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NewAngle = (NewMsr + Msr + OldMsr) (31)
w = (NewAngle — OldAngle) (32)
alfa = (NewAngle — 2 * Angle + OldAngle) (33)
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‘/ start \‘

\_ /)
Initialize

v

Learn walk
profile

|
h 2

sleep

v

Sample Angle
and Voltage

v

Find joint
position

Is it
time to harvest
?

YES NO

Harvest

Is it
time to send back the
amount of harvest
energy?

Send the amount of
harvested energy
[

YES B NO
¢ receive flag set

?
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T2 2 noxp 5.8.2
NVIN 1D '97 P72InnN) 270N uthn 'wopn 4 79 4T yxa? XIn AN Dip'n NUYRae T'Ron
IT AX2219 .5.24 'k Im) X190 N7IV9 91X DX IRNNN ANTA D'WAN .(NV'WO/qI19D — pionn

nNn'nnn Navinn Nt \1inn .2Mn7 n0Da WWIMnN NNnnl 772N NYIT NN'aT aNXY? 8.25ms ' nxX Y

A/D-n Nt DY TIAn NdA pon iwnw 1 (Velocity(k)) nmT nin'ina narm .(53) an " nnT



66

NIMITH WI9N 27U npI7n nyxann X721 nivnwn “va 0'ow? onnim n1x (Angle(k)) ponn nar v
m" X7 onn U Dyinn i N1*n1a7 il R NYnwn Nt DNRY (I .00 DAt Wil

.NNNN VIX 'R 27V VT'Na nVad

Velocity(k) = Angle(k) — Angle(k — 1) (53)
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KneePos
T

Sample Angle
and Voltage

v

Check for a maximum and
minimum values of input
voltage and knee angle

v

Calculate
velocity

v

Is
knee joint
flexing?

YES

Is
Velocity higher than
positive velocity
threshold?

Velocity lower than
negative velocity
threshold?

Set knee motion
to flexing

Set knee motion
to extending

Is knee
angle bigger than
half of maximum
angle?

SetKto 1 Set Kto 3

SetKto4 Set Kto 2

‘ Increase step counter ‘

v

Add to average harvested energy
variable the amount of energy that have
been harvested during the last step

v

Calculate half maximum angle Clear the step energy
harvested variable

and half maximum voltage |

|
v
return >
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Set the last step maximum
and minimum values of input
voltage and knee angle
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REFy,(n) = BASEy,(n) (54)

REFy (n) = REFy,(n) £ DELT A, (n) (55)
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.interrupt NIY¥xNX2 nwnmi ypna n2vio np7an L"2IN11'0 W' JT1|73.'7 NINIX D'790N AWK AVKIAN v

WP aninn )37 OXNNAI DI DAYNY? NINIRD DYIRY DHYImM interrupt-7 nxN7 ‘D2
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DIAT? 72100 Y72-Nz'Mn .PWM-n Ithn N?'NN 0V N1D1I0n A/D-7¢ NnaTn TWXD .1MNN XXM Nnnl
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D(z) = 19.95 + —~— (56)
u(k) = u(k — 1) 4+ 0.05(e(k) — 0.73e(k — 1)) (57)

DNIX 07 DMNN DR A/D-7 D'NATIV D'DIYN 1P2-NP'NA TIA'WD 0Ny NIX 'OPNYT [IXTN Q7Y
D'RNNN NIXK? (e) NRIAYN NIX 2 Wipn JA/D DIy win'y? A'X1190 NN NRT DI7N2al DX 0N

XA ARNwNA ima (é) A/D DY

e(k) = 22— 2(k) (58)

res Rsenser
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u(k) = ia(k) (59)

[P7 .0"2ITA DN%0N] NTIAY NN NOTYNN P71 DNAYA WIn'wn 0Nl X TN NIDQ 901 [1Don?

.0'n%w 0MvonY o'7avn Wi 211-2 n9dm mpan nxiwn

(k) = 20 (k) (60)

(k) = ik — 1) + 211225 Y40 _Zver (100 (k) — 73é(k — 1)) (61)
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OC1R =1i(k) » 11 (62)
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NN NY¥ANA At Mpna .PWM 7w onirnn 103 22 nwnannn Nt 72T 7w N0 M n'nn
01191 W 7Y |IDTY YXANA L[ 17D .TUXN JITAN 719100 DIR'M INK N2PY JWNN7 AN DI N'Y19Y
7V ,011910 7'91ND 7w wnn 107 nyann 197 NN NntNon X7 OX .011910 7'91N9D JINn DT

.0171970 VN1 [NNhKRN 11_\1'7 NHYI VIQPZ AIXRY] DTN 7w 01197N

¥R 'R QXN 0'RN'Y D A/D-N 71T wTnn 7'0n ntuRIN AR717%7 DThin 1971 N'¥7190 0Iroa



71

Initialize A/D

Start PWM

Is current flag set?

Is
Converter input
voltage higher than
threshold?

\ 4

A\ 4

‘ Set duty cycleto 0 ‘

Calculate and set
the new duty cycle

Initialize all
variables
associated with
control

v

‘ clear harvest flag ‘

NO

YES
Is angle flag set?
‘74\/

Find joint
position

v

Update current
reference

NO

YES
Is harvest flag set?

\ 4

Initialize A/D for
sleep period

return
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(" wper )

o /

v

Receive new
metabolic rate

Is the new
metabolic rate lower
than the old one?

YES NO

Is the new
averaged harvested
energy is higher

Is the new
averaged harvested
energy is higher

than old? than old?

Increase Decrease Decrease Increase
harvesting profile harvesting profile harvesting profile harvesting profile
w/ return \w
o )
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Estep = Estep + (Iin — 501)(V, > 6) (63)
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Einaw = Einav + (Estep > logz N) (64)
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Nominal voltage 18V

No load speed 6710 rpm
No load current 294 mA
Nominal speed 5250 rpm
Nominal torque 96.9 mNm
Nominal current 3.54A
Terminal resistance phase to phase 0.413 Ohm
Terminal inductance phase to phase 0.322 mH
Torque constant 25.1 mNm/A
Speed constant 380 rpm/V
Rotor inertia 135 gcm2
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Gear Ratio 83

Gear moment of inertia 4.3 gem?

Gear friction on the high speed side 1 mNm

Phase resistance 0.22 Ohm

Phase inductance 0.12 mH

BEMF constant 0.0011 Vrms/rpm
Torque constant 14.855 mNm/A
Core losses constant 0.01 mNm/(rad/sec)
Rotor friction 1 mNm

Wire resistance 0.3 Ohm
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Abstract

Portable appliances are an integral part of modern lifestyle. The energy source for most
of these devices is batteries. Energy capacity of the battery limits the operating time between
charges from the mains. In cases where continuous operation of the system is critical, the users
are compelled to carry extra batteries. One of the solutions proposed to extend operation time

utilizes user biomechanical energy to charge the battery.

This research presents a new biomechanical energy harvesting system based on the
regenerative braking concept applied to the human natural motion. In previous studies the
optimal braking profile was determined by an off-line procedure using an external load which
was kept constant during a walking cycle. The new concept of this study optimizes the maximum
amount of energy that can be extracted during human motion while minimizing the subject’s
effort. This is achieved by a harvesting system equipped with a programmable braking profile
and a unique power extraction algorithm, which adaptively changes the braking profile to obtain
the optimal ratio of energy to effort. These are facilitated by a BLDC generator that is connected
to boost converter. A digital current programmed control of the boost converter enables
adaptive torque variation according to bio and electrical feedbacks. This study focuses on the
human knee joint as the energy source since the most of this joint work during level walking is

negative (muscles are acting as breaks).

The concept presented in this research was verified by simulation model and
experimental prototype. The operation of the energy harvester is demonstrated on a full-scale
laboratory prototype based on a walking emulator. The results exhibit ultimate power extraction
capabilities as well as adaptation to the walking pattern. The study was published by two articles

in the most prestigious conferences in the field of power electronics.
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