energies MBPY

Article

The Advanced Control Approach based on SMC
Design for the High-Fidelity Haptic Power Lever of a
Small Hybrid Electric Aircraft

Ales Hace

University of Maribor, Faculty of Electrical Engineering and Computer Science, Koroska cesta 46,
SI-2000 Maribor, Slovenia; ales.hace@um.si; Tel.: +386-2-220-7301

check for
Received: 2 July 2019; Accepted: 30 July 2019; Published: 1 August 2019 updates

Abstract: In the serial hybrid electric propulsion system of a small propeller aircraft the battery
state of charge is fluctuating due to the diversity of possible power flows. Overwhelming visual
information on the cockpit displays, besides requiring visual pilot attention, increases pilot workload,
which is undesirable, especially in risky flight situations. Haptic interfaces, on the other hand,
can provide intuitive cues that can be applied to enhance and simplify the cockpit. In this paper, we
deal with an enhanced power lever stick, which can provide feedback force feel with haptic cues for
enhanced information flow between the pilot and the powertrain system. We present selected haptic
patterns for specific information related to the fluctuating battery state of charge. The haptic patterns
were designed to reduce pilot workload, and for easy use, safe and energy-efficient control of the
hybrid electric powertrain system. We focus on the advanced control design for high-performance
force feedback required for rendering fine haptic signals, which stimulates the sensitive haptics of a
pilot’s hand-arm system. The presented control algorithm has been designed by the sliding mode
control (SMC) approach in order to provide disturbance rejection and high-fidelity haptic rendering.
The proposed control design has been validated on an experimental prototype system.

Keywords: electric aircraft; hybrid electric powertrain; human-machine Interface; haptics; haptic
patterns; kinesthetic haptic interface; haptic power lever; control design; sliding mode control;
force control

1. Introduction

Electric vehicles are becoming common, and represent a solution for sustainable transport in the
future as well, at least in terms of passenger cars and light transport vehicles [1]; however, electric
aircraft are still rather rare, though a strong shift towards electric propulsion aircraft is on the way [2—4].
Some small electric aircraft are commercially available [5], but their flying range is quite limited. A
hybrid electric powertrain system [6—9], which combines the propulsion system with an internal
combustion engine (ICE) for hybrid electric vehicles, can extend the vehicle’s autonomy [10]. A hybrid
propulsion concept is being developed for aircraft as well, since it can extend their flying range [11-16].

In an electrical aircraft, an electric motor drives the aircraft propeller. The serial hybrid propulsion
system combines two power sources to energize the propeller, batteries, and an ICE. The mechanical
energy from the ICE is converted into the electrical energy that powers the electrical motor of the
propeller. On the other hand, batteries can also drive the electrical motor of the propeller, if the batteries
are not empty. In comparison with a purely electrical aircraft, such a propulsion system can extend
the flying range while maintaining low environmental impact and low travel costs. The basic hybrid
electric powertrain system architecture is shown in Figure 1. The main system components are a
battery pack, an ICE with an electrical generator, and an electrical motor with a propeller. The complex
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structure of the hybrid electric powertrain requires more information that pilots need to know about it,
and, thus, complicates pilot control of the electrical aircraft with the hybrid electric propulsion system.
The battery status (state-of-charge, SoC) is an important factor in electrical vehicles [1,17], since it has a
significant influence on the vehicle’s performance, autonomy and safety. Its impact on safety is even
more important in electric aircraft. In the HYPSTAIR project [18], the battery SoC has been identified
as key information that must be transmitted to the pilot [16].
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Figure 1. The basic architecture of a serial hybrid electric propulsion system.

As a hybrid electric propulsion system is more complex than a purely electrical or a pure ICE
propulsion system, the complexity level of the human-machine interface (HMI) can also become much
higher. A pilot receives overwhelming information from the flight deck visual displays that can be
burdensome and non-intuitive, and cause a relatively high pilot workload. Thus, aircraft designers are
seeking new solutions for cockpit displays that will involve haptics and, thus, simplify piloting [19,20].
Thus, piloting in the case of such a hybrid propulsion system can be more difficult. Consequently,
operation with a pilot-in-the-loop may not be optimal. Therefore, the powertrain information should
be displayed to a pilot via another communication channel, which can decrease the load for the pilot.

Human haptics refers to the human sense of touch and movement. Humans use haptic sense
in interaction tasks for object exploration, movement, and manipulation, and in communication as
well [21-29]. A haptic interface is a haptic device that allows for haptic indirect interaction with a real
or artificial environment (e.g., [30-33]). It is a mechanical device designed to provide force feedback for
human haptics’ stimuli, which refers to the information transmitted by kinesthetic interaction. The use
of haptic interfaces in teleoperation, robotics, and computer technology has been well known for a few
decades [26,34-38]. Recently, new haptic applications have appeared in different areas, such as human
assistance systems and medicine [39-43].

Mechanical controls in cars such as a steering wheel, a gas pedal, and a gearshift, have been
converted into specific haptic interfaces, and integrated in steer-by-wire, drive-by-wire control systems,
or advanced driver assistance/support systems [44-56]. In aircraft, the fly-by-wire approach integrates
mechanical control inceptors such as sticks, yokes, or rudders [57-60]. However, the wired electronics
control technology overrides the natural mechanical feedback. In order to overcome this problem,
the redesigned mechanical controls must provide proper artificial force feedback to stimulate human
kinesthetic sensations; thus, active haptic inceptors have been developed recently [61-63]. Furthermore,
this can be supplemented with an additional set of haptic stimuli, which can communicate to the
human operator various other information related to the operational system state and environment, in
order to assist him/her in control and to improve situational awareness, safety, and performance [64-68].
High-fidelity force feedback driven by complex mathematical models is required for a more authentic
response and engaging user experience.

Kinesthetic haptic interfaces provide information exchange by force and motion [69,70]. Haptic
interfaces may be implemented by different control schemes [22,34,71-73]. An impedance control
approach is a key technology in force/motion control for any mechanical system in constrained
motion [74] and, thus, it is applied widely when a mechanical system interacts with a human. In [75]
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the authors proposed adaptive impedance control for a force-feedback haptic interface system in order
to deal with dynamic changes of a human musculoskeletal system and enhance human skill on a haptic
interface system. In [76], the authors implemented impedance control for a therapeutic exoskeleton for
upper limb rehabilitation training. However, the impedance control schemes are difficult to implement
in haptic interfaces: If a desired impedance is to be enforced, then the interface mechanism’s own
dynamics must be compensated. The interface mechanism inevitable involves friction. Friction is a
natural phenomenon, which is difficult to model and to override [77-85]; impedance haptic interfaces
are, by nature, lightly built and highly back-drivable [22], and thus also more safe, which may be an
extremely important design factor. Such haptic interfaces can provide implementation of vivid haptic
patterns and good performance in terms of a wide impedance range and force resolution [22,72,86].
If high performance is required, a closed-loop control should be applied, which can reject disturbances
robustly, especially in back-drivable systems, which are subjected to a full direct load on the motor
axis. Thus, we can achieve good haptic fidelity.

The control algorithm for a high-fidelity haptic interface must be robust against disturbances
and uncertainties, which include friction, inertia modeling errors, and neglected parasitic dynamics.
Though the obvious source of these is the mechanism of the haptic interface itself, another significant
disturbance is the interaction with the pilot’s own impedance [57,73,87,88]. The erroneous control
model demands a robust control law. The sliding mode control (SMC) design approach may be utilized
to improve robustness in feedback control considerably [89]. Thus, we can find numerous applications
of sliding mode control in many areas, such as: control of a parallel robotic manipulator with uncertain
dynamics [90], bilateral control of a hydraulic manipulator [91], control of a therapeutic exoskeleton [76],
an electronically controlled power steering system [92], steer-by-wire systems [47], an automotive
electronic throttle [93], robust speed control of PMSM [94], position control of a synchronous reluctance
motor [95], a PEM fuel cell power system [96], etc. The basic SMC is characterized by a variable
structure system and switching of the control input variable [97]. Though the switching control was
originally introduced to guarantee robust stability, it usually leads to chattering in practical systems [98].
The chattering is an undesired oscillation phenomenon. Therefore, in practical mechatronic systems, in
which the control input can only be a continuous function of time, sliding mode controller design could
be a challenging task. In order to prevent chattering, the robust control must be smoothed somehow.
One approach to eliminating chattering caused by discontinuous control has been introduced by a
higher-order sliding mode control [99], which preserves robustness; however, the relative degree
between the sliding variable and the control variable is increased proportionally. In [100], the authors
proposed a dynamical controller by passing discontinuous control action onto a derivative of the control
input. The most famous is the super-twisted algorithm, which belongs to the class of second-order
SMC [101]. However, recent research related to its practical implementations shows that it can still
produce a chattering phenomenon in some cases [102]. Thus, an alternative approach has been
presented in [103]: The impedance control scheme for robot manipulators has been derived by the SMC
design procedure (similar to [100]), resulting in continuous control, which preserves fair robustness
while preventing chattering. The proposed control design concept has then been implemented
successfully in different practical applications [104-107].

In this paper, we propose the control design of a haptic power lever for a hybrid electric aircraft
with force feedback features that supplement visual information with haptic information, since the
human response to physical cues (pressure, force) is much faster than the response to the visual
observations. The haptic power lever was designed conceptually with an ambition to provide reliably
relevant information about the hybrid propulsion system by intuitive “natural-like” haptic patterns
such as friction, constant return force, bump, and graininess, in order to simplify piloting of the
small hybrid electric aircraft. The haptic cues aim to provide intuitive control by communicating
information via human haptics. We believe that such an approach enables a significant reduction
of the pilot workload, increases the pilot’s awareness of the batteries’” use and prolongs their life,
and optimizes control of the complex hybrid electric powertrain system and energy use. We focus on
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a robust control algorithm for the power lever designed as a haptic interface, aiming to render fine
haptic patterns at the highest possible fidelity, which presents the main contribution. Therefore, we
apply the concept of the SMC design procedure [103] for the derivation of the chattering-free control
algorithm, similar as in [108]. However, in this paper, force regulation has been achieved via a desired
impedance, which is enforced to the haptic interface. The optimized control algorithm, including the
designed haptic patterns for a single impedance haptic interface, have been implemented practically.
The implementation highlights of the advanced control design also involve a precise measurement of
position, and especially velocity, which is required for high-performance haptic applications [109,110].
We show a simple experimental prototype of the haptic power control lever, which demonstrates
high-quality rendering of the proposed haptic patterns. The presented experimental results verify the
proposed control design.

The rest of the paper is organized as follows: Firstly, we show the main concept of the hybrid
electric powertrain system control via human haptics in Section 2.1. Then, in Section 2.2, we explain
the complex human haptics, and provide a biomechanical model of a human arm required for the
consideration in the control design. In Section 2.3, we present the proposed haptic patterns that a pilot
should feel in relation to some important information sourced by the powertrain system. In Section 2.4,
we show the detailed derivation of the control algorithm for the haptic interface. The experimental
system is presented in Section 2.5. Then, the experimental results are shown in Section 3, to verify
the effectiveness of the proposed algorithm, which is followed by the discussion in Section 4. Finally,
Section 5 concludes the paper.

2. Materials and Methods

2.1. The Main Concept of the Powertrain System Haptic Control

In the serial hybrid electric propulsion system (see Figure 1) the electrical motor, which drives the
propeller, is powered by the electrical generator, which is driven by the ICE; the battery pack presents
an additional energy source. There are many possible power flows in such hybrid electric powertrain
system, as depicted in Figure 2.
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battery pack battery pack battery pack
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Figure 2. Some possible power flows in the serial hybrid electric propulsion system: (a) The ICE with

the generator powers the propeller electrical motor directly; (b) the same as (a) plus the ICE with the

generator charges the battery pack; (c) both the ICE with the generator and the battery pack power
the propeller electrical motor; (d) the battery pack solely powers the propeller electrical motor; (e) the
battery pack is charged by the propeller electrical motor and by the ICE with the generator in the

regeneration regime; (f) the battery pack is charged solely by the propeller electrical motor in the

regeneration regime.
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In case of low power demand, the propeller is driven solely by the ICE. It may also charge the
battery pack. At a high power demand, the battery pack powers the propeller as well and then the
batteries deplete. The propeller may also be driven solely by the battery pack. The propeller may also
charge the battery pack in the regeneration regime. It is very important that the pilot can have available
power when it is required for flying, e.g., in the case of taking-off, climbing, and other demanding
maneuvering, although high power will be available only from the batteries. The ICE can deliver only
low power. This means that the state-of-charge of the battery pack is very important for safe flight,
and the pilot must be aware of it all the time.

The general operation concept and the basic system structure of the hybrid electric aircraft with the
haptic power lever and a pilot-in-the-loop is presented in Figure 3. The pilot operates the powertrain
system by manipulating the power lever, which is wired to the HMI control unit. The relevant system
data are converted to haptic patterns in the feedback, thus stimulating haptic mechanoreceptors of the
pilot’s hand—arm system. Hence, audiovisual information is complemented by haptic signals.

Audiovisual Information

Haptic Power Lever Hybrid Electric Powertrain

power demand

HMI
Control Unit <:>Cl ’ @ >
£

haptic pattern

Pilot

Figure 3. Pilot feedback involves audiovisual information and haptic information delivered by the
force feedback of the haptic power lever.

Haptic-based system control should be intuitive, and then the pilot’s workload can be reduced
significantly. The information flow between the human operator, i.e., the pilot, and the system, i.e., the
aircraft powertrain, is presented by the block scheme depicted in Figure 4. The pilot provides a power
demand for the aircraft powertrain system by positioning the power lever. Simultaneously, he or she can
receive force feedback, which is linked to the information from the aircraft powertrain system. The force
feedback is related to the haptic patterns produced by the haptic power lever. The control system of the
power lever converts the position to the power demand, and the powertrain system state is converted
to physical force that provides haptic information. Thus, the information flow is bidirectional: In one
direction we provide system control, and in the other we provide system information.

Haptic power control
(o]

4 d
pos, force Po%s P i
control & aircraft

feedback . . :
< < haptic patterfisk/==--- powertrain
force I\ lever force N

power,
Uﬂfcu ES bttt

Figure 4. The concept of the powertrain control and haptic information flow with pilot-in-the-loop.

pilot

Haptic signals are related to haptic patterns and haptic cues. Haptic patterns refer to emulation of
a natural contact feel or generating artificial feel. Haptic cues are haptic patterns that are linked to
higher-level information. In our case, the haptic patterns are linked to the powertrain system state
information. We have designed the haptic power lever with a natural-like force feel (i.e., a feedback



Energies 2019, 12, 2974 6 of 31

force that we can feel in nature while touching objects), which should generate an effective haptic
stimulus. The patterns such as friction, graininess, and constant force feedback, have been adopted in
our design, to provide the pilot with intuitive information. These have been designed with the aim
to enable detection, discrimination and identification the relevant information of the hybrid electric
powertrain system. In the sequence, this should further enable proper and intuitive decision making
of the pilot. Thus, the haptic information will help the pilot in flying performance and increase safety.

The force felt by a pilot is generated by various haptic patterns. The selection of the proper
haptic patterns is based on the power demand (“power?”) and the state information of the aircraft’s
powertrain system, which includes available power (“power,”), battery status (“bat_stat”), and failures.
The pilot should feel the selected haptic pattern while moving the power lever. When the propeller is
driven solely by the ICE, then the pilot should feel friction of a low level. When the batteries deplete,
then the pilot should feel friction of a high level. When passing from a low power demand to a high
power demand (or vice versa), a bump shall be generated, to inform the pilot about crossing the border.
In the case of a high power demand beyond available, the constant return force pattern of a very high
level should be felt by the pilot. The haptic power lever should supplement the friction pattern with
a graininess in the case of low or empty batteries. If the pilot is decreasing the power demand and
regeneration of the batteries occurs, then the friction pattern of a very low level should be felt by the
pilot. In this case, when moving the power lever backward, a light bump should generated to inform
the pilot about entering into the regeneration mode.

2.2. Human Haptics and the Biomechanical Model of a Human Arm

The human haptic system is rather complex. Its complex structure can be divided into the
following components: the mechanical component, the sensory component, the motoric component
and the cognitive component [21,22,26,27,34]. The most important part of the mechanical component
is the arm-hand subsystem. The sensory system includes large numbers of various receptors and nerve
endings. Tactile mechanoreceptors, which enable the human sense of touch, are located in the skin.
Kinesthetic mechanoreceptors are located in joints, tendons, and muscles. They allow perception not
only of force/torque in our muscles, but also the operational state of the human locomotor system.
Humans perceive haptic signals dynamically. Though human haptic perception goes up to a frequency
of 10 kHz, the highest sensitivity is between 100 Hz and 1 kHz. Static components prevail in the
dynamics. Human haptic sense can evidently be broken down into the low-frequency, high-power
kinesthetic interaction channel and the high-frequency, low-power tactile perception. The first is the
most important for the design of a kinesthetic haptic interface. Power grasps are designed for strength
and stability, involving the palm, as well as the fingers. Maximum forces can be in the range of 5 to
hundreds of Newtons [111].

Besides the dynamical properties of haptic perception, a mechanical model of a human arm
and hand, which grasps the interface effector, is of high importance in the mechanical and control
design of the haptic interface. Obviously, the exact modeling of the human arm is still a complex
problem [21]. We can find many different biomechanical models in the literature for passive human
response [112-115]. In general, a simplified biomechanical model can be represented by a passive
impedance, i.e., the force-velocity relationship Z;, = force/velocity. In an alternative formulation of the
human impedance, velocity can be replaced by position, i.e., Z;, = force/position. Then, this simple
model is usually given by the impedance of the second order:

Zy(s) = thZ +bys +ky, @

where my, by, and kj, denote mass, damping and stiffness, respectively. These parameters’ values can
only be estimated by a certain degree of speculation [22]; thus, they are found experimentally to be
very different: (a) my, = 11.6 kg, damping by, = 17 Ns/m, and stiffness kj, = 243 N/m [112], or (b) m, =17.5
kg, damping by, = 175 Ns/m, and stiffness k;, = 175 N/m [113], or (c) my, = 3.25 kg, damping b, = 20 Ns/m,
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and stiffness k; = 300 N/m [114]. A simplified dynamic representation reduces to a two-parameter
spring-damper model with stiffness and damping; however, in order to better approximate the linear
dynamics in the low-frequency domain below 20-30 Hz, Speich et al. [115] developed a five-parameter
model, which supplements the basic second-order arm dynamics with an additional spring-damper
model for hand dynamics. The eight-parameter model, which includes elasticity and damping of the
skin (with tissue) being in direct contact with the end-effector (handle), and finger/hand/limb dynamics,
has also been developed for frequencies beyond 20 Hz [21]. However, all these parameters are very
uncertain and can have a large range, since they vary from person to person, and are based on how the
end-effector of the haptic interface is held by the human hand. They may also vary at each instant
in the limb trajectory. Additional variations in the parameter values can be observed if we consider
the three-dimensional motion of a dexterous and reconfigurable human arm [116]. The dynamics are
even more complicated when we consider a human coupled with a haptic device—then structural
flexibility, different grasping conditions, and active human stabilization with reflex delay must be
taken into account as well [117]. Humans vary the impedance of their limbs significantly by the
neuromuscular system during many manipulation tasks and during interaction with their environment
in order to reduce contact forces, to increase positional control, and to stabilize unstable dynamics [88].
Thus, besides the human neuromuscular system, other factors, such as human haptic perception, the
cognition process and motor control system, also determine the active human response [87].

2.3. Haptic Patterns

The implementation of the proposed haptic patterns is based on mathematical formulas or
algorithms, as follows.

2.3.1. Friction

Friction is a complex natural phenomenon arising at the contact of surfaces, thus, there are
many different models in the literature. However, there is still a lack of a single perfect mathematical
description that could be used for a highly realistic simulation [77,78,80,84,118]. We consider friction
as the force that resists the relative motion of solid surfaces sliding against each other. Such friction
is dry friction, which includes several components, such as static friction or stiction, and kinetic
friction. Stiction appears between static surfaces, whereas kinetic friction occurs between moving
surfaces. In the static case, the opposing force to the friction matches the applied external force if it is
less than some threshold value, and relative motion cannot occur. The transition from the stationary
state to motion may result in the so-called stick-slip effect [86]. In sliding motion, kinetic friction
occurs, which is typically further subdivided into the Coulomb friction component, the viscous friction
component, and the Stribeck effect friction component. The Coulomb friction relates to the normal
force applied on the surface. It is independent of the sliding velocity, and, thus, it is usually considered
to result in a constant force at any velocity; however, in practical mechanical systems it can fluctuate as
well, e.g., due to changes in the normal force. The viscous friction appears in many mechanisms with
lubrication to reduce friction and wear. It is proportional to the relative velocity. The Stribeck effect
friction is the component of the friction force that originates at very low sliding velocities, and has
negatively sloped characteristics in relation to the relative velocity. Kinetic friction always resists
motion. When the direction of motion is changed with the transition through zero velocity, the direction
of the opposing force of friction is changed instantly.

Typical mathematical models of friction are based on a discontinuous function with switching at
zero velocity related to the Coulomb friction component, and, thus, this presents a hard nonlinearity.
To represent the stiction effect in the stationary case of zero velocity, the direction and value of the
applied external force must also be taken into account. Such mathematical models are, therefore,
a difficult task for digital computer simulation of body motion with friction [119]. Additional problems
related to detection of zero velocity (and sensing accurate velocity as well) appear in haptic interfaces,
which implement digital encoders for position sensing. The finite velocity resolution presents a serious
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problem for fidelity of haptic rendering in real applications [110]. Thus, there are numerous attempts
to alleviate numerical computation problems related to discontinuities at zero velocity. The Karnopp
friction model [77] extends the zero velocity point to a narrow band around which the velocity is
considered 0, whereas the friction force is calculated to be the smallest value of either: (a) The value
required to keep the system at zero velocity, or (b) The stiction force level. Although this model is
rather simple, it captures important features of real friction, including explicit representation of stiction
and treatment of the transition between low velocities and static contact, and, thus, represents a good
candidate for a natural-feel friction model. Furthermore, it circumvents the low-velocity resolution
issue with the velocity threshold introduced by the narrow band around the zero velocity point. Thus,
the authors in [119] proposed the Karnopp model with viscous friction for optimal haptic rendering
depicted in Figure 5, which we have also adopted in this paper; it is described mathematically as
follows:

—F. + by, v < =0V

max(-Fs, F;), —0v<v<0

F¢(v,F,) = , 2
7o/ Fa) min(+Fs, F,), 0<v <60 @

+F: + byo, ov<v

where F s F,, Fs, Fc stand for the friction force, the applied force, the stiction, and the Coulomb force,
respectively; v is the velocity, 0v determines the width of the near-zero velocity band (the velocity
below 6v is considered zero), and b, is the viscous friction coefficient. In general, the applied force
F, incorporates all non-frictional forces applied to the system. The sliding phase occurs when the
velocity relative to the object surface exceeds the predefined minimal velocity |v| > 6v. Friction in this
phase consists of the Coulumb friction component (i.e., +F, = F.-sgn(v)) and the viscous friction
component (i.e., byv) that is proportional to velocity. The sticking phase occurs when the velocity
relative to the object surface is smaller than the minimal threshold velocity |v| < 6v. Then, the system is
in a stuck state.

friction F
— S b,

Fe|l | ——

-ov v
velocity
_Fc
L
b, 'Fs

Figure 5. The Karnopp friction model for haptic rendering.

The Karnopp model is numerically simple and, therefore, its implementation for haptic rendering
should be rather simple. In the sliding phase, the friction is a function of velocity, whereas in the stuck
state, the friction is a function of the applied force. However, when this is to be implemented on a
real haptic interface, some hardware related factors should be considered, since, besides measurement
of velocity, it also requires measurement of applied force for determining the opposing force in the
stationary stuck state. Due to the hardware limitations related to uncertain measurement of the
applied force (which includes real sensor characteristics, such as resolution, noise, nonlinearity, etc.),
real actuator dynamics, and finite sampling frequency, an exact replica of the friction model (2) is
impossible; especially in the sticking phase, rendering of the opposing static friction, which must
match the applied force to guarantee stationary state when |F,| < Fs, is a problem. Therefore, we wish
to avoid a direct involvement of the applied force in friction rendering. Nevertheless, rendered friction
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should resemble the natural friction as much as possible. Thus, we should put special emphasis on the
implementation of the stuck phase (pre-sliding phase) and the soon-after-break-away phase (transition
from stuck state to sliding, i.e., stick-slip phase). A good approach to deal with this problem is the
introduction of a virtual spring [34,119], whose role is to convert the motion to a force by the impedance
causality. The virtual spring is attached in the so-called stuck position. The stuck position (xs,cx) refers
to the position (x) during sliding in which the velocity just below the minimal value is first detected
(Xstuck = x at v < dv in sliding). It is the position assigned to represent where the system entered the
stuck state. When velocity falls below the minimal value, the sliding phase switches to the stuck state.
In the stuck state, the virtual spring force defined by

Fys = Kus (x - xstuck)/ 3)

where Kys represents the virtual spring stiffness (related to the so-called frictional stiffness), somehow
measures or estimates the applied force (F, ~ Fys), since even very small deviation from the stuck
position will result in a force proportional to this position deviation. Thus, the virtual spring force
may replace the applied force in (2). Accordingly, from the hardware implementation point of view,
measurement of the applied force may be replaced by a measurement of position, though it should be
precise enough to capture the very small position deviation in the stuck state. The detailed algorithm
is presented in [119].

2.3.2. Bumps

Bumps are relatively simple. These relate to the geometrical shape of a small hill on a surface.
While moving a hand over a bumpy surface, we feel force whilst crossing the small hill. The problem
of haptic rendering in this case relates to virtual textures [120]. A founding work in haptic rendering
related to this problem was by Minsky [121], who showed that textures and surface features can be
represented by lateral force fields. Also, rendering larger-scale surface features such as bumps or holes
by a haptic manipulandum has later been shown to be possible by the method of lateral force fields; it
has been shown that force cues (not geometric cues) determine the shape perceived by haptics [122,123].
The method of lateral force fields generates forces whose magnitudes are proportional to the slope of a
position function that defines the virtual surface feature.

A single-dimensional rigid virtual haptic bump geometry can be described by a Gaussian function:

_ 2
il @

yp(x) = Ay -exp(—
Zwb

where x, py,, wy, yp, Ap are lateral positions on the surface, a center position of the bump defining its
peak, the bump width measure, current height of the bump, and the maximum height of the bump,
respectively. The method of the lateral force field determines the feedback force during crossing the
bump by the gradient:

dyp(x)
dx ©®)

where K}, is some constant to be defined. Here, the slope of the bump resists the lateral movement

Fp(x) = Ky

while climbing up. The steeper the bump, the stronger the resistance. The bump force Equation (5)
equates to

dyp(x x=p (x-p,)”
Fy(x) = Kp ydbi ) - - szbAb'eXP(—z—zb)‘ (6)
wy wy

It is easy to analyze Equation (6) for the function extremes. They are achieved at the inflection points



Energies 2019, 12, 2974 10 of 31

when x = p, ¥ wy,. Then we get peak forces as F]Zeak(x =pp Fwy) = £KpA, - exp(—%) /wy. Thus, if we
choose .
exp(3)wp
K — Fmax— 7
b b Ap ’ 7)
where F"® stands for the maximum bump force, then Equation (6) can be rewritten as

tep )
SRy, ®)

b

X=py 1
Fp(x) = -F"™*—— exp(=(1 -
) = ~Fp L R ep(5 (1=

The bump, along with the associated force, is illustrated in Figure 6. Here, we have assumed default
values of the bump parameters (i.e., p, =0, w, = 1, A, = 1, F;*® = 1) and the manipulandum travels
in the positive direction of the lateral position increase. At the bump peak, the bump force is 0, the
maximum force is achieved at x = p}, ¥ wp, whereas close to the bump position boundaries x = p;, ¥ 3wy,
the bump height is about 1.1% of its maximum, while the bump force is only around 5.5% of the peak
value.

Bump

height

force

Figure 6. Illustration of the bump force model.
2.3.3. Graininess

We consider graininess similar to surface roughness. Therefore, the problem is related to virtual
textures. Only coarse grain is relevant for our purpose. Since, in the presented design, we consider
that it is not constrained strongly to any natural shape, we use a very simple artificial graininess force
rendering formula:

Fo(x) = ng“ax(l + sin(2nwiq)), )
where x, wg, Fg, Fg'®* are lateral positions on the surface, the grain width, the grain force, and its
maximum value, respectively. The model of this artificial surface texture profile with graininess is
related to the cosine function of the lateral position, while the corresponding force to be rendered is
biased in order to avoid the pulling effect. The graininess is illustrated in Figure 7. Here, we have
assumed default values of the grain parameters (i.e., wg = 1, Fg'™* = 1) and the manipulandum travels
in the positive direction of the lateral position increase.
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Figure 7. Illustration of the graininess force model.
2.3.4. Constant Return Force

The constant return force (CRF) is the simplest haptic pattern considered in our study. It is only
able to generate force with a constant level such that it is felt in the negative direction.

2.4. The Control Algorithm for the Haptic Interface

2.4.1. The Dynamic Model of the Haptic Interface

We consider a haptic interface with a single degree-of-freedom (DOF) mechanism, which enables
linear motion of the end-effector handle. The mechanism is driven by a linear servo motor. It is

responsible for generating a feedback force that is to be felt by a human holding the manipulandum
handle. The motion equation can be written as

M- X+ ff + fo = f = fur (10)

where x, ff, f, fm, and f; denote motor position, friction force, gravity force, motor force and human
force. my, is a lumped mass of the mechanism moving part. The passive biomechanical human
dynamics, which we consider to result in the force f;, is given by Equation (1). The friction force
and the gravity force can be regarded as a disturbance force f%* acting on the system. Typically, the
disturbance may also involve model uncertainties and perturbation. However, Equation (10) can be
rewritten as

M- X+ f5 = fou = fi (11)

The basic block scheme of the haptic interface coupled with a human is presented in Figure 8.

I
human force human e
m X servo roo
motor force . > position
drive
haptic interface
mechanism

Figure 8. The basic system block scheme for control design of the haptic interface.
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2.4.2. The Impedance Control

The impedance control approach [124-126] is employed when a mechatronic device is in contact
with its environment or with a human. It is an important control concept in modern robotics that
is demonstrated by numerous applications [127-140]. The mechanical impedance, which features a
force response of a body or a system of bodies on imposed velocity or position, can be described as
a force-velocity relationship or force-position relationship. It can be given in a second-order simple
linear form

% = Z(s) = ms® + bs +k, (12)
where s is the complex Laplace variable, and F(s), X(s) and Z(s) are the force, the position, and the
mechanical impedance in the complex Laplace domain, respectively. The impedance parameters m, b,
and k stand for mass inertia, damping and stiffness, respectively.

The impedance control enables compliance in constraint motion and force regulation. A typical
control goal is to enforce a desired impedance characteristic to a robotic mechanism with its own
nonlinear impedance. If we consider the mechanism in contact with its environment, then the desired
impedance may be described in the time domain:

m X+ x4+ kK x= -, (13)

where x, f. and f” are the position, the reaction force in the contact with an environment, and the
reference force, respectively. m?, b, and k¥ stand for desired mass inertia, desired damping and desired
stiffness, respectively.

Typically, we consider the environment with the impedance Z, such that

Fe(s) = Ze(s)X(s). (14)
If we assign the desired impedance Z¢ for the robot mechanism as
7%(s) = m?s® + s + K4, (15)

and consider a physical interaction between the mechanism and the environment such that we can
rewrite Equation (13) as
Z%(s)X(s) = F'(s) — Fe(s), (16)

then by combining Equations (14) and (16) we can derive the expression that determines the interaction

force:
Ze(s)

= Z9(s) + Ze(s)

If we consider the second-order environment impedance,

Fe(s) F'(s). (17)

Zg (S) - T}’lgSZ + bes ‘I’ kg, (18)
then Equation (17) reads in the time domain as
- . T -r
(m 4 me) fo + (b7 +be) f + (K +Ke) fo = mef +bef +kef". (19)

In the case of an asymptotically stable interaction, the environment force after the transient period in
the steady state can be derived as follows:
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SS ke
¢ K4k

. (20)

Obviously, if the desired stiffness of the robotic mechanism is 0 (k* = 0), then the steady-state contact
force matches the reference force perfectly f;* = f". In this case, the steady-state position is x* = f' /k..
If, further, the reference force is 0 f" = 0, then x** = 0, and the robotic mechanism is fully compliant.

In our case, the haptic interface mechanism is coupled with the human, which is modeled by the
passive biomechanical impedance in Equation (1). We wish to produce haptic patterns as described
in Section 2.3, in which they are designed for certain force feels. The haptic interface should provide
the force following the reference generated by a haptic pattern. Therefore, we prescribe the desired
impedance for the haptic interface as

Zy(s) = miys® + Ujys, (21)

where m¢, and b?, are desired mass and desired damping, respectively, and their values can be chosen
arbitrarily. Considering Equation (21), we can rewrite Equation (17) and then obtain the transfer
function:

Fh (S) _ Zh (S) _ thZ + th + kh

Fr(s)  Zf(s)+Zu(s)  (mify + my)s? + (B, + bu)s + K
We wish to enforce dynamics such that the apparent mass and the apparent damping will show
the haptic interface as a lightweight (m%, — 0) mechanism with low friction (b%, — 0) as much as

(22)

possible. If necessary, the desired damping may be used for stabilizing the interaction [86,117,141-144].
However, in an ideal case, the transfer function converges to 1, and the feedback force may match the
reference force generated by a haptic pattern perfectly. Of course, this is a highly non-realistic scenario,
since it assumes that the control can compensate for the dynamics of the mechanism perfectly, which is
impossible in practice.

2.4.3. Derivation of the Control Algorithm

Chattering-Free SMC Design

We represent the control plant by the following state space form:
Z] = Zj+1/2n = f(Z) + b(z)u - d, (23)

where j = 1,...,n-1,z = [zl,...,zn]T is a system state vector, u is a scalar control input and d
is an unknown disturbance. f(z) and b(z) are considered as nonlinear functions of the system
states, respectively.

The goal of the SMC design is to determine such control input u that will push the system from
some initial state to a selected sliding manifold given by o(z, ) = 0 [89]. Furthermore, after the system
states reach the sliding manifold, then the control must robustly constrain the system motion on this
sliding manifold despite the disturbances acting on the system. Here, (z,t) refers as a switching
function or a sliding variable that is often selected as a linear combination of systems states and
time-variant reference r(t), e.g.,

a(z,t) =r(t)-g'z, (24)

with a constant gain vector g’ = [g1, ..., g,_1, 1] defining asymptotically stable system dynamics on
the selected sliding manifold. The control with discontinuities on the sliding manifold,
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u, o(z,t) <0 =

{u*, o(z,t) >0
u =

can enforce constraint system sliding motion on the selected manifold, i.e., sliding mode, if u™ and
u~ are selected such that the derivative of the Lyapunov function candidate L = ¢2/2 is a negative
definite, i.e.,, L = 06 < 0. The robust SMC design can be performed by the equivalent control
method [89]. It determines the equivalent control u.; as a solution of ¢ o0 = 0. Then we select u™
and u~ as continuous functions of the system states, respectively, such that u™ > u,; > u~. However,
such switching control causes unwanted chattering in practical implementations. Therefore, we
seek a suitable solution to somehow smooth the control signal and maintain the practical robustness
simultaneously. The idea is to perform the SMC design in terms of the control function derivative,
in order to eliminate discontinuities on the control signal itself. In this case, the actual control, being
the integral of the high-frequency switching function, becomes a continuous function, which leads to
chattering attenuation [101]. Similar to in [108], we augment the original system with an additional
system state such that it yields

zj=2zj11,2n = f(z) +b(z)u—du =v. (26)
In order to achieve chattering attenuation we introduce the auxiliary sliding variable o, as
0, =0+ Ao. (27)

Then we can perform the SMC design by ¢, achieving a robust system motion on the auxiliary sliding
manifold o, = 0. The original sliding mode will occur only by asymptotic convergence as ¢ + Ac = 0.
However, the control u will be a continuous function of time. By the application of the equivalent
control method, we can derive control v by, e.g.,

vt, 6,>0
v= “ (28)
v, 0,<0

where vt > ve; > v~ with the equivalent control ve; derived from the condition o, = 0, such that
0404 < 0[89,101]. Then, we can obtain the continuous control signal u, which is derived by the

integration of v:
u= f vdt. (29)

Thus, we can achieve chattering attenuation. However, if the discontinuous control in Equation (28) can
be implemented in practical systems, small oscillations will still occur [101]. Full chattering elimination
is possible by some smooth control. The price that is to be paid in this case is related to deteriorated
robustness.

In this paper, we utilize the asymptotic reaching law 0, = —Do,. Then, we may consider control v
consisting of the equivalent control and the other, which provides the attraction of the selected sliding
manifold:

U = Vg + Dog. (30)

The equivalent control v, requires complete information about systems dynamics, including model
uncertainties that are not known in practice. Therefore, we replace it with its estimated value Deq,
which is constructed based on a nominal model only, and the rest is considered unknown system
perturbation and disturbance. If we furthermore consider Equation (29), then the control u is derived
as follows:
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u = ﬁeq + Dfo—adt (31)

This control law has two components. One represents the estimation of the equivalent control, which is
based on the available model knowledge. Another can be referred to as a robustifying control term
that involves the disturbance estimation and provides the convergence to the selected sliding mode
manifold. Some implications of the smooth control in Equation (31) are further discussed in [108].

Force Control

In order to design a robust force control for the system given by Equations (11) and (1), we define
the sliding variable in the dimension of acceleration:

O = ¥ — %5, (32)

where i is the so-called control acceleration. The design of the control acceleration is linked to a
specific control objective. In this paper, it is derived from the desired impedance relation (Equation
(21)) as follows:

c "=t

X
d
My,

— ko, (33)

where k, = b%,/md, is an arbitrary chosen velocity feedback gain required for realization of the
closed-loop damping, if necessary. Note that, in sliding mode o, = 0, thus we may consider ¥ = x°.
Then we can derive from Equation (33):

mix+vix=f - f, (34)

and the resulted impedance transfer function matches Equation (21).

We design the robust control law following the SMC design procedure presented in the previous
subsection. We consider f, in Equation (11) as the system control input in force dimension, and then
define the auxiliary control signal u in the acceleration dimension as

Yo

— (35)
In the following, we combine Equations (11) and (32) to yield
Cd
- (= = —Da,.
u dt( = +X) 0, (36)
Now, we seek a control signal u such that its time derivative will fulfill Equation (36). It can be derived
as follows: et
.. +
u—xc+M—Dfaadt. (37)
M

In this case, the control signal u resolves Equation (36) perfectly. However, u assumes knowledge of
the unknown disturbance force f%*, and the external force f, must also be taken into account. They
may be dropped from the control due to the robustifying control term, which, we assume, is able to
provide their effective estimation. The next consideration is related to the acceleration signal, which is
considered unavailable in most practical control applications; however, it is contained in the definition
of the sliding variable g,. Since the robustifying control term in Equation (37) is computed by the
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integration of ¢, it may be resolved in such a way that the necessity for the acceleration measurement
simply disappears. Then, the control u can be redesigned such that it finally yields the force control f:

fn = mm[x n D( (- x)] (38)

where the control acceleration x° is given by Equation (33).

The control law proposed in this paper is given by Equations (38) and (33). It is a
two-degrees-of-freedom control architecture. The control acceleration from Equation (33), along
with the parameters m4, and b%, of the desired impedance, are related to force control. The robustifying
gain D from Equation (38) is related to disturbance suppressing, such that the acceleration sensitivity
transfer function can be derived as follows:

s
S —
GLI(S) - s+ D/ (39)
and the acceleration dynamics can then be written as
B e fh + fdist
x=x -G (s) /. (40)
m
If we further consider the force control given by Equation (33) and
fn = Znx, (41)

where the human impedance Zj, is given by Equation (1), then it is easy to derive the closed-loop
transfer function such that it reads as
Zp(s)
Gs(s) = — (42)
(miys? + bjs) + (14 52G5(s)) Z(s)

and the force sensitivity transfer function is

m
G (s) = TGy (5)Gi ), @

m

such that output force in the Laplace domain reads as
mé ;
Fi(s) = G7(s)| F'(s) =~ Gy(s)F™ (s) | (44)
m

In an ideal case, if the robustifying term in Equation (38) rejects the disturbance perfectly and
compensates for the external force such that g, = 0, then x = % may be adopted. Thus, the internal
control loop may be considered as an acceleration controller. Furthermore, G f(s) converges to the
ideal transfer function described by Equation (22), and G%(s) — 0, then the interaction force can be
regulated by the desired impedance (Equation (21)). The control block scheme, which additionally
includes generation of reference force by the haptic patterns, is depicted in Figure 9.
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Figure 9. The control block scheme of the haptic interface.

2.5. The Experimental System

The experimental system of the haptic interface for the power lever is shown by the photo in
Figure 10. It is designed as a back-drivable impedance type kinesthetic haptic interface with a linear
working range of 150 mm. The proposed closed-loop control algorithm requires the external force
information. Conventionally, it can be provided by a force or a torque sensor. Alternatively, it can be
obtained by the observer-based approach [42,107,145-152]. The latter requires a precise mechanical
design, and, furthermore, it cannot compensate for modeling errors and uncertainties that, in sequence,
impairs haptic fidelity. Therefore, we employ a force sensor, which is mounted in the handle of
the manipulandum. Furthermore, in order to provide rendering of high-fidelity haptic patterns,
we additionally apply a precise position encoder.

handle with
force sensor " motor forcer

LINEAR DRIVE

~ X ante&‘e&nector‘sm
- =

Figure 10. The photo of the experimental haptic interface for power lever.

The main components of the system are: (i) A cogging-free linear brushless servo motor
Dunkermotoren STB1116, which consists of a motor forcer and a magnetic rod; it can produce
a continuous stall force of ca. 20 N; it is driven by the servo amplifier Copley Controls Accelnet Micro
Panel ACJ-055-18-S configured in the current control mode, (ii) a linear position encoder Renishaw
VIONiC+RTLC20, which consists of a linear scale and a reading head; it can provide 0.1 um position
resolution, (iii) A Burster 8511-5020force sensor with Burster amplifier 9235 was used to measure the
applied force by a human hand on the lever handle, and (iv) a haptics controller based on the digital
signal processor TI TMS320F28335. A detailed description of the in-house designed haptics controller
can be found in [153]. All the control components are placed in the control box below the linear drive.

The connection scheme of the experimental haptic interface is shown in Figure 11. The force
sensor, which is mounted in the lever handle, is connected to the haptics controller by a 12-bit analog
input via a low-pass analog prefilter with a cutoff frequency of 200 Hz. The position is measured with
a precise linear position encoder, which is connected to the dedicated digital quadrature decoder input
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of the haptics controller. The velocity is estimated from the position counts by the MT method [154].
In order to remove the residual noise, the estimated velocity is filtered by a discretized version of the
fast low-pass first-order filter given transfer function G, (s) = 1/(ts + 1), with t = 1 ms. The control
algorithm is executed on the haptics controller at the sampling period of Tssup = 0.1 ms. The haptics
controller also provides the haptic patterns, which output the reference force trajectory. The control
output of the control algorithm is converted to the reference current for the servo amplifier, which is
transmitted to the servo amplifier by a digital PWM signal. The servo amplifier powers the linear
motor, which is mounted on the drive frame with bearing rail.

force.| Haptics | position

controller

ref.
fOrCe current

B Sensor -Torce +
p— = servo
\V’/f'//_ 4 amp'
T lever X 1
drive f with —
rve irame handle linear servo motor

with bearing rail > motor forcer magnetic
It T ;]4 = mdj
r E 7y 11
[ I‘T

_ linear scale reading head
linear incremental encoder

- pos+

Figure 11. The experimental haptic interface connection scheme.

3. Results

The experimental results shown in this paper aim to verify the proposed control design with the
back-drivable impedance haptic interface. In more detail, objective of the experimental verification is
to test, if it is possible to provide high-fidelity rendering of the spatially defined haptic patterns by the
control algorithm, which has been derived by the chattering-free SMC approach based on the rather
simple control plant model. The control algorithm should robustly reject all the model uncertainties
and perturbations. Moreover, it should provide good following of the actual force to the reference force
trajectories generated by the haptic patterns, i.e., it should provide minimal force error. Nevertheless,
the experiments should confirm the enhanced implementation of the control algorithm, and the haptic
patterns” algorithms designed for natural feel, especially of the friction haptic pattern.

The experiments were conducted such that the operator performed movement forth and back of
the haptic interface lever holding its handle firmly by hand. During motion at moderate to relatively
high speed, the control system generated a selected haptic pattern. We mainly observe the movement
velocity, the reference and actual force, and the force error, and thus experimentally tuned the control
parameters. We use the force error trajectory to evaluate the control performance. It should provide
well-damped error response with lowest possible magnitude. Furthermore, the operator feel was also
considered in the design of the haptic patterns” parameters.

We tune the control parameters of the control algorithm given by Equations (33) and (38). We focus
on the robustifying gain D, and the desired mass m¢,, and the other control parameters are fixed.
In tuning of the control parameters, we consider the following principles. The robustifying gain D
adjust robustness of the inner control loop. Higher the value better is robustness. However, in practice
this parameter’s value is upper bounded due to the factors such as neglected parasitic dynamics,
measurement noise, and discrete control implementation. Thus, the optimal value, which shall provide
good disturbance rejection while maintaining oscillation-free response, is to be decided experimentally.
In case of the desired mass m4,, we consider that the lighter the haptic interface moving part, the better
the force following. Thus, the desired mass is to be lowered as much as possible. However, similarly
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as in case of the control parameter D, its value is lower bounded in practical feedback control systems.
Therefore, the optimal value should be determined experimentally such that we provide lowest possible
force tracking error while maintaining oscillations free response. The values of the control parameters,
which apply in the shown experimental results, are written in Table 1.

Table 1. The control parameters.

Parameter Value Unit
My, 1.8 (kg)
D 100-1000 (s™H
mé, 1.8-0.5 (kg)
b, 0 (Ns/m)

The nominal mass inertia of the system m,, was estimated based on a CAD model of the real
system. In our experiments, we emphasized high-fidelity haptic rendering, thus we set b, = 0, since
otherwise it adds an additional damping in the force feedback, which is undesired if it is not required
for closed-loop stabilization.

The parameters’ values of the applied haptic patterns were determined experimentally in order to
obtain good and natural-like feel, as decided by the human operator. The general force level was 10 N,
and other parameters specific to certain haptic pattern were as follows:

e  Friction: F, =10N, F;, = 102N, b, = 0 Ns/m, 6v = 5 mm/s, and K,; = 10 N/mm;
e Bump: ana" =10N, Py = 75 mm, and w, = 4 mm;

e  Graininess: F?‘ax =10N, and we = 4 mm.

We present the experimental results as follows: Firstly, we show the results of tuning of the
robustifying gain D of the internal control loop, which should remove the system disturbance (friction,
external force, etc.). The reference force was generated by the CRF haptic pattern (Figure 12), and the
friction force pattern (Figure 13), respectively. The diagrams in Figures 12 and 13 show the following
traces: (i) The top diagram depicts velocity (blue line), (ii) The diagram in the middle depicts the
reference force (green line) and the measured force (pink line), and (iii) The bottom diagram depicts force
error (pink line). The results show an effective disturbance compensation. This is best demonstrated at
velocity reversals when the own friction of the mechanism changes its sign rapidly. Though some force
error can be observed at the low value of D = 100 rad/s, the force error practically disappears at the
high value of D = 1000 rad/s. Further increase of the gain value leads gradually to oscillations in the
force response. The error peaks remain when the force reference changes extremely rapidly, especially
in the case of step changes in the CRF.

Secondly, we show the results of tuning of the force feedback gain given by the desired mass m,
of the outer control loop, which should lower the force error in general. Here, the reference force was
generated by the bump haptic pattern (Figure 14), and the graininess pattern (Figure 15), respectively.
The diagrams of Figures 14 and 15 show the traces similar to Figures 12 and 13: (i) The top diagram
depicts velocity (blue line), (ii) The diagram in the middle depicts the reference force (green line) and
the measured force (pink line), and (iii) The bottom diagram depicts force error (pink line). We can
observe good force following the highly dynamic reference trajectory, especially at the low value of the
desired mass (m, = 0.5 kg), i.e., at the apparent light-weight haptic interface. Further decrease of this
parameter led gradually to oscillations in the force response.
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Figure 12. The control response at the CRF (m% = 1.8 kg): (a) D =100 rad/s, (b) D = 1000 rad/s.
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Figure 13. The control response at the friction force (m‘,in = 1.8 kg): (a) D =100 rad/s, (b) D = 1000 rad/s.
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Finally, Figure 16 shows the control results with the optimal control gains found by the previous
tuning procedure (D = 1000 rad/s, m%, = 0.5 kg). Here, the reference trajectory is given by the CRF
haptic pattern (Figure 16a), and by the friction force haptic pattern (Figure 16b). The diagrams of
Figure 16 show the following traces: (i) The top diagram depicts velocity (blue line), (ii) The diagram
in the middle depicts the reference force (green line) and the measured force (pink line), and (iii) The
bottom diagram depicts control force, i.e., the force should be generated by the motor (scarlet line). We
can observe almost excellent force tracking, with some short interval oscillations at the step changes in
the case of the CRF. The bottom diagram illustrates the motor force. It involves several components:
(i) The force component, which opposes the human arm, thus, this relates to the negative reference force,
and (ii) The force component that should compensate own friction in the mechanism, which changes its
sign corresponding to the velocity sign. The dynamics related to the last component are, interestingly,
demonstrated on Figure 16a in the case of CRF in the time intervals 2-3 s, and 6.5-7.5 s, respectively.
Here, the motion is very slow, about zero velocity, but its direction fluctuates; however, the measured
force remains very close to the reference that demonstrates clearly the effectiveness of the proposed
control algorithm designed by the SMC approach.
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Figure 16. The control response with the optimal control gains (D = 1000 rad/s, m%, = 0.5kg): (a)
Constant return force; (b) friction force.

4. Discussion

The shown experiments verified clearly the proposed control algorithm designed by the SMC
approach. Chattering free operation has been proven by practical experiments. Fair robustness
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performance has also been demonstrated. The key parameter is the robustifying gain of the internal
control loop, whose job is to desensitize the closed loop to disturbances. Higher value of the gain
assures less influence of the disturbance and faster asymptotic dynamics of the disturbance rejection.
However, an upper bound of the gain value is limited in practice—it is typically adjusted as high as
determined by the stability of the interface. Note that a high control rate and the quality of the velocity
estimation are highly important in this issue. Thus, the advanced MT velocity estimation with minimal
phase lag contributes to the relatively high robustness shown in the experiments. Furthermore, the
proposed force control with the enforced desired impedance has provided a lightweight and almost
friction-less mechanism appearance in the free drive mode with no haptic pattern activated. Thus, the
force error was rather low at the optimal control parameters’ values, as shown by the experiments.

In our control setup, we applied a force sensor for acquiring the applied human force. An
alternative approach could be force estimation by some external force observer, which decreases cost
and simplifies the mechanical design significantly. However, this approach requires the availability
of an accurate system model to compensate for undesired force components. Accuracy of the force
estimation is dependent upon the model employed. Any errors in the model would appear as a
part of force estimates from the observer. If a considerable friction is present in the haptic interface
mechanism, then the satisfactory model is hard to obtain, since friction is a complex phenomenon, it is
non-linear, and the model parameters may be subject to changes during the operation. If friction is
not perfectly compensated in the external force observer, then it impairs performance of the haptic
interface and haptic fidelity is deteriorated. The same is true if other force components related to
system model uncertainties cannot be well compensated. Thus, in our design, we have employed the
force sensor instead of the attractive and promising force observer solution. However, with an effective
on-line identification algorithm optimized for real-time processing at a high control rate, which could
provide, e.g., both dynamic and static friction components accurately, one could benefit significantly
by removing the force sensor from the system design in such a high-fidelity application. Thus, future
research in this direction is highly desired.

The designed haptic patterns have been rendered by the haptic interface as it has been demanded.
The friction algorithm requires a precise position measurement and precise and smooth velocity data.
On the other hand, the bump pattern and the graininess pattern are defined spatially; however, during
the practical operation, the corresponding reference force trajectory is generated in a time domain that,
even at normal human arm speed, may produce relatively high-frequency components in the produced
signal. Rendering of haptic patterns such as graininess and bump with the frequency components
beyond the bandwidth of the closed-loop force control cannot be optimal. However, our control
design demonstrated rather good performance in rendering dynamic haptic patterns. Yet, larger
force tracking error in overspeed occurred, as expected, e.g., if we doubled the speed from 50 mm/s
to 100 mmy/s, then force following was slightly deteriorated at the graininess pattern and the bump
pattern; however, this only means slightly lower level of haptic fidelity, the force feedback that was
felt remained similar. Similarly, in step change of a CRF haptic pattern, slight transient oscillations
occurred at the so-called optimal control parameters” values. Such step change is simply too steep
for such control setup. Besides, such step change is not optimal for human haptic perception as well.
Therefore, it should be adapted suitably. In the future, the proposed haptic patterns should be fine
tuned by a proper psychophysical evaluation in a real environment.

The capabilities of a human to grasp are extremely versatile. We can distinguish different kinds
of grasp: a power grasp, a strong power grasp, a weak power grasp, etc. The human impedance
also adapts accordingly. We performed numerous experiments in which it was impossible to provide
exact repeatability of human arm postures, muscle contractions, and grasps, all of which affect the
human arm impedance, which is involved in the control loop. However, the control results with our
back-drivable haptic interface were always very similar, with good performance. Thus, relatively high
robustness to variable human arm impedance was also demonstrated in our experiments, which proves
the effectiveness of the implemented control algorithm. Nevertheless, in order to improve the control
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performance further, alternative human modeling approaches allowing better representation and
prediction of the human operator response such as described in [155,156] may be considered.

5. Conclusions

The haptic power lever has been designed conceptually, in order to communicate relevant
information of the aircraft hybrid electric powertrain system to a pilot via human haptics. It enables
the pilot to add/drop power of the propeller, and it generates feedback information by force feel with
the pilot’s hand on the control lever. Thus, the information can be transmitted without requiring the
pilot’s visual attention; however, hand-on-stick is a required mode of operation in this case. The lever
can warn the pilot of the powertrain status, thus enabling a timely pilot response. It contributes to
easy and safe use, and promotes efficient energy use. In this paper, we have focused on the control
design that is an important issue for high haptic fidelity. The presented experiments demonstrated
high effectiveness of the proposed control algorithm and high-quality rendering of the designed haptic
patterns. In the future, the haptic power lever shall be designed for practical implementation in the
target aircraft and tested in a real environment.
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