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Abstract

Position—velocity—time control mode has been wildly used in industrial application. And velocity planning is one of the
most important factors to determine the performance of position—velocity—time motion. To generate smooth tra-
jectory while satisfying the kinematic constraints of the devices such as the maximum velocity, acceleration, and jerk, a
novel velocity planning method is proposed. Firstly, a modified S-shaped acceleration/deceleration algorithm is designed
to restrict the kinematic parameters. Meanwhile, a series of rules are specified to constrain the velocity profile to
simplify the velocity planning process. On this basis, the velocity planning method is proposed based on the modified
acceleration/deceleration algorithm. For reasonable position—velocity—time command, the given position—velocity—
time conditions can be satisfied with smooth velocity profile, where the kinematic parameters can be limited in their
allowable ranges. For unreasonable position—velocity—time commands, a series of planning strategies are designed to
adjust the given conditions according to the user needs, which is suitable for the real application. The comparative
experiments show that the proposed method can realize the velocity planning for position—velocity—time motion with
smooth trajectory while restricting the kinematic parameters. The computational load is also tested to satisfy the real-
time requirement. Therefore, the proposed velocity planning method has good performance and strong practicability.
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Introduction

Position—velocity—time (PVT) control mode, where the
motion axes can get to the specified position with desired
velocity and time, has been wildly used in motion control.'
In that mode, the controller conducts the velocity planning
according to a series of points with PVT information which
are called PVT commands. Compared with the position—velo-
city (PV) and position—time (PT) control modes, PVT mode
has a stronger constraint on motion process. However, in
some application situations, the PVT commands are send
by the host computer with a certain beat rather than obtained
by velocity look ahead. Hence, the given conditions might not
match to the kinematic constraints of the devices such as the
maximum velocity, acceleration, and jerk, which affects the
motion smoothness and might cause damage to the drive and
transmission components. Therefore, it is critical to develop
an appropriate velocity planning method to guarantee the
motion smoothness while restricting the motion parameters.

The most common used velocity planning methods for
PVT control are cubic and quintic polynomial interpolation
algorithms.zf7 Each PVT command is used as the planning
interval to construct the trajectory by cubic or quintic poly-
nomial functions. And the conditions of PVT command at
the end of command interval can always be satisfied.
Meanwhile, polynomial interpolation algorithms is easy
to conduct with small computational load.

However, the acceleration profiles obtained by the cubic
polynomial method are discontinuous at the edges of each
interval. Meanwhile, the Runge phenomenon® is obvious
with the fifth-order polynomial function in some situations,
which causes serious oscillations. Moreover, the velocity,
acceleration, and jerk profiles in each interval obtained by
polynomial methods are uncontrollable and might exceed
the kinematic constraints, which might cause damage to
devices and affect motion accuracy.

To restrict the motion parameters, various acceleration/
deceleration (ACC/DEC) algorithms can be used. Some
jerk-limited ACC/DEC algorithms such as the S-shaped
method” ™" and the dynamic jerk constraint method'* have
been employed to generate continuous acceleration profile.
To simplify the expression and calculation process of
polynomial methods, some trigonometric ACC/DEC algo-
rithms are developed such as the Sine-curve methods.'*'*
However, the motion efficiency is limited because the maxi-
mum velocity, acceleration, or jerk cannot be maintained
in these trigonometric methods.'> To further improve the
motion smoothness, some jerk-continuous ACC/DEC
algorithms'®™'? are proposed. However, their expressions and
the computation process of velocity planning are complicated.

Among these algorithms, the S-shaped ACC/DEC has
continuous acceleration and limited jerk?>*! which is nec-
essary and sufficient for smooth trajectory. Meanwhile, the
specified rules with seven sections have strong constraint
ability on kinematic parameters.**** In addition, the calcu-
lation process of velocity planning is simple and standard.**

However, the typical S-shaped ACC/DEC algorithm and the
corresponding velocity planning method cannot consider the
motion time condition, which cannot be used to PVT appli-
cation directly and needs to be modified.

To cope with these problems, a velocity planning
method is proposed in this paper for PVT control. The main
contributions can be described as follows:

1. A modified S-shaped ACC/DEC algorithm is
designed based on the typical algorithm, which can
consider the time condition and maintain the prop-
erties in terms of smoothness, simplicity, and abil-
ity to constrain the kinematic parameters.

2. On this basis, a series of rules are specified to restrict
the form of velocity profile to simplify the velocity
planning process.

3. The velocity planning method is proposed base on
the modified ACC/DEC algorithm. By the proposed
method, smooth trajectory can be generated to sat-
isfy the given PVT conditions while the kinematic
parameters are restricted within their given ranges,
which is suitable for the real application.

The remainder of this article is organized as follows. In
the second section, the typical S-shaped ACC/DEC algo-
rithm and its modification are illustrated. The third section
describes the velocity planning method for PVT control
based on the modified S-shaped ACC/DEC algorithm.
Experiment results are analyzed and compared with previ-
ous works in the fourth section. The conclusion and future
works are given in the fifth section.

Typical S-shaped ACC/DEC profile
and its modification for PVT control

The typical S-shaped ACC/DEC profile

As shown in Figure 1, the typical S-shaped ACC/DEC
profile consists of seven sections which compose three
phases namely ACC, constant velocity (CV), and DEC
phase with fixed order. The corresponding velocity plan-
ning process is to calculate the minimum motion time
7
Twmin = Y T; according to the given conditions including
i=1
the desired displacement S, start velocity v, end velocity v,,
and the kinematic constraint set @4, = {Jmax, @max, F }»
where J max, @max, and F are the maximum jerk, accelera-
tion, and velocity, respectively. Continuous acceleration
profile can be generated with simple calculation process
while the motion parameters can be limited in their given
ranges. However, the motion time condition is not consid-
ered, which is not suitable for PVT control.

The modified S-shaped ACC/IDEC profile for PVT control

To satisfy the requirements of PVT control, the typical S-
shaped ACC/DEC algorithm needs to be modified to
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Figure 1. The typical S-shaped ACC/DEC profile with seven
sections.

consider the motion time condition while maintaining its
properties in smoothness, simplicity, and ability to con-
strain the motion parameters within @;.. Hence, two mod-
ification principles are stipulated as follows:

(1) The ACC, CV, and DEC phases can be combined
in any order but each phase appears no more than
once.

(2) The jerk of each section in ACC and DEC phases
no longer equals to fixed values and depends on
velocity planning with the given conditions. But

the symmetry of jerk profiles in ACC or DEC
phase is still maintained.

Based on these principles, the typical S-shaped ACC/
DEC profile can be converted to different forms with same
motion condition set @, = {T, vy, Ve, Pt} where T is the
motion time and some of their velocity profiles are shown
in Figure 2, where the area S is the corresponding displace-
ment. The profiles shown in Figure 2(a) and (f) denote the
maximum and minimum displacements Sy.x and Spin
where the jerk of each section which is non-zero equals
t0 Jmax Of —Jmax. The profiles shown in Figure 2(c) to
(d) illustrate some other situations and their displacements
all belong to [Smin, Smax)- It can be seen that different dis-
placements can be generated through different ACC/DEC
forms with same &,,., which indicates that the modified S-
shaped ACC/DEC algorithm can realize the PVT control to
a certain extent.

However, there are too many kinds of profile forms in
[Simins Smax]- And the corresponding solution of velocity
planning is not unique, which complicates the calculation
process. Therefore, some further rules are needed to con-
strain the form of ACC/DEC profile and simplify the velo-
city planning. As shown in Figure 3, between P1 and P5
profiles which are corresponding to Figure 2(a) and (),
respectively, another three special profiles are constructed
with the following rules:

(1) P2 profile is composed of ACC and CV phases and
TPl = 772 where TC! and T%2 are the ACC time

acc acc acc acc

of P1 and P2.

(b)

v A Vv A

ACC, \DEC, CV

ACC,, CV, \DEG

(©)

v A

A

Figure 2. Some of possible velocity profiles and their displacements with same conditions.
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Figure 3. Five special profiles and four regions.

Table I. Rules of phase components, orders, and time of each
phase in each region.

Order of each Rules of Example
Region phase time Features profile
RI ACC-CV-DEC T, =TF! Sincreases with PRI
Ta=TH v
Td _ 7C_dl max
R2 ACC-CV — S increases with  PR2
To
R3 CV-ACC — Sincreases with PR3
Tacc
R4 DEC-CV-ACC Ty = ngc S increases with PR4
To = T; vace
Tace = :

acc

(2) P3 profile only have ACC phase and the corre-
sponding time is equal to 7.

(3) P4 profile consists of the CV and ACC phases and
TP = TP5 where T?* and T3 are the ACC time

acc acc acc ace

of P4 and P5.

With these five profiles, [Smin, Smax] i divided into four
regions. In each region, the rules of phase components,
orders, and time are stipulated in Table 1. Based on these
rules, the velocity profiles in each region, such as the exam-
ple profiles PR1-PR4 shown in Figure 4, have fixed forms,
which guarantees that the solution of velocity planning is
unique and reduces the computational load significantly.
The corresponding velocity planning method will be
described in the third section.

Velocity planning method for PVT control
based on the modified S-shaped ACC/DEC
algorithm

Based on the modified S-shaped ACC/DEC algorithm, the

velocity planning method is proposed to realize the PVT
control. For the situations where the given conditions

act
min

min

Nv

TPS

dec

P5
T,

Figure 4. Example profile in each region.

cannot be satisfied under the kinematic constraints, the
corresponding processing procedures are also given. Based
on Figure 4, the flowchart of velocity planning is depicted
in Figure 5 and described in detail with eight steps as fol-
lows where assuming 0 < vy, < v, < F:

(1) Step 1: judging the rationality of the given condi-
tions preliminarily.

The given time 7 might be insufficient to accelerate v, to
v.. Hence, the maximum reachable end velocity v)'** under
vs, T, and @y, should be calculated as follows

ifT < %
max
, Jmax T
then v™ = min | v, + F
‘ A M

2

else vI'™ = min | vy + amax ] — /2, F

Jmax

After that, the following judgment should be performed:

if v, < v, it means that v, can be reached. Then, go to
step 2.

if v, > v, it means T is too short and v, is unreach-
able. Then, go to step 5.

(2) Step 2: calculating the maximum velocity vy, in
P1 profile and the minimum vy, in PS5 profile
shown in Figure 4 as well as the corresponding
displacement Spax and Spin.

The calculation procedures of v, and vy, are shown in
Appendix 1. Meanwhile, each phase time can be calculated.
Then, Spax and Sy, can be obtained as follows
Ve + Vmax

R RN (AR, ()

S max — 2 acc 2 dec
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Figure 5. Velocity planning method based on the modified S-shaped ACC/DEC algorithm.

Vs + Vmin Vs + Ve

Ve +V
Smin :TTdec—‘rvmmTP\f—’_Tmmchsc 3) S4 = 2 T‘:csc+ (T Tscsc) (6)
Then, judge the relation between the given S and Then, go to step 4.
[Smim Smax] :
if S € [Smin, Smax], it means the velocity can be planned (4) Step 4: velocity planning in different regions.

under @, and S. Then, go to Step 3.
if S > Shax, it means S'is too long for the given @,,c. There If S € [Smin, S4), g0 to sub-step 4.1;

are two sub-cases which can be chosen according to the user if § € [S4,853), go to sub-step 4.2;
needs. If the condition of end velocity has higher priority than if S € [S3,852), go to sub-step 4.3;
displacement, then got to step 6. Else, go to step 7. if S € [S2, Smax), g0 to sub-step 4.4.
if S < Smin, it means S is too short. Similarly, two sub-
cases exist. If the condition of end velocity is more impor- e Sub-step 4.1: velocity planning in region R4

tant than displacement, then got to step 6. Else, go to step 8.
As the PR4 profile in Figure 6, the DEC, CV and ACC

(3) Step 3: calculating the displacements S,, S5, and S, phases all exist and the corresponding time is 7’5 decr T ‘:VS ,and
of P2, P3, and P4 profiles shown in Figure 4. T, respectively. The actual minimum velocity v is
selected as the variable and the following dlsplacement

Based on the specified rules given in subsection “The equation can be constructed
modified S -shaped ACC/DEC profile for PVT control,” S,,

act
S5, and Sy can be calculated as follows % £ v by 4 % ™ =5 (7
VS Jr ve
$2=— 70 v (T —T7)) 4) vi can be solved as
28 — v Th3 — v, TS
- Vg + Ve vac.t —_ s* dec e’ acc 8
S3 - —2 T (5) min T(};esc + 2TP5 + Tp5 ( )

acc
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Figure 6. Actual jerk and duration of each section in region R4.

As shown in Figure 6, the actual jerk and duration of
each section in DEC phase can be calculated based on v
as follows

act
if M < minl J 2dmax
TPS 2 max Tp5
( dec) dec
TPS
d
then Tdecl = Tdec3 = Tec
Tdecz =0
act
else T _ z(vS B vmin) _ TPS
dec2 — maxmax dec
max
P5
T -7 7Tdec_Tdecz
decl — 4 dec3 —
2
Amax
Jdec3 = _Jdecl = (9)
Tdecl

The jerk and duration of each section in ACC phase can
also be calculated by equation (9) similarly. Therefore, the
velocity planning is finished.

e Sub-step 4.2: Velocity planning in region R3

As the PR3 profile in Figure 4, only the CV and ACC
phases exist. The time of CV phase T, is selected as vari-
able. And the displacement equation can be constructed as

Vg + Ve
2

VT ¢ey + (T—Tn)=S (10)

Then, Ty, the time of ACC phase T, and its corre-
sponding displacement S,.. can be solved as follows

25— (vs +v)T

Tey (11)
Vg — Ve
Toe =TT (12)
Vg + Ve
Sacc = D Tace (13)

Finally, similar to Sub-step 4.1, the jerk and duration of
each section in ACC phase can be calculated based on
equation (9).

e Sub-step 4.3: Velocity planning in region R2

As the PR2 profile in Figure 4, only the ACC and CV
phases exist and the time of CV phase T, is selected as the
variable to construct the following displacement equation

Vs + Ve
T(T - ch) +Velew =8 (14)
T, can be solved as
28 — (vg +ve)T
R el L (15)

Ve — Vs

Then, the time of ACC phase and other critical para-
meters can be calculated by equations (12) and (9).

e Sub-step 4.4: Velocity planning in region R1

As the PR1 profile in Figure 4, the ACC, CV, and DEC
phase are all existing and the corresponding time equals to

TP, TPl "and T%!, respectively. The actual maximum
velocity v3 can be the variable. Hence, the displacement

equation can be constructed as

act act
Vs + Vmax TP] + Vact TPI + Ve + Vimax TP]

=S 16
2 acc max® cv 2 dec ( )
Then, v2% can be solve as follows
paet 2SP? VsTI:CI;I* vﬁ];d}lc (17)
max
Tacc+2ch +Tdec

Similar to Sub-step 4.1, the time and jerk of each section
in ACC and DEC phase can be calculated based on equa-
tion (9).

(5) Step 5: Adjusting v, to satisfy the time condition

In this situation, the given time 7 is too short that v
cannot be accelerated to v.. And the conditions of PVT
control cannot be both satisfied. Therefore, to match the
command beat, the conditions of end velocity and displace-
ment should be abandoned. The end velocity v, should be
replaced by vi'** calculated in step 1. And the correspond-

ing displacement S should be updated as
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S — Vs +2Ve T (18) if T < ZHmax Amax

Then, the jerk and time of each section can be obtained g2

with the same procedures in step 4. then me =max | vy — mz( ,0 (22)
(6) Step 6: Abandoning the displacement condition 2
) ) ) . else vm‘“ =max | vy — amax ] + 22 Dnax ,0

When coming to this step, it means the displacement J max
condition cannot be satisfied with @,.. Meanwhile, v,
should be guaranteed. Therefore, the displacement condi- Based on me the corresponding DEC time Tdec and dis-

tion should be abandoned. If S < Spin,Sshould be updated
to Smin. On the contrary, S should be replaced by Spax
when S > Spax. Then, the jerk and time of each section
in ACC and DEC phase can be calculated similar to sub-
step 4.1 or 4.4.

(7) Step 7: Increasing the end velocity

Based on the maximum reachable end Velomty v

obtained in step 1 the corresponding ACC time T 3% " and
displacement S*, which is the maximum reachable dis-
placement under vy, T, and @y, and consists of ACC and CV
phases, can be calculated as follows

2
if max 4, < vmax

Jmax
Vmax v_y
then Thoe =2 [-¢——
acc Jmax (19)
nax ymax __ g, a
else Taéc —_¢ 75 TmaX
amax Jmax
max v + vmax
S =2 e 5 T 4 (T — T (20)
Then,
if $¥" < S, it means that the displacement conditions

cannot be satisfied by increasing the end velocity. Hence, S
and v, should be replaced by vI'* and gve

else, vi™ should be reduced to vi™*'. v/ can be cal-
culated as follows where the time of ACC phase is main-

tained as TZ:: and the rest is CV phase

_ 25— wTie 1)
2T — Tacc

max/
e

Then, the time and jerk of each section in ACC phase
can be calculated similar to sub-step 4.3.

8. Step 8: Reducing the end velocity

With the conditions of vy, T, and @, the minimum
reachable end velocity v™" can be calculated as follows

placement S*, which is the minimum reachable displace-
ment and consists of DEC phase, can be obtained as follows

2

if max min S v
Jmax :
L"m Vg — vmin
then Tdec =2 Jig (23)
max
i Vg vmln a
else T dLec =—° e
Amax J max
min Vg vy v';"" min
S = s —Ti. + (T — Tdec) 24)
Ifs< SV'f"i", it means that the displacement condition
p

cannot be satisfied by reducing the end velocity. Therefore,
S and v, should be replaced by S

IfS > 8%,
step 7, vin

and vmm

vt should be increased to v, Similar to
can be calculated as follows where the time of

DEC phase is maintained as 7T'¢ o and the rest is CV phase

dec

: 28 —
pmin I _ dec (2 5)

e vmm

2T -T

dec

Then, the time and jerk of each section in DEC phase
can be calculated and the velocity planning is finished.

For steps 5-8, the PVT conditions cannot be both satis-
fied. When coming to the next command period, the target
displacement S"*' should be recalculated according to the
implementation of current period while the corresponding
start velocity v?**" is the end velocity of current period. And
during the following motion, the tracking of end velocity
and displacement can be conducted gradually, which is
suitable for the real application. In particular, when there
is no subsequent PVT command and the target end velocity
or displacement is not reached, the velocity will be planned
by the typical S-shaped ACC/DEC algorithm without con-
sidering the time condition.

Implementation and experimental results

In this section, the experiments are performed to evaluate
the good performance of the proposed velocity planning
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Figure 7. Layout of the experimental system.

Table 2. Configurations of the motion controller.

Table 3. Kinematic constraint parameters.

Operating system Windows 7 with KRTS Parameters X axis Y axis

CPU Intel(R) Core(TM) i5-4460, 3.2GHz ~ Maximum velocity F 400 mm/s 400 mm/s

Memory 4.00 GB Maximum acceleration a@pmay 1000 mm/s> 1000 mm/s?
Maximum jerk J,... 10000 mm/s* 10000 mm/s*

method. Analysis and comparisons are also performed with
some other representative methods such as the cubic and
quintic polynomial interpolation algorithms.

Experimental setup

The experiments are conducted on a two-axis motion plat-
form with Panasonic MBDH series servo derives and
MHMD series motors. The layout of the experimental sys-
tem is shown in Figure 7. The host computer generates PVT
commands and sends them to the self-developed PC-based
motion controller'® through Ethernet where the command
period is 50 ms. The PVT commands come from a tracking
system guided by machine vision. The tracking target
including PVT conditions is given by machine vision and
the mechanical system completes tracking. The configura-
tions of the motion controller are shown in Table 2. Mean-
while, the axis control data can be sent to the corresponding
servo derives by EtherCAT and the interpolation period is
set to 1 ms. In addition, kinematic constraint parameters are
shown in Table 3. The two axes” PVT commands are
shown in Figure 8(a) to (d).

Experiment results and comparisons

The target of velocity planning for PVT control is to satisfy
the position, velocity, and time conditions under the kine-
matic constraints. Therefore, we judge the performance of
velocity planning methods through comparing whether the

motion parameters can be restricted in their allowable
regions while complete the PVT motion.

According to the PVT command sequences, the experi-
ment results of the proposed velocity planning method are
shown in Figures 9 and 10. As can be seen, smooth velocity
and continuous acceleration profiles can be generated while
all the motion parameters are restricted in their given
ranges. For the commands which cannot be satisfied under
the kinematic constraints, the given conditions are adjusted
to match the constraints where the end velocity is set to a
higher priority. In the last part, the given end velocity and
position are not reached but there is no subsequent PVT
command. Hence, the two axes are moved to the target
position and end velocity directly based on the typical S-
shaped ACC/DEC algorithm without considering the time
condition.

The experiment results obtained by the cubic and
quintic polynomial interpolation methods are shown in
Figures 11 and 12 and Figures 13 and 14, respectively.
As shown in Figure 11(c) and 12(c), the acceleration pro-
file obtained by the cubic polynomial method is discon-
tinuous, which causes serious vibration and shock.
Meanwhile, as can be seen form Figure 13(b) and 14(b),
the velocity profile obtained by the quintic polynomial
method has serious oscillations. Even in some interpola-
tion periods, the velocity appears negative. In addition,
the velocity, acceleration, and jerk obtained by the cubic
and quintic polynomial methods are uncontrollable and
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Figure | 1. Experiment results of X axis by the cubic polynomial method. (a) Position; (b) velocity; (c) acceleration; (d) jerk.
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Figure 12. Experiment results of Y axis by the cubic polynomial method. (a) Position; (b) velocity; (c) acceleration; (d) jerk.
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Figure 13. Experiment results of X axis by the quintic polynomial method. (a) Position; (b) velocity; (c) acceleration; (d) jerk.
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Figure 14. Experiment results of Y axis by the quintic polynomial method. (a) Position; (b) velocity; (c) acceleration; (d) jerk.

exceed the kinematic constraints, which affects the
motion smoothness and might cause damage to the drive
and transmission components.

The real-time performance of the proposed velocity
planning method is also tested during the experiments. The
average and maximum computational time in each inter-
polation period are 1.562 us and 10.523 us, respectively,
and much smaller than 1 ms. Therefore, the proposed
method can always satisfy the real-time requirement with
1 ms interpolation period.

Conclusion and future works

In this article, a novel velocity planning method based on a
modified S-shaped ACC/DEC algorithm is proposed for
PVT control. For reasonable PVT commands, the given
PVT conditions can be satisfied by this method with
smooth velocity profile while the kinematic parameters can
be limited in their allowable ranges. For unreasonable PVT
commands, a series planning strategies are designed to
adjust the given conditions according to the user needs,
which is suitable for the real application. The comparative
experiments have been conducted and validate the good
performance and applicability of the proposed method.
For some devices, such as the serial industrial robots,
their kinematic constraints are not fixed and vary with their
position and posture. The proposed velocity planning

method is only suitable for fixed constraints. Future work
will focus on considering the variation characteristics of
kinematic constraints during velocity planning to make full
use of the motion performance of device. Therefore, the
kinematic and dynamic models of devices need to be estab-
lished to get accurate kinematic constraints.
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24.

Appendix |: Calculation of v,,,,x and v,

Assuming 0 < vy < v, < F, the calculation of v, can be
conducted with no more than three steps and its flowchart is
shown in Figure 1A where v&)ax is the assumed maximum
velocity in Step Ai.

(1) Step Al: assuming vggx =F

Based on the assuming of vggx, the corresponding ACC

time T gig can be calculated as follows

2
. 1 a
if Vi — vy < S0

max

F— s
then 7() =2 |~ — % (A1)
max
F—vy  amax
e e = e
The DEC time T SL)C can also be calculated based on

equation (Al). Then, the following judgments can be
performed
if 70) + 71 < T, then vipay = F

c —
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Figure | A. The flowchart of the calculation of v ,x.

else, it means that v, should be smaller than F. Then,
go to Step A2.
(2) Step A2: assuming vﬁna)x = v, 4 Jmax -

Similar to Step Al, the ACC and DEC time T2 and
T Eize)c corresponding to Vim can be calculated. The judg-

ments are as follows:
if vﬁﬁﬁ,x > F or Tg%g + ng) > T, it means that v,y

should also be smaller than vmzx. Then, go to Step A3;

else if T acz +T (21 =T, then vy = vffgx

else, it can be inferred that vy, € (vgngx,F ). Then, the
dichotomy method can be employed to determine vy, in
(vinax, F)-

(3) Step A3: assuming vl(mzx =v;+ J"‘“

max

Based on equation (Al), the ACC and DEC time T S )
and T Eie)c corresponding to v@x can be obtained. The s1m11ar
judgments are as follows

If vggx >F or Tgcz + Tfjel > T, it means that
Vmax € [Ve, min(v3_  F)). Similar to Step A2, the dichot-
omy method can be used to calculate vy, in [ve,
min(v3,,. F));

else if 70) + T< )

acce

else, it can be concluded that v € (vfmzx,vmax) The
dichotomy method can also be employed to calculate v,ax
(3 ()
m (Vma)u Vmax)~

The calculation procedures of vy, is similar to Vypax
and its flowchart is shown inFigure 1B where vf;)l s the
assumed minimum velocity in Step Bi, 7\) " and T d’e)c’ are
the corresponding ACC and DEC time, respectively.

=T, then vy = v.(ﬁgx
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