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Enhanced Maximum Power Point Reaching Method for Passive Magnetic
Energy Harvesters Operating Under Low Primary Currents

Alexander Abramovitz

Abstract—The letter concerns a clamped-type passive magnetic
energy harvester (MEH), supplying power to a general load via a
diode bridge rectifier (DBR). It is known that a certain value of
output MEH voltage (referred to as optimal) maximizes harvested
power. Under high primary current magnitudes, the optimal volt-
age value is constant, i.e., current-independent. Consequently, it
was recently proposed to interface a passive MEH to a general
load via a switching power converter whose input (i.e., MEH-side)
voltage is regulated to a corresponding constant voltage reference,
realizing the maximum power point reaching (MPPR) method.
However, optimal voltage value becomes current-dependent under
low primary current magnitudes. As a result, the power harvested
by MPPR-operated MEH becomes suboptimal if the MEH-side
voltage reference of the converter remains unchanged. Hence, the
brief suggests allowing the converter input voltage reference value
to be adjusted (by, e.g., a maximum power point tracking loop)
to maximize harvested MEH power under low primary currents
as well. Experimental results comparing the harvested power of
a passive MEH under classical and enhanced MPPR methods
validate the proposed enhancement.

Index Terms—Constant voltage load, diode bridge rectifier,
magnetic energy harvester, maximum power point.

I. INTRODUCTION

AGNETIC energy harvesters (MEHs) clamped on ac-
M current-carrying conductor allow convenient powering
of devices operating at low dc voltage [1], [2] via a suitable
power electronics interface [3]. Passive MEHs utilize diode
bridge rectifiers (DBRs) for rectification, offering simplicity and
enhanced reliability [4]. It was shown in [5] that the power
harvested by a passive MEH is maximized under a certain
(optimal) value of output (dc-side) voltage. Moreover, if the
MEH operates under primary current magnitudes much higher
than the core saturation current, the optimal value of the output
MEH voltage becomes constant (i.e., does not change when the
primary current magnitude varies) [6]. In order to exploit this
characteristic while feeding a general load, it was proposed in
[7] to insert a switching power converter between MEH output
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secondary conductor

Fig. 1. MEH under consideration.

and the load and regulate its MEH-side voltage to a constant
value, which is optimal under high primary currents. As a result,
the load is decoupled from the MEH and harvested power is
permanently maximized under high primary currents [8]. Such
an approach was entitled as maximum power point reaching
(MPPR). Unfortunately, the optimal value of output MEH volt-
age becomes current-dependent, yielding suboptimal harvested
power of MPPR-operated MEH under low primary currents [4],
[7]. It then becomes clear that the MEH-side voltage reference
value of the converter should be adjusted to allow harvested
power maximization under low primary currents. Consequently,
this brief quantifies the influence of low primary currents on
the optimal value of output MEH voltage and suggests em-
ploying an additional control loop (feedforward or feedback)
capable of adjusting the MEH-side voltage reference value of
an MPPR-operated converter. Such an approach is often used
in photovoltaic generators, where an external maximum power
point tracking (MPPT) loop drives the inner voltage loop [9],
[10]. A use case is discussed, indicating ~14% increase in
harvested MEH power under 20A,,,s primary current with the
proposed enhancement.

II. SYSTEM UNDER CONSIDERATION

Passive MEH depicted in Fig. 1 is considered hereafter, com-
prising a current transformer clamped on a conductor carrying
current i1(¢f). The MEH feeds a dc load via DBR. The load is
assumed to impose the voltage v (¢) across dc-side MEH termi-
nals. The equivalent circuit of the current transformer (reflected
on the secondary side) is shown in Fig. 2. Under sinusoidal
primary current i1(6) = I;sinf with § = wt and w signifying
system base angular frequency, its secondary side reflection is
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Fig. 2. Transformer equivalent circuit (reflected to the secondary side).

given by
i2(0) = N~ ti1(0) = Iysin(9), I,=N'I, (1)

with I; and I, denoting primary and reflected currents mag-
nitudes, respectively; N standing for the number of secondary
transformer conductor turns. Referring to Fig. 2, Ly and Lj,
symbolize magnetizing and leakage transformer inductances;
R ¢ and Ry denote equivalent core loss and secondary conductor
resistances, respectively; core magnetizing voltage and current
are titled v(7) and iy,(¢), while terminal voltage and current of
the secondary transformer conductor are represented by v(f) and
i(1), respectively.

Voltage induced across the primary conductor [denoted by
vi(), cf., Fig. 1] is linked to magnetizing core voltage as

’01(9) = N_l’l)]\/[(e). (2)

Hence, instantaneous power p;, harvested by the MEH from
the current carrying conductor is given by

pin(a) =1 (0)21(9) = vM(é))iQ(é)). (3)

Output impedance of the transformer (formed by series con-
nection of leakage inductance and wire resistance) is assumed
sufficiently low while core resistance is presumed sufficiently
high for

Vi () = vp(t) + Vi >> |vs(t)|,ic(t) <<i(t)  (4)

to hold with v’, defining the modified load voltage, Vi denoting
the voltage drop across two conducting rectifier diodes, i¢
signifying the current flowing through R and vg denoting the
voltage drop across transformer output impedance. The circuit
in Fig. 2 may then be accurately reduced to “lossless part” only.

III. MPPR BY A PASSIVE MEH

Piecewise linear core B-H curve is adopted with magnetic flux
density B and magnetic field strength H linked as [11]

B wH, |H| < Hsar )
sen(H)Bsar, |H|> Hsar

were (1, HsaT, and BgaT denote the initial core permeability and
saturation values of magnetic H and B, respectively. Magnetic
field strength is proportional to core magnetizing current as

H(0) = 15" Nip (0) (6)

with /¢ titling mean magnetic flux path length of the core.
Saturation value of magnetizing current /s saT is defined as

Ingsar = le N~ Har. (7)

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 6, JUNE 2024

Passive MEH operation assuming that (4) is valid and the
primary current magnitude is sufficiently high for

Ii >> NIy sar (®)

to hold was analyzed in [11] as follows. There are two opera-
tional DBR states during the half mains cycle given by 6; < 0
S 91 +7T.

1) DBR is ON (conducting) within #; < 6 < 65 interval
(referred to as “transfer window” [5]), delivering energy to
the load. During this state v;; =~ v’ hence, the magnetic
flux density rises from B(61) = —Bgat to B(62) = +Bsar.

2) DBR is OFF (not conducting) within 0y < 6 < 6147
interval and no energy is delivered to the load. vy, ~ 0 is
assumed here, hence, the magnetic flux density is constant,
i.e., B(01+m) = B(03) = +BsaT.

Instants 6, and 65 were found in [11] as

0, = —sin~! (NI]V[,SAT]TI) ~0 ©)
and
0y =01+ A0~ A0, A =2BsxrwNAc(W L) (10)

respectively, with A o designating the cross-sectional area of the
core and Af defining the transfer window length. Corresponding
average harvested MEH power is then given by [cf., (3), (5), (9),

(10)]
2D A6
Pm:w*/ v (0)iz(0)dO ~ (nN)*HlLJl/ sin 0df
041 0

= (aN) " 11 (sin (6;) sin (AB)
+cos (01) (1 — cos (A)))
~ 21 'wBsarAcTy (1 — cos (A9)) (AG) ™

f(A0)
= 28D g acn ()
maximized at
AG = AG* ~ 2.33 rad (12)
as
F(AG") = 0.724 = P: = Py (A6") ~ 0.46wBssr Ac 1.
(13)

Combining (10) with (12), optimal modified load voltage
value

(W) (t) = (1) = 2BsarwNAc(AO) !

~ 0.858BSATLUNAC (14)

is constant and current-independent. Hence, it was proposed in
[7] to insert a switching power converter whose input terminals
voltage is regulated to a constant reference V; = (V/)" — Vg
between passive MEH output and general load. A corresponding
functional diagram is shown in Fig. 3, demonstrating the MPPR
concept. Here, a constant voltage value V' is imposed at MEH
output irrespective of actual general load characteristics, imply-
ing harvested MEH power maximization under assumption (5).
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Switching converter

Fig. 3. Functional diagram of MPPR concept.

IV. MPPR CONCEPT UNDER LOW PRIMARY CURRENTS
Substitution of (5) into (14) yields

(V1) Inrsar
0.858wAcBSAT.

Since the value of A is set according to the desired amount
of power to be harvested [cf., (13)], while the value of /¢ is
bounded by the area required to accommodate primary and sec-
ondary conductors, none of the variables forming the right-side
hand expression in (15) may be freely selected by a designer.
Consequently, (5) would not hold for low values of /1. Moreover,
the realistic B-H curve of the core material is nonlinear and is
described more accurately by [12]

I >> (15)

2 2
B = — Bgsararctan (uH) = — Bgsar arctan (plélNiM) .
T s
(16)
This implies that at the end of DBR conducting state, B(62)
= koBgaT in general with ko < 1 [as opposed to ko = 1 when
(5) and (6) are assumed]. Likewise, magnetizing voltage

v(0) = NAcdB(9)/d0 > 0 (17)

is nonzero during DBR OFF state so that magnetic flux density
reduces [since ip(0) = izx(@) cf., (16)] rather than remains
constant, i.e., B(01+m) = kiBsatr < B(f>) with k1 < ko [as
opposed to k; = 1 when (5) and (6) are assumed]. Therefore,
magnetic flux density rises during DBR conduction state from
B(01) = —B(01+7) = —k1BsaT to B(02) = koBgaT so that the
actual transfer window length

A0 = (k1 + ko) BSATWNAC((JL)*)71

kit ko

AO* < AG” (18)

is lower than the one expected in (12). Actual average harvested
MEH power is then given by

Porn (ks + ko) f (A9 -hth Ae*)

X WBSATACll < P1T1 (19)

Note that k1 and k5 decrease when I; reduces [cf., (16)]. It is
evident that the actual average harvested MEH power is lower
than the one expected in (13). The ratio between actual (19) and
expected (13) power values is given by

Pn ! kit ke
P{;NO{H? o = 2 ’

£ (A0 = ald)
7 (A0 = AGY)

fn = (20)
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Fig. 4. Values of f;, versus normalized transfer window length.
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Fig. 5. Control structure of classical and MPPT-enhanced MPPR concept.

reducing with the decrease of I;. Moreover, f,, < 1 (cf., Fig. 4)
for any ki, ko < 1, i.e., the value of modified load voltage in
(14) is suboptimal when (5) does not hold. This phenomena was
noticed in both [4] and [7].

V. ENHANCING THE MPPR CONCEPT

Since k; and ks depend on the primary current magnitude, it
is impossible to manipulate their values. On the other hand, it is
possible to increase the transfer window length by reducing the
value of vy, so that the argument of f{-) in (20) is forced to (12),
ie.,

alAf = 2.33 (21)
so that f,, = 1 is attained bringing (20) to
Po/Py~a 22)

i.e., harvested MEH power would be increased by
0.724/f(2.33c) compared to classical MPPR method. The
required value of vy, is [cf., (10)]

k1 + ko

2.33

Adjustment of v;, may be carried out by either online calcu-
lation of k1 and ko (Which requires sensing/estimation of /1) or
employing an additional MPPT loop, as shown in Fig. 5.

Unfortunately, the ratio between actual and expected power
values (20) is much more sensitive to the value of « (the
sensitivity is unity) than to that of f;, (the sensitivity is much
less than unity, cf., Fig. 4). Thus, the proposed enhancement is
expected to increase the harvested MEH power only under low
primary currents.

’Uz = BSAT(UNAC - VR.

(23)

VI. EXPERIMENTAL VERIFICATION

Consider an MEH comprising a transformer based on a silicon
steel core (Bsat ~ 2 T) with N = 60 secondary conductor turns,
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Fig. 6. Experimental MEH transformer.
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Fig. 7. MEH performance under high primary currents, MPPR.

a cross-sectional area of A - = 1.8-1073 m?2, and mean magnetic
flux path length of /o = 0.12 m. for accommodating primary
and secondary conductors. A prototype transformer is depicted
in Fig. 6.

SB256 module (Vi /=2 V) is employed as DBR and the MEH
is terminated by M9715B Maynuo dc electronic load, operated
in CV mode at V;, =45 V. During experiments, voltage induced
across the primary conductor and corresponding current were
measured along with transformer terminal voltage and current.
Under primary currents of 300 A,,s @50 Hz and above, amounts
of harvested MEH power were maximized at V;, = 45 V and
accurately matched (13) with

Py (11 mms > 3004, Vi, = 45V) = 0.711 yms = P

in*

(24)

Moreover, transfer window lengths are 0.757 as expected by
(12) (see Fig. 7). Under moderate primary currents (below 300
Ans yet above 75 A,ys), amounts of harvested MEH power
deviate from (24) so that (cf., Fig. 8)

Pin (I1.yms = 2504, Vi, = 45V) & 0.6711 s < P,

P (I gms = 1004,V = 45V) &~ 05811 1ms < P& (25)
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Fig.9. MEH performance under low primary currents, MPPR.

while still maximized at V = 45 V. Corresponding transfer
window lengths are slightly below ~0.757, as expected. Yet,
it is nearly impossible to increase the harvested power in this
region of primary currents due to the low sensitivity of f,, in the
vicinity of A = 0.757 (cf., Fig. 4).

Under low primary currents (below 75 A,ns), amounts of
harvested MEH power both deviated from (24) at V;, =45V so
that (cf., Fig. 9)

Pin (It yms = 60A, Vi, = 45V) ~ 0.4971 s << P

P (It gms = 204,V = 45V) &~ 029411 1y << Pi. (26)
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increase under low primary currents.

Moreover, it is clear that the corresponding transfer window
lengths are well below 0.757. Consequently, there is some
potential for increased harvested power in this region of primary
currents by adjusting V.. Thus, the electronic load voltage was
varied under each primary current to obtain the value maximiz-
ing harvested MEH power. As a result, (26) was enhanced as

6623

(cf., Fig. 10)
Py (I1rms = 604,V = 43.5V) = 0.502]1 s << P,

Pin (I1.yms = 204, Vi, = 30V) & 0.337]1 s << P (27)

demonstrating 1.1% and 14.3% harvesting power increase under
primary currents of 60 A,,s and 20 A,s, respectively. And
optimal transfer window lengths are restored. The results are
summarized in Fig. 11. It is concluded that under low pri-
mary currents, nonnegligible relative increase of harvested MEH
power may be attained by the proposed enhancement at the
expense of additional sensors (if not present) and MPPT loop
implementation. On the other hand, in the case of a simple low-
cost analog MPPR realization as in [7], such an enhancement
may not be worthwhile.

VII. CONCLUSION

This letter quantified the harvested MEH power increase
attained by utilizing an additional loop with the MPPR method.
In case the MEH operates under high and moderate primary
currents, the proposed method would be inefficient. On the other
hand, it was revealed that up to 14% (for the presented case)
increase may be attained under low primary currents.
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