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Abstract—The permanent magnet traction machine has become
the tendency of modern gearless elevators, because of small volume,
high efficiency, and good dynamics. However, the direct-drive el-
evator car will slide during the electromagnetic brake releasing
at elevator startup, if the speed controller cannot generate a suit-
able electromagnetic torque to trace the change of the uncertain
disturbance on traction sheave. To attenuate the car sliding of the
gearless elevator installed with an ordinary resolution encoder,
a weight-transducerless rollback mitigation strategy adopting an
enhanced model predictive control with extended state observer
(ESO) for speed loop is proposed. The ESO is used to overcome
the mismatch of predictive model caused by the braking torque
and the unknown car load. Both the stability and the parameter
selection of the observer are analyzed. Additionally, a nonlinear
tracking differentiator is used to process the raw speed signal gen-
erated by the conventional speed differential sampling instead of
the low-pass filter, which can overcome the vibration of the ele-
vator car when the brake releases. Finally, experimental results
verify that the proposed control strategy can achieve shorter slid-
ing distance and smaller sliding speed for the direct-drive elevator
installed with an ordinary-resolution encoder.

Index Terms—Extended state observer (ESO), gearless elevator,
model predictive control (MPC), nonlinear tracking differentiator
(NTD), riding comfort, rollback mitigation, weight transducerless.

I. INTRODUCTION

S the efficient and convenient tools of vertical transport,
A elevators are significant for modern buildings. Therefore,
new technologies for an elevator drive system have been devel-
oped increasingly [1], [2]. Modern architecture requires that the
traction machine driving elevators should have special character-
istics, such as small volume, high efficiency, and high dynamic
performance. Conventional traction machines with worm gear
transmission cannot meet these requirements. In order to im-
prove the performance of elevators, gearless permanent magnet
traction machines have been developed quickly [3]-[6]. Mean-
while, the control system of direct-drive permanent magnet
traction machines also encounters many challenges. When the
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elevator operates from standby mode to the running mode, re-
stricted by the dynamics of the conventional control algorithm,
and the unknown disturbance exerted on the elevator sheave, the
electromagnetic torque is difficult to keep up with the change
of the external uncertain disturbance. Thus, the torque exerted
on the sheave cannot be balanced, which causes sliding and
seriously impacts on the riding comfort of passengers.

Conventionally, the load torque is usually measured by weight
transducers installed at the bottom of the elevator car. However,
the feedforward compensation has some disadvantages. The co-
linearity of the car load and the distortion of antivibration rubber
will degrade when the usage time of weight transducer becomes
longer. In addition, weight transducers will not only reduce the
system robustness, but also increase the cost. Therefore, the
weight-transducerless control is an emerging technique for the
gearless elevator traction machine drives.

Various advanced control strategies have been proposed to
optimize the speed control performance and enhance the ro-
bustness against unknown disturbance [7]-[11]. However, the
weight-transducerless control for an antirollback of elevator car
should consider special requirements of riding comfort. Re-
cently, some novel solutions have been proposed [12]-[16]. In
[12], through evaluating the rate of change of speed by the
quadratic error comparison, the load torque can be calculated
accurately according to the established mechanical model. In
[13], anovel torque control strategy based on the friction model
of a traction system was described as a searching logic. In [14],
the load torque was traced by the compensation torque cal-
culated by dichotomy and staircase algorithms, respectively.
However, mechanical vibration is difficult to be avoided due
to the sudden change of torque reference. In [15], an accurate
speed measurement method for Sin—Cos encoder was intro-
duced, and a feedforward compensation strategy adopting load
torque observer was proposed to improve the performance of
elevators. In [16], an adaptive torque compensation strategy
based on fuzzy self-tuning of the rate of change of electromag-
netic torque was proposed, and the accurate subdivided position
information based on Sin—Cos encoder is needed. However, for
the elevator installed with an ordinary resolution encoder, the
performance of this control strategy will deteriorate.

Therefore, the weight-transducerless starting torque control
strategy using ordinary resolution encoders become a key tech-
nique of modern elevator applications. This kind of control
strategy should have the function of rollback mitigation, which
means that it can provide a smooth startup with little sliding dis-
tance and acceptable mechanical vibration. Since the rollback
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mitigation control should be accomplished in a very short time
to balance the uncertain and nonlinear load torque, the pre-
ferred control method should have a good dynamic performance.
Model predictive control (MPC) can get a faster response by ad-
justing parameters of the trajectory function. In addition, MPC
also has advantages, such as small overshoot and high con-
trol accuracy. It has been successfully applied in motor drives,
power converters, and other industry applications [17]-[21].
Considering the characteristics of MPC, it can be a poten-
tial approach for antirollback control of weight-transducerless
elevators.

However, the conventional MPC speed controller is diffi-
cult to achieve high-performance control of the elevator start-
ing torque. During the brake releasing, the near-zero speed is
difficult to be calculated from an ordinary resolution encoder,
and the uncertain disturbance caused by the nonlinear change
of braking torque will lead to the mismatch of a predictive
model. This kind of model mismatch will cause an inaccu-
rate prediction and speed error at the steady state. The active
disturbance rejection control (ADRC) can attribute the uncer-
tainty factors of the plant to unknown disturbance which can be
calculated. Nowadays, ADRC has been successfully applied in
power electronics and electrical drives [22]-[24]. ADRC mainly
consists of the nonlinear tracking differentiator (NTD), the ex-
tended state observer (ESO), and the regulating law. ESO has
excellent dynamic performance, which can quickly trace the
change of unknown disturbance without accurate mathematical
disturbance model, and NTD can effectively extract continuous
signal and differential signal from noncontinuous input signal
[25], [26]. Therefore, the combination of advantages of ADRC
and MPC can achieve high-performance control of direct-drive
elevators.

In this paper, a novel rollback mitigation control strategy
adopting enhanced MPC with an ESO and a NTD is proposed
to enhance the riding comfort of the weight-transducerless el-
evator installed with an ordinary resolution encoder, and the
proposed method can improve the dynamic and steady perfor-
mance without requiring the weight information of passengers
during the brake releasing process. The torque current refer-
ence can trace the uncertain load more quickly because of the
speed MPC involved. Additionally, the ESO can eliminate the
steady-state speed error caused by the conventional speed MPC
strategy, which is critical for antirollback control of weight-
transducerless elevator drive. Especially, the accurate speed
feedback can be acquired from the NTD to enhance the roll-
back mitigation. The external disturbance information obtained
by the ESO is added into the predictive model to match the
model in each sampling period.

This paper proceeds as follows. First, a dynamic model of the
elevator traction system is described in Section II to illuminate
the technical difficulties of the rollback mitigation without using
a weight transducer. Second, the enhanced MPC strategy for
rollback mitigation is established in Section III. In addition, the
stability and the parameter selection of observer are investigated.
Finally, in Section IV, the proposed control strategy is verified
by experimental comparisons.
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Fig. 1. Equivalent model of the direct-drive elevator traction system.

II. DYNAMIC MODEL OF THE ELEVATOR TRACTION SYSTEM

The drive system, the car, and the counterweight are the main
parts of the gearless elevator. An electromagnetic brake mounted
on the brake pulley is used to hold the rotor at standstill when
the elevator converts to standby mode. The dynamic model of
direct-drive elevator is established ignoring the effects of the
compensation wheel, weight compensation ropes, and friction
damper. As a result, the equivalent model is shown in Fig. 1.
Taking the rigidity coefficient and the damping coefficient of
the traction rope into consideration, the dynamic model of the
traction system can be described as follows:

Mljti‘l —kl(—QmRm —.%'1) + Mlg — bl(—émRm — i‘l):O
MQ‘;/C.Q - kQ (emRm - 5172) + MQg - bQ(émRm - x?) =0
Jém + Rmk2(077sz - 332) - Rmkl(_emRm - :L'l)

+ Rm b2 (0771 Rm - i?) - Rm bl (_em Rm - il) = Te
ey
where k; and by are the stiffness coefficient and the damping
coefficient of the rope on counterweight side, M; is the mass
of the counterweight, x; is the counterweight displacement, g is
the coefficient of gravity acceleration, ks and bs are the stiffness
coefficient and the damping coefficient of the rope on car side,
M- is the mass of the car, xy is the car displacement, 8, is
the mechanical position of the traction motor, J is the total
inertia of the traction system, R,, is the radius, and 7, is the

electromagnetic torque generated by the traction machine.
The relationship between the friction force f and the mechan-
ical velocity v, can be expressed as follows, which can make it
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Fig. 2. Friction model of traction sheave.

easier to analyze the friction torque characteristics:

F, if v, =0 and ‘E‘ < F
f= EgSign(F})a if v, =0 and ‘FI‘ > F
F.sign(vy,) + ovy, if v, #0
(2

where Fj is the force generated from external parts, F is the
coulomb friction, o is the coefficient of viscosity, and Fj is the
maximum static friction force.

When the brake releases completely, according to the fric-
tion model in (2), the torque judgement that drives the traction
machine from standstill to the rotating state is

|Fe — (Ms — My)g| > F 3

where F, is the force generated by the traction machine, and
the judgement that makes the traction machine convert from the
rotating state to standstill is

|F, — (My — My)g| < F.. 4)

It can be concluded that the force generated by the traction
machine to maintain the car at standstill is not a fixed but variable
value. To be specific, the model of friction is shown in Fig. 2.

According to the friction model, the electromagnetic torque
to maintain the traction sheave at standstill is a range. It is dif-
ficult to accurately calculate the electromagnetic torque to bal-
ance the equivalent load torque from the mathematical model
when taking the nonlinear characteristic of the mechanical brake
releasing into consideration. Therefore, those methods calculat-
ing the compensation torque depended on accurate mechanical
models cannot achieve good robustness in the startup control of
direct-drive elevators.

During the elevator startup, the conventional PI controller
used as speed regulator can hardly meet the requirements of
small mechanical vibration and fast adjustment at the same time
when using the ordinary incremental encoder. However, this
kind of encoders is more attractive in applications due to low
cost. Compared with the conventional PI control, the perfor-
mance of MPC is better, because it can achieve faster response,
bigger equivalent gain when the input is small, and vice versa.
Howeyver, the conventional MPC has a defect at the zero-servo
operation which is included in the process of elevator startup
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which is shown in Section III-A. Therefore, investigating a ro-
bust MPC method with good dynamic performance which is
compatible for an ordinary resolution incremental encoder dur-
ing elevator startup is definitely significant.

III. ENHANCED MPC FOR ROLLBACK MITIGATION DURING
THE ELEVATOR STARTUP

A. Analysis of the Conventional MPC

According to [27], [28], the conventional MPC is illustrated,
in order to explain the drawbacks of conventional MPC during
the zero-speed operation. The mechanical model of the traction
machine is expressed in Laplace domain

T. (s) — Tu(s)
Js+ B

where w; is the angular speed feedback generated from the
raw speed, T} represents all uncertain disturbances including
the influence of the rigidity and damper of rope, B is the fric-
tion factor, and s is the Laplace operator. The disturbance T}
is usually ignored in the conventional predictive model. After
zero-order-hold discretization of (5) and iteration, the discrete
predictive model can be expressed as

wr(s) = 5)

Wm (k + n) = Km (1 - O‘m)(l + O +--+ (X::;l)iz (k)
+a)wy(k), n=1,2,....,P (6)

where w,, (k 4+ n) represents the predictive angular speed at
time k + n, K,,, = K,/ J,, Kio = 1.5n,%5; n,, is the number
of pole pairs; 1) is the rotor flux; J, is the nominal values of
the total inertia and «,,, = exp(B,Ts/J,); B, is the nominal
values of the friction factor; T is the sampling period; P is
the predictive step; and ;s the reference g-axis current. Since
iy /1, iq is replaced by 4; in (6). Therefore, the outputs of
the predictive model at time k, k + 1,k +2---k + P can be
converted into a matrix form as follows:

W (k) =W;(k)+ Ws(k)zZ(k)
where W, (k), Wy (k), and W (k) are expressed as

(N

Won(k)=[wn(k+1) o wn(b+P)]"

Wek)=[am - of]" ws(k)

m

Ws(k):Km(l 1+ ay, "'+afrz_1]T~
(®)

In this predictive control method, to some degree, the actual
speed will be closer to the trajectory speed with a larger pre-
dictive step, but it will cause huge computation amount which
cannot be executed completely in a limited control period. The
reference trajectory and the cost function also affect the com-
putation amount.

The first-order exponential function is chosen as the reference

trajectory which is expressed as follows:

wr(k+n) =w'(k+n) - oW (k) - w(k)]

—am)[l

(€))

where w, is the reference trajectory and w*is the setpoint value,
which is zero during the elevator startup. o, = e 7+/7r in
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Fig. 3. Scheme of the enhanced-MPC strategy for traction machine to mitigate rollback during elevator startup.

which 7). is the time constant related to the desired response
time. Considering the effect of the external disturbance and the
noise, there will be an error between outputs of the predictive
model and the real plant. Therefore, a corrector should be added
into the predictive cost function. The predictive error e can be
expressed as

e(k+P—-1)=---=ek+1)=e(k) =ws(k) —wn (k).
(10)
The second-order cost function .J,, is chosen as follows:

Jp = [WI (k) -W, (k) - E(k)]T

xQ W, (k) = W, (k) — E(k)] + Ri;>  (11)
where Q = diag [q] ], R=r2 W, (k)= |w (k+
D]...w(k+ P Ek)=[e(k+1)...e(k+P) -q1,¢
... g, are the weight variables for predictive steps, and R is the
weight variable of the output current. Let 0.J,/0i; = 0, the
output of the MPC controller can be obtained

iy(k) = (W;QW, +R)"'W,

q

QW (w' (k) —wy (k) = Wywn (k)] (12)
where W, (k) = [(1 — ) (1 -, Wiy (k) =[(1 -
) (1 —af)]", and i; (k) is used as the g-axis reference
current of the PI current regulator.

From (12), during the elevator startup, w* should be set as
zero. If the conventional MPC works well, wy and w,, should
converge to zero. Then, the elevator car can maintain standstill
during the zero-servo operation. If all the conditions analyzed
above are met, i, (k)will be zero since MPC is equivalent to a
proportional controller, but if 4, (k)equals zero, the electromag-
netic torque generated by 4; (k) cannot balance the disturbance
torque. The sliding speed w; would not be zero. Therefore, it is
a self-contradiction.

Therefore, the real situation is that the sliding speed w, which
is a fixed value during the zero-servo operation, maintains the
output of electromagnetic torque to balance the disturbance
torque. The conventional MPC is not suitable to regulate the
speed loop during the elevator startup.

B. Establishment of the Enhanced MPC Speed Controller

for Elevator Startup

In order to overcome the drawbacks of the conventional MPC,
an enhanced MPC is proposed, and the scheme is shown in
Fig. 3. The enhanced MPC strategy is used instead of the con-
ventional PI regulator in the speed loop. Additionally, the NTD
is used to improve the precision of the speed feedback. The pre-
cise speed feedback information is used in trajectory and ESO
blocks to generate the speed trajectory and the disturbance in-
formation, respectively, and the disturbance information is used
in the speed prediction. The angular speed trajectory and pre-
dictive speeds are used as the inputs of the prediction controller.
After calculation, the g-axis current reference is generated to
control the electromagnetic torque.

MPC will cause relatively large steady-state error, if the dis-
turbance is intense and unknown. Therefore, the ESO scheme
is designed to mitigate the negative effects caused by the un-
known external disturbance and reduce the sliding distance. The
receding optimization can enhance the robustness against load
disturbance during the elevator startup process.

In order to consider and analyze the influence of coefficient
mismatch and disturbance, (5) can be changed into

K+ Kia

by(t) = =B

_Bo+BA
Jo + Ja

wy (1) — —L1)_
Jo + Ja
(13)
where K;a is the mismatch error of K;,, Jo and Baare the
mismatch errors of the total inertia and the friction factor, and
J, and B,are the nominal values of the inertia and the fric-
tion factor, respectively. In order to obtain the predictive state
equation, (13) can be expressed as follows:

. K -k B() K o .

wr(t) = Jto iy (t) — 5wr () = Tt iga(t)

. o Td(t) KtA . BA JA .
iga(t) = K. T K. (t) K. wy (t) Tl (t)

(14)
where 7,4 includes the equivalent current of uncertain distur-
bance torque 7; and the mismatch error of both the inertia and
the friction factor. The estimated value of 7,4 can be generated
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Fig. 5. Influence of the equivalent filter parameters on M(w). (a) Bode dia-

gram. (b) Magnified Bode diagram.

by ESO, so the mismatch of the predictive model can be com-
pensated. During the elevator startup, the uncertain disturbance
torque exerting on the traction sheave can be traced accurately
and quickly. After zero-order-hold discretization of (14) and
iteration, it can be expressed as

W (k + n): Km(]- - am)(l + o+ + aZv,il)
[zZ(k) —iqa (k)] + alwn (k), n=1,2,...,P.
(15)
In (15), the disturbance has been considered in the predictive
model, which is different from (6). The uncertain disturbance
torque can be treated as a constant because of short-sampling pe-

riod. Therefore, the estimated disturbance and speed generated
from ESO can be utilized to adjust the predictive model during
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Fig. 6. Experimental platform of 11.7-kW direct-drive permanent magnet
traction machines. (a) Traction machine drivers. (b) Load test platform.

each sampling period; thus, enhancing robustness against the
uncertain disturbance torque.

The disturbance affecting the output can be extended into a
new state by using an ESO. In other words, the ESO is estab-
lished to obtain this new state by a special feedback structure.
It does not depend on the specific mathematical model to ob-
tain the disturbance information, and does not need to measure
its effect directly. According to these characteristics, it is suit-
able and practical to use ESO to estimate the equivalent load
torque of the traction machine during the elevator converts from
a standby mode to the running mode.

According to (14), the ESO can be established as follows:

Kto s Bo

2 (6) = S (1)

2 (t)ZZQ (t)—i—()é()l(u)f(t) —Z1 (t))+

Z(t) =aoz(wy (t) — 21(t))

(16)
where z; and zp are two variables of the ESO, opand
oo are parameters of the ESO, z () — wy(t) andz(t) —
—Kioiqa(t)/J,. Therefore, the equivalent current component
of disturbance torque 7,4 and the initial predictive speed can be
obtained. After discretization of (16), it can be expressed as

zi(k+1) = (1 — Tsaor)z1 (k) + Ts(22(k)

+ (a0 = 2= ) wy (k) + Bz ()
zo(k+1) = z2(k) + Tsona (wy (k) — 21 (k).

Then in (15), wy, (k) and i,q(k) are replaced by z; (k) and
—J,29(k)/ Ko, respectively. The initial value of predictive
speeds within the predictive step P can be rolling corrected
during each sampling period, so (18) can be obtained as

wm(k+n)= K;(1—ap)(1+an, +"'+0‘:;z_1)
Jo
[0+ 72000 + ()
Kto

n=12,...,P.

a7

(18)

Therefore, the outputs of the predictive model at time &,
k+1,k+2---k+ P can be converted into a matrix form as
follows:

W (k) = Wi (k) + W, (k) [z';(k) + I‘(]t ZQ(k)} . (19)
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In the ESO, the initial predictive speed has been corrected at
each sampling time. Therefore, the function of correcting the
initial predictive speed can be eliminated, which can effectively
reduce the computational burden. Moreover, the predictive error
caused by the disturbance has been corrected in the predictive
model. There is no need correcting it in the cost function any-
more like (11). If the third order or above is used in the cost
function, the computational process would be too complicated,
and the processor may not complete the computation in the fixed
time, but the first order cannot meet the requirement of fast re-
sponse. The second-order cost function of the enhanced MPC
is chosen as follows:

JP = [W7(k) - Wﬂl (k)]T Q [W7 (k) - Wm, (k)} + RZ;Q
(20)
Letd.J, /iy = 0, the output of the enhanced model predictive
controller can be obtained as
in(k) = (W QW, +R)"'W Q

q

W, (k) — W (k) + Wsl‘(]—"@(k) 1)

to

Additionally, there should be some variable constraints in
the enhanced controller. Let I, represents the rated value
of ¢,. Therefore, —I,, < zj; < I,,should be met. In order to
avoid the intense vibration, —15%1,, <, (k) —i;(k — 1) <
15%1 4oshould be met, and to improve the robustness, w,,, should
be restricted to a scale from —10%w,,, to 10%w,,,, where wi,,,
is the nominal value of the mechanical angular velocity.

C. Stability Analysis and Parameter Selection of the ESO

In this part, the stability of the proposed method is analyzed
first, because many variables are involved and the design is rela-
tively complicated. To begin with, let I,4(t) = —Koiqa(t)/Jo
to simplify the arithmetic and show the process clearly. Because
the sliding speed wy and B are relatively small, Bowy(t)/J,
can be ignored when analyzing the stability. Then, (14) can be
rearranged into the state form

+1 J !

wp (t) 0 1] [ws(®)
L'qd(t)] - L) 0] qu(t) c(t)
where c(?) is the rate of change of ¢,,(f), and (9) can be written
as the state form
Z1(t) | am 17 [21(8)
La(t)] B lam 0] Lm]
lam 11 lwf<t>]+ {jzoi;(t)
ap2 0 0 c(t)
By subtracting (22) from (23), the error equation can be ob-

tained
lél(t)—wf(t)] _ l—am 1] [Zl(t)_wf(t)]
— Q2 0 Z92 (t) - iqd (t)

29 (t) — iga(t)

K
=i, (1)

(22)

(23)
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Lot { e1(k) = z1(k) —wy (k) = [el(t)] , then
s = 228 — a8) " Lt
[ —an 1]
- . (25)
—ag2 0

According to Routh—Hurwitz criterion, if ajy; > Oand cvpo >
0, the ESO is stable. So if these parameters are chosen suitably,
the system can be stable and makes z; — w; and zy — igq fast.

In order to facilitate the analysis, the ESO parameters are se-
lected asay1 = 2weq, Qg2 = wfo, in which w, is the bandwidth
of the ESO. According to (16), the structure of the ESO can be
described as an internal model control structure, which is shown
in Fig. 4. The model of ESO is equivalent to the differential of
the real plant. Therefore, the transfer function of the plant model
is obtained

- K, toS
~ J,s+ B,
where T4 is the equivalent delay time mainly caused by speed

sampling, low-pass filter, and digital control delay. The relevant
part of the model can be expressed as

Ky,
G (s) = Tf

—Leds

Gp(s) (26)

27)

The transfer functions of the controller and the extended state
conversion can be, respectively, described as
Jo
K, to

Gime(s) = (28)

%2-0
(s +weo)?

From (26)—(29), the multiplicative uncertainty expression and
the complementary sensitivity function are shown as follows:

EIIIC(S) = (29)

G J,s
M(s)= =L —1=—""——~e"® -1
(s) a. Ts i B, e (30)
5(s) ~ Gu - Gime - F T 31)
S) =~ m " Uime * Lime = .
(84 we)?

To guarantee the robustness of the internal model control, the
condition should be met

16(w) M (w) (32)

lloo

= sup |0(w)M (w)| < 1.

Substitute (30) and (31) into (32), then the result can be
obtained

sup [0(s) M (s)

B w, { J,jw
P ‘ (w+we)? | Jojw + B,
According to (31), as w, increases, the bandwidth of § (w) ex-
tends to high frequency. The possibility that sup,, [6(w)M (w)]
becomes greater than 1 will increase, which means the stabil-
ity of the system deteriorates. The equivalent delay time Tgq
of the observer can be expressed in Bode diagram graphically.

e cdjw __ ]_:H < 1. (33)
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Fig. 7. Comparison of the experimental waveforms of sampling speeds using
low-pass filter and NTD. (a) Using the low-pass filter. (b) Using the NTD.

When T4 is equal to 0.001, 0.005, and 0.03, respectively, the
Bode diagram of M(w) is shown in Fig. 5. As T4 increases,
the frequency of peak amplitude of M(w) reduces. Therefore,
the possibility of sup,, [6(w)M (w)| becoming greater than 1
will increase, which means the stability of the system will also
deteriorate.

It is necessary to take the performance requirements, the sta-
bility of ESO and the quick adjustment, together into considera-
tion when choosing w.y and 7, 4. Therefore, when selecting w.,
both the convergence speed and the stability of the ESO should
be considered. If w, is relatively large, the convergence speed of
ESO increases, but the stability of the system will be impaired.
Therefore, based on the requirements of the real plant, the pa-
rameter w,o needs to be carefully adjusted. Additionally, 754 is
mainly decided by the speed sampling method and raw speed
processing method. Usually, the sampling period is fixed, so it
is important to adopt a suitable raw speed processing method.

D. Application of the NTD in Speed Sampling

Based on the analysis above, the equivalent delay time Teq
significantly affects the stability of the ESO. Therefore, T
method and M/T method are difficult to be used in speed detec-
tion because of the variable speed sampling time. Additionally,
the sliding speed during the elevator startup is relatively small
when the starting torque control algorithm performs effectively.
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Fig. 8. Experimental comparison of g-axis reference and feedback currents
under different loads. (a) Under 60% rated load. (b) Under rated load.

Conventionally, the raw speed signal is obtained by using M
method. Then, the speed feedback can be got after processing
the raw speed through a low-pass filter. However, the speed
feedback not only contains noise and vibration, but also have a
large time delay caused by the filter. Under the circumstances
of rollback mitigation requiring accurate adjustment, these dis-
advantages will obviously deteriorate the control performance
and cause mechanical vibration at steady state.

NTD was originally proposed by Han [29]. It can be used to
extract continuous signals and differential signals from noncon-
tinuous signals. When the parameters are selected carefully, it
has a shorter time delay and stronger noise suppression ability
than the conventional low-pass filter. Therefore, this method can
be used to process the raw speed signal as a high-performance
filter.

The state equation of NTD can be expressed as follows:

{Wf(/€ + 1) =wy (k) + Tswa (k)

walk +1)=wa(k) + Tunlf (wy (k) — w(k),wa(k), R, Ho)
(34)
where R is the convergence factor, H, is the filtering factor,
mainly affecting the filtering effect, wy is the rate of change of
wy, w is the raw speed, and the nonlinear function nif{w; (k) —

w(k),wq(k), R, Hy) can be defined as follows:
nlf(wy(k) —w(k),wa(k), R, Ho)
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Fig. 9. Experimental comparison of the two methods under 60% rated load.

(a)Conventional MPC without the ESO. (b) Enhanced MPC with the ESO.

Rsign(A), |Al>D
= (35)

R&, |A| <D

where
Ay — D .
wa(k) + =L —Zsign(y), |y| > Dy

A= — Y (36)
Ay = /D? +8R|y| (37)
y= wy(k) —w(k)+ Howa(k) (38)
Dy = HyD (39)
D = RH,. (40)

E. Analysis of Parameter Selection

1) Parameters of MPC: The larger the predictive step P is,
the longer the executive time of the control algorithm would be-
come. Considering a fixed-point DSP-based commercial drive
is used in the experiment, the predictive step is selected as 35,
which can both ensure the predictive accuracy and reduce the
computational burden. In terms of weight factor of each predic-
tive step, it can be selected as large as possible on the premise
that overshoot and strong vibrations should be avoided, and the
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Fig. 10.  Experimental comparison of the three methods under 20% rated load.

(a) PI speed regulator. (b) Enhanced MPC with low-pass filter. (c) Enhanced
MPC with NTD.

weight factor reflects the importance of each step. Normally, the
weight factor of the former step is larger than that of the latter
one, because the former one is more precise than the latter one
with the same 4, at the time k. The weight factor of ¢; should be
a little smaller considering the dynamics of the control strategy.
If the weight factor of i; is relatively large, the change of i; at
each sampling time would be restricted to a small scale. The tra-
jectory coefficients are selected according to how fast the actual
speed approaching to the trajectory is expected.
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2) Parameters of ESO: According to the second-order system
expression (29), the settling time ¢, and the overshoot are the
main dynamic performance factors, and the overshoot needs to
be zero because of the requirement of the antirollback control.
Therefore, only ¢, is taken into account when choosing w.q. So
using a unit step disturbance as the input, and the response of
(29) can be expressed as

Fine(t) =1 —wepte 0" =1 — (1 +weot)e @' (41)

According to the definition of the settling time, |Fiy(ts)
— Fime(00)] = A, where Fip,.(c0) =1 and A 2 2%, then the
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result can be got as

(1 + weots)e 0" = 0.02. 42)

After calculation, the relation between t, and w.y can be
obtained

ty = 5.85/weg- (43)

However, considering there are some differences between the
real system and the ideal one, design margins should be reserved
to make the system be robust. So the equation below can be used
to decide w,q

ts = 15/we. (44)

3) Parameters of NTD: Since R is the convergence factor,
it determines the tracking performance of the rotor speed. The
larger R is, the better tracking ability is, but the high-frequency
noise will be caused, if R is relatively large. According to [26],
the scale of R can be selected from 500 to 1000 with no high-
frequency noise existing. If the noise is contained in the output,
the filtering factor H, should be adjusted to reduce the influence
of noise. On the premise that the tracking performance can be
ensured, R should be selected as small as possible. Usually,
the range of H, can be from 0.00002R to 0.00004R, which
guarantees both the filter performance and time lag limitation.

IV. EXPERIMENTAL VALIDATION
A. Experimental Setup

The proposed rollback mitigation control strategy was veri-
fied on an 11.7-kW elevator traction machine using a commer-
cial inverter, and the experimental platform is shown in Fig. 6, a
same type traction machine is mechanically connected to emu-
late the load of elevator car. Parameters of the permanent magnet
traction machine used in the experiment are shown in Table A1l.
The PWM frequency of inverter is 10 kHz. The whole control al-
gorithm is executed by a TMS320F2808 DSP chip. The control
period of speed loop is 1 ms.

According to the analysis in Section III, the parameters of
enhanced MPC are selected in experiments as follows: P =
5, =098, ¢1 =15, =11,93 =8, q4 =5, r=0.1, and
T, = 1 ms. The parameter w.y of ESO is set as 250. The NTD
parameters are selected as follows: R = 500 and Hy, = 0.015.

In order to compare the proposed method with the conven-
tional PI cascade control system, parameters of the speed PI
controller (k, = 35, k; = 100) have been regulated to the op-
timum, which means they cause acceptable vibration at steady
state and can make the response of speed loop and current loop
as fast as possible to reduce the sliding distance. An encoder
with an ordinary resolution of 2048 was installed on the ma-
chine, and only the orthogonal pulse signals A and B were used
for the rollback mitigation control.

B. Performance of NTD

The performance of tracking and filtering can be changed
with different parameters of NTD. The NTD parameters are
selected as follows: R = 500 and Hy = 0.015, and the cut-off
frequency of the low-pass filter is 17 Hz. When the speed of
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the traction machine is 2 r/min, the experimental waveforms
of sampling speeds using the low-pass filter and the NTD are
shown, respectively, in Fig. 7(a) and (b). The middle waveform
is the raw speed signal, and the bottom waveforms in Fig. 7(a)
and (b) are the speed signal through the low-pass filter and the
NTD, respectively. From the results, the speed signal obtained
by using NTD is smoother, with less vibration at low-speed
region.

C. Performance of the Internal Current Loop Adopting
PI Regulator

The whole control strategy is ultimately executed by a fixed-
point DSP chip, in which the current loop regulating period
is one-tenth of the speed loop. The response of the current
loop using an optimal PI controller is sufficiently fast for this
direct-drive application from experimental results as shown in
Fig. 8. So if the parameters of PI controller are well designed, it
can make the current feedback trace the current reference well
for achieving effective rollback mitigation. The most important
thing in resolving the rollback problem is that the output of the
speed controller must match the uncertain and changing load
torque. Compared with the MPC regulating both internal and
external loops, the enhanced MPC strategy can not only increase
the robustness of the system, but also effectively reduce the
amount of calculation.

D. Experimental Comparison Between Conventional and
Proposed Enhanced MPC

An experimental comparison between conventional MPC
without ESO and enhanced MPC with ESO under 60% rated
load was carried out. The experimental results are shown in
Fig. 9. The middle waveform is the sliding speed, and the bot-
tom waveform is the g-axis current. From Fig. 9, the traction
sheave is still sliding at the speed of 1.8 r/min when using the
conventional MPC, the reason is that the g-axis current used to
balance the disturbance is generated by the steady-state speed
error which should be prevented. The steady-state speed error
will cause the elevator car sliding.

E. Control Performance Comparison of PI, Conventional
MPC, and Proposed Enhanced MPC

Under the same experimental conditions, the experimental
results of the PI speed regulator and the enhanced MPC with
NTD and with low-pass filter are compared. There is no differ-
ence in basic parameters between enhanced MPC with NTD and
with low-pass filter. Figs. 10-12 show the experimental results
under 20%, 60%, and 100% of rated load, respectively. In terms
of the sliding distance, there is no obvious difference between
the enhanced MPC with NTD and with low-pass filter. Under
20% of rated load, the sliding distance with PI speed regulator
is 2.30 mm, while the sliding distance with enhanced MPC is
only 0.75 mm. During the steady state, there still exists vibration
when using the enhanced MPC with low-pass filter as shown in
Figs. 10(b), 11(b), and 12(b). However, the vibration is elim-
inated when using the enhanced MPC with NTD as shown in
Figs. 10(c), 11(c), and 12(c).
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Fig. 12. Experimental comparison of the three methods under 100% rated

load. (a) PI speed regulator. (b) Enhanced MPC with low-pass filter. (c) En-
hanced MPC with NTD.

Under 60% of rated load, the sliding distance with PI speed
regulator is 4.13 mm, while the sliding distance of enhanced
MPC with NTD is only 1.50 mm. Under rated load, the sliding
distance with PI speed regulator is 7.00 mm, while the slid-
ing distance of enhanced MPC with NTD is only 1.80 mm.
In summary, the proposed enhanced MPC with NTD can get
much shorter sliding distance, smaller sliding speed, better rid-
ing comfort, and no vibration at steady state.

Fig. 13 shows the comparison between the PI speed regula-
tor and the proposed enhanced MPC with NTD under differ-
ent loads. From Fig. 13, the sliding distances of the proposed
method are much shorter than those of PI speed regulator under
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different loads. Therefore, the proposed method can effectively
solve the technical difficulties of weight-transducerless elevator
drives.

V. CONCLUSION

This paper proposed a novel weight-tranducerless starting
torque control strategy based on enhanced MPC with ESO for
a direct-drive elevator traction system which can achieve high
performance with an ordinary resolution encoder. In order to
overcome the mismatch of the predictive model caused by the
braking torque and the unknown car load, the ESO is used to
rectify the predictive model. Both the stability and the parameter
selection of the observer are analyzed. The NTD can make
the speed feedback contain less vibration than the conventional
low-pass filter. The estimated speed obtained from the ESO
used as the initial value of the predictive speed can reduce the
computational burden of the cost function. Instead of taking
the conventional PI as the speed regulator, the enhanced MPC
with ESO can effectively improve the dynamic performance
without weight transducers, which benefits the robustness of the
system. Therefore, the riding comfort can be improved when the
elevator operates from the standby mode to the running mode.
Experimental results verify that the proposed control strategy
can achieve shorter sliding distance and smaller sliding speed
without steady-state error for the direct-drive elevators installed
with an ordinary resolution encoder.

APPENDIX A

TABLE Al
TRACTION MACHINE PARAMETERS

Parameters value
Rated power 11.7kW
Rated voltage 380 V
Rated current 23 A
Rated speed 167 r/min
Rated torque 670 N-m
Stator resistance 0.23 Q2
d-axis/g-axis inductance 15 mH
Number of pole pairs 12
Inertia of traction machine ~ 4.02 kg - m?
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