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Super Capacitor Optimization
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build a circuit that automatically adjusts the duty cycle as necessary, to obtain the specified output voltage with high accuracy, regardless of disturbances or component tolerances.
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build a circuit that automatically adjusts the duty cycle as necessary, to obtain the specified output voltage with high accuracy, regardless of disturbances or component tolerances.
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- PI control attempts to drive the error to zero (Vref=Vout)
- It is performed by setting the I (integral) gains to zero and increase the Kp gain until it reaches the value Ku, at which the output of the control loop has stable and consistent oscillations. Ku and the oscillation period Tu are used to set the P and I gains
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Presentation Notes
The harvester may be simulated as a constant voltage source of 26.4V output and 11.43 internal
resistance.
As was explained in the rst chapter, the storage unit in order to be fully charged needs
approximately  300 seconds which is not possible to be simulated. Thus two gures are displayed;
the rst one is from the rst 10 seconds and at the second one Vsc was initialized at 22V.
So, in
the beginning a large amount of power is consumed in the internal ESR of each cell but as the
voltage across it continues to increase, it is used for the charging of the storage unit.
Finally, it is noted that the optimum way to charge the Supercapacitors is by providing maximum
power transfer from the harvester to the ESU. This may happen by applying almost constant
current with an exponential increasing voltage until it reaches 24V point at which the current is
falling to keep the absorbed power constant.
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The harvester may be simulated as a constant voltage source of 26.4V output and 11.43 internal
resistance.
As was explained in the rst chapter, the storage unit in order to be fully charged needs
approximately  300 seconds which is not possible to be simulated. Thus two gures are displayed;
the rst one is from the rst 10 seconds and at the second one Vsc was initialized at 22V.
So, in
the beginning a large amount of power is consumed in the internal ESR of each cell but as the
voltage across it continues to increase, it is used for the charging of the storage unit.
Finally, it is noted that the optimum way to charge the Supercapacitors is by providing maximum
power transfer from the harvester to the ESU. This may happen by applying almost constant
current with an exponential increasing voltage until it reaches 24V point at which the current is
falling to keep the absorbed power constant.
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Software Implementation
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Used uC: ATMEGAS88PA
Sampling period = 4kHz
Reading of the ADC values = 128 kHz

Kp _ O.OZOdigitS
Volt
K; = 0.0025

digits
Volt

Repeat avery dkHz
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Integral windup (K; term accumulates a
significant error)

=If it reaches a max value — re-initialize

ADC inputs read large spikes

—Keep the last values and average them
Float numbers result in slow running times
— Use of integer numbers

Fast PWM signal of 64 kHz
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’ Experimental Results

Phaw=5 w
Psc=3 W~

|
Vharv=25.26 V I

¥ 7

| Vous=24'V

SR u"m"m b
F T m%” EEamsnmEsss

TS

[s=0. 185A

|
|
|
|
|
|

Isc Vbus Vharv Vsc
v“‘:um et ngﬂrpéﬁa\s P4 mc:ascht Fho=s [ P7--- FE---
45‘““% . Timebase 0 ps|[Trigger Gz DG
lardcopy saved to: wilching15 png 12&0/2;15‘1.50.4;.«r.1|
N\ 7
p _ § Viars 25 4\ Experimental
» Re-tuning of Pl terms 5
Iharv 0.2A Nch-exp 75%
» Keep bus voltage stable
Vpus = £10% - 24V Ve 1.8v-9=16.2V Simulations
» Charging Efficienc
i g T50r Vs I, 0.185 A vy
ch = 0 Nch-sim 0
N~ ’ |Vbus—error| <1lV
\_ RN
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’ Conclusions

Summary

4 )

» Optimum Storage System and inductor
design and implementation in terms of cost
(CHF), Volume (l) and Efficiency (%) was
designed

» Pl controller achieved to keep Vs stable
regardless load and voltage variations 42mm

» Verified by simulations (GeckoCircuits) and
experiments

- )
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’ Outlook

Feed Forward (Gain
Trey o Verror FI bref 0 e PI irL dia) G o) formt
s 1  cController = Controller - 1  converter Vo

micoa

4 )

» Experimental setup for the discharging cycle
» Improved Pl control scheme
v' Cascaded voltage and current loop
control
v" Improved Evaluation of Pl terms by
using different values for
Vstore < 12V and Vgipre = 12V
v" Optimization of algorithm for integer

numbers
. /
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CEsR
] Rbalance

Cb1

Super Capacitors

Balancing SuperCapacitors

T = Cp1 * Rpatance

P losses —

(24V)2

9- Rbalance

<05W

|
e

Impact on generator

Pstore ~

1

ECb_max

boost

tch
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——— 1. Sizing a toroidal Core ——

_ pdo=dd) (do—d;)
2 tAcxAy 2 —,f;”"’]"’”s
AW — dl Z pkJRMS
|\ )
- 2. Check Byt ~
B LI,
NA,
- HoLgk 1p
g BmaxA
In case of exceed of Bg,;
» Choose larger/different Core/Material
» Operate in lower current
» Increase air gap
@ Increase number of turns Y.
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Inductor Design

3. Number of
Turns

Ly

B BpkAc

L =A,N?

\\

4. Winding type
K‘LLAW

cu =
N. min

-

5. Define Power losses

Py = Pcoren + Peu,Lp
P _ Py -V,
core = | Steinmetz equations
— 2
Peub = Tib * 1ip rMs

N-MLT

Twp =P 74
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Inductor Results

— — o )
4
1. Ac- Ay =05cm? 1. Ac-Ay =0.05cm
L L
3. Nmin = AL 3. Npin = AL
\_ ) I\ J
Price  O.D. (T)
(CHF) (mm)
8.61 51.80 45 13.83 8.2 0.65 2.07 0.345 0.055 104.7 1.11
15.13 65.30 89 34.69 49 0.70 1.33 _ 0.938 0.23 756 0.69
3.26 31.00 12 2.18 48 2.84 5.28
1.538 0.348 63.9  0.54
3.37 35.50 13 272 74 171 4.93
3.82 37.50 18 3.98 47 233 4.24 | mp2siomP | . s B B
11.66 60.10 53 19.92 7.5 0.92 2.67 w 1.888 0725 788  0.49
3.47 37.50 18 398 61 1.80 4.24 m 5 336 121 501 030
10.64 58.30 47 19.92 7.5 0.92 2.67 5 577 177 56.5 0.29
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Vbus = 21.6V ... 26.4V
t> + +
D(t)_>Q1j: _;#
be Lb
V2
+ /e ;\
:"""" I Cp
|
| o | -
Vi D'(t) —
BRI Y &
|
y 1% ] %
- T
-
Nboost = P2 + Ploss
Pioss = Po1 + Pz + Pcp + Prp
* Py = Pgate,g + Pong + Pcoss + Peond,
" Pep = Pesr,Cb
- P, = PCore,Lb + PCu,Lb
G V
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Mosfet Losses

Mosfet losses

PGate,QZ =Q¢- AV fs

Turn-on Losses Pong1 = 0
Turn-off Losses Posro1 = 0
Pcoss = - fs

Conduction Losses

I\’
PC = 12 L & = | — . T
ond,Q1 RMS,Q1 " 'DS \/5 DS

INT=D\’
T -rDS

@ _
Pcond,0z = lRms,02 * Tps = (
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= teborstery Discharging Stage at t=1s

26.4—

Vbusﬁmax=26.4v \g?:zr

253: 2.4\/1/
24.2+ PSR P (PO TS ‘lftf\w,,m,k,\..,h,, et s e s s oo S sl e
23.1+

16 2|
800e-3 |
iLoad =

9 4 54 9164e-3
-800e-3 |

-1.6

30.968 —
15.484 —

-15.484

-30.968 —

700e-3 Ude_arr=

= I I ANV W, N T N " N —— E— N A -
-700e-3— &
-1.43 b

=214

5428 5.45 5.471 5.492 5514 5.535 5.557 5.578 5.509 5.621

952¢-3 Duty Cycle 995.629903
938&3_. U N G P S S S S G SO S SR R |
9240-3 Ilr’“

| T T T e e e e
910e-3 bl

896e-3 —

I Load Enable

I T T T T T
5428 5.45 5.471 5.492 5514 5.535 5.557 5.578 5,509 5.621
t=5.499001

ENload = off

~—— Discharging t=1s —

Vbus—max 26.4V
N (%) 95%

IV bus-error 24V

Vius — trise 300ps

Vbus - toscill 2.3 ms
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ADC Reading Problem

37/31

000 2 100vE 3 d 200V 0.0 1.000s4 | Aute? £ B.BOY
‘ ‘ ‘ | ‘ Vse £1.24V ‘ | Agilent
i ||| | J | | i.m. I | \ | || | | .| , | . | ;; ﬂ«cquisition
Marrmal
2.80k3ads
47
Channels
i 10.0:1
oc 1.00:1
oc 10.0:1
¢ Measurements
= Top(d):
Vbus 241 V Vsc E 1. 24y
e 1z e e ar S R P TR e Fesm e | Mav| 1)
Vbus —> 241y
: Ma(2):
2: Vharv —»26 L9y
Measurement Menu
) Source Type: Add settings Clear Meas
", M a Measurement ~- -
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