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Abstract

This paper presents a novel filtering method for speed measurements to improve the low-speed performance of the direct-drive
permanent magnet traction machines for elevators. Based on the theory of nonlinear tracking differentiator (NTD), this method,
which can act as a high performance filter of a raw speed signal, obtains a more accurate speed feedback signal when applying a
low-resolution encoder. In addition, it can relieve the interference caused by the position derivative for speed sampling. By
analyzing the frequency response of the NTD, the influence of its parameters on the performance of the speed filtering is
investigated. Compared with different types of low-pass filters, the proposed method shows a shorter time delay and a stronger
ability in terms of noise suppression when the parameters are selected carefully. In addition, when using the measured speed
signal through a nonlinear tracking differentiator as the feedback of the system, the motor runs more steadily at low speeds. As a
result, the riding comfort of a direct-drive elevator can be improved. The feasibility of the proposed strategy was verified on an

11.7kW elevator traction machine using a commercial inverter.
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I. INTRODUCTION

Permanent magnet synchronous motors (PMSMs) have
been applied widely due to their advantages in terms of high
power density, high torque-to-inertia ratio, and high
efficiency [1], [2]. Recently, they have been adopted more
popularly in the gearless elevators of modern buildings [3].
Compared with traditional systems, PMSM based gearless
elevators show high performance at start-up, stopping and
moving, and can be designed more compactly [4]. Safety,
stability and comfort are the essential demands of elevator
systems [5]. To achieve a good riding comfort, accurate
speed feedback should be obtained in real time for the
closed-loop control system of a PMSM. However, during low
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speed operation, strong jerks can be caused by inaccuracies
and large time delays of the speed feedback, which result in
the discomfort of the passengers [6]. Poor speed performance
can be improved by installing a high precision encoder, while
the cost of system is inevitably increased.

Quadrature Encoder Pulse (QEP) sensors and linear hall
sensors are widely used in PMSMs to obtain speed
information. Several methods have been proposed to increase
measurement accuracy when low-resolution QEP sensors are
adopted. One promising scheme, presented in [7], is the so
called the rotor position extrapolation algorithm using a
polynomial estimator. This scheme was applied in the drive
system proposed in [8], which analyzed the extrapolation
scheme in terms of its speed and extrapolated rotor position
performance through both simulation and experimental
verifications. In [9], the instantaneous speed was estimated by
a Luenberger observer based on a motion model of a PMSM.
Then, the estimation error was corrected by the angular
position obtained by the synchronous or asynchronous
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sampling method. Compared to conventional observers, this
method improves the resolution of the instantaneous velocity
especially in the low speed region. The rotor position signal
obtained by hall sensors often contains large harmonic
components, which can influence the accuracy of the speed
[10]. In order to remove high-order harmonics, a novel rotor
position detection method based on the Synchronous
Frequency Extractor (SFE) was utilized in [11], which was
confirmed to effectively reduce the estimation error. In [12],
an improved method using the periodic timer interrupt
function and a simplified estimation to obtain position
information based on hall sensors was presented.

In this paper, a novel filtering method adopting a Nonlinear
Tracking Differentiator (NTD) is proposed for direct-drive
permanent magnet traction machines, which tracks the speed
signal more accurately. After analyzing the limitations of
conventional speed measurement methods for low speed
operations, the NTD based digital filter is adopted to achieve
effective speed measurement at low speeds. Then the
parameter selection of the proposed digital filter is discussed
by analyzing the basic theory and frequency characteristic of
the NTD. This shows a higher performance that relieves the
time delay and suppresses external disturbances. Simulation
and experimental results verify the feasibility of the proposed
speed measurement method on an 11.7kW elevator machine.

IL PROPOSED FILTERING STRATEGY BASED ON
A NONLINEAR TRACKING DIFFERENTIATOR

A. Limitation of the Conventional Speed Calculation

The permanent magnet traction machine of an elevator
should operate at ultra-low speeds to satisfy the demands of
riding comfort, and the speed should decrease to 0.5rpm. To
assure the good performance of the system, accurate speed
information is expected in such situations.

Generally, the average speed is detected with the M, T or
M/T method. The M method is often suitable for high speed
calculations, while the T method is commonly used in low
speed calculation. On the other hand, both high and low
speeds can be calculated by the M/T method. However, a
large detection delay is caused by the T method and M/T
method when calculating ultra-low speeds, because the
encoder pulse interval is much longer than the speed
sampling period [13].

If the encoder generates 2048 signals per revolution, there
are 8192 incremental count values per revolution after the
quadrature processing. This means that the speed between
two count pulses can be expressed as:

n=—20 (1)

8192*T
where n represents the average speed, and 7T represents the
interval of the pulses. When #n=7.32rpm, T is calculated to be

Ims, and when n=0.5rpm, 7 will be 14.65ms, while the
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Fig. 1. Relation between the encoder pulse and the speed
sampling period at low speed operation.

sampling time of the speed loop is lms. Fig. 1 shows the
relationship between the encoder pulse and the speed
sampling period during ultra-low speed operation when the
speed is 0.5rpm, where 7, is the sampling time of the speed
loop. It can be seen that the speed is calculated after more
than 14 execution cycles of the speed loop, which causes a
large time delay. This delay deteriorates the dynamic
response of the system, resulting in instability. Furthermore,
large vibrations may occur during the steady state, which is
not allowed in elevator applications. If a higher resolution
encoder is used to avoid the time delay, it increases the cost.
However, when the speed is calculated by the M method, the
sampling time is fixed. The time delay is smaller when T is
set shorter. Although the encoder pulses may not change in
several sampling cycles during low speed, the average speed
can be obtained by the low-pass filtering method.

When getting the raw speed by the M method, a digital
filter should be used before it feeds back to the speed
controller. Low-pass filters (LPFs) are widely used in
conventional speed estimation, whose filtering performance
can be regulated by changing the cut-off frequency. The
lower the cut-off frequency is, the smoother the filtered signal
becomes. However, this can also result in a larger time delay.
Therefore, an advanced filtering method based on the
nonlinear tracking differentiator (NTD) is proposed in this
paper to overcome the disadvantages of the LPF and to track
the actual speed more effectively.

B. Speed Measurement Method Based on the NTD Theory
The NTD was originally proposed by Prof. Han [14]. It is
mainly used to extract continuous signals and differential
signals from non-continuous signals that have interference by
noise. By using a nonlinear function, the method adopts
integral calculation instead of differentiation, which
suppresses the noise amplification. Furthermore, the input of
the NTD is the discrete position signal, which is suitable for
both incremental and absolute encoders. The principle of the
NTD is described as follows.
For a double integral plant:
{’.“ " , @)
Xy =u(x),%), usM
a suitable u(x;, x;) can be selected to guarantee a fast

convergence from x; and x, to 0. Let x; =x —v, this

solution satisfies lim x,(¢) = v, lim x, (¢) = v, where x; is the
t—o0 t—0
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Fig. 2. Coordinate curves of initial value.

desired trajectory of v, and x, is its derivative. This means
that when v is regarded as the input of the system, it is
tracked quickly and effectively by x;. Instead of containing
all of the information of v, x; can extract its effective and
continuous signal. Several adjustable parameters are included
in u(x;, x;). By changing these parameters, the filtering
performance can be improved. u(x;, x,) is the so-called
optimal control synthesis (OCS) function which introduces
errors  into  discrete-time

considerable numerical

implementations. (2) can be discretized as:

2 (k+1) = x (k) + Tyxy (6)
x5 (k +1) = x5 (k) + Tu(k)
Based on the analysis above, the NTD for speed

)

measurements is defined as:

w,k+1)=0,(k)+T,0,(k)

{a)d (k+1) = w4 (k) + T, fst(, (k) — k), 0, (k),M , h)
where M is the convergence factor, / is the filtering factor , @
is the raw speed, w, is the speed processed by the NTD, and
w, 1s its derivative. fst(w,(k)-w(k), w(k), M, h) is a nonlinear
OCS function of the NTD filtering part. The parameters M
and % influence the dynamic performance and ability of the
noise suppression, respectively.

fst(w,(k)-(k), wk), M, h) is a OCS function which is
selected to obtain fast convergence of the NTD. Considering

4

that the practical system is discretely calculated by the
processing chip, it is more suitable to deduce the expression
of fst(w,(k)-w(k), wqk), M, h) under the condition of
discretization. Based on the theory of optimum time control,
the expression of fs#(w,(k)-w(k), wk), M, h) can be deduced
as follows.

Let Aw(k)=w,(k)-o(k) and assume that the initial value is

o =[Aw(0),0, (0)]". Then after k steps of iterations, the

solution of (4) is:

{Aa)(k)}:{l kTS}{Aa)(O)}{I (k—l)Ts}{O }fst(O)+
w;k)| |0 1 [eo,0)| |0 1 T,

1 7,70 s 0 - )
*lo 1 Txfst(—)+Tstt(—)

Assuming:

Aa(k)] [0
o))
w;(k) | |0

The expression of the initial values can be expressed as:

2 2
{Aw(o)} T A A L T )
w;(0) ] |-T, T,

2 2
...{ZT; }fst(l)+[T :lfst(O)

: . (7
T

s

s
According to (7), when f5t(i)(i=0,1,...k-1)=+M, the collection
of initial points {a.;} can be expressed as:

®)

Aw] %k(k +T,*M
(27} - '

—kT.M

When fs5#(i)(i=0,1,...k-1)= -M, the collection of initial points
{a} can be expressed as:

1 2
{Aa)}: —Ek(k+l)TS M| ©

@a kT, M

When fst(k-1)=+M, f5t(i)=-M(i=0,1,...k-2), the collection of
initial points {b,;} can be expressed as:

Aw —lk(k+1)TS2M—2T52M
=| 2 . (10)

@ (k-2)T,M

When fst(k-1)=-M, fst(i)=+M(i=0,1,...k-2), the collection of
initial points {b_} can be expressed as:

1 2 2
Ao —k(k+DT"M -2T "M
{ }: 2 (k+ DT s . an

“a —(k=2)T,M

Fig. 2 shows the location of a,;, a.;, b.; and b.
Definition 1: SA(k)

SA(k) is the synchronous area of the amount of initial
points @. These points converge to the origin in & steps of
iterations. SA(k) is a convex polygon with 2k lines. For
example, SA(1) is the line of a.a;, while SA(2) is the
parallelogram of a.,b_,a.,b.,, and so on.

Definition 2: L, L,

Denote the fold lines a.y, .1y, ---> @15 b2, -y Bigery,bag as Ly
and a, a1y, ... A1, b, .y bger),by as L. As analyzed above,
when o is on or beneath L;, the control value fst is selected
as +M; when o is on or above L,, fs¢ is selected as -M; and
when o is between L; and L,, fst is selected in [-M, +M].

As can be seen from Fig. 2, the state variable of the system
converges to 0 in limited sampling periods through its
relevant trajectory when fs#(i) changes under different rules.
For example, if the initial point of @ is above L,, fst will be
selected as -M. Under the control force of fst, the point will
move to L,. Then it will converge to 0 in limited sampling
periods along its specific area. In particular, when the points
are in the middle of lines a;b,; and a_b;, fst is selected as 0,
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which means that they will move to a.; without a control
force.

The name the midpoint of a;b; and a_.b; is cy;, which is
shown in Fig.2. Thus, the coordinate of ¢, and c, can be
expressed as:

o |1 2 2

Aw —k(k+ )T "M -T "M

_|3 (k+ 1T s (12)
[l | —k-nT,M
and:

ST 2 2

A ——kk+D)T."M+T"M

(] _ 5 ( )s s ) (13)
S B N Vs

Condition 1: Beyond SA(2)

When the initial points are beyond SA4(2), the OCS
function fs¢1 can be deduced as follows.

As can be concluded from (8)-(13), these points can be
contained by the six parabolas that follow:

2
Aw=24""s"%d LMo, ,o7 <0
2M
2 —
AQZ_W""“’ >0
w2 —5T,Mw, +2T,*M?
Aw = d s d s aa)d<0
2 M 21,2 (14)
Aw = a)d—ST}]Mza]);+2TS M , 0y >0
2
Aw =245 ST Mo, ,o7 <0
2M
2
AQZ_WW 50

Define y=Aw+Tw,; and (14) can be rewritten by three
equations which can be expressed as:

. M 3y .
@4 — Slgn(y)T(Ts —]/% +T,%) = —sign()T,M (ay;)

. M 8y .
@y — szgn(y)T(Ts - % +1,%) = sign()I,M  (by;)(15)

. M 8y 2
Wy —szgn(y)T(TS —]/%JFTS )=0 (c+)

Define the auxiliary equation as:

. M 8y
glwy,y) =0y, —Slgn(y)T(Ts— %+T32)- (16)

It can be known that g(c.;)=g(c;)=0, g(a+,)=g(b.;)=T,M, and
gla.)=g(b.)=-TM.

According to the analysis above and by applying the power
function in nonlinear control, the OCS function beyond SA(2)
can be obtained as:

~ Msign(g(y,»),  |g(wg, )2 T,M

S=1 g(wy,y)
T

s

.a
, |g(@q,)| < T, M an

This guarantees fast convergence from w, to w, which
means that the effective and continuous signal of the speed
will be extracted accurately and fast.

Condition 2: Inside SA(2)

It can be seen from Fig. 2 that SA(2) is surrounded by 4

fold lines, whose expression are written as:

y+To, =TM,  (asb_,)
vy ==T'M,  (ab.5) s
y=TM, (a,2b_5)
y=-TM, (a_sb,»)

When £=2, the solution of f5#(0) can be obtained from (7) as:
Aw(0)+2T,,(0)  @,;(0)+ y(0)/T,
o= 240 20,0 _ 01O+ OIT,

Combining (18) and (19), the OCS function inside SA4(2) can
be obtained as:

(19)

a)d+y/T€
—T .

N

where |@,+y/T,|<T,M , [Y<TM .

fot2 = (20)

Above all, the OCS function in this paper is set as a
sectional type. When the initial point is beyond SA(2), fst is
selected as the maximum value (M) to move it towards the
inner SA(2). Then, fst is selected as f572 to make it converge
to the origin as quickly as possible.

In order to suppress noise in the input signal and to avoid
chattering in the switch function, let A=nT,, where n is the
amplification of 7. This means that the sampling step in the
OSC function is increased, which helps to filter
high-frequency signals but inevitably causes a time delay. /4 is
an important parameter of the NTD, which is analyzed in
detail in Part C.

As a result, the expression of the OSC function is obtained
as:

o, 0) - ko My = — 0 S
st(w, (k) — o(k),w; (k),M,h) =—
’ ¢ Msign(a), |a|>d
where:
@, +y/h, b <d,
o=l u_a , 22)
O + 02 sign(y), |y >d,
d =Mh
dy = dh
23)

y=w,-0+ho; "

a =,/d2 +8M|y|

Based on the conclusion above, the closed-loop control
system of an elevator is established where the NTD acts as a
digital filter of raw speed, as is shown in Fig. 3.

C. Frequency-Response Analysis and Parameter Selection
The NTD is a nonlinear system as a result of using a
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Fig. 3. Structure of the elevator traction machine drive.
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Fig. 4. Frequency sweep results of low-pass filter and NTD.

nonlinear function. Therefore, the conventional analysis
methods of a linear system cannot be used to analyze its
frequency characteristics. Here, a chirp signal is used to
realize the frequency sweep measurement in order to obtain
the frequency response of the NTD. Input the chirp signal to
the NTD and observe its output. The frequency-response is
obtained and compared with that of a first order Butterworth
LPF, which shows the advantage of the NTD.

Note that the response of the NTD is related to the input
amplitude, which should be considered in the sweep
measurement. In the practical experimental platform, every
variable whose range is from 0 to 1 is calculated by per unit
values in the controller chip. When the input is between 0 and
1, the NTD shows the same characteristics because the
amplitude of the input is in the same response interval.
Therefore, the chirp signal is set to be 0~500Hz with its
amplitude set 1. The NTD parameters are selected as follows:
M=500 and 4=0.01. The cut-off frequency of the first-order
Butterworth LPF is 17Hz. The analysis results are shown in
Fig. 4.

Note that the frequency of the chirp signal changes
uniformly over time, meaning that the time in the horizontal
axis can be regarded as the frequency, and the amplitude in
vertical axis can be regarded as the gain of the system. Define
the width in the horizontal axis when the amplitude drop is
from 1 to 0.707 as the bandwidth. It can be seen that with an
increase of the frequency, the amplitude of the LPF decreases
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Fig. 5. Frequency sweep results of NTD using various M.

gradually which indicates a narrow bandwidth. Meanwhile
the NTD shows a constant output amplitude during the
low-frequency region and a wider bandwidth can be achieved.
In addition, when reaching the cut-off frequency, the LPF
shows slower attenuation ratio of amplitude when compared
with that of the NTD. In conclusion, the NTD appears to have
a better filtering property.

By using frequency sweep measurement, the influence of
parameter M can be detected. Keeping #=0.01 and giving
various values of M, different analysis results are shown in
Fig. 5.

It can be illustrated that with an increase of M, the
bandwidth becomes wider, which means that the NTD
obtains a faster response and stronger stability. Generally, the

bandwidth of the NTD will be proportional to NITS

As analyzed previously, M is the maximum value of the
OCS function. When a larger value of M is selected, the force
of the control variable to the system is stronger, which means
a higher tracking speed. However, since M is proportional to
the bandwidth of the system, a larger M does not assure the
filtering effect of the high-frequency noise. According to [15],
the scale of M can be selected from 500 to 1000 with no
high-frequency existing.

Then by observing the output of the NTD when inputting a
sinusoidal signal mixed with random noise, the filtering
effects for different values of 2 can be detected. Set the
frequency of standard sinusoidal signal as 1Hz and the
amplitude as 1. The analysis results are shown in Fig. 6 when
M=500, and #=5T, 10T, 207, and 307 respectively.

In Fig. 6, each of the four figures shows the expected
output and the output of the NTD when the sinusoidal input
contains random noise. It can be seen that the filtering
performance of the NTD is improved significantly with the
increasing of 4, which means that it can perform better in
extracting an effective signal.
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h mainly influences the effects of noise suppression. As
analyzed before, h=nT,, which enlarges the sampling step in
the OSC function. Thus, the changing rate of the control
variable is reduced. This means that when the input speed is
in a higher frequency, the output remains unchanged instead
of tracking it. Hence, the high frequency noise is filtered and
the effective signal is extracted. However, the value of 7
should be limited because a time delay is present when it is
selected to be larger. This affects the stability of the system
when it is out of range. Therefore, / is usually selected from
37, to 207, in practical applications [14].

III. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Results

A simulation has been carried out to compare the proposed
filtering strategy in Matlab/Simulink. The parameters of the
traction machine system used in simulation and experiment
are the same, and are given in the Appendix.

The NTD parameters are selected as follows: M=1000,
h=0.01, and the cut-off frequency of the Butterworth LPF is
17Hz because it is practically applied in the experimental
platform. This set of the cut-off frequency assures both the
rapidity and smoothness of the transient response. The PI
control parameters are selected as follows: K,,=3.61,
K;,=83.33, K,=37.49, and K,=575.04, which have been
regulated to be optimal parameters. When the speed of the
traction machine is changed from 0 to 2.5rpm, simulation
results of the LPF and the NTD are shown in Fig. 7 and Fig. 8,
respectively.

Fig. 7(a) and Fig. 8(a) show simulation results from 0 to
0.6s. It can be seen that the speed through the low-pass filter
has a larger time delay (0.045s) than that of the NTD (0.022s),
which influences stability when using it as the speed
feedback. Fig. 7(b) and Fig. 8(b) show zoomed results of the
speed. This detailed information can be compared to evaluate
the performance in the steady state. From the results, the
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(a) (b)
Fig. 9. Experimental platform of 11.7kW elevator traction
machine. (a)Traction machines. (b) Drives.

speed signal obtained by using the NTD is smoother, with
less vibration at low speeds.

B. Experimental Results

The proposed NTD filtering strategy was verified on an
11.7kW elevator traction machine using a commercial
inverter. The experimental platform is shown in Fig. 9. A
Sin-Cos encoder (ERN1387) with 2048 P/R is installed on
the machine. The PWM frequency of the inverter is 6kHz.
The whole control algorithm is executed by a
STM32F103VB ARM chip. The control period of the speed
loop is 1ms.

The performance of the tracking and filtering can be
changed with different parameters of the NTD. In order to
assure both the stability of the system and a rapid response,
the NTD parameters are selected as follows: =200, #=0.01,
and the cut-off frequency of the LPF is still 17Hz. The
regulated controlling parameters of the speed loop and
current loop are K,,=3.61, K;,=83.33 and K,=37.49,
K;=575.04, respectively. The machine shows acceptable
vibration at the steady state, and achieves the response of
speed loop and current loop as quickly as possible.

In order to evaluate the filtering effects of the proposed

method, the accurate speed w;, calculated from the position
subdivision of the machine by a Sin-Cos encoder is
introduced. According to this reference signal, the effects of
the LPF and NTD will be compared intuitively.
1) Filtering effects of a first-order Butterworth LPF and the
NTD: Accurate speed @y, is used as the speed feedback.
When the speed of the traction machine is 2.5rpm, the
experimental waveforms are shown in Fig. 10 and Fig. 11.

Similar to the simulation results, the speed signal obtained
by the NTD is smoother and shows a smaller time delay than
that of the first-order Butterworth LPF, with less vibration at
low speeds.

2) Control effect using the filtering speed as feedback: The
speed subdivision w,;, can be regarded as the accurate speed
of machine. Hence, it reflects the actual running situation.
Using the filtered speed signal as the speed feedback of the
machine, the practical control effects of the filtering methods
can be obtianed from the experimental waveforms of wg;,. In
order to verify the advantage of the proposed filtering
strategy, different types of first-order LPFs (Butterworth,
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Fig. 11. Experimental results of NTD.

Chebyshev and Elliptic filters) were applied to calculate the
speed in practical operation. The cut-off frequencies for all of
the filters were set 17Hz. When the speed of the traction
machine is Srpm, the experimental waveforms are shown in
Fig. 12. The second waveforms are the speed subdivision w,,
and the bottom waveforms are the speed feedback.

It can be seen from Fig. 12(a)-(c) that the speed
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subdivisions @,;, when using LPFs of all types show presence of obvious ripples. These will have impacts on the
overshoot during the rising process. This means a slight riding comfort of passengers. By contrast, the speed
vibration of the traction machine. Furthermore, during the subdivision using the NTD is shown in Fig. 12(d). The results

steady state, the speed is not stable enough due to the show a stable performance during the transient state without
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any overshoot, and the speed is smoother in the steady state,
ensuring the comfort of the passengers.

At ultra-low speed operation, when the speed reference is
set as 0.5rpm, the experimental results are shown in Fig. 13.
It can be seen from Fig. 13(a) and (c) that the speed
subdivisions when using a Butterworth LPF and a Elliptic
LPF contain serious vibrations in the transient state, which is
highlighted in the figures. By contrast, the speed subdivisions
using a Chebyshev LPF and the NTD display a relatively
stable performance in the transient state. In terms of the
transient state, there is no big difference between the
Chebyshev LPF and the NTD. During the period of the
steady state, there still exists a rotor vibration when using the
Chebyshev LPF as shown in Fig. 13(b). However, it is
reduced when using the NTD as shown in Fig. 13(d).

The stability of ultra-low speed is very important because
it influences the comfort of passengers during start-up. In
general, the NTD is a high efficiency filtering method with a
smaller time delay and better filtering effects than other types
of LPFs when its parameters are selected appropriately.

IV. CONCLUSION

A novel speed filtering method for permanent magnet
traction machines to improve low speed performance is
presented in this paper. Based on the theory of the nonlinear
tracking differentiator (NTD), the method can relieve
vibrations of the speed and reduce the time delay. Based on
the analysis of the nonlinear OCS function and the impacts of
its parameters, optimal parameters can be obtained which
show more efficient performance and satisfy demands for
stability. Furthermore, when using the speed signal through
the nonlinear tracking differentiator as the feedback of a
speed closed-loop control system, the motor shows a better
performance compared with other types of low-pass filters.
Therefore, smooth operation can be achieved at low speeds.
Experimental results confirm the feasibility of the proposed
strategy.

APPENDIX
TABLEI
TRACTION MACHINE PARAMETERS

Parameters value
Rated power 11.7kW

Rated voltage 380V

Rated current 23A

Rated speed 167rpm
Rated torque 670N-m

Stator resistance 0.23Q

D-axis/Q-axis inductance 15mH

Number of pole pairs 12
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