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ANALYSIS OF TECHNICAL AND OPERATIONAL CHARACTERISTICS OF TURNING-AND-
SHUNTING DOOR OPENING MECHANISM OF ELECTRIC PUBLIC TRANSPORT

One of the most important problems occurring while designing public transport vehicles consists in providing an effective control
of the door opening systems. The methods of carrying out the investigations presented in the paper include structural and kinematic
analysis of the door opening mechanisms and simulation of their operation in applied software. The paper analyses the design and
operational peculiarities of the turning-and-shunting mechanism of door opening of electric public transport. The corresponding
design of the mechanism is proposed. It is suggested to be driven by pneumatic drive. The simplified diagram of the mechanism is
constructed. Structural and kinematic analysis of the mechanism is performed, and the analytical dependencies for describing the
motion of its links during the door opening/closing are derived. The main kinematic parameters of the studied mechanism are
investigated on the basis of the derived analytical dependencies in MathCAD software, as well as by means of simulating the motion
of the solid-state model of the mechanism designed in SolidWorks software. The conclusions about the agreement of the results of
theoretical investigations performed on the basis of numerical solving the obtained motion equations and of the virtual experiment
(motion simulation in SolidWorks software) are drawn. The analysis of energy efficiency of the investigated turning-and-shunting
door opening mechanism of electric public transport is carried out. Prescribing the resistance force acting on the door leaf and
calculating the corresponding door motion speed during its closing, the dependency of the nominal power supply of the mechanism
drive as a function of corresponding generalized coordinates was deduced. Analyzing the obtained results, the authors have
established that the necessary nominal power of the turning-and-shunting mechanism drive is almost twice larger than the necessary
nominal power of the widely used leaning-and-shunting mechanism. Further investigations on the subject of the paper can be
performed in the direction of developing different control systems providing safe and reliable operation of the considered door
opening mechanism driven be electric and pneumatic actuators.
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Introduction. Modern living standards cause the
growth of the citizens' needs in a faster, convenient and safe
transportation. One of the most important problems occur-
ring while designing electric public vehicles is the problem
of controlling the mechanisms for opening/closing doors.
At the present time, there are dozens of designs of these
mechanisms, which differ from each other by the following
features: the direction of the door movement with respect to
the cabin of the vehicle (outside or inside), the drive (hand,
electric, hydraulic, pneumatic), the number of moving ele-
ments of doors, the type of anti-cramping systems, etc.

The structural and kinematic characteristics, as well as
the methods of geometrical synthesis of different mecha-
nisms of actuating doors of urban buses are presented in nu-
merous scientific publications. Most of these works (Anto-
nescu et al., 2018; Antonescu et al., 2017) consider the ki-
nematic and geometrical properties of the mechanisms, in
particular the swept volume, pressure angles, mechanism
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stalling etc. The other investigations (Rahman et al., 2014;
Kwon & Suh, 2005) deal with simulation analysis and com-
puter-aided design of the improved door mechanisms of
public vehicles. One more group of researchers (Hong et
al., 2001; Tushar et al., 2019) studies the peculiarities of
pneumatically operated door systems of electric vehicles, in
particular noise conditions, operational safety, passengers
convenience etc.

The analyzed investigations on the subject of the paper
do not cover the problems of energy efficiency of door
mechanisms. Thus, the main purpose of this paper consists
in comparative analysis of power consumption of different
door mechanisms of public vehicles on the basis their struc-
tural and kinematic analysis and motion simulation using
MathCAD and SolidWorks software.

Materials and methods. While carrying out the rese-
arch, the structural and kinematic analysis of the six-link
hinge-lever door mechanism will be performed using the

KopeHgiit Bitaniii MuxaitnoBsuu, KaHa, TEXH. HayK, acUCTEHT, Kadpeapa MexaHikv Ta aBTomaTn3alii MalwnHobyayBaHHs.
Email: vitaliy.nulp@gmail.com; https://orcid.org/0000-0002-6025-3013

Koutombac Oner MocndoBuy, KaHz,. TeXH. HayK, CT. BUKAaAay, Kadeapa ekcnayaTallii Ta peMOHTY aBTOMOBINbHOT TEXHIKM.
Email: o.kotsjumbas@email.ua; https://orcid.org/0000-0002-6590-4022

NaHeupb OneHa BanepiiBHa, KaHA,. TEXH. HAYK, aCUCTEHT, Kadeapa TEXHIYHOT MexaHiKM Ta AMHAMIKM MaLWH.
Email: lanecolena@gmail.com; https://orcid.org/0000-0002-0372-6240

LutysaHHA 3a ACTY: KopeHaiit B. M., Koutombac O. 1., MlaHeup O. B. Analysis of technical and operational characteristics of turning-
and-shunting door opening mechanism of electric public transport. Haykosuit BicHuk HATY YKpainu. 2019, 1. 29, Ne 3. C. 89-94.

Citation APA: Korendiy, V. M., Kotsiumbas, O. Yo., & Lanets, O. V. (2019). Analysis of technical and operational characteristics of
turning-and-shunting door opening mechanism of electric public transport. Scientific Bulletin of UNFU, 29(3), 89-94.

https://doi.org/10.15421/40290319

Haykoswuit BicHMK HNTY YKpaiHu, 2019, 1. 29, N2 3

Scientific Bulletin of UNFU, 2019, vol. 29, no 3 89



well-known methods of the Engineering Mechanics and
Theory of Mechanisms, in particular, the method of closed
vector loops. In order to carry out experimental investigati-
ons and simulation of the mechanism motion, the applied
software SolidWorks and MapleSim will be used.

Results

Substantiation of the investigated design of door por-
tal of public vehicle. One of the most common designs of
the door portals of electric public transport is the turning-
and-shunting configuration (Fig. 1). In this case, the door
leaves 1 are hingely joined by the straight levers 2 with ver-
tical drive shafts (tubes) 3 placed on each side of the door
portal. Vertical drive shafts 3 have the ability to rotate aro-
und their own longitudinal axes and they are driven by the
lever mechanisms 4 with a help of pneumatic cylinders 5.
In order to ensure the opening of the door leaves 1 inside
the cabin and almost perpendicularly to the body of the ve-
hicle, the guide sliders are attached to the door leaves 1 and
move along the guide rail 6.

Fig. 1. The analysed design of the turning-and-shunting doors of
public transport

Design and kinematic diagrams of the door mecha-
nism. Let us consider the basic design of the turning-and-
shunting door opening mechanism of electric public
transport (Fig. 2, a). It consists of the pneumatic cylinder 1,
which is hingely joined with the body 2 of the vehicle. The
piston rod of the pneumatic cylinder 3 is hingely connected
with the driving rocker 4 of the vertical shaft 5, to which
the door leaf 7 is hingely joined with the help of the lever 6.
To provide a turning-and-shunting way of closing the door,
the guide slider 8, which moves along the horizontal guide
rail 9, is hingely connected with the door leaf 7. Thus, du-

ring the process of pushing the rod 3 (Fig. 2, a) it turns the
rocker 4, shaft 5 and lever 6. The lever 6 sets the door leaf
7 in motion causing its rotation around the hinge of its at-
tachment to the slider 8 and causing its translational motion
along the guide rail 9.

On the basis of the considered design of the turning-
and-shunting mechanism for opening the door, let us deve-
lop its kinematic diagram (Fig. 2,b). The mechanism con-
sists of the driving slider 1, the lever 2 of which is connec-
ted to the rocker 3 by means of the cylindrical hinge 4. The
other end of the rocker 3 is hingely connected with the rota-
tion axis B. The coupler 4 (presenting the door leaf) is jo-
ined with the rocker 3 by means of the cylindrical hinge
C. The other end of the coupler 4 is hingely connected to
the slider 5 at the point D. The point M denotes the position
of the mass centre of the door leaf.

B
b) 7z

Fig. 2. Design (a) and kinematic (b) diagram of the turning-and-
shunting door opening mechanism of public transport

Structural and kinematic analysis of the mechanism.
The turning-and-shunting mechanism for opening the doors
of electric public vehicle consists of five movable links
(Fig. 2,b): slider 1, coupler 2, rocker 3, coupler 4, slider 5,
and seven single-motion kinematic pairs (kinematic pairs of
the fifth order): rotary pairs O,, 4, B, C, D,, translational
pairs O,, D,. There are no higher kinematic pairs in the
mechanism. Thus, in accordance with the Chebyshev for-
mula for plane mechanisms (Norton, 2004), we have n=5,
ps=7, ps=0, which allows us to determine the degree of
freedom of the mechanism:

W=3n-2-ps—ps=3-5-2-7-0=1. (1)

Consequently, we can state that the mechanism has one
degree of freedom, and therefore it is enough to choose one
generalized coordinate to describe the motion of all its
links. As the generalized coordinate we adopt the elongati-
on of the piston rod of the driving pneumatic cylinder (see
design diagram in Fig. 2,a) or the distance /,, (see kinema-
tic diagram in Fig. 2,b).
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Let us deduce the formula of the mechanism structure.
To do this, we have to divide it into Assur's groups (Norton,
2004). As an input (driving) link we accept the slider 1 that
can rotate around the hinge O. In this case, the slider 1 is
considered as a mechanism of the 1% class. The remaining
kinematic chain can be divided into two groups of the 2™
class: of the first type (links 2, 3) and of the second type
(links 4, 5) Thus, the formula of the mechanism structure is
following:

Mech =1(0,1) - 11(2,3) — 11(4,5) . )

In order to perform kinematic analysis of plain mecha-
nisms of the second class, it is expedient to use the method
of closed vector loops (Norton, 2004). To derive the equati-
ons of the mechanism links motion, we arbitrary divide it
into three triangles: OAB, ABC and COD (Fig. 2, b). In the
first triangle, we know the coordinates of the immovable
cylindrical hinge B — xp, ys, the length of the rocker 4B —
145, and the accepted generalized coordinate (the length of
the piston rod of the pneumatic cylinder) — /o,. If we accept
the centre of the coordinate system at the point O (xp =0,
yo =0), then the horizontal coordinate of the hinge 4 can
be determined by the formulas:

X4 = X0 +\/l(2)A _()/A—yo)2 =\/lc2)A—y§1;
X4 :xB_XO_\/lle_(.VA _yB+y0)2 :XB_\/lle_(YA __VB)z'

Equating two expressions (3), we obtain one equation
with one unknown value y,:

NGRS :xB+\/lle_(yA_yB)2 . 4)
The solution of the equation (4) has the following form:
VB ‘(léA —Uip+ X3 +)’129) + X \V4 VB
2 ~(x§ + y%;)

€)

) ©)

Ya=

Where Vy Z(IAB +lOA)2 —XZZ; _y12; , VB = _(lAB —IOA)z +x§ +y12; .

Thus, we obtained the analytical expression (5) for
describing the vertical coordinate of the hinge 4 as a functi-
on of the generalized coordinate, since the other parameters
in the formula (5) are known. If y, is determined, the abscis-
sa of the hinge 4 can be calculated by the formulas (3).

Let us consider the closed vector loop which is descri-
bed by the triangle ABC (Fig. 2,b). In this triangle, we know
the coordinates of the immovable cylindrical hinge B — x3,
Vs, of the hinge 4 — x4, y4, and the lengths of the sides 4B —
lyp, AC — l4c and BC — [zc. The horizontal coordinate of the
hinge C can be determined by the formulas:

xC:xA+\U§1C_(yC_)}A)2; xc=x3—\ll§c—(yc—y3)2 . (6)

Equating two expressions (6), we obtain one equation
with one unknown value y:

xA+\)l§1C_(yC_J’A)2 =XB—\H§C—(yc—yB)2 . @)

The solution of the equation (7) has the following form:
:VA-I-VB—(XB—XA)'VVC'VD (8)

2 ‘((XB —XA)2 +(yB _yA)z) ’

V4 =(y3—yA)~(lﬁc—l§C—yi+y§);

Yc

where

VB :(yB +yA) '(XB —XA)2 >

Ve Z(IAc-I-lgc)z—(xB _XA)Z_(yB _yA)z;

vp =—(lsc —136)2 +(xp - XA)2 +(v8— yA)2 .

Thus, we obtained the analytical expression (8) for
describing the vertical coordinate of the hinge C as a functi-
on of the generalized coordinate /y,4, since the other parame-
ters in formula (8) are known. If yc is determined, the abscis-
sa of the hinge C can be calculated by the formulas (6).

Let us consider the closed vector loop which is descri-
bed by the triangle COD (Fig. 2, b). In this triangle, we
know the coordinates of the fixed cylindrical hinge O —
x0=0, yo =0, the coordinates of the hinge C — xc, yc, the
ordinate of the hinge D (slider) — yp, and the length of the
coupler CD — I¢p. In this case, the horizontal coordinate of
the hinge D (slider) can be determined by the formula:

XD=XC—\/1%D—()/C—)/D)2 . (9)

If the coordinates of joints C and D are known, we can
determine the coordinates of the point M (mass centre of
the door leaf) using the following relationships:

- - I
YeTID _IMZID = yp+ (e —yp)- 22,

lCD lMD lCD (10)
Xc— XD :XM—XD tMD

= XM =XD+(Xc—XD)'
lep Ivp cp

Numerical modelling and simulation of the door
mechanisms motion. In order to analyse the adequacy of
the analytical relationships for description of the door mec-
hanism motion, let us investigate the displacements of the
corresponding links. This stage of research is to be carried
out on the basis of the derived analytical dependencies in
MathCAD software and using the solid-state model of the
door mechanism in SolidWorks software (Korendiy, 2019).

On the basis of the proposed design of the door mecha-
nism developed in SolidWorks software, let us write the in-
put data for investigating the motion of the mechanism, in
particular, its geometric parameters (Fig. 2,b): yp=12 mm,
xp=565mm, l4c=240mm, lcp=395mm, yp=-34mm,
lBC =330 mm, lAB =96 mm, lMD =395 mm.

Based on the formulas (3)—(10), let us plot the graphical
dependences of the displacements of the corresponding hin-
ges and of the mass centre of the door leaf on the magnitu-
de /y4 of the elongation of the piston rod of the pneumatic
cylinder (Fig. 3).

To confirm the adequacy of the obtained analytical de-
pendencies, let us present the results of motion simulation
of the mechanism received in SolidWorks software (Fig. 4)
(Korendiy, 2019). During the process of simulation, a
constant speed of the piston rod motion was accepted. This
provides a 2 seconds duration of the door closing cycle.
Thus, the length of the piston rod varies from the minimum
value /pmin = 474 mm to the maximum value /o m.x = 586
mm in accordance with the linear dependence on time.

Analysing the graphic dependences presented in Figs.
3—4 obtained on the basis of analytical calculation and vir-
tual experiment, respectively, we can state about their satis-
factory agreement (convergence), which justifies the adeq-
uacy of the derived equations of motion of the turning-and-
shunting door opening mechanism.

Discussion. The turning-and-shunting door mechanism
of electric public transport (Figs. 1-2) is currently conside-
red as one of the safest and most comfortable mechanisms.
However, among its disadvantages we can mention the ne-
cessity to use the drive with a significant power store, when
it is required to close the doors in the case of overcrowded
passenger cabin.
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Fig. 3. Results of numerical modelling of motion of the turning-and-shunting mechanism: @ — hinge A, b — hinge C, ¢ —hinge D, d — mass
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Let us consider the problem of providing the necessary
power of the mechanism drive while closing the doors of
the electric public transport in the presence of obstacles on
their way. The obstacles are simulated in the form of a
constant forces applied to the ends of the door leaves and
directed oppositely to the direction of their closing. The
value of the resistance force is F, =100 N. To find the no-
minal power of the drive, which is required to overcome the
given force, taking into account the specified duration of
the door closing cycle 7.=2s, we need to determine the
speed of the guide hinge D parallel to the body of the vehic-
le, that is, the speed xp. To find this speed, it is necessary
to differentiate the dependency (9) considering the function
Xp as a complex function, which depends on the elongation
of the piston rod of the driving pneumatic cylinder, which
in turn is a function of time. Therefore, the general expres-
sion for calculating the speeds xp is following:

d I} d(!
)'CD(t): (XD( OA)), ( OA(t)) . (11)
d(loa) d(t)
As mentioned above, the speed of the elongation of the
driving pneumatic cylinder rod, which provide a two-se-
cond cycle of the door closing, is constant:

d(loa(1))
d(1)
Considering the expression (12), we can state that:
lo4(t)=0,056-¢ (m).

(12)

=const=56 mm/s=0,056 m/s .

(13)
Taking into account the awkwardness of the derivative
d ( X D(IOA))
d(loa)

expression in the paper, but it has been deduced and accep-
ted for modelling with a help of MathCAD software.

Adopting the resistance force while closing the doors Fr
=100 N and calculating the corresponding speed of the do-
or motion (formula 11), we can determine the dependence
of the nominal power of the doors drive on the correspon-
ding generalized coordinate:

expression , it is inexpedient to present this

d(xp(lox))
d(loa)

and time dependence of changing the nominal power of the
doors drive during the process of their closing under the ac-
tion of constant resistance force:

_ o d(x(lor)) d(loa(1))
N(t)_Fr. d(loA) . d(t) '

The results of calculations performed by the formula
(14) are shown in Fig. 5,a, and the results of the virtual ex-
periment carried out in SolidWorks software are presented
in Fig. 5,b (Korendiy, 2019).

Analysing the obtained graphical dependences (Fig. 5),
for the constant resistance force opposing the motion of the
door leaves Fr = 100 N and for the constant duration of the
door closing cycle Tc = 2s, we can state that the required
nominal power of the pneumatic drive is approximately
580-600 W. This power is about twice larger than the req-
uired nominal power of the electric drive of the leaning-
and-shunting doors that are widely used in modern electric
public transport (Antonescu et al., 2018; Antonescu et al.,
2017).

N(loa)=F,- , (14)

(15)

800N, W
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400 //
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4801,
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Fig. 5. Results of analytical and experimental analysis of the nomi-
nal power of the door opening mechanism drive of electric public
transport: a — obtained on the basis of the derived analytical depen-
dencies in MathCAD software; b — obtained by means of the mecha-
nism motion simulation in SolidWorks software

Conclusions. The design and operational peculiarities
of the turning-and-shunting door mechanism of electric
public transport were considered. On the basis of the
constructed simplified diagram of the mechanism its struc-
tural and kinematic analysis was performed. As a result of
the carried out analysis, the analytical dependencies for
describing the motion of the mechanism links during the
door motion were derived. Using the obtained expressions,
the main kinematic parameters of the studied mechanism
were investigated in MathCAD software. The virtual expe-
riment was carried out by means of simulating the motion
of the solid-state model of the mechanism designed in So-
lidWorks software. The results of theoretical investigations
and of the virtual experiment justified the adequacy of the
derived analytical expressions. The energy efficiency of the
investigated turning-and-shunting door opening mechanism
of electric public transport was analyzed. While performing
energy efficiency analysis, the resistance force acting on the
door leaves was prescribed (Fr = 100 N) and the correspon-
ding door motion speed during its closing was calculated.
Based on the obtained results the dependency of the nomi-
nal power supply of the mechanism drive as a function of
corresponding generalized coordinate was deduced. Com-
paring the obtained results with the investigations presented
in modern scientific publications, it was established that the
necessary nominal power of the turning-and-shunting mec-
hanism drive is almost twice larger than the necessary no-
minal power of the leaning-and-shunting mechanism that is
widely used in modern electric public transport. Further in-
vestigations on the subject of the paper can be carried out in
the direction of developing different control systems provi-
ding safe and reliable operation of the considered door ope-
ning mechanism driven be electric and pneumatic actuators.
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AHAJII3 TEXHIKO-EKCIUIYATAIIMHUX XAPAKTEPUCTHK IIOBOPOTHO-3CYBHOT'O MEXAHI3MY
BIZIKPUBAHHS JIBEPEM INACAYKUPCHKOTI'0 EJIEKTPOTPAHCIIOPTY

[MpoananizoBaHO KOHCTPYKTHBHI i ()YHKIIOHAJTBbHI OCOOJIMBOCTI NMOBOPOTHO-3CYBHOTO MEXaHi3My BiIKpHBAHHS JIBEpei maca-
KHUPCBKOTO €IEKTPOTPAHCIIOPTY. 3alIpOIIOHOBAHO Bi/IIOBi{HE KOHCTPYKTHBHE BUKOHAHHS MEXaHi3My 3 BUKOPHCTAHHSAM ITHEBMATH4-
HOTO NPHUBOJY Ta MoOyJ0BaHO HOTO CIPOIIEHY PO3paxyHKOBY cxeMy. [IpoBeneHo CTpyKTypHHMIT 1 KIHEeMaTHYHUH aHANI3H MEXaHI3My
Ta BUBEJICHO aHATITHYHI 3aJISKHOCTI JUIS OIMCY PYyXy HOro JTaHOK y IPOIeci BiAKpUBAHHS/3aKpUBaHHS ABepei. JloclimKkeHo OCHOBHI
KiHeMaTHYHI [TapaMeTpH 3alpOIIOHOBAHOTO MEXaHI3My Ha OCHOBI BHBEACHHX aHAIITHYHUX 3aJIC)KHOCTEH y IPOrpaMHOMY HPOIYKTi
MathCAD Ta 3 BUKOpHCTaHHSM HOTO TBEPIAOTLIBHOI MoJeNi, po3pobienoi y cepenoumii SolidWorks Motion. 3po6iieHO BUCHOBKH
PO y3TOMKEHHS Pe3yNIbTaTiB TEOPETHIHHUX JOCIIKEHb, IPOBECHIX Ha OCHOBI YHCEIBHOTO PO3B'I3yBAHHS OTPHMAHUX PiBHIHD PY-
Xy, Ta BIPTYaJIBHOTO €KCIIEPUMEHTY (IMITAI[IfHOr0 MOJEIOBAaHHA y porpamMHoMy npoxaykTi SolidWorks). IIpoananizoBarno enepro-
e(eKTUBHICTH JOCHTIHPKYBAaHOTO TIOBOPOTHO-3CYBHOTO MEXaHi3My BiJKPHBaHHS ABEpeil MacakUpChKOTO eJIEKTPOTPaHCIOPTy. 3aja-
1091 3yCHJUISL ONOPY 3aKPUBAHHS ABEPHOI CTYIKHU Ta PO3paxyBaBIIH BiANOBIAHY MIBUIKICTE PyXy ABEpel y mporeci iX 3aKpHBaHHS,
BCTAHOBJICHO 3aJI€)KHICTh HOMIHAIBHOI MOTY)KHOCTI THEBMATHYIHOTO MPUBOAY MEXaHI3MY K (YHKIIT BIAMOBITHUX y3aradbHEHUX KO-
OpIUHAT. AHANI3YIOUH OTPHMaHi pe3ylnbTaTH, BCTAHOBJIEHO, 0 HeoOXiHa HOMiHAIBHA MOTYXHICTh IPUBOAY IIOBOPOTHO-3CYBHOTO
MeXaHi3My NIPaKTUYHO BABIYi IIEpEBHIye HEOOX1HY HOMIHANBHY MOTYKHICTh IIPUBOJY ABEPEH, B IKUX BHKOPHCTOBYETHCS MOIIHPE-
HUH Ha IIeil 9ac MPUTYIbHO-3CYBHUI MEXaHI3M.

Kniouogi cnoea: oBOpOTHO-3CYBHHIT MeXaHi3M; MAcaXUPChKUI €IEKTPOTPAHCIIOPT; CTPYKTYPHUN aHalli3; KIHEMAaTHIHUHA aHa-
J1i3; eHepreTUIHa e()eKTHBHICTb.
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