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Abstract - Recent studieBaveshown that functional electrical stimulatiifES)therapy can improve theotor recovenand range of
the motion of stroke patients. The stafethe-art functional electrical stimulators are ogenp control systems.e, the controller is
unaware of the patientodés postur e an davepdevelapedeclwsedodpiNewtonGVMRES e
nonlinear model predictiveontroller that measusehe patient posture and constihe muscle stimulation to reach a desired posture.
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1. Introduction

Disabilities resulting fromtsoke andspinal cord injuriescangreatly affectthe patiend ambulation and quality of
life. Functional electrical stimulation (FES) is a method used by thesapiststore the natural motion thie affectedimbs
[1]. FEScanactivatethe nerves innervating a skeletal musblginjecting an electricalcurrentinto the musclesRecent
researclstudies havehownthatby awell-timedsequential stimulationf skeletal muscleg€omplexactionssuch as gaj]
can be achievedOptimal openrloop controlles have commonlybeenused to findthese sequence However,with no
feedbackinformation these controlless arenot robust to disturbanser otheruncertainties, such asusclefatigue.

Recentlyproposed-ESfeedback controllerincorporatereattime measuremesbf thelimb orientation and position
to overcome the robustness and stability issAssan example hie sliding mode controllgeroposedoy Lynch et al [3]
provides a guaranteed stability; howevar,muscle fatigue criterion has been included in the controller. lIsigihammed
etal. [4] developed éinear model predictive control (MP@pplied to an inpubutput feedback linearizedodelof ahuman
kneeto minimize the trajectory trackirgrror. The MPC usegjuadratic programintp find the optimatlynamics of a linear
systentor a finite prediction horizorin contrasto the lineatMPC, the nonlinear MPC (NMPQ)ses a nonlinear modeb
provide more accuratgrediction ofthe systembehaviour Kirsch et al.[5] haverecentlydeveloped a nonlinear model
predictive FES controllethat adoptedhePont r yagi nds niafind thewoptimag dynamicsi apeaah horizon
However, his implementation of NMP@& computationally expensive, and may not be suit@blargesystemsvith many
inputs and stategt cannot be used for retiime FES controlTherefore, in thipresenpaper we haveproposed a redime
Newton/Generalized minimal residual (GMRE®)nlinear model predictiveontrollerfor FES To studythe capability of
this controller,a nonlinear model predictiveES controller is designezhd applied to aigh-fidelity humankneemodel to
control the kneextensiorwhile minimizingthe muscular activation

2. Dynamical Model
We havedevelopedwo models of the human kneshighfidelity modeland asimple yet efficient contrebriented

model The highfidelity modelis adetailedmodelof kneethatincludes wrapping geometries defining the muscle paths

The controloriented models a simplified model to be used at the hearttled FES controller. Tik modelreduce the
computatioal burden tesupport theeattime iterativecalculationswithin the NMPC

2.1. High-Fidelity Model

A detailedmodel of lowerextremity including thigh, shank and famé shown in Figuré hasbeendeveloped in the
MapleSim softwareThismodel isin a seged position, where the thigh assumed to be fixed amdnnected tehe shank
via arevolute joint An electical stimulatoas beemttached to the Rectus Femoris (Rfewhichis a major knee extensor
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In this researcha cylindrical wrapping geometrgs defined in the obstaeset methodis usedto realisticallysimulate the
Rfem wrapjng around the kne&his methodprovidesan accuratestimation ofthe muscle length and moment aim
comparison to othertommonly useanethodsA modfied Hill -type muscle modéias beemised to simulatthe contraction
dynamics of Rfem stimulated bgw intensity electrial current This musclemodel consigtof a contractileelement anc
parallelelastic element and assurasinextensibletendonas the serieslastic element. Theneemodel parameters are
based on the Ferrarian and pamdaetstwerd identiked éen several subjects ®Rith
complete spinal cord injury.
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Fig. 1. Schematic view of the highfidelity model of knee and Fig. 2. Schematic view of the nonlinear model predictive cont
the FES controller block diagram The solid lines show the optimsiates and control inputs
predictionin a givenhorizonand dashed lines are the past inp
and state trajectories

2.2. Control-Oriented Model
In the controloriented model, similar to tHagh-fidelity model,the thigh is reting on the seaind only the shank is
rotatingaboutthe kneeln this model, he dynamic equation afiotionof theshank and foaois described by

"O_ "Y IV "Y "Y IV (1)
where—h—and —are respectiveltheknee angle, angulapeedand acceleration, ards the shank and foebmbined

moment of inertiaTpassive Tg @nd Tacive are the torques due passiveanusculotendon dynamicgtavity and muscle force at
the kneerespectivelyThe passive musculoskeletal torquamsists ofhe stiffness and damping torquis:

Y Q —1 66— )

wherethe first term is the stiffness torquewhich_ andE arethe exponential coefficientsf thestiffness torquand
1 is theunstretchecatlasticangle and he second term is the damping torguiereC is theviscous damping coefficient of
the kneeThegravitational torqué”Y) aboutthe kneeis:
Yo a4 AT S (3)

wheremis thetotal mass otheshank and foot anlds the centre of masdistance fromheknee The active torque is
the torqueproduced by Rectus Femoabout the knee

Y i —0 A (4
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whereF is the muscle forcealculated from thenuscle modeandr™ is the moment arm of Rferfihe Rfem moment
armis approximated with a™order polynomialfitted to the simulation results frorthe highfidelity knee model To
simplify the muscle dynamics, the forgelocity dependencef the contractilelemenis ignoredwhichis notunreasonable
since the desired motion of the legédatively slow. Finally, the muscldorce can be simplified to:
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wherel,Isandd  arethemusclelength muscleoptimal length, and tendon slack lengthd” and  aretheshaping
factorand muscle pennation angtespectively Similar tothe moment armthe muscle length is alspproximated witta
4h-order polynomialerived from the higtfidelity knee modelKnowing the desired muscle activatianQ, the required
electrical stimulation can be easily calculatgth a linear mapping from muscle activation to electrical cudgnt

3. GMRES Nonlinear Model Predictive Control

A nonlinear model predictive controll&ias beerused to control the FES systeMIMPC is an advancedontrol
technique that employs a nonlinear conttiented model to predict the behaviour of the system over a receding horizon
and generatan optimal controlsequenceFast optimization methods such as Newton/GMRES and Continuation/GMRES
can significantly reduce theomputational timeallowing the realtime implementatiorof such controllerg7]. Froma
computatioml perspective, GMRE®a®d optimization methods are claimed to be fast as they solve the differential equatiol
once at each timgtep. In this studyg Newton/GMRES methois implementedwhich utilizesaforward differencé6GMRES
algorithm[8]t o fi nd NewtonbthesPeoeptfyagismd i magTheNMRC ppedidtsrttei p
optimal dynamics of the systenaficd over the giverprediction horizon(Figure 2 by minimizing the following cost
function:

0 o —Q — L ®Q (6)
OOAAAGQ p )

whereN is the prediction horizon lengthndd and0 are the tracking and effort cost functierights respectively
— is thetargetknee angleand® is the requirednuscular efforto extend the knee

4. Simulation Results

It is assumed thahe knee isinitially at rest as shown ifig.1, where the knee angke-80°. A smoothsteplike
trajecory as shown in Fig Bas beemised to evaluate the performance offifegposed-EScontroller. First, the performance
of theNMPC controllerhas beeinvestigatecgand compared ta manuallytunedPID controller.Then, the effect of prediction
horizonlengthon the control performandeas beestudied.

In the first scenariathe trackingto effort ratio | — has beervaried from 1 to 6where| p meansequal

weights onthetracking and effortin these simulationgheNMPCtime stephas beeset to50 ms andhe prediction horizon
iIsassumed tbe 10 stepsAs shown in Fig. 3, increasingimprovesthetracking performace and simultaneously increase
therequiredmuscle activation (see Fig #s shown in Fig5, the total amount of current delivered through FES electrodes
using the NMPUJs less tharthe PID controller. Thisreductionis due tothe flexibility of NMPC in tracking the desired
trajectoryand the ability to predict the knelgnamics
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Fig. 3. Comparison of the PID controller with the NMPC witt Fig. 4. the equiredmuscle activatiororrespondingo the
different tracking to effort ratios NMPC and PID controllers

Figure 6 shows the effect of prediction horizon length on the tracking performance. As expertsasing the
prediction horizon) improves the tracking performae but makes it computationally more exgiea. For large systems
a tradeoff betweerthetrajectory tracking angrediction horizon lengtts requiredto ensure the rediime capability of the
controller

Fig. 5. Theestimate oturrent delivered to the muscle using Fig. 6. The effect of prediction horizon length on the trajecto
controlles with different weightings tracking performance

5. Conclusion

The simulation results shaa thatthe NewtonGMRES nonlinear modgdredictive controlleicanbe successfully
usedto control the FES systn. The poposed FES controlleshowedsatisfactontrackingperformance while minimizing
the muscle activation. This minimized muscle adiorareducs the muscle fatigue, whichllows longer rehabilitation
sessionsFurthermore, the NMPC controller can be effectivelgdushere the number of stimulataaise more than one
allowing optimalrecruitmentf themusclesin future work, this controller will be applied to a two degoddreedom arm
model to simulate the FES therapy for reaching movements.
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