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is completely modeled by the mechanical and electrical equations. The electrical energy
equation, including input, dissipation, magnetic and kinetic energies, is formulated for en-
ergetic analysis. The adjusting fraction, defined as the flight time from null to maximum
acceleration with respect to the total acceleration time, is optimized by the self-learning
particle swarm optimization (SLPSO) method in minimizing the input absolute electrical
energy (IAEE). In this paper, multi-region trajectories of high-degree polynomials with
constraints of maximum acceleration and velocity are planned, and the flight time and
the IAEE are compared numerically. The main contribution of this paper is to propose a

Self-learning particle swarm optimization methodology in the point-to-point (PTP) multi-region energy-saving trajectory planning for
(SLPSO) any mechatronic system.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

The energy consumption is a popular topic and enthusiastically discussed by researchers and engineers nowadays. Human
seriously consumes the energy in variable systems. How to save energy is the significant and emergent issue in our life.
Therefore, energy saving is an importantly practicable stratagem for any system. In this paper, the trajectory planning and
energy analysis will be discussed and investigated in a point-to-point (PTP) motion profile of a mechatronic elevator system.
In the previous paper [1] about trajectory planning, the problem of minimum-time trajectory planning was studied for
a three degree-of-freedom planar manipulator using a hierarchical hybrid neuro-fuzzy system. The use of finite impulse
response filters for planning minimum-time trajectories for robots or automatic machines under constraints of velocity,
acceleration, etc. was also presented and discussed [2]. An optimization approach [3] was proposed to generate smooth and
time-optimal constrained tool trajectories for Cartesian computer numerical control manufacturing systems. A high smooth
trajectory, planning method [4] was designed by a combination of the planning with multi-degree splines in Cartesian space
and multi-degree B-spline in a joint space. A hybrid algorithm combining the particle swarm optimization (PSO) algorithm
with Legendre pseudo-spectral method [5], was proposed for solving time-optimal trajectory planning problems of under-
actuated spacecrafts. Trajectory planning was considered by Lambrechts et al. [6] with given constraints and a feedforward
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controller for single-axis motion control. In the previous papers [1-6], the authors emphasized the optimal-time trajectory
planning, but large energies were also consumed in the operation process.

The resulting trajectory was required smooth enough, and an objective function containing a term proportional to the
integral of squared jerk along the trajectory was considered in [7], where the fifth-order and B-spline trajectories were used
to compose of the overall trajectory. A real-time interpolation algorithm for trajectory planning was studied by Wang et al.
[8], where the non-uniform rational basis spline interpolation algorithm was proposed to confine the contour errors and
feedrate fluctuations. In planning the linear and circular arc trajectories [9], the robot starts its motion from a start point
with zero velocity to the end point on the desired trajectory and stops at the end point. The manipulator trajectory using
algebraic-trigonometric Hermite polynomials curves [10] was designed to interpolate data points for the manipulator via
given curves. The optimal jerk-limited PTP trajectories for flexible-link robotic manipulators were developed in [11]. On-
line smooth trajectory generation for industrial mechatronic systems was addressed in [12]. An optimal trajectory planning
technique for suppressing residual vibrations in two-link rigid-flexible manipulators was proposed by Abe [13]. The typical
bilateral force constraints of the cables were translated into the velocity and acceleration of the cable-direct-driven-robot
end-effecter along the path by Trevisani [14]. The constraints were computed by use of the robot dynamic model, and then
incorporated into a suitable trajectory planning algorithm to yield the minimum traversal time.

From the review of the above studies [1-14], the energy consumption was not considered in the trajectory planning
for systems’ models. On the other hand, [15-19] considered the systems with energy-saving thought, and can be depicted
more clearly as follows. A nonlinear constrained optimal control problem [15] was originated from the optimal trajectory
planning of servomotor systems. It is noted that the quadratic cost function in [15] is a Hamiltonian function, but not the
definition of physical energy for servomotor systems. The manipulator trajectories [16] were modeled by using a parametric
path representation, and the optimal trajectory was then obtained by using a hybrid scheme comprising the particle swarm
optimization method and the local conjugate gradient method. The PTP trajectory [17-19] was described by a high-degree
polynomial, which satisfies the end conditions of displacement, velocity, acceleration and jerk at the initial and final times.
The real-coded genetic algorithm method was employed to determine the polynomial coefficients by minimizing the input
electrical energy. However, under some constraint conditions (for examples, constraints on the velocity, acceleration or jerk),
the proposed method was difficult to find the optimal coefficients of the high-degree polynomials, which satisfy the fitness
function and constraint conditions simultaneously.

To obtain both the performances satisfying the minimum input electrical energy and constraint conditions for the trajec-
tory planning, this paper proposed the method of multi-region trajectory planning. Firstly, the modeling of the elevator sys-
tem is formulated, and the system'’s electrical energy equation is found. Secondly, the car’'s maximum velocity, acceleration
and final position are specified. A seven-region (7-R) trajectory [20] with five-degree (5-D) polynomial is compared with
our proposed method in finding the minimum input absolute electrical energy (IAEE) trajectory. Thirdly, the self-learning
particle swarm optimizer (SLPSO) [21,22] is implemented to find the optimal value of the fraction, defined as the flight time
from null to maximum acceleration with respect to the total acceleration time, by minimizing the IAEE. It is also found
that non-maximum acceleration flight time has the minimum IAEE. Therefore, a 7-R trajectory is substituted for the 5-R to
obtain the minimum IAEE trajectory. It can be concluded that when the trajectory has a large input energy, it also has a
short flight time. On the contrary, when the trajectory has a small IAEE, then has a large flight time. Fourthly, to simplify
the trajectory planning of a 5-R trajectory, a 3-R trajectory with 7-D polynomial trajectory is proposed under the same con-
straint conditions. The fraction is undetermined, and can also be searched by the SLPSO by minimizing the IAEE. Finally, the
5- and 3-R trajectories are compared in the IAEE and flight time, and it is summarized that the IAEE and flight time are
contradictory in the PTP trajectory planning.

2. Modeling of the elevator system

In this section, the equations of the mechatronic elevator system are to be formulated. The complete energy equations
including the electrical and mechanical systems are formulated from the physical model.

2.1. Dynamic equations of the mechatronic system

To analyze and investigate the mechatronic system, it is important to formulate the dynamic modeling. The mechatronic
elevator system consists of the permanent magnet synchronous motor (PMSM) and elevator mechanism. Fig. 1(a) shows the
physical model of the mechatronic elevator system, where T, and T, are the tensions in the car and counterweight sides,
respectively. The main cable passing over the drive sheave is attached to the car and counterweight. T, is the torque applied
on the reducer, # and w are respectively the angular displacement and velocity of the sheave, R is the radius of the sheave,
H is the length between the original position and sheave center point, X, and x,,o are the initial positions of the car and
counterweight, respectively, m., Am, and m,, are the car’s, passengers’ and counterweight’s masses, respectively. x., v, and
ac are the car’s displacement, velocity and acceleration, respectively. x,, vy, and a, are the counterweight’s displacement,
velocity and acceleration, respectively. Fig. 1(b) shows the control block diagram of the elevator system driven by a PMSM.
According to the dynamic equation of the elevator mechatronic system [23], the mechanical and electrical equations can be
found as follows:

0 =w, (1a)
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Fig. 1. Elevator mechatronic system driven by a PMSM: (a) physical model, (b) PMSM drive system.

(e + A w = 2pgR*0 — ("*By + cR*)w + nkiig + Ad, (1b)

. d.
Vg = Rsig + anlq + Agnow, (1c)

where Ji =] + n%Jm + mcR? + mwR% + [2H — (% + hy + 2) — (x0 + X0) |pR2, AJ = AmcR? and Ad = [(% 4 x0—hy - %2 —
Xw0) P + (M — me — Amc)]gR.
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It is noted that AJ is the uncertain rotational inertia, Ad is the uncertain torque due to cable and passengers’ masses,

c is the viscous coefficient of the car’s guide and vq is the control input voltage. Therefore, the state-space matrix of the
mechatronic elevator system, Eqs. (1a)-(1c) can be written as follows:

X=AX+Bu+Q @)
0 1 0
. 2pgR? —(n®Bm+cR?) K, T T
whereX=[6 o il A=| 3%y TEE ey [B=[0 0 41Q=[0 gy 0] andu=y,
0 4 Fe
Lq Lq

2.2. Energy equations

It is interesting to find the energy equations of the mechatronic system, which includes electrical and mechanical parts.
In the dynamical equations in Eqs. (1b) and (1c), multiplying iq to Eq. (1c) and integrating with respect to time to the final
time T, the electrical energy can be found as follows:

T T T di
/ iqqut:/ Rsiédt—k/ igLq th+/ nighgodt. (3)
0 0 0 dt
The item niq in Eq. (1b) can be found as follows:

A]) . 2pgR? 2By + CR? A
_ U+ AD . 208K, (°Bmt+cRT) & Ad
K: K: K: K

Substituting Eq. (4) into the last term fOT nighqwdt of Eq. (3), it can be found as follows:

(4)

T T
/ iqvgdt = / {Rsz +—[(n23m+cR2)a) Ada)—Z,ongea)]}dt—i- / L = fq ¢ / C U+ Aoid:. (52
0 0

Therefore, the energy equations of the mechatronic elevator system can be rewritten as follows:
E,’ = Ed + Em =+ Ek, (Sb)
where E; = foT iqUqdt is the input electrical energy, Eq = fOT {RsiZ + (Ag/K)[("*Bm + cR?)w? — Adw — 2pgR?Ow]}dt is the dis-

sipation energy, E, = fo iglq dth is the magnetic energy, and E;, = (kd/l(t)fo (Je + A))wadt is the kinetic energy. Finally,
the IAEE can be defined as

T
El = [ lavglat. (6)
3. Design energy-saving trajectory with constraints

In the general trajectory design for a PTP profile, it usually requires the constraints at initial- and final-time conditions
(for examples, initial and final velocities, accelerations and jerks). The maximum velocity or acceleration of the trajectories
are seldom restricted. In this section, the maximum velocity, acceleration and final position are specified in the PTP multi-
region trajectory profile. The 3- and 7-R movement profiles are investigated as follows.

3.1. A 7-R movement profile

In designing the trajectory, the car’s maximum velocity vmax, maximum acceleration amax and the final position h are
specified and given. The acceleration function of the car is divided into seven regions [20] and is shown in Fig. 2(a). The
detailed equations of the displacement, velocity, acceleration and jerk in these regions by using a 5-D polynomial trajectory
can be written as follows:

Xi(t) = big + biy (¢ = ti_y) + bip (t — ti1)* + bis(t — ti1)® + bia(t — ti1)* + bis (¢ — t;_1)°, (7a)
Vi(t) = biy + 2bip (t — ti_1) + 3biz (t — t;_1)* + 4bia(t — t;_1)> + 5bis(t — ti_1)*, (7b)
a;(t) = 2bjp + 6bi (t — ti1) + 12bia(t — ti_1)* + 20bis (t — ti1)>, (7¢)
Ji(t) = 6biz + 24bi(t — ti_1) + 60b;s (t — t;i_1)*. (7d)
where i (i=1,2, ..., 7) is the region number, b;, (n =1,..., 5) are the unknown coefficients and can be determined by the

initial and final conditions, t;_; is the initial time in region i. For simplicity, the durations of regions 1, 3, 5 and 7 are set to
be the same. Here, a fraction o of the total acceleration (ty to t3) or deceleration (t4 to t;) time is defined as follows:

ti—to=t3—bhh=ts—ty=t;—tg=0(tz3 —ty) =o(t; —t;), 0<o0 <0.5. (8)
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(b) A 3-R acceleration profile

Fig. 2. Acceleration profile with (a) 7-R and (b) 3-R.

By adjusting the fraction o, the time in maximum acceleration and maximum deceleration can be found. For example,
o =0, there are no regions 1, 3, 5 and 7, and the infinite jerk happens at time t; and t;. But the case o = 0 has the shortest
flight time. When o = 0.5, it has no duration for maximum acceleration and maximum deceleration, regions 2 and 6 become
a point, and the case results the longest flight time. The detailed displacement, velocity, acceleration and jerk equations in
every region can refer to [20].

3.2. A 3-R movement profile

In the 3-R moving profile, the car’s maximum velocity vmax, maximum acceleration amax and the final position h are
also given and specified. The acceleration function of the car is divided into three regions in Fig. 2(b), which is acceleration,
constant velocity and deceleration. The acceleration region is from 7 to T; and maximum acceleration is specified at time
71, Constant velocity region is from time 7 to 7,. The deceleration region is from time 7, to 73 and maximum deceleration
is specified at time 7. For simplicity, the acceleration and deceleration regions have the same flight time (73 — 7, = 7y — 70).
In the acceleration and deceleration regions, a 7-D polynomial trajectory is applied and the details of the displacement,
velocity, acceleration and jerk are written as follows:

Xi(T) = Cio + Cin (T — Ti1) + C(T — Ti1)? + 3 (T — Ti21)> + Cia(T — 1) + s (T — T11)°
+ (T — Ti-1)8 + e (T — 111, (9a)
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Vi(T) = Cip +2¢(T — Ti_1) +3¢3(T — Ti-1)? + Cia (T — Ti_1)* + 565 (T — 73_1)*

+ 60i6(T — Ti21)° + 7¢i7 (T — 721)°, (9b)
a;(T) = 2Cp + 6C;3(T — Ti_q) + 1264(T — Tj_1) + 200;5(T — Ti1)® + 30Ci6 (T — Tj_1)* +42¢;7(T — T1_1)°, (9c)
Ji(T) = 613 + 24ci4(T — Ti_1) + 6005 (T — T1-1)? + 120¢;6(7 — 7;_1) + 210¢;7 (T — 7)™ (9d)

where i (i=1, 2, 3) is the region number, c;, (n=1,..., 7) are the unknown coefficients and are determined by the initial
and final conditions. 7;_; is the initial time in region i. The duration of regions 1 and 3 are set to be a fraction 7 of the time
with respect to the total acceleration (tq to 741) or deceleration (7, to 73) time as follows:
T — T T3 — Ty
n=—"""2-3""2" where 0<n<1 and Ty =71 —~To =15 — T. (10)
T T

By adjusting the fraction 7, the times reaching to the maximum acceleration and deceleration at regions 1 and 3 can be
found, respectively. The trajectories of the three regions by a 7-D polynomial are described as follows.

(1) Region 1 trajectory

The coefficients of region 1 trajectory are determined by the initial and final constraint conditions, which are described

as
x1(70) =0, v1(10) =0, v1(T1) =Vmax, @1(T0) =0, a1(71) =0, a1(Tr) = amax,
ji(t) =0, ji(r1)=0 and ji(ty) =0. (11a-i)
From the above 11 constraint conditions in Eq. (11a-i), the unknown coefficients cyq cy1..., ¢;7 and T; can be found as
2
_ (51 =3)(1 =57 +572)a%
10800(—1 + 1) n8v2.x
3 4
_ (=550 (=04 S (1= 50 4 50%) (=4 + 51 + 510°) U

Clo=Cnp =Cp =C;3=0,

C15 = , )
270000(—1 + 1) n1203,, 24300000(—1 + n)°nB51d
_ _ 219 .6 1133
ey 2N =D =5n+ S Ay g g 300 =10 e (1200
510300000(—1 + 1) '*n 183, (1 =51+ 51°)amax
(2) Region 2 trajectory
Region 2 trajectory has the constant velocity and is described as follows.
X2(7) = X1(11) + Vmax (T = 71),  V2(T) =Vmax and ay(7) = jo(7) =0. (13a-c)

(3) Region 3 trajectory
The coefficients of region 3 trajectory are determined by the initial and final constraint conditions, which are described
as

x3(13) = h, 13(T2) =Vmax, V3(13) =0, a3(72) =0, a3(13) =0,
a3(T2) = —Gmax, J3(72) =0, Jj3(r3) =0 and ji(t2) =0. (14a-i)
From the above 9 boundary conditions in Eq. (14a-i), the unknown coefficients c3g c31..., c37 can be found as
7(1 = 50 + 572) amaxh — 15(=1 + 7)°73 (6 — 331 + 3572)12,,,
7(1 = 57 + 512)* tmax ’
__Gn-2)a-5n+ 5n2)°a3,,, s — (1-57+592)°(3 - 99 +5n?)at .
10800(—1 + n)*n912. 270000(—1+n)%n213,,
(=50 +59)" (6~ 51 +512) a3
24300000(—1 + 1) n15v4

€31 =VUmax, C32=0C33=0, C3p=

C36 = and c37 = ¢y7. (15a-g)

3.3. The SLPSO

In 1995, Kennedy and Eberhart [24,25] first introduced the PSO method, which is derived from the social-psychological
theory, and has been found to be robust in complex systems. But it can’t be guaranteed that the PSO method can find the
global coefficients to minimize the IAEE. In this paper, the SLPSO method is employed to determine the fractions o and 7.
The SLPSO method has four velocity update strategies including exploitation, jumping out, exploration and convergence are
described as follows

exploitation: U;H'l) = wv?) + ky -rand1 - (pbest; —xﬁt)), (16a)
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jumpingout: vj.t“) = v;t) + Ui -N(0, 1), (16b)
exploration: vj.f“) - WU;t) +ko -rand2 - (pbest™) — x;‘)), (16¢)
convergence: v;[”) = Wll;t) + k3 -rand3 - (abest® — x}t)). (16d)

where t is the pointer of iterations, vj.t) is the velocity of the particle j at iteration t, w is the inertia weighting factor, kq,
k and k3 are the acceleration constants. The randl, rand2 and rand3 are the random numbers between 0 to 1. The pbest; is
the pbest of particle j so far. x;.t) is the is the current position of particle j and véﬁ,)g is the average velocity of all particles

at iteration. N(O, 1) is a random number generated from the normal distribution with mean O and variance 1. The pbestr(ér)l d
is the pbest of a random particle, that is better than pbest;. The abest® is the archive of the best position searched by
SLPSO so far. In the SLPSO, each particle has its own velocity update strategy to deal with the different situation in the real
system. An adaptive learning framework at the individual level, which can enable a particle to choose the optimal strategy
according to its own local fitness value, implements the cooperation of the four velocity update strategies. The detail process
and performance of the SLPSO can refer to [21,22].

In this paper, the IAEE is assigned as the fitness function (F), which is described as follows:

)
F = / liquq|de. (17)
0

Assuming the uncertainties AJ and Ad are null in the trajectory design. The SLPSO method is employed to find the
fractions o and 1 to minimize the Fy. The car’s displacement, velocity, acceleration and jerk are xc, v¢, ac and jc, respectively.
The sheave rotation angular displacement, velocity, acceleration and jerk are 8, w, o and j, respectively. The relationships
among them can be written as follows:

Xc=RO, v.=Rw, a-=Ra and j.=Rj. (18a-d)
Eq. (18a-d) are substituted into Eq. (1b) and the current ig and its time derivative dig/dt can be found as follows:

- 1 ac 5 N

ig = K [jt R + (n°Bpy + CcR )R —Zpngc], (19a)

diq 1 jc 2 2 ac

dar = F{t ][i-l—(n B + cR )ﬁ_ngva . (19b)

Therefore, the input voltage vq of Eq. (1c) can be found by ig, dig/dt and v.. Finally, the SLPSO algorithm can be used to
search for proper values of o, 1 and the profiles x., v¢, ac and jc, which minimize the fitness function Fy. Finally, the flow
chart of the energy-saving trajectory planning by SLPSO method is illustrated in Fig. 3.

4. Numerical simulations

The constraint conditions in numerical simulations are given as: the length of the elevator movement is h = 150m, the
car's maximum velocity is vmax = 5 m/s, and the maximum acceleration is amax = 0.75 m/s2. The car’s initial displacement,
velocity, acceleration and jerk are all null, the final displacement, velocity, acceleration and jerk are x(T) = 150m, v:(T) =
omy/s,ac(T) = 0m/s% and jc(T) = Om/s3 at the final time T. The numerical simulation parameters (Group 1) performed for
the elevator system model are shown as follows:

Jm =8 x 10~* kgm?, By, = 1073 Nms/rad, K; =2 Nm/A, Rs =5 Q, A4 = 0.05 N — s/rad,
Lg=10"2H, ] = 0.1 kgm?, R = 0.25 m, m¢ = 50 kg, my, = 50 kg, c = 0.5 Ns/m, n = 1,
H=200m, hg=2m, hy=1m, h, =1m, p=1kg/m, xg =0m, x,0 =190 m.

The system model is simulated by MATLAB program and solved by Runge-Kutta method with the above parameters.
4.1. Design the minimum IAEE for a 7-R profile

The SLPSO method is applied to search for the optimal o value in association with minimizing the Fy. The numerical
simulation parameters are employed and the numerical results are shown in Fig. 4. Fig. 4(a) shows that the fraction o is
searched rapidly and o = 0.5 is the optimal value finally. Similarly, Fig. 4(b) shows the F; with the searched o and the
final value of the fitness function is Fy = 41210.43] after 3 iterations. It can be found that the minimum IAEE profile has a
non-maximum acceleration region.

To compare the profiles with different o values, 0 = 0.1, 0 = 0.2 and o = 0.5 are compared and the trajectories, input
voltages and currents are also compared in Fig. 5. It is found that the trajectories with ¢ =0.1 and o = 0.2 has a short
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Fig. 3. The process of energy saving trajectory planning by SLPSO method.

Table 1
Comparisons of different fractions ¢ in the input energy and flight time for a 7-R profile.
o=0.1 o=02 o=05
E(J) 53,883.97 (1) 51,903.76 (o) 4121043 (o03)
Flight time t; (s) 37.41 (B1) 38.33 (B2) 43.33 (B3)
Input energy relative error (%) - "Zojl"“ x 100% = —3.67% % x 100% = —23.52%
Flight time relative error (%) - % x 100% = 2.46% % x 100% = 15.82%

flight time and the trajectory with o = 0.5 has the longest flight time. In Fig. 5(c) and (d), it is found that the trajectory
with o = 0.5 has a non-maximum acceleration region and has small jerk responses. The input voltages and currents have
the similar responses with acceleration responses, which are compared in Fig. 5(e) and (f).

The input electrical energy E;, the dissipation energy E,, the magnetic energy Ep and the kinetic energy E, with o = 0.1,
o =0.2 and o = 0.5 are compared in Fig. 6. In Fig. 6(a) and (b), it is found that the trajectories with ¢ =0.1 and ¢ = 0.2
have large E; and Eg, the trajectory with o = 0.5 has small E; and E;. It can be concluded that the acceleration response
is the major energy consumption region, which is caused by the dissipation energy E4. In Fig. 6(c) and (d), the magnetic
and kinetic energies are all from null to null. It can be concluded that trajectories with o = 0.1 and o = 0.2 have the short
flight time but large IAEE. The trajectory with o = 0.5 has the longest flight time but the smallest IAEE. Finally, the com-
parisons among trajectories with ¢ = 0.1, 0 = 0.2 and o = 0.5 in input electrical energy and the final time are described in
Table 1. It is found that trajectory with o = 0.5 can save 23.52% input electrical energy but spend 15.82 % flight time. Trajec-
tory with o = 0.2 can save 3.67% input energy but spend 2.46 % flight time. The above percentage values are compared with
respective to that of o = 0.1. It can be concluded that both the input electrical energy and flight time are simultaneously
contradictory in the trajectory planning.

4.2. Design the minimum IAEE for a 3-R profile

The SLPSO method is also applied to search for the optimal 7 value in associate with minimizing the Fy for a 3-R profile.
The parameters are the same with those in Section 4.1. Fig. 7 shows the optimal value 1 and fitness function by the SLPSO.
It is found that the optimal value 7 is 0.4 by the SLPSO, the fitness function has the minimum value (Fy = 41693.15). To
prove the optimal value (7 = 0.4) can find the minimum IAEE, n = 0.5 is chosen to compare in Fig. 8, where the trajectory
responses, input electrical voltages and currents are compared between 1 = 0.4 and n = 0.5. It is found that the difference is
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Fig. 4. Optimal value o and fitness value by the SLPSO for a 7-R profile.

small, the flight times of n = 0.4 is 41.85 s and n = 0.5 is 42.5 s. The comparisons of input, dissipation, magnetic and kinetic
energies are shown in Fig. 9. It is found that input energy with 1 = 0.4 is less than 1 = 0.5 in Fig. 9(a). Dissipation energy
also has the same results with input electrical energy as shown in Fig. 9(b). Magnetic and kinetic energies all converge into
null at the final time as shown in Fig. 9(c) and (d), respectively. The details of Fig. 9 are illustrated in Table 2. It can be
observed that the 3-R profile with 7 = 0.4 has less input energy and flight time than the trajectory with n = 0.5.
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Fig. 5. Comparisons of trajectory responses among o = 0.1, 0 = 0.2 and o = 0.5 for a 7-R profile.

Table 2
Comparisons of fractions 7 in the input energy and flight time for a 3-R profile.
n=04 n=0.5
E() 41,693.15 42,266.58
41.85 42.50

Flight time 73 (s)
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Table 3
Comparisons between the 7-R and 3-R profiles with system parameters, groups 1 and 2.
Profile System parameters Fraction IAEE Remark
7-R profile Group 1 o =05 41,210.43 Minimum
=04 45,963.08
Group 2 o =05 6205.43 Minimum
oc=04 6921.03
3-R profile Group 1 n=04 41,693.15 Minimum
n=05 42,266.58
Group 2 n=04 6278.14 Minimum
n=05 6364.45

4.3. Comparisons between the 7-R and 3-R profiles with new system parameters

In Sections 4.1 and 4.2, the 7-R profile with ¢ = 0.5 and 3-R profile with 1 = 0.4 have the minimum IAEE by using
the numerical parameters (Group 1). In this section, to confirm they also have the minimum IAEE, new system parameters
(Group 2) are performed and shown as follows:

Jm =1x1073 kgm?, By, =5 x 1073 Nms/rad, K; = 8 Nm/A, Ry =10 Q, A4 = 0.01 N —s/rad,
Lg=0.05H, ] =0.1 kgm?, R=0.25m, mc =80 kg, my =50 kg, c=0.6 Ns/m, n =1,
H=200m, hg=2m, hy =1m, h, =1m, p=1kg/m, xg = 0m and x,,g = 190 m.

Their comparison between the 7-R and 3-R profiles with parameter groups 1 and 2 is illustrated in Table 3. It is found
that the 7-R profile with ¢ = 0.5 and 3-R profile with 7 = 0.4 also have the minimum IAEE for the same elevator model.
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Fig. 7. Optimal value n and fitness values by the SLPSO for a 3-R profile.

4.4. Discussion and summary

According to the above simulation results, it is found that o = 0.5 can obtain the minimum IAEE for a 7-R profile. There-
fore, the 7-R profile can be substituted by a 5-R profile with o = 0.5. It is shown in Fig. 10 and each region (region 1'~
region 5’) is described as follows:

(1) region 1/

X(t) = kuo + kq1 (t — to) + k2 (t — to)® + k3 (t — to)* + ka(t — to)* + kis (t — to)°. (17a)
U(t) = ki + 2ka (t — to) + 3k (t — to)? + 4kia (t — tg)* + 5kis (t —to)*, (17b)
a(t) = 2kyy + 6kyz(t — to) + 12k14(t — t9)? + 20k5(t — )3, (17¢)
j(t) = 6ky3 4+ 24k14(t — to) + 60kys5(t — to)2. (17d)
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where ](10 = k]] = ’(12 = ](]3 = 0, k]4 = amax/(tz/ — t())z, ’(15 = —4ﬂmax/5(t2/ — t0)3, t2’ = ZUmax/amax and t1/ = vmax/amax.
(2) region 2’

X(t) = koo + ko1 (¢ — t1) + k3o (€ — t1)% + k33 (€ — t1)% + ksa(t — t1)* + ks (€ — t1/)°, (18a)

v(t) = ko1 + 2kop (t — 1) + 3ko3 (t — tlr)z + 4koq(t — t1,)3 + 5kys (t — tlr)4, (18b)
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a(t) = 2k22 + 6k23 (t - t]/) + 12](24(t - t1/)2 + 20k25 (t - t1/)3,

j(t) = 6koz + 24kas (t — t1) + 60kos (t — t1/)2.

35 40 45

where kyo = x(ty/), ka1 = U(ty), ka2 = Gmax/2, ka3 = 0,kpq = —k1g = —amax/(tyy — o), ko5 = —ki5 = 4amax/5(ty — to)>.

where k3o = x(ty ), k31 = Vmax and t3y =t +
(4) region 4’

(3) region 3’

x(t) = k3o + kap (t — tp),

V(t) = Vmax.
a(t) =0,
j@) =0.

h=2x(t,)

VUmax

X(t) = X(t3) + Umax (t — t3) + kaa(t — t3)* + kas (t — t5)°,

V(t) = Umax + 4kaa (t — t3)* + 5kas (€ — t5)%,

a(t) = 12kaa(t — t3)% + 20kys (t — t3)3,

m3Gsc;June 24, 2016;0:0
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](t) = 24’(44 (t — tg/) + 60’(45 (t — tg/)z. (20d)

where 1(44 = —k14 = —amax/(tz, — to)z, k45 = —k15 = 4amax/5(t2/ — f())3 and t4/ = t3/ + tz//2.
(5) region 5’

X(t) = kso + ks1 (t — ta) + ksp (t — ta)* + ks3(t — ta)® + ksa(t — ta)* + kss (t — ta)>, (21a)
U(t) = ks + 2ksp (t — ta) + 3ks3(t — tar)? + 4ksa(t — ta)® + Skss (t — ta)?, (21Db)
a(t) = 2ksy + 6ks3(t — ty) + 12ksa(t — tg)? + 20kss (t — tg)3, (21¢)
j(t) = 6ksz + 24kss (t — ta) + 60kss (t — ta)?. (21d)

where ksg = X(ty).ks; = U(ty), ksy = —amax/2.ks3 = 0., ks4 = amax/(ty — to)?, kss = —4amax/5(ty — tg)> and ts; =ty +ty.

From the numerical simulations in Section 4.1, it is found that trajectory with ¢ = 0.5 has the minimum IAEE, but the
longest flight time. It means that the less time of maximum acceleration is performed, the less IAEE is consumed. Observing
the dissipation energy Eg, large velocity produces large dissipation energy. Similarly, large acceleration produces large veloc-
ity and dissipation energy. It can be concluded that the acceleration and deceleration are the major energy consumption for
the mechatronic system.

To simplify the design of a 7-R profile, the 3-R profile is proposed and can be described by a 7-D polynomial with the
same boundary constraint conditions. The fraction 7 can also be adjusted by the SLPSO with minimizing the IAEE. From the
numerical simulations, it is found that the optimal fraction n = 0.4 can obtain the minimum IAEE and the shortest flight
time when compared with = 0.5. Comparing between Tables 1 and 2, the 7-R profile with o = 0.5 has less IAEE than the
3-R profile with 1 = 0.4. The relative error of the IAEE is 1.171%. But a 3-R profile with 7 = 0.4 has less flight time than the
7-R profile with o = 0.5. The relative error of flight time is 3.536%. Finally, the 7-R profile is modified as a 5-R profile with
o = 0.5 by the SLPSO with the minimum IAEE for the mechatronic elevator system. Furthermore, to simplify the design
of a 5-R profile with the same constraint conditions, the 3-R profile is proposed by a 7-D polynomial trajectory with the
minimum IAEE. Their relative errors of the IAEE and flight time are small.

5. Conclusions

The mechatronic elevator system driven by a PMSM is mathematically modeled, and the energy equations in the elec-
trical and mechanical parts are also formulated. The 7-R profile is discussed and the optimal fraction o = 0.5 has been
obtained with minimizing the IAEE by the SLPSO method. In other words, trajectory with o = 0.5 has the non-maximum
acceleration (deceleration) region, the minimum IAEE and longest flight time. On the contrary, the simple 3-R profile is
proposed by a 7-D polynomial trajectory with the same constraint conditions. The optimal fraction n = 0.4 is found by the
SLPSO with the minimum IAEE. Specially, the different parameters, groups 1 and 2, are compared, and it is found the 7-R
profile with o = 0.5 and 3-R profile with n = 0.4 also have the minimum IAEE for the same system model. It means that
the optimal solutions are insensitive to the system model. Finally, the new 5-R and 3-R profiles are compared and their rel-
ative errors of the IAEE and flight time are small. In summary, when the final position, maximum velocity and acceleration
are specified for any mechatronic system, the proposed trajectory design method can also be applied for a PTP multi-region
profile with the minimum IAEE.
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