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High-Gain Nonlinear Active Disturbance Rejection
Control Strategy for Traction Permanent Magnet
Motor Drives

Yin Bai"¥, Guogiang Zhang

Binxing Li", Gaolin Wang

Abstract—In order to improve the performance of the traction
permanent magnet motor drives without weight transducer for
direct-drive elevator applications during starting operation, this
article proposes a novel control method based on the high-gain non-
linear active disturbance rejection control (HNLADRC) strategy.
First, the limitation of linear and nonlinear error decay function of
active disturbance rejection control (ADRC) method is analyzed,
which is not suitable for the complex situation at starting operation
of the traction motor. A high-gain nonlinear error decay function
based ADRC method is proposed, which can achieve better per-
formance in the starting operation of the traction motor. Both the
high-gain extended state observer (HNLESO) and the high-gain
nonlinear error feedback law (HNLEFL) are constructed by the
high-gain error decay function to improve the compensation accu-
racy of the starting torque and the dynamics of the speed loop. By
analyzing the error decay performance of the HNLESO and the
HNLEFL, it is proved that the HNLADRC method has a faster
error decay rate. Experimental results show that the proposed
method can obtain a shorter rollback distance and faster response
capability.

Index Terms—Error feedback law, extended state observer,
high-gain nonlinear active disturbance rejection, starting control
strategy, traction permanent magnet motor.

1. INTRODUCTION

HE traction permanent magnet motor has replaced the
T traditional geared traction machine as the mainstream
traction machine due to the high efficiency, simple structure,
and high-power density [1]-[5]. In the starting operation of
the elevator, the rollback problem of the car is the main factor
affecting the comfort of the passengers. The traditional method
is to install the weight transducer at the bottom of the car which
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measures and compensates the starting torque to suppress the
rollback of the car. However, the installation of the weight
transducer is complicated, and the inaccurate compensation may
occur when the sensor fails, affecting the performance of the
elevator. Thus, the weight-transducerless control method has
become the development trend in the elevator industry. Due to
the low bandwidth of the speed loop and poor stiffness of the
traction motor system, the PI controller is difficult to effectively
suppress the rollback phenomenon of the elevator car in the
weight-transducerless control method [6].

At present, some research works have been carried out to in-
vestigate the starting performance of the traction motor, which is
mainly divided into two categories, the direct calculation method
and the controller method. The direct calculation method mainly
establishes the mechanic model of the traction motor, through
which the starting torque can be calculated and compensated.
In [7], the research pointed out that the force model of the
traction motor is the nonlinear load with time variation. On
this basis, the starting torque was compensated in the control
system in [8]. The direct calculation method requires the high
precision of modeling, which is still at the approximate stage
and cannot compensate the starting torque accurately. In [9], the
dichotomy method was used to approximate the starting torque,
which can further improve the calculation accuracy of the direct
calculation method. However, the calculation accuracy of the
direct calculation method is still low for the starting torque,
which limits the situation where the starting torque needs to
be compensated accurately.

The controller method is to replace the traditional control
algorithm in the system with the advanced control algorithm to
improve the response ability and reduce the steady-state error,
such as fuzzy control algorithm [10], [11] and model predictive
control (MPC) algorithm [12]-[15]. By making fuzzy rules [10]
to self-tune the parameters, the fuzzy controller can adaptively
adjust the bandwidth under different system disturbances [11].
The MPC algorithm can effectively improve the response speed
due to the good control performance for nonlinear systems
[14], [15]. Predictive control can also be combined with other
advanced control algorithms, such as sliding mode control [16]
and adaptive control [ 18], to further increase the system stiffness.
In [17], a delay compensation algorithm based on MPC was
proposed to reduce the influence of digital delay on system
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response. Generally speaking, the controller method has strict
requirements for the design of internal parameters. The inaccu-
rate parameters may lead to unstable operation of the system, so
the parameter design is complicated.

Another controller method is the active disturbance rejection
control (ADRC) method. Since the complex load during the
starting operation can be regarded as system disturbance, the
ADRC method can be adopted. The ADRC can effectively
suppress the total disturbance by observing the system distur-
bance through the extended state observer (ESO) and feeding
forward compensation to the control signal [24]-[29]. In [24],
the stability of the ADRC method was analyzed in detail, and
the selection rule of the parameters was given. On this basis, a
cascade ESO was proposed in [25], where the disturbance was
observed again through two observers to reduce the observation
error. In view of the noise in the input signal, a noise suppression
method in the ESO was proposed in [26] to reduce the influ-
ence of high-frequency noise while improving the observation
bandwidth. The core of the ADRC method is the error decay
function. The linear function is widely used as the simplest form
of function. The error decay effect of the nonlinear function is
better than the linear function at certain conditions. However, the
decay rate of the nonlinear error function is smaller than that of
the linear error function when the system disturbance is large.
For the complex situation at starting operation of the traction
motor, one error decay function cannot satisfy the requirement
of fast error decay. Thus, the high-gain processing of nonlinear
function can realize fast convergence of errors.

The main contribution of this article is to propose a high-
gain nonlinear active disturbance rejection control strategy for
traction permanent magnet motor drive. On the basis of ana-
lyzing the performance of traditional linear and nonlinear error
decay functions, a high-gain nonlinear error decay function is
proposed. This function can achieve a large gain and obtain a
better decay effect than the traditional linear and nonlinear error
decay functions. The high-gain nonlinear error decay function
is applied to the ESO to realize a fast and accurate observation
of system disturbance. The high-gain nonlinear control law is
applied to the nonlinear error feedback to form the high-gain
nonlinear error feedback control law, which can reduce the
rollback distance and time when the traction motor starts. The
effectiveness of the proposed scheme is verified on the 11.7 kW
traction permanent magnet motor experimental platform.

II. LIMITATION OF TRADITIONAL ADRC FOR TRACTION
MOTOR DRIVES

A. Model of Traction Motor Drive Adopting ADRC

Fig. 1 shows the structure of the traditional ADRC, which
can be divided into linear active disturbance rejection controller
(LADRC) and nonlinear active disturbance rejection controller
(NLADRC) according to different error decay functions.

The mechanic equation of the traction motor is shown as

b = w.
G = §(T. — Ty) — B (1)
T, =0
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Extended state
observer

Fig. 1. Structure diagram of traditional ADRC.

where 6. is the position of the traction motor, w. is the mechanic
speed, T, is the output torque, 77y, is the load torque, B is the
friction coefficient, and J is the moment of inertia. For the field-
oriented control system, the g-axis current reference i,* can be
regarded as the control quality under the mode of i; = 0.

Suppose d(t) = (Te-T1)IJ-Bw/J-boi,*, where d(?) is the to-
tal disturbance of the system. Through m(f) and (1), the state
function of the system can be expressed as

O = we
e = m(t) + boi, )
m(t) =h

where £ is the change rate of the start torque. When the motor is
in the zero-servo stage, w. = 0, and there is no electromagnetic
torque. At this time, the total disturbance can be equated to
the start load torque 7. The figure shows the main process of
load torque applied to the elevator traction machine, which is
divided into three main steps as follows: Step I, the brake holds
the brake wheel; step II, the brake is gradually released; step 111,
the brake is completely released. The function of the equivalent
load torque of the traction motor is shown as

Oan+F‘u > (Mc_Mw)g

(M. — My,)g — (Fb+Fu)]Ra Fy 3)
+Fﬂ < (Mc - MW)Q

Ty, =

where F, is the frictional force by the brake, Fu is the frictional
force by other factors in the dynamic process of the system, and
R is the radius of the traction wheel.

Fig. 2 shows the increasing progress of start load torque. It
can be seen from the figure that the starting torque is loaded in a
continuous process and therefore the differential / is consistent.
The third-order ESO is established based on (1)

e1 =2 — 0

2 =20 — l1&1(e1)

29 = 23 + boty — 12&a(e1)
Z3 = —l1383(e1)

where e is the error between the estimated position and 6., dy is
the torque constant, z1, zo2, and z3 are the estimated values of 6.,
we, and m(?), respectively, and &(e) is the error decay function
of the ESO. £(e) is the core of the ESO, deciding the decay way
of the estimated error.

The error decay functions of the traditional linear extended
state observer (LESO) and nonlinear extended state observer

“)
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Fig. 2. Increasing progress of start load torque.

(NLESO) are shown as
le)=e o)

B [ stmlel <o
enie) = tie.o.d) = {FRE S0 L, ©

where £(e) is the error decay function of LESO, &y (e) is
the error decay function of NLESO. fal function is used as the
nonlinear error decay function, where 0<a<1 and 0<d<1.

After compensating the starting torque using ESO, the P
controller is commonly used as the speed controller due to
the integral effect of ESO. However, the response time of the
speed loop is slow because of the removal of the integral part,
making the rollback distance significantly larger than before.
After removing the integral part, the speed loop system needs
to be processed to further reduce the rollback distance. The
disturbance immunity of the system is analyzed setting the
control quantity as i = iqo. Suppose the output of the speed
loop as the traditional nonlinear function

o _ | Knugts,lel <6
o = Knpfal(e,,5) = {KNL|e|“sign(e>, RN

where Ky, is the proportional coefficient of the nonlinear part.
The feedback system is changed into the linear feedback when
a = 1. The speed state function is shown as
w = d(t) + boiqo
= d(t) + bOKNLfal(e, «, (5) (8)

Due to e = -w, at zero-speed starting operation, the speed
error can be calculated by (8)

é= d(t) — bOKNLfal(e, a, 5) (9)

B. Analysis of Limitation of Traditional ADRC

Define es = z9-w,, e3 = z3-m(f), the error state function can
be shown as

é1=e2 — lhi&i(er)
ég = €3 — lgfg(el) .

és = h —I3&3(e1)
When the system reaches the steady state after compensation
at startup, satisfy é; = éy = é3 = 0. The relationship of the

(10)

13137
2
5 1.5
o 15 1
<
£ 05 03
g 0 -0
'%-0.5
Z -0.5
s -1
o
£-1.5 -1
3 2
2 -1.5
1 LS or
- e -2
wiy %% 0 o E*““a ed
Fig. 3. Relationship of Ae, h/l3, and estimated error.
estimated errors between LESO and NLESO is shown as
EN1.2.3% = 01 7%€L1 2 300, [EN100| < &
| i . (11)
eN1230 = (7 €L1,2,3005 |EN1oo| > 0

Define Ae = en1,2,300-€1,1,2,300 . The relationship of Ae, h/l3,
and the estimated error is shown in Fig. 3.

According to (11) and Fig. 3, when |e|<6, §"*<1 and
eN1,2,30< €L1,2,30 because o and J are less than 1. Thus, the
position estimated error of NLESO is less than that of LESO.
When |e|>d, the convergence of NLESO is related to ii/l3. When
h>l3, en1,2,30 >€1,1,2,300, sShowing that NLESO has the higher
steady-state estimated accuracy of the starting torque at the small
change rate 4. When the large change rate of the starting torque
is added, h = I3(|e] = 1) is bounded, pointing out that LESO has
higher estimated accuracy at h>/3 (Je|>1), and the NLESO has
higher estimated accuracy at h<I3 (|e|]<1).

The limitations of the traditional error feedback control law
are analyzed. The differential equation is shown in the following
equation:

1 dle)t o de
= 51 - 12
Tr— le|“sign(e) = (12)
Multiply both sides of (12) by Hl_ dle C‘l:
1 d|e|1+a
l+a d
- m(t)
—bo KNLO 1(6_ 2boKNL) + 4b0KNL | | <90
2
_bOKNL(|e\O‘sign(e) - 222%) + 51717:0(“) lef = 5
(13)

Suppose the amplitude of the starting torque is mg. According
to (13), the condition should be met to satisfy dle|' **/dt

{e>ﬁﬁ%m||<5

(14)
le]* > g lel = 6

That is, the error of the speed loop eventually enters the
interval

{ [_ 617(;”;((])K1\5L’ 517(:2(()]1(1\11]“]7 |e| < 5

[_(bo?gm)z’ (bomTONL)EL |6| >0 .
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When a = 1, the system changes into the linear system,
resulting in the error of the speed loop system eventually enter
the interval (-mo/boKnt1,, mo/boKny,). Assume 1, and ynr, are
the upper bounds of the error decay range of the linear and fal
functions, respectively. The relations between my/boKNr,, V1,
and N7, can be obtained

mo -
boKnr

_ [ el <6
(ywr)sign(yne), [ywe| =6

YL

5)

Fig. 4 shows the relationship among m/byKnt,, 71, and YNt
It can be seen that the length of the error interval of the linear
and nonlinear error decay functions is related to the value of
mo/boKnt,. When (mo/boKni1,)<1, v, <YNL, the decay interval
of nonlinear error function is smaller. When the starting torque is
large, (mo/boKn1,)>1,71,>7vNL, the linear error function decay
interval is smaller.

It can be concluded that the limitation of the traditional ADRC
mainly depends on the choice of error decay function. Both the
linear and nonlinear error decay functions have advantages and
disadvantages under different load conditions, but they cannot
achieve an ideal effect under complex load conditions when
the motor starts. Therefore, it is necessary to improve the error
decay function, so that the observation error and control error can
converge quickly, effectively improve the observation accuracy
of the torque and the stiffness of the control system.

III. PROPOSED HIGH-GAIN NONLINEAR ADRC STRATEGY

The field-oriented control scheme of the direct drive perma-
nent magnet traction machine for starting is shown in Fig. 5(a),
in which the proposed HNLADRC is used. The HNLADRC
mainly includes two parts, the high-gain nonlinear extended state
observer (HNLESO) and the high-gain nonlinear error feedback
law (HNLEFL). The whole control algorithm is completed in a
digital signal processor chip. Fig. 5(b) is the structure diagram
of the proposed traction machine starting control strategy.
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Fig. 5. Block diagram of HNLADRC. (a)Field-oriented control diagram.
(b)Structure of HNLADRC.

A. High-Gain Nonlinear Extended State Observer

Take the derivative of the fal function

dfal(ey, e, 0)

dex (16)

_ 51%7 |€1| < J
a|el|a71sign(el), lel] <6 °

When the error is in the nonlinear part, the point at which the
derivative equals 1 is (a//0-®)_ q®/1-)) When the derivative is
greater than 1, the higher order function is considered to obtain
larger gain than the linear function and the fal function. The
high-gain fal function is shown as follows:

s lel <6

e|"sign(e), 8 < le] < at=

nfal(e, o, ) = (17)

(ale|™ + b)sign(e), |e| > aT=
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By substituting (o), o®/(1-)) and the derivative into (17),
the coefficient can be obtained as

1 n—i
a = =Q o

n . 18
b—alga—lalza (18)

Fig. 6 shows the function image of the linear function, the fal
function, and the nfal function. Since the three functions are all
odd functions, the function properties of the first quadrant are
analyzed here. It can be seen that the nfal function has the same
structure as the fal function in (0, o'/1-®)), while the nfal function
adopts a higher-order function for error decay. According to the
structure shown in Fig. 4(b), the ESO using the nfal function can
be expressed as

€1 = 21 — 06

21 =29 — linfal(er, a,9)

29 = 23 + biy — lonfal(er, a,0) *
Z3 = —lznfal(e, o, 0)

19)

When the traction motor adopts the ESO based on the nfal
function, the steady-state error of the system can be obtained.
The error is the same as that of fal function when |e|<a/!/(1-®).
The error function in |e|>a!1"%) is shown as

h = _1 _n-1
€HN1cc = |Nj — (D Ta —qTa || @r(-a)
CHN200=11€HN 100 20)

CHN300 =12€HN100

The steady-state errors of the linear function, the fal function,
and the nfal function are compared when |e|>a!"1"®), When
le]<1, the fal function has a smaller steady-state error. When
le|>1, the linear function has a smaller steady-state error. Hence,
the nfal function is compared with fal function when |e|<1, and
compared with linear function when |e[>1. Define

A1 =eHNioo—eNloos [eHNI| < AT7, [enin] < aT=
Aeg =€eHN1co —€L1oos |@HN 10| > (Xﬁ, leN1oo| > ara
(2D
Fig. 7 shows the relationship of Ae; and Aey about function
order n and estimated error e, where the shaded surface is the
error when Aeq and Aes equals 0. As can be seen, the regions of
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le|>a!/1-* are all distributed in Ae; <0 and Ae, <0. Therefore,
it can be seen that the HNLESO has a small steady-state conver-
gence error, and it can accurately observe the starting torque.

B. High-Gain Nonlinear Error Feedback Control Law

The structure of the HNLEFL is shown in Fig. 5(b), where the
proposed nfal function is considered to deal with the nonlinear
error feedback system. As seen from (17), the error of nfal
function can be shown as follows when |e|>a/!/(1®)

1 wna a 1
—qoe|" + aT-a — —qT-a. (22)
n n
Change the differential function to
n-l 1+n
aoT  dle 1 w1, . de
= —qa1 —. 23
n(l+a) dt n lef"sign(e) dt 23)

It can be obtained from (23)

a% d|e\1+" _
n(l+a) dt

*boKNL( asTle[" — 3 (b’f&

o R 2
— 1- = 1-o
« + e

o 1 L 2 a—1
—aTa +=aTa ) le| > a

1 m(t)

4bo KL (bOKNL
(24)

If the left of (21) is less than 0, the condition to be satisfied is

le|"™ > Dot (0 —aﬁ—i—laﬁ .
2 bOKNL n

(25)
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Therefore, the error of the speed loop system eventually falls
into the interval

n m 2 1 L
( - 5an<a—1) (bOTONL —aTa 4+ o 1—a)
n 1-n m, a 1 1 71L
5C‘{n((x—l) (bOI(ONL —al-a 4+ ;a l—a) )

Assume yynr, is the upper bound of error decay of the high-
gain nonlinear error decay function. The relationship among
YL, YNL, and ypnt, i shown in Fig. 8. It can be seen that the
error of the nfal function is smaller than that of the linear and
fal function at the same mo/boKn1, value. And the error decay
interval gradually decreases with the increase of the function
order n. Therefore, after using the HNLEFL, the traction motor
can get a smaller rollback distance at startup.

3=

C. Error Decay Characteristics of HNLADRC

Define the error gain function

=, lel <6
le|* sign(e), 8 < |e| < aT=
(ale]"™" + L)sign(e), le| > a7
(26)
The HNLESO can be expressed as the variable gain ESO by
the error gain function

ey male)

(&

€1 = 21 — 96

21 =29 — liAnien
Zo = 23 + bZ; — lohpoer 27
Z3 = —l3hp3e1

Assume the system reaches the steady state, # = 0. Then the
transfer function of the estimator can be obtained as follows:
Zl (S) _ (lirn18%Flornos+130,3)0(s) | bsl(s)

- S3+ll)»n1gz+12)»n25+137~n3> ! 53+l1)\7%132+l2)‘n23+l3)"n3
ZQ(S) _ (Iahn25°+13h,35)O(s) + b(s*+liin18)I(s)

53 +11An18%FloAnast+lshng | 83 4+Hl1An15°Flaknas+1I30n3
Z?’(S) T S A5t lahnas Hlakng | 52t lihn1 82 Flaknzstlatng
2

I3hn3520(s) Ishnsl(s

where Z1(s), Z2(s), and Z3(s) are the Laplace transforms of z1,
79, and z3, respectively. According to (25) and the error function,
the transfer functions of the three errors are as (27), where
E1(s), Ex(s), and Es(s) are the Laplace transforms of e, es,
and es, respectively, O(s) is the Laplace transform of 6., and
I(s) is the Laplace transform of i,*. Considering the steady-state
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convergence error of the third-order ESO, both the input and the
controlled object are step signals with amplitude K are given as
(28) in order to observe the response of the system

—530(s)+bsI(s)

T s3+lhin182FlahnostHsing

_ =82+l 2n1)O(8)+b(s® +li1An18) [(s)
53 4+11An18%FlaAnas+I3hns

_ =8 (lidn1 8% Hladnas+lzhns)O(s)

- S3J§ll)~n18245l2)»n28+l3/\n3
b(s?+lihn18°+Hlokn2s)I(s)

s34+l Ap182+l2hn2s+l3hns

—Ks30(s)+KbsI(s)

83411 hn182+lohnos+l3An3
—K5°(s+l12n1)O(s)+Kb(s%+l10n18)I(s)
53 4+11An152 Hlaknas+I3h,3
—Ks3(I1hpn152+lohnos+lsh,3)O(s)
$34+11An182+lohnos+lgh,s
Kb(s®+112n15%Flakn28)I(s)

53 +112n152+Hlahn28+13An3

(29)

sEq(s) =
sEs(s) =
sE3(s) =

(30)

It can be seen from (27) that the transfer function of each error
system has the same characteristic function

R(s) = 8% 4+ l1An15% + lodnas + Ishns (31)

To simplify the calculation, set 1,1 = Ano = Ans = A. The
roots of the characteristic function s and s2 3 can be shown as

o1 =~ ~ } (47T + YD)
925 = 5 (“3e0 + 3 (40 + ) £ 5 (0 — ym)i)
(32)
where  y; = 27wi (1 — A)(1+ V), y2 = 27wd(1 — 2)(1 —
ﬂ), and wg is the bandwidth of the ESO. The bandwidth of the
ESO is determined by the shortest distance between the roots
of the characteristic function and the imaginary axis. Thus, the

bandwidth of the ESO can be characterized by
d:min(|d1\,\d2|) (33)

where d is the distance between the roots of the characteristic
function and the imaginary axis, and d; and ds are the distances
of the poles which can be shown as

d = s1 = —wy [1+ VT=A(VT+V3+ V1 -Vi)]
do = Re(sa3) = .
g [1= 39T=7 (V14 + V1=V)

(34)
The limits of d; and ds can be calculated as
lim d; = —1%
horgoo 1 T TEY0 (35)
limdy, =0
r—0

Fig. 9 shows the relationship of the distance from roots to the
imaginary axis d and the nonlinear gain A. It can be concluded
that there exists the largest bandwidth wg when A changes within
(0,4-00). Set the gain is Ag at wg. When A>Ag and A—+00,d =
|d1| and tends to wg/3, indicating that the bandwidth of ESO is
no less than 1/3 of the configured poles. When A<, and A—0,
d = |ds| and tends to 0, indicating that the bandwidth is tend to 0.
In practical applications, A is bounded, so the bandwidth should
be selected with respect to the actual situation. The objective is
to minimize the bandwidth variation range when A is varied.

According to (33) and (35), the parameters of the character-
istic function is configured as [} = 3wy, Iy = 3woilho, Is =
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wo>/ho. As can be seen from Fig. 10, when the error system
changes with e, the poles of the closed-loop are always located
in the left of the imaginary axis. Therefore, the system is stable
for different errors. In addition, with the increase of error, the
poles move away from the imaginary axis, which can accelerate
the error convergence rate and achieve good error convergence
performance.

The parameters of the nonlinear function are « and . Too
small o may result in the high-frequency oscillation of observa-
tion, while the NLESO cannot play the advantages of fast error
attenuation and strong anti-interference capability with large a.
In general, « is taken as 0.5. § determines the length of the
linear interval. As known in Fig. 9 , too large linear interval §
brings about the failure of the nonlinear gain, while too small &
makes the observer more volatile. Generally, 4 should be under
the interval of [0.01, 0.1]. which is usually taken as 6 = 0.1.

The decay performance of the steady speed error is analyzed
below. When the system disturbance is observed and compen-
sated by the HNLESO, the output of the speed loop is

ok . 22
iy = iq0 b’ (36)

Due to the feedforward compensation effect of the ESO,
the external disturbance of the system can be observed and
suppressed. Therefore, the system can be regarded as a sys-
tem without external disturbance, which can be simplified as
W = iqo. During the zero-speed starting operation, e = -w,

é=—Kno(e) (37)
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(b)

Fig. 11.  Experimental platform of 11.7 kW gearless traction motor. (a) Trac-
tion motor drives. (b) Traction motor platform.
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Fig. 12.  Comparison of error decay speed of linear, fal and nfal function.

where 1(e) is the error decay function. It can be seen that K,
is similar to the proportional part of the PI controller. Thus,
Kn1, can be adjusted according to the design method of the
proportional part of the PI controller.

By substituting linear function, fal function, and nfal function
into (31), the speed error can be obtained as follows:

—Knit

er, = ege (38)

eoe 0N el < 6
1

sign(eo) (Jeol ™ = (1 = a)Knet) " Je[ = 6
(39

ENL =

CHNL =
_sa-1
eoe 0" KNt e < §

_1
sign(eo)(|eo|1_o‘ (- a)KNLt) T8 < el <aTw .

sign(eo)

—.le| <aTw

n—1 a
(‘GO‘%%FO(O‘—*T (DL*l)KNLt>

(40)
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TABLE I

PMSM PARAMETERS
Parameter Value Parameter Value
Rated Power 11.7kW Rated Torque 670N-m
Rated Speed 167 r/min | Resistance 023 Q
Rated Frequency  33.4 Hz Number of Pole Pairs 12
Rated Voltage 380V d-axis Inductance 15 mH
Rated Current 23 A g-axis Inductance 15 mH

Fig. 12 shows the comparison of error decay speed of linear,

fal and nfal functions. It can be seen that

1) The decay rate of linear function error satisfies the same
exponential approaching law, which decays at the rate
o-KNLt

2) The decay rate of the fal function is divided into two
parts. When |e|<d, the fal function decays at the rate of
e 0% " Exit: When |e|>6, the fal function decays at the rate
of ((1-a)Knp,H)"/-. It can be seen that the decay rate of
the fal function is faster than the decay rate of the linear
function.

3) The error decay rate of the nfal function is divided into
three parts (1), (2), and 3). When |e|€(a'("¥),1) the nfal
function decays at the rate of (o@D (1-a)Knp,)/-).
When |e|<a!’"®) the decay rate of nfal is the same as
that of the fal function. It can be seen that after nfal
function, the steady-state error amplitude and decay speed
of the system are better than the linear function and the fal
function. Therefore, the nonlinear error feedback control
law using the nfal function can effectively reduce the
rollback distance and rollback time.

IV. EXPERIMENTAL RESULTS

The proposed method was verified on the platform of the
traction permanent magnet motor drives as shown in Fig. 11.
The parameters of the 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 platform. The position sensor adopts ERN-1387 SIN/COS
encoder whose resolution is 2048 P/R. The switching frequency
of inverter is set as 6kHz. The periods of current and speed loops
are set as 166.7 ps and 1 ms, respectively. In the experiments,
set wg = 50x2m, a = 0.5, 6 = 0.1, and Ky, = 5.

Fig. 13 shows the error convergence waveform of the three
functions under different disturbance rates at zero-speed starting
operation. Fig. 13(a) shows the error convergence when /i3
~(0.8. The estimation error of LESO is 0.0127 rad, and the
convergence time is 1.36 s. The estimation error of the NLESO is
0.0067 rad and the convergence time is 1.25 s. The estimation er-
ror is 0.0037 and the convergence time is 1.21 s of the HNLESO.
It can be seen that the convergence of the NLESO is better than
that of the LESO. Fig. 13(b) shows the error convergence when
h/l3 ~1.5. The estimation error of LESO is 0.0397 rad and the
convergence time is 0.3 s. The estimation error of the NLESO is
0.0447 rad, and the convergence time is 0.44 s. The estimation
error is 0.0197 rad and the convergence time is 0.18 s of the
HNLESO. In this case, the convergence of LESO is better than
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Fig. 13.  Error convergence experimental waveforms under different distur-
bance rate. (a) h/l3~0.8. (b) h/l3~1.5.

that of NLESO. In both cases, the HNLESO is superior to LESO
and NLESO in terms of convergence amplitude and convergence
speed, which proves the effectiveness of the proposed method.

Fig. 14 shows the rollback distance comparison under 20%
load, in which PI controller, the LADRC, the NLADRC and
the HNLADRC are respectively adopted. As can be seen from
Fig. 14, when PI controller is adopted, the rollback distance is the
largest, reaching 1.35 mm, and the rollback time is 0.26 s. After
compensating with the LADRC, the rollback distance is 0.78
mm and the rollback time is 0.35 s. Adopting the NLADRC can
shorten the rollback distance to 0.42 mm, and the rollback time
to 0.1 s. After adopting the HNLADRGC, the rollback distance is
shortened to 0.19 mm and the rollback time is shortened to 0.06
S.

Fig. 15 shows the rollback distance comparison under 60%
load, in which PI controller, the LADRC, the NLADRC, and
the HNLADRC are respectively adopted. As can be seen from
Fig. 15, when PI controller is adopted, the rollback distance is the
largest, reaching 4.68 mm, and the rollback time is 0.4 s. After
adopting the LADRC, the rollback distance is shortened to 1.28
mm and the rollback time is 0.35 s. Adopting the NLADRC can
shorten the rollback distance to 1.01 mm, and the rollback time
to 0.16 s. After adopting the HNLADRC, the rollback distance
is shortened to 0.69 mm and the rollback time is shortened to
0.12 s.

Fig. 16 shows the rollback distance comparison under 100%
load, in which PI controller, the LADRC, the NLADRC, and
the HNLADRC are respectively adopted. As can be seen from
Fig. 16, when PI controller is adopted, the rollback distance is
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Fig. 14. Rollback distance and time under 20% of the rated load. (a) PI
controller. (b) LADRC. (¢) NLADRC. (d) HNLADRC.

the largest, reaching 7.84 mm, and the rollback time is 0.5 s.
After compensating with the LADRC, the rollback distance is
shortened to 1.53 mm and the rollback time is 0.36 s. Adopting
the NLADRC can shorten the rollback distance to 1.62 mm and
the rollback time to 0.17 s. After adopting the HNLADRC, the
rollback distance is shortened to 1.05 mm and the rollback time
is shortened to 0.10 s.
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By applying different loads to the traction motor, it can be
seen that the compensation effect of NLADRC is better than
that of LADRC under light load. And the compensation effect
of LADRC is better than that of NLADRC. The HNLADRC can
obtain small rollback distance under different load conditions.

Fig. 17 shows the comparison of rollback distance and time
of the four methods under different load conditions. Fig. 17(a)
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shows the comparison of rollback distance. It can be seen that the
rollback distance using PI controller is the largest. The LADRC
has a smaller rollback distance at large load, while the NLADRC
has a smaller rollback distance at small load. By the HNLADRC,
the rollback distance can be effectively suppressed under full
load condition. Fig. 17(b) shows the comparison of backsliding
time of different methods. It can be seen from that when the
load is small, the LADRC converges slowly and takes a long
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time to reach the steady state, resulting in a long rollback time.
With the increase of load, the rollback time increases gradually.
It can be seen from Fig. 15 that the rollback time decreases and
the convergence speed accelerates after using the HNLADRC,
which proves the effectiveness of the proposed method.

V. CONCLUSION

In this article, a high-gain nonlinear active disturbance rejec-
tion control strategy for traction permanent magnet motor drive
is proposed. In order to improve the disturbance observation
and compensation effect of the traditional ADRC, a high-gain
nonlinear error decay function is proposed, which can achieve
faster error decay. Compared with the traditional LESO and
NLESO, this function can effectively improve the observation
accuracy of the HNLESO. The HNLEFL is constructed by using
the proposed high-gain error decay function. Compared with
the traditional feedback control law, it can improve the speed
error decay rate and reduce the steady-state error. Therefore,
the proposed method can further reduce the rollback distance
and time of the elevator under the complex load disturbance
when the elevator starts. The experimental results show that the
proposed can effectively reduce the rollback distance and time,
and improve the starting performance of the traction motor.
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