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ABSTRACT The paper proposes a novel dual-winding active magnetic energy harvester (D-AMEH),
clamped around single power line conductor carrying AC currents with time-varying magnitude while
supplying a constant power DC load via an uncontrolled rectifier (e.g., 24/7 aerial marker ball lighting).
To allow continuous power flow to the load despite intermittent nature of power line current magnitude, an
energy storage unit (rechargeable battery) is integrated into the system via an additional secondary winding,
creating an AC-coupled, isolated hybrid energy system with completely decoupled battery and load voltages.
The D-AMEH simultaneously harvests the maximum power from the current-carrying conductor and feeds
the load with constant power, letting the battery to seamlessly match the difference between harvested
and consumed power. Analytical expressions for system currents and voltages are developed, followed by
conversion losses estimation. The revealed findings are accurately supported by experiments, demonstrating
close matching with corresponding analytical predictions.

INDEX TERMS Active magnetic energy harvester, dual-secondary-winding transformer, energy storage,

constant power load.

I. INTRODUCTION

Magnetic energy harvesters (MEH) clamped on high-voltage
power lines carrying high-magnitude low-frequency currents
have proven to be excellent candidates for powering devices
operating at low (typically DC) voltage levels (e.g., sen-
sors [1], [2], surveillance and monitoring apparatus [3], [4],
lightning currents measurement [5], power line maintenance
devices [6], [7], [8], [9] and others [10], [11], [12], [13], [14],
[15], [16]). Unfortunately, instantaneous MEH power output
is seldom constant owing to the intermittent nature of the
magnitudes of currents flowing through power lines [4], [12],
[29]. Moreover, it does not typically match the instantaneous
load consumption profile [14], [15]. As a result, MEH inte-
gration with an energy storage unit is required in practical

applications [22]. DC-side integration of an energy storage
unit to a MEH-based system was proposed in [17] and [18].
Nevertheless, neither isolation nor voltage level decoupling
between the energy storage and the load was attained. Since
low-voltage batteries (48 V and below) are typically preferred
in power line installations (both for safety and complexity
reasons), they cannot be integrated with e.g., 220 V DC load
bus (employed for 120 V, 60 Hz generation) by means of a
basic non-isolated converter. To bridge the gap, the authors
recently proposed in [19] to integrate an energy storage unit
(battery) within the MEH-based system by introducing an ad-
ditional secondary winding, connected to the battery through
an active bidirectional converter operating at line frequency to
minimize eddy current losses. Such an arrangement allows for
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FIGURE 1. Dual-winding MEH-based system.
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FIGURE 2. Power converter topologies. Left - ABC, right - DBR.

the formation of an AC-coupled, fully isolated hybrid energy
source. While the load is powered via an uncontrolled diode
bridge rectifier, the battery-side converter instantaneously
forces the dual-winding active MEH (D-AMEH) to maximize
the power harvested from the current-carrying conductor by
implementing MPPT [17], [34] while allowing the battery
to balance the mismatch between harvested and consumed
power. This work extends [19] by developing analytical ex-
pressions for system currents and voltages while accounting
for the nonlinear B - H core relation [30], [32], [33], as well
as estimating the conversion losses of the D-AMEH [37]. In
addition, the experimental framework is extended to present
waveforms of all measurable system variables within the three
system operating states described in [35], identified during the
theoretical analysis.

Il. SYSTEM UNDER CONSIDERATION

This work focuses on a magnetic energy harvester (MEH)
composed of a current transformer incorporating two sec-
ondary windings, clamped on a sinusoidal current-carrying
conductor (serving as the primary single-turn winding) as
illustrated in Fig. 1 [19]. The first secondary winding com-
prising N; turns is connected to an energy storage unit
(rechargeable battery is employed in this work) via an active
bidirectional converter (ABC) to allow controllable bidirec-
tional power exchange with the battery. The second secondary
winding comprising N, turns supplies a constant power load
(CPL) via a diode bridge rectifier (DBR), realizing unidi-
rectional power flow. Corresponding device-level converter
topologies are depicted in Fig. 2. To facilitate the subse-
quent analysis, both power converters are initially assumed
to be ideal. Equivalent circuit of the current transformer is
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FIGURE 3. Transformer equivalent circuit.
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FIGURE 4. AC "power junction".

presented in Fig. 3. Here, Ly; and R¢ represent magnetizing
inductance and equivalent loss resistance of the core (reflected
to the battery side); Lw; and Rwi, Lw21 and Rwa1, Lw22
and Ry, represent leakage inductance and equivalent series
resistance of the primary conductor, battery-side secondary
winding and load side secondary winding, respectively [20],
[21], [22], [23], [24], [25]. Core magnetizing inductance volt-
age and current are denoted as vy, and iy; while ic symbolizes
the current flowing through corresponding equivalent loss
resistance. Terminal voltage and current of battery-side and
load side secondary windings are denoted as v»p, i and v2,
iy, respectively. At the battery side, voltage and current are
denoted as vp and ip, respectively. Corresponding load side
quantities are symbolized as vy and iy with constant vy -ij =
Pr. The main idea of the system is creating an isolated AC
"power junction" shown in Fig. 4, where the energy consumed
by the load is fully supplied by the energy harvested from
the current-carrying conductor while the battery operates as a
buffer to cope with the mismatch between instantaneous load
and harvested power.
Sinusoidal primary current expressed as

i1(0) = I sin(0) 6]

is assumed thereafter, where 8 = wt with w signifying base
angular frequency of the system and /; is the primary current
magnitude. Referring to Fig. 3, current reflected to the battery
winding i» and AC-side ABC current i>; are given by

1
ir(0) = Ny ({1(0) — M2in(0)),
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i21(0) = i2(0) — (im () + ic(0)). 2

Leakage inductances and conductor resistances are as-
sumed to be sufficiently low while equivalent loss resistance
of the core is presumed to be sufficiently high for neglecting
(initially) voltage drops vy1, Vw21, Vw22 and the current ic
without significant loss of accuracy [26], [27], [28], [29].
Hence, the equivalent circuit in Fig. 3 is treated as lossless
and analyzed to obtain expressions for instantaneous currents
and voltages. Then, lossy components are brought back to es-
timate corresponding conversion losses [27]. Under the above
assumptions, vy = v holds true so that voltage drops

1 1
vi(0) = ZVIUM(Q) = 1717)21(9):

N- N-
vmm=%w@=imw) 3)

N, Ni
are induced across the current-carrying conductor and load-
side winding, respectively. Nonlinear relation between mag-
netic flux density B and magnetic field strength H of the core
is given by [30], [31], [32], [33]

2
B = —Bgar arctan (uH) “4)
T

with u and Bsar denoting initial permeability and magnetic
flux density saturation value of the core, respectively. On the
other hand, while magnetic field strength H and magnetizing
inductance current iy, are linked via

N
H="liy, )
lc

magnetic flux density B and magnetizing inductance voltage
vy are related as

1 1
B(9) = m[UM(Q)dQ = m/vzl(@d@ (6)

with /¢ denoting mean magnetic flux path length of the core
and Ac designating corresponding cross-sectional area.

11l. OPERATIONAL MODES OF THE D-AMEH
In general, the ABC may operate in one of the three following
switching modes within a harvesting cycle [34],

mode 1 : Sy and S, ON, Sz and Sy OF F
mode 2 .S and S3 ON, S and S4 OF F,
mode 3 : S;and S4 ON, S> and S3 OF F (7
sequencing circularly as [35]

...mode 1 — mode 2 — mode 1 — mode 3 — mode 1. ..
3)

Equivalent AC-side circuits corresponding to the three op-
erating modes are presented in Fig. 5(a)—(c), respectively.

In mode 1, AC terminals of the ABC are shorted, imposing
vo1 ~ 0. As a result, vi & vy &~ 0 (cf. (3)) and the DBR
does not conduct, yielding i»» = 0 and ir; = i1/N| — iy, cf.
(2). During this mode, magnetizing inductance discharges (in
practice) through equivalent series resistances of the windings
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FIGURE 5. Simplified equivalent AC-side circuits of the system in different
operation modes.

and the transistors S», S3, as well as through equivalent loss
resistance of the core. Hence, iy & 0 and i>; & i1/N1 may be
assumed at the end of mode 1.

In mode 2, battery voltage is imposed across AC terminals
of the ABC, i.e., vo1 ~ vg. As aresult, vi =~ vg/N; and vy ~
vgN,/Ny, cf. (3). DBR then conducts with i, > 0. Since the
voltage across magnetizing inductance vy ~ vp is positive,
magnetizing current iy is positive and increases with time, cf.
(4)-(6). Consequently, i»» and iy; are both positive.

In mode 3, inverted battery voltage is reflected to AC ter-
minals of the ABC, i.e., vo; = —vg. As a result, vi ~ —vp/N;
and vy» &~ —vgN,/Ny, cf. (3). DBR then conducts with iy <
0. As the voltage across magnetizing inductance vy, & —vp is
negative, magnetizing current iy; is negative and increases in
the negative direction with time, cf. (4)—(6). Thus, i and iy
are both negative.

The power harvested by the D-AMEH from the primary
conductor is given by

m=i/vwmww ©)
27 Jaxn
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Therefore, to supply the system with average power, mode
2 should take place when iy > 0 (since v; is positive here),
ie.,

Within O < 6 < 7 interval, while mode 3 should occur when
i1 < 0 (due to negative vy), i.e., within 7 < 6 < 27 interval.
On the other hand, zero power is harvested during mode 1
irrespectively of ij polarity since v; &~ 0. Opening and closing
instants of mode 2 are denoted as 6 and 0, respectively, with
0<6;,0r <mand AO = 6, — 0 referred to as "transfer win-
dow length". Odd symmetry operation is assumed thereafter
[24], so that mode 3 opening and closing instants are denoted
as 01 + m and 0, + 7, respectively. Hence, the voltage across
AC terminals of the system during a single operating cycle
may be expressed as (cf. (3))

0, elsewhere (mode 1)
v21(0) ~ | v, 0 <60 <6, (mode?)
—vpg, O14+m <0 <6,+7m (mode3)
0, elsewhere (mode 1)
vi(0) ~ { N 'vg, 0 <0<6 (mode?2)
—Nl_lvB, Oh+m <0<b,+7m (mode3)
0, elsewhere (mode 1)
v2(0) ~ Nle_lvB, 01 <0 <6, (mode?) .
—NoN; lvg, 01+ <0 <0, +m (mode3)

(10)

As explained in [24], [35], opening instants of modes 2 and
3 are initiated by the controller while corresponding closing
instants are imposed by core saturation. To allow full core
utilization, magnetic field density should swing as (cf. (6))

UB

Bsar = —Bsar + A6,mode?
~—— —— CL)NlAC
B(62) B(01)
UB
—Bsar = Bsar — Ab,mode 3 (11)
~— ~—— wN1Ac

B(6r+1) BB +7)

within modes 2 and 3 while remaining nearly constant in mode
1 with

<0 <6+m
O +7 <0 <2m+06,

Bgar,

B(0) ~ (12)

—Bsar,

Note that, |B(91)| and |B(81+7)| are slightly lower than
Bgsar in practice since some voltage drop exists across the
magnetizing inductance during mode 1 due to nonzero se-
ries impedance of battery-side winding and equivalent series
resistances of the transistors Sy, S» [24] (i.e., magnetizing
inductance is discharged in practice). Yet, (11) and (12) are
assumed to hold in subsequent discussion for simplicity. Con-
sequently,

__ 2BsarwNiAc

UB

A6 = 6, & 0 + A6 (13)
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FIGURE 6. Primary-side waveforms of D-AMEH operating with maximum
harvested power.

and the average power harvested by D-AMEH (9) becomes
(cf. (1), (3), (13))
1 (%
Pin = — v1(0)i1(6) do
T —_—

pin(0)

0

1 01+A0 I I
— BT Gin(0)do="2"L (cos (6;) — cos (6;+A8))
T Jo, Ny N

_2BSATa)AC sin (A1) sin (A8) 4+ cos (01) (1 — cos (AQ))I
o T AO b
(14)

maximized when the transfer window is aligned with the pri-
mary current [36]

1 1
b= 5 (1 — A0) = 62 =5 (7 + A6) (15)
as
2Bsar wAc
max P, = ——X
7
cos (42) sin (A9) + sin (52) (1— cos (A9))
" I.
Af
(16)

Corresponding primary-side electrical waveforms as well
as magnetic field density are depicted in Fig. 6. In the follow-
ing discussion, maximum power (16) is assumed to be always
harvested by the D-AMEH. As a result, average battery power
Pp is given by (cf. Fig. 4, assuming lossless conversion)

Pg = max P, — Pp, (17)

i.e., the battery may either be in charging state (for I
> I1p), discharging state (for I} < Iip) or idle state
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(for I} =~ I p) according to the power flow polarity with cor-
responding boundary primary current magnitude expressed as

Lp=LPg=0)~
TP A6O

2BsarwAc cos (42) sin (A@) +sin (42) (1— cos (AB))
(18)

IV. WAVEFORM ANALYSIS
According to (10) and Fig. 1, DBR DC-side current is given
by

0, mode 1
ic(@)+ir (), modes2,3"

Consequently, DBR both recharges the output capacitor and
provides power P to the load in modes 2, 3. The output
capacitor is assumed to be charged to

lia(0)] ~ { 19)

N-
vL(62) = vp(6y 4+ ) ~ 17%3 (20)

1

at the end of modes 2, 3. Corresponding energy stored in the
device and load current are

E(e)—lc MY 1)
c\02) = ) N] UB
and
: : Py
i1(62) = ir(02 + 1) = 7, 22)
N, VB

respectively. In mode 1, DBR is disconnected and the output
capacitor drives the load with power Py. Hence, energy stored
in the device decreases as

60— 06,
Ec(0) = Ec(62) — P, (23)
yielding corresponding voltage reduction given by
2
) N> 26 —92P 24)
v = —v - = .
L N B C o L

Energy stored in the output capacitor at the end of mode 1 is

T — Af

Ec(6y + 1) = Ec(62) — Pr, (25
yielding corresponding load voltage and current of
N\ 27w —Af
0 = —= - = P, 26
vL(61 + ) \/<va3> c o [ (26)
and
. Pr
ir(0) +m)= , (27

2
N 2 T1—Af
\/(MUB> —CT e L
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respectively. If the output capacitor is large enough, then

2w - 46, < N\’
— —v
c o F N, B

(28)

holds and current increase from (22) to (27) would be approx-
imately linear, given by

iL(0) ~
P P
— |1+ ————0-0)]|. <0 <6+
ITIvB (%UB> oC
(29)

On the other hand, the output capacitor is recharged from
(26) to (20) in modes 2, 3. Under (28), corresponding voltage
increase may be assumed linear, given by

©® Ny

v N —UR—

L Nl B
(mr — AO) P, (1

N
oC N, UB

_0=(1+m)
A6

),91+TL’ <0 <0Or+m.

(30)
Capacitor charging current is then nearly constant,

ic(6)
de(G) -~ T — A9 PL

= wC
do A6 Z_TUB

,O0+1m <0 <60)+m.

(31)

On the other hand, load current decreases linearly (cf. (28))
from (27) to (22) as
Py,

i1(0) ~ -
w U8

X

2
oC (o) — (r - A0) PG
X 9
N 2
a)C(—sz) — (= A0)PL

N

0 +7m<0<0,+m. (32)

Hence, DC-side current of the DBR (19) is formed by a sum
of constant (31) and linearly decreasing term (32), possessing
sawtooth-like shape. Corresponding AC-side current is then
given by

0, mode 1
in@)~ 1 ic(@)+iL(0), mode2. (33)
—(ic (@) +iL(9)), mode3

Load-side D-AMEH waveforms are depicted in Fig. 7. AC-
side current of the ABC is then given by

1 ©) = —i10) — ( X2irn(0) + in (0 34
121()—17111()—<171122()+1M( )>. (34)
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FIGURE 7. Load-side D-AMEH waveforms.

Referring to mode 1 — to — mode 2 transition, iy(01) =
iM(@1 + ) ~ 0 may be assumed in practice, as mentioned
above. Hence,

1 I .
i21(91_)%171i1(91_)=]71151n(91)>0 35)
while
1 N>
i1 (87 ~ —i1(6)) — —in(6), 36
2107) Nlll( 1) Nllzz( D) (36)
——

~——
>0 >0
so that negative jump of i»; is expected at 6 = 61. Moreover,
in case A6 << 7 (a practical assumption, see [37]) and (15),
(28) hold, the first right-hand side term of (36) remains nearly
constant around ~1{/N; while the second one linearly reduces
in mode 2, cf. (33). Consequently, i>; linearly increases during
mode 2 irrespective of battery power flow direction. At 6 =
07, the core becomes saturated (B — Bgsar) so that iy; sharply
rises to
v (62) 1'(6’) Il'(9) (37)
i = —1 = — SIn
M(02 ~ 1(02 Nl p)
and mode 2 —to — mode 1 transition takes place. As mentioned
above, output load-side capacitor is fully charged by the end
of modes 2, 3, imposing natural DBR disconnection (i.e.,
i22(02) = 0). As aresult, corresponding AC-side ABC current
is (cf. (34))

. I, N | .
ir(6h) = 17111((92) - <N—1122('92) + lM(92)> =0 (398

upon mode 1 entrance irrespective of battery power flow di-
rection. Corresponding timing diagrams are depicted in Fig. 8.
During mode 1, magnetizing inductance discharges (explained
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FIGURE 8. Battery-side D-AMEH waveforms.

in the preceding Section) so that
1
(6 +7) % 0= iy (6 +77) = 1o sin(Er +7) (39)
1

and mode 1 — to — mode 3 transition is initiated by the con-
troller at & = 61 + m, where (35)—(38) are valid considering
odd symmetry.

V. CONVERSION LOSSES ESTIMATION

Employing the expressions developed in the preceding Sec-
tion while taking lossy components (cf. Fig. 3) into account,
D-AMEH conversion losses may be estimated as follows [37],
[38]. According to (10), RMS value of magnetizing induc-
tance voltage is given by

A
UM,RMS ~ | —UB,
T

(40)
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FIGURE 9. Experimental setup.

so that core loss is approximated as

AB v}
Pross.c & — —.
T Rc

Copper losses of the battery-side and load-side winding are
given by

(41)

. 2
Pross,w, = (i21,rms) Rw21 (42)

and

. 2
Pross.w, = (i22, gys) Rwaz, (43)

respectively. Denoting the ON-resistance of ABC switches
as Rps and considering that two switches are always ON,
corresponding conduction losses are expressed as

. 2
Pross,s = 2(i21, gys) Rps. (44)

Likewise, denoting the forward voltage and dynamic resis-
tance of DBR switches as Vp and Rp, respectively, corre-
sponding conduction losses are obtained as

Pross.p =2 ((i22,RM5)2RD + i, 4y VD) - (45)

Overall D-AMEH conversion losses are then obtained as

Pross = Pross,ct+PLoss,w, +PLoss,w, +PLoss,s+PLoss,D
(46)

VI. EXPERIMENTAL VALIDATION

To validate the D-AMEH operation, an experimental proto-
type was constructed. The laminated silicon steel magnetic
core shown in Fig. 9 was employed due to its high satura-
tion flux density and low core losses. A GSIB1580-E3/45
diode rectifier was utilized as the load-side converter, while
an FDPO83N15A MOSFETs based full bridge was employed
as the battery-side converter. The battery was emulated by
a bidirectional power supply operating in constant-voltage
mode, and the constant-power load was realized using a PEL-
504-500-15 electronic load. Key system parameter values are

VOLUME 7, 2026
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TABLE 1. Prototype Parameter Values
Parameter Value units
Bsar 2 T
lc 0.16 m
Ac 910-10°° m’
Rc 100 Q
R 0.43 Q
Ry 2.1 Q
9] 21-50 rad/s
N, 20 turns
N, 100 turns
vg 44.4 v
Cr 220 uF
Vp 0.8 \Y
Rp 25 mE
RDS 8.3 m
DSP & analog Lif} 30 W

Transformer

FIGURE 10. Measured variables.

summarized in Table 1. The equivalent core resistance was
obtained following the procedure outlined in [30]. It must be
emphasized that the prototype was established for function-
ality validation only and was not optimized for efficiency.
According to (13), (18) and Table 1, the boundary primary
current magnitude is obtained as [jp ~ 9042 A. To exam-
ine the system capability of handling different power flow
scenarios, three representative cases with different primary
current amplitude values were created and tested. For each
scenario, four measurement sets were recorded, as indicated
in Fig. 10: (i) (i1,vy) with (i21,v21), (i1) (i1,v1) with (ig,vp),
(>iii) (i1,vy) with (ip2,v22), and (iv) (i1,vy) with (ip,vp). Active
power at the three system ports was then measured along
with the conversion loss. System performance was evaluated
across three representative operating scenarios based on the
primary current magnitude. The efficiency for each case was
calculated using the following relation

P, — P,
,72”’—"035.100%’

in

(47)

where P;, represents the total power harvested from the con-
ductor and P pss denotes the measured conversion losses.

A. CASE 1: BATTERY CHARGING STATE

The first experiment was performed under primary current
magnitude of I} =~ 1442 A > I . In this scenario, the
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TABLE 2. Experimental Results Summary

State 11.rvs Pin P's P Pross.e Pross.a
charging 144 A 5TW 12W 30 W 15W 16 W
idle 105 A 41 W ow 30 W 12W 11w
discharging S5A 21 W -16 W 30 W 7TW 75 W

primary current magnitude significantly exceeds the bound-
ary current, allowing the D-AMEH to harvest more power
than required by the load. As observed in the time-domain
waveforms in Fig. 11, the battery-side converter is synchro-
nized with the line frequency, forcing the system to operate
at the Maximum Power Point (MPP). The surplus power—
remaining after supplying the constant power load (CPL) and
accounting for system conversion losses—is effectively stored
in the battery. The experimental results in Table 2 confirm that
a substantial portion of the harvested power is directed toward
battery charging, demonstrating the system’s ability to utilize
high primary currents for energy storage without interrupting
the load supply. For this operating state, the measured conver-
sion efficiency is 73.6%.

B. CASE 2: BATTERY IDLE STATE

The second experiment was carried out under primary current
magnitude of I; & 105+/2 A. This case represents the bound-
ary operation of the system. While theoretically /;p defines
the transition point, in practice, this magnitude is slightly
higher due to the internal conversion losses of the D-AMEH.
As shown in Fig. 12, the harvested power is just sufficient to
cover the load demand and the system’s own losses Pross.E-
Consequently, the battery current ip fluctuates around zero,
yielding a near-zero average battery power. For this operating
point, at this operating point, the conversion efficiency was
measured at 70.7%.

C. CASE 1: BATTERY DISCHARGING STATE

The third experiment was conducted under primary current
magnitude of I} ~ 5542 A < I,5. Under low primary cur-
rent conditions, the energy harvested from the conductor is
insufficient to meet the load requirements. In this state, the
battery-side converter reverses the power flow direction. The
waveforms in Fig. 13 show that the battery acts as an energy
source for the load, while also compensating for the D-AMEH
conversion losses. This validates the bidirectional capability
of the active full-bridge converter and the AC-coupling con-
cept, ensuring that the load voltage remains stable and the
constant power demand is met. The measured efficiency in
this operating state is 66.6%.

The results are summarized in Table 2, where Pross.g de-
notes measured conversion losses and Prpss.a symbolizes its
analytically estimated counterpart. Close agreement between
these values validates the accuracy of the proposed loss model
and the developed analytical framework. Regarding system
efficiency, it should be emphasized that the current prototype
was developed primarily to demonstrate the dual-winding de-
coupling functionality rather than to optimize the efficiency.
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FIGURE 12. Case 2 (battery idle state): (a) ABC-side winding variables;
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Measured efficiency values varied between 66.6% and 73.6%,
depending on the operating state with dominating conduction
(copper) losses of battery-side and load-side windings. Future
optimizations, such as refining the transformer winding geom-
etry and utilizing conductors with larger cross-sectional areas
to minimize resistance, are expected to significantly enhance
the overall conversion efficiency. Nevertheless, the results
demonstrate that even with a non-optimized prototype, the
D-AMEH successfully maintains power balance and isolation,
proving the viability of the proposed architecture.

VII. CONCLUSION

This work introduced and analyzed a dual-winding magnetic
energy harvester integrated with a rechargeable battery (serv-
ing as an energy buffer) for supplying a constant power DC
load via an uncontrolled rectifier from a conductor carrying
AC currents with variable magnitude. Theoretical analysis
was carried out to identify operating modes, signal waveforms
and conversion losses of the device.

Experimental validation confirmed the existence of three
battery operating states (namely charging, idle, and discharg-
ing) in close agreement with analytical predictions. The
results demonstrated that the battery effectively balances
the instantaneous mismatch between harvested power (max-
imized at any given point of time) and load consumption.
Future research on the subject focuses on feeding a load with
non-constant consumption via a controlled rectifier.
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