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Abstract: In this article, we present the design and implementation of different control strategies for
the position of a 2-Degree-of-Freedom (DoF) robotic arm, namely gain scheduling per trenches, gain
scheduling by interpolation, adaptive control, and fuzzy logic. The first link of this robot is driven by
an Alternating Current Brushless Permanent Magnet Motor (ACBPMM) through a three-phase multi-
level inverter with 27 levels of voltage per phase. Thanks to the topologies offered by ACBPMMs and
to the multi-level inverter, high commutation frequencies are reduced, as observed in the computer
simulations. Additionally, to determine which proposed control strategies are the most suitable for
an ACBPMM connected to a multi-level inverter, a comparative study on the performance of the
controllers implemented for this robot is conducted.

Keywords: adaptive control; fuzzy logic; gain scheduling; multi-level inverter; robot systems; servo-
motors

1. Introduction

For decades, the robotics field has experienced widespread acceptance and growth. In
particular, polymorphic robots are generally used in the industry, which has generated the
need of constantly creating industrial robots with more power, speed, and precision for a
wide variety of tasks, including mining [1-8].

Nowadays, Direct Current (DC) servomotors are widely used for building up robotic
systems with several degrees of freedom and varied morphologies due to their movement
accuracy and low cost. Physically, DC servomotors are constituted by a DC motor, a
gear train for spin speed reduction and torque increase in the drive axle (spindle), a
potentiometer connected to this output shaft for obtaining position, and a feedback control
circuit that converts an input Pulse-Width Modulation (PWM) signal into voltage by
comparing it with the feedback position, and then amplifying it to activate an H-Bridge
that produces spin with a determined speed. However, because of their commutators, the
DC motors of polymorphic robots need costly periodical maintenance. In addition, the
faults in the actuators of these robots can cause danger for operators, difficulties for users,
unplanned shutdowns, and economic losses, among other consequences. Therefore, as a
solution for this problem, studies have been conducted to actuate the links of polymorphic
robots using AC machines [9-18].

Initially, the use of AC machines—including Alternating Current Brushless Permanent
Magnet Motors (ACBPMMs)—was limited to basic operations for moving loads at a
constant speed. Over time, with the advent of frequency converters and soft starters, the
ignition of these motors saw nominal current and work speed reduced. Currently, these
devices have a strong presence in the industrial and mining sectors. Over time, these
electronic devices evolved, and new techniques emerged, such as vector control, which
allows for starting an AC machine with an initial load [19-21].

However, despite the technological development of power electronics in the field of
AC machines, these motors were not competitive against DC machines in the robotics

Symmetry 2021, 13, 86. https://doi.org/10.3390/sym13010086

https:/ /www.mdpi.com/journal /symmetry


https://www.mdpi.com/journal/symmetry
https://www.mdpi.com
https://orcid.org/0000-0001-7197-8928
https://doi.org/10.3390/sym13010086
https://doi.org/10.3390/sym13010086
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/sym13010086
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com/2073-8994/13/1/86?type=check_update&version=2

Symmetry 2021, 13, 86

2 of 20

field, especially in position control, although the latter have lower performance than AC
machines and require more maintenance. In fact, the only implementation alternative
for AC machines was conducted through a synchronous brushless motor controlled by a
two-level inverter with pulse-width modulation. However, when using larger motors, this
modulation used to cause problems as it required expensive semi-conductors to perform
commutations, generating overheating and loss of efficiency of the circuits associated to
the AC machines, as well as harmonics at the entrance of the inverter, which produce high
levels of dv/dt and high commutation frequencies that hinder the service life of the AC
machines. These difficulties led to the development of multi-level inverters in the mid-80s.
The topologies of these devices have different AC-output voltages, and the number of
levels is the same as the number of DC-input voltage sources. The main topologies used in
the multi-level inverters are the following [22-33]:

(1) Two-Level Inverter

This topology is the most basic but widespread in the industry because of its simple
structure, application, and control. In this topology, only two electronic switches are re-
quired, such as Metal-Oxide-Semiconductor Field-Effect Transistors (MOSFETs), Insulated
Gate Bipolar Transistors (IGBTs), and Gate Turn-Off Thyristors (GTOs), among others,
which should be used based on working frequency and voltage. However, for high voltage
levels, switches in series should be employed. The modulation techniques most used in
this type of topologies are Sinusoidal PWM (SPWM), PWM with third harmonic injection,
Space-Vector Modulation (SVM), and Selective Harmonic Elimination (SHE).

(2) Inverter coupled by Diodes and their Derivations

The following configurations derive from this topology based on diode and capacitors
arrays to produce different voltages:

e Neutral-Point-Clamped (NPC), which delivers three levels of voltage from different
DC voltage sources, or from a single one that is divided with capacitors in series.

e Diode/Capacitor Clamped (DCC), which is a modification of the NPC category as it
includes an additional capacitor to reduce the voltage peaks in the switches during
commutation.

e  New Diode Clamped (NDC), which is a modification of the NPC category as it includes
additional diodes that block a same voltage in series.

(3) Flying-Capacitor Inverter

In this topology, a large number of flying capacitors—located between the switches—is
required to separate the input voltage source. To generate three voltage levels, 3 capac-
itors and 4 switches are required, while 10 capacitors and 8 switches are necessary to
produce 5 levels of voltage. Therefore, voltage increase is proportional to the number of
devices required. This topology allows for both eliminating the diodes required by the
topologies above and arranging several combinations to generate the same voltage. In this
way, switches can work alternately, avoiding overheating and extending their service life.
Nevertheless, this topology has the drawback of requiring a large number of capacitors,
which rises implementation costs.

(4) Cascaded Full-Bridge Inverter

The following configurations derive from the cascade array in this topology:

e Inverter with cascaded symmetrical monophase bridges that uses a monophasic H-
bridge to deliver 3 levels of output voltage. However, a cascaded connection of
2 H-bridges enables 5 output voltage levels. By increasing the number of cascaded
H-bridges, the number of output voltage levels can be increased with a small quantity
of components and without the need of clamping diodes or flying capacitors.

o Cascaded hybrid asymmetrical inverter that has the same topology described above
but with only a fraction of the voltage level that feeds each H-bridge, allowing for a
7-level increase in output voltage.
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e Inverters coupled by converters in which only one DC voltage source for each H bridge
is required, reducing the possibilities of short circuits during switch commutation.
Additionally, the turns ratio of the converters allows for generating different voltage
levels. Although this configuration has the advantage of employing only one voltage
source, it exhibits the economic disadvantage of adding converters.

e Cascaded multi-level inverters used to work with high voltage and power levels.
With this purpose, the cascaded H-bridge stages are replaced by flying capacitors
or clamping diodes, thereby reducing the number of voltage sources isolated in the
inverter input. For example, to generate 9 voltage levels, 2 converters with cascaded
flying capacitors can be used so only two independent voltage sources are necessary,
whereas the cascaded H-bridge configuration requires 4 independent voltage sources.

The use of these topologies allows for increasing the power of the inverters thanks to
the incorporation of more voltage levels without the need of increasing current, reducing
Joule losses, decreasing Total Harmonic Distortion (THD) due to the increase of voltage
levels, reducing dv/dt variations between voltage levels, and extending the service life of
the motor coiling, among other advantages. Nevertheless, the main disadvantage of these
topologies when used in multi-level inverters lies in the increase in the number of voltage
levels, which rises implementation costs due to the incorporation of switches, capacitors,
and voltage sources to achieve the maximum desired voltage level and the number of steps
necessary for this.

The control techniques of the multi-level inverters aim to minimize the harmonic con-
tent of output voltage in the inverter, regulate output amplitude and frequency, and balance
the instant voltages of the capacitors when the topology requires so. Field-Oriented Control
(FOC), or Vector Control (VC), is a Variable Frequency Drive (VFD) control technique
in which the stator currents of a three-phase AC motor are identified as two orthogonal
components that can be visualized with a vector. One component defines the magnetic
flux of the motor, and the other its torque. FOC allows for obtaining almost instantaneous
changes in torque on demand, and in essence it does this by jumping directly from one
steady state condition to another, without any unwelcomed transient period of adjustment.
FOC typically uses Proportional-Integral (PI) controllers where the current components
are compared to reference values, rather than using PWM. This allows electric motors to
operate smoothly over the full speed range and generate full torque at zero speed. Another
benefit of FOC is that it can make the motor accelerate and decelerate fast, providing
more accurate control in high performance motors. Nowadays, FOC is used to control AC
synchronous and induction motors, and it is becoming increasingly attractive for lower
performance applications due to its superiority in reducing motor size, as well as power
consumption and its related costs [34-38]:

ACBPMMs have permanent magnets that rotate around a fixed armature, eliminating
problems associated with connecting current to the moving armature. They are composed
of a three-phase stator and a permanent magnet rotor. These components turn them into
synchronous machines that require power electronics to control and optimize their opera-
tion. However, compared with conventional motors with brushes, their main advantages
are the following [39-41]:

(1) More power for the same size.

(2) Wider speed range, as they do not have mechanical limitations.
(3) More efficiency as they lose less heat.

(4) Better performance.

(5) Longer shelf life.

(6) Better speed /motor torque ratio.

(7) More heat dissipation.

(8) Lower weight.

(9) Less maintenance due to absence of wear.

(10) Less electronic noise.
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Additionally, AC machines, compared to DC motors, offer advantages such as con-
trolled acceleration and adjustable speed and torques depending on the requirements.
Conversely, faults in the DC motors of the links of a robot can cause many problems. As
a solution, this work presents the design and implementation of different control strate-
gies for the position of a 2- DoF robotic arm, namely gain scheduling per trenches, gain
scheduling by interpolation, adaptive control, and fuzzy logic. The robot model to be
developed includes the largest quantity of variables influencing link position, and does
not only consider the physical variables weight, length, mass center, and inertia, but also
the friction torque that includes the static, viscous, and Coulomb friction forces. All the
above will be used in combination with the real parameters of a robotic arm, an AC motor,
a DC motor, and a speed reducer to improve test reliability. To control the AC motor, a
three-phase multi-level inverter with 27 levels of voltage per phase, like the one presented
in Appendix A, will be considered. In addition, to determine which proposed control
strategies are the most suitable for an ACBPMM connected to a multi-level inverter, a com-
parative study will be carried out on the performance of the controllers to be implemented
for this robot.

2. Materials and Methods

In this work, the selection of an ACBPMM arm is the first problem to be solved in
the actuation of the first link of a 2-DoF robot. In this case, a three-phase synchronous
brushless motor was selected, whose parameters are shown in Table 1.

Table 1. Parameters of a three-phase synchronous brushless motor.

Description Value
Power 750 (W)
Number of pole pairs 4
Synchronous inductance 6.4 (mH)
Synchronous resistance 2.88 (Q))
Moment of inertia 242 -10~% Kg-m 2
Viscous friction 0.002(N -m - s)
Flux density generated by the rotor magnet 0.17351 (Wb)

Then, a three-phase multi-level inverter with 27 levels of voltage per phase is consid-
ered to control this motor. This type of inverter has the advantage of reducing the high
commutation frequency required by a permanent magnet motor, as shown in Figure 1.

3V 3V 3V

Ve Ve Ve

Ne o

L AcBPMM

Figure 1. Electric scheme of three-phase multi-level inverter with 27 levels of voltage per phase
connected to an ACBPMM.
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To apply the different control strategies comprised by this work, the dynamic model
of a 2-DoF robot, shown in Figure 2, was employed. This model is represented by Equa-
tion (1) and considers the torque of rotational dynamic friction that is generated from its
gear system.

Yo

Oo

Y

=

Figure 2. Dynamic model of 2- DoF robot.

Equations (1) and (2) show the dynamic system of a 2-DoF robotic arm with rotational
and prismatic joints, where T is the mechanical torque of the arm in the first rotational
joint, and F, is the force that the second link exerts over the first one.

T = (ml lgl +my - (I —|—d2)2 + L + 12) . él +2my- (lh +dy) - dz- 91 + g - sinBq- (my- lcl +my- (I —|—d2)) 1

. .2
Fy =mp-dy —my- (I +da) - 01 — g - my- cos6y ()
where:
Ty: Torque applied to the first link (N - m).
F,: Force applied to the second link (N).
01: Angular position of the first link (°).
0;: Angular speed of the first link (°/s).

0:: Angular acceleration of the first link (°/s?).

dy: Longitudinal position of the second link (m).

my: First link mass (Kg).

my: Second link mass (Kg).

[;: First link length (m).

Ic1: Length from the first link origin to its center of mass (m).

I;: Inertia moment of the first link (Kg - m?).

I>: Inertia moment of the second link (Kg - m?).

g: Constant of the gravity exerted by the gravitational system in which the robot is (m/s?).

This dynamic model also comprises of the torque of rotational dynamic friction
generated in the rotation axis. The friction torque is represented through a function that
includes the effects of static, viscous and Coulomb frictions. Additionally, these functions
allow for eliminating the numerical noise that computer simulations produce, which
originates from rounding errors—due to the use of carriers in real arithmetic operations—
and from truncation errors in numerical series in a finite number of terms. This is a linear
function by segments, where for speed values (positive or negative) smaller than k, the
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friction function has a value of 0, while for higher k values, it grows linearly; the same is
true for values below —k, as shown in detail in Equation (3).

_ 0 ; —k<0<k
Tf (6) = P - e + ny p1, n1>0,é>k 3)
p2 -0 +ny ; p2>0n<0,0<—k,

where:

Ty: Friction torque in the arm rotation axis (N - m).

p1: Slope of viscous friction for positive torque (N - m - s/rad).
p2: Slope of viscous friction for negative torque (N - m - s/rad).
n1: Coulomb’s friction constant for positive torque (N - m).

ny: Coulomb’s friction constant for negative torque (N - m).

When considering the dynamic model presented in Equations (1) and (2), as well as
the addition of the friction force from Equation (3), a model of the general dynamic system
is obtained, as observed in Equation (4). This model also incorporates the gain produced
by the gear system (r gain).

dw,
dt

T, (6) ~ J5 — By, = 114 T; (6) @

where:

Te: Electromagnetic torque of the motor (N - m).
J: Inertia moment of the motor (Kg - m).

w,: Angular speed of the motor (rad/s).

B: Viscous friction of the motor (N - m -s/rad).
r: Gear ratio (times).

3. Implemented Control Strategies

When using a classic Proportional-Integral-Derivative (PID) controller in the actuator
of the first link of the robotic arm, start and stability problems appear (from the resting
position) when controlling for position. These problems worsen when the robotic arm
is subject to disturbances, not only when it performs a movement, but when it reaches
a position in stationary state. To solve this issue, a control strategy is designed and
implemented, which modifies the PID controller parameters online at different stages of
the process. The control system modifies the value of its control parameters depending on
the angle at which the robotic arm is, as shown in Figure 3.

Variable
control

Sinusoidal

PWM Encoder

Multi-level Synchronous
Rectifiers e inverter —>  brushless —> Gears
(27 levels) motor

\’

Robotic arm

Figure 3. General scheme of position control system.
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The incorporation of each control strategy for solving the problems in the robotic arm
is described below. The first strategy implemented to substitute the classic PID controller
is based on a closed loop and the modification of the controller parameters. After the
dynamic performance of the model is analyzed, it is observed that the controller should be
able to modify the PID parameters in the different work areas. To achieve this goal, the
gain scheduling per trenches strategy is selected, as it offers such an advantage.

3.1. Gain Scheduling per Trenches

This strategy offers versatile control tailored to the requirements of each process, mod-
ifying such parameters according to the state of the process, and providing the additional
advantage of operating autonomously at different points. Therefore, in this work, this
controller seeks to compensate the dynamic change that the robotic arm experiences during
motion due to the action of the gravitational force and its inertia. The dynamic change
increases significantly when the robotic arm gains more speed. To tackle this issue across
the different operation ranges of the robotic arm, gain scheduling per trenches allows for
modifying the parameters of the controller, as shown in Table 2, where the value of the
PID controller gains (Kp, K;j, and Ky, respectively) depends on the angular position of the
robotic arm (07 = 15°; 0, = 35°; 03 = 60°, and 04 = 75°).

Table 2. Scheme of PID parameters per angular position range of the robotic arm.

Range K, K; Kq

0°-0; Kp1 = 0.093 Ki1 = 0.008 K41 =05
01-6; Kp2 =0.178 Ki» =0.010 Kyp =10
0,-05 Kps = 0212 Kis = 0.012 Kgs =11
03—04 Kps =0.249 Kis =0.139 Kg =13
0,4-90° Kps = 0.296 Kis = 0224 Kgs = 2.1

From Table 2 and knowing the angular position of the robotic arm, the PID parameters
of the controller that are used in the angular position controller are assigned, as observed
in Figure 4.

_Kl'%
Actual S Gain scheduling i S Classic PID

position per trenches controller

Figure 4. Scheme of variable PID control strategy.

This control strategy—whose results are shown and commented in the next section—
stabilizes the robotic arm at different reference values and eliminates the stable status.
However, the system is observed to be unstable when changing the reference position
between one work area and another. Therefore, to avoid further divisions of the work areas,
PID parameters are modified in the limit between trenches. The strategy used in this case,
gain scheduling by interpolation, is presented below.

3.2. Gain Scheduling by Interpolation

In this second type of control, considering the angular position at which the robotic
arm is located, the value of the controller gains corresponding to each border of the PID
controller trenches is calculated through an interpolation polynomial, as shown in Figure 5.
In this way, the coefficients of the PID controller parameters of the gain scheduling per
trenches strategy are used, and a linear interpolation is applied to calculate the other
parameters corresponding to the limits between trenches.
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GainA

Kp5
Kp6

Kp3
Kp4

Kp2 | - -

Kpl

>0

0° 01 02 03 04 90°

Figure 5. Interpolation scheme for the calculation of the P proportional gain of a PID controller using
gain scheduling by interpolation of a linear polynomial.

A control strategy for calculating its parameters according to system performance
is presented below. In this case, adaptive control offers the advantage of being useful in
processes with variable parameters.

3.3. Adaptive Control

Adaptive control is ideal for high performance applications in control systems with
parameter uncertainty. It consists of adjusting the classic PID controller parameters as the
real position of the manipulator robot varies, in order to reduce the rising time and over-
shoot of the system. However, the design of adaptive controllers requires solid knowledge
of the structure of the system to be controlled.

In adaptive control, parameters are variables that can be adjusted online based on
the system measurements. The adjustment mechanism used corresponds to the follow-
ing equation:

dg - _T. e% (5)
dt 0
where:

@: Parameter to be adjusted.

I': Positive constant that represents the adjustment mechanism.
e: Difference between desired and real positions (°).

Oreal: Real position (°).

In this work, the calculation of each parameter of the Adaptive Controller of the robotic
arm is conducted by approximating the real position value to the desired position value.
In this way, the errors between angular positions, the derivatives of these errors and the
accumulated error decrease progressively. Then, the calculation of each parameter is sent
to the vector control that feeds the AC motor, which allows for the controlled movement of
the robotic arm.

The fourth and last control strategy employed seeks to restrict the sudden rises in the
speed of the robotic arm during its trajectory towards a desired angular position.

3.4. Fuzzy Logic

This strategy is classified as smart control because, in addition to conducting math-
ematical calculations for optimizing a process, it also has rules and constraints for them.
Specifically, it attempts to determine in a logical way how to achieve the control objectives
in the best possible way, departing from a knowledge base provided by a human operator.
Nevertheless, without a knowledge base, developing a fuzzy controller that works properly
is not possible. Fuzzy logic is used in complex systems and in systems controlled by human
experts, among others. In addition, it enables the assessment in real time of a large quantity
of variables with pre-established rules, which allows for applying the knowledge acquired
by using some of the strategies above. Fuzzy logic is used in complex systems, and in
systems controlled by human experts. In addition, it makes it possible to assess in real



Symmetry 2021, 13, 86

9 of 20

time a large number of variables with pre-set rules, which enables the application of the
knowledge acquired from the previously reviewed strategies.

The operation of fuzzy logic is based on extending the two-value binary logic (ON/OFE,
0 or 1) to a continuous range from 0 to 1 (V number between [0,1] € R), where initially
the input value or values are analyzed in the membership functions, whether Gaussian,
triangular, trapezoidal, etc., by assigning a value within the fuzzy set A € S defined by u
A:S—[0,1], (A = [ 1alo)y

Subsequently, the output variable or variables are calculated based on the input ones
and according to the set of rules defined by the controller.

Inference engines work primarily in one of two modes, either in special rules or facts:
forward chaining and backward chaining.

This work employs the “fuzzy” toolbox from MatLab® as a base controller taking
error and the error derivative as input values. The controller is configured to work with
the two input variables above and the output variable, which is the action sent to the
multi-level inverter.

4. Computer Simulations and Synthesis of Results
The results of the comparison between the four control strategies proposed for different

movements of the robotic arm, graphing its position, speed, mechanical torque, and
disturbance to which is subject are presented below. Each strategy is marked as follows:

: Gain Scheduling per Trenches.

: Gain Scheduling by Interpolation.
: Adaptive Control.

: Fuzzy Logic.

: Position Reference.

: Mechanical Disturbance.

4.1. Analysis of Control Strategies Applied to the First Link of the Robotic Arm

In Figure 6, the four proposed methods are observed to have similar performances,
with an initial overshoot at 18° when using gain scheduling by interpolation compared
to the other methods, which had overshoots between 3° and 7°. All strategies presented
similar times to achieve a stable state.

o Angular position
g LSp e A S
5 o / NN
<9}
R
0 5 Timel[s] " 15
. Angular velocity
2
o < D
N . > J
_%‘ \\ ./%si\\-/z,v-« P
o e A
= 25 5 Time [s] 10 15
o1 Mechanical torque 4Mechanical disturbance
B | . | M
z " A/]L' AEAL ‘
NI AV
g LUAR LA\ " v
I VI U
(] i
= o1 i

0 5 10 15 5 11) 15
Time [s] Time [s]

Figure 6. Movement of first link from 0° to 15°.
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In Figure 7, differences between strategies are slightly more pronounced, and each
strategy exhibits advantages and disadvantages compared to the others. Gain scheduling
per trenches shows low initial overshoot and is the strategy that reaches the stable state the
fastest, while gain scheduling by interpolation is faster than the other three strategies but
has a higher initial overshoot. On its part, adaptive control presents fast acceleration and
lower initial overshoot but also difficulties to achieve the stable state, and fuzzy logic is the
slowest but most stable strategy in this regard.

I @ !Angular positionl

E e kz%jz—;.}:_?—% e

v

50 20'_':/

a
0 8 Time[s] ° s

5 Angular velocity

%2

E‘ ............................. ar. M. B

2 \\\\A// T

= A

o N\

g 5 Time[s] © s
i Mechanical torque Mecham'cal disturbance

A Y|
s "”“k"'?@;" ! A'W N

0 5 1‘0 15 0 5 16 15
Time [s] Time [s]

Torque [N'm]

Figure 7. Movement of first link from 15° to 35°.

When working in higher areas, as observed in Figure 8, the four control strategies
present difficulties. Gain scheduling methods show overshoot and instability in the stable
state; adaptive control does not have considerable overshoot but fails to control position
in the stable state, and fuzzy logic presents a behavior similar to the previous areas with
overshoot and stability when reaching the reference value.

Angular position
100 : .
— ; :
& P~ E
v 80 L ,,,,,,,,,, e X691 o i
3] ; Y922 j= o
[ ‘//\’
Bo 60f-
a] [
A 40

0

®  Time[s] " 1
2 X173 Angular velocity

o
o
2 S S S —
S
=
v
> 5 : 10 15
Time [s]

o1 Mechanical torque Mechanical disturbance
2005 2 hllll i
=] L A vy T
S 008 o W' W, 2l
S
= 1 -4 i ;

0 5 10 15 0 5 10 15

Time [s] Time [s]

Figure 8. Movement of first link from 60° to 75°.

Figure 9 shows the behavior of the four control strategies when the stability of a
fixed position is analyzed. When the desired position is in the lower areas (20°), the gain



Symmetry 2021, 13, 86

11 of 20

scheduling strategies present lower overshoot than adaptive control. Instead, the latter
exhibits better behavior for higher work areas of the robotic arm. For these three strategies
there is not visible difference in behavior, as they have an oscillation of £0.005°, whereas
fuzzy logic has the highest oscillation compared the other strategies. However, this is still
a small value with an error below 0.5°.

Eh (x44s | Angular positionl

Y45.46] |
o '
S 454 L_J i

]

Degrees

4438 . i
Time [s]

Angular velocity

0.5

=
=
=
3
=

05
0

Time [s] '° L
83 Mechanical torque 4Mechanjcal disturbance
20.05 2R R L M |l|l
g ok;"t“ .W‘Q"‘;Wy‘b ‘N‘\}‘L "" 0
go,os f 2|l
[ i i
015 5 10 15 “0 5 10 15
Time [s] Time [s]

Figure 9. Stability analysis of the first link at 45°.

The analysis of error indexes in Figure 10 shows the performance of the four control
strategies when these are in a stable state, through the Index of Agreement (IA), Residual
Mean Square (RMS), and Residual Standard Deviation (RSD). Initially, a good behavior is
observed, as the results are within the reference values considered acceptable.

Error analysis

0.9999
0.9998
0.9990
G usdh 0.6945
y 0.3399
1.0000 .5677
0.8000 .0060
0.6000 0.0127
.3015 -

0.4000 0.0100
0.2000 “ 0.0057
0.0000

IA RMS RSD

B Adaptive Control Gain Scheduling by Interpolation
Gain Scheduling per Trenches Fuzzy Logic

Figure 10. Analysis of IA, RMS, and RSD errors of the control strategies applied in the first link of
the robotic arm.

The control strategy gain scheduling by interpolation does not show good performance
for the lower work areas when the system requires less force, as it is working in a more
vertical zone, where gravity does not have much of an impact. This strategy exhibits a
better behavior in areas where the motor is subject to higher work pressure but, in general,
the system keeps the desired position after achieving the stable state.

The behavior of the two control strategies based on gain scheduling is similar under
the same work conditions. A slightly better performance is observed when the controller
parameters are adjusted by gain scheduling per trenches; in this case, the system is more
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sensitive (and preemptive) when reaching the reference value and has a slow reduction of
speed such that overshoot is lower.

Considering a stability analysis of the controllers, the four control strategies showed
good performance, with an error of +0.2°, which is a success considering that the classic
PID controller was not even able to stabilize itself and therefore would not be able to
control the movement of the robotic arm until it reached a desired position. If one of the
four control strategies should be chosen to be implemented in the robotic arm, it would be
adaptive control, as it presents better performance than the others.

It must be noted that when the robotic arm works in the middle area (between 30°
and 60°), the control strategies by gain scheduling encounter difficulties. This is due to
the sudden addition of the gravity force, which increases in a factor of 0.5 (for 30°), and
0.86 (for 60°) in the sine function of Equation (1). Conversely, adaptive control does not
experience problems in this critical area. Instead, it adapts to the sudden variation of the
manipulator robot caused by gravity. This indicates that the robotic arm will perform better
with this strategy, considering the environment where the arm will operate.

The fuzzy logic strategy presents a stable behavior in terms of overshoot, stability, and
behavior across work areas. Additionally, this strategy has the most stable speed, reason
why its implementation was considered.

The error analysis shows that the best robotic arm performance is achieved with
adaptive control for all the tests conducted. Therefore, this is the control strategy proposed
as the most suitable for an ACBPMM connected to a multi-level inverter.

4.2. Analysis of Control Strategies Applied in the Two Links of the Robotic Arm

The proposed control strategies will be implemented in the 2-DoF robotic arm. The
performance of the two links (rotational and prismatic) is compared when using the
different control strategies. It may be seen in Figure 11 that adaptive control has stabilization
difficulties: the system becomes instable for the calculation of the PID parameters when
adding the second prismatic link and presents oscillation and delay to reach the stable
state. The gain scheduling strategies behave better, especially gain scheduling by trenches,
while the fuzzy logic controller also presents initial overshoot.
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E [
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0
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Figure 11. Robotic arm movement: first link from 0° to 15° and second link from 0 (m) to 0.04 (m).

A similar behavior is observed in Figure 12, where gain scheduling per trenches per-
forms the best, while adaptive control has more initial overshoot than the other strategies.
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Figure 12. Robotic arm movement: first link from 15° to 35° and second link from 0 (m) to 0.03 (m).

In general, gain scheduling per trenches has high initial overshoot, and adaptive
control presents stability problems, whereas the other two strategies have stable perfor-
mances in terms of overshoot and stability. Nevertheless, in the following work areas, gain
scheduling (per trenches or by interpolation) presents better performance, since it is the
most stable component of the dynamic model weight, as observed in Figure 13. Conversely,
fuzzy logic and adaptive control are too sudden to calculate parameters. Adaptive control,
particularly, requires increasing proportional and integrative gains to correct the initial
error, which leads to an initial overshoot and oscillation during the first seconds. The same
is true for fuzzy logic; in this case, the corrective action after reaching the desired value
is too slow, and the change in the rotation direction is not able to overcome the rotation
inertia of the robotic arm.

First link
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0 5  Time [s] 10 15

- Second link Mechanical disturbance

0.04 ‘ X138
— 14}
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Figure 13. Robotic arm movement: first link from 60° to 75° and second link from 0 (m) to 0.04 (m).

When analyzing the strategies for stability, all of them are observed to be satisfactory,
as shown in Figure 14. However, all of them oscillate between £0.006° from the reference
position, except from fuzzy logic, which takes a maximum error of 0.4°.
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Figure 14. Stability analysis of the robotic arm: first link at 45° and second link at 0.02 (m).

After the calculation of the error indexes of the first link when stability is reached, all
the control strategies used exhibit a good behavior in all indicators, as shown in Figure 15.
IA has a value close to 1, while RMS and RSD have values close to 0. Adaptive control
performs better than the other two strategies proposed.

Error analysis
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Figure 15. Analysis of the IA, RMS, and RSD errors of the control strategies applied in the two links
of the robotic arms.

Performance differences are observed when using the rotational joint under different
control strategies in a 2-DoF robotic arm. In this case, the variation of the second prismatic
link implied a variation in the weight of the robotic arm. This translates into instability for
the system in areas where the weight component is more significant.

From the above, the control strategy gain scheduling per trenches presents better
behavior in areas where the weight component is more stable, i.e., in areas below 20° and
above 70° it performed well, but the system was quite instable in areas where weight
experienced more significant variations.

The second strategy, gain scheduling by interpolation, is the most stable of the control
strategies reviewed. With this strategy, regardless of the work area, the system remained sta-
ble because of the linear adjustment between PID parameters, which prevents parameters
from varying abruptly.
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The third strategy, adaptive control, presents difficulties due to a sudden change in
the calculation of the PID parameters. When the second link is triggered, the adaptive
control system becomes too sensitive to this movement due to the inertia of the robotic arm.
This causes an increase in the P parameter that leads to more overshoot, which in turn,
generates a decrease in the D parameter, making the movement of the robotic arm slower.

Fuzzy logic presents a behavior similar to the previous test, being stable in all work
areas but with a small initial overshoot to achieve stability.

Confronted with the dynamic changes in the rotational link of the robotic arm, which
becomes more accentuated due to the prismatic link, the control strategy gain scheduling
by interpolation performs better than the other control strategies.

4.3. Analysis of the Control Strategies Applied in the Pattern Tracking of the Robotic Arm

In this section, the control strategies will be compared when the robotic arm performs
different work patterns, i.e., specific routes across Cartesian X and Y axes. First, the pattern
to be followed will be presented; then, the strategies used will be compared when following
this pattern, and finally, the performance of each link and the disturbance to which the
rotational link is subject will be shown. The pattern on which the control strategies will be
applied is based on straight, diagonal, and curve lines on the Cartesian plane, as shown in
Figure 16. The route follows the numerical sequence from 0 to 4 until returning to the start
0. This pattern imposes more variations in the references on the Cartesian axes, and in the
reference values of each link compared to the previous patterns.

Reference pattern

Axis Y [m]

i i i i i
0 005 01 015 02 025 03 035 04 045 05
Axis X [m]

Figure 16. Reference pattern for robotic arm.

In this pattern, the differences between the control strategies are evident. Adaptive
control stands out over the two gain scheduling strategies, as seen in Figure 17. This is
clear in Figure 18 since, between seconds 2 and 8, where the reference of the first rotational
link are quadratic functions, the adaptive control strategy performs better than the other
two strategies.
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Figure 17. Movement of each link of the robotic arm when following the reference pattern in the
Cartesian plane.
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Figure 18. Movement of each link of the robotic arm when this follows the reference pattern, and
mechanical disturbances.

Through the calculations of error indexes from the first link at all times—differently
from the previous calculations, which were conducted when reaching the stable state—all
control strategies are observed to have a good performance according to the indicators, as
shown in Figure 19. IA has a value close to 1 for the three control strategies, and the RMS
index has a value close to 0. However, big differences emerge with the RSD index, as it
yields significant error for the fuzzy logic strategy, which has different values and indicates
a better performance from adaptive control.

Gain scheduling and adaptive control perform satisfactorily for the reference pattern.

Adaptive control, gain scheduling by interpolation, and gain scheduling per trenches
are similar in their behavior when following the reference pattern, but fuzzy logic shows a
different behavior. Nevertheless, when the robotic arm moves continuously on one axis,
either constantly on the X axis or varying linearly on the Y axis, or vice versa, the two gain
scheduling strategies have difficulties to remove error.
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Figure 19. Analysis of IA, RMS, and RSD errors of the control strategies when the robotic arm follows
the reference pattern.

5. Conclusions

In this work, the design and implementation of different control strategies for the
position of a 2-DoF robotic arm was presented. The robot model developed comprises
of the largest quantity of variables influencing link position, and does not only consider
the physical variables weight, length, mass center, and inertia, but also the friction torque
that includes the static, viscous, and Coulomb friction forces. All the above was used in
combination with the real parameters of a robotic arm, an AC servomotor, a DC motor, and
a speed reducer, which made the tests more reliable. To control the AC motor (three-phase
synchronous brushless motor), a three-phase multi-level inverter with 27 levels of voltage
per phase was considered.

Regarding the control strategies studies, first a position control system that modified
the PID controller parameters online—depending on the angle at which the robotic arm
is—was designed and implemented. Subsequently, gain scheduling per trenches, gain
scheduling by interpolation, adaptive control, and fuzzy logic were studied.

Gain Scheduling per Trenches presented different performances in each work test.
However, despite the increase in the division of the work area—to increase the variability
of the PID controller parameters—the system presented difficulties in the position control
of the rotational link. Although this is not an optimal control strategy for the robotic arm,
it is a starting point to generate a variable control strategy—with the variation of the PID
parameters—as it, differently from the classic PID controller, allows for controlling position.

Gain scheduling per trenches also presented different performances in each work
test. However, in the second round of tests, it was the best control strategy as it was the
most stable and most immune to dynamic variation due to the incorporation of the second
prismatic link, which increased the torque through the gravity force.

Adaptive control presented more stable performance than the other two previous
strategies in the tests performed.

Fuzzy logic had a similar behavior across work tests. By basing on rules, this control
strategy performed well by causing the robotic arm to slow down when it reached high
speed in any direction of rotation. This reduced the initial overshoot of the rotational link
but did not improve its stabilization. A small initial overshoot caused by speed constraints,
together with longer rising and settling times than with the other control strategies, were
observed, but performance was more stable in the different work areas during the tests.

In synthesis, all these strategies were able to control the position of the robotic arm
under study, according to their characteristics.
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Additionally, to determine which proposed control strategies are the most suitable for
an ACBPMM connected to a multi-level inverter, a comparative study was carried out on
the performance of the controllers implemented for this robot.

Thanks to the topologies offered by ACBPMMSs and to the three-phase multi-level
inverter with 27 levels of voltage per phase, the high switching frequencies were reduced
as observed in the computer simulations.

6. Future Work

The results of the control strategies implemented in this work will allow for the
position control of a 2-DoF industrial robotic arm driven by an AC servomotor fed by a
three-phase multi-level inverter with 27 levels of voltage per phase.

Additionally, such results provide a basis to conduct studies on industrial manipulator
robots with more DoF that incorporate AC motors and multi-level inverters that generate
lower levels of dv/dt, taking care of the service life of the motor. From this, the use of AC
motors for position control could be promoted to substitute DC motors, which have shorter
service life and less efficiency.
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Appendix A

The list of components used for each Printed Circuit Board (PCB) that are part of the
three-phase multi-level inverter with 27 levels of voltage per phase, as shown in Figure Al,
designed and implemented in the Department of Electrical Engineering of Universidad de
Santiago de Chile, is presented below:

(1) List of components used in the implementation of each H-bridge board:

e IRF741 MOSFET.

e 74HCO04N Hex inverter.
e 2N7000 MOSFET.

e  MCT6 Optocoupler.

e 15V Zener diode.

e  1N4007 Diode.

(2) List of components used in the implementation of the control board:

e ATMEGA 1281 Microcomputer.

e LM1086 (5 V) Linear voltage regulator.

e [M317 (12 V) Adjustable linear voltage regulator.
e  2N7002 MOSFET.

e [M7410PAM.

e  MAX3238 Voltage adapter for serial port.

e  ADRS550 Voltage reference.
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Figure A1. Three-phase multi-level inverter with 27 levels of voltage per phase.
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