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Abstract

The task of lifting and transferring mobility-impaired patients demands stringent standards for safety and stability. However, most current
assistive devices operate manually and lack an active sway suppression mechanism, easily leading to payload oscillations and inducing
psychological anxiety in patients. To address this issue, this paper proposes a Proportional-Derivative Sliding Mode Control (PD-SMC)
approach specifically designed to suppress payload oscillations and ensure autonomous trajectory tracking for a mobile patient lifting and
transferring system. The investigated system consists of a differential-drive mobile robot combined with a load suspension mechanism. This
proposed control method simplifies the structure of the traditional sliding mode controller while maintaining superior disturbance rejection
against uncertainties such as variations in patient mass and exogenous disturbances. The results demonstrate that the PD-SMC controller
generates smooth control signals, forcing the state trajectories to converge rapidly, thereby enabling the system to accurately track the moving
trajectory and completely suppress payload oscillations. This proposed approach not only improves operational efficiency but also ensures
maximum safety and provides a smooth experience for the patient.
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almost all current versions: they rarely integrate an active dy-
namic control mechanism, relying heavily instead on the direct
manual operation of healthcare staff.

The absence of automated controllers renders current com-
mercial patient lifters inflexible and inefficient, as their opera-
tion depends almost entirely on the user’s manual handling [7].
Without a motion control mechanism, these systems often
lack the ability to dampen payload sway, are prone to insta-
bility during movement or sudden stops, and cannot adapt to
variations in patient mass or posture. When the device starts,
brakes abruptly, or changes direction, the patient’s body mass
suspended on the lifting mechanism generates uncontrollable
lateral and longitudinal swinging oscillations. This inability
to suppress sway not only reduces operational efficiency and
limits movement speed but also poses safety hazards, collision
risks, and induces feelings of instability and fear in patients.

To address these limitations, this study introduces a mobile
patient lifting system with integrated anti-swing control. The
design features a differential-drive mobile robot paired with a
patient hoisting mechanism. Its key innovation over traditional
systems is autonomous navigation along predefined trajectories
without human input. Instead of manual control, the controller
automatically computes and adjusts actuator velocities, en-
abling smooth trajectory tracking while substantially reducing
sway in the suspension cables. This maximizes safety, delivers
a comfortable patient experience, and elevates a standard lifter
into an intelligent, autonomous medical robot.

From a control theory perspective, stabilizing this highly
nonlinear underactuated system poses major challenges, ex-
acerbated by uncertainties like varying patient weights and
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1.  Introduction

  In  recent  years,  core  technologies  such  as  robotics,  au-
tomation,  intelligent  control,  and  artificial  intelligence  have 
driven  profound  transformations  across  various  sectors,  in-
cluding  healthcare  and  patient  care.  The  need  to  reduce  the 
workload  for  healthcare  professionals,  improve  service  qual-
ity,  and  ensure  patient  safety  has  become  increasingly  urgent,
particularly  in  frontline  hospitals  or  high-density  medical  fa-
cilities.  This  has  sparked  growing  interest  in  patient  lifting  and 
transfer  devices-systems  that  play  a  vital  role  in  rehabilitation  
care  and  intra-hospital  transportation.
  The  task  of  moving  mobility-impaired  patients  has  long  
been  a  major  challenge  in  clinical  environments,  posing  poten-
tial  injury  risks  to  caregivers  and  causing  psychological  anxiety  
for  patients  [1].  To  address  this  issue,  various  patient  lifting  and
transfer  devices  have  been  extensively  researched  and  commer-
cialized.  In  practice,  these  systems  have  undergone  numerous  
developmental  iterations,  ranging  from  manual  lifting  mecha-
nisms  [2]  and  hydraulic  lifting  platforms  to  ceiling-mounted  [3]
or  wall-mounted  suspension  systems  [4],  and  more  recently,
motorized  electric  lifters  [5]  [6].  Despite  their  high  durability 
and  low  cost,  a  fundamental  technical  limitation  persists  across
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support frame and a suspended cable, with two oscillation an-
gles: θ1 in the horizontal direction and θ2 in the longitudinal
direction, aligned with the robot’s translational motion.

Figure 2: Description of system’s parameters in Oxy coordinate plane

Figure 3: Description of system’s parameters in Oxz coordinate plane

The system parameters, as described in Figure 2-4, include:
τr,τl : torques applied to the right and left wheels, respectively,
which generate the driving force for the mobile base motion.
θr,θl : angular positions of the right and left wheels, represent-
ing the rotational displacement of each wheel over time.
φ : heading angle of the mobile base, describing its orientation
with respect to the global reference frame.
θ1,θ2: swing angles of the suspended cable, indicating the de-
viation of the payload from the vertical equilibrium position in
two orthogonal directions.
L1: height of the suspension frame, representing the vertical
distance from the mobile base to the suspension mechanism.
L2: distance from the wheel center to the suspension point,
defining the geometric offset between the driving wheels and
the lifting mechanism.

Figure  1:  Mobile  patient  lifting  and  transferring  system

external  disturbances.  Classical  PID  methods,  though  tested,
have  proven  sluggish  and  unstable  under  disturbances  [8].  Re-
cent  alternatives-such  as  Sliding  Mode  Control  (SMC)  [9]
or  Active  Disturbance  Rejection  Control  (ADRC)  [10]  [11]
paired  with  Input  Shaping  (IS)  [12]  [13]-offer  better  distur-
bance  rejection  and  stability.  However,  SMC  implementations
struggle  with  issues  like  chattering,  high  switching  frequencies,
reaching  phases,  sliding  surface  selection,  and  ensuring  sliding  
mode  existence  [14].  Meanwhile,  ADRC-IS  improves  distur-
bance  compensation  but  is  hampered  by  signal  delays  that  slow  
responses  and  degrade  performance  [15].  To  fully  address  this 
complex  nonlinear  control  problem,  this  paper  proposes  the  ap-
plication  of  the  Proportional-Derivative  Sliding  Mode  Control
(PD-SMC)  strategy  [16]  [17]  to  a  novel  autonomous  patient
lifting  and  transferring  system.  Traditional  SMC  offers  robust 
disturbance  rejection,  but  its  control  laws  become  cumbersome  
and  impractical  for  high-order  systems.  By  adapting  the  PD-
SMC  framework  to  this  specific  model,  the  controller  structure 
is  simplified,  effectively  overcoming  these  challenges.  In  this  
system,  the  adopted  PD-SMC  generates  the  effort  to  drive  state  
trajectories  onto  the  sliding  surface  and  toward  equilibrium.
The  PD  component’s  linear  action  prevents  abrupt  signal  fluc-
tuations,  rapidly  suppressing  payload  sway  and  maximizing 
patient  safety  during  lifting  and  transfer.

2. Mathematical  model

2.1  System  description

  In  the  study  of  patient  lifting  and  transferring  devices,  the  
actual  system  model  can  be  highly  complex  due  to  the  involve-
ment  of  various  mechanical  components,  control  systems,  and  
environmental  factors  that  affect  operation.  To  simplify  the 
analysis,  an  equivalent  model  can  be  proposed  that  retains  the 
essential  characteristics  of  the  system  while  reducing  unnec-
essary  complexity.  Specifically,  if  the  real  system  includes  a  
lifting  mechanism  with  multiple  joints  and  complex  sensors,
a  simplified  model  (Figure  1)  can  be  constructed.  This  model
consists  of  a  differential  drive  mobile  robot  equipped  with  a
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r: wheel radius.
d: distance between the two wheels, also known as the track
width, affecting the turning kinematics of the mobile platform.
mp: mass of the mobile platform, representing the total mass
of the robot body excluding wheels and payload.
Ip: moment of inertia of the platform about its vertical axis,
influencing the rotational dynamics during turning.
Iw: moment of inertia of each wheel about its rotation axis,
affecting wheel acceleration and torque response.
mw: mass of each wheel, contributing to the overall system
inertia and dynamics.
g: gravitational acceleration.
md : combined mass of the lifting cable and the load, treated as
a lumped mass at the end of the suspension.
Ld : length of the suspended cable, determining the natural fre-
quency and swing dynamics of the payload.
Id : moment of inertia of the payload about the vehicle’s rota-
tional motion, representing its resistance to rotational accelera-
tion.

xr = x+
d
2

sinφ , yr = y− d
2

cosφ (1)

xl = x− d
2

sinφ , yl = y+
d
2

cosφ (2)

The position (xd ,yd ,zd) of the centers of mass for the transfer
object (patient) is given by:

xd = x+L2 cosφ +Ld cosθ1 sinθ2 cosφ −Ld sinθ1 sinφ (3)
yd = y+L2 sinφ +Ld cosθ1 sinθ2 sinφ +Ld sinθ1 cosφ (4)
zd = L1 −Ld cosθ1 cosθ2 (5)

The kinetic energy of the system is determined by the sum
of the kinetic energy of the load (Kp), the robot (Kd), and the

motion of two wheels (Kr and Kl):

K = Kp +Kd +Kr +Kl (6)

The individual kinetic energy components are calculated as
follows [18]:
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1
2

mp(ẋ2 + ẏ2)+
1
2

Ipφ̇
2 (7)
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1
2

mw(ẋ2
r + ẏ2
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1
2

Izwφ̇
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1
2

Iywθ̇
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1
2

mw(ẋ2
l + ẏ2

l )+
1
2

Izwφ̇
2 +

1
2

Iywθ̇
2
l (9)

Kd =
1
2

md(ẋ2
d + ẏ2

d + ż2
d)+

1
2

Id φ̇
2 (10)

The potential energy of the system is determined as:

P = mdg(L1 −Ld cosθ1 cosθ2) (11)

And the nonholonomic constraints are given as follows [19]:

ẋ =
r
2
(θ̇r + θ̇l)cosφ (12)

ẏ =
r
2
(θ̇r + θ̇l)sinφ (13)

φ̇ =
r
d
(θ̇r − θ̇l) (14)

The Euler-Lagrange dynamic equations are described as:

d
dt

∂L
∂ θ̇i

− ∂L
∂θi

= τi (15)

M11q̈1 +M12q̈2 +C11q̇1 +C12q̇2 = u (17)
M21q̈1 +M22q̈2 +C21q̇1 +C22q̇2 +G2 = 0 (18)

where q1 = [θr θl ]
T ,q2 = [θ1 θ2]

T and u = [τr τl ]. In
addition,

M11 =

[
m11 m12
m21 m22

]
,M12 =

[
m13 m14
m23 m24

]
,M21 =

[
m31 m32
m41 m42

]
M22 =

[
m33 m34
m43 m44

]
,C11 =

[
c11 c12
c21 c22

]
,C12 =

[
c13 c14
c23 c24

]
C21 =

[
c31 c32
c41 c42

]
,C22 =

[
c33 c34
c43 c44

]
,G2 =

[
g31
g41

]
From (18), we obtain the oscillation angle equation:

q̈2 =−M−1
22 [M21q̈1 +C21q̇1 +C22q̇2 +G2] (19)

Figure  4:  Load  position  description  using  two  swing  angles  in  Oxyz  
coordinate

2.2  System’s  mathematical  model

  The  geometric  and  kinematic  parameters  are  illustrated  in  
Figure  2.  The  position  and  center  of  mass  of  the  mobile  robot
are  given  (x,  y),  resulting  in  corresponding  velocities  ẋ  and  ẏ.
The  positions  of  the  centers  of  mass  of  the  right  wheel  (xr,  yr
)and  the  left  wheel  (xl ,  yl)  are  given  by:

where  L  =  K  −  P.  From  the  Euler-Lagrange  equation,  the  dy-
namical  model  of  the  system  is  derived  in  the  general  form  as:

M(q)  q̈  +C(q,  q̇)  q̇  +  G(q)  =  τ  (16)

The  detailed  description  of  M(q)  q̈,C(q,  q̇)  q̇,  G(q)  is  shown  
in  Appendix  A.  This  model  is  used  to  design  the  system’s 
controller.

3. Design  of  PD-SMC  controller

3.1  Controller  design

  From  the  dynamic  model  established  above,  we  can  rewrite 
it  in  the  form:
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Substituting (19) into (17):[
M11 −M12M−1

22 M21
]

q̈1 +
[
C11 −M12M−1

22 C21
]

q̇1

+
[
C12 −M12M−1

22 C22
]

q̇2 −M12M−1
22 G2 = u

(20)

Let A1 = M11 −M12M−1
22 M21,B1 =C11 −M12M−1

22 C21,

D1 = C12 −M12M−1
22 C22,E1 = −M12M−1

22 G2, the system can
be compactly written as:

A1q̈1 +B1q̇1 +D1q̇2 +E1 = u (21)

Define q1d = [θrd ,θld ]
T is the reference wheel angle vector,

the wheel angle error signal is calculated as:

e = q1 −q1d . (22)

Thus, the model can be represented in the error form as:

A1ë+B1ė+Fd = u (23)

where Fd = A1q̈1d +B1q̇1d +D1q̇2 +E1
By introducing a positive diagonal matrix Λ ∈ R2×2, the

expression can be reformulated as:

u = Λë+Λė+Pd (24)

where Λ =

[
Λ1 0
0 Λ2

]
, and

−π

2
< θ1 <

π

2
, −π

2
< θ2 <

π

2
(28)

Assumption 3: Pd is bounded: ∥Pd∥<+∞.
With these assumptions, We will show that the proposed

PD–SMC control law described in (26) can drive the system to
the desired position and suppress the payload oscillations:

lim
t→∞

[
θr θl θ̇r θ̇l θ1 θ2 θ̇1 θ̇2

]T (29)

=
[
θrd θld 0 0 0 0 0 0

]T

if the following conditions are satisfied:
Kp > σKθ

Kd > λ−1Λ

Ks > ||Pd ||
(30)

To establish the stability of the proposed PD-SMC scheme,
it suffices to demonstrate that the matrix W given below is
positive definite:

W =

[
Kd Λ

Λ λΛ

]
(31)

The Lyapunov function is defined by:

Vall(t) =
1
2
[
eT ėT ]W

[
e
ė

]
+

1
2

λeT Kpe+
1
2

Kθ (θ̇
2
1 + θ̇

2
2 )e

T e+
1
2

eT
Λe (32)

According to Schur [21] [22], an arbitrary matrix Q =[
BA

BT C

]
is positive definite if:

{
A > 0
S =C−BT A−1B > 0

(33)

Applying this to the matrix W and using condition (30):{
Kd > 0
S = λΛ−ΛT K−1

d Λ > 0
=⇒ W > 0. (34)

Thus, the Lyapunov candidate function satisfies Vall(t)≥ 0.
The derivative of the Lyapunov candidate function can be
expressed as:

V̇all(t) =
[
eT ėT ][Kd Λ

Λ λΛ

][
ė
ë

]
+ eT

λKpė

+ eT Kθ (θ̇
2
1 + θ̇

2
2 )ė+ eT Kθ (θ̇1θ̈1 + θ̇2θ̈2)e+ eT

Λė

=−ST (Kssign(S)+Pd)− eT (Kp −Kθ (θ̇1θ̈1 + θ̇2θ̈2)
)

e

− ėT (λKd −Λ)ė− ėT
λKθ (θ̇

2
1 + θ̇

2
2 )ė− ėT

λΛė (35)

To ensure the reachability condition and the stability of the
sliding surface, let us consider the following inequalities:

ST Ks sign(S)≥ ∥S∥Ks →−ST Ks sign(S)≤−∥S∥Ks (36)

−ST Pd ≤ |ST Pd | ≤ ∥S∥∥Pd∥ (37)

By summing these two inequalities, from (30), we obtain:

−ST (Ks sign(S)+Pd)≤−∥S∥(Ks −∥Pd∥)≤ 0 (38)

From (27), (30) and (38), (35) can be rewritten:

V̇all ≤−∥S∥(Ks −∥Pd∥)− eT (Kp −Kθ σ)e

− ėT (λKd −Λ)ė− ėT
λKθ (θ̇

2
1 + θ̇

2
2 )ė− ėT

λΛė ≤ 0
(39)

It can be seen that V̇all(t)≤ 0. The equality V̇all(t) = 0 holds
if and only if e = 0 and ė = 0. Since the candidate Lyapunov
function Vall(t) is positive definite and V̇all(t)is negative defi-
nite, the patient lifting and transferring system controlled by the

Pd  =  (B1  −  Λ)  ė  +  (A1  −  Λ)  ë  +  A1  q̈1d  +  B1  q̇1d  +  D1  q̇2  +  E1.
  The  sliding  surface  S  is  chosen  as:

S  =  e  +  λ  ė  (25)

where  λ  ∈  R2×2  denotes  a  positive  definite  sliding  surface 
slope  matrix.  The  proposed  PD-SMC  controller  is  designed
as  [20]:

u  =  −Kpe  −  Kd  ė  +  Kθ  (  θ̇  
2
1  +  θ̇  

2
2  )  ė  −  Ks  tanh(S)  (26)

where  Kp,  Kd ,  Ks,  Kθ  ∈  R2×2  are  positive  definite  diagonal  ma-
trices.  In  (26),  upd  =  −Kpe  −  Kd  ė  represents  the  PD  compo-
nent,  uSMC  =  −Ks  tanh(S)  denotes  the  SMC  component.  In  
contrast  to  conventional  PD-SMC  controllers,  in  the  proposed  
control  algorithm,  uswing  =  −Kθ  (  θ̇1  +  θ̇2)

2e  is  added  for  the
swing  suppression.

3.2.  Stability  analysis

  To  prove  the  system  stability,  the  following  assumptions  
are  given.
Assumption  1:  There  exists  a  positive  constant  such  that:

|  θ̇1  θ̈1  +  θ̇2  θ̈2|  <  σ  (27)

Assumption  2:  The  swing  angles  of  the  payload  satisfy:
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designed PD-SMC controller is asymptotically stable. When
the system states reach the sliding manifold, both the tracking
error and its derivative converge asymptotically to zero, in the
sense that:

lim
t→∞

e = 0, lim
t→∞

ė = 0, lim
t→∞

q1 = q1d , lim
t→∞

q̇1 = 0 (40)

Therefore, it can be readily concluded that:

lim
t→∞

S = 0, lim
t→∞

u = 0 (41)

Inserting (40) into (16) ,it is derived that:

(−p5s1s2 + p8c1 + p9s2)θ̈1 +(p5c1c2 + p9c1s1c2)θ̈2

− p5c1s2(θ̇
2
1 + θ̇

2
2 )−2p5s1c2θ̇1θ̇2

− p8s1θ̇
2
1 +2p9c2c2

1θ̇1θ̇2 − p9c1s1s2θ̇
2
2 = 0 (42)

(−p5s1s2 − p8c1 − p9s2)θ̈1 +(p5c1c2 − p9c1s1c2)θ̈2

− p5c1s2(θ̇
2
1 + θ̇

2
2 )−2p5s1c2θ̇1θ̇2

+ p8s1θ̇
2
1 −2p9c2c2

1θ̇1θ̇2 + p9c1s1s2θ̇
2
2 = 0 (43)

p6θ̈1 + p6c1s1θ̇
2
2 +mdgLds1c2 = 0

→ θ̈1 =−c1s1θ̇
2
2 − mdgLds1c2

p6
(44)

p6c2
1θ̈2 −2p6s1c1θ̇2θ̇1 +mdgLdc1s2 = 0

→ θ̈2 =
2s1

c1
θ̇2θ̇1 −

mdgLds2

p6c1
(45)

By adding and subtracting equations (42) and (43), we obtain
the following expressions:

− s1s2θ̈1 + c1c2θ̈2 − c1s2(θ̇
2
1 + θ̇

2
2 )−2s1c2θ̇1θ̇2 = 0 (46)

(p8c1 + p9s2)θ̈1 + p9c1s1c2θ̈2 − p8s1θ̇
2
1

+2p9c2c2
1θ̇1θ̇2 − p9c1s1s2θ̇

2
2 = 0 (47)

By substituting equations (44) and (45) into (46) and perform-
ing simplification, we get:

s2

(
mdgLd

p6
c2c2

1 + c1θ̇
2
1 + c3

1θ̇
2
2

)
= 0 (48)

As described in Assumption 1, c1,c2 > 0, the function in the
bracket is always positive. As a consequence, we have:

s2 = 0 → θ2 = 0, θ̇2 = 0 (49)

Substituting (44), (45), and (49) into (47) and simplifying:

p8
mdgLd

p6
c1s1c2 + p8s1θ̇

2
1 = 0 (50)

Again, using c1,c2 > 0, it is obtained that:

s1 = 0 → θ1 = 0, θ̇1 = 0 (51)

After gathering the results of (49), (51), and (40),the stability
of the system has been proven.

4.  Simulation  results

  To  evaluate  the  feasibility  and  performance  of  the  pro-
posed  PD-SMC  strategy,  numerical  simulations  were  con-
ducted  utilizing  the  MATLAB/Simulink  software  environ-
ment.  To  ensure  strict  numerical  stability  and  to  accurately 
capture  the  high-frequency  switching  dynamics  inherent  in  
the  sliding  mode  control  law,  the  simulation  was  explicitly  
configured  using  a  fixed-step  solver,  specifically  ode4  (Runge-
Kutta),  with  a  fundamental  sample  time  of  0.001  seconds.  This 
high-resolution  temporal  configuration  is  crucial  for  correctly 
computing  the  highly  nonlinear  dynamics  of  the  underactuated  
Euler-Lagrange  model  without  inducing  artificial  chattering.
The  following  subsections  present  the  system’s  responses  un-
der  various  operating  scenarios,  including  variations  in  pay-
load  mass  and  suspension  cable  length,  to  demonstrate  the  
controller’s  effectiveness  in  trajectory  tracking  and  swing  sup-
pression.

4.1.  Straight  trajectory

  In  the  first  simulation,  the  vehicle  follows  a  straight  tra-
jectory  under  varying  load  weights  of  40  kg,  60  kg,  and  80  kg.
Results  appear  in  Figures  5–8.  The  system  accurately  tracks
the  reference  trajectory  with  no  horizontal  vibration  (θ1  ≈  0 
degrees).  Longitudinal  vibration  persists  but  remains  accept-
able  with  a  maximum  value  of  θ1  ≈  5.4  degrees,  and  decays 
rapidly  after  acceleration  ends.  Notably,  maximum  vibration
decreases  as  load  weight  increases.

Figure  5:  Vehicle  trajectory  in  the  straight  motion  case  with  varying 
loads

Simulations  with  rope  length  variations  of  0.3m,  0.4m,  and 
0.5m  are  also  done  and  the  results  are  shown  in  Figure  9-12.
The  proposed  controller  delivers  superior  tracking,  with  the  ve-
hicle  following  the  reference  path  via  minimal  deviation  across  
the  full  motion.  It  starts  from  rest,  accelerates  smoothly,  holds  
steady  velocity,  and  stops  precisely  at  the  target-validating
precise,  stable  control.  Swing  angle  θ1  is  virtually  eliminated,
while  θ2  damps  out  quickly  showcasing  effective  vibration 
suppression  and  oscillation  damping.  Oscillation  amplitudes
stay  low  (  ≈  6  degrees),  preventing  residual  buildup.  Control
signals  remain  bounded  and  smooth,  well  within  actuator  limits
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for safe operation. Overall, this strategy ensures high trajectory
accuracy, robust vibration suppression, and reliable payload
handling under simple conditions, paving the way for complex
maneuvers.

Figure 6: Swing angle θ1 in the straight motion case with varying
loads

Figure 7: Swing angle θ2 in the straight motion case with varying
loads

Figure 8: Control torque in the straight motion case with varying
loads

Figure 9: Vehicle trajectory in the straight motion case with varying
rope lengths

Figure 10: Swing angle θ1 in the straight motion case with varying
rope lengths

Figure 11: Swing angle θ2 in the straight motion case with varying
rope lengths
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Figure 12: Control torque in the straight motion case with varying
rope lengths

Figure 13: Vehicle trajectory in the curved motion case with varying
loads

Figure 14: Swing angle θ1 in the curved motion case with varying
loads

Figure 16: Control torque in the curved motion case with varying
loads

Figure 17: Swing angle θ1 in the curved motion case with varying
rope lengths

Figure  15:  Swing  angle  θ2  in  the  curved  motion  case  with  
varying  loads

4.2.  Curved  trajectory

  In  this  scenario,  the  vehicle  moves  straight,  turns  into  a  
corridor,  and  resumes  straight  motion.  Simulations  test  varying  
load  weights  (45  kg,  65  kg,  85  kg)  and  rope  lengths  (0.25  m,
0.35  m,  0.45  m).  The  simulation  results  are  shown  in  Figures 
13-16  for  varying  load  weight,  and  in  Figures  20-19  for  varying
rope  length.
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Figure 18: Swing angle θ2 in the curved motion case with varying
rope lengths

Figure 19: Control torque in the curved motion case with varying
rope lengths

Figure 20: Vehicle trajectory in the curved motion case with varying
rope lengths

Figure 21: Comparison of trajectory tracking in the curved motion
case

5. Comparison of controllers

To rigorously evaluate the effectiveness and superiority
of the proposed approach, this section presents a compara-
tive analysis between the PD-SMC and a standard Sliding
Mode Controller (SMC). The performance of both controllers
is assessed based on three primary criteria: motion trajectory
tracking accuracy, the ability to suppress payload oscillations,
and the smoothness of the generated control signals. To en-
sure a fair and objective comparison, the simulation scenarios
for both controllers are conducted under identical operating
conditions, system parameters, and external disturbances. The
comparative results are detailed below.

Figure 22: Comparison of swing angle θ1 in the curved motion case

The simulation results (Figures 21–28) demonstrate that
while both the proposed PD-SMC and the standard SMC
achieve excellent trajectory tracking accuracy, the PD-SMC is
significantly superior in sway suppression and control effort
generation. Unlike the standard SMC, which exhibits high-
frequency payload oscillations and severe control torque chat-
tering, the PD-SMC effectively dampens the swing angles,
forcing them to converge smoothly and rapidly to zero. Fur-
thermore, the linear action of the PD component enables the
PD-SMC to generate a smooth, continuous, and bounded con-



64 Journal of Measurement, Control and Automation

trol signal, thereby eliminating abrupt mechanical shocks and
ensuring safe, stable operation for the physical actuators.

Figure 23: Comparison of swing angle θ2 in the curved motion case

Figure 24: Comparison of control torque in the curved motion case

Figure 25: Comparison of trajectory tracking in the straight motion
case

Figure 26: Comparison of swing angle θ1 in the straight motion case

Figure 27: Comparison of swing angle θ2 in the straight motion case

Figure  28:  Comparison  of  control  torque  in  the  straight  motion  case

6.  Conclusions

  This  paper  introduces  a  PD-SMC  controller  for  a  patient 
lifting  and  transferring  support  system.  It  combines  the  straight-
forward,  easy-to-implement  PD  control  with  a  sliding  surface 
for  robust  feedback,  ensuring  absolute  stability  despite  external  
disturbances  and  model  uncertainties.  By  defining  the  sliding  
surface  from  state  errors,  the  design  eliminates  the  chattering 
typical  of  traditional  SMC  while  keeping  trajectory  tracking  er-
rors  minimal.  Simulations  demonstrate  the  controller’s  superi-
ority  through  rapid  response,  precise  positioning,  and  effective 
load  oscillation  suppression-maintaining  top  performance  
amid  payload  changes  or  varying  cable  lengths.
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