
electronics

Article

Energy Modeling and Power Measurement for
Three-Wheeled Omnidirectional Mobile Robots for
Path Planning

Linfei Hou 1 , Liang Zhang 1,* and Jongwon Kim 2

1 School of Mechanical, Electrical and Information Engineering, Shandong University, Weihai 264209, China
2 Department of Electromechanical Convergence Engineering, Korea University of Technology and Education,

Cheonan 31253, Korea
* Correspondence: zhangliang@email.sdu.edu.cn; Tel.: +86-130-6118-7255

Received: 29 June 2019; Accepted: 26 July 2019; Published: 28 July 2019
����������
�������

Abstract: Due to their high mobility, mobile robots (MR) are widely used in intelligent manufacturing.
Due to the perfect symmetry of the MR of the three-wheeled moving chassis, it can move quickly in a
crowded and complex factory environment. Because it is powered by a lithium battery, in order to
improve its energy efficiency, we need to ensure that its power consumption is reduced as much as
possible in order to avoid frequent battery replacement. The power consumption of MRs has also
become an important research focus for researchers. Therefore, a power consumption modeling of
the omnidirectional mobility of the three-wheeled omnidirectional mobile robot (TOMR) is proposed
in this paper. When TOMR advances heading at different angles, the speed of each wheel changes
dramatically. So, the power consumption of robots will also be greatly changed. In this paper, the
energy and power consumption of the robot heading in different directions is analyzed and modeled
by formulas. This research can be valuable for path planning and control design.

Keywords: minimum-energy control; energy modeling; power measurement; omnidirectional
mobile robots

1. Introduction

Mobile robots (MR) are used to transport components among machines [1] in intelligent
manufacturing [2] which is generally crowded and complex. A Three-wheeled omnidirectional
mobile robot (TOMR) can move quickly in any direction because of perfect symmetry, without a
complicated turning process [3,4], so they are very suitable for intelligent manufacturing working in a
narrow and limited space [5]. In order to carry out path planning and robot control with minimum
energy consumption, the energy consumption of the robot’s omnidirectional movement is modeled in
this paper. As shown in Figure 1a, a TOMR consists of three omnidirectional wheel assemblies equally
spaced at 120 degrees from one another [6].

In order to be suitable for load movement in factories, an MR chassis needs to be designed to
have strong load capacity, anti-vibration, and good stability [7,8]. The schematic diagram of TOMR is
shown in Figure 1b. Large omnidirectional wheels and suspension systems [9] can ensure that MR’s
payload capacity reaches 50 kg. Because this paper focuses on the power consumption of TOMR in
omnidirectional movement, Figure 1b is only a sketch of TOMR, showing the composition of TOMR
energy-consuming components, not a complete transport robot that can be used in an intelligent
manufacturing factory.
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Figure 1. Three-wheeled omnidirectional mobile robot (TOMR). (a) Schematic of TOMR and a (b) 
schematic diagram of robot architecture. 

Scheduling the different tasks assigned to the MR and maximizing the efficiency of the 
implementation is critical [10] to intelligent manufacturing. TOMRs are chosen as target platforms 
due to their flexibility and versatility [6]. Also, TOMR’s mobile control is an important research field. 
In order to better control TOMRs, researchers have proposed a variety of control methods [11–13], 
because the control of the mobile robot is the core of path planning and energy reduction. We need 
to make full use of the advantage that TOMRs can move in any direction, which could obviously 
reduce the space occupation and have a higher moving speed. 

At present, the power consumption model of rechargeable lithium batteries has been sufficiently 
analyzed, but there are few articles on the analysis and modeling of the power consumption of robots 
in the process of moving. By establishing the relationship between the power consumption of each 
subsystem, the optimal algorithm to reduce the energy consumption of the robot can be obtained 
[14]. If the power consumption of the robot can be modeled, the power consumption system of the 
robot can be perfected and the power consumption of the robot can be accurately predicted. By 
programming the complete robot power consumption model into the control system, the control 
system can calculate and predict the power consumption during the robots running process, which 
can help the robot to perform path planning and find the path with the lowest energy consumption 
during the robot’s travel. 

MR for use in automation in intelligent manufacturing plants require the ability of 
environmental awareness, self-diagnosis, automatic mobility, information exchange, etc. [15–17]. So, 
the energy consumption of MRs comes from four subsystems of MR: Motion system, control system, 
sensor system, and communication system, as shown in Figure 2.  
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Figure 1. Three-wheeled omnidirectional mobile robot (TOMR). (a) Schematic of TOMR and
(b) schematic diagram of robot architecture.

Scheduling the different tasks assigned to the MR and maximizing the efficiency of the
implementation is critical [10] to intelligent manufacturing. TOMRs are chosen as target platforms
due to their flexibility and versatility [6]. Also, TOMR’s mobile control is an important research field.
In order to better control TOMRs, researchers have proposed a variety of control methods [11–13],
because the control of the mobile robot is the core of path planning and energy reduction. We need to
make full use of the advantage that TOMRs can move in any direction, which could obviously reduce
the space occupation and have a higher moving speed.

At present, the power consumption model of rechargeable lithium batteries has been sufficiently
analyzed, but there are few articles on the analysis and modeling of the power consumption of robots
in the process of moving. By establishing the relationship between the power consumption of each
subsystem, the optimal algorithm to reduce the energy consumption of the robot can be obtained [14].
If the power consumption of the robot can be modeled, the power consumption system of the robot can
be perfected and the power consumption of the robot can be accurately predicted. By programming
the complete robot power consumption model into the control system, the control system can calculate
and predict the power consumption during the robots running process, which can help the robot to
perform path planning and find the path with the lowest energy consumption during the robot’s travel.

MR for use in automation in intelligent manufacturing plants require the ability of environmental
awareness, self-diagnosis, automatic mobility, information exchange, etc. [15–17]. So, the energy
consumption of MRs comes from four subsystems of MR: Motion system, control system, sensor
system, and communication system, as shown in Figure 2.
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Figure 2. Energy consumption composition of a Mobile Robot (MR) and signal transmission.
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After the energy model of MR is formulated [18–20], the power consumption of the four robotic
subsystems can be calculated by the power consumption model. By establishing the relationship
between the power consumption of each subsystem, the optimal algorithm to reduce the energy
consumption of the robot can be obtained [14].

Applying it to the Robot Operating System (ROS) programming can effectively reduce the
energy consumption of mobile robots by choosing the correct control method and the lowest
energy consumption path through the power model to reduce the energy consumption of the
robot. This paper provides a model for the power consumption of the omnidirectional wheel and the
omnidirectional movement.

2. Related Works

With the rapid development of intelligent manufacturing and the extensive use of MRs, the
question of how to reduce the energy consumption of MRs in unmanned factories has attracted a lot of
attention. Generally speaking, there are four ways to reduce MR’s energy consumption.

The first is to optimize the mechanical structure of the robot to reduce power consumption. Many
studies on the mechanical structures of TOMRs have been performed. Structures such as omni-wheels
and omnidirectional robot systems are common [21]. Numerous studies on the mechanical structures
of TOMRs, such as omni-wheels and omnidirectional robot systems, have been performed [22–24]. The
second is to reduce the power consumption through the low power design of the robot’s control system
and sensor system, and the use of low power components. To reduce the power consumption of robotic
electronic components is considered by many researchers to be an important goal. Mei et al. [25] studied
the components of MR in energy-efficient designs. Energy-efficient motion planning methods have
been applied to reduce the energy consumption of mobile robots. MRs reduce energy consumption
by finding the shortest path [26]. Bartlett et al. proposed a probabilistic, data-driven approach to
estimating the energy consumption of a mobile robot on a set of trajectories, whether they have been
traversed or not [27]. Sun et al. [28] take into account friction and gravity in finding energy-efficient
paths across a terrain. Kim and Kim [29] showed theoretically that the energy efficiency of translational
motion for wheeled mobile robots can be improved by varying the velocity profile of the motor, where
instead of applying constant acceleration and deceleration, variable acceleration and deceleration are
applied as the robot starts to move or stop. In this way, an improvement of up to 30% in efficiency
was achieved.

The fourth is to improve the power consumption model of the robot which can be applied in
ROS, and to reduce energy consumption by programming to select the optimal efficiency strategy. Kai
Eggers et al. [30] presents an approach to significantly improve modeling accuracy for the power and
energy demands of industrial robots. Otsu and Kubota [31] presented a self-supervised approach for
the mobile robot which considers terrain geometry and soil types.

3. Power Consumption Modeling of TOMR

The three wheels of TOMR are completely symmetrical as shown in Figure 3. The three wheels
of TOMR are distributed according to the strict symmetrical structure of 120 degrees. This structure
enables TOMR to move in any direction within 360 degrees. The 360-degree orientation can be
divided into three identical 120-degree ranges and the three ranges are completely symmetrical. The
120-degree angle between any two wheels can be divided into four 30-degree angles. Because of the
symmetrical structure, the four 30-degree angles are also symmetrical in terms of the forward direction
and energy consumption of TOMR. The power consumption of the B part equivalent to E, and the
power consumption of the E part is equivalent to A, so the energy consumption measurement range of
TOMR can finally be reduced to 30 degrees.
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Figure 3. Diagram of TOMR’s angle analysis.

It is found through measurement that the power consumption of TOMR has a great relationship
with the speed at which it runs stably, so we first model the speed. The method of modeling the
speed is to first measure the speed of the TOMR by the vehicle-mounted encoder, and then model and
analyze the measured data.

In order to ensure the accuracy of the experiment, we have unified the maximum speed of the
robot. In this experiment, the maximum speed of the robot is specified as 1 m/s, which can guarantee
the speed variation of our robot when starting at different angles. The speed values after stabilization
are the same, so that the difference in TOMR power consumption when starting at different angles is
more accurately studied.

The speed image of the robot under test conditions is shown in Figure 4.
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Figure 4. Speed change versus time.

After the measurement, it can be found that the speed of TOMR changes very sharply during the
start-up process. As the speed increases, the acceleration of TOMR gradually decreases, and finally, it
can stabilize at 1 m/s, which is the maximum speed of the robot we set, which indicates that the PID
algorithm we set can stabilize the speed at the set value in a short time. The maximum speed we set
for TOMR is valid, and TOMR can move according to our settings.

ERobot is the energy consumed during the TOMR movement, Emotion is the energy consumed by
the motion system during the TOMR movement, Econtrol is the energy consumed by the control system
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during exercise, Esensor is the energy consumed by the sensing system during exercise, and Ecommunication
is the energy consumed by the communication system.

ERobot = Emotion + Econtrol + Esensor + Ecommunication (1)

According to our research and analysis of robot power consumption, we divide the power
consumption of TOMR into four parts, namely ERobot, Econtrol, Esensor, and Ecommunication for analysis
and research.

3.1. Motion System Modeling

Emotion =

∫
Pmotiondt = Ec + E f + Ee + Eh + Ek (2)

Through the research and analysis of the motion system, we divided the motion system into five parts,
focusing on the power consumption from the start of the speed to the steady operation of the speed
when moving at different angles. For the measurement of the power consumption of the motion
system, we used the American Itech IT6952A for measurement. This product is capable of measuring
the power consumption of our motion system.

Emotion is the energy consumed by the motion system during the TOMR movement, Pmotion is the
power consumption of the motion system during exercise.

In the article, two coordinate systems are established as shown in Figure 1a. One is the robot
coordinate system and the other is the global coordinate system. The robot coordinate system is built
for the robot, and the position of the robot coordinate system relative to the robot is never changed.
The global coordinate system is globally established, and the global coordinate system does not change
with the movement of the robot. In the measurement of the speed V, the measurement is performed in
the global coordinate system. The main function of the robot coordinate system is to decompose the
overall speed of the robot to help solve the speed of each drive wheel of the robot.

γ is the angle between the speed direction of the robot and the positive X-axis direction of the
robot coordinate system, V is the value of the actual speed of the robot. vX, vY are the components of X
and Y axes of the translation speed V of the robot in the coordinate system of the robot body.{

vX = V ∗ cosγ
vY = V ∗ sinγ

(3)

v1, v2, v3 is the line speed of three driving wheels. ω1,ω2,ω3 is the angular velocity of the three
drive wheels, respectively. ϕ is the angular velocity of the robot’s rotation. l1, l2, l3 is the horizontal
distance from the geometric center of the car body to the center of the three wheels. R is the radius of
the wheel [32]. 

v1 = Rω1 = 1
2 vX +

√
3

2 vY

v2 = Rω2 = 1
2 vX −

√
3

2 vY
v3 = Rω3 = −vX + 0
v1
′ = V ∗ cosφ

v2
′ = V ∗ cos

(
π
6 −φ

)
v3
′ = V ∗ cos

(
π
6 + φ

)
(4)

Ec is the work that the frictional force that cancels each other out during the TOMR movement. M
is the weight of the TOMR, µ is the friction coefficient of TOMR, φ is the angle between the orientation
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of the TOMR and the direction of motion of the robot. v1, v2, v3 is the speed of the three wheels of the
robot, The coefficients µR and µs correspond to friction due to roll and skid forces, respectively.

Ec =

∫ (
µMgR(v1 + v2 + v3)

2 cos
(
φ−

π
6

)
+ µMgR(v1 + v2 + v3)

(
cos

(
φ−

π
6

))6
)
dt (5)

µ = 2L/(R + L) ∗ µs + R/(L−R) ∗ µR (6)

E f is the work done to overcome the frictional resistance during the advancement, v is the current
speed of TOMR, µ is the friction coefficient of TOMR.

E f =

∫
µRM ∗ (v1 + v2 + v3) + µsM ∗ (v1

′ + v2
′ + v3

′) (7)

Ee is the mechanical dissipation during the movement and the dissipation of the motor itself. R is
the radius of the omnidirectional wheel. δ is the speed coefficient during the start of the robot. ρ is the
speed parameter during TOMR startup.

Ee = MgR/(v− v0)
δ +

(1
t

)ρ
(8)

Eh is the power consumption dissipated in the form of thermal energy. k10 and k20 are the
temperature coefficient constants of the motor, αR is the temperature coefficient of the resistance, and
αM is the speed constant of the motor. β is the speed coefficient of the thermal energy dissipation of
the robot.

Eh =

∫
(βv2 + εv + λt2 + ηt)dt (9)

β = k10(1 + αR(T − T0))
2(1 + αM(vmax − v))−2 + k20(1 + αM(vmax + v))−4 (10)

ε = k20(1 + αM(V + Vmax))
−2 + k10(3 + αR(T − T0))

2 (11)

λ(T) = k10(1 + αR(T − T0)) + k20(1 + αR(T − T0)) (12)

η(T) = K10K20(1 + αR(T − T0))
2 (13)

Ek is the increase of the kinetic energy of the robot during the movement.

Ek = Mv2/2 (14)

The energy dissipated by the friction forces in the course of movement Ec is shown in Figure 5a.
The energy dissipated by the friction forces in the course of movement
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The energy consumed by overcoming the friction resistance in the course of advance E f is shown
in Figure 5b. The mechanical dissipation and the motor itself dissipation in the course of movement Ee

is shown in Figure 5c:
The change of kinetic energy EK during TOMR motion is shown in Figure 6a and the dissipated

energy in the form of thermal energy is shown in Figure 6b.
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The parameters of the motor and drive wheel of the measuring robot are shown in Table 1

Table 1. TOMR drive wheel parameters.

Parameter Motor 1 Motor 2 Motor 3

k10 0.0019 0.00195 0.0020
k20 1.2533 1.2654 1.2589
αR 1.257 1.255 1.257
αM 1.355 1.375 1.379

In order to test the effect of this model on the power consumption modeling of the TOMR motion
system, we compare the modeled values of the motion system with the actual values and calculate the
corresponding deviations. The results are shown in Table 2.

Table 2. Motion power comparison between modeling and measurement.

Time (s) Robot Speed (m/s) Modeling Motion
System Power (W)

Measurement Motion
System Power (W) Error Percent (%)

0 0 2.05 2.12 3.41
0.05 0.329 11.462 12.062 5.23
0.10 0.593 47.198 49.723 5.34
0.15 0.753 57.511 56.235 2.21
0.20 0.850 41.321 42.210 2.15
0.25 0.909 36.513 35.125 3.95
0.30 0.944 34.679 33.541 3.39
0.35 0.966 33.474 33.548 0.02
0.40 0.979 33.267 34.125 2.51
0.45 0.987 33.160 32.754 1.23

The table above shows the comparison between the modeled values of the robot’s motion system
and the measured values of the motion system. From the above table, we can see that our modeling is
more accurate. The error between the measured values is within 6%, and our modeling is successful
within the tolerances.
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3.2. Control System Modeling

Econtrol =

 ξv1
+
ξ
v2

+
ξ
v3

+
ψ

(v1 + v2 + v3)
2 +

(
v1

2 + v2
2 + v32

)− 1
2

 cos
(
ϕ−

π
6

)
(15)

Equation (15) is the power consumption model of the control system. ξ andψ is the speed constant
of the control system. The power consumption of the TOMR control system is shown in Figure 7.
Figure 7a shows the power consumption of the robot starting at an angle of 30 degrees is the greatest
when the robot’s wheels counteract each other. At the same time, the speed of each driving wheel is
relatively the greatest, so the power consumption of the robot control system is the greatest and the
acceleration pulse is the most intensive. Figure 7b shows the power consumption of the control system
when the robot starts at an angle of 0 degrees. The control system at this time has the lowest power
consumption. Figure 7c shows the power consumption of the robot near the steady speed.
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After measurement, it is found that the power consumption of the control system is mainly related
to the acceleration of the robot. When the robot starts from the speed of 0, the robot needs to send an
acceleration pulse to accelerate. At this time, the acceleration pulse sent by the robot’s control system
is very dense. The speed of the robot gradually increases. At this time, the acceleration of the robot
becomes smaller and smaller, and the intensity of the acceleration pulse of the robot at this time is
increased. As the acceleration value decreases, as the acceleration pulse of the robot decreases, the
power consumption currently becomes smaller and smaller.

In addition, the power consumption of the robot’s control system is also related to the angle
at which the robot is started, because the number of motors that the robot needs to start during the
start-up process and the speed at which each motor starts at different angles are different, so the power
consumption of the robot control system has a lot to do with the starting angle of the robot.

4. Experiment Setup and Result

This experiment is used to simulate a real factory environment. Place the robot in a preset
environment, and then adjust the robot for starting conditions. The power consumption modeling of
the above robot has been programmed into the robot’s control system. During the experiment, the
experimenter sends the angle to the robot through the serial port. The robot calculates the speed of the
three drive wheels by the above formula, and the PID control system is then used to control the robot
to proceed according to the experimenter’s settings.

During the experiment, we recorded the trajectory of the robot on the ground. The error between
the motion path of the robot and the preset path is measured to ensure that the robot moves according
to the preset path. After measuring the error between the robot’s motion path and the preset path,
the error in deviation from the path did not exceed 0.02 degrees. At the same time, each part of the
experiments are no longer powered by battery power. Instead, we used our professional experimental
power supply equipment to supply power. The power at this time was recorded to ensure the analysis
in our subsequent process. After the experiment is completed, we analyzed the trajectory of the robot
during the experiment, analyzed the accuracy of the robot in the process of moving, and the deviation
error in the moving process.

After measuring the power stability value of TOMR starting from different angles as shown in
Figure 8, we can see that TOMR fully conforms to our model through two comparison graphs, and the
power consumption of robots was the highest when starting at 30 degrees, and after our measurement,
it was found that the power consumption of TOMR matched our expectations. The robot’s power
distribution was uniform and symmetrical.
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In order to verify the law of robot symmetry, we increased the experimental range to 60 degrees
and measured the power consumption during the movement of the TOMR within 60 degrees. After
measuring, the power consumption of the robot was consistent with the analysis of the power
consumption of the robot when we started. It only needed to measure the power consumption of
TOMR within 30 degrees. The rest of the angle is completely symmetrical with the power consumption
within the 30-degree range.

In the process of power consumption measurement, A Monsoon solution AAA10F power monitor
was used to measure the electrical power of the sensor system, control system, and communication
system. ITECH IT6952A was used to measure the electrical power of the motion system as well as the
total power consumption.

In order to show more intuitively the relationship between the actual measured power consumption
and the modeling power consumption of the robot, we chose to compare the robot to the actual
measured value and the modeling power consumption value in the course of the motion at an angle of
20 degrees, as shown in Figure 9.Electronics 2019, 5, x FOR PEER REVIEW  11 of 13 
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Figure 9. Power measurement and modeling of TOMR.

Through Table 2 and Figure 9, we can see that the change rule of the modeled value is consistent
with the actual measurement value. Through Table 2, we can see that the error between the actual
measurement value of TOMR and the modeled value is less than 7%. The TOMR model is correct
within the allowable range of errors.

5. Conclusions and Future Work

In this paper, we analyzed the application of TOMR in un-manned, intelligent-manufacturing
factories. The control method and power consumption characteristics of the omnidirectional wheel
robot’s movement were studied. TOMR was completely symmetrical and the omnidirectional wheeled
robot can realize omnidirectional movement, which ensures that TOMR can transport goods in the
complex environment of an unmanned factory without orientation. The energy consumption of
TOMR moving in any direction is modeled and verified by experiments under the constraints of an
unmanned factory. This model can be used to calculate and predict the energy consumption of TOMR,
which provides a guide to facilitate the energy-efficient strategies through programming in ROS. We
studied the control of the omnidirectional movement of the TOMR and the power consumption of the
TOMR during the omnidirectional movement according to the complete symmetry of TOMR’s three
omnidirectional wheels. For detailed analysis, we verified both the control theory and the experimental
measurement. The result shows that the error between the TODR power consumption modeling value
and the actual value can be controlled within 7%.
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By modeling the power consumption of the omnidirectional movement, we can accurately
calculate and predict the energy consumption of TOMR during the movement process. The purpose of
TOMR modeling is to model the power of the path during the TOMR movement and then use the
model to find the path with the lowest power consumption.

At present, our knowledge aim at modeling the power consumption of TOMR in the process of
omnidirectional movement, but it does not model the power consumption of other states in the TOMR
motion such as the in-situ rotation of TOMR. We have only studied the energy consumption of TOMR
at the start-up stage in any direction. The next research stage is to compare the energy consumption
of two kinds of turning modes: Turning in place before moving forward and turning while moving
forward to find the lowest energy consumption models of the different turning modes, then summarize
and analyze the power consumption of multiple states, and finally choose a path with the smallest
power consumption in a complex environment when linear motion is restricted.

Author Contributions: Conceptualization, J.K.; data curation, L.H.; formal analysis, L.Z.; methodology, L.Z.;
project administration, L.Z.; resources, J.K.; software, L.H.; supervision, J.K.; validation, L.H.; writing—original
draft, L.H.; writing—review and editing, L.Z.
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