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Abstract: This article describes a converter, along with a novel control algorithm, for har-
vesting energy from unconventional energy sources, such as stray currents from electrified
railroad lines. Such energy sources are often characterized by high resistance and have
variable open-circuit voltage and source resistance. The converter was, and the model was
tested in detail using both simulations in LTSpice and in practice, using a prototype. A
high correspondence of the presented model with simulations and actual measurements
was observed. The device and algorithm operate in maximum power transfer mode and
allow up to 90% of the available energy to be recovered and stored in a battery, which is an
integral part of the converter. To the best of the authors’ knowledge, this is the first such
converter described. Since all design recommendations and all the dependencies needed to
calculate the control parameters are provided, the presented control algorithm can be easily
implemented in a converter meeting the general requirements of a buck-boost converter.

Keywords: energy harvesting; high-resistance energy source; variable open-circuit voltage
source; power converter; stray currents

1. Introduction

The use of peripheral electronic devices with low power consumption to monitor
and control a variety of infrastructure, including railroads, is now commonplace. These
devices are often installed in areas where there is no mains power available, and, in
turn, non-rechargeable battery power would not be practical. Hence, in the last several
years there have been proposals to power electronic devices in unconventional ways, by
harvesting energy from stray currents of electrified railways [1], piezoelectric generators [2],
thermoelectric generators [3], ground vibrations [4], converting the mechanical vibrations
into electrical energy [5], or electromagnetic fields [6]. Such power sources have low output
power and often large, variable output resistance [1,3,6,7]. Both properties make it very
difficult or even impossible to use traditional DC/DC voltage converters.

1.1. The Effect of High Source Resistance on DC/DC Converters

There are three basic ways of controlling a DC/DC converter: using negative feedback,
tracking some quantity characterizing the source (e.g., MPPT algorithms [7]), and model-
based control, otherwise known as feed-forward control. When controlling the converter
using negative feedback, there is a risk that the converter will be unstable if the source
resistance is high. The Middlebrook criterion [8,9] shows that the source impedance must
be less than the module of the DC/DC converter input impedance (Figure 1) for the system
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to be stable. If this is not the case, the system could be a negative-resistance oscillator
between the source and the converter [10,11].
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Figure 1. The considered series connection of the DC/DC converter to the source.
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There is another potential problem that arises when a negative feedback converter
is used with unconventional energy sources. A large source resistance can cause the
converter’s input to become bistable [12,13] discusses the conditions required to avoid
bistability and maintain the stability of the serial system source-converter depending on
the source output and converter input resistances interdependencies.

In order to avoid the above-mentioned risks, it is beneficial to do without negative
feedback when the source has high output resistance and to control the converter by means
of a tracking algorithm or based on its mathematical model.

1.2. Examples of Converters Operating with High Output Resistance Energy Sources

Thermoelectric generators (TEGs) have output resistances of the order of 5 () [14,15],
but if connected in series to increase the open-circuit voltage, the resultant output resistance
of such a source can be hundreds of ohms or more. Such a source has similar properties to
an energy source that uses stray currents.

Carreon-Bautista et al. [3] presents a converter that operates in the maximum power
transfer mode. This study proposes a dynamic MPPT mechanism, based on the PLL, for
matching the input resistance of the boost converter to the source resistance from 33 () to
2.7 kQ). The input voltage can vary from 20 mV to 150 mV, keeping the output voltage in
the range from 1.8 V to 2.5 V. The maximum efficiency is 61.5%. The synchronous boost
converter operates in the discontinuous current mode with pseudo-zero current switching
control to maximize efficiency for low loads.

There are many other studies presenting energy harvesting from thermoelectric genera-
tors. Most of these describe converters operating with a single TEG with a source resistance
of about 5 (). Kim et al. [16] presents a thermoelectric energy harvesting DC/DC boost
converter that uses an MPPT based on adjusting the switching frequency of the converter.
A zero current switching method is used in the discontinuous current mode of the boost
converter. The maximum peak efficiency is 72% for the input voltage of 500 mV and output
voltage of 5.62 V. Carlson et al. [17] outlines a boost converter for TEG energy harvesting
that demonstrates an efficiency of 75% at a conversion rate of over 20. The synchronous
boost converter works in the discontinuous current mode. The input voltage is from the
range of 20 mV to 250 mV, with the output source resistance of 3.9 (), the output voltage is
1V, and the output power is up to 0.175 mW.

Umaz [18] introduces an energy harvesting system built of commercial off-the-shelf
components that were tested with a simulated energy source with an output resistance of
100 Q). There are two charge pumps, a step-up converter, and a temporary storage element.
Switching circuits regulate the output voltage level and the transfer of the energy to the
step-up converter and the load. The step-up converter is connected to the energy source
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through an additional switch to store energy in a temporary storage element. This energy
harvesting system achieves a peak end-to-end efficiency of 79.1%.

Bandyopadhyay et al. [7] presents a platform architecture for harvesting energy from
photovoltaic panels (PV), thermoelectric generators (TG), and vibration piezoelectric micro-
generators that use dual-path architecture. The input voltage can vary from 20 mV (in the
case of the thermoelectric generator) to 5 V (rectified voltage from the vibration source),
and the source resistance can vary from 5 () up to 150 k ). The achieved efficiencies are
from 58% (TG source, 0.3 mW) to 83% (PV source, 10 mW). Input resistance matching uses
the MPPT technique and depends on the switching frequency.

Liu et al. [19] presents an energy harvesting charge pump storing energy from the
uW-level photovoltaic (PV). The maximum power point tracking is realized by means of
a hysteresis controller. The system provided a 3.3 V regulated voltage and achieved an
end-to-end efficiency of 86.4% with a throughput power of 12 uW.

1.3. The Objectives of the Work

This article presents a novel way to control a universal DC/DC converter, which allows
it to efficiently recover energy from sources with high and variable resistance. Since the
high output resistance of the source is expected, to maximize power transfer, the application
of the maximum power transfer theorem is necessary. The solution presented below does
not use a negative feedback approach but uses a feedforward control approach; this is why,
despite the high source resistance, the stability problem does not occur. The properties of
the source are measured periodically, and the operating mode is selected according to the
mathematical model. Control signal frequency and duty cycle are calculated as well.

The device and its algorithm are specifically designed to harvest energy from the stray
currents of an electrified railroad line, which, as an unconventional energy source, is char-
acterized by high variability of both open-circuit voltage and output resistance. However,
they can also be used successfully with other energy sources with similar properties.

In Section 2, a general schematic of the device will be presented; the following Sec-
tions 3 and 4 will detail the mathematical model of the proposed converter. Section 5
contains design guidelines with an example of how to select elements. In Section 6 the
control algorithm is presented. Then the simulation results will be compared with the
model in Section 7, and finally, in Section 8, the measurement results of the prototype
device will be presented.

2. Defining the Problem

Usually, the power source for a DC/DC converter has low output resistance, and
its voltage value changes little during a conversion cycle. Therefore, there is no need
to consider the maximum power transfer theorem in the design of a DC/DC converter.
However, in the case of harvesting energy from stray currents of an electrified railroad line,
which is characterized by relatively high output resistance and significant variability of both
open-circuit voltage and output resistance [1], this is no longer true. In this case, loading
the source with too much current causes a large voltage drop at the input of the DC/DC
converter and, as a consequence, a decrease in available power. Therefore, the converter
should operate in maximum power transfer mode by modifying the input resistance Ryy
of the DC/DC converter in such a way that it is equal to the output resistance Rg of the
source (Figure 2).
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Figure 2. Simplified input circuit of the energy harvesting device.

To achieve this, an input capacitor C can be attached to the input of the converter, and
the switches can be controlled so that the average voltage on the capacitor is half of Vs.
A capacitor C gathers energy from the source for a certain period of time, and then this
energy is transferred to the load via the DC/DC converter. Battery B is an integral part of
the converter. Firstly, because unconventional energy sources, such as from stray currents,
do not provide energy continuously, but in pulses, from time to time. Secondly, the voltage
of the battery is relatively unvarying, which facilitates the design of the converter and the
selection of its parameters.

The voltage of the source may be lower or greater than the output voltage of the
converter; therefore it is necessary to use a universal buck/boost converter, such as shown
in Figure 3. The proposed converter can operate in three modes:

e  Boost mode in which voltage is converted up, switch Kj is turned ON, and K; is
switching;

e  Buck mode in which the voltage is converted down, switch Kj is switching, and Kj is
turned OFF;

e Inabypass mode when the output voltage is almost half the input voltage, switch K;
is turned ON and K5 is turned OFF.

N e B

Viy [BUCK BOOST]| Vi §

control unit | EH DC/DC '

Figure 3. A universal energy harvesting DC/DC converter. It should be very strongly emphasized
that the Vjp voltage, which is the voltage across the Rgy resistor of value 0.1 (), is only used to
monitor the output current; it is in no way used to control the converter, in particular, to implement
negative feedback.

To obtain near-optimal power at the converter’s output, it is necessary to develop an
algorithm for controlling the converter’s keys K; and Kj. This algorithm must meet the
following requirements:

1.  Estimates the open-circuit voltage and output resistance of the source V;

2. Select the appropriate operating mode of the converter (buck, boost, or bypass);

3. Selects the operating frequency of the converter and the duty factor of the control
signal of the active switch in a given mode.

The operation of the converter in boost and buck mode must be analyzed to develop
such an algorithm. This is a topic of the next sections.
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3. Boost Mode Analysis

Before performing a detailed analysis, some general limitations affecting the device’s
operation can be noted. Firstly, due to the source’s low available power, it is advantageous
to operate in maximum power transfer mode; that is, the voltage across capacitor Viy
should have an average value equal to half of the open-circuit voltage of the source Vs and
boost mode will be used if the required output voltage V3 is greater than the input voltage
VIN ~1 Vs.

Secondly, energy accumulation in capacitor C occurs exponentially, and therefore, due
to the high resistance of the source, the duration of energy accumulation in capacitor C
must be relatively long. However, it is advantageous to reduce this so that the voltage
across the capacitor does not deviate significantly from % V.

Thirdly, similarly, at the stage of energy transfer from capacitor C to coil L, the capacitor
should not be discharged too much so that the voltage across the capacitor does not drop
significantly below % Vgs. This means that this stage should be relatively short, and almost
always, the device will operate with a discontinuous coil current.

Based on those criteria, one boost cycle consists of three stages. The energy storage
element and the primary energy flow of the stage are marked in red. The green colour
indicates the output elements of the stage and the current drawn by the load. The dashed
line in cyan indicates the current drawn from the source at stages other than A, as shown
in Figure 4:

e  Stage A, when switch Kj is turned OFF, the capacitor is charging from the source, and
the current of the coil L is zero;

e  Stage B, when switch Kj is turned ON and the energy is transferred from capacitor C
to inductor L;

e  Stage C, when switch K; is turned OFF, the capacitor is charging from the source, and
the energy is transferred from coil L to load and battery B.

Bear in mind that switch Kj is always turned ON in boost mode.

3.1. Stage A: Energy Gathering in the Capacitor
3.1.1. Duration of Stage A

This is the longest of the three stages, in which the energy from the source is gathered
in input capacitor C, the switch Kj is turned off, the diode D, is reverse biased, and the
inductor L current is equal to zero. As a result, the circuit could be simplified to an RC
circuit, as shown in Figure 4a, where capacitor C is charging through resistor Rg. To avoid
a too-large voltage difference across the capacitor from the optimum value, %2 Vs charging
time should be a fraction of the RC circuit time constant:

Tcu = kcu-Rs-C, 1)

where kcyy is a coefficient describing the duration of a stage with respect to system parame-
ters of the converter and which should be significantly less than one. Coefficient kcpy will
be used to determine the frequency and the duty factor of the K, switch control signal in
the next section.

3.1.2. Input Voltage

At the end of this stage, the voltage across capacitor C reaches its maximum value:

_kcHRsC

Ven = (Vs = Ver) (1 —e RSC) +Ver = Vs (1 - e_kCH) + Ve e ken, )

This relationship will be used later.
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Figure 4. The method of operation of the converter in boost mode: (a) Stage A—exponential capacitor
C charging; (b) stage B—sinusoidal energy transferring from capacitor C to inductor L; (c) stage
C—energy transferring to battery B from L and C; (d) waveforms in boost mode.

3.2. Stage B: Transferring Energy from Capacitor to Inductor
3.2.1. Input Voltage and Duration of Stage B

In this stage, both switches, K; and K3, are closed. Since the resistance Rg is large, the
circuit can be simplified to an underdamped LC circuit as ashown in Figure 4b. At the
beginning of stage B, the capacitor C is charged. The voltage V(t) reaches a maximum
value V¢ and further changes approximately according to the cosine function:

Ve(t) = VCH-COS( 27Tt>, 3)
Tic

where T} is a period of the LC circuit oscillations equal to the following;:
TLC =2V LC. (4)

In order to avoid excessive lowering of voltage across the capacitor, the K, switch can
only be turned on for a time less than 1/4 of the natural oscillation period T;c. Therefore, it
is convenient to express the turn-on time of the K; switch using the parameter kpoy with
respect to a quarter of the natural oscillation period:

T T
Ton = kON'% = kON‘EV LC. 5)
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Parameter kpp can take values from 0 to 1. Coefficient koyn will be later used to
determine the frequency and the duty factor of the K, switch control signal.

3.2.2. Energy Balance

Energy taken from the capacitor during this stage is equal to the following;:

1 1 T 1 .2 T
AE¢; = EC(VCZH - V) = Ec-V3H(1 — cos? (kON-E)) = SC-Vyysin (kON-E). ©6)
On the other hand, energy stored in the inductor is equal to the following;:
Lo
AEL = SLIf gy @)

The energy extracted from the capacitor AEc; is approximately equal to the energy
stored in the inductor AE;. From (7), using (4), the maximum current of the coil can be
determined, which is necessary for the proper selection of the coil L and the transistors K

and Kj:
/C . T Vern Tic . T
It max = Z'VCHSIH(kON'E) = %.ﬁSIH(kON.E)‘ (8)

3.3. Stage C: Transferring Energy to the Battery
3.3.1. Input Voltage

At the time of turning the switch K, OFF, the voltage on the capacitor is equal to the
following:

Ves = Vey-cos (koz\fg)- )

The voltage decrease across the capacitor C in Stage C can be calculated, assuming a
linear decrease of the coil current, using the following equation:

Tboost IL t IL Tb
Ve — V, _ / max 1— dr = max  ~boost ) 10
cs —Ver= | C Tos —c o (10)

3.3.2. Energy Balance

When the switch K is turned off, the voltage Vp increases abruptly so that it ensures
the continuity of the coil current if(t). If the value of the inductance of the coil is large
enough, the coil current decreases approximately linearly to zero. Thus, the energy stored
in the coil is completely transferred to the battery B. At all times, energy is also drawn from

capacitor C:

1
AEcy = Ec(véS _ VCZL), (11)

And the total energy extracted from the capacitor during one full cycle is equal to:
AEc = AEcy + AEcy = 2C(VEy — V2 12
c = AEci +AEcy = 5C(Ven — VeL ) (12)

On the other hand, the energy delivered to the battery and load can be calculated
based on the charge transferred to the output:

1
QLOAD = EILmax'Thoost/ (13)
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where Ty, is the duration of stage C. Finally, the energy E;pap delivered to the battery
and the load is equal to the following:

1
ELOAD = QLOAD’VDmax = EILmux'Tboost'VDmum (14)

where Vp,y is almost constant voltage in stage C equal to battery voltage plus diode D,
forward voltage drop.

It can be assumed that the total energy taken from the capacitor AEc and the energy
transferred to the load calculated from the charge E;pap are equal to each other:

1 1
EC(VCZH - VCZL) = EILmax'Tboost'VDmax- (15)

It is true that the capacitor C is charged from the source constantly, but the large
resistance of the source means that this is of little importance for the energy balance.

3.3.3. Duration of Stage C
Time Tyt can be calculated by transforming (15):
c (Vu-Vé)

T, = . . 16
boost ILmax VDmax ( )

Formula (16), after substitution (8) and then using (4), takes the form of the following:

T C-L _ (Vey — V&) Tic (Vey — V&)
boost — ",

T;Sin(koj\]'%) Ver-Vomar 27 VCH'VDmaxSin(kON'g)'

(17)

This formula will be simplified in the next subsection to Equation (29) and will be
used in the control algorithm.

Stage C ends when the coil current drops to zero, that is when all the energy stored in
the coil is transferred to the load and battery B. The voltage on the capacitor C then has its
minimum value of V.

3.4. Determination of the Operating Frequency and the Duty Factor in Boost Mode

The purpose of this subsection is to derive formulas describing the coefficients ko and
kcy to implement the converter control algorithm in boost mode. As in a classic converter,
the quantities used to calculate these coefficients are the input and output voltage of the
converter. The former is the open-circuit voltage Vs and can be easily measured by the
control unit. The latter is voltage Vpysx, which is roughly known as it is equal to battery
voltage plus diode D, forward voltage drop.

As mentioned earlier, the converter should work in near maximum power transfer
mode, which means that input voltage Vy (i.e., the voltage across capacitor C V) should
have a value close to % Vgs. Therefore, it is convenient to use the average value Vcy of the
voltage on capacitor C, which is defined as follows:

def Ve + Ve, _ Vs (1 _ e_kCH) e (1 Bl e_kCH) (18)

2 2 ’

Veav

where (2) was used to substitute Vy.
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st D) =

Although Vay should be equal to %V, due to the simulation and verification studies,
let us assume first that Vc4y can take any values and derive analytical relations for V¢p
and Vcpy. The former could be obtained after a simple transformation of (18):

2 1—e ken

1+ e ken Veav = 1+ e ken Vs (19

Ver =

and the latter by substituting (19) to (2):

2¢ ke 1— e ken

—Veav + ToFn

Ve =

Let’s return to the energy balance described by Equation (15), but this time dispose of
the I e and Tpppsr. Using Equations (9) and (10), the following equation can be written:

us
Tax Tooost = 2C (Veneos( kon-3 ) = Ver ), @1
and after substituting it into the Equation (15), one gets the following:

1

> (V(%H - VC2L> = (VCHCOS( kON'g) - VCL) “VDmax- (22)

This formula can be transformed, using the definition of Vcay (18), to determine koy:

- — |+ == (23)

(Ven — Ves) 4 Ver _ (Ven+Ver) (Ven —Ver) | Ver _ Veav <1 B VCL) Ver
Ver - Vomax  Ven 2 Veu ' Vomax  Vern VbDmax

Ver Ven'

where the ratio of V1 and Vy can be calculated using (19) and (20) as follows:

Voo | 2Veav — (1 - e*"CH)Vs
Ven  2Veay-eken + (1 — g*kCH)VS'

(24)

After taking into account that the average voltage across capacitor Vcay should be
equal to half of the voltage Vs, Equation (24) simplifies to the following:

_ _ ok
Ver . Vs (1 ¢ CH) Vs _ ,~kcn
- = ¢ fcH, (25)
Ven Vs'ekaH + (1 — 67kCH) Vs
Substituting (25) into (23):
T 1 Vs —kcH —kcH
Y=z - ) 2
cos(kON 2) 3 Vo (1 e ) +e (26)
which finally leads to the following:
2 1 V.
kon = —arccos (S (1 — e*kCH) + ekCH> , (27)
7T 2 Dmax
and: :
Vi kon-Z) — 5V.
key = —In Dmax COS( ON 12) 2Vs ' (28)
VDmax - QVS

Equations (27) and (28) tie together two basic control parameters, koy and kcy and are
essential for the controlling algorithm of the converter in boost mode. Admittedly, they do
not allow the determination of both control parameters independently, but by knowing or
choosing one of the parameters, the value of the other can be calculated.
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Tboost =

The actual values of the source resistance Rg, inductance L, and capacitance C are
required to convert the dimensionless kon and kcp coefficients into Ton and Torr times for
the K, switch. The determination of Rs and the selection of L and C will be presented in the
next section. For the following derivation, let’s assume that these values are known.

(5) directly gives the value of Toy. Calculating Torr is more convoluted because Torr
time is the sum of T+ and Tcpy, and expression (17) for Tpys depends on Vey and Vr.
Using the definition of V4y, the Equation (17) becomes the following;:

Tre (Ven + Vew) (Ven — Ve) _ Tic Veav (Ven — Vew)

2 Ve VDmaxsin (kON' %) o VDmaxsin (kON' %) Ven
Now let’s simplify it by assuming that the average voltage on the capacitor Vcay has

a value equal to half of Vg and by using Equation (25):

Tic, Vs (1
27 VDmaxsin (kON . %)

Thoost = - e_kCH) . (30)

Since the duration times of each stage are already known, both the frequency and the
duty factor of the converter’s control signal can be calculated from the following definitions:

def 1

et . (31)
f ToN + Tpoost + TcH

def TON (32)

B TON + Tboost + TCH.

4. Buck Mode Analysis

Notably, all three comments about boost mode, mentioned in Section 3, are also true
for buck mode. Firstly, the converter ought to operate in maximum power transferring
mode, which means that the voltage across the capacitor Vpy should have an average
value equal to half the open-circuit voltage of the source Vg. Secondly, the time of energy
accumulation in the capacitor C from the source must be relatively long, but not too long to
avoid too much increase of the voltage across the capacitor in relation to the desired value
of ¥ Vg. Thirdly, the duration of energy transfer from the capacitor C to the coil L should
be short so that the voltage across the capacitor does not decrease significantly from % V.

The main difference between buck and boost mode is the lack of a separate coil
discharge stage. In buck mode, the energy stored in the coil is transferred to the load at the
beginning of stage A, simultaneously with the charging of the capacitor from the source,
which means that almost always the device will operate with a discontinuous coil current.

Therefore, one buck cycle consists of only two stages as shown in Figure 5:

e  Stage A, when switch Kj is turned OFF, the capacitor is charging from the source, and
at the beginning, the energy is transferred from coil L to load and battery B, and in the
second part of this stage the current of coil L is zero;

e  Stage B, when switch Kj is turned ON and the energy is transferred from capacitor C
to inductor L.

e  Buck mode will be used if output voltage Vp is significantly lower than input voltage
Vin = Y2 Vs. Noting that switch Kj is always turned OFF in boost mode.

4.1. Stage A: Energy Gathering in the Capacitor

In this phase, the K; switch is opened, and as in phase A of boost mode, the input
capacitor is separated from the output circuit. As a result, the input voltage waveform is
identical to that in phase A of boost mode, and relations (1) and (2) apply equally to stage
A of buck mode.
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Figure 5. The method of operation of the converter in buck mode: (a) Stage A—exponential capacitor
C charging and transferring the energy to battery B; (b) stage B—sinusoidal energy transferring from
capacitor C to inductor L; (c) waveforms in buck mode.

4.2. Stage B: Transferring Energy to Inductor and Battery

During stage B the switch Kj is closed. As in stage B of boost mode, the circuit can
be simplified to an underdamped LC circuit in series with a battery B (Figure 5b). At the
beginning of stage B, the capacitor C is charged, the voltage V(t) reaches a maximum
value Vcp, and further changes according to the cosine function:

t
Ve(t) = (Ve — VDmax)-cos< 27rTLC> + Vbmax- (33)

At the end of this stage, the voltage across capacitor C reaches its minimum value:
s
Ver = (Ver = Vomax)-<os( kon- 7 ) + Vomar: (34)

The above relationships are true, assuming that V| is greater than Vp,,,,, which
should always be true if the converter is in buck mode.

It is still necessary to determine the maximum current of the coil because of its impor-
tance while selecting both the coil L and transistor K;. It can be calculated by considering
how the current of the coil is changing during stage B. Using (33), one gets the following:

Ton Ton
1 k (VCH — VDmax)

1 t . T
ILmax:LO/(VC(t)—VDmﬂx)dt:LO/ (VCH—VDmux)-cos<27TTLC)dt: o fsm(ko]\,-i). (35)

4.3. Determination of the Operating Frequency and the Duty Factor in Boost Mode

As for boost mode, let’s derive formulas for calculating the coefficients kon and kcy
based on open-circuit voltage Vs and the voltage Vp;,, which is equal to battery voltage
plus diode D; forward voltage drop.
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Using Formulas (2), (18) and (34), one can write a system of three equations with
4 unknowns: Vg, Ve, kon, and kcy:

Ven = Vs (1 — e—kCH) + Ve ken
Ver = (Ver — Vomax) 08 (konZ) + Vomar - (36)

Ve +We
Veay = CH2 cL

from which Vg should be eliminated as follows:

{ 2Veay —VerL = Vs (1 — €_kCH> + Vep-e~ken -

Ver = (2Veav — Ver, — Vomax)-c0s( kon-5) + Vomax

and, in the next step, V¢ should be eliminated too, as follows:

{ Ver (1 + e’kCH) — Weaw — Vs (1 - e*kCH) 8)
Ver( '

14 cos(kon'5)) = (2Veav — Vomax)-cos( kon'5) + Vomax
p— Weuy — Vs (1 - e*kCH)
_ = = . (39)
1+ COS( kON'j) (2VCAV - VDmax)'COS< kON'j) + VDmux

Yet again, after taking into account that the average voltage across capacitor Vcay

should be equal to %2Vs, Equation (39) simplifies to the following:

1+eken Ve ken (“0)
14+ cos(kon'5F) (Vs — Vomax)-cos(kon-F) + Vomax
And finally, one gets the following:
(1 + e_kCH) “VDmax — VSe_kCH

kon = = ) 41

ON = —arccos [+ e k) Vomar — Vs (41)
or the following:
kew = —In Vscos( konF) + Vomax (1 — cos(ﬁkoz\]-%)) . @)
Vs — Vomax (1 — cos( kon-5))

As for boost mode, let’s assume that the values of the source resistance R, inductance
L, and capacitance C are known. Then, (5) gives the value Toy, and (1) Topr. In buck mode,
the frequency and the duty factor of the converter’s control signal can be calculated from
the following definitions:

= 43

f Ton + Tch )
def Ton

d = 44

Ton + Tch 44)

5. Design Recommendations—How to Choose L and C

First, let’s note that before designing a converter, it is necessary to know roughly
the range of variation of the source resistance and open-circuit voltage because these
parameters strongly affect the selection of the components.

From the formulas presented so far, it could be unclear what the values of inductance L
and capacitance C should be, and, in general, it is impossible to derive formulas to calculate
these values. Nevertheless, it is possible to show some restrictions on them.
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The device is supposed to measure the source resistance and open-circuit voltage
periodically by opening switch K; and waiting a sufficiently long time until the voltage
on capacitor C is almost in a steady state. Such a measurement should take significantly
less time compared to the rate of change of both measured quantities. It means that the
time constant of the input circuit, consisting of source resistance and input capacitor Rs-C,
should not be too long. This leads to a restriction on the capacitance C:

Cmax < M, (45)
RS_max
where Rs 4y is the expected maximum value of source resistance and Ty i, is the mini-
mum time between measurements of source parameters. Both values need to be measured
or evaluated experimentally. In the case of the stray current energy harvester, the rate of
change of open-circuit voltage is usually less than 10 V/s and the source resistance usually
changes much more slowly than 1 )/s.

On the other hand, capacitance C cannot be too small because either the peak-to-peak
value of the voltage ripple across the capacitor C would be too large, or the operating
frequency of the converter would be too high. The peak-to-peak ripple voltage V¢, can be
calculated using Formulas (19) and (20), which are true for both boost and buck modes,
assuming that the average voltage Vay is equal to half the open-circuit voltage V:

2e ken — 2 1— e ken 1 — e ken
14 e—kcn cav =2 1+ e—kcn 5 1+ e—ken

Vepy = Ven — Ver = Vs. (46)

From Equation (46), constraints on the maximum value of kcy can be derived as

follows:
_ Vepy
Vs
kCH_max =—In 7VC

1+ Yo

(47)

where V,/Vs is the assumed maximum value of the ratio of ripple to the open-circuit
voltage. Since kcy must be less than 1, it limits the maximum ratio of V¢;,/Vs to 0.462.
Usually, Vgp,/Vs << 1.

The working frequency of the converter depends primarily on the duration of stage A,
so it can be approximated as follows:

1
N . 4
Finally, the formula for the minimum value of capacitor C can be derived as follows:

1
kCHﬁmax ‘fmax 'RSszx

Cmin > , (49)
where f4x is the maximum acceptable operating frequency of the converter.

As for the selection of the inductance of the coil, it should be noted that the inductance
ought not to be too small, so that the maximum coil current is not too large, but at the
same time, the inductance should be small enough so that in stage B the circuit can be
simplified to an underdamped RLC circuit. For the latter condition to be met, the following
relationship must be satisfied:

Lyax < 4R3 ,.i,C, (50)

where the definition of damping factor C of the parallel RLC circuit was used and Rg_,, is
the minimal expected value of source resistance.
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Comparing relations (8) and (35), one can expect a higher maximum coil current in
boost mode. Substituting (20) into (8) and assuming that Vc4y is equal to half of Vs leads

to the following;:
C 1 . T
linex =\ T 15 Vorsin (kow 5 ) (51)

from which the minimum value of inductance L can be calculated as follows:

1 2 C ., m
Lmin > (1+e—kCH VS_max) 'I%max -sin (kON'E)- (52)
Substituting the Formula (27) and using trigonometric identity for sin (arccos(x)) one
gets the following:
1 e 1 Vs L )2
L > ———Vs | 55— |1—-{= 1—e "cH CH , 53
MIN (1+e—kCH 5> 2.y < (2 VDW( ¢ >+e > (53)

where Ij4x is the maximum acceptable coil L current value and is the design parameter.
Unfortunately, both coefficient kcp and the open-circuit voltage Vg vary over wide ranges
and the equation is relatively complicated. Therefore, it is very useful to know how the
minimum value of the inductor depends on coefficient kcyy and the open-circuit voltage Vg
changes (Figure 6). The influence of coefficient kcp is almost linear, and the influence of the
open-circuit voltage looks a bit like a distorted parabola. Hence, the Formula (53) can be
roughly approximated as follows:

kCH max C 2
Ly > ——— 2 “Vmaxs (54)
MAX
where kcy may is the maximum value of coefficient kcpy to be used.
Lyun [H] — Lyun [H]
10.2-0.
0.2:0.3 AT [70.1-0.2 03
03 4— 00102 yadav aBnE NN 00.0-0.1
— NI ~
- 00.0-0.1 e
? Vi 5i2aE R 02
02 - o BESN
2 - \
— N e e
| 7700858 -<><\ 0.14
01 - 2222955 5a8 ARNNN 0.58 - 0.1
EEEEEE::E:’ :::i 0.75 1.01
/ﬁzé:a::____ ‘:: 0.4
0.0 — : — 0.05 . ‘ - 00
0.14 0.58 1.01 141 1.81 : 0.50 0.65 0.8
VS/VDma\' ' ’ kCH

Figure 6. The minimum value of inductance L vs coefficient kcy and normalized open-circuit voltage
shown from two perspectives. Plotted using (54) assuming C and Ijj4x are equal to 1.

In summary, Formulas (45) and (49) describe the limitations on the value of capacitor
C, while Formulas (50) and (54) restrict the value of the coil L. Since there are no other
restrictions on values C and L arising from the analytical model, the designer should
choose values of these elements considering other factors, such as dimensions, price, and
availability. It should be emphasized that, as it is shown in Section 7, even the influence of
exact values of these elements on converter parameters is not critical.



Electronics 2025, 14, 52

15 of 31

Example of Choosing the Capacitor C and the Coil L

Suppose that the unconventional energy source has the following properties:

e the open-circuit voltage of the source Vs is less than 40 V and changes with slew rate
SRg of less than 10 V/s;

e aminimum usable open-circuit voltage Vs, of 2'V;

e  source resistance from Rg i, = 50 Q) to Rg 0 = 200 (2 and rate of change much slower
than1 Q)/s.

e  The requirements for a converter are as follows:

e anoutput voltage Vp of 12.8 V;

the voltage drop across the diode Vr of 1.0'V;
a maximum coil current Iy, of 3 A;
a maximum ratio of amplitude V¢, to open-circuit voltage Vs of 10%;

operating frequency f less than 4 kHz.

Assuming that the maximum acceptable mismatch between the used in the calculation
and the actual value of open-circuit voltage AV should be less than 1 V the time between
measurements of source parameters ty; i, can be calculated using tp1 = AVs/SRg and is equal
to 100 ms.

From (45) one can calculate that the maximum value of capacitor Cpax should be
much smaller than 500 pF, from (47) the maximum value of k¢ is equal to 0.2, and from
(49) the minimum value of capacitor Cyy equal to 6.25 uE

Let us assume it was decided to use 4 parallel connected 10 uF MLCC capacitors and
the capacitance C is equal to 40 uF.

Using (50) one can obtain the maximum value of coil inductance Lyjax equal to 0.4
H and using (54) the minimum value of coil Ly equal to 55 pH. Selecting a coil with an
inductance of 100 uH satisfies these limitations.

6. Control Algorithm

As mentioned in Section 2, the control algorithm must estimate the open-circuit
voltage and output resistance of the source Vg, choose the converter’s operating mode, and
determine the operating frequency and the duty factor of the converter control signal. The
control algorithm is shown in Figure 7.

L,C (known value)
Ry = (min value)

Koy =initial value)
key = <initial value>

-] measure V,
v Vi=velt)
measure Vg
1 (Vs =Vema) A
it At
wait>3R.C
measure V.,
every Ty, V,=ve(t,) ’
calculate R 7
t calculate
R, value
run converter set set
fOV TRUN BUCK BYPASS RETURN
ry

-

calculate

k

ON> "CH> T()N’ TPWM

Figure 7. The block diagram of the converter’s control algorithm.
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6.1. Measuring the Power Source Parameters

It is easy to see that to measure the open-circuit voltage Vg, one needs to simply open
the K switch and wait until the voltage across the capacitor is in a steady state. However,
you can simultaneously measure the output resistance of the source Rs. The voltage across
the capacitor changes in the buck mode after opening switch K; and in the boost mode
Thoost after opening switch K, as follows:

b
Vc(t) = (VS — Vl) <1 —e RSC) + Vs, (55)
where V1 is the measured value of the voltage across the capacitor after opening switch K;
in buck mode or after Tj,,s after opening switch Kj in the boost mode. After time At, the
voltage V', across the capacitor should be measured again. If the values V1, V, and At are
known, (55) can be transformed to calculate source resistance Rg:

At

Rs—_c.ln(w.

(56)

6.2. Choosing the Operating Mode

The operating mode is selected on the basis of the ratio of the open-circuit voltage
Vs to the Vpy,y voltage. The voltage Vpyay is known, it depends primarily on the type of
battery used in the device (and configuration of batteries if there are more than one), and
the open-circuit voltage Vs must be measured.

If half of the open-circuit voltage Vs is less than Vp,,y, use boost mode. On the other
hand, if half of the open-circuit voltage Vs is significantly greater than Vp,,,, the buck
mode should be used. If half of the open-circuit voltage Vg is slightly larger than Vp,y, it
is advantageous to use the bypass mode. The limits of the use of different modes, shown
in Figure 8, are not precisely defined, as they are not critical for the performance of the
converter.

4.0

I . P
Pout - boost 1 E< 12
Boost prefered | 3.5 i i’
L R i " g = Pout - bypass
|y | prefered 3.0 YE 1 Loflo.
11 = Pout - buck 1 I
,_a 98 bhoost I I - 25 t > Buck
s a—byPass L1 E 1 Iprefered
g ypass /}7] I 3 2.0 i i
s 97 buek o ~ 5 1 1
r/ 11 Boost prefered 1 1
5 / o 1.0 Y & I
96 YDA .p Bypass prefered |
prefered _]<1| 1< 0.5 iDypass p
zl I5 I
95 . A : 00 + ; ; — ‘
0 10 20 30 40 0 10 20 30 40
Vs [V] Vs [V]
(@ (b)

Figure 8. Choice of operating mode: (a) comparison of harvesting efficacy defined by (63); (b) power
delivered to the battery and load calculated using (57)—(60) for the circuit described in Section 7.

6.3. Determining Frequency and Duty Factor of the Control Signal

In the bypass mode, the switch K; is permanently closed and the switch Kj is perma-
nently opened.

In contrast, in the boost mode, the switch K; is permanently closed, and the transistor
Kj is switching. The buck mode is similar, but in this case, the transistor K; is switching,
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while switch K; is permanently opened. To calculate the frequency and duty factor of the
control signal of the switching transistor, first, choose a reasonable value of coefficient kcy
or kon and then calculate, using Formula (27) or (28) respectively, the second coefficient.
As explained earlier, both coefficients should be less than 1, and Formula (47) limits the
maximum value of the coefficient kcpy.

Next, it is necessary to calculate Ty, Ton, and forboost mode T, using Formulas (1),
(5) and (30), respectively. Finally, the frequency and duty factor of the control signal can be
determined using (31) and (32) for boost mode and (43) and (44) for buck mode.

In summary, there are two ways to determine the parameters of the control signal.
One is to select ko and then calculate kcy using (28). The other is to select kcy and then
calculate kpoyn using (27). In both cases the frequency and duty factor can be calculated
using Formulas (1), (5), (30), (31) and (32). Figures 9 and 10 show how these parameters
depend on open-circuit voltage Vg, different values of capacitance C and inductance L, and
different effective input resistances for boost mode.

ek ch=0.1;Rs, L, C 20

—kch=0.1; Rs, L, C/2

o kch=0.1;Rs, L, 2C T~
15

kch=0.1; Rs, L/2, C
o kch=0.1;Rs, 2L, C

keh=0.;Rs/2, L, C %

o kch=0.1;2Rs,I,C ~ E10
Z
(=

kch=0.2; Rs, L, C

; 2 | 0.0 ; ; ;

20 30 0 10 20 30
Vs [V] Vs [V]

(a) (b)

Figure 9. The influence of the open-circuit voltage Vs in boost mode on (a) the duty factor of the
control signal; and (b) the frequency of the control signal normalized to the natural frequency of the
LC circuit. The coefficient kcyy was selected initially, and coefficient ko was calculated using (27) for
VDmax = 13.8 V. The frequency hardly changes as the period of the control signal is approximately
equal to Tcy, which is constant. The legend on the left figure is valid for the right one as well.

To facilitate the selection of a “reasonable” kcp or koy factor initially, it is useful to
know the effect of these parameters on the converter’s energy harvesting efficacy. Firstly,
however, it is necessary to calculate the power supplied to battery B; the load; and define
this efficacy.

The mean power that is extracted from the capacitor can be calculated by substituting
(19) and (20) into (12). After simplification, one obtains the following;:

2C 1 —e Fen
2 2 _
(VCH - VCL) = Town 15 e Fon (Vs = Veav)-Veav (57)

_1 ¢
2 Tpwm

Pc

where Tpyy is the duration time of one full cycle of the converter. However, in boost mode,
the power delivered to the battery and load is, at the same time, greater due to the current
I;, flowing from the source in Stages B and C:

Ton + T Vg — V, Ton + T,
Pudd _ Iin'VCAV OI\%PWNZ;OO“ _ S RSCAV'VCAV OI\%PWI\;OO“ (58)




Electronics 2025, 14, 52 18 of 31

and is reduced by the power lost in diode D;:

1 T
Py = glimax Ve 2, (59)
where Vr is the diode D, forward voltage drop. The final formula for the power supplied
to the battery B and the load can be written as follows:

Poutr = Pc + Pygq — Py. (60)
0.16 3.0
\ —=——kon=0.2;Rs, L, C kon=0.2; Rs, L, C

0.14 kon=0.:2; Rs;L;0:5C ”5 kon=0.2; Rs, L, C/2

012 - \ o kon=0.2; Rs,L,2C ' . o kon=0.2;Rs, L, 2C
= \ kon=0.2; Rs,0.5L,C 0 B kon=0.2; Rs, L/2,C
Ro.10 o--kon=0.2; Rs;2L; € ol e o kon=0.2;Rs, 2L, C
E 0.08 ~o \ kon=0.2; 0.5Rs,L,C E 15 \ kon=0.2: Rs/2, L, C
o \> kon=0.2; 2Rs,L,C o o kon=0.2;2Rs, L, C
5006 | Foey - ’ \ B 10 O N NN

0.04 4720 Seng s TN .a

0.02 S SR (015 T CTTTSTSSOTOON SRR, 45 20 - YO S~ W oms  SSSSOO

OOO T T a v ] OO T T st 1

0 10 20 30 0 10 20 30
Vs [V] Vs [V]
(a) (b)

Figure 10. The influence of the open-circuit voltage Vs in boost mode on (a) the duty factor of the
control signal; and (b) the frequency of the control signal normalized to the natural frequency of the
LC circuit. The coefficient koy was selected initially and coefficient kcy was calculated using (28) for
VDmax = 13.8 V. The frequency and the duty factor depend almost linearly on open-source voltage Vg
as Tcy is proportional to Vs, and the period of the control signal is approximately equal to Tcp.

On the other hand, according to maximum power transfer theorem, the power avail-
able from the source is equal to the following;:

Vg2
Ps pvait = iRg (61)

Now it is time to define the energy conversion efficiency factor #coup:

P
Heomo = PO&&OO%. (62)
S Avail
Figure 11 shows how the energy conversion efficiency factor 7, depends on coeffi-
cients kcy and koy.

Finally, let us define harvesting efficacy factor #,,,:

P
Mharv d:ef P IN -100%, (63)
S Avail

where Py is the power delivered by the source to the converter and can be calculated as

follows:
Vs — Veav

Psout = Iin-Vin & R

Veav- (64)
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Figure 11. The influence of kcp or koy coefficients in boost mode on energy conversion efficiency
factor #¢onpy shown from two points of view. Data calculated as described in Section 6.3 for the circuit
described in Section 7. The legend in the middle is valid for both figures.

Energy harvesting efficacy is actually a measure of the matching of the input resistance
of the converter to the source resistance and reaches a maximum value of 100% in the case
of perfect matching. Figure 12 shows that the energy harvesting efficacy factor #y,,, is not
very sensitive to the coefficients kcy and koy.
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- 4075
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Figure 12. The influence of kcy or koy coefficients in boost mode on energy harvesting efficacy
factor #,,, shown from two points of view. Data calculated as described in Section 6.3 for the circuit
described in Section 7. The legend in the middle is valid for both figures.

7. Simulations of the Proposed Converter and Verification of the
Derived Formulas

The LT-Spice program was used to verify the design presented in previous sections.
The method of simulating the boost operation is presented in Figure 13. For the buck mode,
the circuit was the same; simulations differed only in the directives of the control signals.

Figures 14 and 15 show very good agreement between simulation results and cor-
responding analytical solutions for exemplary quantities: output power, minimum and
maximum voltage across the capacitor in one converter cycle, and maximum coil current.
These quantities were chosen because of their relevance to the characterization of the
converter.
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.param INITTIME=10m
.param SIMTIME=50m - -
Jparam Vsrc=15. | o
.param Vsrc2=15-
.param VBAT=12.79
.param VBAT2=12.79
.param kCH=0.1

.param Rsrc=100"
.param Rsrc2=100
.param CAP=40u

.param CAP2=40u
.param IND=100u
.param IND2=100u

.param kON=0.2 -
.param Vd=VBAT+1

.step param kCH 0.05 0.35 0.05
.step param kON 0.2.0.4 0.05. *
.step param-Rsrc 10 400 50

step.paramVsrc130. 1. . . .
.step param-Vsrc2 7.5 22.5 1.5

Jparam kCH1=(2*cos(kON*pi/2)-Vsrc/(VBAT+1))/(2-Vsrc/(VBAT+1))

.param kCH2=if(Vsirc/(VBAT+1)<2*cos(kON*pi/2). , kCH1, 0.01)'
.param kCH=-log(kCH2)

.param kON_arg=Vsrc/2/Vd*(1-exp(- kCH))+exp( kCH)
.param kON2=2/3.142*acos(kON_arg) -

param kON=if(kON2>0.01, kON2,0.01) '

.param TLC=2*pi*sqrt(CAP*IND)

.param TON=TLC/4*kON

.param TCHARGE=kCH*Rsrc*CAP -

.param TBOOST= TLC[Z[pl*VsrcIVdIsm(kDN*pllZ)*(l exp( kCH))
.meas TRAN kCH_calc PARAM kCH

.meas TRAN kON_calc PARAM kON- -

.meas TRAN. TON_calc PARAM TON

.meas TRAN TCH PARAM TCHARGE"

.meas TRAN. TPWM PARAM (TON+TCHARGE+TBDDST)
.meas TRAN FPWM PARAM 1/(TON+TCHARGE+TBOOST)

M2. IRF6635. . . .

V1
:{Vsrc} {CAP} $

- D2
PMEG2010AEB

.. /PMEG2010AEB: DR

M1 PULSE(O 5010n-10n {TDN} {TDN +TCHARGE+TBDOST})

i %RF5635 :

.meas TRAN Pavail AVG V1*V1/(4*R1*R1) TRIG time=0 TARG time=SIMTIME
.meas TRAN Pin AVG -V{UC)*I(R1) TRIG time=0 TARG time=SIMTIME. o
.meas TRAN Pout AVG -I(RB)*V(VDUT) TRIG time=0 TARG time=SIMTIME - -

.meas TRAN Iin AVG -I(R1) TRIG time=0 TARG time=SIMTIME
.meas TRAN Ibat AVG I(V3) TRIG time=0 TARG time=SIMTIME
.meas TRAN ILmax MAX abs(I(L1))

.meas TRAN Idirect PARAM {Vsrc-VBAT)/Rsrc
.meas TRAN eff_harv PARAM Pin/Pavail*100
.meas TRAN eff _conv PARAM Pout/Pin*100

.meas TRAN UCH MAX V(UC) TRIG time=0 TARG time=SIMTIME
.meas TRAN.UCL MIN V({UC) TRIG time=0 TARG time=SIMTIME .
.meas TRAN UCav AVG V(UC). : LoDl

.meas TRAN Fnorm. PARAM TLC/(TON+TCHARGE+TBOOST)
.meas TRAN Duty PARAM TON/ (TON+TCHARGE+TBOOST)

.option plotwinsize=0 numdgt=15 -
tran'0 {SIMTIME+IN1'I‘T.IME} {INI'I‘T.IME}

.option method=trap

Figure 13. The SPICE simulation circuit and directives for boost mode.
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Figure 14. A comparison of the simulation results with derived analytical relationships. The influence
of the open-circuit voltage Vs on (a) power delivered to the source Poyr, data calculated using
Formulas (57)—(60); (b) minimum V) and maximum V ¢y voltage across capacitor C during one
cycle in boost mode, data calculated using Formulas (18)—(20).

Simulations were also used to determine the impact of component tolerances on
converter operation and the effect of inaccuracy in determining the source resistance on
how the converter works. Figure 16 shows that the effect of capacitance C variability is the
smallest. The influence of the remaining quantities is slightly larger but still not critical.
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Sensitivity [%]
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boost @ kch=0.1

30 boost @ kon=0.2
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<20
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Figure 15. The maximum current Iy, of the inductance L vs. the open-circuit voltage Vg in different
modes of operation and for different control modes (kcy = const or ko = const). Solid lines—data
obtained using Formulas (8) and (35); markers—the results of the LTSpice simulation.
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Figure 16. The influence of key components tolerance and inaccuracy in determining source parame-
ters on (a) the most important quantities describing the operation of the converter quantities; and
(b) energy harvesting efficacy. Sensitivity is defined as the relative change of a given quantity from its
nominal value (for nominal values of C, L, etc.).

8. Hardware Implementation

The proposed algorithm was implemented in a prototype of the energy harvesting device,
which consists of a Nucleo development board with an STM32L152 microcontroller and a
prototype universal buck-boost converter designed by the authors of this article. The test
bench consisted of an IT6721 power supply, Sanwa PC5001a multimeters, Siglent SDS1104X-E
oscilloscope, a decade resistor, and a standard 12 V 7 Ah gel battery. To experimentally verify
the concept a slightly modified previously designed device was used. This means that the
prototype was not fully optimized, but it is not the subject of this article.

8.1. Static Measurements Without Disturbance

The power supply was used as an energy source and allowed to set the voltage Vs from
0V to 60 V. Due to the very low output resistance of the power supply, a decade resistor
was used to set the output resistance of the emulated energy source R to the desired value
Figures 17 and 18. During the static tests, the decade resistor was set to 100 ().
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Figure 17. The schematic of the test bench used to measure prototype of the energy harvesting device.

PC is the prototype of power converter and B is battery which together are Energy Harvesting Power
Converter.

Figure 18. The prototype of the energy harvesting device workingin the boost mode. On oscilloscope
display: magenta waveform—V;, = V, yellow waveform—Kj transistor control signal. Meters from
left: Vg [V], Iout [mA], Iiy [mA], Vcay [V]. Source parameters: Vs =0.99 V, Rg = 100 Q).

The actual waveforms for boost and buck modes of input voltage (voltage across
capacitor C), the current of the coil L, and voltage Vp at the anode of diode D; are in perfect
agreement with those predicted and modeled in the previous section (Figures 4d and 5c).

All three stages of boost mode are clearly visible in Figure 19, which presents wave-
forms of the converter working in boost mode:

e Charging of the capacitor from the source (stage A), when switch Kj is turned OFF
(yellow trace is low) and the current of the coil L is zero (cyan trace is zero);

e energy transfer from capacitor C to inductor L (stage B), when switch Kj is turned ON
(yellow trace is high) and the coil’s current increases linearly (ramp up of cyan trace);

e  energy transfer from coil L to load and battery B (stage C), when switch Kj is turned
OFF (yellow trace is low), the coil’s current decreases linearly (ramp down of cyan
trace), and the diode D, is still biased forward (green trace is high).

It should be emphasized that the assumption of an almost linear rise (in stage B) and
then fall (in stage C) of the coil current was confirmed during the measurements of the
prototype, as can be seen in Figure 19.
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Figure 19. The most important waveforms of the converter working in the boost mode shown in two
different time scales: yellow trace—K transistor control signal, magenta trace—voltage across capacitor
C (Vj,, = V¢), green trace—voltage Vp at the anode of diode D;, cyan trace—inductor L current measured
on a 0.1 Q) resistor using differential probe. Source parameters: Vg =15V, Rg = 100 Q). The set control
parameter kcy = 0.1, calculated control parameters: kon = 0.188, f = 2.27 kHz, DF = 4.2%.

Also, both stages of buck mode are clearly visible in Figure 20, which presents wave-
forms of the converter working in buck mode:

e charging of the capacitor from the source (stage A), when switch Kj is turned OFF
(yellow trace is low) and the current of the coil L fast and linearly drops to zero at the
beginning of the stage and then is zero until the end of the stage (cyan trace);

e  energy transfer from capacitor C to inductor L (stage B), when switch Kj is turned ON
(yellow trace is high) and the coil’s current increases (cyan trace).

e It should be emphasized that the assumption of an almost linear fall in stage B of the
coil current was confirmed during the measurements of the prototype (Figure 20).

+Duty[ 1]

Figure 20. The most important waveforms of the converter working in the buck mode shown in two
different time scales: magenta waveform—V;, = V, yellow waveform—Kj transistor control signal,
green trace—voltage Vp at the anode of diode D,, cyan trace—inductor L current measured on a
0.1 Q resistor using differential probe. Source parameters: Vs =40V, Rg = 100 Q2.

The results of the comparison between simulations and experimental results are
presented in Figures 21-23. The harvesting efficacy factor #y,,, is a few percent lower than
the values resulting from the simulations, which is mainly due to the fact that the device is
powered from the battery, making the output current systematically lower than simulated.
Less influential are power losses in the device not taken into account in the simulations,
e.g., on the resistance of tracks, wires, and contacts, on the series resistance of capacitors.
The energy conversion efficiency factor #¢ono for open-circuit voltage Vg > 15 V is in perfect
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match with simulation results, but lower values of Vg tend to be lower than simulated
results, as can be seen in Figure 21a. Again, this can be perfectly explained by the fact
that the device is powered by the battery. Since the power taken from the battery by the
device is approximately constant, the higher the power given off by the converter (which
is the case for higher Vg voltages) the smaller the difference between measurements and

simulations. The output power over the entire range of open-circuit voltage Vs variations
agrees with the simulations (Figure 21b).
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(a) (b)
Figure 21. A comparison of the measurements of the prototype with simulations. The influence of the
open-circuit source voltage Vg on (a) energy conversion efficiency factor 7., and harvesting efficacy
factor #y,,; (b) output power. Source resistance Rg was set to 100 Q). The kcy parameter was set to 0.1.
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Figure 22. A comparison of the measurements of the prototype with simulations: (a) average voltage
across input capacitor C changes vs. the open-circuit source voltage Vg, source resistance Rg = 100 2.;
(b) input resistance vs. the open-circuit source voltage Vs. Input resistance was calculated using
Vecav/Iin, source parameters: Vg =15V, Rg =100 Q.

Figure 22 shows how well input resistance matches to source resistance: if the converter
operates in maximum power transfer mode, the input voltage should be equal to half of
the open-circuit voltage, and the input resistance should be equal to the source resistance.
Both the average voltage across input capacitor C and input resistance are slightly higher
than the simulation results for higher values of Vs, as can be seen in Figure 22. However,
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overall, the match to source resistance is very good; in the worst case, the input resistance
differs from source resistance by less than 13%, which means that only 0.4% of available
power is lost due to resistance mismatch.
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(a) (b)

Figure 23. The influence of (a) kcpy parameter on several key quantities presented as a relative error
compared to the values resulting from the simulations. Source parameters: Vg =15V, Rg = 100 ();
(b) source resistance on energy conversion efficiency factor #cony and harvesting efficacy factor ;.
Open-circuit voltage Vs =10 V.

As shown earlier in Figures 11 and 12, the effect of the kcyy parameter on the converter’s
operation is small within a certain range of change, as it is “compensated” by the calculated
value of the ko parameter. Therefore, to make the Figure 23a more readable, it was decided
to present the influence of the kcy parameter on the key quantities by means of an error
relative to the values calculated in the simulations. Both the energy conversion efficiency
factor #¢onp and harvesting efficacy factor #,,,, agree reasonably well with the simulations,
although both are again slightly lower than simulated values. The same observations apply
to the output power given off to the battery and the load, which is very similar to the
energy conversion efficiency factor #¢y,,. It is not surprising, as output power appears in
the definition of energy conversion efficiency factor #couy.

However, both the input voltage (average voltage across capacitor C) and input
resistance slightly, but linearly, deviate from the simulation, which can be explained by the
slight deviation of the actual values of capacitance C and inductance L and those entered in
the microcontroller code.

The effect of source resistance on converter performance and parameters was also
measured. The prototype was adapted to work with sources with resistances in the range
of 50 () to 200 (2 (as in the example above), but even so, as can be seen in Figure 23b, even
a much higher source resistance does not affect the performance of the converter at all. If
the source resistance is less than 50 (), the converter performs noticeably worse, but this
can be easily explained because Equation (50) is much less well satisfied.

8.2. Static Measurements with Disturbance

The proposed control algorithm assumes that the source parameters are measured
every certain period derived from the source parameters. After these measurements, the
device operates in maximum power transfer mode. It is only when the source parameters
change significantly that the converter’s parameters may differ from the optimal values.
As already mentioned, for real power sources the voltage changes much faster than the
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resistance. For these reasons, the prototype was tested by forcing the converter to operate
with the open-circuit voltage used to calculate control parameters other than the actual one.

As can be expected, when the converter operates with an incorrect open-circuit voltage
value, the output power energy, conversion efficiency factor #oy, and harvesting efficacy
factor #,y, are lower than when the converter operates with an exact open-circuit voltage
value. However, in the worst case (for Vs equal to 20 V), output power drops are less
than 10%, as can be seen in Figure 24. This is to be expected, as knowing how control
parameters kon and kcy affects conversion efficiency factor #04» and harvesting efficacy
factor #pqy, (Figures 11 and 12). Figure 25 confirms that the converter operates close to the
maximum power transfer mode. Both, the average voltage across input capacitor C and
the input resistance are up to 25% lower than they should be in maximum power transfer
mode, and the input resistance drops to 60 () for higher values of V5. However, it must
be strongly emphasized that this means a loss of only 6.25% of available power due to
resistance mismatch.
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Figure 24. A comparison of the measurements of converters operating with exact values of open-
circuit voltage (‘optimal” curves) with converters using fixed value Vg equal to 5 V (‘disturbed”
curves): (a) energy conversion efficiency factor #¢ono and harvesting efficacy factor #,4.,; (b) output
power. Measured in circuit presented in Figure 18. Source resistance Rg was set to 100 Q).

8.3. Dynamic Measurements

The converter was also tested in more realistic conditions. Siglent SDG2042X arbitral
waveform generator replaced the power supply as an energy source, as shown in Figure 26.
The AWG allowed to generate time-varying voltage Vs from 0 V up to 10 V. It has an output
resistance of 50 (2, so in order to obtain an output resistance of 100 (2, the decade resistor was
set to 50 (). Since in this case, the open-circuit voltage is unavailable, the second channel of
the AWG, with parameters duplicated from channel 1, was used to observe the open-circuit
voltage. Apart from these changes the rest of the test bench remained the same.

During the test, the control algorithm used a fixed value of open-circuit voltage
equal to 5 V, but the open-circuit voltage varied from 5 V to 10 V with a frequency of
10 Hz. This was conducted to simulate the rapid changes in open-circuit voltage between
measurements.

As can be seen in Figure 27, although the open-circuit voltage increases twice, the input
voltage of the converter, without recalculating the control parameters, roughly follows the
open-circuit voltage. Thus, based on previous measurements, it can be concluded that the
converter is operating almost in the maximum power transfer mode.
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Figure 25. A comparison of the measurements of converters operating with exact values of open-
circuit voltage (‘optimal’ curves) with converters using fixed value of Vs equal to 5 V (‘disturbed”
curves): (a) how average voltage across input capacitor C changes when the open-circuit source
voltage Vs is changing; (b) input resistance vs the open-circuit source voltage V. Input resistance
was calculated using Vcay/Ijy. Source resistance Rg = 100 ().

Figure 26. The prototype of the energy harvesting device during quasi-realistic tests. On oscilloscope
display: yellow waveform—open-circuit voltage Vs from duplicated second channel of the AWG,
magenta trace—input voltage V¢, cyan trace—inductor L current measured on a 0.1 () resistor
using differential probe. Meters from left: Vg [V], Iyt [mA], Ijy [mA], Vcay [V]. Source parameters:
open-circuit voltage Vg varied from 5V to 10 V, Rg = 100 Q).

The last tests were to check the effect of frequency and, at the same time, the slew rate
of open-circuit voltage on the operation of the converter. Figures 27 and 28 show that both
of these quantities have little effect on the operation and performance of the converter, even
when the open-circuit voltage changes very rapidly.
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Figure 27. The most important waveforms of the converter during dynamic tests: yellow trace—
open-circuit voltage Vg from duplicated second channel of the AWG, magenta trace—input voltage
Ve, green trace—reference (GND) for Vg and V¢, cyan trace—inductor L current measured on a 0.1 (
resistor using differential probe. Source parameters: Rg = 100 ), Vs changes from 5V to 10 V with
frequency: (a) 10 Hz; (b) 1 kHz. The control parameters calculated for 5V, frequency of control signal
was 2.323 kHz.
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Figure 28. A comparison of the measurements of converters operating with exact values of open-
circuit voltage in static conditions (point at 0 Hz) with the converter using fixed value Vg equal to 5V
while Vg changes from 5V to 10 V with frequency Fs.

9. Discussion

The device and its algorithm were designed to harvest energy from the stray currents
of an electrified railroad line [1], so let’s consider how it could be applied in this case
(Figure 29). In the case of harvesting energy from the stray currents, the open-circuit
voltage is caused by the flow of a current along the not grounded rails, which means that
the potential of the rail can be positive or negative. The source resistance depends on
the rail-ground transition resistance, pins grounding resistance, and soil resistivity [1].
Expected Rs values are in the range of 50-150 Q). As previously mentioned, the rate of
change of open-circuit voltage is usually less than 10 V/s and the source resistance usually
changes much more slowly than 1 (3/s. It implies it is enough to measure the open-circuit
voltage and source resistance and update control parameters every 100 ms or so.
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Figure 29. Practical implementation of the proposed converter: the concept of a device for harvesting
energy from stray current in an electrified railroad line. Note the rectifier required, as the voltage
may be positive or negative to earth potential.

Since the potential of the rails in relation to the earth can be both positive and negative,
as can be seen in Figure 30, it is necessary to use a rectifier before the converter described
in this work. Secondly, the potential of the rails relative to the earth is rarely more than
twice the voltage of a standard 12 V battery, resulting in the primary operating mode of
such a converter being boost mode. For this reason, the simulations and measurements of
the prototype device concerned the boost mode.

1 1 1
== Open| circuit s¢urce voltage
1 1

| IR [ —3—

Figure 30. Typical waveforms of the open-circuit voltage of the energy source when harvesting
energy from a stray current in an electrified railroad line.

Although the proposed solution is designed to harvest energy from stray currents,
it can also be used successfully with other energy sources with similar properties. The
mathematical model of the converter shows that the impact of the output resistance is
limited to a reduction in the available power, which means that the presented solution is
potentially applicable even for sources with an output resistance greater than 1 k().

The main limitation of the prototype is due to the use of a microcontroller, which
means that the device itself consumes more power than converters designed as dedicated
ICs. Therefore, the prototype is not suitable for harvesting energy from very low-power
sources (less than 10 mW). However, implementing the proposed algorithm in a dedicated
low-power IC could extend the range of applications to include weaker energy sources.

Table 1 contains a comparison of the prototype with other known converters that
operate with energy sources with high output resistance. As mentioned above, described
prototype requires greater input voltages than other converters but can operate with sources
with much greater open-circuit voltage and can deliver much more power as well.
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Table 1. Comparison with known energy harvesters that work with sources with high output resistance.

Parameters [3] [7] [18] This Work
Thermoelectric Thermo.electrlc . Thermoelectric
Energy source Generator, piezo-electric, Stray currents
generator . generator
photovoltaic
Two charge pumps, IC Boost, flyback, or buck
. Boost with impedance Boost with impedance 8¢ pumps, with battery and resistance
Conversion-process . . . . boost converter, . .
matching using MPPT matching using MPPT supercapacitor matching using source
percap and converter modelling
Input voltage 20 mV-150 mV 50 mV-10 V >0.3V 2V-60V
Source resistance 33 ()-2.7 kO 5 0-150 kO 100 QO 100-1kQ
Output voltage 1.8V-25V 1.8V-25V 33V 12V
Maximum outout power 360 uW 25 mW 200 mW 15W
putp @V, =014V from photovoltaic @V, =08V @V, =24V
Efficienc 61% 83% 65% 85%
y @ Poyr =360 pW from photovoltaic @ Poyr = 100 mW @V, =19V
Comments a a b c

10. Conclusions

In this work, we presented the concept of a specialized converter that is able to
efficiently harvest energy from sources that are characterized by high resistance and high
variability of open-circuit voltage and output resistance. In particular, a novel control
algorithm for the universal boost-buck converter has been proposed. Due to the high
output resistance of the source, the maximum power transfer theorem was implemented.
It should be emphasized that the presented solution does not use a negative feedback
approach, but uses a feedforward control approach; the device is working with an open
loop where control parameters and operating mode are periodically updated based on the
analytical model and measured values of the resistance and open-circuit voltage of the
source. The control signal frequency and duty cycle are calculated as well.

The model of the converter is finely verified by simulation and in a prototype device.
To experimentally verify the concept a slightly modified previously designed device was
used. So, it should be noted that the prototype was not fully optimized, and yet very
encouraging results were achieved. The differences between measurements, simulations,
and analytical results do not exceed 15% and can be explained by not taking into account
secondary quantities such as the energy consumption of the control system from the battery
or some parasite resistances absent in the mathematical model and simulations.

Detailed formulas for control parameters are derived and thorough design recommenda-
tions are provided, which should enable the proposed solution to be implemented quickly.
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