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Abstract: Currently, a wide variety of velocity profiles are used in motion control. Thus, this paper
compares the energy consumption of three parabolic, trapezoidal, and S-curve profiles. We studied
the case of using embedded systems since they are a powerful solution to monitor and coordinate the
movement of devices and machinery in various industries combined with motion control applications.
These integrated systems allow precise and efficient control of motors and actuators through control
and feedback algorithms. In addition, we propose an alternative methodology for implementing
motion controllers using an Advanced RISC Machine (ARM) microcontroller, which computes the
trajectory and the control action in real-time. We conducted an experiment using a linear plant
composed of a direct current (DC) motor coupled to an endless screw where a carriage is mounted
that can move mechanically along a rail a distance of 1.16 m. In addition, a 4096 pulses per revolution
(PPR) encoder is connected to the motor to measure position and angular velocity, which compute the
distance the carriage has moved in meters. A current sensor is used to assess the energy consumption,
and 40 tests for each profile were carried out to compare the energy consumption for the three-motion
profiles considering cases with and without load on the carriage.

Keywords: power consumption; trapezoidal profile; parabolic profile; S-Curve; embedded systems;
microcontroller

1. Introduction

Scientist have been studied extensively motion profiles for several decades, since it has
uncountable applications related to motion control, robotics, and commercial machinery, such as
robot manipulators [1,2], conveyor belts, computer numerical control (CNC) machinery, 3D printers,
and any system that needs to control movement based on electric motors [3-5]. The motion profiles
define not only the position of the motor shaft but also the velocity, acceleration, and the third
derivative of position (jerk) along the path or entire movement [6]. With constant movement phases, it
is possible to generate smooth trajectories that reduce mechanical wear and aggressive current peaks
to improve movements’ precision [7,8]. So, motion profiles are focused on obtaining a function of
time, which returns at each instant the position that the mechanical system must follow [9]. Constantly
it is sought to have at least continuous acceleration [10], since discontinuities in acceleration, such
as in a trapezoidal profile, can cause the jerk to be too large and residual vibrations are generated
[11], which, in addition to affecting the precision of the movement, also degrade valuable life of the
mechanical system [12]. On the other hand, in mechatronics systems, motion profiles are applied to
execute point-to-point movements [13]. For instance, to move from an initial point to a final point,
the trajectory must be smooth, according to the cinematic magnitude restrictions of the system, with
which an exceeding of the speed, acceleration, or jerk limits supported by the motor is avoided [14].

Another aspect to consider besides the motion profiles is the control algorithm , which is designed
to keep the tracking error as low as possible, guaranteeing efficiency in the execution of the movement
[15]. The most commonly used control technique is the classical Proportional-Integral-Derivative (PID)
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and PD controllers as observed in [16]. However, technological changes demand new control strategies
that present a better response than traditional controllers. For example, in [17], the implementation
of a controller based on fuzzy logic for a robot manipulator shows better performance in terms of
robustness and trajectory following; in [18] an adaptive controller with neural networks is used, which
improves the precision of the movement at the cost of greater computational demands.

In recent years, several works have been proposed that allow smooth movements to be executed
using functions of the polynomial, exponential, trigonometric type, or a combination of these [19-22].
The study of the motion profiles has shown that, depending on the path implemented, it is possible
to minimize execution times, reduce vibrations by minimizing the jerk (which translates into less
wear on the mechanical structure), as well as reduce energy consumption [23]. Fang Y. et al. use
a 15-segment s-curve trajectory formed by pieces of sigmoid functions, which allows for obtaining
successive continuous derivatives [24]. This results in a trajectory with vibration and reduced tracking
error verified experimentally in a robotic arm. Similarly, Wu et al. propose a 15-segment trajectory with
a shorter execution time. It is made up of pieces of functions of the trigonometric type, with constant
motion phases [1]. Alpers employs a 7-segment motion profile based on chunks of polynomial functions
[25]. However, discontinuities in successive derivatives can cause unwanted vibrations; [10] proposes
an improvement with a 15-segment path, in which the snap is a continuous piece-wise function; Due
to the complexity of the expressions, the time required to calculate the trajectory is longer compared to
classical profiles. Lee and Han use nth-order polynomial motion profiles to achieve fast motion and
minimal vibration in an industrial robot [12]; the motion controller is implemented on a 32-bit MCU.
Jerk minimization has been achieved through the use of degree 7 polynomials, as shown by Wu and
Zhang in [4], which is implemented in a robot manipulator. Similarly, Boryga et al. use polynomials of
degrees 5 to 9 to obtain phases of continuous motion [3]. However, experimental results still need to
be presented. For their part, Wang H. et al. propose a methodology for using degree 4 polynomials in
an industrial robot [26]. On the other hand, the reduction of energy consumption has been analyzed in
point-to-point movements using trapezoidal and cycloid profiles [2], as well as trajectories based on
Chebyshev polynomials [15]. A review and classification on energy-saving optimization strategies
for robotic and automatic systems is presented in [27], being the software approach based on the
motion planning an effective and economical technique easy to implement on existing system [28].
Montalvo et al. conducted a comparative analysis of the energy consumption of the trapezoidal and
parabolic motion profiles on a Field-Programmable Gate Array (FPGA)-based motion control system
[29]. A similar study was conducted by Carabani G. and Vidoni R. adding higher-order polynomial
and modified s-curve profiles [30], however, Hosseini, S., and Hahn obtained better energy saving
with third-degree polynomials than with higher degree trajectories [31]. Other authors have developed
a hybrid approach. For instance, Nshama, E. W. seeks, in addition to decreasing execution times, to
reduce energy consumption in industrial feed drive systems [32] and Halinga M. S. with the same
hybrid approach proposed a modified s-curve trajectory introducing harmonic functions into the
constant jerk phases [33].

This work’s motivation is to design a motion controller for precise tracking to reduce energy
consumption through appropriate motion profiles; A trajectory generator and a motion controller were
embedded in a 32-bit microcontroller with ARM architecture to calculate the trajectories in real-time.

The main contributions of this paper are:

*  An analysis of 3 smooth trajectories in a point-to-point motion control system to decrease energy
consumption in DC motors.
e Anovel approach for designing a motion control system from the embedded system selection to

the motion control implementation.
*  Development of a software-based strategy that can be implemented in any microcontroller to

control a linear platform with a motion controller using a sampling time of 0.001 s.

The rest of this paper is organized as follows: We presented and explain the velocity profiles in
Section 2, next, we describe the materials we used and the methodology we followed for conducting
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the experiments in Section 3; Also, we discuss relevant implementation guidelines in Section 4. We
present the experimental results in Section 5. Finally, we present our conclusions in Section 6 and the
relevant references.

2. Fundamental analysis of parabolic, trapezoidal, and s-curve velocity profiles

2.1. Motion profiles

A movement is defined by deriving a model with parameters such as position, velocity, and
acceleration for different time instants: initial time ¢, final time ¢ £, 0r specific times in the interval
[to, t7]. Based on the above, the resulting model is a function x(¢) that satisfies all the time constraints.
This model consists of a polynomial function whose degree is related to the number of constraints for
the system [34]. This polynomial is known as the motion profile.

As stated before, the main idea is to implement three motion profiles: the parabolic, trapezoidal,
and S-curve profiles; we describe each in this section.

2.2. Parabolic Velocity Profile

This type of trajectory models a movement with continuous speed and constant acceleration
[35], the velocity is defined using a quadratic polynomial (parabola) where the position is given by a
third-degree polynomial of the form provided by Equation (1).

x(t) = ko + ki (t — to) + ka(t — t0)* + ks (t — £9)? 1)

x(t) is the position of the profile. Successive derivatives of Equation (1), result in Equations (2) and (3)
corresponding to the velocity and acceleration.

%(t) = ky + 2ko(t — tg) + 3kz(t — to)? 2)
%(t) = 2ky + 6(t — to) 3)

Here %(t) and ¥(t) are the velocity and acceleration of the profile, respectively. The constraints for the
movement are x(ty) = xo, x(tf) = xy and ¥(tg) = %(tf) = 0. On the other hand, T = t7 — fo is the
total time of the movement, and h = x ¢ — X is the total displacement. By evaluating the Equations (2)
and (3) at t = tp we determined ko = xp and k; = 0, whereas by evaluating at t = t; we determined
thatk, = %’ and k3 = —%. Figure 1 presents the parabolic motion profile.

Figure 1(b) clarifies that the maximum velocity occurs at half the total time, thatis, att = ty + % =

to+t . . Dy . . . )
0 5 L By evaluating Equation (3) at said instant of time, provide the maximum speed as X0y = %

Computing Equation (1) In terms of the maximum speed allowed, we derived Equation (4). The
Equations (5) and (6) describe the velocity and acceleration of the movement at each instant of time.
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Figure 1. Parabolic velocity profile (a) Position, (b) Velocity and (c) Acceleration.
Position
x(t) = xo+ B (t— )2 — g (t —19)3, 0<t<T (4)
Parabolic Velocity
2(t) = Bper (b —tg) — e (1 — )2, 0<t<T 5)
Acceleration
() = ¥ — S (t—hy), 0<t<T ©6)
Equations (7), (8), and (9) relate the speed, acceleration and execution time of the movement,
respectively.
3h
X = 7
max 2T ( )
6h _ 4Xmax

Xmax = ﬁ = T (8)


https://doi.org/10.20944/preprints202308.0275.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 August 2023 doi:10.20944/preprints202308.0275.v1

5o0f 27

T 3h ©)

zxmax

2.3. Trapezoidal motion velocity

The trapezoidal velocity profile is one of the most popular in the industry due to its simplicity
which facilitates its implementation in motion controllers [36,37]. The trapezoidal motion profile
combines a linear trajectory with curved sections, which allows obtaining movement at continuous
speeds [7]. A target trajectory is divided into three stages with the same duration to implement it. The
first stage is constrained to a constant positive acceleration; therefore, the velocity increases linearly,
and the position shape is parabolic. In the second stage, the movement is linear, with constant speed
and zero acceleration. The movement in the last stage is continuous with negative acceleration, the
velocity decreases linearly, and the position is modeled with a parabolic function [34]. Figure 2 shows
the graphs for the trapezoidal profile’s position, velocity, and acceleration.
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Figure 2. Trapezoidal velocity profile (a) Position, (b) Velocity and (c) Acceleration.

The mathematical model that defines the trajectory was obtained by analyzing the segments
that make up the trajectory. The acceleration time T, equals the deceleration time T; for this motion
profile, Equations (10), (11), and (12) determine the position, trapezoidal velocity, and acceleration of
the trajectory, respectively.
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Position
X0+ G2, 0<t<T,
x(t) =< xo+%max(t— L), T,<t<2T, (10)
X — ’;"%;(T—t)z, 2T, <t<T
Trapezoidal Velocity
st 0<t<T,
() =< e, Ta<t<2T, (11)
— g, 2T, <t<T
Acceleration
B, 0<E<T,
i(t) = 0, T, <t < 2T, (12)
—fpex, 2T, <t<T
The maximum velocity X4y, acceleration ¥4y, and displacement #, are related by the Equations
(13) and (14).
) 3h
Xmax = 2T (13)
s 3xmax 9h
Xmax T T2 ( )
The total time T is determined using the Equation (15). T, is given by Equation (16).
3h 9h
T=— = " 15
2% max 2% max ( )
T
Ta - g (16)

2.4. S-curve velocity profile

A disadvantage of previous motion profiles is that they exhibit discontinuities for acceleration,
causing a considerable magnitude of jerk [11]. This paper defines the jerk as X (¢). To mitigate this
drawback, we use a 7-segment s-curve profile with equal acceleration times T, and deceleration times
T, to obtain a movement with continuous acceleration and limited jerk values. The parameters for
X max, X¥max, Xmax used are computed using the equations (17), (18) and (19) proposed in [38].

h

Xmax = m (17)

h
a(l—a)(1—B)T?

(18)

Xmax =
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h
e = T (1 —w)(1— B) T2 1)

where « is a constant factor in varying the acceleration time T, = aT, and B is a constant factor in
altering the length of the jerk’s pulse, T; = BT,. Figure 3 depicts the position, velocity, acceleration,
and jerk of an s-curve profile with « = 0.4 and g = 0.25.
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Figure 3. S-curve velocity profile (a) Position, (b) Velocity, (c) Acceleration and (d) Jerk.

Once the values for %, and the time intervals of Equation (20) are calculated, the acceleration,
velocity, and position for the trajectory are obtained by integration using Equations (21), (22) and (23).
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&.max/ fp<t<h
0, H<t<t
— X max, b <t<ts
X(t) = 0, 3t <ty (20)
—'J.C'max/ fg <t <ts
0, ts <t < tg
&'maxr te <t <ty

¥(t) = &(to) + t X(t)dt (21)
x(t) = x(to) + tt ¥(t)dt (22)
x(t) = x(to) + tx(r)dr (23)

to
3. Materials and methods

An approach to selecting the embedded system, sensors calibration, plant identification, and
motion controller design is presented in Figure 4. The first step is selecting the most suitable embedded
system according to the design constraints. The proper selection of embedded systems is of utmost
importance since it is crucial to understand the capabilities of these devices to determine if they are
suitable to solve a given problem. Thus, it is essential to analyze cost-benefit trade-offs during
the selection process of an embedded system to properly balance the costs associated with its
implementation and the benefits achieved.

Once the designer selects an embedded system, the next step is obtaining the parameters for the
motor voltage, current, and kinematic magnitudes. This is crucial to enforce that the platform operates
within its limits. In the case of having information on these parameters in advance, they can be used
directly. However, such values are missing in some cases; in that cases, designers require determining
them experimentally.

The third step involves the designer deriving a mathematical model of the DC motor. This
step, known as identification, involves obtaining a transfer function through experimentation to
determine the system’s dynamic response. To reach this goal, designers must follow a rigorous and
methodological approach, comparing motor input and output data, such as applied voltage and
resulting angular velocity converted in linear position over time, then use this data to determine the
motor’s mathematical model. When designers assess the closed-loop model of the DC motor, they
can design a controller to ensure the system’s stability. This controller, which is usually proportional
in action, plays a crucial role in rejecting disturbances that may affect the proper behavior of the
motor. The proportional action of the controller also allows errors to be corrected and deviations to
be mitigated, which contributes to maintaining stability and improving the dynamic response of the
plant. Figure 5 shows a block diagram of the system used for the identification process. The input is
the target position the DC motor should reach, denoted as X;p(s). On the other hand, the system’s
output is the carriage’s real position, denoted by X,,(s). A control mechanism computes the control
signal U(s). In this case, it is the voltage applied to the motor to get the carriage as close to the target
position as possible.
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PID controller for the position of
the motor.
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Does the controller
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v

Experimentation and validation
of results.

Figure 4. Design stages of a motion controller.

T\ EG) U(s) Cy

Xsp(s) Kp ; : Xm(s)
C

X(s) SG + &)

Figure 5. Block diagram of the system used for identification.

The closed-loop transfer function of the block diagram in Figure 5 is given by Equation (24).

K,C 2
_ Xm(S) _ p“-k wn (24)

X = = =
(s) Xsp(s) 2+ Cps+KpCr 82+ 20wy + w3

X(s) is the transfer function of a second-order system with the parameters presented in Equations
(25) and (26).

Cp = 20wy (25)


https://doi.org/10.20944/preprints202308.0275.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 August 2023 doi:10.20944/preprints202308.0275.v1

10 of 27

2

w
C, = 1 26
k K, (26)

According to modern control theory, when a step input is applied to a second-order system, the
system response exhibits specific characteristics, such as rise time t, and overshoot My, especially
in the case of an overdamped system, where the damping coefficient is in the range 0 < 7 < 1. To
achieve this overdamped behavior, it is necessary to adjust the value of the proportional coefficient K,
to be large enough. The parameters to be calculated based on the transient response are the damping
constant J, the undamped natural frequency w;, and the damped natural frequency w, expressed in
Equations (27)—-(29).

[In M, |
(= F—t— (27)
\/ 72 +1n? M,
7T — arctan( Y 15 gz)
wy = P (28)
r
Wy = —8 (29)

V1-102
The fourth step consists of the design of the controller, a classic PID type controller shown in
Figure 6 is proposed to eliminate errors in steady state.

ue) | Cr
Ts(s + Cp)

E(s)

K;
Xsp(s) Kp + ?l +Kd S > m(s)

Xﬂl (S)

Figure 6. PID algorithm structure.

The controller parameters are obtained using the pole assignment method. This approach consists
of selecting the desired poles of the closed-loop system and calculating the controller parameters so that
these poles are located at the desired positions. By assigning the poles appropriately, a desired behavior
of the system in terms of stability, response time, and damping can be achieved. The closed-loop
transfer function of the system is determined from the controller parameters. This transfer function,
represented by Equation (30), describes the relationship between the system’s input and output in the
frequency domain.

X (s) Ci(Kgs® + Kps + K))

= 30
Xsp(s) s3+ (Cp + CrKy)s? + KpCis + KiCy (30)

The controller gains are selected to place specific poles in the denominator of Equation (30). The
poles are calculated using the characteristic equation of a second-order system that meets the required
design criteria, given in Equation (31).

$% + 20wys + w? (31)
Adding a non-dominant pole at s = —a to the Equation (31) gives the Equation (32).

(s + a)(s® + 20wys + w2) = s° + (« + 20wy )s* + (w2 + 2wpa)s + ww? (32)

For the response of the third-order system to approximate that of the desired second-order system,
the non-dominant pole is located 10 times further away than the real part of the dominant poles in
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the standard form given by Equation (31). From the equalization of the coefficients with the same
power in s of Equation (32) and the denominator of Equation (30), the Equations (33), (34) and (35),
with which the controller gains are calculated.

a+ 20w, —C
K, = 2T %wn—Cp

33
d c. (33)
w? 4+ 2lwnya
K, =t =" 4
p = (34)
2
xw
K, = —=2
=G 35)

The proposed criteria for controller design are rise time and maximum overshoot. Once the
controller meets the specifications, the previously described motion profiles are added to the control
system. The function of the trajectory generator is to generate a series of values that specify the position
that the motor must assume at each instant of time. Calculating the trajectory requires defining the
magnitude of the displacement and the time to execute the movement. The last step consists of
experimentation and validation of results, which is addressed in a later section.

4. Methodology of implementation

4.1. Selecting an Embedded System

Following the process described in Figure 4, the TIVAT C series TM4C123 evaluation platform
has been selected. This low-cost platform includes two TM4C123GH6PM high-performance 32-bit
microcontrollers based on the ARM Cortex-M4F architecture. The choice of this embedded system
is based on its essential capabilities for implementing the project, such as motion controller, path
generation, and accurate current measurement through the 12-bit analog-to-digital converter (ADC).
On the other hand, it has a dedicated module for reading the encoder, significantly simplifying
the system configuration process, and making it robust for control applications. Another essential
advantage of this microcontroller is its ability to operate in real-time with a sampling rate of 0.001 s. This
ensures that the entire system can respond quickly and accurately to the demands of the environment
in which it is located, which is especially relevant for applications that require real-time interaction.
In addition, it allows connection to a computer via serial protocol, which facilitates efficient data
collection from the plant. This communication capacity is invaluable for monitoring and analyzing
the results obtained during the operation of the embedded system. The main characteristics of this
microcontroller are presented in Appendix A.

4.2. Embedded Motion Controller Implementation

This section describes the implementation of the motion control system that has been made.
In this system, a classic PID controller and a motion profile generator have been integrated into a
microcontroller to control the position of the carriage of a linear platform. To allow configuration
and adjustment of the motion profile parameters, serial communication is established between the
microcontroller and a computer. Figure 7 shows the general diagram of the blocks that comprise the
proposed system.
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Figure 7. Approach of the entire system implementation.

The first block consists of the plant described in the last section. The second block is the embedded
system. In this stage, the microcontroller schedules sensing tasks for measuring both the current and
the position of the encoder, which allows for obtaining information on the state of the motor. In
addition, the microcontroller computes the motion profile using the received data to determine the
carriage’s speed, acceleration, and displacement. Once the motion profile has been calculated, PID
controller adjusts the trajectory using the position information. The control signal is applied to the
motor driver, the HW-039 BTS7960, via a Pulse-Width-Modulation (PWM) signal.

The third component of the system is a computer, which is linked to the ARM microcontroller
using the PL2303HX TTL-USB converter. During the tests, the computer sends data to the embedded
system regarding the required displacement and the total time for the execution of the movement.
These data define the parameters of the movement profile and the duration of the operation. On the
other hand, the microcontroller sends data to the computer about the current position of the motor,
the computed control signal, and the current consumed by the motor. These data allow real-time
monitoring and visualization of the status and performance of the control system.

The direct manipulation of the microcontroller registers provides greater control and optimization
of the system, adapting it to the specific needs of this project, one of which is the sampling time of the
entire proposed system. The flowchart in Figure 8 shows the algorithm used to program the embedded
system.
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* Definition of the memory addresses of the device
registers.
* Global variables declaration.
* Fix constants.
v

* Fix system clock frequency at 80 MHz.

* Configure input and output ports.

* Set up PWM, QEI, ADC, and UART (at 115200 bps)
modules.

* Set up Systick Timer.

v

* The desired position and total time of the trajectory
are received through serial communication.
* Fix controller parameters and trajectory generator.

)
v

| Start timer (at 0.001 s). |

v

| Compute trajectory. |

v

| Read the current sensor |

v

* Read encoder position.

* Convert counts to position in m.

* Generate control signal based on the PID structure.
* Modify the PWM duty cycle according to the control

signal.
v

Transmit measured data to the computer through serial
communication.

No

Yes

Figure 8. Flowchart of the algorithm used for the microntroller programming.

4.3. Initial definitions of the microcontroller memory addresses

In the initial stage of the programming process, the memory addresses of the registers related
to the device’s configuration are defined. These registers are essential to establish and control the
behavior of the different components of the microcontroller. In addition to memory addresses, global
variables, and constant values are established. Global variables can be accessed and used anywhere in
the program, making exchanging information between code sections easy. On the other hand, constant
values are those that do not change throughout the execution of the program and are used to establish
parameters or static configurations.
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4.4. Initial configuration

In this subsection, the configuration of the necessary registers for the correct operation of the
microcontroller is carried out. By default, the microcontroller operates at a frequency of 16 MHz, but
by appropriately modifying the corresponding registers, it is possible to reach a maximum operating
frequency of 80 MHz. Once the operating frequency has been configured, proceed to the activation
and configuration of input/output ports. These ports allow communication and connection with other
external devices, facilitating the interaction of the microcontroller with its environment. In addition
to the input/output ports, other necessary peripheral modules must be initialized. For example, the
Quadrature Encoder Interface (QEI) module is configured to allow quadrature reading of the encoder,
which provides greater accuracy in motor position measurement. In addition, the PWM module is
configured to generate two PWM signals at a frequency of 5 kHz, allowing efficient control of the speed
and power supplied to the motor. In the same way, the initialization of the ADC module is performed,
which enables the conversion of analog signals to digital for further processing. On the other hand,
the Universal Asynchronous Receivers/Transmitter (UART) module is configured to operate at a
speed of 115200 baud, which facilitates serial communication with other devices. The last module to
configure is the Systick Timer. This 24-bit timer is loaded with RELOAD_VALUE, a value given by the
Equation (36) to generate an interrupt every t seconds, which allows ensuring a time-fixed sampling.
However, before starting the timer count, x¢ and T are set according to the information received by
serial communication.

RELOAD_VALUE = t x Clock Frequency (36)

Within the program’s main loop, a series of tasks are carried out periodically every T; = 0.001 s,
corresponding to the system sampling time. First, the trajectory calculation is performed, which
involves determining the desired position or the path that the system should follow. Next, the
current is measured, an important parameter to evaluate the performance and load of the motor.
This measurement is carried out through an ACS712 model current sensor. Subsequently, the control
algorithm is executed, which uses the trajectory information to generate the appropriate control signal.
The control algorithm is based on a discrete PID controller. Finally, the measured data is sent to the
computer using the UART module.

4.5. Implementation of motion profiles

For the implementation of the velocity profiles, in each iteration, k, a point of the trajectory, is
calculated for the current time instant t = kT. In the case of the parabolic profile, the trajectory is
calculated in the microcontroller with Equation (37), which is a simplification of Equation (4) in which
xo = 0is considered and ty = 0.

x(t) = Bypees? — Hue3, 0<t<T (37)

Regarding the trapezoidal profile, Equation (10) is reduced to Equation (38) considering the initial
position and time equal to 0.

e, 0<t<T,

x(t) = Xmax (t — %), T, <t <2T, (38)

xp— (T —t)?2, 2T, <t<T

The s-curve velocity profile is calculated with the Equations (39), (40) and (41), obtained after the
discretization of the Equations (21), (22) and (23) by Euler’s method backward.
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A(k) = A(k—1) + T.J (k) (39)
V(K) = V(k—1) + T,A(k) (40)
X(k) = X(k—1) + T,V (k) (41)

Where k is the sample number, whereas J(k), A(k), V (k) and X (k) are the current jerk, acceleration,
velocity and position, respectively.

4.6. Implementation of the control algorithm

The control algorithm starts with the encoder reading. The value is converted to meters by
multiplying the count by m. The error is calculated as the deviation between the position in meters
and the actual set point given by the trajectory generator. The control signal U (k) is generated with
Equations (43) and (42), obtained from the discretization of the PID controller by Euler’s backward
method.

U;(k) = Ui(k — 1) + K;T.E(k) (42)

E(k) —E(k—1)
Ts
The value obtained by the control signal represents a voltage in the [—24,24]V range, which is
the DC motor’s operating range. The control signal is scaled to the microcontroller’s operating range
[—3.3,3.3]V by modifying the duty cycle of the PWM signal, given by Equation (44).

U(k) = KpE(k) 4 Ui(k — 1) + K TE(k) + K, (43)

o an PWM_CMP  _ U(k)
Duty Cycle(%) = 1005 TOAD — 100 o (44)
PWM_CMP = w * U(k) (45)
OMax

Where PWM_LOAD is the value to load to the configuration register to generate a 5 kHz PWM
signal, v,y is the maximum voltage (in this case 24 V), U(k) is the control signal and PWM_CMP is
the value to load in the register that modifies the duty cycle.

4.7. Timer ended

After sending the measurements to the computer, wait for the timer to expire. To do this, the
account status indicator is checked. When it reaches zero, the counter resets, and the loop starts again.

5. Experimental Results

This section presents the results obtained by applying the three velocity profiles to the position
controller. Figure 9 shows the linear plant used for the experimentation. This figure details the main
elements that make up the motion control system.
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Double-axis rail guide DC motor with
and carriage coupledencoder

——

TM4C123GH6PM
Microcontroller

HW-039 BTS7960
Motor driver

ACS712
Current sensor

24 V Voltage
Source Huawei Matebook D15

with an
AMD Ryzen 7 3700u and
8 GB RAM.

Figure 9. Linear plant used for the experimentation.

5.1. Parabolic profile without load

The carriage of the plant is moved at a distance of 0.8 m in 4 seconds. Two cases are considered
for each profile: the first without a load on the carriage and the second with a load of 9 kg. Table 1
summarizes the parameters used for implementing the parabolic velocity profile.

Table 1. Parameters used to implement the parabolic motion profile.

Parameter Value
Final position (xf) 0.8 m

Total time for displacement (T) 4s
Maximum velocity (Xpax) 03 %

. ! . 5
Maximum acceleration (¥;4x) 0.3 7

Figure 10(a) compares the carriage position obtained experimentally versus the ideal trajectory of
the velocity profile. In both graphs, the final position of the carriage corresponds to the target position
Xy in the required time T. In addition, the graph of the percentage error €(%) in Figure 10(b) shows a
higher performance of the controller in terms of tracking trajectory as e tends towards zero for most
of the execution time of the movement. €(%) is obtained with Equation (46), where x, is the actual
position and x,, is the reference position calculated with the profile.

xy (k) — xp (k) '
xp(k)

The speed is calculated offline using central difference approximation given by Equation (47) for
the first derivative of the experimental position.

(%) = 100 (46)

—X(k+2)+8X(k+1) —8X(k—1) + X(k—2)
12T

Figure 10(c) shows the estimated speed after applying a low-pass filter of the FIR type. The
resulting graph’s shape is close to that of the implemented velocity profile; the estimated maximum
velocity of 0.3 % agrees with the calculated maximum velocity. On the other hand, the acceleration is
obtained with the same numerical method of Equation (47). The acceleration computed and that of the
profile are compared in Figure 10(d), in which is notorious the abrupt change in acceleration that the
velocity profile presents at the beginning and end of the movement.

V(k) = (47)
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—Desired position —Desired error
[—Set point (x;) “ —Estimated error|

[ - Measured position “ i

_Position [m]
Error [%]
I

| |
" Time [s] B : ' " Time[s]

(@) (b)
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—Desired velocity f‘ —Desired acceleration ‘

[—Estimated velocity| o il —Estimated acceleration
) 1

Velocity [m/s]
|
Acceleration [m/s?]

| |
" Timefs] ' ' : Time [s]

(0) (d)

Figure 10. Parabolic velocity profile (a) Position, (b) Error (c) Velocity and (d) Acceleration.

The control signal applied to the system is depicted in Figure 11(a). A maximum voltage of
9.8 V is observed for the no-load case. It is important to note that the shape of the control signal
closely follows the speed modeled by the profile. Figure 11(b) shows the current consumed during
the execution of the movement. The maximum current value obtained was 1.12 A. Figure 11(c) shows
the instantaneous power. The energy, calculated from the integration of the instantaneous power, is
shown in Figure 11(d). The total energy consumed was 23.7044 J.

I:Control signal —Current

(@) (b)

‘ I:Power L [ [ [ [ [ [ [ 7Energy‘

(c) (d)
Figure 11. Parabolic velocity profile (a) Control signal, (b) Current (c) Power and (d) Energy.
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5.2. Trapezoidal profile without load

Regarding the trapezoidal velocity profile, Table 2 shows the parameters used to match the same
displacement and execution time as the parabolic profile. The calculated maximum velocity of 0.3 7 is

the same as in the trapezoidal velocity profile. However, the maximum acceleration is reduced from
0.3 7 t00.225 3.

Table 2. Parameters used to implement the trapezoidal motion profile.

Parameter Value
Final position (x f) 0.8 m
Total time for displacement (T) 4s
Acceleration Time (T;) 1.333s
Maximum velocity (Xax) 03 %

Maximum acceleration (&,,x)  0.225 sz

Figure 12(a) presents a comparison between the experimental and ideal position of the profile. It
can be seen, in Figure 12(b), that the error drops to less than 1% in 0.7 s. On the other hand, Figure 12(c)
shows that the estimated velocity is numerically close to that determined by the profile. Figure 12(d)
offers the estimated acceleration; four abrupt changes are observed: The first occurs at the beginning
of the acceleration phase at f = 0, where the acceleration rises from 0 to X;,,x. The second one happens
at the beginning of the constant velocity phase at t = T;, where the acceleration drops to 0. The third
abrupt change in acceleration rises from 0 to — %, at t = 2T,, where the deceleration phase starts.

The last one is presented at the end of the movement at t = T. The acceleration suddenly changes from
—Xmax to 0.

[ --‘Measured position

T
—Desired position —Desired error
[—Set point (x;) ) [—Estimated error|

Position [m]
Error (%]

" Timels] " Timels]

(a) (b)
- . T T T T T T
—Desired velocity —Desired acceleration ‘
| —Estimated velocit | f [—Estimated acceleration|
\

W‘l\ 4
} Al tho

MW*WV"W i ‘4\ /‘““

Velocity [m/s]
|

" Timels] " Timels]

(c) (d)

Figure 12. Trapezoidal velocity profile (a) Position, (b) Error (c) Velocity and (d) Acceleration.

From Figure 13(a), it can be seen that at the beginning of the constant speed phase in t = T,
the control signal presents a maximum peak voltage of 10.45 V, caused by the abrupt change in the

acceleration is subsequently maintained at 9.6 V until the beginning of the deceleration phase at
t = 2Ta, where it begins to drop to zero.
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The current presents a similar behavior. Figure 13(b) shows that in t = T,, a maximum current
of 1.43 A is measured. During the constant speed phase, the current consumed is 1.04 A. Since
instantaneous power is calculated as the product of voltage times current, the power graph in
Figure 13(c) shows its maximum value at t = T,. According to Figure 13(d), the total energy consumed
is 25.964 J.

[—Control signal| ‘ ‘ ‘ ‘ ‘ ‘ ‘ —Current|

(a) (b)

‘ Power]| | [—Energy]

(c) (d)
Figure 13. Trapezoidal velocity profile (a) Control signal, (b) Current (c) Power and (d) Energy.
5.3. S-curve profile without load

Table 3 presents the selected and calculated parameters for generating the S-curve velocity profile.
The maximum velocity obtained from 0.333 % is the largest of the three profiles. In contrast, the
maximum acceleration of 0.277 7 is more significant than in the trapezoidal but less than in the
parabolic profile.

Table 3. Parameters used to implement the S-curve velocity profile.

Parameter Value
Final position (xf) 0.8m
Total time for displacement (T) 4s
Time factor for acceleration («) 04
Time factor for jerk phase () 0.25
Acceleration Time (T,) 16s
Jerk pulse width (7)) 04s
Maximum velocity (Xuqx) 0.333 %
Maximum acceleration (¥,,y)  0.277 smz
Maximum jerk (¥ ;;qx) 0.694 sms

Figure 14(b) shows an approximation of the position of the carriage to that of the calculated
profile, which due to numerical integration has a 0.4 % with regard to the final position. However, a
reduction of the following error to less than 1% in 0.8 seconds is presented in Figure 14(b). Similarly,
in Figure 14(c), the maximum velocity of 0.35 %, is close to 0.333 % of the profile of speed. Regarding
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the acceleration graphs of Figure 14(d), the acceleration measured does not exhibit the abrupt changes
observed in the two previous profiles.

—Desired position \ ‘ —Desired error
Set point (x,) T —Estimated error|

~Measured position| “r \ B

. Position jm]
Error [%]
I

" Timels] " Timels]

(a) (b)
T N "
—Desired velocity —Desired acceleration
|—Estimated velocity| “r A [—Estimated acceleration|

 Velocity [m/s]

" Timels] " Timefs]

(©) (d)

Figure 14. S-curve velocity profile (a) Position, (b) Error (c) Velocity and (d) Acceleration.

The control signal generated for the S-curve velocity profile in Figure 15(a) has a maximum
voltage of 11 V. This is the profile with the highest maximum voltage in the control signal and the
one that reaches the highest speed during the execution of the movement. As for the current shown
in Figure 15(b), the maximum peak presented was 1.54 A, which gradually reduced to 1.1 A during
the constant velocity phase. The power and energy graphs are shown in the Figure 15(c) and 15(d),
respectively. The total energy consumed is 26.952 J.
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[—Control signal| —Current]
(a) (b)
‘ [—Power I:Energx

(c) (d)

Figure 15. S-curve velocity profile (a) Control signal, (b) Current (c) Power and (d) Energy.

5.4. Experimentation with load

This section reports the experimental results adding a load of 9 Kg on the carriage. First, the
tracking error for each profile is compared in Figure 16. In this figure, it can be noted the robustness of

the controller since despite adding a load to the system, the carriage maintains the position for each
profile under test.

100

£

Error [%]

40

30

20

— Desired error

—— Following error (Parabolic)
—— Following error (Trapezoidal)
—— Following error (S-curve)

0 05 1 15 2 25 3 a5
Time [s]

Figure 16. Error with a load of the three position profiles.

The control signal computed for each of the three profiles when a load is placed on the carriage
is presented in Figure 17. In the case of the parabolic profile, the control signal reaches a maximum
value of 9.8 V. For the trapezoidal profile, a maximum voltage of 11 V is presented at t=T, due to the
discontinuity in acceleration. The voltage delivered is 9.6 V in the constant speed phase. The S-curve
profile shows the values of voltage maximums, 11.2 V in the acceleration phase and 10.2 V in the
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constant speed phase. By comparing these values with those of the no-load case, we observed that the
control signal of the loaded case presented higher voltage values than the no-load case.

i —Parabolic
- Trapezoidal
-—S-curve

Votage [V]

3 05 T s 2 25 3 35 0 a5
Time [s]

Figure 17. Control signal with a load of 9 kg.

Figure 18 shows the current consumption of the three implemented velocity profiles. The graph
of the current corresponding to the parabolic profile shows that the maximum current is 1.11 A. While
for the trapezoidal velocity profile, the maximum current is 1.58 A. Finally, using the S-curve type
trajectory, a maximum current of 1.77 A has the highest current amplitude of the three profiles.

—Parabolic

- Trapezoidall|
-—S-curve

Cunent[A]

Time 5]

Figure 18. Current measured with a load of 9 kg.

The instantaneous power of the three profiles is depicted in Figure 19. It is observed again that
the S-curve velocity profile gives the highest dissipated power, while the parabolic profile is the lowest
since the latter presented lower voltage and current consumption than the other two profiles.


https://doi.org/10.20944/preprints202308.0275.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 August 2023 doi:10.20944/preprints202308.0275.v1

23 of 27

—Parabolic
- Trapezoidall]
-—S-curve

Power [W]

Time s]

Figure 19. Power estimated with a load of 9 kg.

Finally, Figure 20 displays the energy consumption of the three motion profiles. From the graph, it
can be seen that the profile with the highest energy consumption is the S-curve with 30.645 J, followed
by the trapezoidal speed profile with 26.761 ] and the parabolic with 23.845 ], the latter being the one
with the lowest consumption of the three profiles implemented.

“I—Parabolic
- Trapezoidal
L-—S-curve

Eneray ]

Time 5]

Figure 20. Energy estimated with a load of 9 kg.

The Table 4 presents a comparative chart of the total energy consumed in each profile when no
load was placed on the carriage and when it was used. In both circumstances 40 tests for each profile
were carried out, and as can be seen, the energy consumption is higher in the S-curve profile and lower
in the parabolic velocity profile.

Table 4. Energy comparison of the three motion profiles.

Motion profile  Energy (withoutload) Energy (with load)

Parabolic 23.7044 ] 23.8457]
Trapezoidal 259644 ] 26.7616 ]
S-curve 26.9525 ] 30.6456

6. Conclusions

This paper presented a methodology that allows designing and implementing open architecture
motion controllers, from selecting the embedded system to implementing it in a linear platform
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composed of a direct current motor coupled to an endless screw to measure the energy consumption
of trajectories. The control algorithm is based on a classic PID controller whose reference signal is
given by a motion profile generator. The selected embedded system allowed a sampling time of 0.001
s, with which an adequate system response for controlling direct current motors is obtained. The
motion profiles used in this work were of the polynomial type: trapezoidal, parabolic, and S-curve.
The same displacement length h was considered for calculating each of the trajectories and the exact
total movement time T. The kinematic magnitudes of the three profiles, such as position, velocity,
and acceleration, were compared during the experimentation. The S-curve profile presented the most
significant magnitude in speed, and the parabolic profile had the highest acceleration. However,
the main characteristic analyzed was the energy consumption, which required analyzing the control
signal, the measured current, and the instantaneous power to be estimated using numerical integration
techniques. The results showed that the parabolic speed profile presented the lowest amplitude in the
control signal, current, and power. In contrast, the S-curve speed profile was the one that presented
the highest amplitude in the same magnitudes mentioned. Table 4 shows that the highest energy
consumption was dissipated using the S-curve profile, while the parabolic trajectory consumed less
than the other two. In fact, after carrying out 40 tests for each profile, the energy consumption in
the parabolic profile was 9.53 % less than the trapezoidal profile and 13.7 % less than the s-curve
profile. In a second case, the same analysis was carried out, placing a load of 9 kg on the carriage; the
robustness of the controller allowed for obtaining similar results in position, velocity, and acceleration
for each profile compared to the case with no load. The difference identified was in the control signal
and current consumed, translating into higher energy consumption. Nevertheless, from Table 4, it
is clear that the parabolic velocity profile also had the lowest energy consumption despite adding
the load. Based on the results, trajectory planning is an effective technique easy to implement in
low-cost microcontrollers to reduce energy consumption in motion control systems. In future studies,
the S-curve parameters will be modified to reduce the maximum velocity and analyze the energy
consumption behavior. Finally, a fuzzy controller will be used so as not to require the mathematical
model of the plant.
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PID Proportional-Integral-Derivative
DC Direct Current

ARM Advanced RISC Machine

ADC Analog-to-Digital converter

PWM  Pulse Width Modulation
GPIO  Genaral-Purpose Input/Output
GPTM  Genral-Purpose Timer
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UART  Universal Asynchronous Receivers/Transmitter
QEI Quadrature Encoder Interface
PPR Pulses per revolution
Appendix A
Table Al. Main features of the TM4C123GH6PM microcontroller.
Feature Description
Core ARM Cortex-M4F
Performance 80-MHz operation
Universal Asynchronous Receivers/
Transmitter (UART) 8 Modules
. 6-16/32-bit GPTM blocks and
General-Purpose Timer (GPTM) six 32/64-bit Wide GPTM blocks
General-Purpose Input/Output (GPIO) 6 physical GPIO blocks
2 PWM modules, each with four PWM
Pulse Width Modulator generator blocks and a control block,
for a total of 16 PWM outputs.
Quadrature Encoder Interface (QEI) 2 QEI modules
2-12-bit ADC modules,
Analog-to-Digital Converter (ADC) with a maximum sample rate of
one million samples/second
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