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1 Introduction

Thisdissertation coverghree main topicsfault monitoring in pneumatic systems, passive control of
brushless DC motors, and optimization of energy regeneration in a motorized prosthesis. The first topic
of fault monitoring in pneumatic systenis based on work that was develagper 2017 and 2018 and led

to the publication of a journal papevhich has been adapted into Chapter 2 of this document. The second
topic of this dissertationon passive motor control, was a subsequent research topic motivated by the
development of the EC (electronically controllable transmissidt)ee prosthesis in the Goldfab ladit

the CREATe centeFhe authormarticipated in the development of the ECT prototypejng responsible

for the design construction, and testing dhe prosthesiembedded sgtemand servo contrglas well as
contributing with controller developmentkesearch on passive motor control explores the benefits of
using a motorto implement braking taskss(ch as higher power capability and energy regeneration
without compromisingon the guaranteed control stabilitgf a passive interfaceThis line of research
culminated in two journal publication§the first one published, the second one accepted and in
production)which are reproduced in Chapters 3 and 4. Finally, the last tfpilis dissertation is on
optimization of energy regeneration efficiency in knee prostheses, where the ECT is used for
implementation and experimental evaluation of the methdghapter 5 contains a draft of the journal
paper on the topic which will be submittddr review in the following months.

The following subsections provide motivation and a general introduction éahhee topics covered in
each of the chapters of this dissertaticChapter 6 contains a brief description of additiooallaborative
contributions by the authoduring graduate work, which havealsoresulted insecond or third-author
publications

1.1 Chayper 2: Fault Monitoring in Pneumatic Systems

The objectiveof i K S | dst Keadddohatopiavas to study the viability and develomethodsthat
permit the detection of leak and motiofaultsin a pneumatic systenmusing only pressure sensors at the
valve level. The system in consideration consisfsan on/off directional control valve that configures a
actuator (e.g., pneumatic cylindeimto two discrete positions: fullyetracted or fully extendedThis
system representmost pneumaticapplicationsin industry(servo control applications are dominated by
electric actuators).

Pressure sensors have becofow-costand compact due to the popularizationedhiculartire pressure
monitoring systemsenablingthe installation of sens@within control valves Limiting sensors twithin

the body ofthe valve simplifies the application affault monitoring system because the valve is already
connected to the control apparatus (which would benefit from knowledge of these faults). If the fault
monitoring syptem operates entirely within the valve, then the installation of such system would be as
simple as replacing an old valve with a new model.

The authorparticipated in the development cd pneumaticvalve systemwith an embedded pressure
sensorimmediatelyprior to becoming a graduate studeat Vanderbilt A photo of the valvéwith cover
removed)and pressure sensing und presented irig.1.1. The pressure sensar the valveprototype is
connected to one of the downstream portsndwasused to indicatéeakage faults in addition fpressure
faults (i.e., supply linpressurebelow or abovea predefined valug



(@) (b)

Fig.1.1. Valve withexposecembeddecklectronics angbressure sensor in (a) and pressure seassemblyn (b)

Detecting leak faultds important becauseir leaks incur significant operational costs due to elevated
energy consumption and more frequent maintenance of air compressors. Leak fardtsormally
detected by monitoring air consumption with a flow metecated at eachactuator supply line flow
meters arecostly sensas, andthe highlydistributed nature of actuators make them difficult tastall in

a factory settingln the presented valveek detection was implemented lmpmbining a pressure sensor
with a unique valve configuration in whithe two downstream portsvhere momentarily configuredh
fluid communication creating a pressurized closed fluid circufta significant pressure decay was
observed during that perih a leak was indicate@ven though the approach was successful and novel in
the industry, limitations remainedFor instancethe relatively short window of time used for leak
detection Imited its sensitivity.Additionally, it was later determined thatwo sensors were necessary to
detect motion faults.

Motion faults are definedsthe inability of the actuator to reach either full extension of full retraction
positions This type of fault can be causby obstacles in the trajectory of thectuator endeffector or
excessive loadrhis type of faulvould normally be detected by installipgsition sensors at the actuator
Even though these sensors amet typically costlyyunning leads from the actuator unit to the control
apparatus can be difficult if the actuator isot easily accessihle

The results of this line of research are presented iK S LJ- LISNJ ¢! aSGK2R F2NJ al aa
Estimation in a Pneumatic Actuation System using Madsed Pressure Sensjagublished in the IEEE
Transactions on Mechatroni¢], and reproduced as Chapter 2 in this the¥i& show thatt is possible

to detect motion faults andaccurately estimateair consumption with pressure sensors installed at the
valve inlet and outlet portsCharacterizatiorwas limited to the charging procef®rward stroke) Mass
flow through the valvewvas estimatedwith a dynamic valve modeBy assuming that the downstream
system has homogeneous pressure distributioreadings of the downstream pressure sensor el
estimated mass flowvere combined toestimate downstream volume variatigqhich isproportionalto
actuator velocity. Therefore, air usageouldbe determined by integrating the mass flow estimate and
actuator motionwas determined by integrating the voine variation estimatelntegration drift was
reducedby resetting thentegratorat every stroke.

Thedynamic valve model was parameterized for two commercially available valve&aulhdetection
methods were tested with the two valves and two cylinders. For one of the cylinders, multiple raation
load conditions were testedfree motion, impeded mabn by a constant opposing forcebstacle at 50%
of the trajectory, andactuator blocked.Only the free motion condition was tested with the second
cylinder. In total, terconfigurations of valve, cylinder, and load or obstacle were tedRetative erros



for both air usage and displacement estimation were in the order of I0%.case of impeded motion
demonstrated higheestimationerrors and the case of cylinder blocked demonstrated lower errors in
general. The trenéhdicatedthat the approactwassersitive to long estimation times (due totegration
drift) andperformedless well folow-amplitudemass flowdue to low signato-noise ratio.

1.2 Chapters 3 and €ontrolling Brushless Motots ImplementPassive Braking Behaviors

BrushlesDC(BLDCnotors arewidely usedyersatilemachinecomponentsthat have seen significant
performance gains in the last decaff. As is well knownelectric motors can operate irfour power
quadrans, adding or removing energy from the mechanical system in which they are inskrsaine
control applications,BLDC motors aresed to implement strictly passive behaviors, suchviasous
damping holding torques, or other forms oftontrollable motion-opposing behaviors.When
implementingsuchenergetically passive control taskbe behavior of a BLDC motor is analogous to that
of a physical embodiment of thedlement that it is meant to emulate, such as a viscous damper

In a more general case, BLDC motoimplementing strictly passive control taskan beviewedas an
analog toa torque-controllable brake, such as a magnetorheological particle brefe.analogy between
BLDC motors and particle brakes is well suited since electrical current will dicéiagtorque in both
devices, so arbitrary passive behaviors can be immabed in eithercaseby measuring the system state
and controlling electrical currerdiccording to a torque control lawFor example to emulate viscous
damping, one would set theeference torquesqual to the desired damping coefficient timibe negative

of the measured system velocitiiowever, while the torque produced by a brakelgaysintrinsically
passive (i.ethe devicecannotinadvertentlyadd energy to the system) that is not the case veitbrque-
controlled motor using conventionakwitching and commutationtechniques For instance, a motor
controlled in the manner describeadill momentarily deliver active torques when velocity changes sign
due to control lagThat phenomenoywhichA & {1y 26y Ay (GKS KI LJi A O&auseAr (i SNI (i
behavioal inaccuracies, vibration, and even control instabilitizat is in contrast with thetrict passivity

of brakes which decouplesbehavioal accuracy from stability; that is, the system is always stable
regardless of the control system perfoance.

The fundamental distinctionbetween the two types of actuators ihat electric notors are energy
transducersconnectng electrical and mechanicalomains while brakesare modulated resistorshat
dissipate mechanical energy directly as hedlhat is, #hough torquecontrollable brakes have an
electrical port which is used to control torque, there is no power bond betwee gort and the
mechanical domainal mechanical power is dissipatet heat.That distinction confers higher power
densities to motorgelative to brakesbecause a portion of the mechanical power removed from the
system can balirected away from theactuator as regenerated electrad power (e.g., to recharge a
battery). In fact, a brief survey of commercially available BLDC motors and magnetorheological particle
brakesshowedthat brakes have lower power capability relative to similarly sized BLDC motors, likely as a
result of heat management and power transduction.

Energy regeneration in DC motois, however, highly dependent on the desired operating point of the
system It can be shown that the ability of a motor to generate electrical power is limited to a maximum
impedance (ratio of torque to velocity) which correspisnto the behavior obtained by shectrcuiting

the motor leads. For higher magnitudes of mechanical impedance, a motor will demand electric power to
sink mechanical power; a generally undesirable condition referred to as reverse current braking or motor
plugging(3], [4]. Those characteristics lead to regions in a torgakcity plane in which a motor performs



advantageously and other regions where a brake would lead to less electrical power use and less heat to
achieve the same behavior. A schematic representationadeiregions is presented kig. 1.2. Note that

the distinction in behavior is structural, emerging from the shape of the curves irrespective of device
parameters.

Advantage to use...
Brake , Motor J

Electric
power

A
Torque

Generator

............

......
.....

. Mechanical
7 impedance

Ny Velocity

() Brake advantageous
Q Motor advantageous

B Short-cirenit behavior
/___ Mechanical

~ impedance

Fig. 1.2. Representation of regions in the torquelocity planen which a motor is advantageous over a brake in terms of
electric power and heat generatiofhe same regions are represented as a function otaeical impedance (ratio of torque to
velocity) with exemplary curves fanotor and brake electrical and heat powealid for anynon-zero velocity)Regions with
blue background indicate that the use of a brake is advantageous in terms of electricquoswemption andheat; yellow and
green backgroursiboth indicate that a mtor is advantageous instead. The green background differs from yellow to indicate
energy generation by the motor.

In summary, the use of a properyzed motor to implement braking tasks brings about advantages in
terms ofversatility,device packagindieat managementand energy regeneratiorirhe only situation in
which a brake would outperform a motor is if very high impedances are desired (sholdagy torques)

or if passivity is required, which guarantees control stability.

Within that context, theworks presented in Chapters 3 and 4 introducsoatrol andswitching scheme

for BLDC motors thatllows a motor to operate passively like a bralile preserving its energy
transduction characteristics and therefore its advantage in power defidigymethod consists of shorting

the motor leads in a PWM fashion and is implemented with the same hardware as typical motor control.
The switching scheenconstrains the motor to generator behavior (i.e., the green are&®irl.2) which
generally comprises the majority of the region in which using a motor is adwemiag

Chapter 3 wasadapted from a papepublishedin the ASME Journal of Dynamic Systems, Measurement,
and Control[5]. The workcomparesthe power capabilities of motors and brakes with a meased
analysisof powerflow in both device. Then, thepassiveswitching scheme igresented,and its behavior

is modeledand analyzed; the model is later validated with experimental res@ilfeedforward controller
isconstructed from the system model by numerically invertirig iteattime. Thefeedforward controller

is experimentally shown to outperform the transient response of a feedback current controller.
Conversely, the feedback controller presents better tiragkn steady state. Ultimately, the combination
of feedback and feedforward controllers resultsairtontrol system witlthe desirable characteristics of
both methods.



The effects of choice of system parameters, namely PWM frequency and battery volegestwdied

with respect to the performance of energy generation and controllability. It was found that a reduced
PWM frequency leads to improved control sensitivity (i.e., linearity) which was a counterintuitive result.
The same effect can be observedtwit reduction in battery voltage. Generation performance is reduced
in both cases, indicating a tradeoff between controllability and generation.

Chapter 4 whichwas adapted from aubsequenpaperto be published in the ASME Journal of Dynamic
Systems, Masurement, and Contrplompares the passive switching schemaeconventional mobr
control methods which as discussed above, are prone to instability and energy l&aksretical,
simulated, and experimental results show that the passive method oudped conventional methods
damping emulation tasks in terms of behawabaccuracy, stability, and vibration. The feedforward
controller was reimplemented for the woik Chapter 4, this timbeing entirely implemented in theervo
embedded systemAs aesult,the system no longaequired connection to a computemwhichnoticeably
increased the system performance by mitigating the effects of the communication delay between
embedded system and computer.

Additionally, aslight modification to thecontrol structure was made to permit passivecontrol of
asymmetricor unilateralimpedanceThat ismechanicalmpedance can be independently contrallfor
different directions of motionAs a potential application, asymmetric behavior may be of udedsiving

phase of a knee prostheses to quickly react to perturbations such as scuff or stumble. Unidirectional
behavior may be useful in the stance phase to bias the leg towards extension. Passive asymmetric
behavior may be an additional advantage of matoelative to brakesTwo feedforward controllers are
usedin the implementationof asymmetric behavigone for each directionThe controllers arselected

based on the direction of rotation reported by the motor encodarsingle encoder count is reqed to

change behaviors)As is presented in Chapter 4, thassiveasymmetric implementatiorsignificantly
outperforms the conventionafeedbackbased approach.

1.3 Chapter 50ptimizing Energy Regeneration iMiaroprocessoiControlledknee Prosthés

Harnessing power from human locomotion has been a research goal in-lioweprostheicsfor several
decades, particularlyat the knee joint [6]. Energy harnessingffers performance advantages to
electronically controlled prosthetic devisgallowing themto operate for longer periods of time, or
alternatively to be designed with smaller and lighter batteri€se knee is considered the best candidate
for energygenerationout of the three lowe#limb joints because it demonstrates a net negative energetic
profile [7] and produces the greatest amount of negative work compared to ankle and hip [8]rits

level walking per strideFor a prosthett knee device, the energyenerationpotential lies generally
between late stance and terminal swing, where the knee joint power at moderate walking speeds is
effectively nonpositivgsee Fig. 1.3). The remaining phases of walking gait, comprising mostly of leg
loading and support require greater amounts of torque to prevent buckling under the weight of the user
and are approximately net zero in terms of joint energy.
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Fig.1.3. Angle, angular velocity, torque, andwer of the knee joint in level walking at 0.8 m/s. The solid lines show an average
stride of several ableodied participants and the dotted lines show an averagide of a single amputee participant wearing
the Ottobock € eg.

A summary of the different actuator structures that have been appliedityoprocessoicontrolledknee
prosthesegdMPK)over the decades is presented in the section belowludingcommercially available
devices and research prototypess will be presentedhe different actuator constructionsvjth passive
and active elements) lead to tradeoffs of function, control complexatyd regeneration potential.
Therefore,we provide aliterature reviewon the topic in order taliscuss angustify the selection ofin
actuator structuren whichthe energy output can be maximized in a meaningful way

Avariable transmission ratistructureis ultimately selectedor this work The subsequent sectiobriefly

introducesthe development of optimized energy harnessing controllerstierelectronicallycontrolled
transmissionECTknee prosthesiprototype, which is the topic of the work adapted into Chapteilbe

prototype wasdesigiedl Yy R 02y a i NHzOG SR o6& { ( Sw8yinvdlvezie Bithe A y 5 NX
project consisted of developing the embedded system and motor control architecture for the device, as

well as assisting Steven with the development of the first controllarsvalking and stair ambulation.

1.3.1 Selection of Actuator Structure

Despite the significant energetic potential and the historical research effort, the leading commercial
devices that are considered tis¢andard of care for transfemoral amputatidio not impkement any form

of energy harnessing in their actuators. For instance, @t®wbock GLegusesa hydraulic system

modulated bycontrol valves to restrict the motion of the knee joint and provide a comfortable walking

gait with appropriate support to the usg9], [10], andthe Ossur Rheo Kneeses a magnetorheological

brake to the same ah[9]. Note that the nonpositive energy profile of the knee joint in level walking

allowsfor the employment of strictly dissipative actuatordJltimately, these device=ly on the user to

initiate motion and rely on batteries to power their embeziti systens, sensors, and actuators. Both
deviceshave0 SSY aK2gy (G2 AYLINRGS (G(KS dzZASNEQ 3IFAG 06A2YSC



higher device confidence relative implementationsthat do not employ electronic modulation (i.e.,
wherein the mechanisms that modulate the dissipative behavior are constructed mechanjtally)

A major limitation of dissipative devices is their inability to produce power for tasks that would benefit
from it such as staiascent, sito-stand transitions, and level walking at low speedsers either avoid
such tasks or employ compensatory actions which lead to pathological'gahat end, knee prostheses
that employ electric motors tactively control motion have beerdeveloped to enable amputees to
perform such taskwith healthy gait patterns Although not usually a stated goal, active devices have the
potential for energy harnessing by operating the motor as a genervelh@n the user backdrives the joint

However,motorized devicestruggle to adequately cover the wide range of behaalionpedance (ratio

of torque to velocity) which is characteristic of walking gtiie stance phase is characterized as high
impedancewhile the swing phase is lowmpedance The dssipative actuators in the commercial devices
mentioned previously can assume wide ranges of impedance and quickly vary that impedance. In the case
of electric motors, operation at high efficiency and energy regeneration can only occur within a limited
range of mechanical impedand8], [4], [12] More specifically, if a drive consisting of motor and
transmission is sized such it can produce the elevated levels of torque for stance (§L@h @<l), then

its output impedance will typically be elevated and the range of impedances for which it will be able to
regenerate may lie above the impedance levels associated wiihigs That is, active devices that are
appropriate for stance phaseffectively require friction compensation in swing, leading to power
expenditure. The natural motion coordination that arises from the inertial linkage between thigh and
shank[15]is lost, and the devic¥ dza & AYAGALF GS T yR O2yiNRf Y2iAz2y Rdz
intention, leading to coordination andcontrol challenges Conversely, if a drive is sized for the
requirements of the swing phasthen it will not be able to producehe elevated torqiesrequired for

stance.

A demonstration of the tradeoff betweeoptimizing the motor drive fohigh and low impedanckevels

is shown inFig.1.4. Alower transmissia ratio allows the motor to generate energy during most of the
swing phase, but stance behavi@quiressubstantial energy cost; a higher transmission ratio allows the
motor to operate efficiently in stangdut no regeneration is possible in swing. Ndtem Fig.1.3, that

there is little power to recover in stance when amputee gait is considered; most power generation in
amputee gait occurs in late swing.
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Fig.1.4. Demonstration of varying regions of energy regeneration (green) and motor plugging (no background) with
transmission ratio.

Motorizedknee prostheses can therefore be classified based on which phase tifegjadrives are sized

to operate. Examples of devices appropriate for the stance phase have been shown to reduce metabolic
cost of stair ascent (s¢&6] with the Vanderbilt Powered L¢#j3]) and reduce loading on the contralateral

leg in stepup and sitto-stand tasks (sef.7], [18]with the Ossur Power Knee). Partially as a result of the
control challenge mentioned above, several studies report mixed results between strictly dissipative and
stancecapable motorized devices and that, given the choice, participants oftentimes prefer the less
cgpable dissipative devices as their daily use prosth&sis[18] As expected, these devices do not report
energy regeneration in walking tasks, instead relying heavily on batteries. Conversatgsdsized for

the swing phase can achieve compelling results with energy harnd48ijgge1], but the lack of stance
support ultimately limits the applicability of the device and leads to important user safety concams wi
the possibility of knee buckling.

Within this context, several research devices employ hybrid actuators that combine a idegse

dissipative element to achieve safe stance support and a motorized drive appropriate for low impedance
(swing) Theuse ¥ | Y202NJ YSOKIyAOILIftfte Ay LINFttSt gAGK |
[22]c[24], [3] with the explicit goal of optimizing energy harnessing in level walking gait. The concept
consists of controllinghe motor to track an optimal regeneration setpoint while controllitng brake to

produce the difference between the motor output arlde desired behavior. T& approachhad some

success, reporting a regeneration efficiency of up to 30% for benchtop -ifiygeddance triald23],

althoughthe devices were never tried amserswith amputation Ultimately, one of the conclusions was

that friction in the drive was too high to allow effective energy harnessing during walking, in part due to

the presence of the brak23], [24]

In summary, all four actuator confications (brake alone, stanegppropriate motor, swingppropriate
motor, and swingappropriate motor in parallel with a brake) contain unique benefits and limitations in



terms of function, energetics, and control. Crucially, energy harnessing seems teasméble in the case
of swingappropriate motor alone (i.e., without the added impedance of a drive with high transmission
ratio or a brake in parallel).

Finally, a fifth controller structureonsists of the use of a single electric motor with a mecmandgsvary

the transmission ratio of the drive, allowitigr the selection of high transmission ratieppropriate for
stance phase functions ardw transmission ratioappropriate for the swing phase. With that actuation
structure, the prosthesis can priole adequate stance support, apply power when needed in either phase
of gait, and assume low impedance in swing phase (enabling a natural coordination of movement and
swing initiation by the user)Since this structure does not involve the addition of atlaetuators in
parallel, the intrinsic impedance of the system can remain as low as the-spiimgized motorstructure

Recent examples of the variable transmissi@nio structure exisin the literature.The knee prosthesis
presented in[25] uses an actively variable transmission (AVT) mechanism to modulate the geometry of
the actuator crank slide, varying the transmission ratio. HoweverAWE cannot be operated under load,

so the transmission ratio is only varied between ambulation modes (e.g., from walking to stair ascent).
Therefore, for walking tasks, the system suffers from the same dichotomy of stance oragpiimized
systems. Nevéheless, the authors report a significant amount of regeneration per step (around 3 J for
the fast walking speed of 1.3 m/s) but also mention that energy consumption may increase in the future
given that in the presented experiments the participant did paiperly load the prosthesis in stance.

From the same research group, the robotic leg prosthesis present@bjinses passive variation of the
AVT mechanism in the knee joint. Instead of actively varying the transmissiornthatjoint transmission

ratio is modulated passively with the action of a spring that deflects when the joint is under torque.
Differently than with their previous device, with this new structure, the transmission ratio varies between
stance and swingAlthoughnet energy regeneration is not reported at the knee for dhefault controller,

a passive controller is offered as an alternative which requires additionalexsetion but can achieve
net-zero energy walking (that is, the prosthesis can operate indefinitetalbse all iténternal systems

can be powered from energy that is harnessed from the user).

Lastly, theVanderbilt electronicalkgontrolled transmission knee prosthesis introduceddm], [28]uses

a clutch mechanism to quickly alternate between high and low gear setfligsECT already contains a

set of controllers covering various ambulation tasks. Notably, swing control for walking tasks is achieved
entirely passivelyor moderate and eleated walking speedg.e., with the motor operating as a braks

per the works in Chapters 2 and BJowever, the controllers developexitially focused on function, not

on energy harnessingo the amount of energy regenerated per stridaslimited (atound 2 J).

1.3.2 Deriving Controllers to Optimize Energy Regeneratitime ECProsthesis

Since the ECGdevicehas the actuator structure deemed most appropriate for energy harnessing, we seek
to improve the energy regeneration efficiency with optimal contethniqueswhile maintaining the
benefitsof the actuator structureutlined above Additionally, we do not want to derive controllers that
achieve higher levels of regeneration at the expense of additional user effomvagproposedin [26].
Namely, the knee should regenerate, without requiring any additional effort from the aserwithout
entailing anynotablechanges in kinetic or kinematiehavior of the knee.

For each phase of swing (flexion and extension), a constraipgichization problem is posed and solved
using a dynamical model of the lower leg, nominal and experimentally determined parameters of the ECT



prototype, desired kinematic outcomes (e.g., nontipaak swing flexion, terminal swing velocity, .jtc

and exogenous inputs to the system (approximate motion of the thigh given by biomechanical datasets
with amputee and abkbodied data). The optimization produces simulated motor current commands in
time that minimize the error to desired terminal configurations, while maximizing regeneration. The
authors are unaware of similar optimization approaches being used for any energy harnessing problem in
any field, so the method is laid out in detaiippendk| (in section 5.7)Iin order to preserve the desirable
natural coordination of swing motion, the optimal results are not directly applied to the prosthesis.
Instead, they inform motor damping commands implemented as functions of thetire@lstate ofthe

leg with parameters to allow for usepecific adjustments.

Trials with an amputee participant who was already familiar with the original ECT controller were
conducted. Parameters for the proposed control laws were determined experimentally. Embedded
system data was collected with the participant walking on a treadmill with both fixed and varying velocity
settings, between 0.8 and 1.2 m/s. We report a significant increase in energy regeneration, about 1 J per
stride, in all walking speeds, while gaiédinatics and joint mechanical power remained almost unaltered
ONBtIFIGAGS (2 GKS 2NAIAYLEZ olaStAayS O2yGNRffSNLD
could hardly tell them apart when asked. Altogether, regeneration efficiency (rbénergy regenerated

by the motor to total joint mechanical energy per stride) increased froml3% (increasing with walking

speed) to about 20% (for any walking speed). The additional regeneration was also measured at the
battery terminals.

An experimeral control law for late stance (referred to as the stance flexion phase) was evaluated as
well. The experimental strategy consisted of increasing motor resistance during that phase of walking to
extract more power. Note that the foot is still in contacthwvihe ground, so the hip controls motion with
elevated torque capability. Ultimately, that strategy had little to no effect on both regeneration and gait
kinematics and was not considered worth the additional control complexity and potential increaserin u
effort.
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2 A Method for Mass Flow and Displacement Estimation in a Pneumatic Actuation System using
Valvebased Pressure Sensing

This chapter has been published as a journal paper in IEEE/ASME Transactions on Mechatronics.
Modifications to the text werdept to a minimum when adapting the journal paper into chapter format.

The full reference to this work as published is presented below (referencéil] adsewhere in this
document).

L. G. Vailati and M. Goldfarb, "A Method for Mass Flow and Displacement Estimation in a Pneumatic
Actuation System Using ValBased Pressure Sensing," in IEEE/ASME Transactions on Mechatronics, vol.
26, no. 1, pp. 23245, Fé. 2021, doi: 10.1109/TMECH.2020.3011348.

2.1 Introduction

Pneumatic actuation systems are widely used in industry because of their simplicity, cleanliness, low cost,
flexibility, compliance, and high pow#s-weight ratio [29]. One of the most common applications of
pneumatic systems involves the use of on/off directional control valves to configure a pneumatic actuator
(typically a pneumatic cylinder) into one of two discrete positiqrially extended or fully retracted. A
manufacturing facility can employ tens or hundreds of these valve/actuator systems. Each valve/actuator
system is herein referred to as an axis of actuation.

In many applications involving pneumatic actuation systentjstomer could benefit from knowledge

of air consumption in each actuator axis (which may provide an indication of a leak), and also by knowing
if there is a malfunction in the movement of the actuator (i.e., if there exists an actuator fault). Each of
these measures can be obtained by dedicated sensors; however, air flow measurement is expensive,
particularly if one is required on each axis of actuation. Actuator position measurement is less costly;
however, position sensors need to be placed on the actyavhich is often remotely located relative to

the measurement and control (e.g., PLC) unit, and requires wire leads to be run between the actuator and
control unit, which is cumbersome and can reduce the robustness of the actuation system. The valve,
conversely, is typically located in close proximity to the PLC unit, since the control connection between
valve and PLC is a fundamental connection in the pneumatic control system.

In order to provide estimates of air consumption and actuator motion alongh esxis, the authors
propose a method that employs pressure sensing at the directional control valve, rather than requiring
mass flow sensing and motion sensing at the actuator. Specifically, with the recent widespread adoption
of tire pressure monitoringsystems (TPMS), semiconductor pressure sensors with pressure ranges
appropriate for pneumatic actuation systems are compact and have become extremely low cost (i.e., a
few dollars per sensor). The authors propose to employ a system model that can béedeoitiine to
provide a lowcost and welpackaged option for estimating mass flow and actuator motion. Since the
pressure sensors would be located at the valve, which is connected to the control unit, the approach does
not require substantial changeswire routing to implement.

The commercialkavailable pneumatic monitoring system Intellisense, introduced by the Bimba
Manufacturing Company in 2014, is capable of detecting air leaks, stroke time, and end of travel, and
monitors pressure and temperaterat the actuator level30]. However, the system has the limitation of
requiring the installation of pressure sensors in very close proximity to the ports of the actuator; in this
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work, the sensors are located at the valve level. Moreover, the Intellisense system does not estirsste ma
flow or air usage and cannot provide piston position information.

Despite their operational simplicity, precisely modelling the behavior of pneumatic systems, particularly
the mass flow dynamics, is challenging due to compressibility of airlimear air flow dynamics,
complexity in flow geometry, friction and stiction at the valve and actuator levels, andshradi and

dead time associated with valve functi{8i]¢[33]. Several researchers v@employed variations on the
well-stablished model of gas flow through an orifice for modeling and/or control of pneumatic-servo
actuation application$31], [32], [34%[38]. Of these prior works, onfa1], [32]experimentally validated

the mass flow estimates, and or{1], [37]utilized the aforementioned model with on/off spool valves.
The estimation of transient air pressure at the actuator chambers based on actuator displacement was
studied by Gulati and Barth [89] and Turkseven and Ueda[#0]. The estimation of actuator position

was investigated by Frédéric Abry et. al[4f] with compelling results, but their method contemplated
estimation of position only in the case of zero actuator velocity and requires the use of proportional valves
on both ports of a doubl@cting actuator to modulate pressure during thdigstion process.

In this work, a different variation of a mass flow model is presented, specifically one that describes the
flow of air through a tweposition directional control valve with significant switching dynamics, typical of
the aforementioned ondff control industrial applications. Experimental results are presented that
validate the ability of the model to predict the dynamic mass flow rate across a range of conditions,
including a range of supply pressure and system geometry. Following validaitithe mass flow
estimation, the ability to estimate actuator displacement is experimentally investigated, also across a
range of conditions including supply pressure, system geometry, actuator load, and movement
obstruction. Relative t¢41], the method proposed here is simpler and is applicable fortiesd use in

all loadconditions butis not intended for proportional position control applications.

2.2 Adated Mass Flow Model

2.2.1 Oirifice Flow Model Adapted for On/Off Spool Valve
A widely used model to determine mass flow of a compressible fluid through a known orifice (derivation
can be found i29]) that is commonly utilized in modeling pneumatic valves is given by the equations,

0N A ?]r— i
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whereny andr) are, respectively, the upstream and downstream absolute pressurestasdhe mass
flow through the valve. A diagram that shows a schematic of a directional control valve of the type
contemplated in this work is presented Fig.2.1; the variables of interest are labelled in the diagram.
The termsy G ‘Qandi  are gien in(2.2)-(2.5):
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In all equations] is the ratio of the specific heat at constant pressure to the specific heat at constant
volume of the fluid and R is the gas constant. The valu&ofif for dry air are approximately 287 J/(kg

K) and 1.4, respectively. Note th@tcy and the threshold variablé depend only on these weknown

terms. The threshold marks the change in dynamics between choked and unchoked flow regimes,
which is approximately 0.528 for dry air. The coeffici@ig comprised of the terms that are difficuti
determine analytically in a typical directional control valve application, and includes: the absolute
temperature”Yof the fluid at the orifice, the effective orifice ar@a through which fluid is flowing, and

the experimentally determined dischargcoefficientd . When modeling a pneumatic valve, is a
dynamic term (i.e., a function of time) associated with spool displacement dynamics and internal channel
geometry of the valve (i.e., the effective orifice area changes as a function of tithe apool travels

within the valve). Note that sinc@s a function of , it will also be a function of time. The type of valve
used in this work is pilot operated and draws pilot pressure from the same line that feeds the actuator
(see Fig.2.1). For that reason, the evolution 6f (and, therefore Q) in time will also depend on upstream
pressure. Consequently, for a given valts an empirical functionfdime and upstream pressure, which

can be determined experimentally as described below. Note that the constituent componefisoofd

be separately identified (i.e., the spool dynamics could be separated from the geometrical changes along
the length ofthe spool and corresponding effects on areas and discharge coefficient). Tr&dma

single variable with dependence on time and pressure, however, reduces the degrees of freedom in the
model to the minimum necessary to describe the behavior of ager

Downstream
pressure pd |
Pilot i
—1;—_ Mass flow i
Exhaust Upstream Ethlust
ressure
Supply. p Pu Supply p{issurc [

Fig.2.1. Diagram of directional control valve.

From(2.1), the mass flow rate model can be rewritten as a producfxthe upstream pressurg , and
a dimensionless multiplied which incorporates the nonlinear, pressudependent, portion ofthe
model,
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a o a (2.6)
where & is given by2.7), in which the variablé 1 j | is the ratio of downstream and upstream

pressures. The definition af is similar to the reduced flow function developed [B2] and the
normalized flow rate function if88]. The behavior ofi is presented irFig.2.2.
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Fig.2.2. Effect of pressure ratio on mass flow through an orifice.

This model can be further simplified by introducing what wilidferred to here as the dynamic discharge
coefficient (DDC), defined 8& ") . The final mass flow formulation demonstrates a separation
between the effects of flow dynamics (givendoy) and the valve behavior (given by the DD,

a4 Qa (2.8

2.2.2 Method for Finding the Dynamic Discharge Coefficient
The DDC ismodeledby the empirical model with following form:

VeQn "QnM (2.9)

where the function"Qrepresents the static flow behavior and effectively captures all static terms in
conjunction with the upstream pressung , and "Qis an activation function that is time and supply
pressurer] dependent, and represents the dynamic behavior of the system during the valve switching
phase. As such, the functiérn o evaluates to one when the valve is open and zero when the valve is
closed. Intuitively, functiofiQcaptures the dynamic behavior tiie valve orifice area, while functicf
captures the static behavior of the valve as if no dynamics were present. Notg2rbnand (2.9) that

mass flow depends linearly on orifice area yet nonlinearly on upstream pressure, which motivates the
separation of function¥and"Q

2.2.2.1 Modelling the steadgtate behavior with functiml -—

The first part of the model consists of determining the behavior of the system without the effect of valve
dynamics; that is, treating the valve as a static orifice through which air flows. That behavior can be
characterized by measuring mass flow with assiflow meter in line with the valve in its fully open state.

In order to obtain measurements wit®n I p, one can either lock the valve spool to eliminate the
activation dynamics completely, or, in a simpler approach that does not require modifisati the valve,
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take measurements of mhen it is known that the valve spool has reached the end of its trajectory within
the valve body. Function f can then be estimated based on,

of a
ey ] (2.10)

h

The upstream pressure termy was incorporated into the determination df2to allow for greater
flexibility in modelling the nonlinear behavior of air flow through the complex internal geometry of
directional control valves. Based on the maeed behavior and a process of crasdidation, a fifthorder
polynomial fit was chosen to model the variation in flow as a function of upstream pressure,

oI oo Inon | (2.11)
where values for the coefficients are found with a leasguares linear regression routine. A model for

mass flow that is valid after the valve dynamics have settled (steady state) is obtained with the product
of the polynomial andx

G sasrre 29N a¢ (212

2.2.2.2 Modelling the valve activation with functiln-.ﬁ<

The model must also take into account the spool movement and its effect on theoréfice area and
geometry. The contribution of the valve dynamics to the mass flow behavior can be characterized as an
initial pure delay that holds the mass flow at zero as the spool travels across the spool land, followed by
a quick rise in mass flow whehe effective orifice area starts to increase as the spool moves beyond the
land. Once fully displaced, the valve dynamics have no more influence on the mass flow behavior, and the
system follows the steady state model (@112). In addition to the spool land, the pure delay phase is
attributed to transmission delays through the internal pilot channels and spool stiction (both of which
depend on supply pressure). Thelowing activation phase in which the spool starts to move also
depends on supply pressure, but to a lesser extent.

Note that supply pressurg is used here instead of upstream pressure The two pressures are the
same when there is no flow thrgh the valve. Once the spool starts to move and the valve opens, flow
causes upstream pressure to drop below supply pressure. That drop, although significantattd to

"Qn , does not affect the valve delay or activation behavior. To model the @aheation behavior, a
sigmoidlike surface is employed that takes into consideration both time (main axis of the sigmoid) and
supply pressure,

P
p AgB o T n f I

QoM (2.13

where the parameters in the sigmoid model are found empirically using the measured mass flovlh m
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Then, a nonlinear optimizatioroutine can be employed to find values for the parameters
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2.2.3 Estimation of Actuator Displacement

Upon establishment of the functions that comprise the DDC, the mass flow nf@dg{2.8) can be
employed to estimate downstream volume variation, which happens when the downstream actuator
chambers expand or contract. By using the derivatiof2ih5)-(2.18) one can obtain the time derivative

of volume based on mass, mass flow, and pressure by applying the law of idedlg@asElse derivation

relies on a few important assumptions: 1) that the charging process is isothermal, which provides a good
approximation according t¢43], [44} 2) that the temperature of the air already in the cylinder is
approximately equal to the temperature of air flowing through theveal3) that the pressure at the
actuator chamber and lines can be approximated by the pressure at the valve outlet; and 4) that there are
no air leaks downstream of the valve. Given these assumptions, the rate of change of volume is given by:

nRo  a'vYY (2.15)
. & . a Ya
® Y ?]L Y Yn— (2.16)
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In the equationsy) is the pressure at the downstream port of the valdée, represents the variable
volume of the downstream system (cortgig of lines and one of the chambers of the actuatar)is the

mass flow through the valv&d is the cumulative integral a , as in(2.18), andd is the mass of air
present in the downstream system at the moment of activation, 1, when the lines and dead volume

of the actuator are charged to atmospheric pressure due to the preceding exhaust cycle (before the valve
was activated).

The initial masst can be estimated employing the reasonable assumption that the actuator will not
start moving immediately after the valve switches (i.e., volume variation should only start after a brief
period of deadtimep ). This assumption is justified based the delay of the pneumatic transmission
lines, and stiction in the actuator. The value of the activation functi@hwas used to dynamically
determine when to estimate initial mass. Specifically,is estimated wheriQon) T v During the
dead time, the downstream volume is constawd, 7T (isochoric behavior) and can be estimated
using therelationshipin (2.19), which is valid foo 0 .

¢ 2040 (219

n 8 h 8

The estimation ofi occurs at an early stage in the actuation cycle, which allows its use to improve the
estimation of volumetric variation during motion, resulting in the final fom(®.20).
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Note that the effect ofa in the estimation becomes negligible as the pressure convergegdes to

zero) and rises)( term in the denominator grows in the charging cycle). Note that, as implemeated,
is held at zero during the deadtime, which is consistent with the previously described assumptions.

If the actuator geometry is knowmy can be used to infer piston velocity. For instance, if an axis of
actuation is composed of a single linear actuator with internal borearga G KS | Ol dz 2 N &
L can be estimated by,

R (2.21)
0
Likewise, the piston displacement can be estimated with a cumulative integral,
yQ L T Qt (2.22)

This integration permits estimation of motion along the axiaaifiation without knowledge of the system
volume or direct sensing of motion or pressure at the actuator level. The only information needed is the
pressure at the valve ports (which are measured) and mass flow (which is estimated).

Even if actuator geomejris not known, one can perform a comparative identification of downstream
variation of mass and volume between actuation cycles. For example, if the total mass used in an actuation
cycle is less than the previous cycles, it can be inferred that the pitemot completed a full stroke

(perhaps because of an obstacle in its trajectory). Likewise, variations in the magnitbdeanf indicate
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2.3 Experimental Malation

The mass flow model presented above was experimentally implemented and validated on two
commerciallyavailable tweposition pilotoperated directional control valves (referred to as Valve A and
Valve B), and each valve was tested with two dotoling actuators, Actuator 1 and Actuator 2 (i.e., four
combinations of valve and actuator were tested). Note that the actuator volumes were different by
approximately a factor of four. The manufacturer and model information for each valve, actuator, and
sensor are givermiTable2.1.

Table2.1. Instrumentation for Validation Experiments

Instrument Model
Valve A Parker HA2WXBG2G9000FA
Valve B Norgren VS26G517DF313A
SMC NCDGLAZS300
Actuator 1

(bore: 12.57 crf stroke: 7.62 cm)
BIMBA Sf04-D-00MC

Actuator 2 (bore: 31.67 cry stroke: 10.16 cm)
Pressure sensor at tang, FESTO SDRZT-D50G14U-M12
Pressue sensor at inlet) FESTO SEB-10V/20mA 19564

Pressure sensor at outlay, FESTO SDRZT-D50G14U-M12
Pressure sensor at volume, FESTO SPTWLORG14VDM12
Displacement sensor SpaceAge Control LO2D
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A computer equipped with @ata acquisition board NI R6071E was used in conjunction with the
software NI LabVIEW 2017 to collect data for experimental trials. Data was acquired with a sampling rate
of 10 kHz, although a reduced sampling rate would be sufficient for subsequdittadioms of the model.

The methods presented in this work were implemented in MathWorks MATLAB. Note that all
computations employed in the estimator were strictly réiahe (e.qg., filtering, differentiation, etc.).

Volume
pressure py

Downstream
ressure
p Pd M

= r e - =]

Fig.2.3. Mass flow measurement system.

2.3.1 Test Setup for Mass Flow Model Parametrization

An initial experimental setup (which did not include any of the actuators) was employed to parameterize
the mass flow model for each of the two valves. Betup employed four pressure transducers: one
connected to a receiver tank, two connected respectively to the inlet and outlet ports of the valve, and
the last one connected to a volume V (325 ml) installed downstream of the valve. Pressure at the volume
was used in lieu of a mass flow meter, similar to the setup propos¢d3ih [45], [46] A schematic
representation of the system is givenhig.2.3. This setup is typical of procedures used in standard flow
rate testing of pneumatic devicg¢47]. Mass flow can be measured indirectly based on presguia the
well-known volume V with a simple application oétlaw of ideal gases, assuming an isothermal charging
process,

nw &Y'y (2.23)
whered is the mass of air in the volume. Mass flGw can be obtained by differentiating both sides of
the equality,

n o
Ny
The distance between the pressure sensors in the ports of the valve and in the volume was approximately
0.3 m. A delay of one millisecond was added to the signals of the sensors at the valve level when

comparing them ta) to account for the propagatioof pressure in the volume at the speed of sound
(343 m/s).

(2.24)

To validate the experimental apparatus for measuring mass flow rate, a manual flow restriction valve was
connected to the circuit in place of the directional control valve. The resulting mastfja@ssure ratio
curves, corresponding to different valve opening and supply pressure configurations, are preséfiged in

2.4 (a).Note that the behavior is veryrsilar to the ideal curveniFig.2.2.

To obtain the data used to derive the mass flow model, a receiver volume of 19 liters was brought to
approximately 9 bar and corected to the valve inlet. The connection between receiver and main supply
was closed and the valve was repeatedly actuated until the pressure in the receiver tank was too low to
pilot the valve. This allowed for a fine resolution in supply pressure eoafign, since the volume of the
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receiver is much greater than the downstream volume, i.e., each valve cycle causes a small decrease in
receiver pressure. The pressure reading at the valve inlet immediately preceding each actuation cycle was
used as nominasupply pressure for that cycle.
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Fig.2.4. Mass flow observed with static flow restriction valve in different opening and supply pressure configurations in (a);
mass flow observed with directional controlweaduring charging cycle in (b) and (c).

The mass flow to pressure ratio curves, obtained by plotingas a function of andn are presented

in Fig. 2.4 (b) where different colors represent varying supply pressure configurations. The curves
resemble the theoretical curve when pressure ratio is greater than around 0.8. By analyzing the tame da
with the addition of a time dimension, it becomes clear that the reason the curves do not match the
theoretical model is due to the dynamics of the valve. This is shoWigiR.4 (c). One can clearly see the
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effect of the valve delay ai mtfollowed by a quick rise in mass flow that would indicate a fast spool
displacement, increasing the effective orifice area in the valve channel. The same procedure was repeated
for Valve B, with similar results.

2.3.2 Parameterizing the DDC Model

Recall that the DDC model includes both a stestdye and a dynamic function, f and g respectively. Based
on the behavior observed iRig.2.4 (c), it can be reasonably assumed that the valve is in a stetalg
condition when the mass flow is maximum for all configurations of supply pressure. The points of
maximum flow rate lie at the division betwede two regimes, when pressure ratio is small (ice., is
large) and effective orifice area is large. For every configuration of supply pressure, real mass diod
pressure ratid are recorded at the point of maximum mass flow and then at tirfiseds of 20, 40, 60,

and 80 ms from the maximum point. The steadgte flow behavior is then modelled according to the
normalization in(2.10). InFig.2.5, the mass flow is plotted against the upstream pressure for all supply
pressure configurtgons before (left) and after (right) the normalization &y . Note that, for both valves,

the normalization step is effective in making the points obtained at different times converge, indicating
that flow is indeed following the structure of the mod@&lhe coefficients that form the steadystate
behavior functionQr) , obtained from a fifthorder polynomial fit routine, are given ifable2.2.
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Fig.2.5. Mass flow (left) and adjusted mass flow (right) for different configurations of inlet pressures with time offsets from the
point of maximum mass flow.

Table2.2. Polynomial Fit Parameters (inlet pressure in bar).

Parameter Valve A Valve B
| T® ¢ X ©8 pg
| L oy X T
! o8 X 9p T @y
| UBroppm h pypm
| pP® ¢ mMp T o8 X ep TT
| X®XXP T Py wxp T
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The second step in deriving the mass flow model for this valve is to estimate the parametesform

the dynamic behavior functioifdi) . Mass flowd  is normalized using the previous resi®) , and

a , asn(2.14). The resulting points and the fitted sigmoid surface are presente@if.6. The resulting
parameterg are presented imable2.3. Note that in both cases the valve delay is close to constant for
supply pressure configurations @ae 4 bar and becomes more variable below that point.
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Fig.2.6. Activation function given by sigmoid surface fit.

Table2.3. Sigmoid surfacparameters (time in seconds, supply pressure in bar).

Parameter Valve A Valve B
f Y &y TLUd
f LV o pPOOCT
f P& T X Y
I Cpuwpm up Y pm

2.3.3 Model Validation Experiments
Following parameterization of the valve models, the mass flosasurement apparatus was removed.

 Qlidzr 62N m 61 & Ayaidl ffSR dz&AAy3I oé FfSEAOGE SmLIY SdzYl
¢KS RAALX I OSYSyil aSyaz2NJgla |Gdill OKSR (2 GKS | O dz
rod.

Fourconfigurations were tested with Actuator 1: A) full movement with no load; B) full movement with
constant force load; C) partial movement with no load; and D) actuator blocked. The four configurations
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are represented schematically Fig.2.7. The constant force load was approximated by using a second
pneumatic cylinder of smaller crosectional area positioned in series with the rod of the first cylinder
and connecte to the pressure supply line. The bore area of the smaller-fmasiding cylinder was 39%

of the larger actuator cylinder. For the partial movement case, a hard stop was added at approximately
50% of the trajectory of the cylinder rod.

0 Displacement
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—‘ | | Configurations
‘ A,B,C,and D
‘ ’J
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Downstream
pressure pd

= = = =]
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Fig.2.7. Four actuator configurations tested with Actuatornly configuration A was tested with Actuator 2.

For each of the four experimental conditions, a data collection procedure similar to that used for model
parameteization was performed using the 19 | receiver tank: the receiver was charged to approximately
9 bar, connected to the valve subsystem, and isolated from the supply line. The actuation system was
then allowed to cycle until the air pressure in the recemms too low to pilot the valve. The procedure

was carried out for both valves with Actuator 1 in the four load and obstacle configurations, totaling eight
trials. Actuator 1 was then replaced by Actuator 2. In order to avoid an excessive number of pamsitat

only the first configuration (full movement with no load) was tested with Actuator 2, using both valves.
The combination of Valves A and B with Actuators 1 and 2 are referred to as Al, A2, B1, and B2,

respectively.
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Pressure signals were calibratedqorto the experiments to ensure accurate measurement. The pressure
and displacement sensors were filtered with a {pass filter with time constant of 4 ms. Since the
displacement estimator requires measurement of the derivative of the outlet pressutifeaentiating
reaktime filter was used, with the same time constant.

2.4 Results

2.4.1 Mass Flow Through Valve

The mass flow model was applied to the data obtained with the constant votiiared the result was

then compared to the baseline mass flow, as in(2.24). Examples of the mass flow measured and
estimated with the two valves and three settings of supply pressure are presentedy.i@.8. The
importance of the valve activation terifdis demonstrated by separating the contributions of the terms

in the model presented i2.9). Without the activation function, the mass flow model would behave as if
the valve were instantly activated. It can be observed that the variable valve delay was appropriately
captured, and the mass flow gain is consistent over the supply pressure range.
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Fig.2.8. Mass flow estimation.

To avoid the effects of sensor noise, a dead zone was added that effectively deactivates estimation
whenrever the difference between upstream and downstream pressures was below the threshold of
0.07bar. The threshold was determined by qualitatively analyzing the noise characteristics of the pressure
signals.

Absolute errors in estimation of mass flow are average small, on the order of p 1t kg/s, for all
supply pressure cases. Because the true mass flow value equals zero in several points, the relative error
was calculated for all configurations using the following formulation, for the first 300 msiofatiin,
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Q (2.25)

where @ is the estimated mass flow obtained with the developed model andis the indirectly
measured mass flow into the volume, according2@4). This formulation yields an average relative error

of 7.4% for valve A and 6.3% for valveHgher relative error was observed for lower supply pressure
levels. When pressure is low, mass flow has smaller amplitude and is more affected by noise in the
pressure reading.

2.4.2 Total Air Mass Consumption per Actuation Cycle

The estimation of mass flo& allows for the indirect determination of mass of air used, according t
(2.18). The estimation o8& represents the mass added to the system that passed througtvéive in

one actuation cycle. The estimated mass variation in the four scenarios of the experiment with both
actuators and both valves is presentedHig.2.9. Solid lines represent the expected mass of air given the
total volume of the system in each motion and supply pressure configuration, discounting the mass
initially in the system (i.e., liceand dead volume charged to atmospheric pressure).

<107 Actuator 1
T T
1.5

Mass of air used [kg]

5 x 107 Actuator 2
T T T
X Valve A . Full movement with no load
4+ @] Valve B Full movement with load i

Actual Mass Used . Obstacle in trajectory Q)
No movement

Mass of air used [kg]
[3¥) [#%)
T T

Supply Pressurce [bar]

Fig.2.9. Total variation of mass estimate.

In the experiments with Actuator 1, it can be observed that the two cases in which there is full movement
(with and without load, in blue and cyan, respectively) match as expected, given that the total volume in
both cases is the same. The three configurations of movement (no obstacle, obstacle at 50% of trajectory,
and no movement) are easily separable for typieakls of supply pressure. Absolute and relative errors

in mass estimation are presentedTiable2.4.
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The load affects the velocity of the actuator rod, which redutte amplitude of mass flow and causes
mass to be underestimated in some cases. As previously mentioned, mass flow is assumed zero when the

difference between the inlet and outlet pressure sensor reading becomes sufficiently small.

The experiment with Aciator 2 demonstrates that the difference in system geometry has little impact on
the performance of the estimation process in relative terms. Errors were only calculated for supply
pressure settings of above 4 bar because even though the actuators dmeaptble of operating, the

quality of the results degrades substantially below that point.

Table2.4. Error in estimation of mass use

Average absolute error for supply

Configuration Actuator pressureabove 4 bar (mg)
Valve A Valve B
No load, no obstacle 1 0.05 0.09
Load, no obstacle 1 0.11 0.05
No load, obstacle 1 0.07 0.03
No motion 1 0.01 0.01
No load, no obstacle 2 0.12 0.10
i . Average relative error for supply
Configuration Actuator pressure above 4 bar (%)
No load, no obstacle 1 5.0 8.8
Load, no obstacle 1 9.9 51
No load, obstacle 1 11.0 4.5
No motion 1 5.2 5.1
No load, no obstacle 2 4.4 3.8

2.4.3 Estimation of Displacement
The four configurations of obstacle in the trajectory of the actuation axis and load are utilized in this
section to test the performance of the actuator (i.e., rod) displacement estimator. By taking the
cumulative integral of volume variation, one can elehine the total variation in downstream volume at

any timeo. If the geometry of the actuator is known, volume can be translated into piston and rod
displacement, using2.22). In Fig.2.10, the cumulative integral of the estimated volume variation is
compared to measured actuator displacement in various example scenarios. Final displacement
estimation for all contemplated comfurations of valve, actuator, obstacle or load configuration, and
supply pressure are presented kig.2.11. Average absolute and relative errors in final displace&me

estimation are presented able25¢ ¢ KS NBf | G ABS SNNE NA

NI

LINS&aSydSi

stroke length. In the same way as the total mass viammtesults, error greatly increases when supply
pressure is below 4 bar, indicating a limitation of the instrumentation. Therefore, those cases were not

presented here.
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Fig.2.10. Accumulated variation of denstream volume, which equates to estimated actuator displacement. The axes are titled
according to the valve (A or B), downstream actuator (1 or 2), configuration (FREE, LOAD, HALF, and BLOCK, refewing to the f
scenarios of no load and no obstaclenstant load, obstacle at 50% of the trajectory, and actuator blocked, respectively), and
supply pressure (5 or 8 bar).

A dead zone condition was added to the volume variation estimation (similarly to mass flow estimation)
due to signal noise effects. Volanvariation estimation is set to zero when mass flow is zero (i.e., mass
flow dead zone is activated) and the pressure differential is below 50 bar/s. As an effect of the dead zone,
it can be observed irfrig. 2.11 that displacement for the case of Actuator 1 with constant load is
consistently underestimated. The lower velocity results in lower mass flow and slower pressure dynamics,
which are partially lost isensor noise.

Note that the relative error in final displacement for the case of obstacle at 50% of trajectory is smaller
than the error encountered in the full motion cases. This lower error is to be expected because the system
reaches steadsgtate (in wlich mass flow, pressure variation, and therefore volumetric variation are zero)

in a shorter amount of time, which prevents the accumulation of estimation error.

Table2.5. Error in estimation of rod position.

Average absolute error in final displacement

Configuration Actuator  for supply pressure above 4 bar (mm)
Valve A Valve B

No load, no obstacle 1 4.65 7.81
Load, no obstacle 1 10.90 8.28
No load, obstacle 1 3.74 4.18
No motion 1 3.07 2.32
Noload, no obstacle 2 7.57 4.84
Configuration Actuator Average relative error in final displacement for

supply pressure above 4 bar (% of full stroke)
No load, no obstacle 1 6.1 10.3
Load, no obstacle 1 14.3 10.9
No load, obstacle 1 4.9 5.4
Nomotion 1 4.0 3.0
No load, no obstacle 2 7.5 4.8
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Fig.2.11. Estimation of displacement.

2.5 Discussion

Based on the results presented Trable2.5, the method presented here provided average riale
actuator position estimates of within 7.1% error, averaged across all experimental cases. For each load
condition averaged across bothlvas, the method provided average position estimates within 8.2% error

for the no load, no obstacle case in Actuator 1 and 6.5% in Actuator 2; 12.6% for the loaded case with no
obstacle; 5.2% for the case of no load with obstructed movement at 50% sto#e3.5% for the case of
obstructed movement at 0% stroke. As giverTable2.4, the equivalent estimates for mass flow were
within 6.3% across all cases, and we@6, 4.1%, 7.5%, 7.8%, and 5.2%, respectively, for thesjmsuific

cases. These redime positional estimates are well within the accuracies suited to-tiezé¢ fault
detection in binary positioning systems, such as those typical in manufacturingiofdtlit, the reatime

mass flow estimates are provided with accuracies that would be useful in estimating air leakage, assuming
the mass flow expectation could be initially benchmarked in théead condition.

For purposes of implementation, the performee of the mass flow estimator is sensitive to accurate
calibration of the pressure sensors at the valve ports. Mass flow estimation relies substantially on the
pressure ratio; as such, a relative calibration procedure can be applied, consisting of §aitinghat

make the measurements match whenever it is safe to assume that the system is in steady state, in which
casen should equal) . Note that even a slight difference in sensor gains will either make the estimate
of mass flow converge to zerod fast (iff) f ) or converge to a value greater than zero (in the
opposite case).

The quality of the results degraded significantly for lower supply pressure configurations, when the signal
to-noise ratio in the pressure ratio signal is lower. Thait$ the applicability of the method, but the large
majority of pneumatic systems operate using supply pressures above the experimentally found threshold
of 4 bar (absolute) for which the methods demonstrate adequate results.
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The model was applied to twealves which presented similar error characteristics, indicating that the
level of accuracy observed is inherent to the method, not the valves. This is a favorable outcome that
indicates the generality of the method in capturing the mass flow behaviavabsition spool valves.
Tests with two actuators (the second with about four times the volume of the first) also demonstrated
similar relative errors.

Variations in temperature were not accounted for in the models developed, and the isothermal
assumptionwas made throughout the development of this work, even when the behavior of the system
could have been modeled more precisely with, for instance, the adiabatic assumption. Literature shows,
however, that the difference in displacement dynamics between eldhat use the isothermal
assumption and models that use the opposite, adiabatic assumption is very[48jali4] More reliable
estimates of mass flow could be obtained by adding a temperature sensor to the valve, in addition to the
pair of pressure sensors proposed. Such a system would gatreeprior knowledge of air temperature
(such as in the case of the experiments presented here). However, it is unlikely that temperature sensing
at the valve would improve the estimation of displacement at the actuator level. Note that introducing a
temperature sensor at the actuator would compromise the basic motivation for this work of keeping all
sensing apparatus at the valve level. It is, therefore, inevitable that some estimation error will be
introduced due to thermodynamic effects in the actuator.

The method presented here was tested using pneumatic transmission lines of 1.8 m (6 ft). Although
experiments were not performed with longer lines to limit the number of experimental permutations, the
modeling assumptions (of homogeneous downstream prexsassociated with line lengths employed
here have been experimentally shown in other studies to be valid for line lengths up to 10 m (33 ft).
Specifically, Turkseven and Ugd8&] show that explicitly modelling pressure variation associated with
transmission lines becomes relevant ofdy line lengths above 5 m. Richer and HurmuU2Rj derive a
simplified transmission line model that works well for typical line lengths (i.e., from 1 to 10 m) which could
be used to improve the accuracy of the modehié geometry of the system and characteristics of the
transmission lines are well known and if accounting for line dynamics becomes necessary. Recall that the
approach presented here does not require any dimensional knowledge of the actuator in ordewigepr
useful information. As such, requiring knowledge of line lengths, diameter, and their friction
characteristics would diminish the applicability of the method, which was developed and intended to be
realistically implementable in industrial applicai® understanding that entering component dimensions
during setup in such applications is unlikely to be realistic.

The setup also allows for the characterization of mass flow through the valve during the exhaust process
by using the pressure in the outlport of the valve as upstream pressure and the constant atmospheric
pressurern) downstream. It would be possible to use those characteristics in combination with the
charging characteristics to enrich the mass flow analysis. For example, one @oldre the total mass
accumulated in the actuator during charging with the total mass that was vented out during exhaust to
obtain a more accurate air usage estimation.

The possibility of using a single pressure sensor, installed at the outlet port\adltres was contemplated
during the development of this work, although not presented here. A single pressure sensor can be used
when assuming that the inlet pressure is constant and equal to the nominal supply pressure.
Unfortunately, this assumption causdegradation of the mass flow estimation results, especially at the
early stages of the actuation cycle, because the assumption of constant inlet pressure does not hold when
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there is considerable mass flow through the valve (i.e., pressure drops betweeniply and the valve
due to pneumatic resistance).

Another point that was not discussed in this work is the potential for variations in spool movement
dynamics over the lifetime of a valve due to changes in the spool friction characteristics resoiting fr
seal wear. It could be of interest to employ a scheme that automatically updates the parameters of the
activation function"Q either through a preprogrammed schedule or with a retiine estimation
procedure. However, for supply pressure configuratiohd bar and above, it is noted that most of the
delay in both valves seems to be associated with air transmission delays between the pilot valve and the
spool, which is inherent and immutable throughout the lifespan of the valve.

2.6 Conclusions

A method to stimate mass flow in internally piloted, spool operated, directional control valves was
developed and experimentally tested with two commerciaiailable valves, two commercialiyailable
actuators, and under differing load and movement conditions. ffie¢hod requires measurement from

two pressure sensors at the valve inlet and outlet ports and uses models that can be easily obtained offline
(i.e., prior to valve installation). Estimates of air consumption can be immediately derived from the
estimation d mass flow. Furthermore, the displacement estimator developed in this work allows for
estimation of rod velocity and displacement, relying only on the aforementioned pressure readings, mass
flow estimation, and basic knowledge of system geometry (e.guatmr size). For the various cases
experimentally tested, the method provided an average +téak estimate of actuator displacement
within 7.1% error, and provided a reid@ine mass flow estimate within 6.3% error, relative to the full
actuator stroke diglacement.

These results demonstrate that the present method may be useful for identification of actuator motion
and leak faults without the addition of any instrumentation at the actuator or knowledge of the actuator
load, when the required accuracy isthin the capability of the methods presented. Motion faults can be
identified by variations of rod velocity or final displacement from nominal values, while leak faults would
manifest as an increase in air usage. Sincedost pressure sensing is now régevailable, the proposed
method offers a lowcost and easyo-implement means of fault detection in pneumatic actuation
systems.
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3 On Using a Brushless DC Motor as a Passive Toomimllable Brake

This chapter has beqiublishedas a journal paperin { a9 Qa4 W2 dzNy I € 2F 58yl YAO { &
and Control. Modifications to the text were kept to a minimum when adapting the journal paper into

chapter format.The only addition to the work ismaore detailedderivation of the averaged PWM behavior

in section3.3.1 The full reference to this work as published is presented belmferenced ag5]

elsewhere irthis document)

[ ® D *AfFGA YR ad D2fRTINDI &ha/y(§ MRy ¢ f S NURIKHE &
Syst. Meas. Control, vol. 144, no. 9, Jun. 2022, doi: 10.1115/1.4054733.

3.1 Introduction

Severalcontrol applications require the use ofeelectricallycontrolled proportional rotary brake
hereafter referred to as electricalimodulated brakes (EMBs), which offer strictly passive controllable
resistance to motion. Among the EMBs employed in such applications are magnetic particle brakes,
hysteresis brakes, and magnetorheological and eleh&ological brakes. All such devices are
energetically tweport devices; each comprising an electrical and mechanical port of interaction, wherein
the rotary braking torque associated with the mechanical port is controlled generally by the current at the
electrical port.However, hese devices are na@nergytransducers, but rather modulated resistors (i.e.,
power is not directly transformed between domains; rather, the electrical input modulates a mechanical
resistance to rotary motion). As such, power da®t flow between the electrical and mechanical ports.
These EMBs have traditionally been attractive for applications requiring modulated resistance because
they provide high torqudo-weight and poweito-weight ratios; they provide guaranteed dissipatide.,

are guaranteed to be strictly passive); they do not require measurement of velocity to impose a
controllable torque; and when necessary they can provide a holding torque (i.e., torque without speed).

In recent years, the torque and power densitidrushless DC (BLDC) motbéas increased substantially

[49], and as aesult, BLDC motozan now provide substantialhigher powerto-weight ratios than EMBs

As such, employing a BLDC motor as a towprdrollable brake ristead of an EMB in applications
requiring a brake can offer performance advantages. As is well known, motors can be used with velocity
feedback control to emulate passive impedaifs@], [51] However, as has been characterized by others
[52]¢[54], the resulting emulated behavior is ngtiaranteed to bepassive since @ergymay flow from

the electrical domain into the mechanical domais a result of measurement error andntml| lag
inherent in all control systemdMoreover, emulating a resistance via feedback control can require
substantial electrical powedepending orthe desired impedance being emulatecb(dition known as
reverse current braking or motor pluggnél, [4], [24]

Thischapterdescribes a control scheme for using a motor as a torwpurollable brake that provides

high-fidelity torque control and guarantees strictly passive behavior. The approach requires no electrical

power (other than signal power), but does require a mefmmgemoving energy from the system under
consideration (i.e., a battery as is implemented heas opposed to strict rheostatic braking as[#5],

[56]). The approach constrains the motor topassivegenerator behavior, entirely preventing motor

plugging at the expems of limiting itsrange of achievable impedancéassive behaviom this
configurationA & y 20 SYydzZ I G§SRY Al SYSNHS& TNE WithitksS Y2 {2 |
approach, a motor offers higher power density than a brake and a similar guarainpessivity.
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singleswitchmethod, have been adopted in recembrks that seek to balance energy regeneration with

factors such as braking time and battery stafecharge in electricvehicles [58]¢[61]. Despite
implementation similarities, higfidelity torque control and strict passivity are not treated in any of those

works. Conversely, current control performance fortordoraking is a focus of other recent works, such

as [62]¢[65]; however the proposed control schemes do not guarantee strictly passihavime.

Equivalent switching schemes to the one presented here have additionally been proposed for control of

knee prostheses (e.d19], [20], [23], [66], and a similar idea of exploiting the constitutive behavior of a

motor has also been applied toaptic interfaceg$67], [68]

Unlike prior works, this work explicitly treats the problem of achieving-fidglity torque control in a
brushless DC motor, while physically guaranteeing strictly passive behavior. Unlike the empirical models
employed inM19], [20] the authors derive a physitmsed model of torque as a function of motor velocity
and control duty cycle, which among other features, explicitly considers changes in the current continuity
regime (unlikg57]¢[60], in which either continuous or discontinuous modes are assumed). Based on the
developed modela design tradeoff is found between controllability and energy generation (the authors
are unaware of other work in which this traadf is explored). Experiments are presented that validate
the proposed model and analyses. The model is then employeddaddorward plus feedback torque
controller, which is shown to provide notably improved performance relative to either control component
used alone. As such, the derived controller is an important component of achieving desirable-torque
control performance

3.2 Modeling Motor Behavior

This section characterizes the bounds of behavior achievable when using a motor as a brake in a strictly
passive manner, as proposed here. The results of this section are summarzg®ia. Note that this

section assumes continuous behavior in order to frame the problem, while the following sections assume
a switching control structure to more explicitly explore it.

DOMAIN / { 0 \ DOMAIN
y 4
PF, PM

R: Ry R:b
Fig.3.1. Bond graph model of a motor.

3.2.1 Performance Bounds when using a Motor as a Brake

A simplified model of a DC motor is shown in bond graph forRigr8.1. A gyrator element represents

the electromotive phenomenon which connects the electrical and mechanical domains, a resistance with
valueY on the electrical sideepresents the motor windings (for now we ignore the efasal
inductance) and a resistance with valtieon the mechanical side represents mechanical frictibhe
electrical andnechanical power flowing in and out of the motor,and0 respectively, are given by:

0 0VQYTQ U Q (3.1)

o t1 t1 @ (3.2
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where Q0 , 1, and] are the motor current, bacEMF voltage, torque, and angular velocity,
respectivelyD is the voltage across the motor leads; ahdis the total output torque (which includes
friction). Using the gyrator relationships, torque and b&MF are written ag "Q'8nd 0 T,
where "Qis the motor constantd and0 can be rewritten in terms of thelectromechanical damping
(EMD on the mechanical port of the gyrator, defined as the impedance termtj]

- Y

’ =0 : 3.3

0 g ¢ ¢ (3.3

0 a4 @ (3.4)

Curves foh and0 are schematically represented for an arbitrary velogity ( 1) inFig.3.2 (b). Note

that generator behavior is achieved whén 1 and 0 11 (i.e., when power flows in the negative
direction according to the arrow conventionfig.3.1). However, upon inspection ¢3.3) and (3.4), one

can observe thab becomes positive fon ~ Qj'Y i @& . This condition is referred to as plugging

or reverse current braking and is generally undesirable because it requires an expenditure of electrical
power @ ) in order to extract mechanical powas ( 1. Note that® is the reflected mechanical
damping, which corresponds to the electrical resistaitereflected across the gyrator; as such, any
desired damping value greater than this will result limgging the motor.

Assuming 1, the conditions) @ anda Tare the only roots ofy , and0 T between the
two cases. To satis{g.1), the casex @ must correspond to T. Thereforeg @ is the motor
behavior when leads are shorted (i.e., when voltage across the leads is zero). The caserresponds
to the openleads behavior, in which there is no motor torque becatised1 1 which impliesQ Tt
Therefore, the behavior of a motor under the proposed passive switching scheme must be linited to

@ for 100% duty cycle (shedircuit case) and  Ttfor zero duty cycle (open leads case). Sibce Tt
within that range ofy, expenditure of electrical power cannot occur. Thus, for the strictly passive control
approach examined here, the motor must remain in the generator regime (i.e., motor cannot operate i

the active or plugging regimes).
Power .
\

T2 Power Constraint
__DPassive Switching
ninn Jsopower Lines

A. Voltage constraint S Teeall
B. Short-circuit behavior A ol
C. Mechanical impedance % N
D. MPT 5o
E. Max. Efficiency “\'

LA : A

-

‘\
(a) (b)

Fig.3.2. Achievable behavior (continuous) for motor under passive switching. Areas indicated in beige represent achievable
behavior with the proposed method péssive switching. The gray ellipsoid in (a) represents the heat dissipation constraint in
motors in general, which exceeds the isopower lines at the same power level. Lines A, B, and C represent the voltage constrai
shortcircuit behavior, and open lda behavior, respectively. Lines D and E represent the MPT and maximum efficiency
conditions. Power and efficiency curves are represented schematically in (b) as a function of EMD.
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3.2.2 Achievable Behavior of Motor relative to an EMB

Dissipation of heat in tharmature of motors and brakes is a limiting factor for the achievable behavior
of these devices. With the simplified model, heat losses can be modelled for both in terms of the output
torque T and velocity . In the case of the motor, power lost as hearresponds to the power in the

two resistance elements of the bond graph modefig.3.1,

0 YQ @ 0 (3.5)

In the case of a traditional brake, all mechanical power is dissipated as heat,

0 t1 0 (3.6)

It is assumed that both motor and brake have a maximum amount of beat that can be
dissipated continuously. The motor has two additional factors that limit achievable behavior. First, the
voltage available in the electrical domain is lindit® that of the battery S 0 . Second, specifically

for motors under passive switching, behavior is further constrained €@ & T as previously
demonstrated.

The combination of these constraints results in the regions of achievable continebasibr in terms of
mechanical powen( ) for motors as schematically representedFig.3.2 (a). The beige regions represent

the achievable behavior of a motor uadpassive switching, and therefore the control method proposed

in this paper is bounded by the extents of the beige regions. Note that the behavior of EMBs
© ) is constrained by the isopower lines, which the motor far exceeds. Imuttyta holding

torque (torque at zero velocity) cannot be passively achieved by a BLDC due to the intrinsic damping
behavior.

3.3 Controlling a Motor as a Brake

Methods of torque control for BLDC motors are well known; in the casedatrol of impedancesi
desired, the referencetorque can be computed from theombination ofreferenceimpedance and
measured velocityMethods of tracking a desiretbrque in strictly passive configuratierhave been
studied in[57], [59]by leveraging the equivalence of the BLDC motor with a boo€d©Converter and
assuming either continuous or discontinuous current regimes to simplify the analysis section
describesa model that eplicitly considers operation in both the continuous and discontinuous regimes,
and a controller based on it.
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Fig.3.3. (a) Hbridge circuit representation with motor and EPS model; (b) the three equivatants{P, R, and N) under
passive switching; and (c) an example of motor current behavior.

3.3.1 Control Structure and Modes

Fig.3.3 (a) shows an #ridge circuit that canects the motor to an electrical power system (EPS), which

is modelled as a voltage source in series with a resistor. Toralble is a simplification of the thrgghase

bridge used to control BLDC motors in practice. THgittye representation facilitats analysis and yields
equivalent results. A power supply is not required to implement a motor used in a strictly passive manner,
as is proposed here; however, since a motor (unlike an EMB) is primarily a transducer, dissipated
mechanical power needs to lanneled to some electrical outlet. In this work, we assume a battery will

be used, and that the energy stored in the battery will be discharged for other purposes as appropriate.
The MOSFETSs are represented in the circuit as switches with pdiadles.

The passive switching scheme leads to three equivalent behaviors as indicaltégl &3 (b): (P) short
circuit behavior in the forced phase of PWith the low-side switches actiye(R) energy generation
behavior in theunforced phase with all switches off and diodes condugbioger from the motor to the
EPS; and (N) open leads behavior in the unforced phase if the diodes are not conducting. Ndte that t
high-side gates are not required for the control method presented here, so they remain open at all times.
They are includedithe bridge schematic to make clear that the approach is easily integrated into a
standard motor interface, but diodes could be used instelddte also that, unlike in active control
schemes, the motor is never actively connected to the EPS via any QB&E@ievicesMotor current
increasedn magnitude during phase P and declines duphgseR. If current reaches zero during that
phase, behavior N will b effect until the next PWM cycle. The current behavior is exemplified
schematically ifrig.3.3 () in absolute terms (i.e., could be positive or negative depending on the direction
of motion).
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Table3.1. Forced ad unforced behaviors for the switching madel

Behavior 7 [ | Duration
P > 9 ° %
- ¥ Qv 0 °© 0
N 0 ¢ . .
- ‘ Q — och
R i oy oy
Y oY Y — P9

The motor current behavior can be modeledpimases P and R as a first order differential equation:

Q0QQ

Qo - Q (3.7
where the forcing functionQ time constant_, and phase duration specific to each behay®r Rare
given inTable3.1. Rotor velocity is assumed constant within a PWM periodQsan be treated as a
constant as well. MOSFET devices are modelled by theissedistancé’ when active and diodes are
modeled with a forward bias voltage tenn and a series resistancé . The fixed EPS voltagais with
series resistanc®& . Normalized control duty cycle is representeddognd the period of thd®WM signal
is”Y . Behavior N has no dynamics and can be modeled sim{#lyy ast The differential equation in
its general form has a closed form solutipresented in(3.8).

wio 0 _m- _0 @8)

The closed form solution can be used to study the motor behavior as a function of valeditontrol
duty cycle. Note that the initial conditioi® is explicitly expressed as an argument in the closed form
solution. Average values for current in egatiasecan also be determined in closed foam in(3.9).
. Q Q.
0 dio _0=—=—10" o (3.9)
To determine if behavior N will occur once the current reaches steady stateetermine whether the
current magnitude can reach zero within (assumingcurrent starts from zeroand reaches some

magnitude in phase)PThis is accomplished by solvingdorin'Q 6 HQ 6 it 1, which yields:
‘ R o R
o _ 1 1pC ——Q Q p (3.10)

If 0 is less than the duration of the unforced phase, then current will reach zero before the end of the
PWM period. That condition inhibits current builgh from one PWM cyelto the next: current magnitude
raises from zero and returns to zero at each PWM period. Subd0ripiil be used to indicate that
behavior (for current discontinuitj69]) and subscripb is used for the opposite case, in which there is
current buildup. Average motor current over a PWM period in the discontinuity case is given by,

‘Q 0Q oht "(\)(Q 0 hQ o hit (3.11)

The average motor current in the continuous case is,
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QN 60 ofi® p oQ ofhd® (3.12)

where'@is the current at the transition from behavior R to P &féfom P to R. The two transition values
can be determined by solving temultaneous equationgiven by'® Q6 i and'® Qo A .

The resulting linear system of equatioissshown in(3.13), with the matrixform solution in(3.14). With

that arrangement, one can determine the average output of the PWM system in closed form (i.e., without
requiringa simulation of the physical system).

ii!ohfo! g:z Q0 _7 613
0o R M _QQ _Q
" . _Mp Q
.,go; P Q (3.14)
Q p _Qp Q

Since the PWM frequency is typically well above the fundamental mechanical frequencies, we assume
t  CQ . Average currerif) s treated as a function of duty cydeand velocity (recdl that 0

Q1 is present in botiQ and"Q), and is either given B2 or 'Q depending on the current regime

© 0).

Finally, the motolEMDcan be determined by,

& of I M (3.15)

1 1
Fig.3.4 (a) shows the nominaEMDbehavior of a motor as a function of duty cycle and velocity. Motor
current B simulated for four test points to demonstrate the current buila effect inFig.3.4 (b). Note
that EMD and motor current are expressed in absolute terms to fad#itvisualization. In practice,
achievable behaviors are all Tt current will always oppose velocity. Nominal motor parameters were
obtained from the datasheet of a MaxdBC224-pole 90 W motor (part numbeB23217 which is the
motor used in the experinm@s presented in this work. Nominal MOSFET parameters were selected from
the datasheet of International RectifilRFU1018EPBKhich are the MOSFETSs used in thghase bridge

circuit. All parameter values are listgdTable3.2.

Table3.2. Parameter values

Parameter Value
Y & ¢ 1)

o) p@al oo
0 ¢c®° 0
0 ¢ W
Y T )
Y g & m
0
Y
y

T wo
p@am
CR" i
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Fig.3.4. Motor EMD behavior as a function of duty cycle and velocity in (a) and simulated motor current profiles ifo(i) for
test points. Test points 1 and 4 are at the same rotor velocity (1000 rad/s) with different duty cycles (70% and 30¥gls9spect
test points 3 and 2 are at the same duty cycle (50%) but different velocities (500 rad/s and 1700 rad/s, respectively)

There are a few important characteristics of the surfac&im3.4 (a) that should be noted. First, note
that the EMDbehavior at 100% duty cycle is constant. It corresponds to the sh@uit behavior ¢

@) and is independent of rotor velocity (lin@ in Fig. 3.2). Second, behavior at 0% duty cycle
corresponds tax  Tt(line C irFig.3.2) only up to a maximum velocity . At that point,0 is large
enough in magnitude to forward bias the diodes, which limits achievable behavior to the voltage

constraint lines indicated as Akig.3.2).] is given by,
0 ¢U
—_— 3.16
T 2 (3.16)

Third, most achievable behavior occurs in the continuous case, which has implications for control
sensitivity (i.e., linearity) at low velocities. Note that more than 90% oEM®range is limited to around

10% of the duty cycle range in that regidrhe build-up threshold lineindicated in redrepresents the
transitionbetween continuous and discontinuous current regimgschcan be found by setting 1t

in (3.10).

3.3.2 Impedance Control

Three approaches are taken to controlling motor impedance under passive switching. First a feedforward
approach is presented which consists of numerically inverting the developed model. Errors in the nominal
parameter values, unmodellegffects (e.g., winding temperature, MOSFET switching dynamics,
capacitance in the EPS, etc.), and the high degree of control nonlinearity will lead to steady state errors in
EMD tracking. The second method utilizes a cldseg (feedback) PI controllesi(nilar to[59]) to set the

control duty cycle and track a reference motor current. The feedback method should be robust to model
uncertainties and reduce steadhate tracking error. Unlike the feedforward approach, the feedback
method has control lag. Finally, the rthimethod consists of the combination of the two previous
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methods: the inverted model is used as a feedforward controller, associated with the feedback Pl
controller. As shown subsequently in experimental implementation, the third method provides the best

performance when tracking a desired impedance, combining the desirable characteristics of the other
two methods.

3.3.2.1 Feedforward Method

To control the motor as a brake in a feedforward manner the modeat foh  in (3.15) must be inverted

so duty cycle can be determined as a function of desileMD&  and velocity . Unfortunately, the
piecewise structure that arises from the current continuity issue and th&hkimg between the forced

and unforced phases of PWM make it impractical to invert the model analytically. Instead, the model is
used to obtain a partial derivative afwith respect tod, and the NewtorRaphson metho{i70] is applied.

The NewtonRaphson method consists of iteratively determining apprations for the ideab% which
corresponds tod & 0" . The method vyields satisfactory results because the EMD surface is
continuous, monotonically increasing, and has no inflection points. The partial derivative was constructed
in such a wayttat values can be obtained even at the threshold between continuous and discontinuous
behavior (where the behavior is not analytically differentigblene method starts with an initial guess

and uses the following equations to iterate starting@t p,

Q a6 h o (3.17)

0o o Q T(’?«'J—,h (3.18)
T 0

Q aona_a (3.19)

Two stopping criteria are employed: 1) relateeor Q is sufficiently small compared to other sources

of error and uncertainty in the system; or 2) the number of iterati@has reached a hard limit . When

a stoppng criterion is reached, the duty cycle approximation of the last algorithmic iteration is assigned
as the feedforward duty cycle for that control iteration, which is applied to thelbtidge.The limit on
algorithmic iterations ensures that a duty cycle will be provided within the control loop period. Duty cycle
is saturated to constrainittm 6  p at every iteration of the algorithm. &  is unachievable, the
method reaches the maximum number itérations withd  saturated at either 0% or 100%. The initial
guess for one control loop iteration is given by the resuléingof the previous, which allows the method

to converge across multiple control loop iterations if more algorithmic ifereg are necessary. On
startup, the initialguess i ™. The relative error threshold was chosen as 0.1%and v. With
those settings, the method was observed to converge within the control loop period and provide
adequate results.

3.3.2.2 Feedback Impedanceontrol

Measurement of average motor curreff2 is used in the second control method. A proportional

integral (PI) controller with anivindup was implemented in the discrete time domain. Since current
direction will always oppose due tothe motlNQa O2y a Al dzi A @S o0SKIF@A2NE (KS
magnitude of current and velocity. The setpoint for the controller is given by,
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0 - (3.20)

The PI control law is given by,
0 N0 Q0 (3.21)

whereQ "Q sQ sis the tracking error an@ is the antiwindup integral term. The duty cycle is
constrained tomm 0 p by saturation. The antvindup method implemented here prevents
accumulation of integral error by resetting the integral term via baalculation if control is saturated
[71]. This allows the control system to respond immediately if error changes sign.

3.3.2.3 Combined Impedance Control
The resuling duty cycle from the feedforward metha@d and feedback method are added together
in the third method. Duty cycle saturation and aniindup must now use the total duty cycle: o

3.4 Other Control Considerations

Several factors impéic G KS Y2(d2NDa O2y(iNRfflFroAfAGE dzyRSNJ LJ &da

power. Aspresented controllability is affected by control nonlinearity at low velocities as well as limited
range of EMD at high velocities (d€ig.3.4 (a)).The nonlinearity issue is in part a result of the imbalance
in magnitude betweeriQ and™Q at low velocities, becausgQsL $Qsfor smali . The range limitation
issue is intrinsito electric motors due to the voltage constraint (i.e., it is not a characteristic of passive
switching exclusively).

The only solution to the range limitation issue is to raise the EPS voltage. Unfortunately, that also worsens
the imbalance between thewo forcing functions at low velocities, affecting the linearity problem.
Conversely, reducing the voltage is expected to improve linearity at low velocities at the expense of
reducing

An alternative solution that addresses the linearity probleithwmo effect on is to vary the PWM
frequency. This approach leverages the imbalance betvi@eand"Q and behavior N to raise the EMD
surface in the discontinuous current region. Interestingly, lowering the PWM frequency helps. Recall that
in the discontinuous region current in the unforced PWM phase reaches zero before the end of the PWM
cycle. Therefore, stretching the duration of a PWM period has the effect of prolonging the P phase with
little change to the unforced behavior (still limitég 0 ). That is, current reaches a higher magnitude in
phase P and has effectively the same behavior in phase R.

However, stretching the PWM period has a negative effect on energy generation, which only occurs during
behavior R. As mentioned, behavionRintains effectively the same duration due to the imbalance in
forcing functions and current discontinuity while behavior P becomes longer in absolute terms. Therefore,
the amount of time within a PWM period reserved for generation becomes proportiosaiigller,
resulting in less generation. Note also that in (3.5) depends onQ, therefore heat losses will

be greater when current ripple has larggmplitude.

In the following sections, metrics for controllability and energy generation are developed so effects and
tradeoffs can be visualized and interpreted quantitively rather than qualitatively. The metrics are
evaluated with varying EPS voltagedaRWM frequency, since both parameters contribute to the
presented issues and can be selected by the system designer.

39



3.4.1 Controllability and Power Generation Metrics

Metrics for behavior range, control linearity, and generation are defined here using the motor model
developed in sectioB.3, the ideal bond graph modet isection3.2, and a defineanaximum application
velocity] . The latter represents the maximum velocity that should be used in pradti¢kis stdy, it

was selected X TUIT 60

First, the range metricy is given by the relative difference between EMD at 100% duty cycle and at 0%
duty cycle,
a ph ¢
a ph

“Y will evaluate to one when the full range of EMD behaviors is available at

(3.22)

A second metric is used to indicate the linearity in behavior betwemd6. Note that linearity here is a
measure of how evenly EMEan be controlled throughout the achievable range. The ratio between the
areas undetx 6 and an ideal linear case serves to indicate linearity,
¢, adh amh Q6
v P 200 9 % (3.23)
1 aph a T

Similar to the range metric, the linearity metric evaluates to one in the-basé scenario, ifi varies
linearly withd. Note thatd T is subtracted to isolate the range limitation issue from the linearity issue
(i.e., behavior may still be considered linear even i ).

The ability of the actuator to generate power may be of interest as a third m&tkic.important operating
regimes for a motor operating as a generator are maximum efficiency and maximum pansidr.
Maximum efficiency- 0 70 occurs at & ® o o [3]. Similarly, maximum power
transfer (MPT) intdhe electrical domain is achieved at an EMD vaiue ®j ¢. Schematic plots
of— ,0 ,andd are shown irFig.3.2 (b). Unlike the maximum efficiecy condition, the MPT condition
does not depend on the mechanical impedance paraméieKote that®is not as straightforward as
parameter® and generally requires empirical models. Importantly, both MPT and maximum efficiency
conditions are within the bounds of EMD for the proposed switching schEorgurposes of a metric of
interest, the MPT can be used to benchmark generatiosingd from (3.3) andd , the maximum
power into the EPS in an ideal cas8 is ®] j T, while the modebased power is,

0 ﬂb Q (3.24)

Y
Again] is used here to compare the two, resulting in a normalized power generation 3¢pre
i A

- (3.25)

A numeric solver is used to find the duty cycle that yiélds & for]

3.4.2 Effect of Battery Voltage and PWM Frequency
The three metrics (control linearity, range, and generated power) are first presented in the top Bigt in
3.5 as functions of EPS voltage. Voltage is varied fréswar bound ofp wto a maximum of yowhile
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PWM frequency is fixed at the nomimalUQQdThe tradeoff between control linearity and range of
achievable impedance is clear from the results. It can be observed that as EPS voltage rises, the range
metric quickly reaches its maximumalue of one while linearity monotonically decays. There ig als
noticeable variation in the energy generatianetric. The effect can be attributed in part to the
proportionally higher diode losses (due to the constant forward bias voltage relative to the EPS voltage).
At the nominal EPS voltage oftw, the rangelimitation issue is not present; the system is close to its
maximum power transfer capability; and control linearity is poor relative to lower voltages.

Control Linearity Metric| |
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Nominal Setting
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Fig.3.5. Controllability and energy generation metrfcs varying EPS voltage (top) and PWM frequency (bottom).

In the bottom plot inFig.3.5, the performance metrics are presented as a function of PWM frequency,
which varies from a lower bound af TiO& to an upper bound of 1 RQEPS voltage is fixed at the
nominal¢ 1. The range limitation issue does not occur when PWM frequency changes, so that metric
remains at the maximum value of one. The tradeoff betwéeaarity and generation occurs between

p ‘Q0éandv 1QOdower values of PWM frequency will favor controllability and higher values will favor
generation. The Shape of the two curves indicates that, for purposes of using a motor as a brake, there
is little advantage in going below or above those values (for the parameters of the motor used in the
study). At the nominal PWM frequency ofuQ Qcdhe tradeoff is largely skewed towards higher power
generation at the expense of nonlinear behavidneTelectric circuit time constant () is indicated for
reference. Note that the generation metric does not consider switching losses, which are larger at higher
PWM frequencies. PWM frequencies lower tlamiQ Otnay cause audible noise. If frequerisyoo low,
switching maybe perceptible in the mechanical domain as vibration

In summary, controllability and generation metrics are inversely related with respect to the choices of EPS
voltage and PWM frequency. Somewhat counterintuitively, a lower PWM frequency provides increased
resolution in controllability. A control designeramchoose both parameters based on the performance
trade-offs, as outlined in this section, and their applicatiobjectives.Favoring controllability over
generation may be particularly important in the case of low application velocities, in which control
nonlinearity and sensitivity are challenging, as previously discussed.
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3.5 Experimental Implementation

An experimental test setup was built in order to validate the motor model, as well as evaluate the relative
performance of the strictly passive impedancetol approaches. The setup, shown iplaotograph in
Fig.3.6, includes two motors: one BLDC motor acts as a brake under the proposed switching scheme,
while the other (brushed) motor simulates an active load, driving the first. The two motor shafts are
directly connected: there is no transmission and minimal system inertia.

-
.

on DC motsr

q*ll

A k ¢
\ Embcdded Control Systcm CAN Interface Dev1ce

I— = _m

Fig.3.6. Testing setup with two motors, ender, control electronics, and CAN interface device.

The BLDC motor is controlled via three MOSFEThdtjes, while the brushed motor is controlled via a
MOSFETHridge. Electrical current is measured via sesiasnt resistors, whichre connected towrrent

sense amplifiers to enable measurement of current in each phase. Rail voltage is also measured. A 1024
count per revolution magnetic incremental encoder is installed in line with the motor shafts. A real time
differentiating filter in the control aelctronics provides velocity estimates from the encoder. Hall effect
sensors in the BLDC motor indicate commutation sector, which is used in conjunction with phase current
measurements to approximate motor torque.

The control electronics are powered by relar power supply, which can source and sink electrical power

at a constant voltage. The control electronics is connected to a computer through a CAN bus. Mathworks
MATLAB and Simulink with the Desktop Rigale kernel are used to interface with the coritetectronics

atu Ta The computer and power supply are not showifiig.3.6.

A schematic representation of the control system is presentdddtB.7. The feedforward controllevas
implemented in Simulink, providing duty cydle to the control electronics ab 1 '@a& The feedback
controller that defnes duty cycled was implemented directly in the control electronics, running at
v 'QQ0The two controllers can be separately enabled and disabled through the computer interface

6aY2RS¢ a8tSOGA2y0d ¢2 O2y i N imildndnte® NIh&dorpater Y 2 i 2 NE
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provides a currenteference’Q to another current controller in the control electronics, which regulates
the driving motor current”Q ) by varying the duty cyclé . Gains of the velity controller ae
scheduled with the reference motor EMBvhich is necessary due to the wide variations in system
impedance caused by the motor operating as a brake.

COMPUTER EMBEDDED SYSTEM (5.8 kHz)
(SIMULINK; 500 Hz)

_—
—"“+(FEEDFORWARD | Usr
@,| CONTROLLER

!

Wprg VELOCITY 73
CONTROLLER

g
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ANTI-WINDUP

2L DRIVING MOTOR) s
L2\ CONTROL LOOP

BLDC MOTOR ”Dm'l Tipmf

DRIVING
MOTOR

CAN BUS

.

node

POWER
SUPPLY

CURRENT t_
SENSING  TENCODER

Fig.3.7. SShematic representation of the control systerith computer and embedded system sharing the control tasks.

When carrying out model validation experiments, the second motor was disconnected from the control
electronics output and powered by a secondary power supply. This electrically isolatBd EHe motor
under study, which facilitates characterization of generated power. Note that the main power supply still
provides energy to power other components of the control electronics, but that power consumption is
mostly invariant, and therefore is subcted out when characterizing generation.

3.5.1 Model Validation

A first set of experiments were performed to validate the developed model and evaluate the tradeoffs
associated with controllability and energy generation. The driving motor was powered by thedseg

power supply. Two voltage and two switching frequency configurations were tested. First, the nominal
configuration oft UQO&ndc¢ ww; then a lower voltage setting with the same PWM frequencyiQOd
andp 1; and finally, a lower switchinigequency setting with the original voltage’Q"Odnd¢ w. The
experimental procedure consisted of setting the velocity reference to one db fix bp 1t 11 Iof]

X Tt Gyand the passive PWM duty cycle to one offt hipi8 p 1t 11 Hin total,six hundred settings of
velocity, duty cycle, and hardware configuration were tried, each for four seconds. Motor current, EPS
current, and velocity were recorded at 500 Hz. The experimental routine included pauses between trials
to prevent motor overhedhg. Trials were interrupted if motor current reachgd@. The period
corresponding to the transient of the velocity controller was removed from the analysis. Results are
presented inFig.3.8, where experimental data is compared to the behavior predicted by the model,
according t0(3.11), (3.12), and(3.24). Power generated is calculated by taking the difference in average
EPS current between idle and operating modes and multiplying that by the nominal EPS voltage.
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Fig.3.8. Model validation results.

Experimental results closely match the developed model in all three configurations, demonstrating model
validity. Note particularly that the change in behavior between the continuous and disconticuoesit

regime is accurately captured (and has a substantial nonlinear effect on the PWM control of torque). The
tradeoff between controllability and generation is apparent: the nominal case in the center plots has the
worst level of controllability but dgeves the highest levels of power into the EPS. Lowering the EPS
voltage (plots on the left) results in improved controllability with slightly lower power. Likewise, lowering
the switching frequency greatly improved controllability but again power iseceduThe error between
experiments and model in almost every trial indicates that EMD and generated power are slightly
overestimated by the model. Note that experimental data is not available for motor currents abgve

for that reason some power cursare incomplete. Relative errors in motor current behavior are between

8 and 15% for duty cycles above 20%. Errors are consistent across duty cycle and velocity. Relative errors
in energy generation are higher, between 10 and 30% (for power abayvg

3.5.2 Controlling Impedance

A second set of experiments were performed to demonstrate and compare the efficacy of the three
strategies for impedance control (i.e., feedforward controller, feedback controller, and combined). These
experiments consisted of threeracking tasks (the first and second described here, the third
subsequently). The first task consists of tracking@aOdsinusoidal EMD reference under constant
velocity. The second, a complementary task, consists of tracking a constant EMD referelece un
sinusoidally varying velocity with the same frequency. In the first case, the EMD sinusoidal reference
swings between 5% and 85% of maximum EMD and velocity isiseft®o o v it 2 In the second

task, velocity varies betweea 7TPandy 7FPand EMD is set to 50% of the maximum range. The
maximum settingx & is purposefully avoided as it was observed in the model validation experiments
that the model overestimates impedance. Results are presenteBign3.9: velocity tracking, EMD
tracking, and passive switching control duty cycle.
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Fig.3.9. Two EMD control experiments. In (a) the control taskistmef trackinga sinusoidal EMBeferenceunder constant
velocity. The compleméary task is shown in (b).

It can be observed that all three methods perform similarly well in tracking EMD. The feedforward method
exhibits tracking error in both tasks, kine error vanishes when the PI controller is enabled. Performance
degrades in the first taskig.3.9 (a), when only the feedback controller is used. The PI controller atone
too slow toreach the low duty cycle setting due to the control linearity issue. That effect will be explored
in more depth with the third task. All three methods are robust to veloedriations A transient can be

seen in thetransition between combined and feedbaokly control modesthe Pl controller takes the
system back to the desired behavior when the feedforward term is removed.

The third task consisted of tracking a squarevev&MD reference with a fixed velocity settingiof F.

The square wave switches between 1 and 75% of maximum EMD. The rise and fall dynamics are shown in
detail inFig.3.10for the three control strategies along with the control variable. The feedforward strategy
presents desirable dynamic behavior, responding quickly and with no overshoot, however with noticeable
steadystate error. The feedback strategy achiedesirable tracking but demonstrates a slow response

in the discontinuous region followed by overshoot in the continuous region. This behavior is a result of
control nonlinearity as presented in the previous section. The combined strategy accomplishes both
desirable tracking and a quick response, preserving the best characteristics of the other two.

3.6 Discussion

The control approaches proposed here allow for either torque or EMD tracking with little modification to
the controllers. We opted to control motor ipedance (EMD) instead of torque directly in this work
because shortircuiting the motor leads results in a fixed impedance as the limiting behavior(i.e.,

® ). That is in contrast with typical commutation schemes in which duty cycle can be ingst@ethe
application of a proportion of the rail voltage to the motor.

Only one BLDC motor was experimentally tested in this work. It is important to note that the observed
nonlinearities and the tradeoffs related to achievable behavior, energy generaimhcontrollability are
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generalizable to any DC motor. The choice of motor must be made based on power capability, application
velocity, and desired impedance. The nonlinearity resulting from discontinuous current behavior will be
present as long as thapplication velocity is below K S & & & (i.Simi@@experimental observations

are presented in literature: 1ni[19], [66] the experimentallyobtained bounds of achievable passive
behavior are equivalent to the modébsed results presented here; 2) an enpeent presented irf20]
demonstrates the relationship between controllability and PWM frequency; and 3) the energy
regeneration experiments if57] demonstrate equivalent behavior to what was faliin the model
validation experiments here. As such, the work presented here provides a +basetl explanation of
published experimentally observedhighly nonlinear effects in the torqueontrol of motors using
identical or equivalent switching schemes
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Fig.3.10. The third EMD control experimeronsisted ofracking pulses of EMD reference behavior using the three controller
configurations (feedforward alone, feedback alone, and feedforwardegdback combined).

Linear approximations for PWM behavior could have been used to simplify the model. However, we
wished to investigate the effect of PWpkriodsin the same order of magnitude of and even lower than
the electricalsystem time constant, wibh required the complete exponential model.

Motor current was measured by the control electronics by detecting each commutation sector. At every
sector, motor current is measured by averaging the currents in the two phases that align most closely with
the magnetic field and ignoring the third phase. We note, however, that the proposed commutation
scheme does not rely on the commutation sector. This current measurement method may contribute to
some of the model error due to the ignored motor phase.

3.7 Conclusin

BLDC motors are generally more power dense than electrcaljulatedbrakes because, unlike brakes,

they cantransduce mechanical power into an electric energy storage device. This paper considers the use
of BLDC motors as brakes, and makes severdtibutions which have not previousbeen presented,
including: 1) a model of BLDC motor aa brake which includes thieighly nonlinear contributions of
switching effects; 2& modetbasedcontrol approach that provides highdelity strictly passiveantrol of
impedance; and 3) a discussion of control tramdis, some counteintuitive, associated with the
relationship between storage voltage and PWM frequency, as they affect range of controllable
impedance, power generation, and control linearity.
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4 On the Benefits and Limitations of Modulated Damping with Passive Motor Control

¢tKAad OKFLIWISNI KFra 06SSy adoYAUGGSR Ay GKS ClLtf 2F Hy
Dynamic Systems, Measurement, and Cordral has been accepted for pulat®on in the Spring of 2023.

The paper is currently in production and should be published in the coming makéhspted to use the

same outlet as the work presented in the previous chapter because this work complements the previous.
Specifically, while # previous worldemonstratedcontrol of emulated dampin@ehaviorsin a strictly

passive manner, this work compares the performance of such methodology relative to a conventional,

active motor control approach. Results are presenbeded on a theoreticanalysis, simulations, and
experiments.

4.1 Introduction

In emulated damping control, the torque imposed by a curremtrolled motor is computed as a function
(typically linear) of the measured velocity. This control structure is commonly employed in nwthatr
control systems, either as an emulation of physical damping, or as a component of &eeina system.
Although this control component is theoretically strictly energetically passive, it is not guaranteed to be
so when implemented with conventionalotor control strategies. As has been well established, a motor
emulating braking behavior in this manner can in fact add energy to the system throwugties energy

leaks (e.g., filter dynamics in velocity measurement, sampling discretization, measrancertainty,

etc.) which renders the control system prone to instability and behavioral inaccf&2iy54], [72k[74].

Those considerations are particularly relevant to applications that require high performance impedance
control, high level of behavior fidelity, or in which control instability would be problematic.

As an alternative to the conventional damping confes#dback structure described above, the authors

have previously described a strictly passive control approach for achieving a desired torque from a
brushless DC (BLDC) md&jr The passive approach erops a combination of feedback and feedforward
O2yGNRftSNA YR ftSOSNIrasSa oKIFG ¢l & NBFSNNBR G2 I &
GKAOK RIFYLAY3 (2NJdzSa NB | NBadzZ G 2F (GKS Y23i2NDa
in [5] is shown to achieve highandwidth and higkaccuracy tracking of damping, which are not treated

in other works in which similar or equivalent switching techniques are employed (e.g., to control knee
prostheseg19], [20], [55], [66] haptic interface$§67], [68], [75] and electric vehicld$7]c[59]). However,

the prior work lacks a comparison of the proposed passive motor control approactawihventional

approach to emulated damping. That is, even though the resu[t] @fere positive and encouraging, the
advantages of stability and behavioral fidelity attributed to the proposed technigre not as clear.

In the present work, the authors present theoretical, simulated, and experimental results that compare
the relative characteristics of damping emulation via a conventional control method, relative to the
proposed passive control method. In the conventiooahtrol implementation, the BLDC motor current

is controlled with a feedback proportioraitegral (PI) controller and a complementary switching bridge
with block commutation. Experiments are performed with both systems to control damping behavior with
different magnitudes and asymmetries (i.e., different settings of damping for forward and reverse
directions of rotation). Obtaining highandwidth asymmetric damping passively from a motor may have
particular utility for haptics applications (e.g., colligan a virtual environmer6]), control of lower

leg prostheses (in which asymmetric behavior is typically implemented with mechanical comp@jents
[10], [77K[79]), as well as active vehiddaspension systeni80], [81]
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The passive approach is shown to provide advantages of control robustness and absence of energy leaks,
as demonstrated by a stability analysis of conventional cldsed damping control, followed by
simulations and experiments. Expaental results are analyzed and discussed. The results indicate that
passive switching is an attractive method for motor control (providing higher behavior fidelity, smooth
operation, and control robustness) if the control task requires mechanical inmpedawithin the
constitutive limitations.Finally, this work also includes an improved formulation of the feedforward
controller, whichis more computationally tractable and efficierglative to theone described ir{5].

4.2 Passive and Conventional BLDC Motor Control

In this section we review motor current control techniques with the conventional complementary
switching approach as well as with the proposed passive switching scheme. Models are developed for
both cases for subsequent stability analyses and simulation. A comment on BLDC electronic commutation
(which passive switching does not require) is presented for completeness.

4.2.1 Torque Control and Switching Techniques
A simplified electric model that desceb the behavior of a BLDC motor shown in the circuit schematic in
Fig.4.1 (a)and given by the differential equation {4.1).

O 05y YQ 0 (4.1)

wherev is the voltage at the motor leads for a motor with inductaricand resistancéy, v is the

back electromotive force (badkMF) induced in the motor armature due to the rotation of the permanent
magnet relative to the windings, ari@ is the resulting motor current. Electronic sector commutation is
disregarded at this point. Motororque and bacdEMF are given byt QO and U ®,
respectively, wher€Qis the torque constant and and 1| are respectively the motor torque and
rotational velocity. Given the relationship between torque and current, torque control is achieved by
controlling motor current.

In traditional motor control schemes, control of curréf is achieved by PWM modulah of motor

phase voltag® with an Hbridge structure and current sensing. Note that is an input disturbance

to the feedback controller. With the passive switching approach, current control is achieved by effectively
modulating the applicatio of 0 . The key difference between the two methods is that in passive
switching energy can only be provided to the systenbby as a result of motion, while in traditional
methods bothu andv can provide energy to the electric systeIn the following sections, the
hardware implementation of complementary switching (representing conventional control methods) and
passive switching will be discussed in greater detail.

4.2.1.1 Complementary Switching

As is shown ifrig.4.1, an Hbridge structure with PWM can be used to applyadtage ofv L to

the motor leads wher® is the battery voltage. Two diagonally opposing MOSFET switches are engaged
during the forced portion of PWM, where positive voltages correspond to the main diagonal and negative
voltages correspond to the secondary diagonal (respectively shown as cases (iii) an&igy).1n(b)).

Both lowside switches are active during the unforced portion of PWM, which corresponds toat

the motor leads which is shown kig.4.1 (b) case (i). By averaging between forced and unforced PWM
phases, an arbitrary average voltage (within the limits of the battery voltage) can be obtained at a given
PWM command.
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The duty cyclecommand is determined by a feedback controller and is combined with electronic
commutation to apply the command to the MOSFET gates in the appropriatelge diagonal. For a
duty cycle6 ™  plp , the effective control action can be modelled as a contirigystem with an
equivalent applied voltage 0L . A PI control architecture is commonly applied to this system in
order to achieve good tracking of reference currédt and disturbance rejectiorthe output of the
controller is given by4.2)-(4.4) below, whereQ is the tracking error for the complementary switnbi
0@ 0 QI & ®eerror integral, and) and™Q are the proportional and integral gains, respectively.

Q 9 0 42)
Q 0 4.3)

6 Qo Qo (4.4)
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Fig.4.1. Simplified motor model within an-btidge circuit in (a) and four switchimgnfigurations with highlighted positive and
negative current paths in (b): (i) unforced PWM phase for complementary switching and forced PWM phase for passive
switching, (ii) unforced PWM phase for passive switching, (iii) and (iv) forced PWM phasedienoentary switching with
positive and negative voltage commands, respectiwdie that thebattery never delivers power to the system with passive
switching(i.e., current flow through the battery always opposes the battery voltage with passive sgjtchi

4.2.1.2 Passive Switching

Passive switching is achieved wahstandard Hbridge by quickly alternating between shorting and
opening the motor leads. Shorting the leads is the forced PWM phase in passive switching but corresponds
to the same behavior as the unforced phase of PWM in complementary switchingileWwOSFET
switches are activesig.4.1 (b)case (i)). The open leads state occurs in the unforced PWM phase of passive
switching and is implemented by simply keeping®DSFET switches open. During the unforced phase,
energy accumulated in the inductor is delivered to the battery through diodes, as shokig.il (b)
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case (ii). Thdiodes prevent energy flow from the battery back to the motor. As such, the function of the
battery in passive switching is analogous to an energy dissipator in rheostatic braking; with the benefit of
energy regeneration into the battery, which can befus for other control tasks.

Since motor current is strictly a resultof , the duty cycled can be interpreted as an application of
between 0 to 100%0(N Tdp ) of U on the RL circuit, as i@.5). The resultingQ dynamics (and
therefore the resulting torque) reacts to the multiplicative combination of the control sigraadd back
EMF voltage.

T uQ—Q YQ 060 (4.5)

Qo

Note that battery voltage does not appear in this simplified model but has important implications to
controllability. While baclemf voltage is the only driver of motor current during the forced portion of
PWM, the opposing battery voltage dominates thendgics during the unforced portion (drivigQs©
1tbut never changing the sign @ due to series diodes). The choice of both PWM frequency and battery
voltage has critical implications to control sensitivity and efficiency of energy regenerationidakéve
simplified model ignores nonlinear effects such as diode clipping (i.e., discontinuous current regime) and
motor velocity limitations when®d s U0 (diodes become forwarthiased). Despite these
shortcomings, the model is useful to understahé resulting motor behavior with passive switching. A
more complete model of the forced and unforced PWM phases of passive switching as well as a discussion
on aspects of controllability and regeneration efficiency presentedin [5].

A slightly modified PI controller structure is used for passive switching since only magnitude of current
can be affected (i.e., the scheme does not allow control of directionality, motor current always opposes
velocity).The tracking error is defined as the difference between reference and actual current magnitudes
asind6) g A K (KS &#LISNRORKK A yd Thal efrcr hit@ysal aadsconird utpyf 3 ©
are analogous to the complementary switching cas@i)-(4.4).

Q Qs £Qs (4.6)

A feedforward catroller is used in combination with the feedback controller to address the challenging
controllability. The PI controller will be considered in isolation in this theoretical analysis, while the
feedforward controller will be presented subsequently in g&té.4.2

4.2.2 Sector Commutation

Unlike what is represented in the simplified circuitd=@f.4.1, BLDC motors have three electrical phases
and typically rely on electronic commutation to energize the phases in a manner that aligns the magnetic
field generated in the windings with the meaefic field of the permanent magnet in the rotor.
Commutation can be implemented continuously using fal@énted control (FOC) techniques or, more
commonly, can be done discretely with leesolution absolute position information from Hall Effect
sensorgreferred to as block commutation). The rough discretization of rotor position into sectors causes
undesirable torque ripple but is significantly simpler to implement than the smoother FOC alternatives
(from the perspective of sensing, computational rems, and algorithmic complexity).

For the purposes of this paper, the conventional control method with complementary switching was
implemented with standard block commutation. Passive switching, on the other hand, does not require
any form of commutationSince motor current is induced via bdelF, the motor phases that align with
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the permanent magnet are subject to the largest portion of induced currents. In that way, continuous
commutation occurs by construction with passive switching. This chardateresults in noticeable
absence of vibration which is confirmed in the experimental section of this work.

4.3 Application of passive switching to damping emulation

In this section we introduce a closémbp damping control structure (a subset of the more gext
impedance control approacfb0], [51) and show the advantageoushustness that passive control
provides by analyzing the stability of the passive approach with linear and nonlinear analyses, and
contrasting to instability for conventional implementations resulting frorcatied energy leaks.

4.3.1 Motor-based Damping Emdian

Many applications employ variable (linear or nonlinear) damping behaviors, including microprecessor
controlled knee prostheses, haptic displays, adaptive automobile suspensions, and vibration control in
manufacturing processes. The variable dampindgawéors can be implemented using different
approaches, among them motaontrolled emulated damping. Consider a rotational mechanical system
represented in(4.7) with intrinsicinertia"Oand damping , subject to a motor torqug and external
torque Tt (which represents the interaction force between the mechatronic system and the
environment). The resulting angular motion is denotedrpwith derivatives for angular velocity and
acceleration.

™ 6n t f 4.7

To achieve motacontrolled emulation of damping, velocity is measured, and motor torque is controlled
via currentcontrol feedback. In the particular case of viscous damping, a motor torefgeence is
computed according t¢4.8), wheret is the motor torque reference) is the measured version of the
angular velocityj, andé is the desired damping coefficieptescribed by the control task. The role of a
motor controller is therefore to make motor current (and therefore motor toquedck the reference

+

ro 8N @8)

In amore general case, the reference torque can be any function of measured velocity such that the
product of reference torque and velocity is negativiee Tontrol structure of emulated damping is shown

in Fig.4.2. In the ideal case of t andrfy 1, the emulated dynamics become a$4i®), where

the emulateddamping behavior effectively adds to the intrinsic damping of the system.

™ o6 o6n ft 4.9
To summarize this section, this paper compares the characteristics and performance ofcotailed
emulated damping, as shown iRig. 4.2 (a), with two different motor control approaches: 1) a
conventional control approach, which employs a complementary switching scheme, which results in a
aY2id2 N O2 y BigWR (axwitrobehavidi schenyatically representedrig.4.2 (c); and 2) a passive
cortrol approach, which uses the same general control block diagram showig.th2 (a), but with a
LI 3aA0S A6A0O0OKAY3I | LILINBI OKZ Igvidth GeRaviodBRigdel (@)a Thé y |
structure of both the complementary and passive switching schemes is described in sdcidnsand
4.2.1.2 respectively.
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4.3.2 Robustness of Damping Behavior

Due to several implementation factors, however, including control dynamics in the current tracking loop
and filtering and computational dynamics in the velocity measuremédamping emulation with the
conventional control method can cause instabilitiesotcur in the controlled system, as discussed by
other researcherge.qg.,[52]¢[54], [72], [73), and also briefly presented here.

Assume velocity is estimated by rdimhe differentiation of position, such that a dynamic exists between
N andn}, which is modeled here as a first order system with time consténtJsing the electrical and
mechanical modelgespectivelyin (4.1) and (4.7), assuming the PI current control structure with
conventional motor control as presented(#h2)-(4.4), and damping emulation witf 6Q n, the
complete system dynamics can be regpented by the statspace model i{4.10).
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Fig.4.2. Damping control schematic in (a) and equivalent cldseg system in (b), assuming ideal sensing (no errors, no added
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Assuming an input torqué and output system velocity], the root locus as a function éfis shown in

Fig.4.3, which demonstrates the limits of stability for a given limiting valué .oThe exact valuef 6 in

the limit of stabilitydepends on the control gains, the raahe differentiating filte time constant, the

period of the digital control loops, and other implementation parameters. The limit of stability for the

experimental system used in this work is found experimentally in sedtiai
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Fig.4.3. Root locus plot demonstrating the instability of feedback damping control with conventional motor control techniques
with respect to damping parametér.

Asimilar analysis can be conducted for passive motor control using the relation$ip) imnd the control

error as defined ir(4.6). Note that the mechanical system dynamics and behaviors arid r; remain
unchanged. Motor current for damping control with passive switching is given by the nonlinear differential
equation in(4.11), whereO A& hrdp is a saturation function with lodevel limitrtand highlevel limit

p. The behavior of the PI controller with respect to the system dtatepresented irf4.12).

(0]0] Y Q...
i =0 <OA ) 411
Qo 0 0 rip 1 ( )

6 @ 5o 006 gg g’o/&cﬁ b A OCR QoA s (412
There is some additional complexity in analysis due to the nonlinearity of saturation, product terms, and
absolute values. The homogeneous version of fretesn ¢ 1) contains equilibria aj¥ /¥ @

mand arbitraryd . That is to be expected since motor current requires velocity to be imposed; the
control signal can assume any value at the equilibrium becguseatimplies’Q 1t Stability of the
system (about the origin as an operating point) can be proven with thpunovMalkin theorem[82], in

which the pseudestate 6 and nonlinear terms are separated from the portion of the system which is
strictly linear and stable, as presented(dnl3).

1
N 6jO0 m 0 N n
Q , T (4.13
ol pIY pIY mn n Lo
Q 1 T Yo Q EO A hrip n

The LyapunoWalkin theorem requires that all eigenvaluesbe stable and that botl A and
0 vanish atf 1 "Q T Since both conditions hold, the theorem states that the origin is an
asymptotically stable equilibrium point for the recked system iif4.13) and thato is likewise stable (as
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would be expected of the integral action of a Pl controller, it does not necessarily converge to zero when
the error signal is zero). Note that the stability of the origin does not depenil. on

4.3.3 Simulation Results
The representative emulated damping systehustrated in Fig. 4.2 was simulated with both the
conventional and passive motor controllers for two simulation cases. Both systems were subject to the

same sinusmlal torque inputt in each simulated case, and both systems employed the same motor

parameters, specifically set to the nominal parameters of the drive used for the (subsequently described)
experimental validation.

In the first simulated case, gainsfthe Pl controllers were adjusted independently for each system to
achieve adequate motor torque tracking with similar magnitude of errors. The input torque signal is a

sinewave with frequency ob "Odand desired damping ratio of
tracking results are shown Fig.4.4. The top plots show the comparison of steadgite motor torque,

relative to the torque which would be obtained by ideal damper (61)). The larger bottom plot shows
motor torque against velocity. The ideal behavior is a line passing through the origin which both systems
approximate. In the case of traditional motor control, the combination of measurement and d¢dagyo
(as can be seen in the comparison with an ideal damper) traces an ellipsoid which crosses into the active

lj dzt RNJ y (i &
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because the motor adds energy to the mecleahisystem, which is a contributing factor to instability of
the larger system. Passive switching guarantees that the motor behavior is strictly dissipative (the red
curve converges to the origin when velocity changes sign) but does not guarantee behastanracy,
which depends on weldjusted controller gains and accuracy of velocity estimation.
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Fig.4.4. Simulation results demonstrating the difference in achieved damping behavior beteeeentional and passive motor

control compared to an ideal damper. The behavior obtained with conventional control crosses into the active quadrants of the

power plane.
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In the second simulated case, the PI controller gains were raised and purposeftligiedgjral for both
systems to evaluate system behavior in the case of inadequate control gains. Input torque is a sinewave
at5Hz. Desired damping starts ata low vadié T 0 dJdji @itand then ad psthe command

is increased by an order afiagnitude to6 p®& 0 dJdji . The results irFig.4.5 demonstrate the
instability of the conventional strategy to the higher setting of commanded damping. §herhtontrol

gains adversely affect the performance of the passive system, but do not cause instbilior.
impedance (ratio of motor torque to motor velocity) the top plot ofFig.4.5 is calculated by dividing

motor torque by motor velocity (the calculation diverges when velocity changes sign).
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Fig.4.5. Conventional and passive control systems, both (intentionally) configured with gains that are too high to provide
impedance tracking. The top plot shows the desired and actual motor impedances; the middle plot shows velocity; and the
bottom plot shows theontrol signal to the motor. Note that the actual impedance must go to infinity during velocity zero

crossings, by definition. In the case of conventional control, a step change in damping command (shovpri ptesults in
instability. Impedance tradkg performance is also adversely affected for the control passive case, but no instability occurs (as
indicated in the velocity plot).

4.4 Implementation

4.4.1 Experimental Apparatus

An experimental setup was constructed to examine the performance differences betese/entional

and passive approaches to damping emulation. The apparatus was constructed to perform experiments
with a Maxon E@pole 22 90W BLDC motor (model no. 32318). A planetary gearhead (I@&a8 HpP
providing 72:1 reduction was installed at thetor output, and g T dlever arm affixed to the gearhead

shaft to allow an operator to interface with the system and backdrive the motor. The setup includes a
custom embedded system with BLDC current control hardware which is powered by a bipolar powe
supply providingp @to the system Passive and complementary switching motor control schemes were
implemented in the embedded system so control methods could be compared. A photograph of the
apparatus is presented ifig.4.6. Various parameter values are presented able4.1.
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Fig.4.6. Experimental apparatus. Photo shows the actuator assembly with motor, gearhead, lever arm, loagbaell,add
IMU sensor as well as the custom embedded system and CAN interface device in the background.

Table4.1. Parameters of the experimental apparatddotor parameters (winding resistance, inductance, and torque constant)
are presented as shown in the device datasheet; the power supply voltage is adjusted witimeter before the experimental
procedures; the PWM frequency of the drive was selected in the firmware of thevehmicrocontroller; the transmission ratio
value was obtained from the spec sheet of the part provided by the manufacturer; the leviemgth is the nominal value
used in the design of the rapiefyototyped part; and moment of inertia, intrinsic damping, and coulomb friction terms were
determined with a system identification procedure described subsequently.

Parameter Symbol Value
Motor winding resistance Y ™ ¢ )
Motor winding inductance 0 8t v TGO
Motor torque constant Q T8t p & &Fo
Battery (power supply) 0 p @
voltage
PWM Frequency Q T UQ0d
Transmission ratio 3 X ®dp
Lever arm length a ™= a
Moment of inertia 0 T8t TT Q QN
Intrinsic damping o} T8t p @&

Jdn ®Q

Coulomb friction t T8t p X0
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The motor has a buiin 128 pulse encoder on its shaft and hall sensors to indicate commutation sector.
The embedded system contains signal conditioning and acquisition circuitry forbénghwidth
measurement of motor current. A load cell rated fomt @t was separately calibrated and installed on the
lever arm to record the interaction forces between operator and systentJAiht was installed between

load cell and operator interface to isolate moments and forces which would interfere with the load cell
measurements of tangential forces. An IMU sensor was also installed at the end of the lever arm to provide
an external source (i.e., not used for control) of kinematic measurements.

Within the custom electronics are two microprocessors which implementhtbearchy of the damping
emulation control structure: a genergurpose microcontroller (PIC32MZ EF) implements the outer
damping emulation control loop which defin& at p "Q"Qdand a microcontroller optimized for signal
processing (dsPIC33/)plements the inner current control loops (P! current controllerg)&Q Qdrhe
dsPIC33 is responsible for measurements of motor current and encoder while the PIC32 interfaces with
the IMU and takes measurements from the load cell. The PIC32 albareges parameters and sensor
measurements via a CAN interface with a computer running MathWorks Simulink DesktepirfReal

Note that the computer is only used to configure the embedded system and record trial data, tioneal
control tasks are implemead in the computer.

ParametersO 6 ,T presnted inTabled.1 are defined at the gearhead output. These values were found
using the load cell and motor encod&y estimate angular velocity and acceleration; the motor was
electrically disconnected but kept mechanically connected to the systamameter values were
estimated with a leassquares regression procedure. Regression data was obtained by movingdhe lev
back and forth with varying velocities for about 30 seconds (collected at 1 kH#e following
experimental results, motor torque is presented in terms of the measured curfent (\Q&Q) and in a
couple cases in terms of friction amtkrtia-compensated load cell forc&) as in(4.14).

Tt a0o6n Oy ft (4.14)

4.4.2 Passive Motor Control Implemtation

The theoretical comparisons (between conventional and passive motor control) presented in Section 3
employed only Ptype feedback control for both approaches, in order to provide uniform comparisons;
the experimental implementation of the passigentroller, however, additionally employs a feedforward
controller. This is because, unlike conventional motor behavior, passive motor behavior entails a
substantial static nonlinearity, which is readily addressed using a feedforward controller as esorib

this section. Note that the passive motor control method describefbjralso employs a feedforward
component, although the implementation was simplified in this paper. Specifically, the feedforward
controller developed in the previous work consists of numerically inverting the nonlinear switching model,
which is more computabnally complex than is necessary for a typical microcontroller implementation.

The nature of the static nonlinearity in the passive motor behavior is indicated in the top reiy.7,
which shows steadgtate motor current as a function of passive switching duty cycle and velocity. The
plot in (a) shows for reference the model presented4rd) which was used for all analytical discussions
in sections4.2and 4.3; in (b) is the switching model as developed (and experimentally validated) in the
prior work [5] wheremotor current is represented by the average PWM current; and in (c) is the sedplif
model employed herein to reduce computational requirements. The bottom rdwgp4.7 contains three
examples of current behavior (zoomed in to show individual PWM periods) which illustrate the two
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continuous current regime, current builds d@mm phase to phase, eventually reaching a stestdye
PWM behavior. In the discontinuous regime, current returns to zero before the end of every period, diode
clipping preventing it from changing sign, so it remains at zero until the following PWMiperio

As presented irFig.4.7 (c), the continuous current regime can be adequately approximated by fitting a
plane to data points obtained by the switching model styidtl that regime, while the discontinuous
current regime is captured with a lookup table. The table contains duty cycle settings and is indexed by
measured velocityrf) and desired current® ). Plane fitting of the continuous regime was performed

by least squares using the relationsf®p | 6 | 1 | ,where the resulting parameters  are

used to find the feedforward control duty cyate as described i4.15).

6 | Q 1| (4.15)

Note that the discontinuous regime has limited current amplitude (around 2 A for the experimental
system) and limited velocit@g{s "Q U , after which the Horidge diodes become forward biased by the
elevated backEMF), therefore the discontinuous regime is finite and can be recorded in the lookup table
with as fine resolution as will fit in the memory of the microprocessor in the embedgiettm. The
processor used for the experimental implementation presented here permitted current resolution of
L & Obetweenttand¢ O and rotor velocity resolution of abouwbi ¢y Qbetweenmandp ¢ 1 Y'Q; the

table occupies @Qdof memory € bytes per entry). The table also has the function of indicating which
current regime is expected for each setting of velocity and desired current. The special valpe of
indicates to the embedded application to calculate the duty cycle from the continugiseeplane fit.
Similarly, if current reference and/or velocity are out of the bounds of the lookup table, the system
assumes the continuous current regime is in effect and udelb). This feedforward controller is
implemented within the genergburpose processor to take advantage of the floafpamint hardware unit

and abundant free memory in the device.

Importantly, the feedforward controller is defined using onlyminal parameter values, so the method
relies on the parallel PI controller (as in sectbB.1.9 to achieve zererror tracking. Refer to the prior
work for acomplete discussion, with experimental results, on the role of each controller component.
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Fig.4.7. In (a) is the steadgtate magnitude of current for the simplified passive switching model as a functitutyofycle and
velocity; in (b) is the same but for the complete switching model as develof@ghighlighting the highly nonlinear effect of
PWM with current discontinuity; in (c) is the proposetniaation of the feedforward controller with a plane approximating the
continuous current regime region and a lookup table for the discontinuous region; in (d) and (f) are examples of simulated
current behavior, showing individual PWM periods, in the dismeous regime; and finally in (e) is an example of current
behavior in the continuous regime. The duty cycle and velocity settings for each example are ibglidaetimbered markers
in (b).

4.5 Experimental Results and Discussion

4.5.1 Limit of Stability andibration

Emulation of increasing levels of symmetric damping was used to compare the performance of the two
control schemes. In these experiments, a human operator moved the lever arm back and forth in a
sinusoidalike pattern at aroundp 'Oq reaching elocities of up too®i @M at the gearhead output
(which equates to about v it cyfQat the motor shaf}; the damping referencé started atrg p & & O

i i &hd was increased by the same amount up§l T @ a J7i .M these trials, tke conventional
damping emulation with complementary switching was no longer stable begond® & ¢ I

while the passive motor control remained stable for the entire range. For completeness, passive switching
was also tested close to thshort-circuit damping behavior and remained stable throughout.

The linear acceleration signal from the accelerometer axis aligned with the tangential direction of motion
was used to indicate the level of vibration in each implementation (in unitsofix j i = ZENNdise
energy as presented iRig.4.8 is the RMS value of the FFT of the signal for frequencies apai@i(up

to v TT'Asince data is acquired a'Q"Od Note that motion happens at much lower frequencies,
between @ and ¢ “Od The conventional and passive motor controllers started with similar levels of
vibration for low values of reference damping but quickly diverged: the noise level withentional
control rose as a function of emulated damping ratio, while the noise level as a function of emulated
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damping with passive motor control fell. Note that increasing damping in a mechanical system should
help attenuate vibration, which is what carred in the passive control case. Note finally that passive
control is able to achieve a much higher level of emulated damping relative to conventional control due
to limits of stability Joint velocities and raw accelerometer readings in time are d&swis inFig.4.8 for

trials with damping reference of abom® ) & ji @, Qerving as examples of the analyzed data. It can
be clearly seen that the conventionairtrol strategy has higher magnitude of noise in the accelerometer

signal, particularly when velocity changes sign.
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Fig.4.8. Vibration metric as measured by FFT analysis of the tangetialerometer sensor mounted in the lever arm, for
passive and conventional control methods. Each data joithie left plotrepresents an individual trial with the fixed damping
reference indicated in theaxis. The vertical lines show the experimegitd#termined limit of stability for the conventional
control method and the constitutive limitation of the passive control met@odthe right, two plots showa® i time window
of measured velocity and raw accelerometer readings for the trialséwithr® ) & ij 1 ¢, ' @emonstratinga higher

magnitude of vibration for the conventional method under an equivalent velocity profile.

4.5.2 Asymmetric Damping Behavior

Another set of experiments was performed to examine the relative behavior of both control schemes for
the emulation of asymmetric and unilateral damping references (i.e., directiedagndent emulated
damping). The operator moved the lever arm at abpti©d performing rapid changes in direction of
rotation. InFig.4.9, the first set of results are presented in terms of velocity (encoder and gyroscope) and
torque (current and load cell) presented inoesecond windowmotor current and encoder data are also
presented in a power plane. The positive velocity has a-meoue reference ¢ M while the
negative direction follow$ ™ x @&ddji . 'Bth motor torque as well as the load cell readings
indicate that the conventional motor control method leads to larger magnitudes of behavior inaccuracy
and energy leaks, since torque is positive for a positive velocity. The planetary gear and output shaft
coupling contain some backlash, as can be observed by the velocity mismatch between encoder and
gyroscope velocity readings.
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Fig.4.9. Results of first asymmetric damping experiment. Data is showintimnal sensors (motor encoder and current) which
are used in by the control system as well as external sensors (gyroscope and load cell) which are only used for valydation. O
internal sensor data are shown in the power plane on the left.

Note that thedamping reference for negative velocities is close to the experimentally determined limit of
stability. To evaluate even greater asymmetries, gains of the conventional motor controller were lowered
(in order to avoid instability in the conventional contoase). Ifig.4.10, a new set of results is presented

with & Mindadji O&ndo PP T @adji & @ouble of the previous case). While the
lowered controller gains allow the conventionally controlled system to achieve higher magnitudes of
emulated damping, performance is worse than in the previous case (with higher gain and lowered limit of
stability). Again, that effect is clearly observedhnineasurement of motor current and can clearly be
seen in load cell data. As such, the system with conventional control must balance a tradeoff between
stability margins and accuracy of behavior. That tradeoff does not exist with the passive switcténg sys
which achieves higher behavioral fidelity without risk of instability.
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Fig.4.10. Results of the second asymmetric damping experiment.

The passive control method consists of an additive combinatiogeaffbrward and feedback controllers.
Note, however, that either control element can be used independently, which is highlighted in this final
set of results. Current tracking performance for same experiment as abayd.(0) are presented ifrig.

4.11. Results are shown for the conventional method, the passive method, and the passive method with
the feedback controller disabled (that is, with only the feedforward controller). As discutised,
conventional method suffers from poor tracking when the reference behavior changes abruptly,
demonstrating the energy leak phenomenon. The importance of the feedback controller to the passive
method is clear from the results: while the feedforwasdly case demonstrates fair results, it cannot
track the reference with zero error. The duty cycle plots show the immediate change in behavior that the
(passive) feedforward controller achieves when the reference abruptly changes, which does not happen
in the conventional case.
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Fig.4.11. Current tracking and controller output for the same asymmetric damping emulation task presertgadlihO. The
three columns show results with the conventional motor control approach on the left, passive in the middle, and passive limit
to using only the feedforward component on the right.

4.6 Discussion

Relative to a conventional dampimgntrol approach, the passive control method demonstrated lower
levels of vibration, better stability characteristics, and improved behavioral accuracy. Specifically, energy
leaks did not occur with the passive method and the system does not exhibitilitgtdimth of which are
consistent with the previously presented theoretical and simulation analyses, and both of which are
problematic for the conventional implementation. The absence of energy leaks is demonstrated with
measurements of motor current andonfirmed by measurement of user interaction force (load cell
installed at the user interface with the experimental apparatus). The level of vibration for both passive
and conventional implementation was measured by an accelerometer; in the case ofepegsivol,
results show that the level of vibration falls as emulated damping grows; the opposite occurs with
conventional control (vibration increases until the system reaches instability). Moreover, a tradeoff was
observed with the conventional controlethod between behavioral accuracy and the stability margin for
damping emulation: when the system allows for higher levels of damping to be achieved, behavioral
accuracy worsens. That tradeoff does not exist in the passive control case, since stajubargeed.

Despite these observed advantages, the passive control method has important behavior limitations
relative to conventional control methods, which should be emphasized here to balance the comparison.
As has been shown, and as the name suggdstspassive approach constrains the motor to the passive
guadrants by construction (a desirable feature when providing braking behavior). However, the behavior
is further constrained due to the shecircuit limitation within the passive quadrant. Frgi5), assuming
steadystate operation, the motor current becomes as indicate¢ii6).

0
0 —0n 4.16
~ON (4.16)
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If control is saturated at 100% (motor leads kept shorted all the time), then the resulting motor behavior

is a fixed level of damping, referred to heretas K@ NRXOdzA & RI YLIAYyIé¢ ® ¢ KS NI y3S

with the passive approach is shown schematically as the green regieig.h12. That limitation has
important implications to braking functions. For example, the simple task of providing a constant opposing
torque is unachievable in low velocities depending on the required magnitude of impedance. For the
system in the experimental apparatus, QEjY pgod adji @Q

Motor Torque

3 Velocity

Q Achievable “,‘

Q Unachicvable "‘
A Short-Circuit behavior ‘\‘
B Open leads behavior 5

Fig.4.12. Achievable and unachievable behaviors with the passive control approach as a function of motor current (torque) and
velocity. The corresponding duty cycle commangéssive switching is shown for reference.

We note, however, that achieving behaviors that surpass stiectiit damping with any motor control
technique requires the use of battery power (i.e., requires expenditure of electrical power to in order to
remove mechanical power from the system). Despite being a nonintuitive result, this characteristic has
been wellestablished by other authors and is explored in the prior work as[@jell5]. In other words,
energy regeneration is only achievable up to the stwntuit damping behavior. As such, passive motor
control constrains the motor to a region of generative behavior, which ®ubset of the range of
conventionally controlled regions of operation. If motor and drivetrain parameters can be selected such
that the region of generative behaviors fulfills the needs of a given application, passive motor control will
provide enhancedlamping emulation, relative to conventional control. It should also be noted $ivate
passive control does not require modifications to the standard BLDC control bridge, a control system may
be able to change control strategies in réiate if the requred behavior surpasses the constitutive
limitation, preserving the versatility of the BLDC motor.

The passive motor control method also has some additional implementation complexity relative to the
conventional method, since it relies on the combinatidrfeedback and feedforward controllers, while

the conventional method requires only feedback control. Note, however, that the passive approach does
not require electronic commutation, which simplifies the implementation of the BLDC motor control
hardware.Additionally, the feedforward element has been simplified in this work (relati®}o now
consisting of a plane fitting procedure and a lookup table, both of which are suitable for implementation
in an embedded context.
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4.7 Conclusion

The authors present herein a control method of the strictly energetically passive implementation of
damping emulation with a BLDC motor. The proposed motor control method is compared directly with a
conventional approach,dih analytically and experimentally. The comparisons highlight improvements in
stability, smoothness, and behavioral accuracy with the passive motor control scheme. The passive
approach further does not require commutation, which simplifies implementatiom BLDC motor.
Relative to the conventional approach, however, our approach is limited to a narrower range of the
torque-speed plane, and is best implemented with a feedforward component, which adds (or at least
trades) complexity. For applications regng damping emulation, the authors recommend employing the
passive control method when possible (i.e., selecting motor and transmission parameters such that
passive motor control will satisfy the range of required emulated damping behaviors). Alterpatfvel
energetically dissipative behaviors are required outside of the passive motor control regime, or if a given
application requires periods of damping emulation combined with separate periods eémengetically
passive control, it may be advantageotasswitch between control methods, particularly since both
control approaches employ the same BLDC motor driver MOSFET bridges. That is, the passive control
method can be employed for improved performance and stability when behavior is within the passive
control regime, and the conventional control approach used otherwise.
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5 A method for optimized energy regeneration in a knee prosthesis

This chapter has been adapted from a draft journal publication which will be submitted for review in the
coming months

5.1 Introduction

Harnessing electric power from human locomotion has been a research goal inlilmgarostheses for
several decades, particularly in knee joif6$ Duringwalking, the knee demonstrates a net negative
energetic profilg83], dissipating a significant amount of mechanical energy per staipleréximatelyl0

Jper stridefor an averagesized individual walking at a comfortable speediniéroprocessaoicontrolled

knee prosthesis (MPKpapable of harnessing part of this dissipated energy to power its internal systems,
sensors, and actuators can potentially employ lighter, smaller batteries or trade that performance
advantage for longer battery lifdn cetain instances, it may even be possible achieve sufficient
regeneration such that a prosthesis that can operate indefinitely without requiring a recharge.
important aspect of such regeneration, however, is that it should not affect the functionaMmatof the
prosthesis. As such, it shoutibt measurably alter the interaction between the user and prosthesis,
relative to a desired nonegenerative behavior; that is, the presence of regeneration should not increase
user energy expenditure, not altehe kinematic or kinetic patterns of the user or prosthesis during
walking.

Net dssipation of mechanical energy in walking gait ocpuirsarily (and arguably entireljpetween late

stance and terminal swing, when the knee joint is either driven by th&hnitiate swing or is modulating

the swing trajectory to provide ground clearance and a comfortable level of deceleration to prepare for
stance. The behavior of the knee during earlier phases of stance requires higher levels of torque to support
the weight of the user, occurring with approximately net zero mechanical energy. The challenge to energy
harnessing from the knee joint arises from the ordémagnitude difference in required impedance
(ratio of torque to velocity) between stance and swing g although the regeneration potential occurs

in swing with low impedance (low torques and high velocities), the system must still be able to implement
the highimpedance stance behaviors (relatively high torques and low velocities

As has been welistablished, direct current (DC) motors are only able to regenerate energy within a
limited band of impedances in the passive quadrd8}s[12], [24] Motors also demonstrate dimishing
efficiency in the active quadrants as the desittedque-to-velocity ratiorises reaching peak active
efficiency around the same magnitude of impedances that allow for regeneration in the passive
quadrants Therefore, m order for a DC motor to aate efficiently and regenerate energy, the drive
(including motor and transmission) must be properly sized for the application.

A motorized prosthesis that can regenerate energy in swing phase may require too much power to
implement the elevated levels of impedance desired for stance due to diminishing efficiency (examples in
[19], [20], [66], [84]). Other authors have shown promising emerging harnessing results with such devices,
such as ir66], but the lack of stance support ultimately limits their applicability and safety. Conversely,
if a drive is optimized for higimpedance behaviors (e.g., to assist with stair ambulation etosstand
tasks)it will likely not be able to regenerate energy in swing (without supplemental exertion by the user),
as the band of regenerating impedances is shifted upwards due to the higher intrinsic friction associated
with such drives (example [&3]).
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The prototype prosthesis used in this work employsedectronically controllable transmission (ECT)
mechanism with solenoidperated clutches that can quickly vary the transmission ratio between motor
and knee joint by an order of magnitudi28]. The actuator of the ECT prosthesis is put in thedear

state for latestance and swing, which enables regeneration in those phases of walking, and in the high
gear for the earlier phases of stance in order to support the weight ofiee. Other research prototypes

that employ actuatorsvith variable transmission ratio have recently demonstrated encouraging results
in energy harnessing. For instance, the devicf28] employs a passive spritmpsed mechanism that
increases the transmission ratio of the system in tandem with the output torque. The authors report
AAAYATFTAOLIYd SySNHe NBIASYSNIridAzy Ay glf1Ay3a 6KSYy ¢
device in[25] developed by the same research group uses an actively variable transmission and also
reports significant energy regeneration in walking.

Controllers for the ECT prosthesis have been developed foasies of level walking, slope walking, stair
ambulation, and sito-stand and stando-sit transitions, as presented [@7]. The walking controller has

two modes of operation, depending on the estimated walking speed of the user. Active behaviors are
employed with low walking speeds (below around 0.7 m/s) to assist the user in reaching adequate levels
of knee flexion. For medin and fast walking speeds, the controller behaves entirely passive, with the
motor behavior constrained to the regeneration band by virtue of the passive motor switching scheme
employed[12]. Althoudh energy regeneration is inevitable given the motor control approach, the original
controller was designed solely with the objective of achieving adequate gytiage motion.

In this work, a new walking controller for medium to fast walking speeds is@meland tested on an
amputee participant. The new control laws are defined based on an optimal control problem constructed
with a cost function that penalizes deviations from the kinematic goals of walking while simultaneously
favoring regenerating as mhcelectric energy as possible. The optimization routine, which runs offline,
takes as input various parameters of the ECT device, walking kinematics from datasets of healthy and
amputee subjects, and explicit kinematic goals such as peak flexion and akmswiimg velocity. The
Pontryagin maximum principle formulation is used to construct the optimal control problem with calculus
of variations, which is then solved numerically with the shooting method. The authors believe this to be a
novel approach to degh control laws for a knee prosthe$85], so the energy optimization approach is
described in detail ippendix| for a generic mechatronic system which has terminal goals for its state
but that does not specify trajectories. The application of the method to the ECT prosthesis within walking
tasks is detailed iAppendixl.

Theoptimdh I | GA2y NBadzZ (a A yifie2colifol laws $r switigkilexlalSand ext@nsions |-
which are parametrized and implemented in the prosthesis. Just like with hewtistsed control laws,
parameters can be adjusted when fitting the prosthesighe user[85]. Note that the optimization
approach taken here requires knowledgeguiantities that are not directly measurable from embedded
sensors in the prosthesis and is also fwawisal, requiring knowledge of past and future state values.
Those characteristics make online hurAarihe-loop optimization impractical with the current
optimization scheme, although optimization is still possible is a different optimization strategy were
adopted[86]. Moreover, having fixed, netmajectory-based behaviors affords greater predictability to the
device, which has advantages to user confidence, learning, and motor adagétion

In addition to the optinization of swing behaviors, an exploratory control law for late stance is proposed.
Note that late stance is more difficult to model since the foot is still in contact with the ground and the

67



lower legs effectively form a closed chain system. The newraltet fits well within the framework of

controllers developed for the device (for instance, the same state transition conditions are used) so new

and original behaviors can be selected via a computer interface. In that way, the original controller for

medA dzy (G2 Flrad o+t1Ay3 Oy 0SS GagAiOKSR 2yé¢ (2 aSN]

Experiments ultimately show that the optimized control laws for swing significantly increase energy
regeneration in swing. A difference of about 1 J per strideetorded both in the motor and by
measurements of battery current, raising the overall efficiency of the system by between 5 to 10%,
depending on the walking speed. The exploratory control law for late stance was also shown to improve
regeneration in thaphase of gait, however the gains in regenerated energy were limited.

5.2 Prosthesis Hardware

The design of the ECT prosthesis used in this work will be presented here in an abbreviated format, see
[27] for details of the design and discussions of the apphnoddiedevicewas conceptualized as a two
gearmechatronic prosthesisapable ofswitching between configurations of transmission ratiithin a

few milliseconds, enabling thesa of a single motor to provide adequate behavior in all phases aof gait
Specifically, aigh-gear setting is used to produce the elevated knee joint torques required in stance, and

a lowgear setting is used to minimize drive impedance and therefore masibackdrivability in swing.
Photographs of the device are presented-ig.5.1 (a).
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Fig.5.1. In (a) are two photographs of tHeCT knee prosthesis prototy@atained from[28] with one half of the housing
removedon the left and fully assembled on the rigtite numbered arrows point tine actuator (1)lead screw (2), absolute
encoder (3)battery pack (4)housing for the custorambedded system (5§rank (6), extension and flexion hard stops (7 and 8,
respectively), and load cell (9); in (b) is a pldhefmotorto-joint transmission ratio with respect to knee angle for high and
low-gear configurations based on the crank slide model as well as a parabolic fit, which is computationally simpler.

The ECT actuator consists of a brushless daaaent mota (EC 4ole 22 90W; part numbed23217
Maxon; Sachseln, Switzerlahdvith a modified twestage planetary gearhead and leadrew output.
Modifications to the gearhead consisted of adding two solerapdrated clutches to alternate between
groundingthe ring gear of the transmission to the actuator body (which is the typical planetary gear
application and results in the higear setting) or grounding the first stage planetary gear (which results
in the lowgear setting). The higland lowgear configuratns cause a fivold difference in transmission
ratio magnitude: 29.2:1 and 5.4:1, respectively, between motor and lead screwgelaghs the default
configuration when both solenoids are -@mergized, which is a safe configuration in case of a paffer
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fault. The ring clutch was built with a unidirectional element, so the ring gear can freely rotate in one
direction regardless of the state of the associated solenoid. The unidirectionality of the ring gear provides
two characteristics which are desirabfor a knee prosthesis: 1) when the device is in {ggar, the
transmission is underconstrained in the extension direction, so the user can freely extend the leg (this
behavior is implemented with a check valve in hydraulic de@gd10], [78], [79]; and 2) when the
carrier clutch is engaged and the ringtcluis disengaged, the transmission is overconstrained in the
flexion direction and provides logear behavior in the extension direction, which is useful to prevent
knee buckling in case of disturbances such as stumble and foot scuff during swing extdingo
combination of the two solenoigdperated clutches and unidirectionality of the ring clutch create three
behaviors of interest which align well and produce desirable conditions for walking stance, flexion, and
extension. The specific mapping betweardware configuration and phases of gait presentedaible

5.1.

Table5.1. Relationship between ECT hardware configjon, resulting actuator behavior in either direction of knee joint
rotation, and associated phase of walking gait for which each configuration is useful.

C_Iutch Solenoid Stgte Knee Jomt_Dlrectlon of Actuator Behavior Gait Phase
Carrier Ring Motion
. . Flexi High
De-energized De-energized EXIO.I’I ighGear Stance
Extension Free
Energized Energized F|6XIO.FI LowGear Flexion
Extension
. . Flexion Locked . .
Energized De-energized Extension LowGear Swing Extension
De-energized Energized Any Free Not used

The actuator is mounted on a craskde mechanism in the leg housing which transforms rotation of the

I Oldzr i2Nna € SIFIR aONBg Ayida2 NROGFGA2Y 2F (GKS LINRAaGF

actuator output and knee joint is variable witbapect to knee angle; the system geometry was designed
such that the crank slide transmission ratio is higher for lower levels of knee flexion (associated with higher
torgue phases of gait such as stance and terminal swing) and lower for higher leVetsoof fassociated

with swing). The effective transmission ratio between motor and knee joint is shown for theatav
high-gear settings with respect to knee angle kig. 5.1 (b). Flexion and extension hard stops are
integrated in the housing.

Besides coupling the actuator to the knee joint, the ECT housing also contains a customgagjesioad

cell to measure axial lower leg loading, an absolute encoder at the joime, a custom embedded system

with motor and solenoid control hardware, and a nominally 16 V battery pack which consists of four 18650
LHlon cells connected in series. Additional sensing in the system includes a motor shaft encedgris a 6
IMU; eledrical current sensing for the battery, motor, and solenoids; and battery voltage readings. The
embedded system is responsible for reading all system sensors (signal conditioning and acquisition),
controlling motor current, operating solenoids, and exchiaggeattime control data with a computer

which implements higievel control tasks (running Mathworks Simulink Desktop Reaé).

Motor current can be controlled actively using the standard technique of complementary switching with
block commutation opassively by alternating between shanitcuiting and opening the motor leads in a
PWM manner, as presented [d2]. As implemented, passive motor control is preferred because it
guarantees energy regeneration intioe battery by precluding the motoring and reverse current braking
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regimes. Note that providing torque at zero velocity is not possible with the passive scheme because the
behavior is limited to reflected electrical impedance of the motor, correspondirggrn@ximum amount

of damping. As such, when passive control is employed, the prosthesis behaves as amegegsating
mechanical damper which can be modulated in #éak between 0% (no motor torque) and 100% (motor
short-circuit).

Controllers whichdverage passive and active behaviors have been developed for level walking, slopes,
and stair ambulation taskf27] and tested with an amputee participant. Results presentedfar
demonstrate that the ECT can match or exceed the performance of MPK devices by adding power if and
when needed (e.g., swing flexion assistance in slow walking gait, powered stance extension for upstairs
walking and sito-stand transitions). Importatty to this study, the intrinsic impedance of the ECT drive is
sufficiently low that it can operate entirely passively for level walking at comfortable walking speeds.

5.2.1 Model for the ECT drive

A model for the ECT drive that relates motor current with krogetjtorque in the low gear is presented
here, including drive friction and the nonlinear effect of the crank slide mechanism. Models for knee joint
power and motor power follow from the derivation of kinetics. The resulting relationships shall
subsequenty be applied within the optimization framework developed to find eneogtimized control

laws for the swing phase.

5.2.1.1 Kinetics

Knee joint torquet expressed itf5.1) includes commanded motor torque (througmotor current'Qand

drive friction. Motor current is multiplied by the motor torque constafand by the anglelependent
transmission ratic¢ — between motor and knee joint in the logear setting. As showin Fig.5.1(b),

the nonlinear effect of the cranklide mechanism can be adequately represented with a parabolic fit as
in (5.2), which significantly simplifies analysis. Friction is modeled based on a characterization of the ECT
in low gear as presented [@8] including Coulomb and viscous friction termis @ndc respectively as

well as a motorcurrent dependent terni , which effectively adds to the baseline Coulomb friction. The
latter is an effect of the sliding interaction in the lead screw (i.e., interadtiore amplifies friction). Drive
inertia is negligible relative to the lower leg inertia and therefore is not considered. Values for the
parameters used ifb.1) and(5.2) are inTable5.2.

T & —"T0Q6— Tt 1se0CGH (5.1)
E— | — | — | (5.2)

5.2.1.2 Power

Knee joint instantaneous power is given by the product of knee torque (6.1) and knee angular
velocity—: 0 t —. Motor electrical poweD (the integral of which this work seeks to optimize) is
given by the product of motor currerfand back electromatie voltage (baclEMF) plus resistance losses
(YQ), where backEMF is given by motor velocit multiplied by the motor torque constanf) The
transmission ratio model if5.2) is used find electrical power in terms of knee angular kinematics, as
shown in(5.3). The value of wiging resistancéyis inTable5.2.

0 0VQ YQ &¢—"00Q 'YQ (5.3)
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Table5.2. Parameter values for ECT friction and transmission ratio models, and nominal parameter values for the motor used in
the prosthesis

Parameter Symbol Value
Coulomb friction torque T T8t o @ &
Viscous friction coefficient ® marmqica i OQ
Friction sensitivity to motor current i 8t v O &xo
Parabolic model for transmission ratic | o @

| C@G @

N 0w
Torque constant Q T8t p TOLVNTO
Windingresistance Y T® G M)

5.3 Optimizing Energy Regeneration

In this section we discuss the energetics of lavalking amputee gait within the context of the three ECT
clutch states as presented ihable5.1 (which provide a cavenient underlying structure to separate
controlled behaviors). Then, we introduce the optimization framework used to inform new controlled
behaviors that improve energy regeneration in walking gait while achieving kinematic goals. The existing
walking cantroller for the ECT is presented alongside the proposed behaviors since it serves as a baseline
for energy metrics.

T
60 - | Level Walking (0.8 m/s) g
= Healthy

— Amiputee (MPK)
40 1

20 b

Knee Angle [deg]

Joint Power [W / kg]
? =]

o I I I I | I
0 10 20 30 40 50 60 70 80 90 100
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Events  Step Init. Toe Off Peak Flex. Heel Strike

Flexion —(_ Extension )=

—(_ Stance Support

O Baseline Controller
O Experimental Feature
OOptimizcd Behaviors

Controller Structure

Phase of Gait | STANCE | SWING |
Gear Config. [ HIGH-GEAR | | LOW-GEAR |
Carrier Clutch | OFF | ON |
Ring Clutch | OFF | ON ] OFF |

Fig.5.2. Summary of walking gait energetics and ECT control structure.

5.3.1 EnergyRegeneration Potential in Walking Gait

Atypicallevel walking striddor a transfemoral amputeean be divided into four major sections: stance
loading and supportstanceflexion (or preswing), swing flexion, and swing extensi®epresentative
knee jont kinematics and joint power are shown fiig.5.2 for healthy and amputee (wearing an MPK)
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walking on a treadmill at 0.8 m/s. The four sections of gait are sepabgtéiuke vertical lines representing
gait events that cross the plots and are extended down to highlight the transitions in the ECT controller
structure and hardware configuration.

Note that the stance phase differsignificantly betweenable-bodied and amputee casesbecause
amputees seek to prevent knee buckling during weight acceptance and single spppses of stange
generallymaintairing the knee jointhyperextendedfrom heel striketo pre-swing[88]. Therefore, stance
support does not have angotential for energy regeneration, since the knee velocity is approximately
zero. During that phase of walking, the ECT is configured irgleigihstate in order to provide significant
resistance to flexion.

The controller switches the prosthesis to thev-3 S NJ adGF GS F2NJ aaGSLI AyAGAL
clutches when the user starts to unload the leg and forward motion of the shank is detected with the IMU
sensor. The prosthesis remains in the igear state throughout flexion and extension phasesjluhe

following heel strike event is detected (at which point the prosthesis switches back tgééghand the

cycle repeats).

Latestance flexion happens during double stance (following ¢batralateral heel strike, while the
prosthesis side is undmling) and serves to configure the leg for swing. Flexion of the prosthetic joint is
RNAOGSYy o0& (KS dzaASNN& KAL) RdNAy3 &idly0OS FtSEAzZY
gear state of the ECT facilitates knee flexion. As show#igird.2, this phase of gait has a substantial
amount of dissipative knee joint power in both healthy and amputee cases, so there is potential for energy
harnessing. Simcmotion is directly driven by the user, an alternate stance flexion control law shall be
defined to evaluate the extraction additional energy at the expense of increased user effort. It is not clear
if removing more energy than prescribed will adverselyTaS Oi (G KS dzaSNQRa I AGE &2
strictly experimental (will be manually enabled or disabled for each experiment).

(@]}
(p))

The low impedance of the ECT prosthesis indear allows for swing flexion and extension to follow a
biomimetic ballistidrajectory which is mostly governed by gravity and inertial foffd&g, [89] As such,

the motor behavior is strictly passive in moderate to fast walking speeds, which permits energy
regeneration. If walking speed is low, then energy must instead be added to the mechanical system to
achieve a proper amount of flexion for toe claace. The baseline controller contains a powered swing
flexion state in which an assistive torque pulse is provi@d (not presented here). It was found that
addition of pawver is helpful for walking speeds below @n7s with the ECT27], so energy regeneration

in swing flexion is only possible with walking speeds above that threshold. In \ealth that crossover
occurs between 0.35 to 0.5 m/s (based on an analysis of the datafg#i])n

The ECT denergizes the ring clutch at peak flewito achieve unidirectional loygear behavior in swing
extension, with benefits to gait robustness and reduction of battery power demand. The prosthesis
provides resistance to slow down the lower leg in preparation for stance, providing a comfortablefleve
terminal impact at the extension hard stop (users find that some impact is useful as a cue to indicate the
leg is completely extended). The behavior in swing extension remains dissipative regardless of walking
speed, with considerable potential for ergy regeneration (more than the previous phases).

Energy is therefore available for harnessing by motor regeneration during stance flexion, swing flexion,
and swing extension at comfortable walking speeds, with extension providing the largest amount of
negative joint energy during terminal swing.
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5.3.2 Framework for Optimizing Energy Regeneration in Swing

Motion of the lower leg during swing phase follows the behavior of a pendulum with movable pivot point,
where the pivot point is the knee joint that movesiwk (1 KS dza SNDR&a GKAIKP ! a
described with the dynamical model {6.4), where shank angular acceleratienis given by knee joint
torquet from (5.1) as well as terms corresponding to the effect of gravity and acceleration of the knee
joint in the sagittal plane (i.e., movement of the knee joint itsetft to be confused with knee angular
acceleration). The diagram kig.5.3 shows all variables of interest for the lower leg model. Parameters
&, Qandarepresent the usedependent lower leg mass, inertia by the knee joint, and distance between
knee joint andower leg centetof-mass (CoM), respectivelgnee joint acceleration produces an inertial
force"Oat the CoMwhich is considered an exogenous input to the system (i.e., the distal end of the thigh
is considered entirely driven by the useiQ) is oltained by rotating the sagittal acceleration vector

» o by—and taking the component perpendicular to the lower leg; the axial component is ignored
since it does not cause a torque about the knee.

LYSNIOALFE F2NOSDNI GAde

‘Ot aao AT-O 4o OEL & & @ET (5.4)

Fig.5.3. Schematic diagram of the leg with variables and parameters of interest for the dynamical m@d#l ifihe diagram is
overlaid on a photo of the amputee particigamearing the ECT prosthesis in migding during treadmill walking.

Although knee angle and angular velocity appear in the system equation (as welll asthose variables

are not part of the state of the system. Instead, knee configuration is deted by the difference
between thigh and shank angles: — —, where shank angle is the system state and thigh angle is
provided as an exogenous input (along the acceleration of the knee joint in the sagittal plane). In order to
simulate the systm, one must therefore provide usepecific parameterst , ‘Qand user and task
specific data for the exogenous signats —, ® , andw ; initial conditions for the system state: 1

and— Tt ; and simulation timéYequal to the duratyn of the specific activity. All of which can be obtained
from datasets of gait kinematics. Lastly, one must also provide a control law for motor current, which is
the topic of the subsequent sections.
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5.3.3 Optimal Swing Behaviors

The energy optimization approbl describedn Appendix | ispplied to the lower leg mechanical system
with a cost function that combines motor energy in the electrical domain (the time integfal3)f and
kinematic goals for terminal leg configuration. The outcome of the optimization is the unbounded motor
current signal in time which minimizes the cost function. R&eAppendix Il fotthe full setup of the
optimization problem (with definitions for cost function, Hamiltonian, andstate variables) and the
numerical algorithm used to solve the resulting boundary value problem. In order to impose kinematic
goals for each phase of gdlte optimization is executed separately for swing flexion and swing extension
(which conveniently eases numerical issues with the Coulomb friction tef&liy). Thekinematic goals

for swing flexion are specified as achieving biomimetic peak knee angle (from biomechanics data) and
zero angular velocity; the kinematic goals for swing extension are zero terminal knee angle and low
terminal knee angular velocity whiclas been found to be conducive to a comfortable level of terminal
impact. The method also attributes weights to each kinematic goal in the cost function, as discussed
subsequently.

Two datasets with walking gait are used to provide parameters and exogaignals to the dynamical

system. The first dataset, which was obtained frf@1)], contains level and ramp treadmill walking trials

of ten ablebodied participants at different speeds, ranging from 0.8 m/s to 1.6 m/s. -Ejsecific
parameters of lower leg inertia, mass, and CoM location were preserved. Note that lower leg inertia varies
during swing because the foot rotates about the ankiint, so an average value was used as a proxy since

that variation does not occur in the prosthesis case. The avefageh i Y2 dSYSy G 2F S| OK
thigh segment provided the necessary set of signals for thigh angle, thigh angular velocity, and
acceleration of the knee joint in the sagittal plane. The second dataset contains walking data from one
amputee participant walking with the ECT baseline controller in a treadmill at speeds ranging from 0.4 to

1.2 m/s. Lower leg inertia, mass, and CoM lawativere directly measured by disconnecting the ECT from

0KS dzaSNRa a201Sidd {AYATIN G2 GKS FANBRG RIGFraSihxz
signals for the model.

Results for both datasets are presentedHFig.5.4 for swing flexion andrig.5.5 for swing extension.
Treadmill walking speeds of 0.8, 1.0, and h/2 are shown to demonstrate the variation in optimized
behavior that is associated with the different gait patters of each walking speed. Plots show the simulated
knee angle and knee angular velocity trajectories, the variation between the simulated cinal a
(nominal) knee angle, and the optimized motor current and motor impeda@ndéotor impedance can
be interpreted as a damping relationship, defined as the ratio of motor torque to motor velgcity:
Q- (negative so that a positive value indicates resistance to motion). The range of motor impedance
that is achievable with passive motor control (and therefore the range in which energy regeneration is
possible) is highlighted in green.

The cost function wights associated with each kinematic goals were manually adjusted for dataset 2 and
kept unchanged for dataset 1. The gains were chosen to balance the accomplishment of kinematic goals
and energy regeneration; values gyeesented in Appendix Il.

In swingflexion, the goal of biomimetic peak knee angle is specified as the nominal value for each
simulated scenario and is achieved within 1 degree in most cases. The goal of zero terminal velocity is also
adequately achieved. The optimized behaviors consistastly flat motor impedance commands which
present a high degree of user specificity. The impedance curves lay within the regenerating region (except
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for discontinuities towards the end when velocities cross zero) and trend upwards as walking speed is
increased.
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Fig.5.4. Optimization results for swing flexion.

In extension, the kinematic goal of full leg extension at the end of the swing phase is also adequately
achieved (within a few degrees). The specified terminal impact velocity is gatafQand is achieved

with a considerable amount of error, ihe order of tens of degrees per second in some cases in the first
dataset. The second dataset demonstrates lower errer Y P @®h ppPh p p& QQIQfor

the respective walking speed settings) because the cost function gain associated wéhnh&l velocity

goal was defined using that dataset. Two factors contribute to the higher degree of error in the velocity
goal on the first dataset: 1) the prosthetic lower leg in the second dataset has lower inertia (normalized
to body weight) than théower leg of the ablédodied participants in the first dataset and the contribution

of the exogenous torque inputs (thigh motion) has likewise lower magnitude, so the motor can more easily
affect knee velocity; and 2) since the cost function incorporates Binematic goals and energy in the
electrical domain, the optimizer trades the velocity goal in order to avoid crossing into the motor plugging
regime (the area above the green shaded region in the motor impedance plots), which has significant
energy cat.

The optimal behaviors in extension consist of initially maintaining motor current at zero and then ramping
up motor impedance until the end of swing. Motor current and motor impedance have higher magnitudes
in the first dataset (for the same reasonsuemerated above). Note that motor impedance converges to
the maximum power transfer condition for the prosthetic case in the second dataset, which is one of the
main observations of the general energy optimization problem exploregppendix.
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Fig.5.5. Optimization results for swing extension.

The first dataset produces results that are somewhat artificial due to differences between amputee and
able-bodied gait, both in terms of hip motion and physical paesens of the lower leg. However, the
optimized trajectories still allow us to visualize the effects of variations in-gfsecific data and are
therefore useful to motivate the selection of generalized control laws in the following section. Results
from the second dataset have a higher degree of legitimacy since the input signals and parameters are
based on a real amputee individual wearing the same prosthesis as in the model, the only caveat being
that the model cannot infer how the user will react to thew controller. In other words, the assumption

that thigh motion remains unaltered is merely an approximation in both-ablgied and amputee cases.

5.3.4 Optimized and Baseline Behaviors

The optimization results presented Kig.5.4 and Fig.5.5 as well as intuition gained from the general
energy optimization problem iAppendixl are used to inform reaime control laws for stance flexion,
swing flexion, and extension (controlléates highlighted in green iRig.5.2). The baseline behaviors for
flexion and extension (highlighted in yellowHiy.5.2) are presented alongside. More information on the
theory, development, and validation of the baseline behaviors is presentgi7in All behaviors (both
baseline and optimized) consist of réethe damping commands to the prosthesis which are scheduled
by readings of the various prosthesis sensors (i.e., are-iticependent).

A schematic representation of the resulting behasiis presented irfrig.5.6. Knee angle and ground
reaction force were obtained from amputee walking and are presented in the top plot for context since
the various catrol laws (as will be shown) depend on the réale values of those signals. The plots in

the second and third rows ifig.5.6 show the commanded motor damping fibre baseline and optimized
cases at the knee and at the motor, respectively. As such, the only difference between the second and
third rows is the anglelependent transmission ratio.
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Fig.5.6. Exemplification of baseline and optimized behaviors.

5.3.4.1 Stance Flexion

The proposed stance flexion control law is based solely on intuition of optimizing energy regeneration,
since the developed dynamical model does not capture the behavior of the lower $tgrice flexion. It

has been previously noted that the prosthesis user controls this phase of gait directly (unlike the swing
phase, which is controlled indirectly through the inertial linkage of thigh and shank). tBanbép can
produce about an ordeof magnitude more torque than the ECT in the low gé¢he prosthesis motor

may oppose motion in a greedy manner to maximize energy into the battery, and the user shall
compensate accordingly, adapting their gait as necessary.

Asis discussed iMAppendixlz G KS G@3INBSRe¢ O2yGNRt 1 g F2NJ SySNH
maximum power transfer (MPT) damping command to the motor.(515) is the proposed optimed

stance flexionq ndo 8Qd) @ontrol law, which consists of a motor damping command modulated by a
normalized axial force sign@which is presented ib.6) as well as additional parametdrs andf and
walking speed estimaté (in & 7i). The equations were constructed in such a way that a fixed motor
damping (nominally MPT) is commanded while axial |&@d "O and the prescribed swing flexion
dampingis commanded immediately before tagf, when'O "O. The command is linearly interpolated
in-between (wheilO "O "O) usingQtself. ParametefO has the same value as the axial load threshold
used to transition the controller from stance flexion wwiag flexionThei @ ®oM) function represents
saturation with lower limitd and upper limit0. Blending of the damping command provides a smooth
transition between stance and swing and helps match the level of resistance with the decreasing level of
hip torque.
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® gg OO g g p "Oi @6 1 vhdp ® (5.5)

O i c‘b‘“O O 5.6

Parameter§ and]! and the walking speed estimate allow for tuning the magnitude of damping in
stance flexion, giving some flexibility to this experimental control law if MPT resistance is inadequate for
stance flexion. That is, the extraction of additional energy fromghése of gait need not occur with the
MTP behavior (although that would be the ideal case), it suffices to increase the damping command
towards MPT.

5.3.4.2 Swing Flexion

Motivated by the optimal behaviors found in the previous section, the swing flexion cdatvatonsists
of a constant damping command at the motor. As can be se€igib.6, the baseline behavior is in fact
very similar, consisting of a fixed damping cormehapplied at the knee joint and that serves for both
stance and swing flexion. The baseline controller uses a relationship I{&e7)rto define that fixed
dampingcommand (o cEQeEXpconsisting of the walking speed estimatiomwith scalingf( ) and offset

(¢ ) parametersIn the optimized case, that value is sampled at toe"@ff ('O) and kept constant at the
motor until peak flexion, which is shown @&.8)

W g r [0 (5.7)

(5.9)

Note that the baseline behavior will be used for stance flexion when the experimental stance flexion
control law is not enabled.

5.3.4.3 Swing Extension

Similar to the baseline swing extensiamtrol law, the proposed behavior consists maintaining the motor
initially deactivated and then ramping up damping until the end of swingK&g6.6). Despite strutural
similarities, however, the optimized behavior initiates the raop significantly sooner and reaches a
lower level of terminal damping compared to the baseline controller. Moreover, the shape of the damping
curve is a fast firsbrder exponential inhe baseline case, but more akin to a linear ramp in the optimized
case (as prescribed by the optimization results).

The proposed behavior is presented in equation forr(bi). The command is modulated by knee angle
and scaled by both walking speed and an adjustable parameterThe producf U ultimately
determines the magnitude of damping achieved at the end of swing, when 1. Parameters and

are respectively scale and offset the walking speed estimatevhich is then used alongside the peak
flexion knee angle of the current sted— ) to modulate the point in the knee angle trajectory in
which application of damping starts (i.e., when — 170 1)

g 1 03 06 Frtb (5.9)

5 ’ v o 101 — v ~
|
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Note that swing extension damping is commanded at the knee joint (the embedded system transforms
the command to motor damping in reime). Damping is commanded at the joint instead of the motor
because the proposed behavior matches the optimization results more closely that way.

5.4 Experimental Evaluation

One amputee participant was recruited to test the proposed control laws with the ECT prosthesis. The
participant is a male, 85 kg, 65 years of age, with transfemoral amputation on the right side. The
amputation occurred in his youth for reason of traumdieTsame participant validated the baseline
controller and the powered features of the device, so he is well acquainted with the ECT and the existing
walking controller. Testing consisted of two sessions of treadmill walking, the first one for training and
finding adequate parameters for the control laws presented, and the second one for data collection. An
annotated photograph of one of the trials is presentedHig.5.7(a). Data was collected using the
prosthesis embedded system, consisting of knee angle and angular velocity, shank angle and angular
velocity, shank axial ground reaction force, and motor and battery electric current.

| ——
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Fig.5.7. A photograph of the amputee participant walking on the treadmill utilized in this study in (a) and a schematic
representation of the three controller structures examined during the data collection.

All parametersvere adjusted in tk first session in order to achieve adequate walking behavior on speeds
ranging from 0.8 to 1.2 m/s. The welstablished baseline controller was used as a foundation to test and
adjust optimized behaviors independently. That is, one by one, each babelivaior was replaced by
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each optimized behavior. Adjustments were made until the participant could successfully walk on any
combination of behaviors. By the end, behavior combinations could be alternated itimealwithout
warning the participant thaa change was about to occur. In several cases, the participant could not notice
the change or discern baseline from optimized. Changes in walking speed were likewise smooth, with the
behaviors adjusting accordingly. Parameter values determined duringigeste presented iffable5.3.

Even though swing flexion behaviors are different between baseline and optimized, the choice of values
for parameters andl servedadequately for both.

Table5.3. Parameter values for the optimized control laws found experimentally with the amputee participant.

Parameter Value Units
"O ¢ T 0
'O TTT 0
1 T
f p aji
P T Daji ®Q
r T80 Oaji Ohji
)l p Oaji O] 0nQQ
1 oTl QnaQQ
I ¢ nNQaji

The second session occurred in the following week. First, the participant was given time to acclimate to

the prosthesis with both controllers. The test protocol consisted of two sets of experiments: 1)
automatically changing between the three combinatiaisoptimized and baseline behaviors while the

user walked on fixed treadmill speed settings and 2) fixed combinations of optimized and baseline
behaviors with varying treadmill walking speed. As indicatdelg.5.7(b), three controller configurations

pSNB (SaGSR Ay SIOK aSi 2F SELISNAYSydGay mo Ittt ol
configuration; 2) baseline stance support atanee flexion with optimized swing flexion and extension,
RSAAIYIGSR a2LIAYAT SR agAaydaé O2yFAIdNI A2y T | yR o
given by the proposed control laws developed in this work (stance flexion, swing flexion, andienj,
RSAAIYIGSR a2LIWAYAT SR &adFyOS IyR agiydéo

5.4.1 Constant velocity experiments

For the first set of experiments, the rei@ine control software in the computer was used to automatically

change the configuration of behaviors every 15 strides in the ordldraseline, optimized swing, and

optimized stance and swing. That protocol was followed for walking speeds of 0.8, 1.0, and 1.2 m/s. For

each walking speed, the participant was given about 20 strides to reach steady state walking with the
baseline contro#r before the automatic behavior transitions were activated. The first three strides after

each transition are ignored in the analysis.

Averagestride results for this set of experiments are showi¥ig.5.8. The angular trajectory of the knee

matches closely between the three configurations shown, and all of them matckbatled levels of

peak knee flexion (data frof®1]o @ ¢ 2SS 2FF KI LISy a G FLILINREAYI GS¢t @
gait. Commanded damping at the knee is shown in the second row of plots, where the difference between

the three configurations can be clearly seen, and compared to what is showig.i6. Electrical and
mechanical power are shown in the bottom row of plots. Electrioalqy is estimated with the measured

motor current and velocity (as shown {6.3)) and nominal parameters for torque constant and phase
resistance. Mechanical powerdlndes the estimated motor and friction torques, a¢5ri). Note that the
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power convention is positive for power delivery from the battery to the joint, so lpotler signals being
negative indicates energy regeneration. The baseline and optimized swing controllers have similar power
profiles in flexion, but notably different profiles in extension (since damping is applied later and with
higher magnitude in the tseline controller case). Enabling the experimental stance flexion law only
causes a material difference for the lower walking speed and does not appear to compromise the

LI NIAOALI yGQa 3IFLAlGT SPHSYy (K2dzAK FRRAGAZ2YFE YSOKIY

Fig.5.8. Averagestride results for three fixed treadmill walking speeds (0.8, 1.0, and 1.2 m/s) and three controller
configurations: baseline in yellow, optimized swing in green, and all optimized behaviorsponebadice flexion, in blue.

5.4.2 Variable treadmill speed experiments

In the second set of experiments, the treadmill speed was varied every five strides, following a staircase
pattern: 0.8, 1.0, 1.2, 1.1, and 0.9 m/s. The same three controller configuratenestested as in the first

set of experiments. Results for this set of experiments are shown per stride, whereatig iRFig.5.9 is

the estimated walking speed afetermined by the controller. The plots show three biomechanical
metrics: peak knee flexion, stride duration, and swing phase duration. The only perceivable difference
between the baseline and optimized controllers is a moderate increase in the peadnfliexifaster

walking speeds (about 4 degrees at 1.2 m/s). However, the variation stays within théoalxel
reference range.
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