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ABSTRACT. FElevator is widely used in our daily lives to carry passengers or transport
belongings in the rising buildings. Howewver, the motion performance of the elevator is
strongly affected by load changes and nonlinear air damping. In this paper, to address
these issues, the design of a digital acceleration control method is described. First, a
dynamic model of an elevator is derived with consideration of load changes and nonlinear
air damping. Then, a digital controller is designed based on the derived dynamics, and
the parameter of the elevator is identified by using the control torque and the output
acceleration signal. The digital acceleration controller is a special controller to deal with
the load changes and nonlinear air damping for its control force contains the gravity force
of the load and the nonlinear air damping. Finally, simulations are conducted, and the
results demonstrate the effectiveness and usefulness of the proposed control method.
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1. Introduction. The heights of not only residential buildings but also commercial build-
ings have been increasing. As a type of vertical transport equipment for such high-rise
buildings, the elevator is becoming more and more important in our daily lives to carry
passengers or transport belongings between floors. To ensure comfort and convenience
for passengers, the motion performance of the elevator must satisfy the goals of mini-
mum flight time, minimum acceleration, accurate landing, and minimum vibration [1,2].
Therefore, a suitable controller is necessary.

Various researches on motion control of elevator have bas conducted, including robust
control [3], time-optimal planning [4], and elevator group control [5]. The load, the
elevator car, and the counterweight impose a gravity force on the elevator. As the load
vary, significant changes of the gravity force lead to a serious external force disturbance
on the elevator, and the system parameters are changed. The load changes thus have
a serious effect on the motion performance of the elevator. Nonlinear air damping also
has a serious effect on the motion performance of the elevator and very few articles have
been published that specifically deal with nonlinear air damping issues. Therefore, if the
problems of load changes and nonlinear air damping could be solved via control theory,
the elevator’s performance would significantly improve. We focus on the problem of load
changes and nonlinear air damping to further improve the motion performance of an
elevator.

One of the authors of [6] proposed a digital acceleration control method to specifically
deal with nonlinear friction of a robot manipulator and this control method was exper-
imentally validated in [7]. In our study, a control technique is designed on the basis of
this method to compensate for load changes and nonlinear air damping of elevator. The
control force of the digital acceleration controller contains the gravity force of the load
and nonlinear air damping force by using the previous sampling period’s control force and
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acceleration. In this way, this controller effectively deals with gravity force changes of
the load and nonlinear air damping. In addition, the parameter of the elevator dynamic
system is identified by using the previous control force and the obtained acceleration to
compensate for the changing parameters.

This paper is organized as follows. First, a dynamic model of an elevator is derived
by considering load changes and nonlinear air damping. Then, the digital acceleration
controller is designed for this elevator to compensate for the load changes and the nonlinear
air damping. In addition, the dynamic parameter is identified by using the previous
control force and obtained acceleration. Finally, simulations are conducted. The results
demonstrate the effectiveness and usefulness of the proposed control method.

2. Modeling of the Elevator. The elevator discussed in this paper is shown in Figure
1. The basic roped elevator dynamic system is illustrated in Figure 2. As shown, the
elevator dynamic system consists of a drive motor, a drive pulley, an elevator car, and
a counterweight. The elevator car and the counterweight are suspended from the drive
pulley, which is driven by an electric motor.
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FIGURE 2. Structural model of the elevator
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To derive the dynamic model for the elevator, firstly, the motion equation of the drive
motor is given as follows:

TemIJMé—FBé—FTL (1)

where 7., is the electromagnetic torque of the drive motor, Jy; is the moment of inertia
of the motor, 6 is the angle of the motor, B is the friction coefficient of the motor, and
71, is the load torque placed on the motor shaft to drive the pulley.

Based on the dynamic system shown in Figure 2, the dynamic equation of the drive
pulley, elevator car, and counterweight system is derived according with following as-
sumptions: The hoist ropes of elevator car and counterweight are inextensible; The mass
and the friction of the ropes and drive pulley are ignored; The direction of the load
torque is set as clockwise and the moving direction of the elevator car is set as upward,
as shown in Figure 2. Therefore, the dynamic equation of the drive pulley, elevator car,
and counterweight system is given as follows:

o [TQ(M+m—Mcw)
2

where r is the radius of the drive pulley, M is the mass of the elevator car, m is the mass

of the load, M., is the mass of the counterweight, Jp is the inertia of the drive pulley,

b is the viscous friction coefficient of the elevator car, ¢ is the damping coefficient of air,

and ¢ is the gravitational constant. Substituting Equation (2) into the motor’s motion

Equation (1), the dynamic equation of the entire system is obtained as:

M - M, i . . M - M,
Tem = [7”2( —1—7712 cu) +JP+JM:| 0+ {T2S+B] 0—1—7“2592—!—7”( —1—7712 Cw)g (3)

. b . M +m— M,
+Jp}6’+r2§6’—|—r2502+r( mQ >g (2)

The proposed controller is designed based on dynamic Equation (3) that the control
variable is the motor angle 6 controlled by the electromagnetic torque of motor 7.,,.

3. Controller Design. In this section, a digital acceleration controller is designed for
the elevator. Firstly, the dynamic Equation (3) is rewritten as

Job + X[0,0) = Tem (4)
where
M - Mcw
J0:|:T2( —i—mQ )+JP+JM )

(M 4+ m — M.,)
2 a
The control torque is kept constant between each time period of length 7', as described
in [6]. T is the sampling interval of the control force, and kT is set to be the instant after

the change of the control torque at time k7. For the constant time periods [(k—1)T"", kT
and [KT*, (k+ 1)T), we obtain Equation (5) as

I(T) + X[B(KT), 6(T)) = 7. — 1)) 5
JoO(KTT) + X[0(KT),0(kTT)] = Tep (KTT)

where Tep[(k — 1)TF] = 7, (KT) is the control force during [(k — 1)T+, kT], and 7(kT™)

is the control force during [k¥T*, (k + 1)T]. When the control force changes from time kT

to kT, the acceleration is changed. However, the velocity, position, nonlinear friction

and nonlinear air damping are still the same by the integral characteristic. Therefore,
based on Equation (5), the control input is designed as follows:

Tem(ETH) =Tem|(k — V)TH) 4+ Jo{[04(KTH) — 6(kT)]
+ kalfa(kT) — O(KT)] + kp[0a(kT) — O(KT)]}

X[6,0] = {7’2% +B} 6"—1—7’2%92 +r

(6)
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where k; and k, are the speed deviation coefficient and the position deviation coefficient,
respectively. Here, k; and k, are designed to verify the stability of the control system.
From Equation (5) it is observed that the acceleration at time k7T contains the gravity
force of the load and the nonlinear air damping force at time k7. Then, on the basis of
control algorithm (6), the gravity force of the load and the nonlinear air damping force
at time kT are added via the acceleration to the control input at time k7. The gravity
force of the load and the nonlinear air damping force at time k7T is the same as them at
time kT". Therefore, it is effective for load change and nonlinear air damping.

Equation (6) shows that the design of the acceleration controller requires plant pa-
rameter Jy, which is a variable dependent on the load changes. In this paper, because
the elevator system is only slowly time-varying, system parameter J; is assumed to be
constant in every motion task. Therefore, the value of Jy in controller is obtained by the
following equation.

j _ Ten‘z.(k:T) — Tem[k:(T - 1)] (7>
O(kT) — O[k(T — 1)]

As shown in Equation (7), the parameter of the system is identified by the control torque
input and the actual angular acceleration output.

4. Simulation. This section describes simulations conducted to verify the effectiveness
and usefulness of the proposed controller to deal with load changes and nonlinear air
damping. The physical parameters of the elevator used in the simulations are given as:
M = 900 kg, M., = 1300 kg, Jyy = 1.98 kg-m?, Jp = 4.38 kgm?, r = 0.38 m, g =9.8
m/s?, B = 4.02 N-m-s, b = 2.4 N-s/m, ¢ = 0.2 N-s?/m.

In the motion of the elevator, we look for a minimum time solution. However, the riding
comfort of the passenger has an inverse relation with the acceleration of the elevator. The
shorter the riding time is, the higher the acceleration is. In this paper, we consider the
riding comfort and the riding time together to design a desired trajectory for the elevator
in the simulations. The desired trajectory is based on the requirements shown in Table 1.

TABLE 1. Design requirements of desired trajectory

Essential Element QUANTITY Desired Value
.. Maximum acceleration 0.9 m/s?
Riding comfort Start shock and stop shock Less than 0.1 m/s?
Riding time Riding time for moving one floor (3.4 m) 4.8 s
Landing error Load changes and shifts Within +5 mm

Based on Table 1, the desired trajectory is designed as follows:

(2 (t—Lsinwt), & <t<ty
Do+ (8 —Aty) (t—ta) +4(2 — 13), ta <t <ts
Dy+A(L+ts—t) (t—t3) + Sl —cosw(t —t3)], t3<t<ty

balt) = Dy+A(ts—ta+ 1) (t—t) + Ssinw(t —ty), ty<t<ts ®)
D5+A(t3—t2+t5+ DYt —ts) =22 —12), t5<t<tg

Do+ 2(t — tg) + Sfcosw(t —ts) — 1], ts <t <tg

Ve

where

D2=§(t2—lsmﬁﬂ>, D3 = D2+(é—At2>(3—t2)+§(t§_t%)

w
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1 A
D4 = D3 —f-A <; —f-tg — tg) (t4 — t3) + E[l — COSu)(t4 — tg)],

1 A
D5 = D4—|—A (tg —tg + —) (t5 —t4) + —QSiIlu)(tg) —t4)
w w

1 A
D6:D5—|—A(t3—t2+t5+;) (tﬁ_t5>_§<t§_t§)

and where A = 0.9/r =237s 2 w=7/3s1t;, =08ty =158, t3 =358, t, =5s,

=8.5s,t; =10 s.

The parameters of the proposed controller are adjusted in the simulation while the
load and air damping are assumed to be zero. The obtained control parameters are given
'k, = 0.6 s72. Figures 3(1a)-3(1d) show the tracking performance and
control torque of the elevator under the conditions that a load is not added (m = 0 kg)

as kg = 3 s~
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and nonlinear air damping is assumed to be zero. This is compared with Figures 3(2a)-
3(2d), which show the tracking performance and control torque of the elevator under the
conditions that a load is added (m = 800 kg) and nonlinear air damping is considered
with no changes to the control parameters. In the comparison between Figures 3(1) and
3(2), the response curves of the tracking performance in Figures 3(2a)-3(2c) are similar to
those in Figures 3(1a)-3(2c). These results indicate that the designed controller is useful
to compensate for the effects of the load change and nonlinear air damping. In addition,
the control torque in Figure 3(2d) has an obvious change form Figure 3(1d) according to
the added load and air damping which indicate that this control force contains the gravity
force of the load and air damping force.

The above simulation results show that the proposed control method is feasible and
effective to the load change and nonlinear air damping. Using the proposed method,
because the control torque of the previous sampling period includes the gravity force of
the load and nonlinear air damping force, the current control torque could compensate
for load change and nonlinear air damping based on the previous control torque.

5. Conclusions. In this paper, the design of a digital acceleration controller is described
to improve the motion performance of an elevator. Simulations are performed and the
results demonstrate the proposed controller effectively deals with load changes and non-
linear air damping. The future work will focus on the development of a new parameter
identification method to further improve the motion performance of the elevator.
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