the system should have the maximum phase margin
when the system maintains the maximum stable state. Therefore,
the following analysis aims to maximize the phase margin of
the system. From Fig. 4, the open-loop transfer function of the
system is

GOL(S) =

{V ()] + [H 1 (8)2we(kys + k)
[Hf(ﬂ)] }53+32w6[Hf( @))* + 52w [H ;(B)]*
(16)
where k,, and k; are the proportional and the integral coefficients

of the PI controller, respectively. The phase margin of the system
calculated by (16) can be expressed as

Ik xr
PM = arctan (w p) — arctan (w)
ki We

where w, is the cross-over frequency of the system, which
satisfies the following relation:

. wykp W
wy sin | arctan = kpcos ( arctan | — .
ki We
(18)

{[H ()"

a7
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Fig. 9 shows the function image of the phase margin at the
cross-over frequency. It can be noted that there is a maximum
of the phase margin, at which the partial derivative of the phase
margin with respect to the cross-over frequency is zero. The
cross-over frequency and the maximum phase margin can be
obtained when the phase margin is the maximum.

kiwc
kp

kpwe ki
PM,,.x = arctan pe ) arctan . (20)
k; kpwc

Substitute (19) into the expression of traversal frequency to
obtain w,, = k. It can be seen that the proportional coefficient k),
of PLL determines the phase margin of the system. The system
may have the maximum phase margin when w, = k,. Here, k,,
ki and w.. satisfy k,° = k;w.. Suppose w. = m’k/k,, where m
is constant. It can be obtained that

k 2
WVIH (@) +[H  (8)]}m

m* ‘D
WH ()P +H (B}
The system can reach the maximum phase margin if (20) is
satisfied. The phase margin is expressed by constant m
2

(19)

Wgmax =

;=

2

We =

PM = arctan (22)

Therefore, the phase margin of the system can be determined
by the value of m. The Bode diagram of the open-loop transfer
function of the system when m takes different values are shown
in Fig. 10 . As can be seen from the figure, when m increases, the
phase margin of the system increases gradually. The maximum
of the phase margin is obtained at w,, = k,, verifying the theory
analysis.

IV. EXPERIMENTAL RESULTS

The proposed position and speed detection method based
on CDNF with PLL was verified on the platform of gearless
traction motor system, as shown in Fig. 13. The parameters of
the PMSM traction motor are shown in Table I. The whole
field-oriented control algorithm is executed with a low-cost
ARM chip STM32F103VB in the gearless traction motor drive
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TABLE I
PMSM PARAMETERS

Parameter Value Parameter Value
Rated Power 11.7kW Rated Torque 670N m
Rated Speed 167r/min || Resistance 0.23Q
Rated Frequency  33.4Hz Number of Pole Pairs 12
Rated Voltage 380V d-axis Inductance 15mH
Rated Current 23A g-axis Inductance 15mH

platform. The position sensor adopts ERN-1387 SIN/COS en-
coder whose resolution is 2048 P/R. This encoder can output
both high-precision position signals and low-precision discrete
position signals. In this article, the actual speed is obtained by
position subdivision of SIN/COS signals from the encoder. The
low-precision discrete position signal is used as the position
signal to be processed, while the actual position and actual
speed are used to make experimental comparison. Define the
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Fig. 12.  Experimental results using the M method. (a)Discontinuous orthog-

onal position signal. (b) Fourier analysis of the orthogonal position signal.
(c) Sampling position and position error.

position error as the difference between the actual position and
the position by different method, and the speed error as the
difference between the actual speed and the speed by different
method. The switching frequency of inverter is set as 6 kHz. The
periods of current and speed loops are set as 166.7us and 1ms,
respectively.

In this article, the least-square interpolation method [9] and
T method are adopted to compare the effect of the proposed
method. Define the sampling position is 0. , the interpolation
position is 6, the estimated position is 6 .. The speed obtained by
the M method is defined as “speed by M method” and expressed
as w,, the speed obtained by the traditional interpolation method
is defined as “speed by interpolation” and expressed as w;, the
speed obtained by 7 method is defined as “speed by T method”
and expressed as wy, and the speed obtained by the proposed
method is defined as “estimated speed” and expressed as we.

The experimental results of the orthogonal position signal,
the Fourier analysis, the sampling position 6., the interpolation
position 6, the estimated position 6., and the position errors
A, using the M method, Af; using the least square interpola-
tion method, and Af. using the proposed detection method at
2.5 r/min are shown in Figs. 1214, respectively. The harmonic
content using different methods are shown in Table II. It can
be seen from Fig. 12(a) that the discrete signal is obvious in
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TABLE II
HARMONIC CONTENT USING DIFFERENT METHODS

k=1 k=2 k=3
0.049% 0.025% 0.017%
M method 0.048% 0.024% 0.016%
Least-square interpolation 0.037% 0.012% 0.005%
method 0.036% 0.011% 0.004%
0.010% 0.006% 0.005%

CDNF+PLL

0.009% 0.005% 0.004%

the orthogonal position signal. And the (kN=+1)th harmonics
can be observed in the Fourier spectrum from Fig. 12(b). The
harmonic amplitudes can be decreased by using the least-square
interpolation method. However, since the accuracy of interpo-
lating is affected by the real-time operation state of the motor,
inaccurate interpolation may occur, which can result in the
additional harmonics. After the proposed detection method is
adopted, the (kN=+1)th harmonics are effectively suppressed. It
can be seen that the proposed method can filter the harmonics
of specific frequencies effectively.

The experimental results of sampling position and position
error are shown in Fig. 12(c) at 2.5 r/min and rated load. It can
be seen that the discrete position can be observed obviously,
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and there exists the position error whose amplitude is 0.03rad.
The position error can be decreased by using the least-square
interpolation method to 0.012rad as shown in Fig. 13(c). After
using the proposed detection method in Fig. 14(c), the discrete
position signal can be extracted effectively. The estimated posi-

tion signal can fit the actual position, and the position error can
be decreased to 0.002rad.
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The position errors are shown in Fig. 15 in different k at 2.5
and 10 r/min, where CDNF at k£ = 0 is the complex filter. It can
be seen that when k = 1 and k = 12, increasing the harmonic
extraction modules can obtain better filtering effect, while it is
not obvious when k = 12, 3 compared with k = 12. So, obvious
filtering effect can be obtained by filtering the first two harmonics
of k = 1 and 2 in practical applications.

The experimental comparison of the M method, the interpola-
tion method, the 7" method, and the proposed estimated method
at2.5 r/min and rated load is shown in Fig. 16, which contains the
speed, the g-axis current and the a-phase current. When using the
sampling position and speed by M method as feedback, the speed
by M method presents pulse fluctuations due to the low precision
of the position, which reaches 5.1 r/min. The large fluctuations
of speed feedback will be mainly superimposed on the g-axis
current of the motor in Fig. 16(a) which reaches 21.3 A. The

speed fluctuations can be decreased by using the least-square
interpolation method to 1.9 r/min. However, since the accuracy
of interpolation is affected by the real-time operation state of the
motor, inaccurate interpolation may occur. Thus, there are still
some fluctuations in the speed after the least-square interpola-
tion. And the current ripple in the g-axis current is diminished
from 21.3 to 7.84 A in Fig. 16(b). Using the T method can
reduce the speed fluctuations to 1.2 r/min and the g-axis current
fluctuation to 5.56 A in Fig. 16(c). After adopting the proposed
method, the fluctuations in the g-axis current are diminished to
1.22 A. The speed fluctuations are restrained to 0.6 r/min in
Fig. 16(d).

The experimental comparison of the M method, the interpola-
tion method, and the proposed estimated method with speed vari-
ation from 2.5 to 50 r/min at 50% rated load is shown in Fig. 17.
In each figure, the speed, the speed error, and position error are
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Fig. 17.  Experimental comparison of the M method, the interpolation method,
and the proposed estimated method with speed variation from 2.5 to 50 r/min.
(a) The M method. (b) The least-square interpolation method. (c¢) The proposed
method.

given. It can be seen that there are fluctuations in the speed by M
method whose error reaches 5.1 r/min, and the position error is
0.03 rad in Fig. 17(a). The speed fluctuations can be decreased
by using the least-square interpolation method to 2.4 r/min and
the position error to 0.011 rad shown in Fig. 17(b). After using
the proposed method, the fluctuations of the estimated speed
have been restrained effectively, which can be suppressed to
1.1 r/min. And the position error can be restrained to 0.002 rad
shown in Fig. 17(c).

The experimental results about the self-adaptability of CDNF
are shown in Fig. 18 with the change of the speed reference.
The initial speed reference is set as 2.5 r/min then increased
to 5 r/min at 10 s and decreased to 2.5 r/min at 25 s. It can be
seen that when the speed changes, the position orthogonal signal
after CDNF can track the discontinuous position orthogonal
signal well, which can obtain the fundamental frequency signal
required in the PLL.

Fig. 18. Experimental results about the self-adaptability of CDNF. (a) Position
orthogonal signal. (b) Position orthogonal signal at speed-rising process. (c)
Position orthogonal signal at speed-dropping process. (d) Detail of (b). (e) Detail
of (¢).

The experimental comparison of the M method, the interpola-
tion method, the 7" method, and the proposed estimated method
with step load disturbance from 20% to 100% rated load at
0.5 r/min are shown in Fig. 19, which contains the speed, the
speed error and the position error.

It can be observed that the fluctuations have been effec-
tively suppressed with the proposed method. The speed error
is 0.2 r/min and the position error is 0.003 rad using the M
method in Fig. 19(a). The speed error can be decreased by
using the least-square interpolation method to 0.09 r/min and the
position error to 0.0011 rad as shown in Fig. 19(b). In Fig.19(c),
at transient state in low-speed region using the 7 method, the
long-time interval between two encoder pulses causes a large
delay in the speed update. In addition, as the motor operates at
near zero speed, the time interval between the first and the second
encoder pulses is longer. Then, the inaccurate speed is calculated
by the 7' method during this period. Thus, the speed by T method
shows discontinuous at transient state at low speed. The speed
error is reduced to 0.004 r/min and the position error to 0.0002
rad further with the proposed method in [see Fig. 19(d)].

The harmonic amplitude in the orthogonal position signals
under different-resolution encoders are shown in Fig. 20. It can
be seen that the harmonic amplitude content in the orthogonal
position signal is relatively high using the M method, which can
achieve 0.16%, 0.09%, and 0.04% in 512, 1024, and 2048P/R,
respectively. And the amplitude increases with the decrease of
the resolution of the encoder. The harmonics can be decreased to
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Fig. 19.  Experimental comparison of the M method, the interpolation method,
the 7 method, and the proposed estimated method with step load disturbance
from 20% rated load to rated load at 0.5 r/min. (a)The M method. (b)The least-
square interpolation method. (c) The 7 method. (d) The proposed method.

0.12%, 0.07%,, and 0.03% at 512, 1024, and 2048P/R, respec-
tively by using the least-square interpolation method. When the
proposed method is adopted, it can be noted that the harmonic
amplitude of each frequency is effectively reduced to 0.03%,
0.02%, and 0.01% in 512, 1024, and 2048P/R, respectively. The
estimation accuracy of position signal is improved effectively,
and higher-precision position and speed are obtained.

The equivalent resolutions using CDNF with PLL at different
speed references are shown in Fig. 21. It can be seen that the
equivalent resolution of the encoders can be improved from 11b
(2048P/R) to more than 13b (8192P/R), and the accuracy of the
position has been improved effectively.

The actual speed and the position error when the motor
running at one level and multiple levels is shown in Figs. 22
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Fig. 20. Experimental results of the amplitude of harmonics in different
resolutions. (a) The M method. (b) The least-square interpolation method. (c)
The proposed method.

and 23, respectively, where one level is set as 2.8 m and the
multiple levels are set as 36.5 m which are 13 levels. It can be
concluded that the motion conditions of the traction motor can
be divided into four stages: zero-servo stage, speed-increasing
stage, constant speed stage, and speed-decreasing stage. At the
beginning of the motion, the brake of the traction motor is open
in order to obtain the initial rotor position. Then, the motor
enters the speed-increasing stage until the speed arrives the speed
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Fig. 23. Experimental results of actual speed, and position error when the
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reference. The speed reference of the elevator is determined by
the operation distance. When the elevator passes through fewer
levels, the speed reference is set as low operation speed of the
elevator n. The multiple levels usually lead to the rated speed to
set as the operation speed of the elevator in the constant speed
stage. After reaching the set running time, the traction motor
decelerates and stop running. The area between the motion track
and the time axis is the running distance of the traction motor.

VI. CONCLUSION

This article proposed a position and speed detection method
based on CDNF method combined with PLL for gearless traction
motor drives using the ordinary-resolution encoder at low speed.
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The fundamental component can be obtained and the harmonics
can be effectively filtered with this method. In this way, the
continuous position orthogonal signal can be extracted, and then
the position signal can be acquired by PLL. This method can
automatically adjust the central frequency of the filter according
to the change of the operating speed, and has valid effect for
high-frequency harmonics. Based on the analysis of the param-
eters, a parameter design criterion is obtained with the maximum
phase margin of the system. The experiment results show that
the proposed position and speed detection method can obtain
more accurate rotor position and speed at low-speed operation
for gearless traction motor drives with ordinary-resolution en-
coders.
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