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Abstract

This paper presents an analysis, behavioral modeling and
functional design of a capacitive vibration energy har-
vester, composed from a mechanical resonator, capaci-
tive transducer and a conditioning circuit based on the
BUCK DC-DC converter architecture. The goal of the
study is to identify the optimal scenario of the BUCK
switch commutation and to propose a functional model
of the switch device. The study included an analysis, de-
sign and modeling phases. We found that the optimal
commutation timing is defined by the energetical state of
the circuit (voltages and currents) rather by a ”hard”
time specification. The developped VHDL-AMS func-
tional model of the switch was validated by a ADvanceMS
multi-physics simulation of the whole harvester. The res-
onator and capacitive transducer were modeled in VHDL-
AMS, the electric elements of the conditioning circuit by
their ELDO models.

1 Introduction

With evolution of microelectronic technologies, the minia-
turization and integration of electronic systems will be
pursued. The microelectronic industry is moving toward
very compact, autonomous and pervasive systems which
use multi-physics signal processing (like embedded sen-
sors and sensor networks). However, the energy auton-
omy of such systems remains the key problem, and one
of the solutions can be provided by harvesting the energy
from the environment. For example, the mechanical (vi-
brational) energy is omnipresent, especially in the case of
transport applications.

A mechanical energy harvester is made from a mechani-
cal resonator, an electromechanical transducer and a con-
ditioning circuit achieving the energy transfer from the
transducer toward the electrical load. In this paper, we
deal with a capacitive (electrostatic) transducer [1].

The architecture of the conditioning circuit has been
an object of numerous studies. It is generally built from
a charge pump and a flyback circuit (fig. 1). Although
the former has been well studied and its design does not
present any major difficulty [2], [3] , the latter continues
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Figure 1: Conditionning circuit of energy harvester in-
spired from the BUCK DC-DC converter. In dashed
frame, the charge pump, in gray, the flyback circuit.

to be a subject of intensive work. The fig. 1 presents
a circuit with a flyback circuit inspired from the BUCK
DC-DC converter.

The circuit operation is composed of two phases : en-
ergy accumulation (charge pump) and recharge of the
buffer capacitor Cres (flyback). A commutation between
these phases is achieved by the switch Sw which is the
main bottleneck of the energy harvester circuit, and is
the object of our study. Both its physical realization and
choice of functional behavior rise many questions. The
goal of our study is to find an optimal operation mode of
the switch and to define a functional VHDL-AMS model
describing it, making an abstraction on the realization is-
sues. As we will see, this approach offers a great freedom
for the design solution exploration. This description can
be used as specifications for a physical switch realization.

A reliable modeling of the whole system is a key point
for the successful design, since an energy harvester is a
nonlinear multinature system with a strong coupling be-
tween the mechanic and electric phenomena. The res-
onator and the electromechanical transducer are natu-
rally represented by behavioral models based on their
physical equations. The electrical part is usually modeled
using electrical SPICE-like simulators. In this paper we
present a complete VHDL-AMS mixed with ELDO model
of the whole system ”resonator-transducer-conditioning
circuit” and show its use for an extended study of the
circuit.



 0
 2
 4
 6
 8

 10
 12
 14
 16
 18

 0  20  40  60  80  100  120  140  160
 0

 5e−08

 1e−07

 1.5e−07

 2e−07

 2.5e−07

V

n (Pump cycle number)

W(t),J
Vstore,V

Vload,V

t2
n

V2

V1

Vsat

V0

t1
n

Figure 2: Pump charge operation : Vstore, Vres and gained
energy curves.

2 Harvester operation

2.1 Charge pump

The charge pump operates when the switch Sw is off.

Let the initial condition of the charge pump are as fol-
lows : Vres = Vstore = Vvar = V0, Cvar = Cmax. When the
resonator vibration makes Cvar to decrease, Vvar increases,
D1 is off and D2 is on: charges from Cvar flues on Cstore.
Once reaching its minimum, Cvar starts to increase and
D2 becomes off while Vvar decreases. When Vvar reaches
the level of Vres, D1 becomes on and the charges of Cres

flues toward Cvar. Iterations of Cvar variations get Vvar

increase and Vres decrease, keeping the total amount of
charges constant. Since Cvar < Cres, taking a charge ∆Q
from Cstore needs less of energy than putting ∆Q on Cres:
this energy lack is provided by the Cvar variations, and
actually stored in the system Cvar Cres. Fig. 2 presents
the evolution of Vvar and of the harvested energy with the
number of iterations.

In practice, Cres >> Cstore, and Vres remains nearly
constant during the operation of the conditioning circuit
(fig. 2).

2.2 The flyback operation

The pump charge ends by being saturated when the vari-
ations of Vvar can’t switch the diodes on. To continue the
energy harvesting, the difference between Vres and Vstore

should be reduced (Cstore should discharge on Cres), and
the gained energy should be used for the load supply.
This is achieved by the flyback circuit. After the action
of the flyback circuit, Vstore reduces from V2 to some V1

( 0 < V1 < V2), from which starts the next phase of the
charge pumping (fig. 3).

Let the initial conditions for the flyback circuit be
the following (at t = t2, fig. 3): the switch is on,
Vstore − Vres = ∆V2, IL = 0. The resulting LC network
(where C = CstoreCres/(Cstore + Cres) and with initial
voltage ∆V2) starts to oscillate: IL increases and ∆V de-
creases. The switch has to be closed before IL = 0, i.e.,
before T/4, where 1/T is the natural frequency of the
LC network. During this transient process, the inductor
accumulates the energy gained by the pump, and the ca-
pacitor voltages Vres and Vstore evolve toward their initial
values. When Vres = Vstore, obviously Vres = Vstore = V0

and the inductor contains all the energy gained by the
pump.
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Figure 3: Time evolution of Vstore and IL during a com-
plete cycle ”charge pump – flyback circuit” (t1-t4). (t1-
t2): charge pumping, (t2-t3) : switch is ON, (t3, t4) :
switch is OFF, D3 is ON.

As the switch getting off, ∆V is the same as at some
moment t1, and ∆V = ∆V1, IL = Ith, and Cstore

is cut from the network. ∆V1 is a design parameter:
0 < ∆V1 < ∆V2, and is actually defined by the time
during which the switch is on. Following the principle
of a BUCK DC-DC converter, when the switch becomes
off, the current continues through D3 which becomes on.
The new equivalent LC network is such that C = Cres. It
starts with a non-zero VC and IL, and is polarized such
that IL charges C so that VC increases. When IL be-
comes zero, D3 cuts off, achieving the operating cycle of
the flyback circuit.

Since at t = t3 VC = Vres has the same value as at
t = t1, between t3 and t4 Vres becomes superior to Vres(t1).
When IL becomes zero, the diode D3 is cut off, and the
circuit return to virtually the same state as before charge
pumping, at t = t1, but with a slightly higher Vres.

In this way, the energy gained by the pump and accu-
mulated in the inductor (or a part of it, if ∆V1 6= 0) is pro-
vided to Cres, i.e., the charges of the electrical ground are
separated which increases the amount of charges in the
circuit. In theory, the mean value of Vres should increase
slowly. In practice, the circuit is continuously loosing
charges : because of the load, of course, but also because
of the parasitic leakage, so that at steady mode the ad-
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Figure 4: Evolution of Vres for different load resistance
values. Data obtained by simulation of the circuit de-
scribed in section 4.1. From top to down : R=26 MΩ,
R=30 MΩ, R=20 MΩ.

ditional charge put on Cres is exactly equal to the charge
consumed by the load during the cycle ”charge pump +
flyback”. Actually, the principle of the harvester opera-
tion is to renew the Cres charges consumed by the load.
The plot fig. 4 presents the Vres voltage evolution for the
cases when the load in adequation with the flux of elec-
trical charges provided by the harvester (steady mode),
when the load resistance is too high and too low.

After D3 is off, the charge pump operates again, in-
creasing the difference between Vres and Vstore (which, at
moment D3 becomes off, is equal to ∆V1).

In this way, in the equilibrum mode the charge pump
starts always from ∆V1 and operates until ∆V2, as shown
in the fig. 3.

The energy harvested during such a cycle can be calcu-
lated from the fig. 2, in function of the number of pump
cycles. It is easy to understand that this is the energy
available for the load, thus, it is possible to calculate
the maximal load (minimal resistance) using the relation
∆W = V 2

res/R·∆t, ∆t being the duration of charge pump-
ing.

3 Optimal switch operation

The commutation timing of the switch determines the
efficiency of the energy harvesting. In previous papers,
an asynchronous commutation has been used, i.e., the
switch commutated periodically with some fixed duty ra-
tio [1]. However, this solution is not appropriate when the
environment parameters, e.g. the vibration frequency,
change. Indeed, in this case the Vstore curve of the
fig. 3 scales horizontally, and if the commutation timing
is fixed, ∆V1 and ∆V2 can change, yielding a suboptimal
harvester operation.

3.1 Optimal operation and time markers

The optimal ∆t window for the charge pump operation is

given by t(V1), t(V2) so that W [t(V2)]−W [t(V1)]
t(V2)−t(V1) is maximum

over V1, V2 ∈ (V0, Vsat) (Vsat is the saturation voltage of
the pump charge, Vsat = V0Cmax/Cmin. This maximum
can be found numerically and a rather complex analytical
expression can be provided. However, it comes from the
plot in fig. 2 that W (n) has three zones : small parabolic
at low n, then large linear with the maximal slope, and
then asymptotical, with decreasing slope. Thus, t(V2)s
should be chosen at the end of the linear zone, and t(V1)
can be zero or be situated at the beginning of the linear
zone. We made an analysis assuming that t1 = 0, V1 =
V0, and found an algebraic equation allowing a calculation
of an optimal V2. Here we give a summary of this analysis.

For the simplicity, we assume that the presence of the
load resistance doesn’t modify the operation of the charge
pump, i.e., RCres >> max(∆t). Thus, at the beginning of
the pump charge operation, the energy of Cres and Cstore

is

W0 = (Cres + Cstore)V
2
0 /2. (1)

At t2, when Vstore = V2, Vres2 = Vres(t2) can be found
from the charge conservation law :

Q0 = (Cstore + Cres)V0 = CstoreV2 + CresVres2. (2)

At t2, the energy is given by :

W2 = CresV
2
res2/2 + CstoreV

2
2 /2. (3)

From (1-3) we get the harvested energy :

∆W = Cstore(1 + Cstore/Cres)(V2 − Vres2)
2/2. (4)

However, what we are interested in is not the absolute
energy, but the power. Thus, we will look for V2 maxi-
mizing the following :

P = ∆W/(n(V2)T ), (5)

where n(V2) is the number of pump cycles needed to
reach Vstore = V2 from Vstore = V0, and T is the period of
vibrations.

From (8) of [1] we know that

n = log Cstore
Cmin+Cstore

V2/V0 − Cmax/Cmin

1 − Cmax/Cmin
(6)

Introducing θ = V2/V0 and supposing Vres ≈ V0, from
the above formula we have for the power :

P = K ·
(1 − θ)2

ln θ−a
1−a

, (7)

where a = Cmax/Cmin and K is a constant calculable
from Cmax, Cmin, T and V0.



By looking for zero of the derivative, we conclude that
P (θ) has a maximum given by the root of the equation:

2 ln
θ − a

1 − a
= (1 − a)(θ − a). (8)

The θ obtained by numerical resolution of this equation
corresponds to the optimal threshold value of Vstore at
which the switch should become ”ON”. Thus, the ”OFF-
ON” commutation of the switch can be controlled by this
voltage.

We can note that the optimal value of V2 depends only

on the max-to-min ratio of the variable capacitor.
There are many possibilities to detect the moment

when the switch should become ”OFF”. It should happen
when the voltage difference Vstore −Vres becomes zero (or
some low threshold value), or otherwise, when the switch
current becomes maximal, i.e., a current threshold can
be defined. The maximal current value can be deduced
using the energy considerations :

CstoreCres

Cstore + Cres
(V2 − V0)

2 = LI2
max. (9)

3.2 Commutation of the switch

The above considerations demonstrate that the commu-
tation should be ordered not by a timing scenario, but
by the energy state of the circuit, i.e., the voltage and/or
current levels. We proposed the following model for the
switch.















U = RonI, if ON=”1” and I < Ith

ON = ”0”, if ON=”0” and I > Ith

U = RoffI, if ON=”0” and Vcontrl < Vth

ON = ”1”, if ON=”0” and Vcontrl > Vth

(10)

We give here a VHDL-AMS implementation of this
mathematical model. Such a swicth is an element with
memory (”ON” is a boolean variable) recalling its current
state.

entity t h r e e p o l e s sw i t c h i s

GENERIC ( von : emf :=0 . 7 ;
i h o l d : cur r ent : = 0 . 0 ;

R c lo s e : r e a l :=1.0 e−12;
R open : r e a l :=10.0 e6 ;

imax : r e a l :=2 . 0 ) ;
PORT ( TERMINAL ep : E l e c t r i c a l ;

TERMINAL em : E l e c t r i c a l ;
TERMINAL gate : E l e c t r i c a l ) ;

END ENTITY t hy r i s t o r l im i t i n g adms vhd l ams ;

ARCHITECTURE vhdlams OF t h r e e p o l e s sw i t c h IS

quant i ty v a c r o s s i through em to ep ;
quant i ty v c t r l a c r o s s em to gate ;
signal i s on : boolean ;

PROCESS

variable o f f : boolean := true ;
BEGIN
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Figure 5: Evolution of Cvar with the resonator position.
Data obtained by 3D finite-element simulation.

i s on <= NOT o f f ;
CASE o f f IS

WHEN t rue =>

WAIT UNTIL v c t r l ’ above ( von ) ;
o f f := f a l s e ;

WHEN f a l s e =>

WAIT UNTIL i ’ above ( imax ) ;
o f f := t rue ;

END CASE;
END PROCESS;
IF i s on USE i s c r==vsc r / R c lo s e ;

ELSE i == vsc r /R open ;
END USE;

BREAK ON i s on ;
END ARCHITECTURE adms vhdlams ;

4 VHDL-AMS model of the elec-

tromechanical part

The prototype for the model of the resonator and elec-
tromechanical transducer was the device presented in [4].
This is a ”mass-spring” system associated with a variable
capacitor of comb geometry. The law of capacitance evo-
lution over the electrode displacement x is given in fig. 5,
and is approximated by a piecewise-defined polynomial
function (whose code is omitted in the listing presented
below).

The system is modeled as a block which takes one input
value : the external vibration acceleration. The model
takes into account the inertial properties of the mechan-
ical resonator and C(x) relation given in fig. 5. At the
output, the model provides a capacitor whose capacitance
varies according to the external vibrations and mechani-
cal system dynamics.

The electromechanical resonator is also provided with
stoppers limiting the displacement by ±50 µm (the scope
of the plot in fig. 5). We modeled the stoppers as a highly
viscous wall (µv is the viscosity, v is the velocity) :

Fstopper = −µsv, if |x| > 50 µm (11)



The modeling of the stoppers allows to study the cases
where the transient amplitude of the mass vibration is su-
perior to xmax, whereas the steady-state amplitude value
is in the acceptable limits.

The other equations underlying the electromechanical
model are given and commented in the model listing.

ENTITY harvest ing resonator adms vhdlams IS

GENERIC (
Q0 : r e a l :=5.53 e −11) ; −− i n i t i a l charge ,

Q0=5v∗11pF
−−capac i t ance t e rmina l s

PORT ( t e rmina l e1 , e2 : e l e c t r i c a l ;
−−inpu t a c c e l e r a t i o n t e rmina l
−− de f ined as e l e c t r i c a l so to be s e t as
−− v o l t a g e in Analog A r t i s t environnement

t e rmina l a c c e l : e l e c t r i c a l ) ;
END;

ARCHITECTURE adms vhdlams OF

ha rv e s t i n g r e s ona t o r IS

constant m: r e a l :=46.0 e −6; −−mass
constant k : r e a l :=152 . 6 ; −−s t i f f n e s s
−− re sona tor damping
constant kv : r e a l :=2.185 e−3;
−− s topper daming
constant mu stopper : r e a l :=100 .0 ;
−− s topper p o s i t i o n
constant xmax : r e a l :=50.0 e−6;
−−p e rm i t t i v i t y o f vacuum
constant ep s i l on : r e a l :=8.85 e−12;
−−Capacitance v o l t a g e and curren t
quant i ty vC ac r o s s iC through e1 to e2 ;
−−quan t i t y f o r the inpu t a c c e l e r a t i o n
quant i ty a ext a c r o s s a c c e l

to e l e c t r i c a l g r o und ;
−−d i sp l acement
quant i ty x : r e a l :=0 . 0 ;
−−v e l o c i t y
quant i ty v e l o c i t y : r e a l :=0 . 0 ;
−−e l e c t r i c a l charge
quant i ty charge : r e a l :=0 . 0 ;
−−Var iab l e capac i t ance
quant i ty Cvar : r e a l ;
−−E l e c t r i c a l f o r c e
quant i ty Fe lec : r e a l ;
−−re sona tor a c c e l .
quant i ty a c c e l e r a t i o n : r e a l ;
−−dCvar/dX
quant i ty dCvar dx : r e a l ;
−−s topper f o r c e
quant i ty Fstopper : r e a l ;

BEGIN

−−a=v ’=x ’ ’
v e l o c i t y==x ’ dot ;
a c c e l e r a t i o n==ve l o c i t y ’ dot ;
−−Capacitance and i t s d e r i v a t i v e
Cvar==cap ESYCOM(x ) ;
dCvar dx==dcap dx ESYCOM(x ) ;
−−Capacitance charge
charge==Cvar∗vC+Q0 ;

−−e l e c t r i c f o r c e
Felec==vC∗vC∗dCvar dx / 2 . 0 ;
−−s topper f o r c e c a l c u l a t i o n
i f ( abs ( x)>xmax ) use

Fstoppers==−v i t e s s e ∗mu stopper ;
else Fstoppers==0.0;
end use ;
−−second law o f Newton
m∗ a c c e l e r a t i o n==−k∗x−kv∗ v i t e s s e

+Felec−m∗ a ext+Fstoppers ;
−−e l . cur ren t c a l c u l a t i o n
iC==charge ’ dot ;

end adms vhdlams ;

4.1 Harvester model

The actual model of the harvester includes the variable
capacitor VHDL-AMS model, the above presented switch
model and the ELDO models of the other components in
fig. 1 circuit. For the diodes, ideal models with Vd = 0
were used.

All the system was simulated in CADENCE Analog
Artist environment with ADVanceMS simulator of Men-
tor Graphics. The schematic view of the circuit is pre-
sented in the fig. 6.

5 Simulation results and conclu-

sions

Fig. 7 presents the siumlation results of the circuit in the
fig. 6 : the upper plot provides a global view of the circuit
state evolution law, the lower plots offer an insight in the
pump charge and flyback network operation.

With external acceleration magnitude of 10 m/s2 and
frequency of 298 Hz, we observed a Cvar variation be-
tween 174 pF and 51.6 pF. With these values, the pre-
sented above theoretical considerations give for the switch
”OFF-to-ON” commutation n = 80, which corresponds
to Vstore = 13.4V . This correspond to IL = 9.7 mA
for the switch ”ON-to-OFF” commutation moment. The
theoretical minimal load resistor is 32 MΩ.

Figure 6: Schematic view of the complete harvester
model. The VHDL-AMS models of the devices harv res
and I20 are given below. L = 2.5 mH, Cres = 1 µF,
Cstore = 3.3 nF.
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Figure 7: Simulation results of the harvester mixed model
(fig. 6)

The plot in fig. 4 presents the evolutions of Vres for dif-
ferent Rload. We can see that the real minimal resistance
is somewhat lower. This is explained by the fact that the
switch becomes ”OFF” before IL = 0 and Vstore = Vres:
it can be seen on the Vstore(t) graph (the upper plot in
fig. 7) that Vstore does not reach V0, i.e., V1 > V0. As it
can be seen from the the plot of W (n) of fig. 2, the low-
slope starting zone of W (n) is avoided, and the harvester
operates on the maximal slope zone of W (n) yielding a
bit higher energy efficiency. From W (n) the maximal har-
vested power (thus the minimal load resistance) can be
calculated : we obtained 26 MΩ, i.e., slightly lower than
the value given by the above presented analysis.

We also observed a phenomenon related to the ele-

cromechanical coupling. The displacement magnitude,
and thus the Cvar variation magnitude, does depends not
only on the external acceleration (which is constant), but
also on the state of the conditioning circuit. From the up-
per plot in fig. 7 giving the Cvar evolution envelope, one
can see that after each flyback phase the capacitance and
displacement (x) amplitudes increase slightly, whereas the
voltage amplitude on Cvar decreases from V2 to V1. In
fact, this is an effect of non-linearity of the capacitive
transducer : when biased, it behaves like an electrostati-
cal spring [5] whose stiffness depends on the voltage: thus,
the resonator resonance frequency is not exactly the same
at the beginning and at the end of the charge pumping,
which results a vibration amplitude variation.

6 Conclusions

The control of the switch commutation by the internal
state of the circuit is a very interesting concept, which
need reliable analytical and modeling tools to be explored.
Our technique of commutation control is not the only
possible : one can imagine to control the ”ON”-”OFF”
commutation sensing the voltage Vstore−Vres, by detecting
when it crosses zero or some other value.

In perspective, it is necessary to get a deeper insight in
the optimal conditions of the energy harvester operations,
and to adress issues such as parasitic phenomena.
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