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Abstract

The Single Inverted Pendulum (SIP) model is widely employed in various robotics applications for
balance control due to its structural simplicity and ease of implementation. Self-balancing two-wheeled
transport robots offer the advantage of maintaining stability while enabling dynamic acceleration and
deceleration. However, their performance is limited when carrying heavy loads, and maintaining
stable balance during the loading process remains challenging. To address these limitations, this
study proposes a control strategy for a pair of self-balancing two-wheeled transport robots that
operate cooperatively through a separation—combination mechanism. Simulations were conducted
to compare the performance of the Linear Quadratic Regulator (LQR) and Model Predictive Control
(MPC) under a self-balancing condition with an external force of 100 N applied. Additionally, the
proposed separation—combination method was evaluated through a simulation involving the transfer
of a 20 kg delivery module. The results showed that both methods could stably transport the load,
while the MPC-based approach reduced the wheel torque by approximately 50% compared to the LQR
method. These findings indicate that a two-wheeled robot employing MPC in conjunction with the
separation—-combination method is well-suited for transporting heavy loads.

Keywords: transport robot; two-wheeled balancing robot; inverted pendulum model

1. Introduction

Research on wheeled inverted pendulums (WIPs) has been conducted for many years. A basic
WIP can be modeled as a single inverted pendulum (SIP) consisting of a single body mounted on
two wheels. A well-known example of an SIP-based system is the Segway [1,2]. More recently,
wheeled-legged robots (WLRs) such as Ascento [3] have been developed, featuring wheels mounted on
articulated legs. WLRs move swiftly on flat terrain and traverse irregular terrain with the adaptability
of legged robots. They also perform dynamic maneuvers including jumping and hybrid movements
that combine legged walking with wheeled driving, enabling traversal of various obstacles.

WLRs equipped with manipulators have been developed for autonomous cargo handling. Han-
dle [4] from Boston Dynamics is one such example. SIP-based robots are simple in structure, low
in cost, and easy to control. However, their performance is limited when carrying heavy loads, and
maintaining stable balance during the loading process remains challenging. WLRs, and WLRs with
manipulators offer greater versatility yet have complex structures and require high-power actuators.

To address these limitations, this study proposes a control strategy for a pair of self-balancing,
two-wheeled transport robots capable of operating either independently or as a single integrated unit
through a separation—combination mechanism. Each robot can function on its own for individual
tasks, yet when combined, the pair operates in perfect coordination as if it were a single, larger robot.
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The proposed design retains the structural simplicity of SIPs while enabling autonomous transport of
heavy goods without the need for additional robotic systems or human assistance.

This approach expands the capabilities of conventional SIP-based robots to new logistics scenarios,
offering a compact yet flexible solution for collaborative material transport. The remainder of this
paper presents the system design, control strategy, experimental validation, and performance analysis.

2. Two-Wheeled Self-Balancing Robot
2.1. Modeling of the Two-Wheeled Self-Balancing Robot

The two-wheeled self-balancing robot is modeled as shown in Figure 1. The robot consists of the
body, wheel, lift for raising transportation module, and docking mechanism. The physical specification
of the robot is listed in Table 1.

Figure 1. Simulation model of the robot

Table 1. Specification of the two-wheeled self-balancing robot

I, 0.361kgm?
L, 0.032kgm?

my 20kg
My 5kg
4 0.115m
l 0.1425m

Here, I, is the moment of inertia of the body, I, is the moment of inertia of the wheel, m, is the
mass of body, my, is the mass of wheel, r is the radius of wheel, and [ is the distance between the
wheel’s COM to the body’s COM.

2.2. Dynamic Model

To obtain the robot’s dynamic model, the Lagrangian method|[5,6] is used. The free-body diagram
of the robot is shown in Figure 2. Here, {s¢} is the reference system, and {s;; }, {swr}, and {s;,} are
the reference systems for left wheel COM, right wheel COM, and body COM, respectively. The 6y, 6y,
and Ty, are the robot tilt angle, wheel rotation angle, and applied torque about the wheel, respectively.
Through translation and rotation, the positional vector can be obtained as shown in Equations(1)-(3).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.1741.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 September 2025 d0i:10.20944/preprints202509.1741.v1

30f10
Zp
{sn}
VA
b
ZWT[
Zo ) {Swl} Xwi {Swr} Xwr
TM”‘~ r
{50} .
| Xo | X
ro,
Figure 2. Free-body diagram of the robot
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2
Here, D is distance between the body COM and the wheel COM along the y-axis. The free-body
diagram and the positional vector from each reference system are used to compute the robot’s kinetic
and potential energy. The kinetic energy can be obtained from rotational energy or translational energy
as shown in Equations (4)-(6).

1
Tirans = E(mw(s'wﬂz + mw(swr)Z + mb(sh)z) (4)
1 . . .
Tyor = E(Iw(ewl)z + Ly (bur)? + 1 (6,)?) (5)
V' = 2mygr + myglcos ) (6)

Here, g is the gravitational constant. Lagrangian is defined in (7), where the potential energy is
subtracted from the kinetic energy.

L= Tyans + Trot =V (7)

If the generalized coordinates are defined as q = [0, 6wr 0,]7, the Lagrangian equation in (7) can
be computed using Equations (8)-(10).

d 3L oL
4oL ob _ 8
dtof,; 00y, Qui ®)
d 9L oL
Eaéwr - aewr - Qwr (9)
d oL aL
E@ - @ - QP (10)

Here, Qu1, Qur, and Q, are the external forces applied to the system, in which Q,; and Quy
are the left wheel torque T,,; and right wheel torque T, respectively. The Q, is the opposite of the
summation of Ty, and Tyy, i.€., — Ty + Twr)-

Equation (11) summarizes the solved Lagrangian Equation.
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M(q)4+C(q, 4) +G(q) —Wu=0 (11)
Where,
My 0.25mpr>  0.5myrl cos b,
M= 0.25m,,r2 My, 0.5myrl cos B

0.5myrlcos6, 0.5myrlcost, Iy + myl?

M1 =My =1, + Mt + 0.25mbr2

—0.5myrl sin 6,6, 0
C=| —05myrisin6,6," |, G= 0
0 —mpglsin 0y,
1 0
wW=1| o0 1
-1 -1

Here, M, C, G, and W are the inertia, centrifugal and Coriolis, gravity, and input matrices,
respectively. The u is defined as [Ty Twr]”.
The above-written equation linearized at 6, = 0 is shown in Equation (12).

Mpz(Q)ﬁi + Cpl(qr q) + Gpl(q) - Wplu =0 (12)
Where,
Mplll 0.251’}’11,7’2 O.5mbrl

My = | 025mur>  Mppy  0.5myrl
0.5myrl  0.5myrl Iy + myl?

M1 = Mppy = Iy + myr® + 0.25m;,r>

0 0
Co=10|, Gu= 0
0 —mpglo,

The robot model can be represented in linear state space[7] equation (13).

X = Ax+ Bu (13)

Here,
x = [0y Ouwr Op Oy Ouor 6,7

Here, A and B are shown in Equations (14) and (15), respectively, using the robot’s physical
properties and Lagrangian equations.

00 0 100
00 0 010
00 0 001

A= 14
00 —3724 0 0 0 (19
00 —3724 0 0 0
|00 523 0 0 0
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_ 0 0 -
0 0
B = 0 0 (15)
9542 —0.644
—0.644 9.542
L -3.2 -3.2 |

3. Plan for Self-Balancing Control
3.1. LQR (Linear Quadratic Regulator)

An LQRJ[8-10] controller is an optimal control method that computes an optimal control gain by
using the state variable weight Q and the control input weight R. Here, the computed control gains
are values solved from the Riccati equation and depend on the values of Q and R, which affect the
system response.

3.2. MPC (Model Predictive Control)

The MPC[11-13] method predicts the future states until the predictive horizon using a future
control input method for every data sample, enabling MPC to exhibit superior control performance.
Furthermore, MPC allows for multi-input multi-output (MIMO) system that can easily adapt and
consider various constraints, making it optimal for robotics control.

4. Simulation of Self-Balancing Control

The simulation environment of the two-wheeled self-balancing robot is established using a
Gazebo[14,15] platform and Linux ubuntu OS 20.04, ROS1 noetic. The virtual robot is set up to be
controlled using joystick, and the environment is configured to remove slip between the wheel and the
road surface. To control the torque of the robot wheels, the effort controller from Gazebo is used. In
addition, the JointState and IMU nodes from Gazebo are used to measure the robot’s tilt angle, body
acceleration, and wheel acceleration to use them as feedback of the controllers.

4.1. Simulation of Self-Balancing Control Using LQR

Between the wheel position and the speed states, the LQR controller only used the wheel speed
values as feedback. Because the chance of excessive response of the motor control and position
feedback is higher owing to the non-minimum phase characteristics of the inverted pendulum system,
a speed controller is safer. To verify the performance of the self-balancing control system, a 100 N of
external force was exerted on the robot. The robot’s tilt angle and input torque under the external force
is shown in Figure 3.

The results of the self-balancing control using LQR on a system with 100 N of external force show
that the robot becomes stable within 2 s and 15° tilt angle. About -17 Nm of input torque is needed. A
demonstration video is available at Video S1 in the Supplementary Materials.

20 Tilt angle[deg] 20 Input torque [Nm]

,@ /TN —— 6ldeg] § —— 7[Nm]

g 0 § O—U’\

= o

= s
o

—205 1 2 3 i 5 —205 1 2 3 4 5
time(sec) time(sec)
(a) Tilt angle (b) Input torque

Figure 3. Results of the LQR control
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4.2. Simulation of Self-Balancing Control Using MPC

The MPC controller, like the LQOR controller, only uses wheel speed for feedback. The following
conditions are defined to minimize the non-minimum phase movement because of the wheel torque
input, making the system more optimal for docking and undocking of the transportation module for
robots:

—1146 < 0, < 1146 [deg/s]
—1146 < Oy < 1146 [deg /s
5 <6, <5 [deg]
—171.97 < 6, < 171.97 [deg/s]
=20 < uy, Auy < 20 [Nm]

To test the performance of self-balancing control, a 100N of external force was applied, similar to
the LQR controller scenario. The robot’s tilt angle, acceleration, and input torque under the external
force are shown in Figure 4.

Tilt angle[deg]

6 ~
—~ 4 — 6ldeg]
(o]
§ (2) edes[deg]
Z-2
-4
0 1 2 3 4 5 6
time(sec)
(a) Tilt angle
g Tilt angle rate[deg/s]
3 150 ;
1 1(5)8 —— Oldeg]
e 0of —— édes[deg] J\
o =50
©-100
© —150
= 0 1 2 3 4 5 6
= time(sec)
(b) Tilt angle rate
Input torque [Nm]
20 p q

—— T[Nm]

=
o

Torque(Nm)
L
o o

|
N
o

0 1 2 3 4 5 6
time(sec)

(c) Input torque

Figure 4. Results of the MPC control

After applying 100 N of external force on a self-balancing system using MPC, the results show
that, like the LQR controller, the robot becomes stable within 2s, and about -17Nm of torque is needed.
However, owing to the pre-configured conditions of the tilt angle, the robot stabilized within £5° tilt
angle. A demonstration video is available at Video S2 in the Supplementary Materials.

5. Simulation of Separation-Combination and Transportation

A self-balancing simulation was conducted for the transportation of goods. The simulation was
conducted using transportation modules weighing 20kg. The simulation procedure is shown in Figure
5. After the transportation simulation was started, the robots moved towards the transportation
module using the self-balancing controller. The lift was then docked, and the robots were combined
using the docker located at the end of the lift. After combining, the transportation module was lifted

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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using the lift and was moved to the desired location. After the transportation was complete, the module
was lowered, lock was released, and robots were moved away after undocking. Before combining
the robots or after separation, the independent movements of the robots were controlled using either
the balancing controller. After combining the robots, the robots were controlled using the joystick
input, and the LQR or MPC control was removed. This was because, if the transportation module was
lifted from both sides, a load was introduced into the lift, causing the robot to tilt. If the robot was
tilted while the LOR or MPC control was being used, the wheel torque for keeping the robot balanced
became large, and the controller diverged because of the rapidly increased torque from the robot’s
control goal of keeping the system upright. Furthermore, after combining, the system became statically
stable owing to the four wheels, so the self-balancing controller was not needed. Thus, the balancing
controllers were only used when the robots were separated.

Figure 6 is the control diagram of separation-combination and transportation. Where 6,,; is the
angular velocity of the left wheel, 0, is the angular velocity of the right wheel, wa is the angular
velocity of the left wheel, 6y, “/ is the reference angular velocity of the right wheel, u; is the control
torque of the left wheel, u; is the control torque of the right wheel, du; is the control torque difference
of the left wheel, dui, is the control torque difference of the right wheel, 6, is the tilt angular velocity of
the robot, Py, is the position of the locker, and Pj;; is the position of the lift. A demonstration video
is available at Video S3 in the Supplementary Materials.

Start H Robot moving Docking

hhﬂ

Locking Delivery

L roboumoving — nd

e

Figure 5. Process of transport simulation

' Pioker :
Separated || Joystick | K Separated
Robot : Oystic 9:[, o + wp, Ur Robot |
)

» Robot Moving ]» Docking ]» Locklng ]‘-‘[ Delivery ]»[ Unload » Unlocklng ]»[ Undocking ]»[ Robot Moving »-1

: |

1 !

1
. ! Pl !
1 : Puige L 1
I»I T P Combined :»| |
Balancing Controller : 1 whZwr L Robot h : ) :
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! 1 1 h
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le=—====== 4 | 1 1 le=——====== 4 \

Figure 6. Control diagram of separation-combination and transportation
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5.1. Simulation of the Cargo Module Using LQR

The simulation results of the LQR-based robot with 20 kg of cargo are shown in Figure 7. The
simulated maximum torque for the LQR-based robot for transporting 20 kg of cargo is shown in Table

2.
10.0 10.0
7.5 Docking 7.5 Unlocking
P Robot L acrl‘ddng Robot - Robot Unduckin Robot
£ 50 moving , moving £ 5.0 moling . 0 moving
% 25 1 % 25 | i
o 1 o ! ] 1
S 0.0 *W' i %ﬂg S 0.0 - ,u+ p— -
'9 1 : ] ! .Q T : I
-2.5 LA <5t Right wheel torque; -2.5 ! I3l —— Left wheel torque;
50 Load Delivery ~ Unload Right wheel torque, _5.0 Delivery  Unload Left wheel torque;
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
time(sec) time(sec)
(a) Right wheel torque (b) Left wheel torque
—— Lift force 101 —— Lift docker torque;
200 Lift force, Lift docker torque; Unload
= 1 1 1
z 0 £ i A
3 g o -t -
I 5 [ 1
i —200 Robot |§ =5 : l ! :
e Robot " lead’ || Delivery e
—400 moving Docking e
-10 Lo Undocking
ocking
0 i 2 3 4 5 6 7 0 1 2 3 4 5 6 7
time(sec) time(sec)
(c) Lift force (d) Docker torque

Figure 7. Simulation results of a 20 kg module using LQR

Table 2. Maximum torque of a 20 kg simulation using LOR

Robot1 Robot 2

Right Wheel Torque [Nm]  10.395 9.771
Left Wheel Torque [Nm]  10.327 7.782
Lift Force [N] 317112 312477
Lift Docker Torque [Nm]  10.635  10.437

The simulation results indicate that the robot can safely transport the cargo, and the largest torque
applied to the wheel is 10.395 Nm.
5.2. Simulation of the Cargo Module Using MPC

The simulation results of the MPC-based robot for transporting 20 kg of cargo are shown in Figure

8. The simulated maximum torque for the MPC-based robot for transporting 20 kg of cargo is shown
in Table 3.

Table 3. Maximum torque of a 20 kg simulation using MPC

Robot1 Robot?2

Right Wheel Torque [Nm]  4.574 5117

Left Wheel Torque [Nm] 4.574 5117
Lift Force [N] 335.328  307.362

Lift Docker Torque [Nm] 9.020 7.374

The simulation results indicate that the robot system can safely transport the module, and the
largest wheel torque is 5.117Nm. Compared to the previous LQR controller, a lower wheel torque of
5.278Nm is needed, showing that the MPC method is approximately 50% more effective.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 8. Simulation results of a 20 kg module using MPC

6. Conclusion

Simulation was used to compare the performances of LQR and MPC controllers for a two-wheeled
self-balancing robot with a given external force. The LQR and MPC methods both display stable
performance. The MPC method exhibits superior self-balancing abilities because additional constraints
can be applied. A simulation was performed for transporting heavy cargos, and both controllers
showed safe and stable control. Especially, the MPC method required only 50% of the wheel torque to
achieve the same performance and robot movement as the LQR method. The constraints such as wheel
speed and robot tilt angle can be applied to the MPC method, making the robot more efficient when
compared to the LOR method. Thus, the separation—combination cargo transportation two-wheeled
self-balancing robot benefits more using the MPC method. In future work, the performances of these
separation-combination cargo transportation robots using MPC will be tested for different ranges of
weights and more robots. Furthermore, a physical robot is planned to be constructed and tested.

Supplementary Materials: The following supporting videos are available online at: Video S1: Simulation of self
balancing control (LQR); Video S2: Simulation of self balancing control (MPC); Video S3: Simulation of separation
combination and transportation (accessed on 17 September 2025).
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Abbreviations

The following abbreviations are used in this manuscript:

SIP Single Inverted Pendulum
LOR Linear Quadratic Regulator
MPC Model Predictive Control
WIP Wheeled Inverted Pendulums
WLR Wheeled-Legged Robots
COM Center of Mass

MIMO  Multi-Input Multi-Output
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