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Chapter 1

Introduction
1.1

Cardiovascular diseases

Diseases of the heart and circulatory system (cardiovascular diseases or CVDs) are the
main cause of death worldwide [70]. CVDs can result in strokes, heart attacks and
heart failure. Treatment options for CVDs are pharmacological and surgical.
Pharmacological approaches are typically the first course of action in treatment,
but are frequently ineffective [25] and/or cause significant side effects [29].
Surgical procedures can be divided in traditional sternotomy procedures and minimal invasive catheter-based procedures [82]. Sternotomy is a type of procedure where a
vertical incision is made along the sternum, after which the sternum itself is “cracked”,
as illustrated in Figure 1.1 (a). Often such procedures require cardiopulmonary bypass [13], and therefore, are associated with significant morbidity [52]. Catheter-based
procedures can in many cases accomplish a similar job with reduced recovery times
and improved clinical outcomes, compared to sternotomy procedures [82].
(a)

(b)

Figure 1.1. Invasiveness of sternotomy(a) vs catheter-based(b) procedures[66]
In catheter-based procedures, a hollow tube called a catheter is inserted into a
sheath; an entry port into a large blood vessel which leads to the heart, as denoted with
an arrow in Figure 1.1 (b). The procedure only requires a small incision. Catheters
can both be used for diagnostics [26] and interventions [90]. With success-rates of
procedures higher than 90%, the catheter is an attractive alternative to a lifetime of
medications [15].
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Advancing minimal invasive surgery

Unfortunately, there is a limit on the procedures that can be performed in minimal
invasive surgery. As a consequence, sternotomy based procedures are still common.
Catheter-based minimal invasive interventions reduce recovery times, leading to costeffective and patient-friendly surgery. To allow more minimal invasive procedures,
further catheter innovation is required.
The first diagnostic catheter-procedures were performed in the 1940s [8], using
catheters that are stiff in longitudinal direction while having a low value of flexural
rigidity. The latter allow the operator to shape the catheter to the patient’s vascular
system, while still being able to advance (push) the catheter towards the heart. The
catheters are equipped with a soft tip, to prevent vascular lumen damage during navigation. Further, the shape and stiffness properties of the tip are designed for a specific
procedure, the dimensions of the vascular system, and the chosen access path, e.g.,
transfemoral (entering at the groin) or transradial (entering at the wrist).
In the late 1970s, there has been considerable progress in the development of the
catheters, leading to the first steerable catheters [8]. Where the first catheter intervention (catheter-based surgery) was performed in the late 1960s [53], steerable catheters
were an important step to allow more advanced procedures to be performed minimal
invasive, e.g., ablation, as first performed minimally invasive in 1981 [53].
Current day commercially available actuated catheters typically use a pull wire
system to bend the catheter tip in a single direction [45]. The wires run through the
length of the catheter shaft to provide pulling force to the tip and deflect the catheter,
requiring the shaft to be stiff in longitudinal direction [61, Chapter 6]. It is observed
that the general challenge in catheter steering lies in increasing the motion possibilities
in multiple planes [3].
Catheters with multi-directional steering mechanisms are available [20]. However,
for every added directionality, additional pull wires are placed, increasing both the diameter of the catheter and the required pulling force. As a consequence, such catheters
require machines to deliver the pulling action (instead of a handle with a lever). Further, due to the increased diameter, the catheters are only suited for large vascular
systems [13] and are more traumatic [100].
Precise positioning of the catheter tip inside the heart remains one of the main
challenges in advancing catheter based surgery [3]. Due to the relatively large diameter
of current multi-directional steering mechanisms, and restrictive maneuverability of
traditional catheters, there is a limit on the procedures that can be performed by
catheter-guided minimal invasive surgery [22, 35, 71].
By using electrical actuators, there is no need to move objects (wires) through the
entire length of the catheter. As a consequence, the catheter can be more flexible and
possibly thinner. Further, independent steerable segments become possible, allowing
more complex catheter paths and better alignment. Summarizing, improved steering
mechanisms with limited radial dimensions are key to allow for more advanced procedures to be performed by catheters, and thereby, advance minimal invasive surgery.

1.3 Steering mechanisms with limited dimensions

1.3
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Steering mechanisms with limited dimensions

Classically, actuator mechanisms of catheter systems apply force and stroke externally.
The external movements are mechanically transmitted to the tip of the catheter. Actuators that allow to be incorporated in a catheter system, should be very restricted
in radial dimension while being able to apply significant force and stroke, to allow the
typical maneuvers used in catheter-guided surgery. Only active material actuators are
considered, as these can be manufactured in such small size [40].
10 0

Mechanical / Thermal SMA

10 −1

Magnetostriction
10 −2

Magnetic SMA

10

−3

10 −4
10 −5

Piezo

Electrostrictors
Piezopolymer

10 −4

10 −3

High Strain Piezo

10 −2

10 −1

−

Figure 1.2. Maximum specific actuation stress vs actuation strain for active
materials [65]
In Figure 1.2, it can be seen that Shape Memory Alloy (SMA) has a larger actuation
strain, and hence a higher stroke, compared to other active materials. Additionally,
when SMA is actuated thermally or mechanically (by applying load), the actuation
stress, and thus force, is significantly larger than from other active materials. Note
that these properties are of interest to most robotic systems that are required to have
limited dimensions (referred to as small-scale robotic systems in this thesis).
In short: when considering similar dimensions and actuator structures, SMA outperforms all other active materials in terms of stroke and force. The latter are the
main performance criteria for actuators in a catheter system [13, 101].
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SMA-based steering in catheter systems

In order to allow miniaturization of the steerable catheter systems, while maintaining
high bending angles and high actuation forces, thermally activated SMA is selected as
the most suitable candidate actuator type. It should be noted that there are several
types of SMA. The most common SMAs are Ni-Ti and Cu-Al-Zn alloys [73]. The work
presented in this thesis can be applied to both these alloy-types.
Actuator implementation can be based on a wide variety of shapes. For instance
coil structures can be implemented to increase the stroke of the actuator [32], having a negative impact on the cross-section area of the actuator, that will significantly
increase. In this thesis, alike other works considering SMA actuation in catheter-like
systems [14, 101, 103], wire actuators are used. By this design choice, the form factor of
the catheter is similar to current steerable pull-wire catheters, allowing standard manufacturing techniques to be used. Additionally, for SMA wires there are manufacturers
that deliver wires which have proven to exhibit the actuation effect in a reproducible
way millions of times [98]. The latter wires are developed by optimizing the percentage of Nickel and by a specific heat treatment. In particular the Flexinol Ni-Ti wires
exhibit predictable actuation behavior [96], and are therefore used in this research.
In SMA wire actuation, the wires are typically pre-stressed, as this increases the
stroke effect of the actuator. In [14, 101, 103], this pre-stress is obtained by an axially
stiff central structure. As a consequence, the forces that need to be applied by the wire
increase. To reach the bending angles required for catheter-guided surgery, the SMA
wires are required to have a diameter higher than 400µm. With such high diameter of
the wires, downscaling the dimensions of future systems becomes infeasible.
Classically, the main part of the catheter is created in a reflow process where
Polyether Block Amide is melted and extruded to form a tube shape with a hollow
center. For this research, the SMA wires are pre-stressed and the molten Polyether
Block Amide shrinks over the SMA wires. As a consequence, the wires are pre-stressed
without any further mechanical adjustments to the catheter. Prior to the reflow process, a thermocouple is attached at halfway the length of each SMA wire, allowing
real-time temperature measurement during actuation. The catheter-design is schematically depicted in Figure 1.3, where the gray segment is equipped with SMA actuators.
(a)
Flexible Part
(cross section)

(b)
Full Catheter
(sideview)

Hollow centre (for guidewire)
Diameter:
2.3 mm
SMA wire

Thermocouple
(for each wire)

Tip: 10.0 mm

Flexible Part: 60.0 mm

Flexible Part
(1 wire actuated)

Base

Figure 1.3. Design of the proposed SMA actuated catheter system
Using finite element analysis performed by Reden B.V., the optimal configuration
of the SMA wires is determined. The SMA wires are selected to have a diameter of
150µm and are symmetrically located with an in-between circular distance of 120◦ ,
and a radial distance of ≈ 600µm from the center of the catheter. It should be noted
that both the SMA wires [85] and Polyether Block Amide [30] are bio-compatible.

1.5 Problem formulation

1.5
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Problem formulation

SMA actuators have a high power density and a large stroke. They can be constructed
in miniature size and are bio-compatible. However, there are limiting factors hindering
wide adoption in a broader range of applications [11]. A large part of the community
[6, 93, 98, 104] considers the following main limitations:
1. Lack of an accurate generic model:
• “It can be concluded that each model addresses specific loading conditions
and presents limitations. In fact, no general model exists to date for SMAs.”
[6]
2. Slow actuation speed:
• “SMA actuators have generally been considered to have slow response due
to restrictions in heating and cooling.” [98]
3. Risk of overheating:
• “SMAs are in fact very sensitive to overheating” [104]
4. Hysteresis behavior:
• “The large hysteresis loop, as well as the nonlinear characteristic of the
phase transformations, also make SMA actuators difficult to control accurately.” [98]
Up to now, solutions to increase the actuation speed (limitation 2) either involve changing the temperature dynamics (e.g., by implementing water cooling [83], heat sinks [11]
or heat pumps [89]), or require to step away from the bare wire concepts and allow for
more complicated (reinforcement) structures [93]. Note that all the aforementioned solutions require additional features, which increase dimensions of the complete actuator
system.
The risk of overheating is typically overcome by applying limitations (bounds) on
the thermal power input applied to the system. While conservative bounds unnecessarily reduced actuation speed in earlier works [63], recent works prevent overheating
with minimal impact on the actuation speed [99]. Unfortunately, the later bounds are
only effective in specific loading conditions and cannot be applied to systems that could
possibly be disturbed by external loading (e.g., the forces applied by vessel walls in
catheter systems).
This thesis aims to overcome the main limitations in a more elegant manner, with
the general research challenge as follows:
Develop a model-based framework to push the current limitations of SMA
wire actuators to the physical boundaries, and thereby, allow application of
SMA actuators to a broader class of small-scale robotics.
In particular this thesis looks to control-solutions to allow faster, robust, SMA wire
actuation without changing physical properties of the actuator. It is the belief of the
author that:
1. by improving SMA models and addressing the physical underlying phenomena,
high performing model-based controllers can be constructed, and,
2. the hysteresis effect can be embraced and exploited in controller design.
In the next sections, the research challenges related to high performing control
of SMA wire actuators are analyzed in depth, and an overview is presented of the
contributions of this thesis.
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1.6

Towards high performing SMA wire actuators

Shape Memory Alloy (SMA) has shown to exhibit large recoverable strain while being
able to provide large stress [65]. These large strains are possible due to changes in
crystallographic structure, a temperature and stress dependent phenomenon [68].
Several crystallographic structures can be present in the material. The macroscopic mechanical properties of most of these structures are alike [9]. However, the
material that has the detwinned martensite structure has significantly different mechanical properties [9]. Conform terminology presented in earlier works [16, 17], the
symbol 0 ≤ ξn ≤ 1, is used for the fraction of material that does not have the detwinned
martensite crystallographic structure. This fraction directly relates to the stroke effect.

1.6.1

Model-based control

Strain 

In Figure 1.4, the temperature (T ) - strain () hysteresis curve for an SMA wire is
shown, where the stress is constant. In the left gray segment ( > C ) the material is
in detwinned martensite structure (ξn = 0), only thermal strain occurs. Likewise, the
right gray region (H ), relates to non-detwinned martensite structure (ξn = 1). It can
be seen that a major strain effect occurs in the white (middle) region; a strain effect
driven by transformation of the material. The latter is the large stroke effect inherent
to SMA actuation, an effect driven by changes in ξn , and suffering from hysteresis
behavior.
C

H
Temperature T

Figure 1.4. Schematic illustration of the strain versus temperature behavior
for a complete crystallographic transformation (and back to initial structure)
It is unwise to consider control structures that do not take into account the fraction
ξn . If the material is heated to within the right gray region, which is called the overheated region in this thesis, additional strain effects are small but require a significant
amount of additional thermal energy. When later the reverse strain effect is required,
first all this energy needs to be dissipated, strongly reducing the actuation speed of the
actuator. A similar reasoning can be applied to the left gray region, which is called the
overcooled region. It should be noted that the gray regions can also be reached without
altering the temperature, by stress-changes in the wire, as fraction changes are stress
and temperature dependent.
An intuitive way to prevent entering the gray regions is by designing a reference
signal such that the required strain is always C ≤  ≤ H (while assuming the controller
is not suffering from overshoot). However, in a practical case, where loading patterns

1.6 Towards high performing SMA wire actuators
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change, also the bounds C and H are changing. Hence, without addressing ξn in the
input design, this solution will not work in general.
Unfortunately, when states frequently enter the right gray overheated region, this
not only affects the actuation speed, it also causes a considerable reduction in fatigue
life of the actuator [6]. In previous works it is proposed to bound the thermal power
input by considering temperature-dependent or resistance-dependent bounds [63, 99].
As the underlying fraction transition behavior is both temperature and stress dependent, the proposed bounds are not rich enough to prevent overheating in a general case
with varying loading paths. By addressing this phenomenon and considering fraction
based input bounds, overheating can be prevented irrespective of the loading path.
This leads to the first contribution of this work.
Contribution I: Model-based overheating prevention
A generic fraction-based framework is proposed, that is able to prevent overheating and
overcooling. The model-based framework is not limited to specific loading conditions.
The overheating prevention framework addresses the saturated hysteresis behavior
inherent to SMA actuation. Clear performance limiting state transitions are automatically prevented by the framework, as is also experimentally demonstrated on an
SMA actuator set-up. However, it should be noted that the method prevents poor
performance, but does not guarantee high performance.
In order to push performance further, a controller needs to be designed that is
capable to deal with the inherent hysteresis effect of SMA actuators. Current methods attempt to make the controller robust for the “unwanted” hysteresis (e.g., sliding
mode [4], adaptive control [55]), try to eliminating the “unwanted” hysteresis (e.g.,
inverse-based control [36]), or ignore the existence of the hysteretic behavior (linearization [51]).
In the next contribution, the hysteresis effect of SMA actuation is embraced and
exploited. Consider the simplified hysteresis curve depicted in dotted lines in Figure 1.5 (a), where the strain  is plotted on the vertical axis and the temperature T on
the horizontal axis. The reference trajectory is depicted in black in Figure 1.5 (b).
The initial state (at  = 0 ) is denoted with a cross (×). The strain is requested to
decrease to 1 , after which a stationary output is requested. Last, the strain increases
back to 0 . Classically, the system would be excited to move to the circle (◦). After the
stationary phase, the system moves from the circle to the cross. As a lot of thermal
energy needs to be removed, due to the significant required change in temperature,
the actuation speed is limited, resulting in poor tracking behavior, as is plotted in
Figure 1.5 (c). However, when the system first moves towards the circle state and
uses the constant  phase to cool down to the square (), significantly less energy
needs to be removed to move back to the cross. As a consequence, tracking behavior
is drastically improved, as is plotted in Figure 1.5 (d). In other words, by taking
advantage of the effect that several inputs result in the same output, actuation speed
can be drastically improved. Note that multiple existing control methods can be used
or adapted to allow optimal control while taking into account physical constraints of
the system. In this thesis an explicit choice is made to optimize the reference signal
(Reference Governor) rather than the control input (Model Predictive Control). A
reference governor does not utilize the output signals, and as a consequence, it cannot
destabilize the system [60]. The typically switching non-linear nature of hysteresis

8

Chapter 1. Introduction

models, as well as the debate on model accuracy, make implementation and stability
proofs challenging for model predictive control frameworks [60]. The reference governor
proposed in this thesis, exploits the fact that an identical output can be obtained at
various system states, and is the second contribution of this thesis.
Contribution II: A reference governor for hysteretic systems
A reference governor is developed, that allows to exploit the hysteresis effect in an
optimized fashion.
The reference governor is experimentally validated on an SMA actuator with 1
degree of freedom, tracking error is significantly improved (an RMS error reduction of
over 80%). However, overshooting is observed.

0
1

Strain 

(b)

Strain 

(a)

0
1

Time t

Temperature T

0
1

Time t

Strain 

(d)

Strain 

(c)

0
1

Time t

Figure 1.5. The black line in (a-b) denotes the reference trajectory as a
function of temperature T in (a) and of time t in (b). The states are moved
towards the ◦-state. By using the following period of constant  to already
dissipate the thermal energy (by moving to the -state), a significant increase
in tracking performance can be achieved. The black line in (c) denotes the strain
as a function for time t for a classical feedback controlled framework (where the
constant  phase is not taken advantage of). The black line in (d) denotes the
proposed method, where the constant  phase is used to move to the -state,
resulting in a significant improvement in tracking behavior.
The major hysteresis loop, as depicted in dotted lines in Figure 1.5 (a), is partly
followed by the reference trajectory. Before full transformation of the crystallographic
structure, the strain is increased again, resulting in a smaller loop with only partial
transformation, the latter is called a minor loop in this thesis. The idealized minor
loops depicted in Figure 1.5, are not observed in practice. A more realistic curve is
depicted in Figure 1.6 (a). The output for such case using classical control structures
is shown in (c), where the output of the proposed reference governor is shown in (d).
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Figure 1.6. The hysteresis loop in (a) is a more realistic hysteresis pattern,
where the strain is not constant in the minor loop. The identical reference
signal of Figure 1.5 is considered (b). Due to the more complex minor loop an
overshoot is required to move from ◦ to , as is clearly visible in the close-ups
in (a,d). The output for classic control structures is shown in (c), whereas the
proposed framework results in the output in (d). For a single-actuator case, an
overshoot is required to exploit the hysteresis effect.

It can be seen in Figure 1.6(d), that using the constant  phase to move to  still
improves the performance. However, the performance increase requires overshooting
behavior, as is best visualized in the close-up provided in Figure 1.6(d). When an
SMA actuated system has more actuators than degrees of freedom, other actuator(s)
can compensate for the overshoot behavior, allowing for the additional performance
without the unwanted overshoot behavior. This leads to contribution III, where the
reference governor is implemented in simulation to the over-actuated robotic catheter
system.
Contribution III: Implementation of reference governor to over-actuated
micro-robotic systems
Steering of a robotic catheter in fast medical (ablation) surgery is simulated, where a
reference governor is used to automatically take advantage of the over-actuated properties of the catheter. The latter allows exploiting of the hysteresis without unwanted
overshoot in the tracking behavior.
The reference governor adapts the reference signal such that the hysteresis effect is
optimally exploited while taking into account physical constraints of the actuator. In
turn, this reference is sent to the closed-loop system. Assuming the overheating prevention (contribution I) is also applied, no damage can occur to the system even in a case
of a poorly designed feedback controller. The proposed structure is depicted in Figure
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OP
Overheating
Prevention

r(t)

Reference
Governor

RG

PI Controller Cf b

KP
r∗ (t)

u(t)

1
s

KI

u∗ (t)

SMA Actuator γ

1.7. As the dominant dynamics in SMA actuation is caused by thermal dynamical
effects, a linear PI controller is used for feedback to regulate the fraction. Considering
the input is constrained by the overheating prevention mechanism, anti-windup with
time constant τ is additionally implemented [5].

z(t)

−
1
τ

Figure 1.7. Proposed control structure, including the reference governor (RG)
to exploit the hysteresis and Overheating Prevention (OP) to prevent overheating of the actuator.
It should be noted that the PI controller is still acting in closed loop on a highly
non-linear system. For linear systems, there exist powerful (frequency domain) techniques to design stabilizing, robust controllers with guaranteed performance. Unfortunately, for nonlinear systems, such techniques are non-existing, unnecessary conservative and/or only valid for a class of systems [56].
For now, it is assumed the non-linear system γ can be considered as an input nonlinearity fh (t), followed by a linear system HL (a Hammerstein system [19]). An (approximate) inverse of the input nonlinearity fˆh (t) can be applied as a pre-compensator.
In case of an exact inverse, there is a linear mapping between the input to the cascade
system and the output of the system, as is schematically depicted in Figure 1.8. As a
consequence, linear control techniques can be applied.
u∗ (t)

HL

γ
fh−1

fh

HL

z(t)

Figure 1.8. Schematic illustration of inverse based pre-compensation to nullify
non-linear effects for Hammerstein systems. Applied to a non-linear system γ
with input hysteresis non-linearity fh .
The idea to model input hysteresis non-linearities and applying an inverse to precompensate in feedback or feedforward is not new to SMA actuators [44, 91]. In these
works, the inverse of the model is applied to pre-compensate the system. Quality of
the compensator is assessed by checking if there is an identity mapping between u(t)
and z(t) [62], or by looking at the closed loop error [86]. However, such methods do
not provide means to identify whether, nor how much, of the nonlinear behavior is
nullified, and thus, whether it is feasible to use linear control design techniques.
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By applying a method from the system identification community [76] to the cascade
of the inverse model and the actuator, a measure is obtained to assess the ability of
the pre-compensator to nullify non-linear behavior. The latter analysis is irrespective
of the feedback controller, and can justify or revoke the use of linear controller design
techniques. This leads to the fourth contribution of this work.
Contribution IV: A frequency domain framework to evaluate quality of nonlinear compensation
By applying multisine excitation to the cascade of a compensator and the non-linear
system, the nullifying behavior of the compensator can be analyzed. The method is
demonstrated by comparing pre-compensating behavior based on distinct types of invertible hysteresis models (the Duhem model and the Generalized Prandtl-Ishlinskii model).
It should be noted that this analysis can be performed on all PISPO systems
(systems that respond periodically on a period input, with the same period as the
input) [76]. Hence, it is not required that the system is a Hammerstein system, nor is
that an assumption made in this thesis.
Feedforward

r(t)

RG

r∗ (t)

e(t)

κ−1
Cf b

fˆh−1

u(t)

OP

u∗ (t)

γ

z(t)

−
τ −1

Figure 1.9. Combined control structure, with reference governor RG, feedback
and feedforward control. The overheating prevention OP (gray) is not altering
the signal when other components are well designed. As a consequence,
the
 
feedback controller Cf b acts on a dominantly linear system γ fˆh−1 · .
Using Contribution IV, it can be concluded that inverse based compensation results
in a dominantly linear mapping between u(t) and z(t). This information allows for application of linear techniques to design the controller. Furthermore, for the frequency
spectrum typically contained in the reference signal, the magnitude
map of this
 linear 
ping is approximately constant and equal to κ. Consequently, γ fˆh−1 κ−1 r∗ (t)
u
r∗ (t). Therefore, the pre-compensation is used both for feedforward and feedback control, as is depicted in Figure 1.9. Further, the reference governor takes into account
physical constraints and the cascade of the PI controller and the inverse compensation
fˆh−1 guarantees accurate tracking. As a consequence, even in case of disturbances, the
overheating prevention is not expected to be active (i.e., u∗ (t) = u(t)). However, it is
always wise to implement the overheating prevention, such that unexpected behavior
cannot permanently damage the actuator.
The overheating prevention, the reference governor and the pre-compensation
analysis have been experimentally verified on SMA actuators (individually).
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Modeling for control

The methods presented in Section 1.6.1, prevent poor performance, and further, by
exploiting the knowledge of the hysteresis effect, facilitate a significant performance
increase. However, efficacy of the methods relies on the validity and quality of the
models.
In order to allow analyses of fraction models, they should be compared with a
benchmark, or ideally, the actually measured fraction. Physical models have been derived to estimate the fraction ξn [1, 88]. But these models are numerically involved and
only provide an accurate description for a material that has a homogeneous structure
[38]. (Partly) empirical models are therefore utilized in practice [9, 16, 49, 50, 68, 97].
However, as it is infeasible to measure the fraction ξn during SMA actuation, limited
model validation can be performed.
By taking advantage of measurable system properties, a physical model is derived
to estimate the fraction ξn . The framework specifically considers macroscopic behavior.
Note that the framework cannot be used for unknown loading patterns, as properties of
the loading-dependent behavior are used as model parameters. However, the framework
is valuable as a benchmark estimation procedure to analyze (more) generic fraction
models.
Contribution V: Physical modeling of macroscopic transition behavior
A physical model is proposed to estimate the fraction of transformed material ξn , without assuming a homogeneous crystallographic structure in the material.
It should be noted that the physical model (contribution V) requires knowledge on
the loading pattern as well as material characterization. There are a variety of empirical
models for SMA actuation that do not require such characterization. The latter would
allow for more straightforward implementation of models, e.g., model-based control
without requiring extensive characterization tests.
Unfortunately, the empirical models that best describe the SMA hysteresis behavior
are not robust for non-repetitive stress changes in the material [6, 16, 49]. When
SMA actuators are implemented in a catheter tip, stroke effects of the individual wire
actuators influence the stress state of the other wires. Hence, in the catheter, like most
practical SMA actuation applications, the empirical models will not give an accurate
fraction prediction due to external stress c.q. force influences.
As a last contribution, the parameters and inputs of the Duhem model [16] are
transformed. Thereby, the model becomes robust for loading variations.
Contribution VI: An empirical model that is robust for non-repetitive stress
variations
The relation between the Duhem model and the dominant transformation bounds is
utilized. By implementing the stress-dependency of the transformation bounds in the
parameters of the Duhem model, the model becomes generally applicable to SMA actuators, irrespective of the loading patterns during actuation.
An approximate inverse of the Duhem model exists [17], allowing the model to be
used for the control techniques introduced in Section 1.6.1.
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Outline of the thesis

In this Section, it is described how the research challenges formulated in Section 1.6
are related to the contribution and an outline is provided. The individual chapters of
this thesis are submitted for (journal) publication.
Chapter 2
R. Gaasbeek and B. de Jager, “Overheating Prevention in SMA actuation for generic
loading patterns”, submitted for journal publication.
Chapter 3
R. Gaasbeek, P. Aerts and B. de Jager, “Faster response by exploiting hysteretic behavior: with application to SMA actuators”, submitted for journal publication.
Chapter 4
R. Gaasbeek, R. Mohan and B. de Jager, “A frequency domain framework to evaluate
quality of linearization: with application to inverse-based control of SMA actuators”,
submitted for journal publication.
Chapter 5
R. Gaasbeek and B. de Jager, “Physical Modeling of Macroscopic Phase Transition
Behavior for Nickel Titanium Shape Memory Alloy (SMA) Wires”, ASME Smart Materials, Adaptive Structures and Intelligent Systems, vol. 1, pp. V001T02A003, 2017.
Chapter 6
R. Gaasbeek, R. Roijackers and B. de Jager, “Generalization of the Duhem model for
Shape Memory Alloy wire actuators”, submitted for journal publication.
Each of the chapters in this thesis is related to specific contributions. An overview
of these relations is provided in Figure 1.10.
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Chapter 3
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A reference governor for hysteretic systems.
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Figure 1.10. Overview of the thesis
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Research results beyond this thesis

During the course of the PhD project that has led to the presented results in this thesis,
several lines of research have been explored that have not been prepared for journal
publication.

First, extensive material characterization, including differential scanning calorimetry
and tensile testing, is performed on the SMA wire material used in this thesis. The
results are documented in [59].
Second, an experimental one dimensional SMA actuator set-up is designed and realized. Where an interchangeable SMA wire under uniaxial load is actuated by applying
current. Voltage, current, displacement and temperature can be measured. Further,
the loading pattern can be varied and the actuator can be submerged in water.
Third, linearization is applied on a fraction-dependent dynamical model [108]. Based
on the linearized model, a linear feedback controller is designed and its performance is
analyzed [7].
Fourth, stability of linear feedback control on the non-linear SMA actuator is assessed
using a data-driven method [2].
Fifth, several types of resistance-based fraction models are investigated and extended.
Polynomial extensions are proposed and thoroughly experimentally analyzed [39].
Sixth, the influence of Polyether Block Amide around the SMA wires is investigated.
In particular, the Polyether Block Amide layer around the SMA wires in the catheter,
acts as an insulator. Therefore, the influence of this insulation around the wires is
investigated both for cooling by air convection as well as for cooling in fluids. The
results are documented in [105].
Seventh, as part of the PhD an experimental SMA actuated catheter system is placed
in the laboratory at the Eindhoven University of Technology. Hard- and software to
control the system are designed and realized.
Eight, the tracking algorithm developed to track the 3D orientation of the catheter
is documented in [31], with special attention to optimal camera placement and calibration.
Last, a non-linear model of the complete catheter system, including hysteretic SMA
actuators, is developed and documentated in [84]. By implementing the methods of
Chapter 6, the system model is valid for generic loading patterns [102].

Chapter 2

Overheating prevention for
generic loading patterns

Shape memory alloy based actuators rely on changes in the crystallographic structure
of the material. Typically, these changes are realized by applying thermal power to
the actuator. To allow for high actuation speed of the actuators high input power is
required. However, at the same time, the input power should be bounded to prevent
overheating of the material, as this results in a significant lifetime reduction of the
actuator.
The state-of-the-art bounds for SMA actuators allow high power inputs when there
is no risk of overheating, while automatically bounding the input power when fatigue
of the wire is at risk. Although shown to be effective, the bounds are not generically
applicable and require a known loading pattern.
In this Chapter, a novel overheating prevention methodology is presented, that is
based on estimation of crystallographic structure of the material. The method is minimal conservative and is effective irrespective of the loading pattern.

This chapter is based on:
R. Gaasbeek and B. de Jager, “Overheating prevention in SMA actuation for generic loading
patterns”, submitted for journal publication.
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2.1

Introduction



Compared to other active materials, Shape Memory Alloy (SMA) has a higher power
density and has a higher recoverable strain [40]. As a consequence, SMA-based actuators are an interesting candidate for steering mechanisms for small-size-robotics.
The highest power density is obtained using thermally activated SMA actuation
[65]. By applying an electric current to the material, the crystallographic structure
of the alloy changes, and the material shrinks. By cooling, SMA transforms back,
resulting in an elongation effect (the actuation stroke). There is a hysteretic relation
between input (electric current) and output (elongation). A major hindrance for adoption of SMA in a wider range of application is its slow actuation speed [11]. In order
to provide insight for the limitations in speed, a full back- and forward transformation
of SMA material is considered (also called a major loop). The elongation (strain ) is
plotted versus the temperature (T ) in Figure 2.1.
When the states are in the middle white region, a change in temperature can
provoke a relatively large change in strain (due to the crystallographic transformation
of the material). However, in the gray regions, only thermal strain occurs. Especially
entering the right gray region, has significant unwanted effects, as the cooling rate is
typically limited. A strain effect in the right gray region requires a significant change
in temperature, when later a reverse movement is required, a relatively large amount of
thermal energy needs to be extracted. This required extraction significantly reduces the
actuation speed. Note that a similar observation can be made for the left gray region
(called the overcooled region). However, as providing thermal heating is generally less
problematic as providing thermal cooling, especially the right gray region (called the
overheated region) should be avoided.

T
Figure 2.1. Strain versus temperature for a full crystallographic transformation (and back). Gray regions are the to be prevented overheating and overcooling states.
It should be noted that it is also possible to change the temperature rates to realize
faster actuation. For instance by implementing water cooling [83], heat sinks [11],
heat pumps [89] or by changing the shape of the actuator [93]. Note that all the
aforementioned solutions require an increase in size of the actuator and are therefore
often unwanted in practical applications.
One important additional reason to avoid entering the overheated region, is that the
SMA material is very sensitive to overheating [104]. Frequently entering the overheated
region results in a significant reduction in fatigue life [6].

2.2 Experimental set-up
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In previous work it is proposed to prevent overheating by considering bounds on
the input that are based on resistance [99] or temperature [63] measurements. As
the crystallographic transformations are both stress and temperature dependent, the
temperature of full transformation (the dotted lines in Figure 2.1) are different for each
loading cycle. Hence, current methods are not able to prevent overheating for generic
loading conditions (e.g., in practical application where external forces could be applied
to the system). It is proposed by the authors to use input bounds that depend on the
fraction of transformed material 0 ≤ ξn ≤ 1, this framework prevents both overheating
and overcooling irrespective of the loading pattern.
In this Chapter limitations of the existing methods to prevent overheating are
identified. Further, fraction-dependent input bounds are proposed, that prevent both
overcooling and overheating. The fraction-models are validated using a benchmark
estimator (more elaborately discussed in Chapter 5).
This Chapter is structured as follows. In Section 2.2 the used SMA actuator is introduced. In Section 2.3 the fraction estimation methods are introduced, identified and
analyzed. The limitations of current overheating prevention techniques are discussed in
Section 2.4. Thereafter, the proposed method is explained in Section 2.5. Experimental
results are provided in Section 2.6. Conclusions can be found in Section 2.7.

2.2
2.2.1

Experimental set-up
Bias spring SMA actuator

In order to analyze and validate models, this Chapter uses a bias spring SMA actuator. The actuator consist of an SMA wire strung vertically between a top pin and a
microspindle. The top pin is connected to a linear spring that is used to create a bias
force. The position of the top pin qt is measured contact-less by means of a laser sensor
(Baumer OADM 12I6430/S35A). The sensor is calibrated such that qt = 0 when the
wire is not tensioned. The microspindle setting is denoted qs and has influence on the
initial length, and thus, the pre-stress of the actuator. Furthermore, a thermocouple is
attached to the wire to determine the temperature of the wire. Heating is obtained by
applying a current to the wire (Joule heating), cooling occurs by natural convection.
The set-up is depicted in Figure 2.2.

2.2.1.1

Strain dynamics

The length of the wire can be determined by the measured top position where L =
Lc + qs − qt . Lc is the characteristic length of the set-up; the length between the tip
and the spindle in case of an uncompressed spring and a spindle-setting of qs = 0.
From the length the Green-Lagrange strain can be calculated:
=

1
2



L
L0

2


−1 ,

(2.1)

where L0 is the length at high temperatures and zero-stress. Following the equation of
motion, qt is dependent on σ:
mq̈t = σA + mg − ks qt ,

(2.2)
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where m is the moving mass, σ is the stress in the SMA wire, A is the cross-sectional
area of the wire and g is the gravitational constant. As the moving mass m is small
and q̈t is small compared to g:
mq̈t << mg ≈ 0 << σA ≈ ks qt .

(2.3)

Assuming a linear spring and constant A, the stress in the wire is equal to σ = ks qt /A.

laser sensor

qt

tip
spring

qt
SMA wire
copper wire

Lc

thermocouple
qs
spindle

Figure 2.2. Schematic illustration of the experimental SMA actuator set-up.

2.3

Fraction estimation

The large strain effect present in SMA actuators occurs due to a change in crystallographic structure. This phenomena is typically illustrated using a phase diagram. As
in Figure 2.3, where the gray regions denote the dominant transformation regions.
When considering stresses above a critical stress level σ > σf , and at relatively
high temperature, SMA is in austenite phase (the crystallographic structure is the
austenite structure). When the temperature decreases the structure transformes to

2.3 Fraction estimation
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Figure 2.3. Phase Diagram; a schematic illustration of the dominant transitions in SMA’s crystallographic structure.

the detwinned martensite structure. The majority of this transformation occurs in
region 1. When the material is heated again, the SMA transformes to austenite in
region 3. The transition only occurs if the states evolve in the direction of the arrows
in Figure 2.3.
Hence, transition from detwinned martensite to austenite occurs at a significantly
higher temperature than the reverse transformation; causing a hysteresis effect. At
lower stresses, also twinned martensite can be(come) present (striped region).
The mechanical properties of the structure detwinned martensite are significantly
different from the properties of other crystallographic structures [9]. Therefore, the
fraction of transformed material is of interest. For consistency purposes, the symbol
0 ≤ ξn ≤ 1, is used for the fraction that does not have the detwinned martensite
crystallographic structure.
As discussed in Section 2.1, a model of fraction of transformed material is used
in the proposed method. In this Section, 3 fraction estimators are introduced. First,
an estimator that is used for model validation. Second, a model that is based on the
resistivity properties of SMA, and therefore, not dependent on the loading pattern.
Third, a generic hysteresis model that is modified to capture the SMA behavior for
loading patterns with loads above σf . A comparison of the models is made in Section
2.3.4.

2.3.1

Benchmark fraction estimation

In order to validate fraction models, the simulated fraction should be compared with
the actual fraction. As the fraction cannot be measured directly on the set-up, a
physical model is used to determine a benchmark fraction. The benchmark fraction
estimation method is derived in Chapter 5, where strain components (e.g., thermal
and elastic strain) are investigated and linked to material properties. From a mathematical description of these components a 2nd order polynomial is derived. By solving
this polynomial, an expression of the fraction is found. Following this procedure, the
fraction at each data-point can be determined by the following equation:
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√
b2 − 4ac
,
2a
a = − Hcur (En − Ed ),

ξB =

−b −

(2.4)

b =(Hcur + α(T − T ) −  + )(En − Ed ) − Hcur Ed ,
c =(Hcur + α(T − T ) −  + )Ed + σ − σ.
In (2.4), ξB denotes the fraction ξn , as estimated by the benchmark method. Ed
denotes the Young’s Modulus of detwinned martensite, En denotes the Young’s Modulus of alternative structures. α denotes the thermal expansion factor. Hcur , , T and
σ are physical properties that relate to the current loading pattern. The identification
procedure to find the values for the aforementioned parameters is discussed in Chapter 5. Note that the benchmark method is dependent on the current loading pattern.
In order to assure the overheating prevention method works for a generic case with
unknown loading patterns, other fraction estimators are used in implementations of
the input bounds. The benchmark estimator is solely used as a validation tool. Accuracy of the estimator is only investigated for stresses above σ > σf , which is equal
to σf = 95 [MPa] for the wire used in this thesis (see Chapter 6). Therefore, the
benchmark method is only applied when stresses are above σf .

2.3.2

Resistance-based fraction estimation

Models based of resistance rely on the fact that the resistivity of twinned martensite
and austenite are similar, whereas the resistivity of detwinned martensite differs significantly [72]. As a consequence, resistance-based methods are inherently robust for
occurrence of twinned martensite, and thus, can also be applied to low stress regions.
To introduce the resistance-based model, first consider that the resistance of an SMA
wire can be expressed as:
ρL
,
(2.5)
A
in which R denotes the resistance, ρ the resistivity, L the length of the wire and A the
surface of the wire. In case of SMA, the crystallographic transformations result in a
strongly varying electrical resistivity ρ.
R=

Originally, in [42] it was suggested to model the electric resistivity of SMA wires
as a linear summation of resistivities of each SMA material phase that was at that
time known to exist (there is no distinction between detwinned and twinned variants of
martensite in [42]). Later this model has been revised to models that include austenite,
twinned martensite and detwinned martensite. In [72] it is concluded that twinned
martensite and austenite have comparable electrical resistivity. Note that this last
finding allows for a notation that is only dependent on the fraction ξn . The electrical
resistivity is assumed to be:
ρ = ρn ξn + ρd (1 − ξn ),

(2.6)
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where ρd is the resistivity of detwinned material and ρn is the combined resistivity of
non-detwinned phases (austenite and twinned martensite), with corresponding fraction
ξn . The resistivity of detwinned and non-detwinned material is calculated by:
ρd = ρ0d + T

∂ρd
∂ρd
+σ
,
∂T
∂σ

(2.7)

∂ρn
∂ρn
+σ
.
(2.8)
∂T
∂σ
n
d
d
The parameters of the relations (2.7) and (2.8), being ρ0d , ∂ρ
, ∂ρ
, ρ0n , ∂ρ
and
∂T
∂σ
∂T
∂ρn
,
are
assumed
to
be
constant.
∂σ
Rewriting (2.6), an approximation ξR for the fraction ξn can be obtained from
measured data by:
ρn = ρ0n + T

ρ − ρd
.
(2.9)
ρn − ρd
The parameters that need to be identified for the resistance-based model are ΨR =
∂ρd
∂ρn
n
d
[ρ0d ∂ρ
ρ0n ∂ρ
].
∂T
∂σ
∂T
∂σ
ξR =

2.3.3

Extended Duhem model

The Duhem model in general form, that maps an input di to an output do , is described
by [74]:
d˙o (t) = f1 (do (t), di (t))d˙i+ (t) + f2 (do (t), di (t))d˙i− (t),
(2.10)
˙
˙
˙
˙
where f1 , f2 : R → R, di,+ (t) := max{0, di (t)} and di,− (t) := min{0, di (t)}.
The implementation used in this Chapter is the extended form (Generalization II
of Chapter 6), which makes use of the characteristic functions for SMA as proposed
in [16]. Classically in [16], the input is temperature and the output is fraction, by not
taking into account loading conditions, the robustness of the model is limited. In the
extended Duhem model, the input is chosen equal to di (t) = √ C2 T − √ 12 σ, with
2

C +1

C +1

C the slope of the region bounds in the phase diagram (Figure 2.3) and the output
do (t) = ξd = ξn − 1, the fraction of detwinned martensite. This modification enhances
robustness for load variations, as more elaborately discussed in Chapter 6.
Continuing the description of the model, the characteristic functions f1 and f2 map
a change of the input to a change of the output, and are described by:
f1 = n+ (di (t), do (t))g+ (di (t)),

(2.11)

f2 = n− (di (t), do (t))g− (di (t)).

(2.12)

with,
!
h− (di ) − do
n+ = max 0,
,
h− (di ) − h+ (di )
!
do − h+ (di )
n− = max 0,
,
h− (di ) − h+ (di )

(2.13)

(2.14)
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where h± are characteristic functions for fraction at the major loop and g± are the
slope functions of the minor loops (that occur for partial transformation). The Duhem
model for an SMA actuator, originally proposed in [16], uses characteristic functions
for the output (non-detwinned fraction) at the major loop (h± ) and the slope of the
minor loop (g± ):
!
d − µ 
1
i
±
h± =
1 + erf √
,
2
2σ±
∂h±
1
g± =
= √
exp
∂di
2πσ±

(di − µ± )2
−
2
2σ±

(2.15)
!
.

(2.16)

Note that the subscripts + and − denote the curves that are increasing and decreasing
in ξn , respectively. The slope functions are defined by a Gaussian probability density
function (PDF), with a mean µ± and a standard deviation σ± .
When the phase diagram is known, the remaining parameters that need to be
identified for the extended Duhem model are ΨD = [µ+ µ− σ+ σ− ]. Further ξD
is defined as the fraction ξn as estimated using the Duhem model.

2.3.4

Model comparison

In order to identify the resistance-based model and the extended Duhem model, 2 quasistatic data-sets with major and minor loops are considered. Data-set 1 is obtained using
the set-up and using a microspindle setting of qs,1 = 1.9 [mm], whereas data-set 2 is
obtained with setting qs,2 = 1.0 [mm]. Each data-set consists of Nd data points, and
the minimal stress in the major loop is equal to σ 1 = 129 [MPa] and σ 2 = 108 [MPa],
respectively. The corresponding stress - strain curves are depicted in Figure 2.4, in
black and gray respectively. Note that the stresses are above σf , allowing validation
with the benchmark method.

Figure 2.4. Stress versus temperature for data-sets (1) in gray and (2) in
black. Both data-sets contain of major and minor loops, but have significantly
different loading patterns.

2.3 Fraction estimation
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The parameters of the models are determined by minimization of the following cost
functions:
2
2 
P d 
VR (ΨR ) = N
ξ
(j)
−
ξ
(Ψ
,
j)
+
ξ
(j)
−
ξ
(Ψ
,
j)
(2.17)
B,1
R,1
R
B,2
R,2
R
j=1
and
VD (ΨD ) =

PNd 
j=1

ξB,1 (j) − ξD,1 (ΨD , j)

2

+ ξB,2 (j) − ξD,2 (ΨD , j)

2 
,

(2.18)

where the subscripts 1 and 2 refer to estimation based on data-set 1 and 2, respectively.
The minimization of the cost functions (2.17) and (2.18) is performed by the LevenbergMarquardt optimisation algorithm, which combines the large convergence region of the
gradient descent method with the fast convergence properties of the Gauss-Newton
method [67, 69]. Note that the SI base units are used in all analysis and experiments
presented in this Chapter, with the exception of stress σ, for which [MPa] is used. The
determined model parameters are equal to:
ΨR = [ 7.61 · 10−7 2.97 · 10−9 3.29 · 10−10
· · · 1.30 · 10−6 4.88 · 10−10 3.58 · 10−10 ],
ΨD = [38.8140

36.4722

0.9641

1.4798].

(2.19)
(2.20)

A validation experiment is performed where σ 3 = 119 [MPa]. The resulting estimated
fraction of the resistance-based model, and the benchmark estimator (black dashed),
are depicted in Figure 2.5. It can be seen that the minor loops are over-estimated
(indicated with circles). Further, at low fractions, the fraction errors are significant
(indicated with squares). It should be noted that the risk of overheating is present at
high fractions, where the resistance-based model is accurate.
The resulting estimated fraction of the extended Duhem model, and the benchmark estimator (black dotted), are depicted in Figure 2.6. Errors are present for
transformations from detwinned martensite structure towards alternative structures,
or equivalently, for evolving from a low value of ξn towards a higher value. Indicating
that the increasing function h+ is suboptimal. In case of a full transformation, there
is a model error at ξn ≈ 1 and ξn ≈ 0 (indicated with circles). The same effect is also
visible for partial transformations (black squares).
The error of the estimation using model M for data-set k is defined as:
eM,k =

Nd q
X

2
ξB,k (j) − ξM,k (j) .

(2.21)

j=1

This allows to provide the errors for each of the data-sets. An overview of the errors
is provided in Table 2.1.
Note that for the Duhem model, the error of the validation data-set eD,3 is smaller
than the error of the identification sets (eD,1 and eD,2 ). It is concluded that it is likely
that the slope of the phase diagram C is not accurately characterized. When C is not
accurate, changes in loading are not fully captured in the considered generalization
of the Duhem model. As a consequence, when identification of ΨD is based on a
measurement at a high pre-stress σ 1 and a low pre-stress σ 2 , the model is likely to
be most accurate at a pre-stress that is higher than σ 2 but lower than σ 1 . The latter
would explain that data-set 3, with pre-stress σ 2 < σ 3 < σ 1 , has the lowest error.
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Table 2.1. Estimation errors

Resistance-based
eR,1 = 11.10 · 103
eR,2 = 11.21 · 103
eR,3 = 11.44 · 103

Extended Duhem
eD,1 = 8.06 · 103
eD,2 = 9.13 · 103
eD,3 = 5.89 · 103

ξn [-]

Data-set
1
2
3

t [s]

ξn [-]

Figure 2.5. Fraction estimated by the resistance-based model (gray solid)
compared to the benchmark (black dashed).

t [s]

Figure 2.6. Fraction estimated by the extended Duhem model (gray) compared to the benchmark (black dashed).
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It is shown that the generalized Duhem model outperforms the Resistance-based
model, both for the estimation data-sets (1-2) as the validation set (3). However, as
the objective is to create a generic approach to prevent overheating, the Resistancebased model is selected. The Resistance-based model outperforms the extended Duhem
model for high fractions (where there is a risk of overheating).

2.4

Alternative methods

The main limitation of existing methods is their general applicability. In particular,
when different loading cycles are considered, it is shown that the methods are insufficient.

2.4.1

Input bounds based on temperature

In [63] it is proposed to implement input bounds that depend solely on temperature.
From Figure 2.3, it is immediately clear that the transformation temperature is highly
dependent on the stress. As a consequence, bounds that solely depend on temperature,
will not adequately prevent overheating in generic loading cases.

2.4.2

Input bounds based on resistance

In [99] it is proposed to implement input bounds that depend solely on resistance. Using
similar power input signals as for the characterization experiments, the resistance-strain
data is shown for data-sets with a wide variety of micro-spindle settings in Figure 2.7.
When the bound is activated when resistance drops below RH , the bound would
work well for the case of high-loading cases, however it will be unnecessarily conservative for the low-loading cases. If the bound is taken equal to R = RL , it would work
well on the low-loading case, but would lead to overheating (and possibly permanently
damage the actuator) for a high-loading pattern.

2.4.3

Discussion

By experimental verification, it is proven that the currently available alternative input
bounds [99] are inherently unable to prevent overheating for generic loading patterns.
As applying these alternative methods would lead to irrecoverable damage of the actuator. Therefore, no experimental comparison can be shown in this Chapter.

2.5

Proposed method

It is proposed to modify the power input that is suggested by the feedback controller
u. Thereafter, the modified power u∗ is applied to the SMA actuator set-up. The
modification should take into account the following conditions:
1. In all cases, u∗ should be smaller than the maximum power P̃max that the
amplifier can deliver: u∗ ≤ P̃max ∀t
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2. In all cases, u∗ should be larger than the minimal power P̃min that is required
to measure the resistance: u∗ ≥ P̃min ∀t
3. In risk of overheating (ξn ≥ ξmax / 1), the power should be limited to the power
P̃ ∗ that will maintain a constant temperature T : u∗ ≤ P̃ ∗ if ξ ≥ ξmax
4. In risk of overcooling (ξn ≤ ξmin ' 0), the power should be limited to the power
P̃ ∗ that will maintain a constant temperature T : u∗ ≥ P̃ ∗ if ξ ≤ ξmin

RH
RL

Figure 2.7. Resistance versus strain for wide variety of loading patterns.
Each data-set contains minor and major loops. The resistance at the moment
of complete transformation ×, is dependent on the loading pattern.
In order to realize such modification, it is proposed to design bounds umin and
umax that depend on the fraction ξn . The resulting modified input u∗ is equal to:

 umin if u < umin
u∗ = umax if u > umax
(2.22)

u otherwise
Taking into account condition 1-4, the fraction dependent functions umin and umax ,
should resemble the black dotted and solid line in Figure 2.8, respectively. To allow
straightforward visualization, P ∗ is constant in Figure 2.8.
It should be noted that a mathematical representation of the black lines correspond
with a step function. Implementation of a step function as bound can cause strong
discontinuities in the applied power signal. In case of power amplifiers with limited
bandwidth, it is infeasible that the power amplifier can deliver these signals. Therefore,
a smooth input bound is considered as depicted in gray in Figure 2.8. The gray lines
approximate the black step function, and are mathematically defined as follows:
umax =


 P̃ ∗ + P̃
P̃ ∗ − P̃H
H
tan−1 Γ[ξn − ξmax ] +
,
π
2

(2.23)
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umin =
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 P̃ + P̃ ∗
P̃L − P̃ ∗
L
tan−1 Γ[ξn − ξmin ] +
,
π
2

(2.24)

where Γ is a tuning parameter that determines the steepness of the function; a higher
value of Γ more closely resembles the step-function.

P̃H
P̃ ∗

umax

Γ
Γ

umin

P̃L

Figure 2.8. The proposed power limitations (gray) that approximate a step
function (black). The minimum power is dashed and the maximum power is
solid.

~

It is not required that P̃L , P̃h , P̃ ∗ are constant. In fact, it is advised to make P̃ ∗
temperature dependent. The power - temperature plot of quasi-static measurements
(with wide variety of pre-stress) are depicted in Figure 2.9. A linear model is used to
estimate P̃ ∗ , where P̃ ∗ = 0.0136T − 4.0433, with P̃ ∗ in [W] and T in [K]. This datadriven method to determine P̃ ∗ should only be applied to quasi-static data. Note again
that using the methodology, when fraction is low, much higher powers are applied to
the set-up.

~

Figure 2.9. Power P̃ versus temperature T for quasi-static data-sets with major and minor loops, for a wide variety of loading patterns (gray solid lines).
Additionally, the approximation of the power that results in no change in temperature P ∗ (black dotted line).
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The proposed input modification is applied to the set-up. The complete control
set-up is depicted in Figure 2.10. The reference signal is denoted r(t), the output of
the wire is chosen to be the length of the wire L(t). A PI controller is used for feedback
control. As the input is constrained, additional anti-windup action, with time constant
τ , is implemented.

ρ(t), σ(t), T (t)
PI Controller

Set-up

KP
r(t)

KI

1
s

u(t)

Overheating
prevention
(2.22)

u∗ (t)

L(t)

−
1
τ

Figure 2.10. Proposed framework implemented on a PI controlled set-up,
including overheating prevention and anti-windup.

2.6

Experimental results

In this Section experimental work is done to illustrate efficacy of the method introduced
in Section 2.5. In particular it is of interest to investigate whether sensible bounds are
proposed when loading conditions are significantly different from conditions during
identification, as in such cases current methods fail [99]. Further, the method should
be applied in closed loop to investigate closed loop behavior of the system including
the overheating prevention.

2.6.1

Influence of loading patterns

First, the influence of loading patterns is investigated. It is shown in Section 2.4.2,
that current methods fail when the bounds are identified at relatively high stress levels
σ = 129 [MPa], but they are applied at low stress levels σ = 87 [MPa]. In particular,
using currently existing methods the input bounds woulds be unnecessarily conservative
in a low stress case.
Two experiments are performed, where a step input is applied to the SMA actuator
system. This is done both at high stress levels (σ = 129 [MPa]) and at low stress levels
(σ = 87 [MPa]).
The bounds on the input power are calculated, based on the proposed method.
As explained in Section 2.5, a resistance-based fraction model is used as a basis to
determine the bounds on the input power. The fraction model uses the parameters as
identified and validated in Section 2.3 (based on data at relatively high stress levels
σ = 129 [MPa] and σ = 108 [MPa]).
An overview of the results are depicted in Figure 2.11. The left column in Figure
2.11 corresponds with data of the low stress loading pattern (σ = 87 [MPa]). In

2.6 Experimental results

Figure 2.11. Data for a low stress (left) and high stress (right) loading pattern.
With the quasi-static hysteresis plot (a-b), the step-response in (c-d) and the
maximum power calculated using the step-response data (e-f). The maximum
power becomes limited when there is a risk of entering the overheated region.
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particular in Figure 2.11 (a) quasi-static data of major and minor loops are shown,
in Figure 2.11 (c) the length response is depicted when a step is applied as an input,
Figure 2.11 (e) shows the corresponding maximal power, that is calculated using the
proposed method (2.22). It can be seen that at t u 1.3 [s], the maximum power drops
to prevent overheating. A similar procedure is provided to a high stress loading pattern
(σ = 129 [MPa]), where similar data is shown in Figure 2.11 (right). As can be seen
in Figure 2.11 (f), also here at t u 1.3 [s] the power drops to prevent overheating.
The horizontal dotted gray lines denote the length of the actuator at the moment
the power becomes bounded. The difference between the length at the dotted line and
the minimal length of the hysteresis loop, in Figure 2.11 (a-b), provides a measure
for conservatism. Where in existing methods conservatism would significantly increase
at the low stress cases, the proposed method even has (slightly) less conservatism
compared to the high stress case. Hence, it can be concluded that the input becomes
bounded before overheating occurs. This is validated on severely different loading
conditions, showing limited conservatism. Assuming P ∗ is identified correctly, it is
save to implement the bounds and investigate closed loop behavior.

2.6.2

Closed loop behavior

The method is demonstrated in closed loop with a high gain feedback controller. A
challenging repetitive reference signal r(t) is applied. The corresponding maximum
power is shown in Figure 2.12 (a). It can be seen that at time 74 ≤ t ≤ 75 [s], the
maximum power becomes equal to P̃ ∗ . When this happens transformation cannot
continue further.

(a)

(b)
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Figure 2.12. (a) The maximum bound on the input power (black line) is equal
to the maximum power of the amplifier, except when there is a risk of overheating. Than it becomes equal to P ∗ (dashed gray line). (b) The corresponding
fraction of transformed material, where the input modifications are based on.
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Figure 2.13. The reference signal (black solid) and the output of the system
(gray solid). The reference is not followed when there is a risk of overheating
(below gray dashed line).

Figure 2.14. Quasi static data with the same loading pattern. Output (length
of the wire) versus temperature. The reference is not followed when there is a
risk of overheating (below gray dashed line).
Both the reference and the output signal are depicted in Figure 2.13. At time
74 ≤ t ≤ 75 [s], following the reference would result in overheating. This is best
visualized by looking at Figure 2.12 (b), where it can be seen that an increase in
fraction would result in overheating behavior (ξn ≈ 1). After implementing the control
framework, but without altering the loading settings, a quasi-static data-set with minor
and major loops is obtained. The length of the wire is plotted against the temperature
in Figure 2.14. Indeed, for this loading pattern, a length below 81.5 [mm] requires a
relatively large amount of thermal heating to obtain a relatively low amount of strain.
Hence, it can be concluded that without the overheating prevention, significantly more
thermal cooling had to be applied, and thus, tracking behavior at time 75 ≤ t ≤ 77 [s]
would drastically deteriorate. It is unwise to demonstrate this effect experimentally,
as it is likely to contribute to excessive fatigue of the actuator [104].
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Conclusions

This Chapter presents a novel method to prevent overheating in SMA actuation. Fraction of transformed material is estimated, and fraction-based bounds on the input
power are proposed. By limiting this power both overheating and overcooling is prevented, while the input power is not affected when there is no risk of such effects.
The limitations of the current state-of-the-art methods are experimentally investigated. Experimental analysis shows that the proposed method has several advantages
over existing methods; it is shown to be minimal conservative while being valid for
generic loading patterns. The later is experimentally demonstrated and allows for
robust fatigue prevention for generic SMA actuation applications.
Ongoing work focuses on validation of the fraction model at low stress levels.

Chapter 3

Faster response by exploiting
hysteretic behavior

In hysteretic systems several inherently different states can result in identical output (a
multi-valued mapping). Typically, control structures are incorporated that eliminate or
neglect this effect, and by that, simplify control design and analysis. In this work, the
multi-valued mapping is not eliminated but exploited. This is achieved by a reference
governor. Especially on systems where the rate of change of the input is limited, e.g.,
temperature controlled Shape Memory Alloy actuators, the framework results in significant tracking improvements. The methodology is demonstrated with experiments on a
Shape Memory Alloy actuator and in simulation on a robotic catheter system.

This chapter is based on:
R. Gaasbeek, P. Aerts and B. de Jager, “Faster response by exploiting hysteretic behavior:
with application to SMA actuators”, submitted for journal publication.
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Introduction

By definition, there exists a multi-valued map between input and output of a hysteretic
system. This nonlinear behavior prevents direct application of linear control techniques
[47] [48]. Several control structures have been proposed to deal with hysteresis. For
instance by making the controller robust for the “unwanted” hysteresis (e.g., sliding
mode [4], adaptive control [55]), by eliminating the “unwanted” hysteresis (e.g., inversebased control [36]), or by ignoring the existence of the “unwanted” hysteretic behavior
(linearization [51]). In the author’s opinion, hysteresis should not be considered an
“unwanted” difficulty, but rather an opportunity to increase performance.
To make the problem and approach more explicit, an example hysteresis loop is
depicted in Figure 3.1 (top), with the manipulated input w on the horizontal axis and
output z on the vertical axis. In this case the system is in state × initially, for increasing
input the solid trajectory is followed. Upon decreasing of the input, e.g., from upon
state ◦, the output stays almost constant up to state •. Upon further decreasing of the
input, the output is decreased until the system is back in state ×.
In Figure 3.1 (bottom), a reference trajectory is provided. The system output is
brought to z1 (t0 till t1 ), after which it should return to the initial state × (from upon
t2 ). In case of classic feedback control, w is increased to state ◦. If afterwards the
reference decreases, the input has to decrease significantly. Due to physical limitations
(limited rate of input change) the system is unable to follow the reference; resulting
in the thin dashed gray output. However, if the system moves from state ◦ to state ◦
in t1 ≤ t ≤ t2 , the system is able to follow the reference (the black output). Hence,
if the limitations and dynamics of the system are known, the hysteresis effect can be
exploited to allow for improved tracking. Note that an error is introduced with the
proposed method at around t = t1 , later in the Chapter it is shown that this is not the
case for over-actuated systems (more actuators than degrees of freedom).
In order to exploit the hysteresis in an optimal sense, a model-based framework
is proposed. One of such approaches is to use a Model Predictive Control (MPC).
Considering the typically switching non-linear nature of hysteresis models, as well as
the debate on model accuracy, implementation and stability proofs are challenging for
MPC frameworks [60]. Alternatively, the reference is altered instead of the control
input, as the output signals are not used, this cannot destabilize the system. The
latter is known as a reference governor [60].
The novel contribution in this Chapter, is to make use of the multivalued character
of the hysteresis to avoid limitations of input constraints. This principle is demonstrated by a designed reference governor that manipulates the reference in such a way
that the system accommodates the hysteresis effect, taking into consideration constraints of the system.
One of the more challenging type of hysteresis is the hysteretic behavior of Shape
Memory Alloy (SMA) actuated systems. Compared to other active materials SMA
has significantly higher specific strain and force [65], making it an ideal candidate for
micro-actuators [41]. To show efficacy of the proposed reference governor, the method
is applied on a 1D SMA-actuated test set-up. Additionally, simulation results are
shown for an SMA-actuated catheter system. It is shown that over-actuated systems
are preferable for increasing overall tracking performance.
This Chapter is structured as follows. Preliminaries on SMA actuators are provided
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z2
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z0
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z1

•

••

z0
t0 t1

t2
t

Figure 3.1. The gray thick line corresponds to a hypothetical reference to a
hysteretic system. An arbitrary feedback controller would result in a response
such as the thin dashed gray line. By taking into account limitations in ẇ, the
proposed response (black) exploits the hysteresis loop (by making an overshoot
◦) and by that reach a significantly lower value of w (state •) before a reverse
movement is required (after t2 ). As a consequence, improved tracking accuracy
is obtained after t2 .

in Section 3.2. In Section 3.3 the proposed Reference Governor is discussed. Experimental validation is performed on a bias spring actuator set-up, which is described in
Section 3.4. The required hysteresis and temperature models are introduced in Section
3.5 and 3.6, respectively. The over-actuated performance is evaluated in simulation of
a robotic SMA-actuated catheter, as introduced in 3.7. Results are provided in Section
3.8. Conclusions can be found in Section 3.9.

3.2

SMA actuators

This section elaborates on the working principle of the SMA actuators considered in this
thesis. SMA is a material that changes its crystallographic structure by stress- and/or
temperature variations. This can be schematically illustrated in phase diagrams. This
thesis focuses on actuators equipped with NiTiNol wires (150µm-diameter FlexinolTM
wire of Dynalloy Inc.). In these wires, three crystallographic structures can be present;
detwinned martensite, twinned martensite and austenite.
The phase diagram corresponding with the SMA wires used in this thesis is pro-
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Figure 3.2. Phase Diagram: a schematic illustration of the dominant transitions in crystallographic structure (temperature versus stress).

vided in Figure 3.2. At relatively high temperatures (region 4), the material is in
austenite state. When temperature is decreased, the material transforms to detwinned
martensite in region 1. However, upon heating back, the reverse transformation occurs
at a significantly higher temperature; in region 3. The arrows in the (gray) transition regions (1, 3) indicate the direction of the rate of change of stress/temperature
in order for transformation to occur. In the striped region twinned martensite can
be(come) present. In this Chapter, the stresses will be above σf . Hence, only detwinned martensite and austenite can occur. The fraction of material that is not in
detwinned martensite structure is denoted 0 ≤ ξn ≤ 1 (hence, the fraction of detwinned
material is ξd = 1 − ξn ).
When imposing a transition from detwinned martensite and back, a significant
strain effect is observed; the working principle of SMA actuators [94] [95]. The output z is a scaled displacement, which is directly related to strain of the wire. As a
consequence, the large strain effect can be clearly seen in Figure 3.1 (top), the dotted
gray lines denote the major loops (full transition), the red solid line corresponds with
an minor loop (partial transformation). The manipulated input w is temperature, as
the transition to austenite occurs at a higher temperature as the transition back to
martensite (also visible in Figure 3.2). As a consequence; hysteresis is present in the
input-output relation.
In the SMA actuators considered in this thesis an SMA wire is pre-stressed by a bias
force. By manipulating the temperature of the wire, an actuating effect is observed.
Heating is obtained by applying a current to the wire (Joule heating), cooling occurs
by natural convection. Especially the rate of cooling is limited, highly motivating the
methodology presented in this Chapter.

3.3

Proposed methodology

This section explains the exploitation of the hysteresis effect. In particular, the reference is manipulated to allow more sophisticated routes through the hysteresis cycle; a

3.3 Proposed methodology
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novel reference governor (RG) framework.

r

RG

r̂∗

e

u

Cf b

System

z

Figure 3.3. A Reference Governor (RG) is used to manipulate the referencesignal before entering the control loop.
Figure 3.3 shows the RG as the block RG. Furthermore, a relatively straightforward
feedback controller Cf b is used [24]. The RG creates a smart reference that takes into
account physical constraints of the system. It is assumed that the feedback controller
can accurately track such reference.
The manipulated state is denoted w, this is not necessarily the same as the input
to the system (e.g., for SMA actuators; the input is current for Joule heating u = I
and the manipulated state is temperature w = T ). In order to track the reference, a
certain w is required. However, physical rate limitations are present:
ẇmin < ẇ < ẇmax .

(3.1)

With ẇmin the minimal rate of change in w that can be achieved (for SMA actuators;
the minimum rate of temperature is normally a consequence of the convective cooling).
Likewise, ẇmax denotes the maximum rate of change in w (for SMA acuators; the
power-limitation of the current amplifier).

φ
r̂

H−1

w

∆w

(3.16), (3.17), (3.27)

ŵ

H

ẑ

(3.14), (3.15)

Figure 3.4. Schematic illustration of procedure to determine the achievable
output ẑ for a certain reference r̂: (1) an inverse model of the plant (H−1 ) is
applied to the considered reference r̂ in order to obtain a required input w, (2)
bounds on rate of change ẇ are implemented to find an achievable input ŵ, (3)
the achievable input is applied to the model to find a feasible output ẑ.
Figure 3.4 schematically depicts the procedure to determine the achievable output
ẑ, using a certain reference r̂. The hysteretic system is denoted H. First r̂ is passed
through the inverse H−1 of the hysteretic system, the output is a required manipulation
state w. Then limitations of ẇ are taken into account, resulting in a manipulated ŵ
that obeys (3.1). This feasible ŵ is applied to the system model H, ultimately resulting
in an achievable output ẑ = φ(r̂). Note that limitations on the rate of temperature are
elaborated on in Section 3.6. By modifying r̂, the actual output can become closer to
the initial reference. Hence, in the RG the error (r − ẑ) is minimized. This is achieved
by minimizing the following cost function:
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JRG = min
r̂

N
−1 
X

2
r − φ(r̂) ,

(3.2)

k=1

where N is the amount of data-points in the reference signal. Note that r can be
used as an initial guess for r̂. The optimal r̂∗ is applied on the system enforcing it to
exploit the multi-valued hysteretic behavior. The RG is applied offline, and therefore,
the complete trajectory is assumed to be known beforehand. If the temperature model
(and hence, ∆w) is accurate, no physical input constraints are violated. Hence, the
methodology is robust for errors in the (typical least accurate) hysteresis model.

3.4

Bias force actuator set-up

The measurement data presented in this Chapter is obtained by a bias-spring actuator
set-up (the bias force is generated by a spring). In the bias-spring actuator set-up, a
FlexinolTM (Dynalloy Inc.) SMA wire is vertically strung between a microspindle and a
pin attached to a spring. The spring provides a bias force to the wire, the microspindle
is used to regulate this bias-force and remains untouched during the experiment. The
set-up is schematically depicted in Figure 3.5.
The position of the tip of the top pin qt is measured contact-less and is directly
related to the length of the wire. By applying a current through the wire, the wire
heats up and contracts; resulting in a downwards movement of the top pin. By cooling
of the wire (natural convection), an opposite movement of the top pin is observed.
During the experiments the micro-spindle setting qs is chosen such that the stresses
during the experiment are above σf in Figure 3.2. Thus, only detwinned martensite
and austenite can occur.

3.5

Hysteresis model

The proposed reference governor, as presented in Section 3.3, is dependent on both a
hysteresis model as well as an inverse hysteresis model.

3.5.1

Model selection

The hysteresis model is used in the control framework, hence, it should be computationally efficient, accurate and invertible. Three modeling strategies are used in modeling
of SMA hysteresis:

3.5.1.1

Physical models

Physical models are derived from conservations laws. Free energy is solved on a microscopic level, by assuming homogeneity throughout the material. This can be related
to macroscopic behavior of the SMA wire. An example of such models is the MüllerAchenbach-Seelecke model [88]. As the crystallographic changes in the material do
not occur homogeneously throughout the material, physical models have limited accuracy on a macroscopic level. Workarounds to improve accuracy have been proposed,
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Figure 3.5. Schematic illustration of the experimental bias-spring SMA actuator set-up on which the framework is validated .

e.g., based on an empirically found “certain distribution” and applying a stochastic
homogenization procedure [38]. One could argue if this knowledge adds much value
from a control perspective, when compared to other model types which (experimentally) estimate a macroscopic behavior directly. Additionally, an important practical
problem with these models is that some of the defined parameters in the models are
not measurable with standard characterization tests [38].

3.5.1.2

Empirical physics-based models

Empirical physics-based models are models that rely on a constitutive equation. The
components of the equation are dominantly related back to physical properties of the
system. However, the fraction of transformed material is estimated by an empirically
found relation. The transformation is assumed to only take place in the dominant
transformation regions (region 1, 3, in Figure 3.2). A function bounded between 0
and 1 is mapped to the transformation region. Most often an exponential function
[97] or a cosine function is used [9] [68] for this purpose. The models of this type
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require knowledge on the history of the wire, making them more involved to implement.
Additionally, the accuracy of the models is limited as transformation also occurs outside
the dominant transformation regions [24].

3.5.1.3

Generic hysteresis models

A last modeling strategy is to use generally applicable hysteresis models. There are
several of such models available. Note that not all are capable of modeling the hysteresis
effect involved with SMA actuators. In this Chapter, the computationally expensive
operator-based models are disregarded. For an analysis on operator-based models for
SMA, the reader is advised to read [110]. Alternative generic hysteresis models are the
differential-based models, such as the Bouc-Wen model and the Jiles-Atherton model.
These models can be written in a more general form (the Duhem model) [74, Chapter 3].
For the Duhem model, specific characteristic functions are derived for modeling of the
SMA behavior [16]. Additionally, an approximate inverse of the Duhem model exists
[17]. Note that the Duhem model is a computationally cheap model. These properties
make it an ideal model for the proposed Reference Governor.

3.5.2

Duhem model

Following the reasoning presented in Section 3.5.1, the Duhem model (this Section) and
its inverse (Section 3.5.3) are used for the Reference Governor proposed in this work
(Section 3.3). The Duhem model (H in Figure 3.4) describes the hysteresis behavior
between manipulated input w(t) = T (t) and output z(t). In this Chapter it is assumed
that the crystallographic fraction is equal to the scaled displacement, as a consequence,
the output is equal to z = ξn (non-detwinned fraction). The model, originally proposed
in [16], uses characteristic functions for the output at the major loop (h± ) and the slope
∂h
of the major loop ( ∂T± ):
!
T − µ 
1
+
, Ṫ > 0
(3.3)
h+ =
1 + erf √
2
2σ+
!
T − µ 
1
−
h− =
1 + erf √
, Ṫ ≤ 0
(3.4)
2
2σ−
!
(T − µ± )2
∂h±
1
= √
exp −
.
(3.5)
2
∂T
2σ±
2πσ±
Note that the subscripts + and − denote the curves that are increasing and decreasing
in ξn , respectively. The slope functions are defined by a Gaussian probability density
function (PDF), with a mean µ± and a standard deviation σ± .
These characteristic functions, which are bounded by nature, are used in the Duhem
model to map a change in manipulated input to change in output:
∂h+
ξ˙n = n+ (T, ξ)
Ṫ ,
∂T

Ṫ > 0

(3.6)

∂h−
ξ˙n = n− (T, ξ)
Ṫ ,
∂T

Ṫ ≤ 0,

(3.7)
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!
h− (T ) − ξn
,
n+ = max 0,
h− (T ) − h+ (T )
!
ξn − h+ (T )
n− = max 0,
.
h− (T ) − h+ (T )

(3.8)

(3.9)

Note that n± are lower bounded by 0, a discussion on these bounds is provided in
Section 3.5.5.

3.5.3

Inverse Duhem model

As is clear from Figure 3.4, an inverse H−1 of the Duhem model is required. As both
n± and g± are independent of Ṫ and ξ˙n , the following reformulation is valid:
Ṫ =

ξ˙n
n+

Ṫ =

∂h+
∂T

ξ˙n
n−

∂h−
∂T

,

ξ˙n > 0

(3.10)

,

ξ˙n ≤ 0

(3.11)

Note that n+ = 0 at the decreasing major loop (h− ). Likewise, n− = 0 at the
increasing major loop. Hence, an unwanted devision by zero, and thus unfeasibly large
rate of of change temperature, can occur. As limitations on the rate of change of
temperature are known, a straightforward solution is to bound the rate of change of
temperature by the physical limitions. Hence, the proposed inverse is;
!
ξ˙n
Ṫ = min
(3.12)
, ẇmax , ξ˙n > 0
∂h
n+ ∂T+
!
ξ˙n
Ṫ = max
(3.13)
, ẇmin , ξ˙n ≤ 0
∂h
n− ∂T−
Note that ẇmin,max are the limited rate of temperature as defined in (3.1).

3.5.4

Conversion to discrete time

As implementation of the proposed reference governor is in discrete time, also the
(inversed) Duhem model needs to be rewritten in discrete time. First, for simplicity,
an explicit Euler solution is derived from (3.6) and (3.7):


ξn k+1 = ξn k + n+ (Tk , ξn k ) h+ (Tk+1 ) − h+ (Tk ) ,
(3.14)
Tk+1 − Tk > 0


ξn k+1 = ξn k + n− (Tk , ξn k ) h− (Tk+1 ) − h− (Tk ) ,
(3.15)
Tk+1 − Tk ≤ 0
Here k denotes the sample number.
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Similarly, the inverse Duhem model can be formulated:
Tk+1 = min

h−1
+



h+ (Tk ) +


Tk+1 = max h−1
h− (Tk ) +
−

ξn k+1 −ξn k
n+ (Tk ,ξn k )



!
, Tk + ∆Tk

max

,

(3.16)

ξn k+1 − ξn k > 0
!

ξn k+1 −ξn k
n− (Tk ,ξn k )


, Tk + ∆Tk

min

,

(3.17)

ξn k+1 − ξn k ≤ 0
with,
h−1
± =

√

2σ± erf−1 (2ξn − 1) + µ±

(3.18)

h−1
±

Note that the functions
are the functional inverses of the functions h± . Thus,
h−1
describe
the
temperature
as
a function of fraction (0 ≤ ξn ≤ 1) during the major
±
loop. Likewise, (3.18), denotes the functional inverse of the Gauss error function.
Note that the argument υ for h−1
± (υ) is bounded to υ ∈ (0, 1). Identification of the
temperature model, as well as derivation of the bounds on the rate of temperature
∆Tk min,max are treated in Section 3.6.

3.5.5

Identification

The parameters of the Duhem model µ± , σ± can be identified in an optimal sense by
minimization of the cost function for an sufficiently exciting estimation data-set:
JD = min

µ± ,σ±

N
−1
X

(zkm − zk )2 ,

(3.19)

k=1

where zkm is the measured displacement and zk is the estimated output. For identification purposes, the input is chosen such that the temperature profile in Figure 3.6 is
achieved.
This input results in an major loop (full transformation) and an minor loop (partial
transformation). This behavior is depicted in Figure 3.7. The identified parameters
are provided in Table 3.1.
Table 3.1

Parameter
µ+
µ−
σ+
σ−

Value
335.4
325.9
7.1
10.0

Unit
[K]
[K]
[K]
[K]

The corresponding simulated output ξns is depicted in Figure 3.7 (gray solid line).
The RMS error is 3.97 · 10−2 and the peak error is 9.85 · 10−2 . Note that, especially for
low fraction values, there is a mismatch between the modeled and measured output.
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Figure 3.6. Manipulated input (w = T ) used for identification of the (inverse)
Duhem model. Designed such that both an major loop and an minor loop is
included.
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Figure 3.7. Response of the Duhem hysteresis model (gray), combined with
the fraction during measurement (black). Corresponds with the manipulated
input depicted in Figure 3.6.

This mismatch is dominantly caused by the limitations of the characteristic functions.
The symmetric functions do not fully capture the non-symmetric non-linear phenomena
of SMA. Note that all of the hysteresis models discussed in Section 3.5.1 suffer from
this effect. As a consequence, it is possible that an initial point is obtained that is
outside the major loop of the model.
Due to the mismatches between the hysteresis loop and the characteristic functions,
the state could evolve outside the modeled major loop. In such cases a decrease in
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temperature could result in an increase of fraction, and vice versa. To prevent such
behavior, n± , as defined in (3.8) (3.9), have a lower limit of 0. To check efficacy of the
proposed limitations, initial points in- and outside the major loops are investigated;
model and simulation are compared. The result is depicted in Figure 3.8. As can be
seen when an initial state is outside the major loops h± , the estimated fraction evolves
in the same direction as the measured output, while slowly converting to h± . Hence, it
can be concluded that the implementation proposed in this Chapter is robust for cases
where the states evolve outside the outer loops.
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ξnm
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ξns heat
ξns cool
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Figure 3.8. The major loops (h± ) and the measured (black) and simulated
(gray) fraction are depicted. As initial state for the simulation; the black points
are selected. Several are outside the major loops, but the simulation result
converge to the major loop. Hence, the model is robust for situations where the
states escape from the major loop.

3.6

Temperature model

For implementation of the reference governor approach, a temperature model is required (∆w in Figure 3.4). Balance of thermal energy can be used as a basis of the
model. The thermal energy balance for cylindrical solid objects heated by Joule heating
and cooled by natural convection is [43]:
Ė =


d
cmT = Eh − Ec ,
dt

(3.20)

Eh = Ri2 ,

(3.21)

Ec = πdLβ(T − T∞ ),

(3.22)

where c is the specific heat coefficient, m is the mass of the wire, R is the electrical
resistance of SMA, d is the wire diameter, L is the wire length, β is the heat transfer
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coefficient and T∞ is the environment temperature. Note that m is constant over time.
Additionally, for temperatures below 300 [o C], c is not dependent on the fraction of
transformed material ξd [34]. The first order system is discretized to allow implementation in the Reference Governor framework (Section 3.3), resulting in the following
model:
Ek+1 = Al Ek + Bl i2 ,

(3.23)

Tk = T∞ + Cl Ek ,

(3.24)

where Al , Bl and Cl are lumped parameters. In an attempt to address the fractiondependency in the parameters, and thereby, further improve the temperature model,
it is assumed that R, and d vary linearly with fraction, e.g., R = Rn ξn + Rd ξd , where
the subscript denotes the material state. For instance, Rd denotes the resistance for
the material, when it is completely in detwinned martensite state. As a consequence of
these fraction dependent parameters, some of the lumped parameters become fraction
dependent:
Al =An ξn + Ad ξd ,
Bl =Bn ξn + Bd ξd

(3.25)

Cl =1/(cm).
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Figure 3.9. Temperature (black) and current-input (gray) measurements used
to identify the temperature model. The input is chosen such that both major
and minor loops occur in the response, additionally, several excitation frequencies are chosen to capture dynamical effects.
Note that An,d , Bn,d and Cl are fully dependent on material properties and the
sample time ts , e.g., Bn,d = Rn,d ts . The parameters of this model are identified by
minimizing a cost function for a sufficiently exciting trajectory:
JT =

min

An ,Ad ,Bn ,Bd ,Cl

N
−1
X
k=1

(Tkm − Tk )2 ,

(3.26)
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Figure 3.10. Identification measurements for the temperature model, the
model is dependent on the fraction of transformed material (ξd ): measured
temperature (solid gray), simulated temperature (dashed black), fraction of
transformed material (solid black).

with N the number of data points and Tkm the measured temperature. The input contains decreasing sinusoids with an major loop and several minor loops, this is depicted
in Figure 3.9. Note that this reference contains partial- and full-transformations and
several excitation frequencies. It is selected as such to be able to identify both the
dynamic- and the fraction-related-properties of the temperature dynamics. The measured temperature response (solid gray) and model output (dashed black) are depicted
in Figure 3.10, where the top and bottom graph represent the lowest and highest identification frequency, respectively. To validate the model, the SMA wire is heated by
applying a current of 0.7 [A] for 3.5 [s]. After this time interval the current is removed
and the wire cools down to the environment temperature. Both the measured and
modeled temperature is depicted in Figure 3.11.
It is concluded that the non-linear model proposed in (3.23) - (3.25) accurately
describes the temperature of the wire. An overview of the identified parameters is
provided in Table 3.2.
Table 3.2

Parameter
An
Ad
Bn
Bd
Cl

Value
98.99 · 10−2
99.12 · 10−2
51.00 · 10−2
60.00 · 10−2
23.33 · 10−2

Unit
[W/K]
[W/K]
[Ω s]
[Ω s]
[K/kJ]

3.7 Robotic SMA-actuated catheter

49

100

1

80

0.8

60

0.6

40

0.4

20

0.2

0

10

20

30

40

50

0
60

Figure 3.11. Validation measurements for the temperature model, the model
is dependent on the fraction of transformed material (ξd ): measured temperature (solid gray), simulated temperature (dashed black), fraction of transformed
material (solid black).

The limitations on rate of temperature can be derived from (3.23) - (3.25) and are
fraction dependent:

∆Tk

min,max

= Cl ·



(An − 1)ξn k

!



2
+ (Ad − 1)ξd k Tk + Bn ξn k + Bd ξd k imin,max .

(3.27)

In (3.27) the minimum current imin = 0 [A] (no heating), the maximum current is
due to power limitations of the amplifier and is equal to imax = 0.7 [A].

3.7

Robotic SMA-actuated catheter

A robotic SMA-actuated catheter is used to illustrate the efficacy of the Reference
Governor (Section 3.3) for over-actuated systems. The catheter is schematically illustrated in Figure 3.12. The output z = [φ θ]T consists of 2 angles, while there are 3
SMA actuators in the catheter. Alike the bias-spring actuator; a linear relation between fraction and output is assumed. This is used to create a mapping of fractions of
transformed material to an orientation of the catheter.
In Figure 3.13, a 2D dotted triangle is depicted, in combination with a schematic
illustration of 3 SMA wire actuators that are connected to a single point (the black
dot). The wires are represented by a dotted gray line, a solid black line and a solid gray
line. The distance from the black dot to the origin of the coordinate system, relates
to the bending angle φ. Likewise, the circumferential angle of direction θ (with scaling
factor K), relates linearly to the circumferential angle around the origin:
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φ

SMA-wires

θ

Figure 3.12. An example over-actuated system is a catheter with 3 SMA
actuator wires. The orientation of the catheter is described by the bending
angle φ and the circumferential angle of direction θ. This is considered the
output of the catheter-system z = [φ θ]T .

φ=K

p

x2 + y 2 ,

(3.28)

y
.
x

(3.29)

θ = arctan

It should be noted that x and y perform a mapping to differences in fraction among
wires. As such, x and y do not relate directly to the length of the wires. The proposed
mapping can assist in the initial guess for the fractions of the individual wires. The
distance from corner i of the triangle (xbi , ybi ) till the black cross (x, y) is between 0
and 1.
This distance can directly be related to a feasible fraction ξdi ,0 (= 1 − ξni ,0 ) of
wire i:
ξdi ,0 =

q
(x − xbi )2 + (y − ybi )2 .

(3.30)

Note that an opposite statement does not hold in general; for instance the origin
(x = 0, y = 0) corresponds to states where the fraction in all three wires is equal,
however, not necessarily equal to ξd1,2,3 = 0.5. The fact that several fraction combinations result in identical output is resolved (and actively exploited) automatically
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Figure 3.13. The proposed mapping of 2D (x and y) to the orientation of the
catheter [φ θ]. The dotted gray, solid black and solid gray lines denote the
SMA wires. Their scaled length relates to relative fraction of transformed material (relative to other wires). The mapping is allowed by assuming symmetry
and a linear relation between fraction and output.

during optimization in the reference governor. In order to relate the fractions of the
wires ξdi to x and y, and thus to z, the following two equations need to be solved:
x = − ξd1 sin(tan−1 (ν1 (x, y))) + ξd2

cos(tan−1 (ν2 (x, y)))
√
2

cos(tan−1 (ν3 (x, y)))
√
− ξd3
,
2
y = − ξd1 cos(tan−1 (ν1 (x, y))) + ξd2
− ξd3

sin(tan−1 (ν2 (x, y)))
√
2

sin(tan−1 (ν3 (x, y)))
√
,
2

(3.31)

(3.32)

where νi is equal to
x − xbi
.
(3.33)
y − ybi
By applying the geometric rules (3.34) and (3.35) to (3.31) and (3.32), an equivalent
formulation can be found as (3.36) and (3.37).
νi =

q
sin(tan−1 (q)) = p
q2 + 1

(3.34)
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cos(tan−1 (q)) = p

1
q2 + 1

(3.35)

ν1 (x, y)
1
+ ξd2 p
ν1 (x, y)2 + 1
2(ν2 (x, y)2 + 1)
1
− ξd3 p
,
2(ν3 (x, y)2 + 1)

(3.36)

ν2 (x, y)
1
+ ξd2 p
y = − ξd1 p
ν1 (x, y)2 + 1
2(ν2 (x, y)2 + 1)
ν3 (x, y)
− ξd3 p
.
2(ν3 (x, y)2 + 1)

(3.37)

x = − ξd1 p

Note that (3.36) and (3.37) are two equations with two unknowns. This non linear
set of equations is solved for x and y, in this case by using Powell’s dog-leg algorithm
[77]. Hence, the fractions can be related back to the orientation of the catheter.

3.8

Results

The approach discussed in Section 3.3 is applied in experiments on a bias-spring actuator set-up, further, simulations are performed for the over-actuated catheter system.
The sampling time of the set-up is equal to ts,sys = 500 [Hz]. In order to reduce computation time, the model and reference governor are sampled at ts,RG = 10 [Hz] and
linear interpolation for the time base is applied.

3.8.1

Bias-spring actuator set-up

The bias-spring actuator set-up is thoroughly introduced in Appendix 3.4. A scanning
reference signal is applied to the closed-loop system. The corresponding tracking results
are depicted in Figure 3.14. The dashed black line denotes the simulated output (based
on the temperature- and Duhem model) and the solid black line corresponds to the
measurements obtained during the closed-loop experiment. Note that Figure 3.14 is
without using the reference governor.
It is assumed that for the scanning motion tracking is important during the movement and a short period before and after the movement. Therefore, cost function (3.2)
is altered to allow freedom in the remaining intervals. The new weighted cost function
is defined as
Jw = min
r̂

N
−1
X

Q(r − φ(r̂))2 ,

(3.38)

k=1

where Q is a function that is 1 during active time and 0 during idle time; this is
depicted in Figure 3.15. Note that in φ, the (inverse) hysteresis model used (H(−1) )
is the Duhem model (Section 3.5.2 and 3.5.3).
When applying the Reference Governor using the proposed reference and cost function (3.38), the reference is altered to allow for improved tracking, especially in the case
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Figure 3.14. Closed loop response of 1D bias-spring SMA actuator (no RG),
simulation results match with output of the system: reference (solid gray),
simulated output (dashed black), measured output (solid black).
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Figure 3.15. A scanning reference signal (black) is considered, it is assumed
motion tracking is most important during the scanning movement. Therefore,
the cost function Q (gray) is defined to provide an alternative cost function.

where the rate of change of the manipulated input is limited (limitations on cooling
speed of the system). The tracking results for the proposed approach are depicted in
Figure 3.16, where the dashed black line denotes the simulated output (based on the
temperature- and Duhem model) and the solid black line corresponds to the measurements obtained during the closed-loop experiment. The altered reference (solid black)
and the original reference (dashed black) are depicted in the same graph in Figure 3.17.
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Figure 3.16. Closed loop response of 1D bias-spring SMA actuator (with
RG), simulation results match with output of the system: reference (solid gray),
simulated output (dashed black), measured output (solid black).

In Figure 3.17, clearly between the square (start idle time) to the circle (end idle
time) the system deviates from the original reference. As a consequence, significant
tracking improvement is obtained elsewhere when a fraction decrease is required.
1

r
z(r) (no RG)
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Figure 3.17. The proposed method (solid black) modifies the signal when
Q = 0 (idle time), therefore at the end of the idle time (circle) the temperature
is considerably lower compared to a classical control structure (dashed black).
As a consequence, from upon t = 14 s, better tracking of the reference (solid
gray) is obtained by the proposed method. The hysteresis loop is depicted in
Figure 3.18.
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Figure 3.18. The proposed method (solid black) modifies the signal when
Q = 0 (idle time), therefore at the end of the idle time (circle) the temperature is
considerably lower compared to a classical control structure (dashed black). As
a consequence, from upon t = 14 s, better tracking of the reference is obtained
by the proposed method. The time-response is depicted in Figure 3.17.
This is visualized in Figure 3.18, where the major loops of the hysteresis curve are
depicted as the thick dotted gray lines. With the proposed reference, the system has
an identical output at start and end of the idle time. However, the manipulated input
state (temperature) is significantly dropped during this idle time. Hence, if afterwards
a decrease of manipulated input is required to follow the reference, e.g., during 10 - 16
seconds, significantly less reduction in manipulated input is required. Since the rate of
change is limited, this can result in faster actuation, thus in this case, better tracking.
It should be noted that due to the zero-weighting in time interval 5.5 - 10 seconds,
there is no unique solution of the optimization (3.38) for this interval, resulting in the
non-smooth behavior of the simulated output. If required, this could be prevented by
choosing a weighting Q ' 0.
The weighted least-squares tracking error is defined as (3.39), where n is the output
dimension (n = 1 for the bias-spring actuator set-up) and N is the number of points in
the data set. By applying the reference governor, the weighted least-squares tracking
error is reduced; with 88% in simulation and 81% during experiments.

eLS =

n
N
X
X
j=1

Q(k) rj (k) − zj (k)

!


(3.39)

k=1

Note that in a general case without idle time, due to the slope at the minor loops, an
increase of performance at a certain period in time results in a decrease of performance
at another time. As a consequence no 100% reduction in tracking error can be realized.
However, with an over-actuated system (more actuators than degrees of freedom), the
benefits can be obtained without deteriorating performance at other times.
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3.8.2

Over-actuated catheter system

As an example, the Reference Governor is applied in simulation to an over-actuated
catheter system. The system includes 3 SMA wires, which are placed off-centered at
120◦ angle from each-other, as depicted in Figure 3.12. The wires are constructed
inside a polymer tube with high axial stiffness. The SMA wires are pre-stressed and
are melted inside the tube. A change of length of a wire results in bending of the tube.

Figure 3.19. Solution finite element analysis from Reden B.V. in 3D (a), with
tip position (dots) for linearly distributed crystallographic fractions between 0
and 1 for each wire. Additionally, in black/gray, a schematic illustration of an
arbitrary catheter body orientation. A cross-section is provided in (b).
A wire can be heated by applying current. It will shrink and the catheter will
bend in the specific direction. By removing the current the catheter will go to its
initial state. This can be made quicker by applying a current to the remaining wires
and by that providing additional pulling force. Hence, the SMA wires are antagonists
for other wires. As the axial stiffness of the catheter is high the total length of the
catheter remains the same. Hence, the end effector (tip) can move on a mushroomshaped surface. This surface is illustrated by results of finite element analysis in Figure
3.19. The surface is formed by bending of the catheter in a certain direction; denoted
φ and θ in Figure 3.12. As a consequence, 3 SMA actuators result in a 2 dimensional
output z = [φ θ]T . Concluding, the catheter is an over-actuated system.
To visualize the performance of the tracking accuracy, the surface is mapped to a
plane. The details of this mapping (which have influence on H and H−1 ) are provided
in Section 3.7. A challenging reference trajectory is chosen and depicted in Figure 3.20,
the corresponding fraction reference signal r is obtained using (3.30).
The simulated output with and without the Reference Governor is depicted in
Figure 3.20 and 3.21. The measure of tracking accuracy is defined as (3.39). The
tracking error is reduced with 85% using the Reference Governor.
Note that

 for an
over-actuated system, no idle time or weighting is required Q(k) = 1 ∀k . Hence,
superior performance is obtained over the complete trajectory. It should be noted that
in such case unnecessary heating could occur, the latter can be prevented by penalizing
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Figure 3.20. The reference (solid gray) and tracking results for the 2D mapped
orientation of the catheter (see also Figure 3.13). Response of the classic control
structure is illustrated in dashed black and the proposed method in solid black.
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Figure 3.21. Tracking results of φ and θ. The reference in solid gray, response
of the classic control structure in dashed black and the proposed method in solid
black.

the temperatures of the wires. Further, in this theoretical case, a speed versus accuracy
trade-off can be made; a slower trajectory could eliminate the error completely.
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Conclusion

A novel reference governor approach is presented in this Chapter. This allows for
exploiting of hysteretic effects in a system; allowing for faster actuation in case of
input limitations.
In particular, the framework is experimentally demonstrated for SMA actuation.
The limited temperature rate in the considered SMA actuators, combined with the
inherent hysteresis motivate the need of the proposed methodology.
It is shown that limitations on tracking accuracy in case of fast actuation are
overcome. By allowing a performance loss at certain time intervals the least-squares
tracking error is reduced by 88% in simulation and 81% during experiments. For overactuated systems, no performance loss at alternative time-intervals are required. In
particular, this is demonstrated by a simulation example of a robotic SMA-actuated
catheter tip. For fast actuation of the SMA-actuated catheter system, tracking error
is reduced by 85% using the proposed methodology.

Chapter 4

A framework to evaluate quality
of non-linear compensation

For control design of non-linear systems, often attempts are made to pre-compensate the
non-linear effect of the system. The latter allows for a significant simplification in controller design and allows application of classical methodologies to assess performance.
In order to select an appropriate pre-compensating operator, candidate operators should
be systematically evaluated. Classically, this analysis is performed by looking at the time
domain errors, where no difference can be made between errors due to linear and due
to non-linear loop behavior.
In this Chapter, a data-based frequency domain framework is proposed that assesses
performance of compensation operators. The key feature of the method is that nonlinear contributions to the error are separated.
The method is experimentally demonstrated on an SMA actuator, where pre-compensation with both the inverse Duhem and the inverse Generalized Prandtl-Ishlinskii model
is considered.

This chapter is based on:
R. Gaasbeek, R. Mohan and B. de Jager, “A frequency domain framework to evaluate quality
of linearization: with application to inverse-based control of SMA actuators”, submitted for
journal publication.
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Introduction

For linear systems, there exist powerful (frequency domain) techniques to design stabilizing, robust controllers with guaranteed performance. Unfortunately, for nonlinear
systems, such techniques are non-existing, unnecessarily conservative and/or only valid
for a class of systems [56].
In control of non-linear systems, pre-compensation of non-linear effects is often
exploited, which can fully nullify non-linear effects for input-state linearizable systems
[56, Chapter 13]. In such compensation, a mathematical operator is added to precompensate for non-linear effects. The cascade of the compensation operator and the
actual system is supposed to have a linear input-output mapping. As a consequence,
classical control techniques that are valid for linear systems can be applied to the
cascade of the operator and the system. The aformentioned principle is well established
and is shown to work in theory as well as in practical applications.
One of such practical applications, and also the focus in this thesis, is pre-compensation for Shape Memory Alloy (SMA) wire actuators. SMA actuators can be constructed
in very limited dimensions and are able to generate a significant stroke effect [65].
There is a hysteresis effect between input (electrical current) to output (shrinkage of
the wire). The latter can lead to oscillations in the responses of open- as well as
closed-loop systems, poor tracing performance and potential instabilities in closedloop systems [46]. SMA actuators can be modeled as Wiener-Hammerstein systems
[21], where the system is divided in an input non-linearity fh (t), a linear system HL
and an output non-linearity fw (t). The complete system is denoted γ. Note that when
an exact inverse of the system is used as a pre-compensator, the input-output is an
identity mapping (schematically depicted in Figure 4.1 (a), where γ is the system and
γ −1 is the exact inverse of the system). Such type of control is unpractical. Even
when an exact inverse is feasible, the method would not be robust for disturbances.
Furthermore, when the linear part of the system HL is strictly proper, its inverse is
non-proper.
To control SMA using pre-compensation, an approximation of the inverse of the
input hysteresis non-linearity fˆh−1 (t) is used as a pre-compensator [44]. To account
for the linear dynamics, disturbances, the output non-linearity and inaccuracies in the
inverse, additional feedback action is required [91]. This is schematically depicted in
Figure 4.1 (b), where fˆh−1 is the inverse of the input non-linearity. Note that with feedforward compensation the feedback loop is still acting on the non-linear system γ. As
previously mentioned, a linear mapping of the cascade of a compensation operator and
a non-linear system would strongly simplify control design. The latter is implemented
for SMA actuators in [44], by assuming no output nonlinearity (fw (t) = I), and is
schematically depicted in Figure 4.1 (c). The authors would like to advice to combine
both structures, as depicted in Figure 4.1 (d), possibly additionally implementing an
input shaper or Reference Governor (depicted in gray). Independent of the chosen
control structure, it is key that the mapping of the cascade of the pre-compensation
operator and the non-linear system becomes predominantly linear. Hence, an accurate
invertible model of the system should be available.
Identification and validation methods of models for systems with input (hysteresis)
non-linearities exist [81]. For SMA actuators specifically, several models are proposed.
Physics-based hysteresis models are often either too complex for control purposes or
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less accurate than phenomenological models (as is elaborated on in Chapter 6). The
phenomenological models can be divided in the category of operator-based models and
the category of differential-based models. Where, for SMA application the Generalized
Prandtl-Ishlinskii (GPI) and the Duhem model are best in each category in describing
the saturated hysteresis present in SMA actuators ∗ . The basis functions used in this
thesis are designed specifically for SMA wire actuators in [16] of the Duhem model,
and in [49] for the GPI model.

(a) Identity Mapping
γ
γ −1

fh

fw

HL

(b) Feedforward Compensation
fˆh−1
γ

Cf b

(c) Feedback Compensation
fˆh−1

Cf b

γ

(d) Feedforward & Feedback Compensation

RG

Cf b

fˆh−1

γ

Figure 4.1. Various types of inverse-based control of a non-linear system γ.
The GPI model has an exact analytical inverse [46], but is relatively complex with
a high number of parameters [49]. The Duhem model is less involved, but only has
an approximated inverse [17]. To the best of the author’s knowledge, the Duhem and
GPI model have never been compared. In this Chapter the Duhem and GPI model
for SMA actuators are considered, where their ability to nullify non-linear behavior is
evaluated.
Classically, the quality of the operators is determined by tuning a linear controller
for the pre-compensated system and analyzing the closed-loop behavior of the cascade
system [17, 87]. At best, this method identifies the best performing compensation
∗ Note that the Bouc-Wen and the Jiles-Atherton model can be rewritten as a Duhem
model [74, Chapter 13].
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operator for the chosen specific reference signal and linear control design technique.
However, the identified operator will not necessarily be the one that best nullifies
the non-linear effects, as the non-linear effects might be concealed by the feedback
controller. When significant non-linear effects are still present, performance likely
deteriorates for other reference signals, and the effects could lead to instability.
In this Chapter, a novel framework is presented that gives a quantitative measure
of the operator’s ability to nullify the non-linear effects. The framework can be applied both in open- and closed-loop condition, and is independent of the additional
control action in both cases. The framework uses a frequency domain approach based
on smart excitation signals, which allows for simultaneous identification of remaining
linear dynamics directly facilitating future control design.
This Chapter is organized as follows. In Section 4.2, the problem description,
including notation, is presented. In Section 4.3, the novel framework is introduced.
In Section 4.4, the procedure to estimate the stochastic non-linear contributions is
explained. In Section 4.5, SMA actuation, including the experimental set-up, is introduced. In Sections 4.6 and 4.7, the Duhem model and the GPI model are discussed
in detail. In Section 4.8, the parameters of the models are identified. In Section 4.9,
the framework is demonstrated with experimental work on an SMA actuator. This
Chapter concludes with conclusions and a discussion on ongoing work in Section 4.10.

4.2

Problem definition

The principle of pre-compensation is schematically illustrated in Figure 4.2, depicting a
cascade of a compensation operator o(u), that creates a manipulated input ζ = o(u), ζ
is applied to a non-linear system γ(ζ) with output z. When the operator o(u) is perfect,
the mapping H from u to z is linear. Here the cascade of the compensation operator
and the system itself is denoted H. By assuming H is linear, or equivalent, o(u) is
perfect, linear control techniques can be used to design a stabilizing controller Cf b
with the desired robustness and performance properties. However, when the operator
unsuccessfully nullifies non-linearities these properties cannot be guaranteed.
H
u

o

ζ

γ

z

Cf b

Figure 4.2. A compensation operator o is used to pre-compensate nonlinear
effects of the system γ, such that the cascade system H has a linear mapping.
The goal of this Chapter is to find a data-based framework that provides a measure
to analyze the ability of the operator o to nullify non-linear behavior of H, irrespective
of the additional linear control action.
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Proposed framework

To analyze a potential compensation operator op , a frequency response identification
method is applied to the cascade of op and the system γ. The compensation operator
is considered to be imperfect. Hence, H(u) = γ(op (u)) is a non-linear system. This
Chapter is limited to systems that respond periodically to a periodic input, where the
output has the same period as the input (PISPO systems). As a consequence, the
framework can handle non-linear systems H(u) that suffer from hysteresis, saturation,
clipping and deadzones. However, the method should not be applied to chaotic systems
[76].
v(t)

u(t)

ζ(t)

z(t)
H

op

nz (t)

γ
Cf b

Figure 4.3. Schematic illustration of the multisine based measurement procedure.
Analysis is performed by applying a periodic random phase multisine input v(t)
to the system, as schematically depicted in Figure 4.3. It is recommended that the
multisine resembles the expected input to the system, while being sufficiently exciting. In case of the saturated hysteresis in SMA material, it is recommended that the
multisine contains major loops (full crystallographic transformation) and minor loops
(partial transformation). When the multisine is applied to the system and data is
harvested, the stochastic procedure of [76] is used to determine both the Frequency
Response Function of HBLA , as well as to quantify stochastic non-linear distortion.
Note that when the cascade of the potential operator and the system is unstable, an
additional controller Cf b is required to stabilize the system. The methodology can also
be applied for systems with such additional feedback control action and is independent
of the feedback controller.
The outputs of this technique, which is elaborately described in Section 4.4, consist
of, inter alia, the gain and phase information ĤBLA and the variance due to non-linear
2
contributions σ̂N
L , for each excited frequency.
2
From all potential operators, the operator with the lowest σ̂N
L best nullifies the
2
non-linear behavior. Note that the value for σ̂N
is
frequency-dependent.
It is advised
L
to consider the frequency region up to and around the required closed loop bandwidth.
For passively cooled SMA actuators, as considered in this thesis, the maximum bandwidth is f = 0.125 [Hz] [28]. Therefore, in this thesis the frequency region up to
f = 0.15 [Hz] is used for comparison.
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4.4

Identifying stochastic non-linear contributions

This Section describes the steps to be taken to identify the stochastic non-linear contributions of a system. A non-linear PISPO system H is considered. Equivalent to the
non-linear system H is a linear system ĤBLA , with a distorted output (by non-linear
effects). This equivalent representation is schematically depicted in Figure 4.4, where
zN L denote the distortion by non-linear effects and nz denotes (measurement) noise.
H
zN L (t)
v(t)

u(t)
ĤBLA

z0 (t)

nz (t)
z(t)

Cf b

Figure 4.4. An equivalent system for the PISPO system H is proposed, consisting of a linear HBLA disturbed by non-linear effects, non-linear effects can
be quantified in open- and closed-loop.
The non-linear system is perturbed using a multisine signal v(t) that exists of M̃ ≥ 4
parts, called realizations, that are each repeated for P̃ ≥ 2 times, called periods. It is
assumed that the multisine signal is sufficiently exciting, and hence, excites the system
through its complete (dynamic) range. The multisine has a random phase and consist
of frequencies that are multiples of fs /Nd , with fs the sampling frequency and Nd ∈ Z+
the total amount of data-points in one realization. By only exciting these frequencies,
no leakage effects are present [75, Chapter 4.2]. To simplify notation, the frequency-bin
fs
k corresponds to the frequency f = k N
. Note that the highest excited frequency has
d
1
an index k < b 2 Nd c, to ensure no excitation above the Nyquist frequency occurs.
All realizations have an identical amplitude spectrum. However, the phase is chosen
randomly for each realization. For linear systems without noise, the output spectrum
would be identical for each realization. However, for non-linear systems, the considerable difference in time domain of the signal, results in a different output spectrum for
each realization.
By averaging output- and input-spectra of all realizations and periods, a best linear
approximation of the system ĤBLA is found. The variance among different periods and
realizations at each measurement point can be exploited. It is important to realize that
for signals with the same realization, this variance is a result of noise alone. Whereas
for different realization, the variance will increase due to non-linear effects.
After perturbating the system and measuring u(t) and z(t), an initial treatment is
applied to the signals. The signals are cut into pieces (such that each piece contains
only 1 period of 1 realization), e.g., u(t)[1,2] corresponds to realization 1, period 2.
After, the offsets u∗ and z ∗ of the signals are removed to make them zero mean, and a
discrete Fourier transform is applied. The aforementioned procedure is mathematically
captured as:
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N −1
1 X [m,p] nt
U [m,p] (k) = √
[u
( ) − u∗ ]e−i2πknt /N ,
fs
N nt =0

(4.1)

N −1
1 X [m,p] nt
Z [m,p] (k) = √
[z
( ) − z ∗ ]e−i2πknt /N ,
fs
N nt =0

(4.2)

N −1
1 X [m,p] nt
V [m] (k) = √
[v
( ) − v ∗ ]e−i2πknt /N .
fs
N nt =0

(4.3)

Note that V [m,p] (k) = V [m] (k) due to the periodic nature of multisine signals. The
average over the periods for each realization becomes:
Û [m] (k) =

P̃
1 X [m,p]
U
(k),
P̃ p=1

(4.4)

Ẑ [m] (k) =

P̃
1 X [m,p]
Z
(k).
P̃ p=1

(4.5)

The variance within a realization due to (measurement) noise is equal to:
[m]

2
σ̂U,n
(k) =

[m]

2
σ̂Z,n
(k) =

[m]

2
σ̂ZU,n
(k) =

P̃
X
1
(U [m,p] (k) − Û [m] (k))2 ,
P̃ (P̃ − 1) p=1

(4.6)

P̃
X
1
(Z [m,p] (k) − Ẑ [m] (k))2 ,
P̃ (P̃ − 1) p=1

(4.7)

P̃
X
1
·
(U [m,p] (k) − Û [m] (k))(Z [m,p] (k) − Ẑ [m] (k)).
P̃ (P̃ − 1) p=1

(4.8)

As the multisine signal is exactly known, a phase-correction can be applied to the input
and the output:
ÛR (k) = Û [m] (k)e−i∠V

[m]

(k)

,

(4.9)

= Ẑ [m] (k)e−i∠V

[m]

(k)

.

(4.10)

[m]

[m]
ẐR (k)

Averaging over the realizations gives:
ÛR (k) =

M̃
1 X [m]
UR (k),
M̃ m=1

(4.11)

ẐR (k) =

M̃
1 X [m]
ZR (k),
M̃ m=1

(4.12)
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with variances among realization equal to:
[m]

2
σ̂U
(k) =
R ,n

M̃
X
1
[m]
[m]
(UR (k) − ÛR (k))2 ,
M̃ (M̃ − 1) m=1

(4.13)

M̃
X
1
[m]
[m]
(ZR (k) − ẐR (k))2 ,
M̃ (M̃ − 1) m=1

(4.14)

[m]

2
σ̂Z
(k) =
R ,n

[m]

2
σ̂Z
(k) =
R UR ,n

M̃
X
[m]
[m]
1
[m]
[m]
·
(UR (k) − UˆR (k))(ZR (k) − ZˆR (k)).
M̃ (M̃ − 1) m=1

(4.15)

As the measurement noise is uncorrelated to the multisine signal, the total noise variance is equal to:
M̃
1 X 2[m]
2
σ̂ZU,n
(k) =
σ̂ZU,n (k).
(4.16)
M̃ 2 m=1
Note that phase is already corrected in (4.9) and (4.10) and the amplitude spectrum
of all realizations is the same. Therefore, the Best Linear Approximation (BLA) of the
system equal to:
ẐR (k)
.
(4.17)
ĤBLA (k) =
ÛR (k)
With total variance of the system:
2
σ̂Ĥ
(k) = |ĤBLA (k)|2 (
BLA

2
σ̂Z
(k)
R

|ẐR

(k)|2

+

2
σ̂U
(k)
R

|ÛR

(k)|2

2
σ̂Z
(k)
R UR

− 2<(

)).

(4.18)

|ẐR (k)ÛR (k)|2

And the noise variance is equal to:
2
σ̂Ĥ
(k) = |ĤBLA (k)|2 (
BLA,n

2
σ̂Z
(k)
R,n

|ẐR (k)|2

+

2
σ̂U
(k)
R,n

|ÛR (k)|2

− 2<(

2
(k)
σ̂Z
R UR ,n

)).

(4.19)

|ẐR (k)ÛR (k)|2

Finally, the covariance due to stochastic nonlinearities is equal to:
(
2
2
2
2
M (σ̂Ĥ
(k) − σ̂Ĥ
(k)) σ̂Ĥ
(k) > σ̂Ĥ
(k)
2
BLA
BLA,n
BLA
BLA,n
σ̂N L (k) =
,
2
2
0
σ̂Ĥ
(k) ≤ σ̂Ĥ
(k)
BLA

(4.20)

BLA,n

where M is a scaling parameter to relate back to stochastic distortion for a single
realization. Note that when the method is applied to a system without feedback, the
situation is identical to the one described in this Section, with C = 0 and hence, u = v.

4.5

Shape memory alloy actuator

The framework is demonstrated using an SMA actuator that suffers from hysteresis
behavior. The actuator is schematically depicted in Figure 4.5 (a) and consists of an
SMA wire that is strung vertically between a fixed base and a top pin. The pin is
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connected to a linear spring that provides a bias force to the SMA wire. The position
of the top pin is measured using a laser sensor (Baumer OADM 12I6430/S35A).
By applying electrical current to the SMA wire, via copper wires, the SMA wire is
heated resulting in contraction of the wire. An example reference, that is later used for
identification purposes, is plotted in Figure 4.5 (c). The corresponding input-output
actuator response is plotted in Figure 4.5 (b). Note that the major loop is depicted in
black, the major loop denotes the maximal stroke and is obtained by fully transforming
the material. Likewise, the gray line corresponds to partial transformation, which are
also known as minor loops.

(a)

(b)
8
7

z

laser sensor

6
5
4
0

0.1

0.2

0.3

0.4

ζ
z

(c)

spring

0.4

ζ

0.3

copper wire

SMA wire

0.2
0.1
0
0

2000 4000 6000 8000

t
Figure 4.5. Schematic illustration of the measurement set-up (a), the measured response of the system (b), for applied input (c).

4.6
4.6.1

Duhem
Duhem model

The Duhem hysteresis model in general form, for input di and output do is described
by [74]:
d˙o (t) = f1 (di (t), do (t))d˙i+ (t) + f2 (di (t), do (t))d˙i− (t),

(4.21)

where f1 , f2 : R → R, d˙i+ (t) := max{0, d˙i (t)} and d˙i− (t) := min{0, d˙i (t)}. Later, in
(4.28) and (4.29), it will become apparent that di is chosen to be equal to an affine
transformation applied to ζ, and do to an affine transformation applied to z. The
characteristic functions f1 and f2 that map a change of the input to a change of the
2

68

Chapter 4. A framework to evaluate quality of non-linear compensation

output, are described by:
f1 = n+ (di (t), do )

∂h+
(di (t)),
∂di

(4.22)

f2 = n− (di (t), do )

∂h−
(di (t)),
∂di

(4.23)

with,
!
h− (di (t)) − do (t)
n+ = max 0,
,
h− (di (t)) − h+ (di (t))
!
do (t) − h+ (di (t))
,
n− = max 0,
h− (di (t)) − h+ (di (t))

(4.24)

(4.25)

where h± are characteristic functions for fraction at the major loop and g± are the
slope functions of the minor loops. The Duhem model for SMA actuator, originally
proposed in [16], uses the following characteristic functions for the output at the major
loop (h± ) and the slope of the major loop (g± ):
!
 d (t) − µ 
1
i
±
√
h± =
1 + erf
,
(4.26)
2
2σ±
∂h±
1
exp
= √
∂di
2πσ±

(di (t) − µ± )2
−
2
2σ±

!
.

(4.27)

Note that the subscripts + and − denote the increasing and decreasing curve, respectively. The slope functions are defined by a Gaussian probability density function
(PDF), with a mean µ± and a standard deviation σ± .
The characteristic functions capture the hysteresis effect inherent to SMA actuation. In [16] temperature is considered as input (290 K ≤ di ≤ 370 K) and fraction of
transformed material as output (0 ≤ do ≤ 1). In this Chapter, electric current is considered input ζ and displacement is considered an output z. To ensure the difference
in range of the in- and output does not introduce an error, a gain and offset is applied
to the in- and output:
di = θ1 ζ(t) + θ2 ,
(4.28)
z(t) = θ3 do (t) + θ4 .

(4.29)

The parameters that need to be identified for the Duhem model are
ΨD = [µ+ µ− σ+ σ− θ1 θ2 θ3 θ4 ].

Ψ
ζ
D

zD (ζ, Ψ)

Figure 4.6. Schematic illustration of the predicting properties of the Duhem
model for parameter set Ψ.
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In this thesis the subscript D denotes obtained by the Duhem model. Thus, zD (ζ, Ψ)
is the data obtained by the Duhem model for parameter set Ψ. The Duhem model is
schematically depicted in Figure 4.6.

4.6.2

Inverse Duhem model

The inverse Duhem hysteresis model in general form, for input di and output do is
described by:
d˙i (t) = f3 (di (t), do (t))d˙o+ (t) + f4 (di (t), do (t))d˙o− (t),

(4.30)

where f3 , f4 : R2 → R, d˙o+ (t) := max{0, d˙o (t)} and d˙o− (t) := min{0, d˙o (t)}. Additionally, the characteristic functions f3 and f4 that map a change of the output to a
change of the input, are described by:
f3 =

f4 =

q+ (di (t), do (t))
∂h+
(di (t))
∂di

,

(4.31)

+δ

q− (di (t), do (t))
.
∂h−
− (di (t)) + δ
∂di

(4.32)

With,
!
h− (di (t)) − h+ (di (t))
q+ = max 0,
,
h− (di (t)) − do (t) + δ
!
h− (di (t)) − h+ (di (t))
q− = max 0,
.
do (t) − h+ (di (t)) + δ

(4.33)

(4.34)

Note that a small constant δ is introduced, resulting in an inexact inverse. This constant is introduced to prevent division by 0. In this Chapter, δ = 1.4901 · 10−8 , which
is the square root of the machine epsilon of Matlab. For consistency, the coordinate
transformation also needs to be applied to the inverse Duhem model:
do (t) =

z(t) − θ4
,
θ3

(4.35)

di (t) − θ2
.
(4.36)
θ1
Note that, by introducing the δ parameter, the inverse is inexact. As a consequence,
identification of the Duhem model will result in different parameter Ψ, than when the
inverse model is directly identified. In this thesis the subscript D−1 denotes obtained
by the inverse Duhem model. Thus, ζD−1 (z, Ψ) is the data obtained by the inverse
Duhem model for parameter set Ψ.
ζ(t) =

4.7
4.7.1

Generalized Prandtl-Ishlinskii
GPI model

The generalized Prandtl-Ishlinkskii (GPI) model is an extension of the Classical PrandtlIshlinskii (CPI) model. The CPI utilizes a classical play operator, which is a continuous
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and rate-independent hysteresis operator [10]. However, the CPI can only characterize
symmetric hysteresis behavior. Further, due to the unbounded nature, this model cannot demonstrate saturated hysteresis loops which is the case for SMA actuation. To
overcome this limitation, the generalized hysteresis operator is proposed in [106], which
can be exploited to model saturated asymmetric hysteresis loops. The GPI model is
derived by applying a generalized play operator S to the CPI in conjunction with a
density function f6 .
An important step in applying the GPI model, is to segment time into subintervals
where the input is monotone and continuous. As a consequence, applying the GPI
model in continuous time requires discrete time evaluations.
By choosing the subinterval length equal to the inter-sample-length, notation simplifies significantly, without violating the conditions that are inherent to the GPI model.
Using the proposed implementation, the output of the GPI model at timestep tj is equal
to:
R
X
go (tj ) =
f6 (r̃)S [r̃,j] ,
(4.37)
r̃=1

S

[r̃,j]

= max((p− (tj ) − f5 (r̃)), min((p+ (tj ) + f5 (r̃)), S [r̃,j−1] )),

[r̃,j−1]

(4.38)

th

where S
denotes output of the r̃ generalized play operator at time t = tj − 1 f1s ,
being the time of the previous measurement point. The functions f5 and f6 are defined
as follows:
f5 (r̃) = φ11 (r̃ − 1),
(4.39)
f6 (r̃) = φ9 e−φ10 f5 (r̃) .

(4.40)

Last, the envelope functions, denoting the major loops of the hysteresis curve, are
defined as:
p+ (tj ) = φ1 tanh(φ2 gi (tj ) + φ3 ) + φ4 ,
(4.41)
p− (tj ) = φ5 tanh(φ6 gi (tj ) + φ7 ) + φ8 .

(4.42)

In this thesis the subscript G denotes obtained by the GPI model. Thus, zG (ζ, Ψ)
is the data obtained by the GPI model for parameter set Ψ. The parameters that need
to be identified for the GPI model are ΨG = [φ1 φ2 · · · φ11 ].

4.7.2

Inverse GPI model

The output of the inverse GPI model is equal to:
(
f (t )−φ
tanh−1 ( 9 φj 1 4 ) −
gi (t) =
−1 f9 (tj )−φ8
tanh (
)−
φ5

φ7
φ6
φ3
φ2

ġi ≥ 0
ġi < 0

,

S [r̃,j] = max((go (tj ) − f7 (r̃)), min((go (tj ) + f7 (r̃)), S [r,j−1] )).

(4.43)

(4.44)

Here the functions f7 , f8 and f9 are defined as follows:
f7 (r̃) =

r̃
X
r̃ ∗ =1

f6 (r̃)[f5 (r̃∗ ) − f5 (r̃)],

(4.45)
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f6 (r̃)
,
f8 (r̃) = − Pr̃
P
∗
( r̃∗ =1 f6 (r̃∗ ))( r̃−1
r̃ ∗ =1 f6 (r̃ ))
f9 (tj ) =

(4.46)

R
X
1
go (tj ) +
f8 (r̃)S [r̃,k] .
f6 (1)
r̃=2

(4.47)

In this thesis the subscript G−1 denotes obtained by the inverse GPI model. Thus,
ζG−1 (z, Ψ) is the data obtained by the inverse GPI model for parameter set Ψ.

4.8

Identification of the (inverse) models

Model identification is performed on a data-set that contains an major loop and several
minor loops. The quasi-static data-set is depicted in Figure 4.5 (b-c).
The parameters are determined by minimization of a cost function for the estimation set. For the Duhem model and the GPI model, the cost function is defined
as,
N
X
VD (ΨD ) =
(zD (ζ, ΨD ) − z)2 ,
(4.48)
k=1

VG (ΨG ) =

N
X

(zG (ζ, ΨG ) − z)2 ,

(4.49)

k=1

respectively. Here N is the length of the signal. It is also possible to use the output
as input and vice versa, and thereby, directly identify the inverse model. If such
methodology is applied, the cost functions for the inverse Duhem model and the inverse
GPI model are defined as,
VD−1 (ΨD−1 ) =

N
X

(ζD−1 (z, ΨD−1 ) − ζ)2 ,

(4.50)

k=1

VG−1 (ΨD−1 ) =

N
X

(ζG−1 (z, ΨG−1 ) − ζ)2 ,

(4.51)

k=1

respectively. Here D denotes the Duhem model, G denotes the GPI model, D−1 denotes
the inverse Duhem model and G−1 denotes the inverse GPI model. Note that the SI
base units are used in all analysis and experiments presented in this Chapter, with the
exception of lengths (v, u and z), for which [mm] are used. The identified parameters
are found to be:
ΨD = [81.6

60.2

8.6

10.3

303.0

12.1

−3.4

7.8],

ΨD−1 = [82.9

60.8

8.1

09.6

306.3

12.8

−3.4

7.8],

ΨG = [ 7.8

23.9

−4.5

−4.7

13.7

0.0

ΨG−1 = [ 7.4

22.7

−4.3

−4.3

13.4

0.0

13.8
0.1

13.5
0.5

7.8

23.6

···

22.1

···

0.5],
7.5

0.5].

72

Chapter 4. A framework to evaluate quality of non-linear compensation

8

zG−1 (ζ, ΨG−1 )

zD−1 (ζ, ΨD−1 )

Input-output Duhem (ΨD) Input-output Duhem ( ΨD−1)
7
6
5
4
0

0.1

0.2

0.3

7
6
5
4

0.4

0

ζD (zD−1 , ΨD )
Input-output GPI (ΨG)
8
7
6
5
4

0.1

0.2

0.3

0.4

ζD (zD−1 , ΨD−1 )
Input-output GPI (ΨG−1 )

zG−1 (ζ, ΨG)

zD−1 (ζ, ΨD )

8

8
7
6
5
4

0

0.1

0.2

0.3

0.4

0

ζG(zG−1 , ΨG)

0.1

0.2

0.3

0.4

ζG(zG−1 , ΨG−1 )

Figure 4.7. Input-output mapping of the (inverse) Duhem and GPI models.

The input-output mapping of the (inverse) Duhem and GPI model are depicted in
Figure 4.7. Where the input is applied to the respective model to obtain a simulated
output zmodel (ζ, Ψ), which in turn is applied ot the inverse model using the same
parameters ζmodel (zmodel , Ψ). Note that the hysteresis loops in Figure 4.7 are similar
to the measured loops in Figure 4.5 (b). However, both for the Duhem and GPI models,
the minor loops are systematically underestimated. The latter is for instance visible at
the second minor loop, which is up to the dashed line in Figure 4.5 (b-c), but is above
the dashed line in Figure 4.7.

4.9
4.9.1

Experimental results
System identification SMA actuator

First the system identification method presented in Section 4.4, is applied to the SMA
actuator. The system is excited with a multisine signal that contains 500 frequencies
with randomly distributed phase. The signal consist of 4 realizations, which each are
repeated for 4 periods. As an example, period 4 of realization 4 is depicted in Figure
4.8, where (a) depicts the time-domain- and (b) the frequency-domain- representation.
Note that the relation between the frequency-bin k and the excited frequencies is
discussed in Section 4.4.
The significantly higher amplitude at two excited low-frequency points are chosen
to ensure the system is excited through the whole hysteresis curve. Note that the
excited frequency points are the lowest frequencies that are multiples of the spectral
density fs /Nd , hence, no leakage effect can become present. The sampling frequency
is equal to fs = 100 [Hz] and the length of one period of one realization is Nd = 50000.
The measured input and output are stored. The first 2 periods of each realization
are removed to ensure transient behavior is eliminated. The method of Section 4.4
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is applied to the input and output signals. The resulting Best Linear Approximation
(BLA) and stochastic non-linear contributions are depicted in Figure 4.9.
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Figure 4.8. One period of one realization of the multisine signal used for
system identification; both in time domain (a) and in frequency domain (b).
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Figure 4.9. BLA of the system γ (×-symbol) and stochastic non-linear contributions (◦-symbol) for the SMA Actuator.

The linear dynamics in the system are the temperature dynamics. The latter
typically translates to a slope of 0 in the magnitude of the frequency response function,
and a slope of −1 after the corner frequency. The latter is visible in the BLA depicted
in Figure 4.9, where the corner frequency is approximately fc ≈ 0.1 [Hz].
Furthermore, it can be seen that in the frequency region of interest f ≤ 0.15 [Hz]
the input-output behavior of the system is highly affected by non-linear contributions.
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4.9.2

Results

The proposed framework is applied to the cascade system of the SMA actuator precompensated with:
1. Duhem Model based on ΨD
2. Duhem Model based on ΨD−1
3. GPI Model based on ΨG
4. GPI Model based on ΨG−1
The multisine input signal that is applied to the cascade system is designed in a similar fashion as the input signal for the system identification approach. However, less
frequency points are excited. By not exciting the lowest frequencies a lower measurement time is obtained. Furthermore, more power can be applied at each frequency.
The linear dynamics are expected to be unaffected by the pre-compensation. Hence,
as long as there is one excited frequency below and one above the corner frequency
the remaining linear dynamics can be approximated. To make sure the system goes
through both major and minor loops, 2 frequencies below the corner frequency are
excited. Similar to the system identification case, the multisine consist of 4 periods
and 4 realizations. Figure 4.10 shows the time- and frequency-domain representation
of the last period of the last realization. After application of the multisine, input and
output are stored and the first 2 periods of each realization are removed to eliminate
transient behavior.
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Figure 4.10. One period of one realization of the multisine signal used for
pre-compensation assessment; in time domain (a) and in frequency domain (b).
The method of Section 4.4 is applied to the input and output signals. The resulting
Best Linear Approximation (BLA) and stochastic non-linear contributions are depicted
in Figure 4.11 for the Duhem based operators, and in Figure 4.12 for the GPI based
operators. The dashed lines corresponds to a model of the remaining linear dynamics
(with low frequency gain of 0.7 [-] and a pole at 0.12 [Hz]) and are added to show that
the magnitude of the BLAs are alike. Note that, as the input hysteresis non-linearities
are estimated based on quasi-static input-output data, a low gain value of 1 [-] was
initially expected. However, the underestimation of the inner loops observed in Section
4.8, results in a lower gain of 0.7 [-] in practice. Considering all cascades are excited
using the same multisine signal, and the magnitude of the BLAs are alike, it can be
assumed that similar non-linearities are encountered. It is visible that for the region of
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Figure 4.11. BLA of the pre-compensated system H (×-symbol) and stochastic non-linear contributions (◦-symbol) for the Duhem based pre-compensators.
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Figure 4.12. BLA of the pre-compensated system H (×-symbol) and stochastic non-linear contributions (◦-symbol) for the GPI based pre-compensators.

interest, f ≤ 0.125, the variances due to non-linear contributions are −80 [dB] for the
Duhem models and −120 [dB] for the GPI models. It can be concluded that the GPI
model can better nullify non-linear dynamics when used as pre-compensator. For both
types of pre-compensation, the way of identifying the parameters has limited effect in
their non-linearity nullifying capabilities.
It should be noted that for both model types the proposed inverse hysteresis compensation is effective in nullifying the non-linearities. Hence, the cascade of the pro-
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posed inverse hysteresis compensation and the hysteretic system has a linear inputoutput. And thus, linear techniques to design stabilizing, robust controllers with guaranteed performance can be applied to design the feedback controller Cf b .

4.10

Conclusion

A novel framework is presented in this Chapter. The approach allows to assess the
ability of a compensation operator to nullify non-linear behavior. By exciting the
cascade of the compensator and the system with a multisine and taking advantage of
the multisine properties, linear-, non-linear and noise contributions can be separated.
Special attention is given to design of the multisine signal to sufficiently excite the
non-linear behavior.
The data-based method is demonstrated by comparing the inverse Duhem- and the
GPI-model for pre-compensating for input hysteresis non-linearities for Shape Memory
Alloy based actuators. It can be concluded that both models are well capable to nullify
the non-linear behavior, with the inverse GPI model having the superior reduction. In
order to select the best model for model-based control frameworks, other aspects, such
as robustness properties and ease of implementation should be investigated in future
work.

Chapter 5

Physical model of macroscopic
phase transition behavior

The macroscopic behavior of Nickel Titanium Shape Memory Alloy (SMA) wires suffers from hysteresis. This is related to the fraction of material that is in detwinned
martensite crystallographic structure. In this Chapter, a novel physical model is proposed that describes the fraction of transformed material on a macroscopic level. The
model is history-free and depends on characterization of the material and the loading
cycle. Therefore, the model should only be used in cases where the loading pattern is
known.

This chapter is based on:
R. Gaasbeek and B. de Jager, “Physical Modeling of Macroscopic Phase Transition Behavior
for Nickel Titanium Shape Memory Alloy (SMA) Wires”, ASME Smart Materials, Adaptive
Structures and Intelligent Systems, vol. 1, pp. V001T02A003, 2017.
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Introduction

Nickel Titanium Shape Memory Alloy (SMA) is used in a wide variety of industries.
In these products, one relies on SMA’s capability to “remember” its shape and/or on
SMA’s large strain effects. The latter is caused by a crystallographic change in the
material, which, when the alloy is properly trained, is recoverable and reversible. Compared to high-strain piezo material, SMA has over 40 times more maximum actuation
strain and over 100 times more specific actuation stress [65]. Such characteristics also
hold a big potential for application to micro-actuators. However, design and control of
SMA actuators still belongs to the domain of the specialist [58].
A key difficulty in positioning tasks of SMA actuators is the complex dynamics. The
underlying crystallographic structure change occurs on microscopic level and is difficult
to relate to macroscopic material behavior [79]. Typically, the fraction of material
with transformed crystallographic structure is estimated with classical fraction-models.
However, the (prediction properties of such) models are often disputed [12, 57, 80].
In order to accurately control movements of the SMA actuator, empirical fractionmodels are used in model-based control strategies [18, 51, 24]. As it is infeasible to
measure the fraction during transformations, the models remain unvalidated. Further, the models often rely on previous (partial) transformations. This causes significant challenges for the control engineer [107]. Often, control algorithms disregard this
history-dependency [51]. The main problem with the model-based control frameworks
is that they rely on unvalidated simplified models, potentially resulting in sub-optimal
tracking performance.
This work focuses on finding a fraction model of high accuracy, that can be used to
validate models, and, in some cases, can be directly implemented in control algorithms.
The novel contribution in this work is an alternative system description for SMA actuators. As accurate models are available for elastic and temperature-induced strain, a
complete (fraction-based) expression for strain can be derived. Using knowledge of the
major loop (e.g., the maximal transformation strain should be known), it is shown that
a specific temperature, stress and strain combination maps to a single fraction. This
expression, which does not depend on previous (partial) transformations, is especially
useful for validation and application in model-based-control of SMA actuators.
Preliminaries on SMA actuators are provided in Section 5.2. In Section 5.3 the
classical fraction-models are discussed. In Section 5.4 the proposed fraction-model
is derived. The experimental set-up is introduced in Section 5.5. In Section 5.6 experimental results are presented and evaluated. Conclusions are provided in Section
5.7.

5.2
5.2.1

Preliminaries
Shape memory alloy

This work focuses on Nickel Titanium Shape Memory Alloy (SMA) wires. It is assumed
the wires had alloy-training, where the wire experienced several actuation cycles to
reach an approximately constant recoverable transformation strain [64, Chapter 1.7].
The characteristic large recoverable strain of SMA wires occurs due to changes in
crystallographic structure of SMA; a temperature and stress dependent phenomenon.

5.2 Preliminaries
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At relatively high temperatures, SMA is in the austenite phase (the alloy has
the austenite crystallographic structure). Likewise, in case of low temperature and
relatively high stress, the material transforms to the detwinned martensite phase ∗ .
This transformation results in up to 8 % strain and is reversible [92].

5.2.2

SMA actuators

The actuators considered in this work are one dimensional bias-force SMA actuators.
These actuators are SMA wires under uniaxial pre-stress (the bias force). It is assumed
that the crystallographic structure is limited to the austenite and detwinned martensite
only. This is valid when the pre-stress is above the detwinning finish stress.
Strain of the SMA wire is directly related to displacement of the actuator. The
total strain can be described as a summation of elastic-, transformation- and thermal
strain;
σ

Z
 − 0 =

σ0

∂
dσ +
∂σ

Z

ξn
ξn,0

∂
dξn +
∂ξn

Z

T
T0

∂
dT.
∂T

(5.1)



2
In (5.1),  = 12 LL0 − 1 denotes the Green-Lagrange strain of the wire, σ denotes
the stress, T denotes the temperature, L denotes the length and the subscript 0 denotes
the reference state of the material. The fraction of material that is not in detwinned
martensite crystallographic structure is denoted ξn , with 0 ≤ ξn ≤ 1. As a consequence,
ξd = 1 − ξn is the fraction of detwinned martensite. Note that the third term in (5.1)
is related to effects due to thermal expansion of the material. Strain effects as a
consequence of fraction changes that are (indirectly) temperature or stress induced,
are captured in the second term.
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Figure 5.1. Strain versus temperature measurement for a bias-spring SMA
actuator (wire 1). The major loop (full transformation from ξn = 0 to ξn = 1
and vice versa) and several minor loops are visible.
∗

Also twinned martensite can exist, for low temperatures and low stress.

80

Chapter 5. Physical model of macroscopic phase transition behavior

Figure 5.1 depicts a typical full cycle (major loop) of an SMA actuator (completely
in austenite phase to detwinned martensite and vice versa), as well as several partial
transformations (minor loops). By applying cooling (e.g., by natural convection) and
heating (e.g., by applying a current through the wire) the temperature of the wire is
altered; forcing a transformation to occur.

5.2.3

Modeling of SMA Actuators

The 1D constitutive equation (5.1) is classically written to describe stress, often in
differential form:
σ̇ =

δσ
δσ ˙
δσ
δσ
˙ +
ξd +
Ṫ = E(ξn )˙ + Ω(ξn )ξ˙d +
Ṫ .
δ
δξd
δT
δT

(5.2)

δσ
In (5.2), δσ
= E(ξn ) is the Young Modulus of the material, δT
is the thermoelastic
δ
δσ
tensor, δξd = Ω(ξn ) = −Hcur E(ξn ) is the transformation tensor for detwinned martensite, respectively [9]. Here Hcur denotes the total transformation strain, the dominant
strain effect during a cycle.

5.2.3.1

Young’s modulus

As the elastic properties are not equal among phases [79], the Young’s modulus E(ξn )
is not a constant. If one assumes a Voigt type dependence from martensite volume
fraction for the elastic modulus, expressions for E(ξn ) (and thus Ω(ξn )) can be derived
[80]:
E(ξn ) = (1 − ξn )Ed + ξn En .
In (5.3), the subscript d refers to the value for detwinned martensite and
alternative crystallographic structures (in this case austenite).

5.2.3.2

(5.3)
n

refers to

Total transformation strain

In order to determine the total transformation strain Hcur of an actuation cycle, states
of the fully (un)transformed material can be used. The strain  =  at the black
circle in Figure 5.1 denotes the strain in completely transformed state. This state is
denoted with a bar. Likewise, the gray circle denotes a fully untransformed state  = .
The difference between  and  is the total strain effect of a complete transformation
cycle. Equation (5.1) and (5.2) are used to derive the total transformation strain, by
subtracting elastic and thermal strains from the total strain effect  −  [64, Chapter
δσ δσ
δ
2.3]. It is assumed that the thermal expansion coefficient α = δT
/ δ = δT
is constant,
as α is found to be similar for various crystallographic structures (Section 5.5.2.2).
Following this reasoning, the total transformation strain can be described as follows:
Hcur =  −  + α(T − T ) +

σ
σ
−
.
En
Ed

(5.4)

5.3 Classical fraction models

5.3
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Classical fraction models

Section 5.2 provides a detailed description on a dynamic model of an SMA actuator
(5.2). All required components can be derived, with the exception of an expression for
ξ˙d . Hence, in order to complete the description of SMA behavior, a model to calculate
the fraction of transformed material (a fraction-model) is required. In this Section, the
main (classical) fraction-modeling approaches are discussed.

5.3.1

Free energy as central quantity

Models that use minimization of free energy to determine the phase fractions are often
very complex, but lead to accurate knowledge on equilibrium of phases in a homogeneous material [88]. In order for the models to be useful to describe macroscopic
behavior of the wire, additional steps, based on empirically found distributions can
be used [38]. One could argue if this knowledge adds much value from a control perspective, when compared to other model types which describe macroscopic behavior
directly.

5.3.2

Empirical relations as central quantity

A second way to find relations for phase fractions is estimating relations based on (experimental) studies of macroscopic transformation kinetics. Widely used 1D models of
this type are the Tanaka [97], Liang [68] and Brinson [9] model. All of these models
assume that fraction changes occur in a relatively narrow temperature and stress dependent region. Indeed in this region the fraction change is dominant. However, the
fraction changes also outside these regions. This is clearly visible in Figure 5.1, where
the dominant regions are indicated in gray-shading and the arrows denote examples
of non-dominant regions where phase change still occurs. In other words, outside the
dominant regions ξn still changes as a function of T . This aspect is not covered by the
models discussed in this Section. Hence, especially for minor loops, model errors are
significant.

5.4

Proposed fraction model

In contrast to the methods discussed in Section 5.3, the proposed method does not
depend on previous (partial) transformations. In order to obtain this history-free property, complementary to temperature- (T ) and stress- (σ) measurements, the method
requires cycle information (Hcur ) and strain measurements (). By exploiting this
additional information, no knowledge on history of the material is required.
∂
Key to the methodology presented in this section is the assumption that ∂ξ
=
n
Hcur is constant. As a consequence, there is an affine relation between fraction and
transformation strain. To the best of the authors’ knowledge, this dependency is
observed in practice and not debated in the field. Therefore, this assumption, originally
proposed by [64, Chapter 2.6], is adopted in this Chapter and embodied as Postulate 1:
Postulate 1.
Z

ξn

t =
ξn,0

∂
dξn = Hcur (ξn − ξn,0 ) .
∂ξn

(5.5)
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Note that t represents one of the three strain-components in equation (5.1). The
remaining two strain-components can be rewritten, using (5.3), to:
Z

σ

E =
σ0

∂
σ − σ0
σ − σ0
dσ =
=
,
∂σ
E(ξn )
(1 − ξn )Ed + ξn En
Z

T

T =
T0

∂
dT = α(T − T0 ).
∂T

(5.6)

(5.7)

Combining (5.1) with equation (5.5)-(5.7) results in (5.8).
aξn2 + b(T, )ξn + c(T, , σ) = 0,
a = −Hcur (En − Ed ) ,

(5.8)

b(T, ) = (Hcur + α(T − T0 ) −  + 0 ) (En − Ed ) − Hcur Ed ,
c(T, , σ) = (Hcur + α(T − T0 ) −  + 0 ) Ed + σ − σ0 .
By solving (5.8), a relation for ξn can be derived by solving for 2nd order polynomial
equality (5.9):

ξn =

−b −

√
b2 − 4ac
.
2a

(5.9)

Note that (5.8) has a positive and negative solution for ξn . As ξn ∈ R≥0 , as fraction
is non-negative by definition, and is therefore omitted in (5.9) ∗ .
It is recommended to start an experiment by heating to austenite phase, as unmonitored external loading inbetween experiments influence the fraction ξn . Additionally,
this heating step is used to re-evaluate the reference state values (0 , T0 , ξn,0 = 1, σ0 ),
which potentially change due to aging of the wire (as is more elaborately discussed in
Section 5.6.2.2).
An important remark is that, despite the hysteresis behavior, the presented method
results in a mapping of any data point (T , σ, ) to a single fraction ξn (note: the reverse
does not hold).

5.5

Experimental set-up

The experimental data presented in this Chapter is obtained using a bias-spring actuator set-up. In this section the set-up is introduced in more detail. Additionally,
relevant (model) parameters are estimated.
∗ As H
cur is positive by definition and En > Ed ; a < 0. Likewise, b < 0 and c > 0. As a
2 − 4ac > 0. Hence, there are two real solutions to the quadratic formula. As
consequence, b√
√
2a < 0, −b − b2 − 4ac < 0 and −b + b2 − 4ac > 0 for all considered parameter intervals.
Thus, for the parameter-set considered, the only solution for ξn , with ξn ≥ 0, is provided
in (5.9).
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Figure 5.2. A schematic overview of the bias-spring SMA actuator set-up used
in this Chapter.

5.5.1

Bias-spring SMA actuator set-up

The set-up consists of a interchangeable Nickel Titanium SMA wire (150µm-diameter
FlexinolTM wire of Dynalloy Inc.), that is strung vertically between a top pin and a
micro spindle. A bias force is applied to the top pin by a linear spring (with stiffness
k). The position of the top pin qt is calibrated; qt = 0 when the wire is not tensioned,
likewise, when qt > 0 the spring is compressed and a stress is applied to the SMA wire.
The concerning equation of motion is:
mq̈t = σA + mg − ks qt ,

(5.10)

where m is the moving mass, σ is the stress in the SMA wire, A is the cross-sectional
area of the wire and g is the gravitational constant. As the moving mass m is small:
mq̈t ≈ mg ≈ 0 << σA ≈ ks qt .

(5.11)

Following this reasoning, it is assumed that σ = ks qt /A. Hence, measurements of qt
are used to determine the stress σ.
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In order to relate the measured displacement qt to strain , an initial length is
required. The length Ls between the tip and the spindle, in case of an uncompressed
spring and a constant spindle setting (qs = 0) is known accurately. As a consequence,
the length of the wire L can be determined from the displacement measurements;
L = Ls + qs − qt . Using the length in Austenite at zero stress L0 , the Green-Lagrange
strain is calculated [68]:
 2

1
L
−1 .
(5.12)
2
L0
The displacement measurements are obtained using a laser sensor (Baumer OADM
12I6430/S35A). Note that in this case the mechanical behavior of the set-up is well
defined. If this would not be the case, an additional force sensor would be required to
determine the stress.
=

Table 5.1. Set-up Parameters

Parameter
A
ks
Ls

Value
1.77 · 10−8
4.48 · 102
9.00 · 10−2

Unit
[m2 ]
[N/m]
[m]

Last, a thermocouple is located at the center of the SMA wire. Heating of the wire
is obtained by applying an electric current on the copper wires attached to the distal
ends of the SMA wire. Cooling is achieved by natural convection.
A schematic overview of the set-up is depicted in Figure 5.2. An overview of the
set-up parameters is provided in Table 5.1.

5.5.2

Parameter characterization

5.5.2.1

Initial length & Young’s modulus

In order to demonstrate generic capabilities of the model, experiments are performed
on two separate wires (actuators). The wires have different phase transition behavior.
Both need to be characterized in order to determine the zero-stress length in austenite
phase (L0 ) as well as the Young’s Modulus for the various crystallographic structures.
In order to do so, first a high current is continuously applied to the wire. As such, the
wire is transformed to austenite and kept to an approximately constant temperature.
The spindle is turned to obtain a high pre-stress. After, the pre-stress is iteratively
lowered by adjusting the spindle. During the intervals where the stress is constant,
the average of the displacement sensor data is stored and related to the length of
the wire. The measurement is shown in Figure 5.3 (gray), where the lengths of the
wire and corresponding stress levels (in austenite phase) are plotted. By removing
the electric current the wire cools down to the low environment temperature (the
martensite phase). The stress is increased until approximately 200MPa (a stress level
above the detwinning finish stress) and is iteratively reduced. This provides similar
results for the detwinned martensite structure. This measurement is depicted in Figure
5.3 (black).
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Figure 5.3. Length vs stress for SMA wire 1, for various crystallographic
structures. Used to determine the initial length (at zero stress in austenite
phase).

A linear relation is fitted to the measurement points of each crystallographic structure, using a least-squares criterion. Hence, a length at zero stress can be determined
for each crystallographic structure. Using (5.12), stress-strain relations for each crystallographic structure can be depicted. The latter is done in Figure 5.4.
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Figure 5.4. Strain versus stress measurements for SMA wire 1, for various crystallographic structures. Used to determine the corresponding Young’s Moduli.
Similar to the processing step of the data in Figure 5.3, linear relations are fitted
through the data-points (the lines in Figure 5.4). The slopes of the lines are the Young’s
Moduli. The identified parameters are provided in Table 5.2.
Table 5.2. Identified Wire Parameters

Parameter
L0
En
Ed
Hcur
α
T0
σ0
0
ξn,0

Wire 1
8.98 · 10−2
5.41 · 1010
3.08 · 1010
4.83 · 10−2
1.00 · 10−5
3.70 · 102
2.32 · 108
4.50 · 10−3
1.00

Wire 2
8.63 · 10−2
4.80 · 1010
2.80 · 1010
4.66 · 10−2
1.00 · 10−5
3.87 · 102
2.21 · 108
3.44 · 10−3
1.00

Unit
[m]
[Pa]
[Pa]
[-]
[1/K]
[K]
[Pa]
[-]
[-]
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Thermal expansion coefficient

In Figure 5.1, the top and lower gray line denote the thermal expansion in transformed
and untransformed material state. The lines are tangent to the linear region of the
hysteresis loop. Note that especially for the untransformed case, the linear region is
small, as the experimental set-up is not equipped with active cooling and the room
temperature is relatively high. The tangent lines are fitted by a manual iterative visual procedure, and thus, accuracy is limited. For wire 1, the slopes for both lines
are identical and equal to α = 1.00 · 10−5 [1/K]. Similar results are obtained in wire
2. Hence, for the wires considered in this Chapter, the thermal expansion coefficient
are identified to be equal in case of various crystallographic structures, which is consistent with (5.7). Considering the limited accuracy in the procedure to determine α,
sensitivity of the method with respect to errors in thermal expansion factor should be
analyzed. The latter is done in Section 5.6.2.1.

5.6
5.6.1

Experimental results
Model evaluation

The methodology described in Section 5.4 is evaluated using experimental data. The
power input (Figure 5.5 (a)) applied to the set-up is designed such that the response
contains both an major loop, as well as several minor loops. Additionally, at the start
of the experiment (t < 800 [s]), the material is heated to a high temperature where it
is fully in austenite phase.
As explained in detail in Section 5.4, this heating step is used to measure the
reference state values (denoted with subscript 0 ) at a known structure (ξn,0 = 1) .
After the reference state values are found, strain, stress and temperature measurements
can be related to the fraction of transformed material using (5.8) and (5.9).
Figure 5.5 (b) depicts the estimated fraction of transformed material as function
of temperature (the model output). It is visible that also outside the dominant transformation regions (gray regions in Figure 5.5) crystallographic structure changes are
predicted (e.g., gray arrows in Figure 5.5). Furthermore, the fraction varies between
0 ≤ ξn ≤ 1. Therefore, it is concluded that the fraction is estimated according to expectations. As no measurement of the crystallographic structure of the SMA is available,
it is infeasible to quantify the error of the method. However, it is possible to perform a validation step by changing the SMA wire for an alternative wire with different
phase transition behavior (wire 2). Such validation experiment illustrates robustness
properties of the proposed model.
First, the characterization procedure is repeated for wire 2. After, an identical
power input (Figure 5.5 (a)) is applied. In Figure 5.6 the estimated fraction for wire
2 is depicted. When one compares Figure 5.5 (b) with Figure 5.6, it is visible that
especially the minor loops are different among the wires. This is expected as wire 2 has
different phase transition behavior. In the results presented in Figure 5.6, the fraction
is again between 0 ≤ ξn ≤ 1. Hence, also for wire 2 the estimations are according to
expectations, indicating that the method can be generically applied to SMA actuators,
irrespective of the material properties. Note that an alternative actuator does require
repeating the characterization process.
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Figure 5.5. (a) The power input applied to heat SMA wire 1, (b) The fraction
of transformed material, using (5.9), plotted versus temperature measurements
(wire 1).
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Figure 5.6. The fraction of transformed material, using (5.9), plotted versus
temperature measurements (wire 2).

5.6.2

Sensitivity analysis

In Section 5.6.1 effectivity of the model is discussed. In this section sensitivity of the
model is evaluated, both considering imperfections in the parameter estimation steps
and degradation of the SMA wire.

88

Chapter 5. Physical model of macroscopic phase transition behavior

5.6.2.1

Parameter sensitivity

The proposed fraction model depends on the parameters En , Ed , Hcur and α. The
estimation procedure for these parameters are presented in Section 5.5.2 and Section
5.2.3. If the parameters are incorrectly identified, it will influence the accuracy of
the methodology. By manipulating the parameters this effect can be analyzed. The
fraction ξˆn estimated using the manipulated parameters α̂, Ĥcur , Êa , Êd , is compared
to the fraction without manipulation ξn . The error is defined as e = |ξn − ξˆn |, with
mean ē. Elastic strains have a moderate effect on the total strain, hence, it is expected
that deviations in the Young’s Moduli En , Ed have moderate effect on the estimation of
ξn . As the dominant strain effect is the elastic strain, a modification of Hcur is expected
to have a relatively large impact. Considering thermal strain is the least significant
strain effect, it is expected that deviations in α have relatively little consequences on
the accuracy of the estimated fraction.
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Figure 5.7. The maximum error (black) and mean error (gray) for manipulated
parameters (deviations up to 10% from identified values).
In Figure 5.7, maximum error (black) and the the mean error (gray) are plotted
for variations of the identified parameters. As expected, Hcur has an important effect
on the accuracy of the model, where errors from poor estimation are less significant for
other parameters. Note that the parameter Hcur can be accurately determined using
data of a full actuation cycle, as discussed in Section 5.2.3.2.

5.6.2.2

Degradation of the SMA wire

In Section 5.6.2.1, it is shown that especially the total transformation strain is important for the accuracy of the model. By several thousands of (partial) forward and
cur
reverse transformations, the total strain can change by approximately | ∆H
| . 0.01
Hcur

5.7 Conclusion
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[64, Chapter 1.7]. In case of such heavy use of the actuator, the method would suffer
from an estimation error of |∆ξn | . 0.009.
It should be noted that the irrecoverable strain influences the strain at the high
temperature reference state (0 ) as well. Therefore, as stated in Section 5.4, it is
recommended to update the reference state at the initialization of an experiment.
The irrecoverable strain effect is elaborately studied in [33] and is caused by the
cyclic thermo-mechanical transformation. For applications where large number of cycles are foreseen and high accuracy is of importance (errors of |∆ξn | . 0.009 are considered significant), the proposed method could be improved further by determining a
measure for when recalibration is required, or by incorporating models for generated
irrecoverable strain [33] to the framework.

5.7

Conclusion

This Chapter presents a novel model that estimates the fraction of Nickel Titanium
Shape Memory Alloy (SMA) wire that consists of detwinned martensite crystallographic structure. A relatively simple expression is found that exploits knowledge
of the actuation cycle, in combination with measurements, to calculate the fraction
of transformed material. The potential of the approach is illustrated by experimental
results that illustrate the efficacy of the model.
The model has several advantages over existing fraction models; there is no need
to track previous (partial) transformations. Further, the method is based on physicalproperties of the macroscopic behavior of the wire.
The model can be used as a validation or identification benchmark, or can be
directly used in model-based control frameworks. As the method relies on a known
loading pattern, extensions are required to allow the method to be used in applications
with unknown loading patterns (e.g., disturbance forces).
Future work should focus on application and validation to low stress regions where
twinned martensite is present.

Chapter 6

Generalization of the Duhem
model for SMA wire actuators

Shape Memory Alloy (SMA) is an active material, that can be used to create actuators with small dimensions (SMA actuators). Compared to actuators constructed from
alternative active materials, SMA actuators have significantly higher force and stroke.
Typically, model-based frameworks are used to accurately control the SMA actuators.
Therefore, tracking performance is limited by the accuracy and validity of the models.
A model that is known to be computationally cheap but accurate, is the Duhem model.
However, the Duhem model is not robust and only valid for the specific actuation cycle
that is used during parameter identification.
In this Chapter, two generalizations are proposed which modify the input or parameters of the Duhem model based on insight of the dominant crystallographic transformation behavior, to make the model applicable for alternative actuation cycles. Significant
improvement on tracking performance is demonstrated experimentally.

This chapter is based on:
R. Gaasbeek, R. Roijackers and B. de Jager, “Generalization of the Duhem model for Shape
Memory Alloy wire actuators”, submitted for journal publication.
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6.1

Introduction

Shape Memory Alloy (SMA) wires can undergo a high recoverable strain by undergoing
a crystallographic transition. This property is exploited in SMA actuators, which can
be constructed with limited dimensions. Due to the large strain effect, the stroke of
SMA actuators is significantly larger than from actuators based on alternative active
materials [65].
Model-based control strategies are often used to accurately steer SMA actuators
[18, 51, 23, 27, 37, 24, 54, 109]. In order to model the crystallographic transitions
several models can be used. For control, less involved models are preferable. Promising
models for control are the cosine models (limited accuracy, but robust) [68, 9, 12, 57]
and the Duhem model with basis functions for SMA actuation (accurate, but not
robust for stress-induced transformations) [16] ∗ . The model-based-control frameworks
are therefore not robust, or suffer from limited tracking performance. In this case
robustness refers to the ability to have an accurate transition estimation when loading
patterns change (e.g., due to external force disturbances).
In this Chapter it is proposed to alter the input parameters of the Duhem model
with insight from the cosine models. In particular, it is observed that the cosine models
use insight of the dominant transformation regions. By manipulating the parameters
or the input of the Duhem model, based on the dominant transition behavior, models
are derived that are both robust as well as numerically attractive. In these models,
which essentially are generalizations of the Duhem model, the crystallographic transition bounds become stress dependent. Two novel generalizations are presented, both
outperform the cosine models.
Preliminaries on SMA actuators are provided in Section 6.2. In Section 6.3, alternative models are introduced. Their implementations for model-based control are
discussed in Section 6.4. Model validation is performed on a bias spring actuator setup, which is described in Section 6.5. Results are compared to a benchmark estimation
set-up introduced in Section 6.6. In Section 6.7, the parameter estimation method is
introduced. Analysis of the classical models is provided in Section 6.8. The proposed
novel generalizations are introduced in Section 6.9. Performance of the generalizations
is investigated in Section 6.10. Conclusions are provided in Section 6.11.

6.2
6.2.1

Preliminaries
Shape memory alloy

The material considered in this thesis is a Nickel Titanium Shape Memory Alloy. If
the alloy is properly trained, it can undergo a large strain effect which is recoverable.
This recoverable strain is caused by a crystallographic structure change in the SMA
material. Changes of the structure occur due to stress and/or temperature changes.
This phenomenon can be illustrated by using a phase diagram, where the stress and
temperature domain is divided in several regions. This diagram is depicted in Figure
6.1, where the gray regions denote the states where the dominant part of transitions
∗ A more elaborate literature overview of the transformation models is provided in Section 6.3.
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take place. When considering stresses above the detwinned finish stress, σ > σf , two
crystallographic structures can occur in the material. At relatively high temperature
SMA is in austenite phase (the crystallographic structure is the austenite structure),
when temperature decreases the structure transformes to the detwinned martensite
structure. The majority of this transformation occurs in region 1. When the material
is heated again, the SMA transformes to austenite in region 3. The transition only
occurs if the states evolve in the direction of the arrows in Figure 6.1.

σ

CM

0

CA

2

1

4

3

CM

CA

σf

Mf,0 Ms,0

As,0

Af,0
T

Figure 6.1. Phase Diagram; a schematic illustration of the dominant transitions in crystallographic structure.
Hence, transition from detwinned martensite to austenite occurs at a significantly
higher temperature than the reverse transformation; causing a hysteresis effect. At
lower stresses, depending on the temperature, also twinned martensite can be(come)
present (striped region). The describing variables Mf,0 , Ms,0 , As,0 , Af,0 , CM , CA can
be determined with characterization tests [64, Chapter 2.5]. Note that the 0 denotes a
zero stress level, at higher stress the following transition bounds are valid:

6.2.2

Mf (σ) = Mf,0 +

σ
,
CM

Ms (σ) = Ms,0 +

Af (σ) = Af,0 +

σ
,
CA

As (σ) = As,0 +

σ
,
CM

σ
.
CA

(6.1)
(6.2)

SMA wire actuators

The SMA actuators considered in this thesis are one dimensional bias-force SMA actuators. These actuators consist of SMA wires under uniaxial pre-stress (the bias force).
By applying current to a wire (Joule heating), the wire changes to the austenite phase,
and as a consequence, becomes shorter. By cooling, the wire changes back to martensite
phase and becomes longer. This is the actuating effect exploited in the actuator.
In order to model the macroscopic behavior of the wire, a constitutive equation is
derived based on the principles of thermodynamics [43]:
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δσ
δσ ˙
δσ ˙
δσ
˙ +
ξd +
ξt +
Ṫ .
(6.3)
δ
δξd
δξt
δT
Here ξt is the fraction of twinned martensite, ξd is the fraction of detwinned martensite,
σ is the second Piola-Kirchhoff stress,  is the Green-Lagrange strain and T is the
temperature of the wire. Expressions for δσ
, δσ , δσ , δσ are provided by [68], resulting
δ δξd δξt δT
in the constitutive equation:
σ̇ =

σ̇ = E ˙ + Ωd ξ˙d + Ωt ξ˙t + αṪ .
δσ
δ

(6.4)
δσ
δT

In (6.4), E =
is the Young’s Modulus of the material, α =
is the thermal
δσ
δσ
expansion factor, Ωd = δξ
and
Ω
t = δξ are the transformation tensor for detwinned
t
d
martensite and twinned martensite, respectively.
The transformation tensors are assumed to be equal to Ωd = −Hcur E and Ωt = 0,
as derived in [9], in which Hcur is the total transformation strain. This implementation
of the constitutive equation (6.4), has been extensively tested and is considered to be
correct [80].
The temperature dynamics are dependent on the way of cooling and heating. The
strain dynamics depend on the stresses in the wire(s) in combination with the actuator
type.
Given the constitutive equation (as expressed in 6.4), either in integral form, or in
differential form, it is required to determine the fraction of detwinned martensite ξd
(or its time derivative) to complete the model. As it is infeasible to measure the ξd , a
fraction model is required. Note that the fraction is visualized by depicting the fraction
that does not have the detwinned martensite crystallographic structure ξn = 1 − ξd .
The latter allows the use of terminology presented in earlier works [16, 17], without
creating confusion. In particular, the increasing curve of the Duhem model, as later
introduced in Section 6.4.2, corresponds with increasing fraction ξn .

6.3

Types of fraction models

Fraction models can be separated in models that have a physical background (to some
extent) and purely phenomenological models. This Section introduces both types and
discusses the most promising models for SMA.

6.3.1

Physics based models

6.3.1.1

Free energy as central quantity

One way to find relations for phase fractions is to construct an expression for free
energy. Minimization of the free energy may determine the equilibrium of phases,
i.e., the relation of the phase fractions with stress and temperature. A widely used
1D model of this type is the Müller-Achenbach-Seelecke Model [88]. Inherent to this
minimization approach is the assumption of homogeneity throughout the material,
which is not the case in practice. To be able to use these types of models to describe
the macroscopic behavior of the wire one could e.g. assume a “certain distribution”
and apply this in a stochastic homogenization procedure [38]. Note that the last step
is empirical and physical insight is lost.

6.3 Types of fraction models
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For model-based control purposes, models are preferably numerically attractive,
while capturing the macroscopic behavior of the material. Therefore, it is typically
preferred to use other model types which estimate macroscopic behavior directly. Additionally, an important practical problem with free-energy based models is that some
of the defined parameters in the models are not measurable with standard characterization tests (e.g., differential scanning calorimetry measurements or tensile testing)
[38].

6.3.1.2

Empirical relations as central quantity

A second way to find relations for phase fractions is by estimating relations based
on (experimental) studies of macroscopic transformation kinetics. Parameters in the
models are engineering-based and can be determined with standard characterization
tests [87].
Models based on empirical relations are relatively simple, describe macroscopic
behavior, and at the same time they still have a physical representation.
One of the first physics based models of this type is the Tanaka model [97]. In
this model, the dominant transition regions (gray regions in Figure 6.1) are considered
the only region where transition occurs. In these regions, an exponential function for
fraction is fitted over the temperature and stress dependent transition region. The
Tanaka model is known to be sensitive to small variations in material parameters and
to have a tendency to go unbounded during simulations [78].
A second model of this type is the Liang and Roberts model [68], which uses a
cosine function instead of an exponential function. This model is numerically more
attractive but has similar output as the Tanaka model. The cosine model is later
extended to be more accurate at low stresses by Brinson [9]. As in the Brinson model
the fraction could become infeasibly high (ξd > 1), several corrections on the Brinson
model have been proposed [12, 57]. In this Chapter, the Liang and Roberts model and
all its extensions are referred to as cosine models.

6.3.2

Phenomenological models

Phenomenological models can be divided into two categories of models; operator-based
models and differential equation-based models [51]. Operator-based models include the
Preisach model, Krasnoselskii-Pokrovskii model and Prandtl-Ishlinskii model, while the
Bouc-Wen model and Jiles-Atherton model are most widely used differential equationbased hysteresis models [46].

6.3.2.1

Operator-based models

The operator-based models listed above have been experimentally validated [110],
where it is concluded that the Generalized Prandtl-Ishlinskii (GPI) model is most
accurate in predicting SMA hysteresis behavior. Note that the operator-based models
require summation over hysteresis operators at each time instance, the latter increases
complexity. As is stated in the introduction, less involved models are typically used
for model-based control frameworks. Therefore, this Chapter will focus on alternative
types of fraction models. However, it should be noted that the operator-based models
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have also been applied successfully in control applications [86] and should be further
investigated in future work.

6.3.2.2

Differential-based models

The classical differential-based models (e.g., Jiles-Atherton, Bouc-Wen, Duhem) can
be written in the general classical Duhem form [74, Chapter 3]. Specific characteristic
functions to capture the hysteresis behavior of SMA actuators are constructed in [16].
Therefore, in this Chapter the classical Duhem model with characteristic functions as
defined in [16] is used as a basis and is further generalized.

6.4

Fraction models for control

Based on the analysis presented in Section 6.3, the cosine models and the Duhem
model are chosen as most suitable candidates for model-based control. Both models
are numerically attractive.

6.4.1

Cosine models

The cosine models are all identical when high stresses are considered (σ > σf ). In
these regions, the following expression can be used to determine the fraction [68]:
For CA (T − As,0 ) ≥ σ ≥ CA (T − Af,0 ) (region 3) and CA Ṫ − σ̇ > 0 the backwards
transformation is active and the following is valid:


ξM 
ξd =
cos aA (T − As,0 ) + bA σ + 1 ,
(6.5)
2


ξM
ξ˙d =
aA Ṫ + bA σ̇ sin aA (As,0 − T ) − bA σ ,
(6.6)
2
where ξM is the maximum fraction of detwinned martensite during the last forward
transformation, further, aA and bA are equal to:
aA =

π
,
Af,0 − As,0

bA = −

aA
.
CA

(6.7)

For CM (T − Mf,0 ) ≥ σ ≥ CM (T − Ms,0 ) (region 1) and CM Ṫ − σ̇ < 0 the forward
transformation is active and the following is valid:

ξd =

 1 + ξA
1 − ξA
cos aM (T − Mf,0 ) + bm σ +
,
2
2



ξA − 1
ξ˙d =
aM Ṫ + bM σ̇ sin aM (T − Mf,0 ) + bM σ ,
2

(6.8)

(6.9)

where ξA is the minimum fraction of detwinned martensite during the last backward
transformation, further, aM and bM are equal to;
aM =

π
,
Ms,0 − Mf,0

bM = −

aM
.
CM

(6.10)
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In all other regions where the model is valid, the fraction remains unchanged (ξ˙d =
0). It should be noted that the cosine models are not valid in the striped region in
Figure 6.1.

6.4.2

Duhem models

The Duhem model in general form is described by [74]:
d˙o = f1 (di , do )d˙i+ + f2 (di , do )d˙i− ,
where f1 , f2 : R2 → R, d˙i+
model for SMA actuators
fraction of non detwinned
characteristic functions f1
output, are described by:

(6.11)

:= max{0, d˙i } and d˙i− := min{0, d˙i }. Note that the Duhem
considers the temperature as main input di = T , and the
martensite as output do = ξn = 1 − ξd . Additionally, the
and f2 that map a change of the input to a change of the

f1 = n+ (di , do )g+ (di ),

(6.12)

f2 = n− (di , do )g− (di ).

(6.13)

!
h− (di ) − do
n+ = max 0,
,
h− (di ) − h+ (di )

(6.14)

!
do − h+ (di )
.
h− (di ) − h+ (di )

(6.15)

with,

n− = max 0,

where h± are characteristic functions for fraction at the major loop and g± are the
slope functions of the minor loops. The Duhem model for SMA actuator, originally proposed in [16], uses the following characteristic functions for the output (non-detwinned
fraction) at the major loop (h± ) and the slope of the minor loop (g± ):
!
d − µ 
1
i
±
h± =
1 + erf √
,
2
2σ±
∂h±
1
g± =
= √
exp
∂di
2πσ±

(di − µ± )2
−
2
2σ±

(6.16)
!
.

(6.17)

Note that the subscripts + and − denote a curve increasing and decreasing in ξn ,
respectively. The slope functions are defined by a Gaussian probability density function
(PDF), with a mean µ± and a standard deviation σ± (these are additional parameters
for the Duhem model).
In the Duhem model used as a basis of this Chapter the set of parameters
D
D
[µ+ µ− σ+ σ− ] are constant and equal to ΨD = [µD
µD
σ+
σ−
].
+
−
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6.5

Experimental set-up

6.5.1

Bias spring SMA actuator

In order to analyze and validate models, this work uses a bias spring SMA actuator.
The actuator consist of an SMA wire strung vertically between a top pin and a microspindle. The top pin is connected to a linear spring that is used to create a bias
force. The position of the top pin qt is measured contact-less by means of a laser sensor (Baumer OADM 12I6430/S35A). The sensor is calibrated such that qt = 0 when
the wire is not tensioned. Furthermore, a thermocouple is attached to the wire to
determine the temperature of the wire. The set-up is depicted in Figure 6.2.

laser sensor

qt

tip
spring

qt
SMA wire
copper wire

Lc

thermocouple
qs
spindle

Figure 6.2. Schematic illustration of the experimental bias-spring SMA actuator set-up on which the framework is validated.

6.5.1.1

Strain dynamics

The length of the wire can be determined by the measured top position where L =
Lc + qs − qt . Lc is the characteristic length of the set-up; the length between the tip
and the spindle in case of an uncompressed spring and a spindle-setting of qs = 0.
From the length the Green-Lagrange strain can be calculated:
=

1
2



L
L0

2


−1 ,

(6.18)
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where L0 is the length in austenite at zero-stress. Following the equation of motion,
qt is dependent on σ:
mq̈t = σA + mg − ks qt ,
(6.19)
where m is the moving mass, σ is the stress in the SMA wire, A is the cross-sectional
area of the wire and g is the gravitational constant. As the moving mass m is small
and q̈t is small compared to g:
mq̈t << mg ≈ 0 << σA ≈ ks qt .

(6.20)

Assuming a linear spring and constant A, the stress in the wire is equal to σ = ks qt /A.

6.5.1.2

Temperature dynamics

The SMA actuator is heated by Joule heating (applying electric current to the wire)
and cooled by natural convection to air. In Chapter 3 a non-linear fraction dependent
temperature model is proposed and validated on the SMA actuator set-up, this model is
adopted in this Chapter. Both identification and validation experiments are performed
inside a cabinet ensuring no fluctuations in temperature dynamics occur.

6.5.2

Material properties

During a full cycle (a complete transformation from austenite to martensite and vice
versa) the strain measurements can be used to determine the total strain effect of the
transformation. As this strain effect is a combination of transformation-, thermal- and
elastic strain, the latter two are subtracted to find the total transformation strain [64,
Chapter 2.3]:
σ
σ
−
,
(6.21)
Ea
Ed
where an underline denotes the minimum value on the major loops and an overline
denotes the maximum, e.g., T is the temperature where the material is completely
tranformed to austenite. In (6.21), Ed is the Young’s modulus in detwinned martensite
phase and Ea is the Young’s modulus in austenite phase. The procedure presented in
Chapter 5 is used to identify α, Ed and Ea . By determining Hcur for various cycles,
the total transformation strain can be plotted versus the minimum stress in the loop
σ, as depicted in Figure 6.3 (black circles).
Additionally, in Figure 6.3 an exponential function is fitted through the data-points
(gray line). Such dependency is adopted from [64, Chapter 2.5]. The asymptote refers
to the case where all austenite is transformed to detwinned martensite (e.g., no twinned
martensite occurs). The exponential fit is equal to:
Hcur =  −  + α(T − T ) +



Hcur (σ) = 0.0421 1 − exp − 3.7249 · 10−8 σ .

(6.22)

From Figure 6.3 it is observed that for minimal stresses above σ & 95 [MPa], the
total transformation strain is close to the asymptote value. As such, the dominant
detwinned finish stress is set to be σf = 95 [MPa]. Note that this is not a parameter
required for the proposed generalizations of the Duhem model.
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Figure 6.3. Minimum stress versus total transformation strain: measurements
(black circles), exponential fit (gray line).

6.6

Benchmark fraction estimation

In order to validate fraction models, the simulated fraction should be compared with
the actual fraction. As the fraction cannot be measured directly on the set-up, a
physical model is used to determine a benchmark fraction. The benchmark fraction
estimation method is derived in Chapter 5. Validity of the benchmark method is only
investigated for σ > σf , further, for the method it is required to have knowledge of T ,
σ and . The fraction at each data-point can be determined by the following equation;
√
b2 − 4ac
,
2a
a = − Hcur (Ea − Ed ),

ξb =

−b −

(6.23)

b =(Hcur + α(T − T ) −  + )(Ea − Ed ) − Hcur Ed ,
c =(Hcur + α(T − T ) −  + )Ed + σ − σ.
In (6.23), ξb denotes the fraction of ξn , as estimated by the benchmark method.

6.7

Parameter estimation

As denoted in Section 6.2.1, the parameters of the phase diagram can be determined
using material characterization tests [64, Chapter 2.5]. However, the empirical parameters Ψj are determined by minimization of a cost function for an estimation data-set:
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N
X

(ξj,k (Ψ) − ξb,k )2 ,

(6.24)

k=1

where ξb denotes the fraction determined by the benchmark estimation method applied
to the estimation data-set and ξj denotes the fraction for the estimation data-set as
derived by method j. Note that up to now only the Duhem model is considered
(Ψj = ΨD ), however, the parameters of the generalizations will also be estimated using
(6.24). The minimization of the cost function (6.24) is performed by the LevenbergMarquardt optimisation algorithm, which combines the large convergence region of the
gradient descent method with the fast convergence properties of the Gauss-Newton
method [67, 69]. To obtain useful parameters Ψj the identification data set needs
to be sufficiently exciting. In case of the (generalized) Duhem models, the parameters
correspond with a major loop. Hence, the identification data-set should at least contain
a full backwards and forwards transformation.

6.8

Analysis current models

In this section the classical models for control are analyzed based on measurement
data. The fraction estimation benchmark (Section 6.6) is used to validate the various
models.
Three data-sets are obtained, with stresses consistently above σf . By changing the
pre-stress, different transformation behavior is obtained.

Figure 6.4. Estimation (Data-set 0) and validation (Data-set 1) measurement
set to analyze performance classical models used for control: benchmark method
(light gray), cosine models (solid line), Duhem model (dashed line).
Data-set 0 is used for characterization of the Duhem model, and consist of 1 major
loop (full transformation from austenite to detwinned martensite and vice versa). Dataset 1 contains both major and minor loops at the same pre-stress as data-set 0. Data-set
2 is similar to the combination of data-set 0 and 1, however, the pre-stress is lowered
with 30 [MPa]. The resulting estimated fractions are depicted in Figure 6.4, and 6.5,
where the benchmark estimation procedure is depicted in light gray, the cosine model
is depicted in solid black and the Duhem model is depicted in dashed dark gray. It is
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Figure 6.5. Close up on estimation techniques for Data-set 1 (same pre-stress
as estimation set) and Data-set 2 (lower pre-stress as estimation set): benchmark method (light gray), cosine models (solid line), Duhem model (dashed
line).

observed that the Duhem models have basis function that are more suited to describe
the fraction behavior. In Figure 6.5, two close-ups are depicted at around 7200 [s]. It
is seen that the dominant transformation of simulation and measurement match for
the Duhem model when σ = 125 [MPa] (equal to the estimation data-set). However,
when the prestress is decreased to σ = 95 [MPa] the simulated transformation occurs
significantly earlier than is the case in practice. Performance of the cosine models is
not significantly altered when the pre-stress changes.
It is concluded that, when the pre-stress level is correctly used, the Duhem model
is more accurate. However, the Duhem model is not robust for a change in pre-stress.
Two generalizations are proposed to add this robustness, as described in Section 6.9.

6.9

Proposed generalizations

It is observed that the identified parameters of the Duhem model relate to the temperature of dominant transformation and the width of the transition region. As such,
there is a correspondence with the phase diagram, as exploited in the cosine models,
and the parameters of the Duhem model:
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As (σ) + Af (σ)
Ms (σ) + Mf (σ)
, µD
,
(6.25)
− '
2
2
Af (σ) − µ+
Mf (σ) − µ−
D
D
σ+
'
, σ−
'
.
(6.26)
3
3
This implementation of the Duhem model is schematically illustrated in Figure 6.6.
Note that σ denotes the high stress after transformation to the austenite phase and
σ denotes the low stress after transformation to detwinned martensite. In the SMA
actuator set-up, when the stress level changes, the transition temperatures change,
and as a consequence also the transition bounds change. However, in the Duhem
D
model µD
± and σ± are constant. Hence, changes in the loading pattern or external
force disturbances cannot be captured. Therefore, it is proposed to make the models
stress-dependent. Two generalizations are developed and are schematically depicted in
Figure 6.7 and 6.8. These generalizations are explained in subsection 6.9.1 and 6.9.2.
µD
+ '

in

out

Duhem Model

T
di

µD
+ '

As (σ)+Af (σ)
2

µD
−

Ms (σ)+Mf (σ)
2

'

D
'
σ+

Af (σ)−µ+
3

D
'
σ−

Mf (σ)−µ−
3

µ+

Classical Duhem Model

µ−

(with basis-functions
designed for SMA)

σ+
σ−

do

ξd

d˙o = f1 ḋi+ + f2 ḋi−

Figure 6.6. Schematic illustration of the Duhem model with basis-functions
D
for SMA. Where µD
± and σ± are load-independent.

6.9.1

Generalization I

In Generalization I, the changes of the transition temperatures as a function of stress
are incorporated in the Duhem parameters. Hence, the mean and standard deviation
of the Gaussian PDF functions become stress-dependent:
µI+ =

As (σ) + Af (σ)
,
η1I

µI− =

Ms (σ) + Mf (σ)
,
η2I

(6.27)

I
σ+
=

Af (σ) − µ+ (σ)
,
η3I

I
σ−
=

Mf (σ) − µ− (σ)
.
η4I

(6.28)

In contrast to (6.25) and (6.26), the denominators of (6.27) and (6.28) are free
parameters. This means that the fastest transition rate does not necessarily occur
exactly in-between start and finish temperature (it might be off-centered), additionally,
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the width of the transition region is tunable. However, the biggest change in (6.27) and
(6.28) compared to (6.25) and (6.26), is that the transformation bounds are changing
during transition. When the phase diagram is known, the remaining parameters that
need to be identified for generalization I are ΨI = [η1I η2I η3I η4I ]. The parameters
are obtained by minimizing (6.24) for data-set 0.
in

out

Generalization I

T
di

µI+ =

As (σ)+Af (σ)
η1I

µ+

Classical Duhem Model

µ−

µI− =

Ms (σ)+Mf (σ)
η2I

σ+

(with basis-functions
designed for SMA)

I
σ+
=

Af (σ)−µ+ (σ)
η3I

I
σ−
=

Mf (σ)−µ− (σ)
η4I

σ−

do

ξd

d˙o = f1 ḋi+ + f2 ḋi−

Figure 6.7. Schematic illustration of Generalization I, where the model paI
rameters µI± and σ±
are made stress dependent.

in
√ C T
C 2 +1

−

out

Generalization II
√ 1
σ
C 2 +1

di

µII
+ =

xAs +xAf
η1II

µ+

Classical Duhem Model

µ−

µII
− =

xMs +xMf
η2II

σ+

(with basis-functions
designed for SMA)

II
σ+

=

xAf −µ+
η3II

II
σ−
=

xMf −µ−
η4II

σ−

do

ξd

d˙o = f1 ḋi+ + f2 ḋi−

Figure 6.8. Schematic illustration of Generalization II, where the model input
II
di is made stress dependent. µII
± and σ± are constant.

6.9.2

Generalization II

In Generalization II, the changes of transition temperatures as function of stress are
incorporated by modifying the main input of the Duhem model di . The transformation bounds are dependent on two states (stress and temperature). A coordinate
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transformation can eliminate one dependency. In order to illustrate this principle, the
diagram and response depicted in Figure 6.9 (top) are transformed using the following
coordinate transformation:



 C

1
 √C 2 +1 √C 2 +1
,
x̃ ỹ = T σ H̃ = T σ  −1
√
√C








C 2 +1

(6.29)

C 2 +1

Figure 6.9. Several full cycles for various pre-stresses (gray) plotted together
with the transformation bounds (solid lines). Without (top) and with (bottom)
the proposed coordinate transformation for Generalization II.
where H̃ denotes the transformation matrix and C represents the mean slope of the
M
bounds C = CA +C
. The resulting transformation bounds and response are depicted
2
in Figure 6.9 (bottom), with transition bounds depicted in black. In the case where
CA = CM , the bounds on the transition regions would be solely dependent on x̃. As CA
is not exactly equal to CM , a small dependency on ỹ is still present. This dependency is
neglected and the bound is chosen to be equal to the transformed x̃ coordinate at stress
level σc = 150 · 106 [Pa], as is illustrated with the dotted lines in Figure 6.9 (bottom).
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As a consequence, for every characteristic temperature Tc the bound becomes:
C
−1
Tc C − σc
x̃Tc = Tc √
+ σc √
= √
.
C2 + 1
C2 + 1
C2 + 1

(6.30)

As CA u CM , for the considered stress domain 0 ≤ σ ≤ 300·106 [Pa], the maximum
error in x̃Tc is smaller than 0.5 [-]. The resulting error in tracking performance is
expected to be significantly smaller.
The new transition bounds become:
µII
+ =

x̃As + x̃Af
,
η1II

µII
− =

x̃Ms + x̃Mf
,
η2II

(6.31)

x̃Af − µ+
,
η3II

II
σ−
=

x̃Mf − µ−
,
η4II

(6.32)

II
σ+
=

A C−σ
c
where, following (6.30), x̃As = A√s C−σ
, x̃Af = √f 2 c , etc. Note that, by consid2
C +1

C +1

ering the denominators as free parameters, the transformation bounds can be shifted
in the optimization step. The input of the Duhem model changes to di = x̃ (the
transformed coordinate). Note that this is an inherently different method compared
to Generalization I, where di is not dependent on stress. When the phase diagram is
known, the remaining parameters that need to be identified for Generalization II are
ΨII = [η1II η2II η3II η4II ]. The parameters are obtained by minimizing (6.24) for
data-set 0.

6.9.3

Comparison

It is expected that Generalization I outperforms the Duhem model when pre-stress
changes, as such changes are taken into account in the model. However, both the
Duhem model and Generalization I map a change in temperature to a change in fraction. As a consequence, when solely stress-induced transformation occurs, d˙i = 0 and
no fraction change is foreseen by Generalization I.
Generalization II uses a coordinate transformation to take into account stress- and
temperature-induced fraction changes. As such, when stress changes and temperature
is constant, d˙i 6= 0, and transformation is foreseen. Note that Generalization II uses
the same basis functions as the Duhem model. As these basis functions are designed for
a solely temperature driven transformation, they might be sub-optimal in describing
the actuator behavior.

6.10

Experimental validation

6.10.1

Data-set 1 and 2

It is expected that Generalization I and II have significantly better fraction prediction
compared to the cosine models, as both models rely on the improved basis functions
of the Duhem model.
In Figure 6.5 the Duhem and the Cosine models are shown, trained with data-set 0
(with the same pre-stress as data-set 1) and validated on data-set 2. It is observed that
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for data-set 2 the Duhem model fails and estimates the fraction change too early, as it is
not robust for the pre-stress change. The same procedure is applied to Generalization
I and II, the results are depicted in Figure 6.10.

Figure 6.10. Close up on estimation techniques for Data-set 1 (same prestress as estimation set) and Data-set 2 (lower pre-stress as estimation set):
benchmark method (light gray), Generalization I (solid line), Generalization II
(dashed line).

Note that the empirical parameters of both generalizations are trained for a prestress of σ = 125 [MPa], but still accurately predict the time of transformation for a
pre-stress σ = 95 [MPa]. Thus, the incorporation of the insight of the dominant phase
transition behavior (as seen with the cosine models) to the Duhem model, allows for
accurate prediction at significantly different loading conditions.
It should be noted that the basis functions for the Duhem model were originally
designed for constant parameters and a solely temperature-dependent input. Additionally, the Duhem model is specifically valid for one loading pattern. Therefore, it is
expected that the Duhem model outperforms the generalization when the pre-stress of
the identification set is equal to the validation set. Both the increased performance at
different pre-stresses and the decrease of performance at similar pre-stresses are yet to
be quantified for the generalizations.
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6.10.2

Bias-spring actuator cycles

In order to quantify performance of the generalizations, while considering a wider
spread of pre-stress conditions for bias-spring actuator cycles, 8 measurements are
obtained at a variety of stress levels (95 MPa ≤ σ ≤ 135 MPa). For each measurement,
thus for each stress level, the empirical parameter sets are identified (ΨD , ΨI and ΨII )
using the method as proposed in Section 6.7 for a data-set that contains a full major
hysteresis loop.

Figure 6.11. Robustness analyses for pre-stress changes: normalized RMS
errors of fraction estimation for the cosine models.

Figure 6.12. Robustness analyses for pre-stress changes: normalized RMS
errors of fraction estimation for the Duhem model.
Thereafter, the fraction is estimated and compared to the benchmark estimation
method. The latter is done for each parameter set to each measurement. This results
in 82 = 64 normalized error values for each model. The error of each experiment is
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defined as the sum of the difference of the simulated fraction ξs with the benchmark
methodology ξb :
es =

N
X

(ξs,k − ξb,k )2 ,

(6.33)

k=1

where N is the total number of data-points.

Figure 6.13. Robustness analyses for pre-stress changes: normalized RMS
errors of fraction estimation for proposed Generalization I.

Figure 6.14. Robustness analyses for pre-stress changes: normalized RMS
errors of fraction estimation for proposed Generalization II.
The errors are normalized by the error of the standard Duhem model eD :
ês =

es
.
eD

The resulting normalized RMS errors are depicted in Figures 6.11-6.14.

(6.34)
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It should be noted that, as only 8 measurements are analyzed, the diagonal corresponds to the identified parameters applied to the measurements with which they were
identified. Therefore, the diagonal is not a validation experiment, and, assuming that
the identification procedure found the global optimum, solely indicates the minimal
error for the considered method applied to the corresponding measurement.
As expected, the Duhem model is not robust for pre-stress changes, with a maximum normalized error of 3.2. The cosine models have poor performance due to the
poorer basis functions, but are robust for pre-stress changes, resulting in a flat RMS
error spectrum, with a maximum normalized RMS error of 25.3. As is visualized in
Figures 6.6 and 6.7, Generalization I and the Duhem model have the same input T ,
as a consequence, Generalization I closely resembles the Duhem model, with a normalized RMS error of approximately 1 (and a maximum of 1.4). Generalization II has
a modified input to make it robust for pre-stress changes. It is observed that indeed
Generalization II is robust for pre-stress changes, but errors are higher compared to
Generalization I as the basis functions are less optimal for the altered input.
Results suggest Generalization I outperforms Generalization II, which is the case
for bias-spring actuator cycles. However, in Generalization I a temperature is required
to obtain a fraction change. Hence, if no temperature change occurs, no fraction change
is foreseen. Whereas it is known that stress-induced transformation can also occur.
For Generalization II, it is visualized in Figure 6.8, that both stress and temperature
are inputs, and hence, solely stress induced transformation can be captured.

6.10.3

Stress induced transformation

In order to assess performance of the generalizations in a case where only stress induced transformation occurs, an experiment is performed where a stress change occurs
while the temperature stays approximately constant. The latter can be achieved in
the experimental set-up by changing the micro-spindle while keeping the current applied constant. The microspindle is adjusted during transformation towards detwinned
martensite. Physically, qs is increased, resulting in an increase of qt , and hence, an increased stress. Simultaneously, due to the stress increase, the wire transforms towards
detwinned martensite, and thereby, becomes longer, so qs  qt . As a consequence, the
stress increase is limited. Hence, if a fraction model fails the end stress after adjusting of the microspindle is over-estimated, as the fraction change towards detwinned
martensite is not foreseen. The latter is expected to happen with Generalization I,
while Generalization II should be able to estimate a fraction change.
Both the measurement results for the described experiment, as well as the simulated
data based on the generalizations are depicted in Figure 6.15, where the state after
adjustment is marked with a square. As expected, Generalization I overestimates the
stress significantly, whereas Generalization II remains accurate.
It should be noted that the data that corresponds to the time that the microspindle
was adjusted is dotted, and is expected to be inaccurate due to failure of the temperature model. As discussed in Section 6.5.1.2, the experimental set-up is placed in a
cabinet. When the cabinet is opened to adjust the micro-spindle, the increased airflow
changes the heat transfer coefficient and the actual temperature is likely to be lower
than the estimated temperature. Note that this is an effect of the temperature model
and not the generalizations.
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Figure 6.15. During a forward transformation the stress is increased, generalization II is able to predict the material behavior. Measurements (light gray),
Generalization I (dark gray), Generalization II (black).

In case of Generalization II, the temperature after adjustment is equal to the measured temperature. As the measurement is performed quasi-statically, the error in
estimated temperature during adjustment does not affect the model outcome after
adjustment, as the total change in temperature during adjustment is equal for the
measurement and the model.
In case of Generalization I, the estimated temperature is lower than the measured
temperature. The latter results in more transformation towards detwinned martensite, and thus, a lower stress. In conclusion; Generalization I benefits from the low
estimation of temperature, as it lowers the stress, that the model highly overestimates.
In conclusion, Generalization II is able to capture stress induced transformation accurately. For Generalization I, stress induced transformation is not captured, resulting
in a severe over-estimation in stress.

6.10.4

Discussion

For bias-spring SMA wire-actuators it is best to use Generalization I. Generalization
I is robust for pre-stress changes, and thus, can be used in a wide variety of actuation
cycles. For the general class of SMA wire-actuators, it is advised to use Generalization
II. The latter has a slightly lower performance for bias-spring actuators, but is able
to capture both stress- and temperature-induced transformation behavior, by using
a transformed input di for the Duhem model. It should be noted that in the setup used in this Chapter there is a linear relation between stress and strain. Hence,
if fraction would be strain- and stress-dependent, the validation experiments would
be non-conclusive. However, fraction change is considered a solely temperature- and
stress-dependent phenomenon [9]. Therefore, it can be concluded that Generalization
II is generally valid for SMA wire actuators, irrespective of the considered loading
pattern.
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Conclusion

This Chapter presents two novel generalizations of the Duhem model, which have superior robustness properties compared to the original Duhem model. One generalization
is shown to be valid for bias-spring actuators, where the second is valid for the more
general class of SMA-based wire-actuators.
In order to realize robustness for generic loading patterns, both generalizations
extend the Duhem model with stress-dependent transition bounds.
For the Duhem model, as a consequence of a pre-stress increase of 40 [MPa], the
normalized error is equal to 3.2. It is shown that the proposed generalizations are more
robust for these changes, resulting in normalized error of 1.4 (Generalization I) and 1.8
(Generalization II).
Ongoing work is focused on improving the characteristic functions of Generalization
II, to further improve performance of the model.

Chapter 7

Conclusions and recommendations

7.1

Conclusions

In this thesis, an improved steering mechanism for catheters is considered. By implementing SMA actuaters in the catheter, the diameter of the catheters can be decreased
while multi-directional steering is achieved. The latter allows maneuvering through
more complex paths in the vascular system, and thereby allows for more advanced
interventions to be performed minimally invasive.
Several limitations for application of SMA actuation are identified, where it is observed that control solutions could allow for faster and more robust actuation. Therefore, the choice is made to focus on the fundamental problems of SMA actuation. With
the main research question of this thesis formulated as follows:
Develop a model-based framework to push the current limitations of SMA
wire actuators to the physical boundaries, and thereby, allow application of
SMA actuators to a broader class of small-scale robotics.
In particular, by addressing the physical properties of SMA actuators, several
model-based frameworks are proposed that result in fast maneuvering with improved
accuracy, without altering the actuating principle of the robotic system. All proposed
control approaches have been experimentally validated on an SMA actuator set-up.
As the current state-of-the-art in SMA hysteresis modeling is not robust for changes
in loading patterns (e.g., force disturbances), several novel models are proposed. Both
a physical model for validation, as well as empirical models for implementation in the
aforementioned control frameworks. Last, in order to assess efficacy of the models for
the specific control implementation, a novel comparison technique is proposed.
A more detailed overview of the conclusions is provided here:
Contribution I
In Chapter 2, input bounds based on the crystallographic structure of the SMA material are proposed. It is shown that the method prevents overheating (and hence fatigue
or damage of the material). The main advantage over existing methods is that it is
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robust for different loading patterns while being minimal conservative. The method is
experimentally demonstrated. It is advised to always use the proposed input bounds
when working with SMA material.
Contribution II
In order to allow for high performance, the hysteretic behavior of the SMA material
is exploited in Chapter 3. In particular, the fact that a crystallographic state can be
obtained with multiple energy (e.g., temperature) levels, is utilized. The method is
formalized in a reference governor structure and can be applied on hysteretic systems.
It is shown that for the one-dimensional actuator considered, no perfect tracking can
be obtained due to the type of hysteretic mapping inherent to SMA. Experimental
application of the reference governor to the one-dimensional SMA actuator shows a
reduction in the RMS tracking error of 80% for fast actuation procedures, compared
to the same control structure without reference governor.
Contribution III
For over-actuated systems with SMA actuators, theoretically perfect tracking can be
obtained. Over-actuated systems are defined as systems with more actuators than
degrees of freedom. By taking advantage of this property, a reference governor can automatically compensate for overshoot behavior of wire actuators by alternative SMA
wires (Chapter 3). The robotic SMA actuated catheter system can be considered an
over-actuated system. In a simulation example the reference governor is applied to a
model of the over-actuated catheter system, demonstrating that tracking of fast trajectories becomes feasible by the proposed reference governor approach.
Contribution IV
In order to allow linear controller design, it is proposed to apply the inverse of the
input hysteresis non-linearity as a pre-compensator to nullify non-linear behavior. In
order to assess efficacy of such structure, a frequency-domain framework is proposed
in Chapter 4, that specifically quantifies the remaining non-linear behavior. It can be
concluded that the method is effective for analyses of pre-compensated systems. The
pre-compensator proposed in this thesis, in cascade with the actuator system, has an
approximate linear input-output mapping.
Contribution V
In Chapter 5, a physical model is derived as a benchmark method to determine the
fraction of transformed material. The model does not require knowledge of the history
of the actuator and is numerically attractive. Both material characterization and a
known loading pattern are required. The model is suitable to validate empirical models that are used for model-based control.
Contribution VI
In Chapter 6, the Duhem model is generalized to make it robust for varying loading
patterns. This makes the model usable for practical application (e.g., with external
force disturbances). The method is experimentally validated, where the generalizations
show significant improvement in fraction estimation for cases with changing loading
conditions.
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Recommendations

Based on the presented developments in this thesis, the following recommendations are
made for ongoing research.
Physical model for low stress region
Throughout this thesis the proposed control components rely on validated empirical
models. However, due to limitations of the physical model that is used as a benchmark
estimator, no validation is possible for low stress regions. Although in some cases it
could be reasoned that the models would be valid for low stresses, no validation is
possible. In ongoing research the physical benchmark estimator of Chapter 5 (Contribution V), should be extended to also capture the low stress region. This would impact
all other contributions, as they rely on validation using the benchmark estimator.
Implementing the generic models in the full control framework
Although a full framework to control SMA wire actuators is presented and components
are experimentally validated, not all components have been extended to be valid for
generic loading conditions. In particular the inverse input hysteresis compensator fˆh−1
is based on the inverse of the standard Duhem model, while it is shown in Chapter 6
(Contribution VI) that an extension of this model would allow for robustness against
generic loading variations.
As implemented in the thesis, the inverse mapping fˆh−1 is based on the Duhem
operator and is trained to map a desired output to a thermal power input for the system.
When Generalization II is implemented, the output of the mapping becomes a linear
combination of thermal and load effects. Hence, a load-dependent transformation is
required to find the recommended thermal power. The latter is schematically depicted
in Figure 7.1.
σ(t)

Resistance-based

fˆh−1
Generalization II

Transformation

u(t)

γ

z(t)

Figure 7.1. Schematic illustration of input hysteresis compensation based on
Generalization II (Contribution VI). The framework does not require knowledge
of the loading pattern, but information on the stress σ is a necessity.
The framework depicted in Figure 7.1 should be experimentally validated. Furthermore, the stress should become available. The latter could be done using an open
loop model-based approach, however, such implementation would fail in case of external (force) disturbances. Therefore, it is advised to use the resistance-based model
presented in Chapter 2 (Contribution I) to estimate the stress based on the outputs of
the actuator, as is depicted in gray in Figure 7.1. Note that this requires the resistance
and temperature to be measured. Further, as the stress-based transformation becomes
dependent on the measurements, additional stability analysis is required.
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Experimental validation on the SMA actuated catheter system
In order to apply the methodologies presented in this thesis to the SMA actuated
catheter system, the reference governor should be used to determine the fraction of the
individual wires, as schematically depicted in Figure 7.2. Note that in Figure 7.2 each
of the wires is controlled as explained in Chapter 1, using the framework of Figure 1.9.
Where the desired reference fraction for each wire (denoted with subscript 1 − 3) is
provided by the reference governor (RG) for over-actuated systems (Contribution III,
Chapter 3), in turn, the fraction is regulated using the introduced pre-compensation
based feedback and feedforward. Additionally, overheating prevention (OP) is applied
for all of the wires, to prevent unnecessary fatigue.
Although the latter components are all introduced and validated in this thesis,
the complete framework, including reference governor, has not yet been implemented
experimentally on the SMA actuated catheter system. Experimental validation on the
catheter system should be performed in ongoing research.
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κ−1
1
e1 (t)
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desired
fraction −
wire 3
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γ3

z3 (t)

τ −1

Figure 7.2. The control framework for the SMA actuated catheter system.
The reference governor dictates the reference signal of each actuator.
Investigate possibilities operator-based models
In Chapter 6 (Contribution VI), the Duhem model is extended to be robust for unknown loading patterns. The operator-based empirical models were disregarded as they
are computationally less efficient and their parameters do not relate to physical properties. However, in Chapter 4, it is concluded that the Generalized Prandtl-Ishlinskii
model, the operator-based model that best describes the SMA behavior, outperforms
the Duhem model for the proposed inverse based compensation. Therefore, it is recommended to investigate possibilities to implement the Generalized Prandtl-Ishlinskii
model in the proposed control structure. This would require extension of the PrandtlIshlinskii model to make it robust for unknown loading patterns.
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Improve characteristic functions
The differential-based models used in this thesis are based on characteristic functions
that describe the behavior corresponding with complete transformation of the crystallographic structure. It is likely that these functions are specific for material from a
certain manufacturer, as the hysteretic behavior changes due to heat treatment and
training of the manufacturer. An error in the characteristic functions results in a
systematic error in the estimation of fraction of transformed material. It is observed
that the accuracy of the characteristic functions specifically designed for SMA [16] are
not optimally describing the hysteresis behavior inherent to the material used in this
thesis. It is shown in Chapter 5 (Contribution V), that this complete transformation
behavior can be accurately described with data-based approaches. In ongoing research
such approach should be used to construct improved characteristic functions. The latter would result in improved fraction estimation in Contribution II, III, IV and VI. It
should be noted that operator-based methods also require characteristic functions.
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[5] K. Åström and T. Hagglund, PID controllers: theory, design and tuning, 2nd ed.
The Instrumentation, Systems, and Automation Society, 1995.
[6] S. Barbarino, E. Saavedra Flores, R. Ajaj, I. Dayyani, and M. Friswell, “A review
on shape memory alloys with applications to morphing aircraft,” Smart Materials
and Structures, vol. 23, p. 063001, 2014.
[7] K. Bos, Linear Control of a 1D SMA Actuator. Eindhoven University of Technology, CST 2014.113, 2014.
[8] M. Bourassa, “The history of cardiac catheterization,” Canadian Journal of Cardiology, vol. 21, no. 12, pp. 1011–1014, 2005.
[9] L. Brinson, “One-Dimensional Constitutive Behavior of Shape Memory Alloys:
Thermomechanical Derivation with Non-Constant Material Functions and Redefined Martensite Internal Variable,” Journal of Intelligent Material Systems and
Structures, vol. 4, no. 2, pp. 229–242, 1993.
[10] M. Brokate and J. Sprekels, Applied Mathematical Sciences. Springer Science
& Business Media, 2012.
[11] S. Chee, H. Yokoi, and T. Arai, “Natural heat-sinking control method for highspeed actuation of the SMA,” International Journal of Advanced Robotic Systems, vol. 3, no. 4, pp. 303–312, 2006.
[12] J. Chung, J. Heo, and J. Lee, “Implementation strategy for the dual transformation region in the Brinson SMA constitutive model,” Smart Materials and
Structures, vol. 16, no. 1, pp. N1–N5, 2007.

120

BIBLIOGRAPHY

[13] J. Crews, “Development of a Shape Memory Alloy Actuated Robotic Catheter
for Endocardial Ablation: Modeling, Design Optimization, and Control,” Ph.D.
dissertation, North Carolina State University, 2011.
[14] J. Crews and G. Buckner, “Design optimization of a shape memory alloy actuated
robotic catheter,” Journal of Intelligent Material Systems and Structures, vol. 23,
no. 5, pp. 545–562, 2012.
[15] A. Dubin and G. van Hare, “Radiofrequency Catheter Ablation: Indications and
Complications,” Pediatric Cardiology, vol. 21, no. 6, pp. 551–556, 2000.
[16] S. Dutta and F. Ghorbel, “Differential hysteresis modeling of a shape memory
alloy wire actuator,” IEEE/ASME Transactions on Mechatronics, vol. 10, no. 2,
pp. 189–197, 2005.
[17] S. Dutta, F. Ghorbel, and J. Dabney, “Modeling and Control of a Shape Memory Alloy Actuator,” IEEE International Symposium on Intelligent Control, pp.
1007–1012, 2005.
[18] M. Elahinia and H. Ashrafiuon, “Nonlinear Control of a Shape Memory Alloy
Actuated Manipulator,” Journal of Vibration and Acoustics, vol. 124, no. 4, pp.
566–575, 2002.
[19] E. Eskinat, S. Johnson, and W. Luyben, “Use of Hammerstein models in identification of nonlinear systems,” AIChE Journal, vol. 37, no. 2, pp. 255–268,
1991.
[20] P. Fallavollita, The Future of Cardiac Mapping, Cardiac Arrhythmias - New
Considerations. InTech, 2012.
[21] A. Fathi and A. Mozaffari, “Identification of a dynamic model for shape memory
alloy actuator using Hammerstein-Wiener gray box and mutable smart bee algorithm,” International Journal of Intelligent Computing and Cybernetics, vol. 6,
no. 4, pp. 328–357, 2013.
[22] T. Feldman and A. Young, “Percutaneous approaches to valve repair for mitral
regurgitation,” Journal of the American College of Cardiology, vol. 63, no. 20,
pp. 2057–2068, 2014.
[23] Y. Feng, C. A. Rabbath, and C. Y. Su, “Inverse Duhem model based robust
adaptive control for flap positioning system with SMA actuators,” Proceedings
of the 18th World Congress The International Federation of Automatic Control,
pp. 8126–8131, 2011.
[24] R. Gaasbeek and B. de Jager, “Fraction-based input modification for fast SMAactuation,” IEEE Conference on Control Applications, pp. 1525–1530, 2016.
[25] Y. Ganji and F. Janabi-Sharifi, “Catheter Kinematics for Intracardiac Navigation,” IEEE Transactions on Biomedical Engineering, vol. 56, no. 3, pp. 621–632,
2009.
[26] H. Garcia-Garcia, M. Costa, and P. Serruys, “Imaging of coronary atherosclerosis: Intravascular ultrasound,” European Heart Journal, vol. 31, no. 20, pp.
2456–2469, 2010.
[27] R. George and V. Amsaveni, “A novel control scheme for a shape memory alloy
actuator,” International Conference on Control, Instrumentation, Communication and Computational Technologies, pp. 240–244, 2014.

BIBLIOGRAPHY

121

[28] R. Gorbet, K. Morris, and R. Chau, “Mechanism of bandwidth improvement
in passively cooled SMA position actuators,” Smart Materials and Structures,
vol. 18, no. 9, pp. 1–9, 2009.
[29] H. Greene, E. Graham, J. Werner, G. Sears, B. Gross, J. Gorham, P. Kudenchuk,
and G. Trobaugh, “Toxic and therapeutic effects of amiodarone in the treatment
of cardiac arrhythmias,” Journal of the American College of Cardiology, vol. 2,
no. 6, pp. 1114–1128, 1983.
[30] J. Guess and J. Campbell, “Acoustic properties of some biocompatible polymers
at body temperature,” Ultrasound in Medicine and Biology, vol. 21, no. 2, pp.
273–277, 1995.
[31] N. Habraken, Enhanced Multi-Camera Object Tracking: Applied to a Robotic
Catheter System. Eindhoven University of Technology, CST 2017.091, 2017.
[32] Y. Haga and M. Esashi, “Small Diameter Active Catheter Using Shape Memory
Alloy Coils,” IEEE Transactions on Sensors and Micromachines, vol. 120, no. 11,
pp. 509–514, 2000.
[33] D. Hartl, “Modeling of Shape Memory Alloys considering rate-independent and
rate-dependent irrecoverable strain,” Ph.D. dissertation, Texas A&M University,
2009.
[34] H. Hasan, M. Peet, J. Jalil, and H. Bhadeshia, “Heat transfer coefficients during
quenching of steels,” Heat Mass Transfer, vol. 47, no. 3, pp. 315–321, 2011.
[35] S. Hascoet, A. Fraisse, and M. Elbaz, “Successful percutaneous transcatheter
patent foramen ovale closure through the right internal jugular vein using a
steerable catheter,” Catheterization and cardiovascular interventions, vol. 82,
no. 4, pp. 598–602, 2013.
[36] T. Hasegawa and S. Majima, “A Control System to Compensate the hysteresis by Preisach Model on SMA Actuator,” IEEE International symposium on
Micromechatronics and Human Science, pp. 171–176, 1998.
[37] V. Hassani, T. Tjahjowidodo, and T. Do, “A survey on hysteresis modeling,
identification and control,” Mechanical Systems and Signal Processing, vol. 49,
no. 1-2, pp. 209–233, 2014.
[38] O. Heintze, “A Computationally Efficient Free Energy Model for Shape Memory
Alloys - Experiments and Theory,” Ph.D. dissertation, North Carolina State
University, 2004.
[39] R. Hoogesteger, Resistance modelling for Shape Memory Alloys. Eindhoven
University of Technology, CST 2015.050, 2015.
[40] J. Huber, N. Fleck, and M. Ashby, “The selection of mechanical actuators based
on performance indices,” Proceedings of the Royal Society A, vol. 453, no. 1965,
pp. 2185–2205, 1997.
[41] K. Ikuta, “The application of micro/miniature mechatronics abstract medical
robotics,” IEEE International Workshop on Intelligent Robots, pp. 9–14, 1988.
[42] K. Ikuta, M. Tsukamoto, and S. Hirose, “Mathematical model and experimental
verification of shape memory alloy for designing micro actuator,” Micro Electro
Mechanical Systems, pp. 103–108, 1991.
[43] F. Incropera, D. Dewitt, T. Bergman, and A. Lavine, Introduction To Heat Transfer. Wiley, 2006.

122

BIBLIOGRAPHY

[44] R. Iyer and X. Tan, “Control of Hysteretic Systems Through Inverse Compensation: Algorithms, adaptation, and embedded implementation,” IEEE Control
Systems, vol. 29, no. 1, pp. 83–99, 2009.
[45] H. Jaeger, P. Nardelli, C. Shea, J. Tugwell, K. Khan, T. Power, M. Shea,
and M. Kennedy, “Electromagnetic Image Guidance,” IEEE Transactions on
Biomedical Engineering, vol. 64, no. 8, pp. 1972–1979, 2017.
[46] M. Janaideh, Y. Feng, S. Rakheja, C. Su, and C. Rabbath, “Hysteresis compensation for smart actuators using inverse generalized Prandtl-Ishlinskii model,”
Proceedings of the American Control Conference, pp. 307–312, 2009.
[47] M. Janaideh, S. Rakheja, and C. Su, “An analytical generalized PrandtlIshlinskii model inversion for hysteresis compensation in micropositioning control,” IEEE/ASME Transactions on Mechatronics, vol. 16, no. 4, pp. 734–744,
2011.
[48] M. Janaideh, M. Rakotondrabe, and O. Aljanaideh, “Further Results on Hysteresis Compensation of Smart Micropositioning Systems with the Inverse PrandtlIshlinskii Compensator,” IEEE Transactions on Control Systems Technology,
vol. 24, no. 2, pp. 428–439, 2016.
[49] M. Janaideh, C. Su, and S. Rakheja, “Development of rate independent
Prandtl-Ishlinskii model for characterizing asymmetric hysteresis nonlinearities
of SMA actuators,” IEEE/ASME International Conference on Advanced Intelligent Mechatronics, AIM, pp. 477–481, 2008.
[50] J. Jayender and R. Patel, “Master-slave control of an active catheter instrumented with shape memory alloy actuators,” IEEE International Conference on
Intelligent Robots and Systems, pp. 759–764, 2007.
[51] J. Jayender, R. Patel, S. Nikumb, and M. Ostojic, “Modelling and gain scheduled control of shape memory alloy actuators,” in IEEE Conference on Control
Applications, 2005, pp. 767–772.
[52] Q. Ji, Y. Mei, X. Wang, J. Feng, J. Cai, and W. Ding, “Risk factors for pulmonary complications following cardiac surgery with cardiopulmonary bypass,”
International Journal of Medical Sciences, vol. 10, no. 11, pp. 1578–1583, 2013.
[53] J. Joseph and K. Rajappan, “Radiofrequency ablation of cardiac arrhythmias:
Past, present and future,” QJM, vol. 105, no. 4, pp. 303–314, 2012.
[54] L. Junfeng, G. Zhong, H. Yin, H. Mingchang, Y. Tan, and Z. Li, “Position control
of a robot finger with variable stiffness actuated by shape memory alloy,” IEEE
International Conference on Robotics and Automation, pp. 4941–4946, 2017.
[55] S. Kannan and E. Patoor, “Application of Laguerre Based Adaptive Predictive
Control to Shape Memory Alloy (SMA) Actuator,” ISA Transactions, vol. 52,
no. 4, pp. 469–479, 2013.
[56] H. Khalil, Nonlinear Systems, 3rd ed. Pearson, 2001.
[57] A. Khandelwal and R. Vidyashankar, “A Correction to the Brinsons Evolution
Kinetics for Shape Memory Alloys,” Journal of Intelligent Material Systems and
Structures, vol. 19, no. 9, pp. 43–46, 2007.
[58] M. Kohl, Shape Memory Microactuators, 1st ed. Springer-Verlag, 2004.
[59] I. Kokkinakis, Modeling , Identification and Control of Shape Memory Alloy Actuator. Eindhoven University of Technology, CST 2015.029, 2015.

BIBLIOGRAPHY

123

[60] I. Kolmanovsky, E. Garone, and S. Di Cairano, “Reference and command governors: A tutorial on their theory and automotive applications,” Proceedings of
the American Control Conference, pp. 226–241, 2014.
[61] T. Kucklick, The Medical Device R&D Handbook, 2nd ed. CRC press, 2012.
[62] K. Kuhnen and P. Krejci, “Compensation of complex hysteresis and creep effects
in piezoelectrically actuated systems - A new Preisach modeling approach,” IEEE
Transactions on Automatic Control, vol. 54, no. 3, pp. 537–550, 2009.
[63] K. Kuribayashi, “Improvement of the Response of an SMA Actuator Using a
Temperature Sensor,” The International Journal of Robotics Research, vol. 10,
no. 1, pp. 13–20, 1991.
[64] D. Lagoudas, Introduction to shape memory alloys. Springer, 2008.
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Publiekssamenvatting
Wereldwijd zijn hart- en vaatziekten doodsoorzaak nummer één. Waar een eeuw
geleden medicatie en open-hart operatie de enige methodes waren om deze ziekten te behandelen, zijn er nu minimaal invasieve katheter-operaties. In laatstgenoemde operaties wordt er een holle buis (een katheter) in de bloedbaan gebracht
en wordt, met behulp van kleine in de katheter ingebouwde instrumenten, een
aandoening van binnenin het lichaam gediagnostiseerd of behandeld. Bij een dergelijke operatie wordt slechts een kleine snijwond in de pols of lies aangebracht.
Mede door de grote kans van slagen, is een dergelijke minimaal invasieve operatie
een waardevol alternatief voor open-hart operaties of levenslange medicatie.
Helaas zijn er ook behandelingen die nog niet op deze minimaal invasieve
manier kunnen plaatsvinden. Dit heeft er vaak mee te maken dat het relevante
deel van het vaatsysteem niet of nauwelijks bereikt kan worden met de katheter.
Om meer aandoeningen te kunnen behandelen moet er een nieuw soort sturingmechanisme komen, waarbij de katheter dun blijft maar meer bewegingsmogelijkheden heeft. Een optie zou zijn om actieve materialen (draden gemaakt van
geheugenmetaal) in te bouwen in de katheter. Door slimme stroomsignalen aan
te bieden aan het geheugenmetaal verandert de kristalstructuur van het metaal.
Dit laatste zorgt in feite voor het sturen van de katheter. Het is niet eenvoudig
om de stroomsignalen zo te kiezen dat de katheter ook daadwerkelijk de gewenste vorm aan neemt. Daarnaast kunnen de materialen gemakkelijk overbelast
raken, waardoor het materiaal van gedrag verandert of kapot gaat.
Door geavanceerde modellen te maken van het materiaalgedrag en deze te gebruiken bij het ontwerpen van de stroomsignalen, is een robuuste aansturing van
dit materiaal gerealiseerd. Hierbij is extra aandacht besteed aan stabiliteit, robuustheid en snelheid. De methodes die gepresenteerd worden in dit proefschrift
zijn experimenteel gevalideerd en zijn algemeen toepasbaar op geheugenmetaal.
Naast aansturing voor de katheter kunnen ze dus ook gebruikt worden voor andere robotische toepassingen. Dit laatste is vooral nuttig in gevallen waarbij de
robot klein uitgevoerd dient te worden.

Summary
Model-based control for SMA actuators
to advance minimal invasive surgery

Catheter guided surgery is minimal invasive and allows for treatment of cardiovascular diseases without the need for “open-chest” access. To allow for more
advanced catheter guided surgeries, it is required for the catheter to have improved steering possibilities, to be smaller and/or to have increased flexibility.
By implementing electrical Shape Memory Alloy (SMA) wire actuators in the
catheter, it is possible to construct a catheter with limited dimensions and more
advanced steering possibilities, without requiring increased longitudinal stiffness.
By changing the crystallographic structure of SMA, the wire actuators can undergo a reversible stroke effect that is over 40 times higher than alternative
active materials. Unfortunately, this crystallographic transformation is difficult
to control. As a consequence, typically performance is limited, and, as SMA is
sensitive to overheating, there is a high risk of causing permanent damage to
the actuator. A robust control framework, that pushes the performance of SMA
actuators to the physical boundaries without risking overheating, is therefore
the main objective of this thesis. Such a framework not only advances minimal
invasive surgery, but is of interest to the broader class of small-scale robotics.
Overheating Prevention
For the thermally activated SMA wires considered in this thesis, the crystallographic structure is altered by changing the temperature. When additional
heat is applied after the structure is completely transformed, overheating occurs. Frequently overheating the SMA material results in permanent damage to
the actuator. It is proposed to limit the thermal power, where the bounds are
based on the fraction of transformed material. The latter is tracked real-time
using a model based procedure. The main advantage compared to currently used
methods is that it is robust for variations in loading conditions.
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Exploiting Hysteresis
Due to the hysteresis effect present in SMA actuators, multiple system states
can result in identical output. This effect is exploited by optimizing the reference signal. In particular, the relatively low cooling speed is taken into account.
By obtaining a similar transformation with an end state with a lower temperature, less thermal energy needs to dissipated when a reverse transformation is
required. Tracking performance improves significantly in case of fast actuation.
Evaluation of Non-Linear Compensation Methods
For linear systems, several control techniques can be used to design stabilizing,
robust controllers with guaranteed performance. To allow use of these techniques on non-linear systems, often the non-linear behavior is nullified using a
non-linear pre-compensator. The techniques should only be used when the cascade of the pre-compensator and the non-linear system is a dominantly linear
system. A novel evaluation method is proposed, where the non-linear behavior
of the cascade of the pre-compensator and the non-linear system can be identified. The method can be used to validate efficacy of the pre-compensation, and
hence, can provide proof that linear control techniques can be used.
Physical Modeling: a Benchmark Estimator
The proposed control methods all rely on a model of the fraction of transformed
material. It is infeasible to measure the fraction during actuation, which complicates validation of potential estimators. It is proposed to use an accurate
physical model as a benchmark. The current physical models assume a homogeneous crystallographic structure throughout the material, which is not the case
in practice. Although the average local solution is captured, the corresponding
macroscopic behavior is significantly different. Therefore, a novel model is proposed that considers the macroscopic behavior of the actuator.
Empirical Modeling: a Generic Estimator
For control application, relatively simple but accurate empirical models are typically used. In particular the Duhem model and the cosine models are popular.
The Duhem model is accurate but is not robust for a change in loading pattern,
whereas the cosine models is robust but suffers from poor accuracy. It is proposed to apply a stress-based transformation to the input or parameters of the
Duhem model. This transformation is based on the insight of the cosine models
and generalizes the Duhem model for arbitrary loading patterns. The modeling
error of the proposed structure is a factor 1.8 lower than the error of the Duhem
model, and a factor 11 lower than the cosine models, for an experiment including
variation in loading conditions.
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Figure. Corresponding with Section 1.5, 1.7, 3.8, 6.3 and 6.8.
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