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Abstract: This article proposes a real-time dynamic maximum efficiency tracking algorithm for
wireless power transfer (WPT) systems with multiple receivers. The algorithm sequentially varies the
net reactance of each of the receivers using switched capacitor circuits (SCCs) to reach the maximum
efficiency point (MEP). The MEP in multiple-receiver systems varies in the presence of cross-coupling.
This article provides an in-depth analysis of the effects of cross-coupling and proves that cross-
coupling could be beneficial or detrimental to efficiency, depending on circuit conditions such as the
load resistances and coupling factors among the coils. Hence, unlike previous research, this article
emphasizes the improvement of the link efficiency in the presence of cross-coupling rather than the
complete elimination of its effects. Experimental results have been included for a single-transmitter
and two-receiver system to validate the feasibility of the proposed algorithm.

Keywords: wireless power transfer; cross-coupling; resonant inverters; frequency domain analysis;
buck–boost converters; efficiency optimization

1. Introduction

Wireless power transfer is a rapidly growing research and development area with
applications in portable electronics [1,2], electric vehicle charging [3], automated guided
vehicles (AGVs) and drones [4,5], medical implants [6], plasma generation [7] and industrial
automation [8].

In applications involving portable electronics such as wearable devices and cellphones,
there has been a recent drive to power multiple devices simultaneously for better utilization
of the charging space. It has been reported that compared with a single-receiver system,
multiple-receiver systems can yield higher efficiency by improving the figure of merit
of the system [9,10]. However, in practice, multiple-receiver systems work under many
uncertainties, such as coupling variations among the coils, changes in load resistance for
the receivers, tolerance of resonant components and the number of receivers in the charging
area. All these factors affect the voltages induced across the coil terminals and impact the
amount of power transferred to the loads [11–13].

Among all the uncertainties in multiple-receiver systems, the effect of cross-coupling
among the receivers can be very tricky to control since it alters the resonant frequency of the
inductive link [14–17] and interferes with the current distribution among the receivers and
transmitters. Cross-coupling can also be detrimental to the system efficiency if the receivers
are working under similar load or coupling conditions. A high amount of cross-coupling is
very common in WPT systems, where the receivers need to be stacked on top of each other
for better space utilization as shown in Figure 1. Hence, the effect of cross-coupling needs
to be monitored and effectively controlled to counteract a degradation in efficiency and
transferred power.

Recently, extensive research has been dedicated toward mitigating the effects of cross-
coupling. Decoupled coils were used in [18–20], where the coupled flux among the coils was
canceled out by suitable design and orientation of the coils. The authors of [19] presented
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the design of decoupled concentric coils with a bucking coil layout, where flux cancellation
is achieved by alternating the winding direction in one of the coils. However, this technique
has been shown to work only for a two-receiver system, and its implementation in systems
with more receivers is not effective. In multi-resonant WPT systems [21–24], the transmitter
generates multiple frequencies, and each receiver resonates at one of the transmitter carrier
frequencies. This mitigates the interference from non-targeted receivers, which can be
further reduced by using additional band-pass and band-stop filters [22]. However, since
the frequency bands need to be far apart to avoid interference, the number of receivers
that can be powered is limited. Time division multiplexed schemes [25,26] naturally avoid
the influence of cross-coupling since only one receiver can be powered at a time [26].
Additionally, using time division schemes, the total amount of power transferred from the
transmitter to the receivers is limited. Passive compensation techniques [27] utilize a fixed
design of coils and compensating capacitances to maximize efficiency at a nominal oper-
ating point. This technique requires prior knowledge of the load and coupling variation
range among all the receivers, based on which an objective function is formulated. Then, a
robust design problem is solved using nonlinear optimization techniques such as the ge-
netic algorithm [27]. However, this design is suitable only for a narrow range of parameter
variations, and the system efficiency is poor when the parameters deviate far from the opti-
mum point. In the active reactance compensation technique [15,28], a calculated amount
of reactance is inserted into the receivers to cancel out the induced voltage caused by the
cross-coupling. However, this reactance value depends on the load and coupling condition
of all the coils [15]. To implement this technique, complicated control and sensing circuitry
are required to estimate the load and coupling values in real time [29]. This makes it quite
expensive and slow, and the accuracy of the estimated system parameters is also poor.
Some papers have attempted to reduce the effect of cross-coupling by making the transmit-
ter current orthogonal to the receiver currents [30,31] through varying the receiver reactance.
However, the quadrature phenomena [30] of the transmitter and receiver currents work
only when the fundamental harmonics of the currents are considered. The higher-order
harmonics cannot be ignored at light load conditions and systems with low quality fac-
tors. All of these research works have attempted to eliminate the effects of cross-coupling
completely without assessing its impact on efficiency for different cases.

Figure 1. Wireless power transfer system with one transmitter charging multiple devices.

In this article, the effect of cross-coupling among receivers in a wireless power transfer
system is analyzed in detail. The conditions in which cross-coupling can be beneficial or
detrimental to system efficiency are mathematically derived, which has not been shown
in the previous literature. To improve the real-time system efficiency, a dynamic gradient
descent algorithm is proposed which does not require load sensing of the receivers or
coupling coefficient estimation among the coils. Experimental results are shown on a WPT
system with two receivers to validate the proposed algorithm.

The rest of this article is organized as follows. Section 2 presents a mathematical model
of the WPT system, and the effect of cross-coupling on link efficiency is analyzed. Section 3
explains the functioning of a switched capacitor circuit. Section 4 details the challenges
faced in efficiency optimization when voltage regulation at the output is a requirement. It
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also presents an iterative method using a computer program to find the optimum efficiency
point. Section 5 presents a dynamic maximum efficiency tracking algorithm for optimizing
system efficiency in real time. In Section 6, the proposed strategy is implemented in an
experimental prototype to verify its feasibility. Finally, the conclusions are presented in
Section 7.

2. Steady State Equivalent Circuit Analysis

The circuit diagram of a wireless power transfer system with one transmitter and n
receivers is shown in Figure 2. The transmitter consists of a half-bridge inverter, a com-
pensation capacitor and a transmitting coil. The receiver consists of a receiving coil,
a compensation capacitor, a diode rectifier and a buck-boost converter. The half-bridge
inverter generates a high-frequency unipolar square wave voltage which is fed to the trans-
mitter’s resonant tank. The magnetic flux generated by the transmitter coil couples with
the receiver coils, and power is transferred wirelessly from the transmitter and receiver.
The compensating capacitors on the transmitter and the receiver sides are connected in
series with the coils to cancel out the net reactance and reduce the VA rating of the system.
The alternating current in the receiver is then rectified by the diode rectifier to generate a
DC output. The buck-boost converter is cascaded after the diode rectifier to regulate the
output voltage supplied to the load and thereby ensure that the required power is delivered
to the load.

Figure 2. Circuit diagram of a WPT system with one transmitter and n receivers achieving voltage
regulation at output.

2.1. Frequency Domain Model

The WPT system was modeled using the fundamental harmonic approximation tech-
nique. Figure 3a shows the equivalent AC circuit model of a WPT system transmitter, and
Figure 3b shows the equivalent AC circuit model of the jth receiver. The effective coupling
among the transmitters and receivers can be modeled using dependent AC voltage sources.
The quantities and equations used for the frequency domain analysis are defined below:

ωs = 2π fs (1)

where ωs is the switching frequency in radians/s and fs is the switching frequency in Hz:

ωr =
1√

LpCp
=

1√
LsjCsj

(2)

where ωr is the resonant frequency of the system, Lp is the self-inductance of the transmitter
coil and Cp is the series compensation capacitance on the transmitter side. In addition, Lsj
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is the self-inductance of the jth receiver coil and Csj is the series compensation capacitance
of the jth receiver:

ω =
ωs

ωr
(3)

where ω is the relative switching frequency:

kpsj =
Mpsj√
LpLsj

(4)

where kpsj is the coupling coefficient and Mpsj is the mutual inductance respectively be-
tween the transmitter and the jth receiver (j = 1, 2, . . . n):

ksisj =
Msisj√
LsiLsj

(5)

where kpsj is the coupling coefficient and Mpsj is the mutual inductance between the
transmitter and the jth receiver (i, j = 1, 2, . . . n):

Qp =
ωrLp

Lp
(6)

where Qp is the unloaded quality factor of the transmitter coil and Rp is the series resistance
of the transmitter circuit, which includes the equivalent series resistances of the coil and
the compensating capacitor as well as the on-state resistance of the inverter switches:

QsjL =
ωrLsj

Rsj + R′Lj
(7)

where QsjL is the loaded quality factor of the receivers, Rsj is the equivalent series resistance
of the jth receiver coil and R′Lj is the load resistance as seen by the receiver j, as shown in
Figure 3b, when the output load resistance RLj is reflected before the buck-boost DC-DC
converter and the diode rectifier. The value of R′Lj used can be derived in a similar manner
to that shown in [13]:

R′Lj =
2

π2

(1− Dj)
2

D2
j

RLj (8)

where Dj is the duty ratio of the buck-boost converter cascaded with the jth receiver.
The reactance on the transmitter side (Xp) and the reactance on the jth receiver side (Xsj)
are given by Equations (9) and (10), respectively:

Xp = ωsLp −
1

ωsCp
(9)

Xsj = ωsLsj −
1

ωsCsj
(10)

The square wave input voltage generated by the inverter can be approximated as a
sine wave (Vin) and is given as

Vin =
2
π

Vi (11)

where Vi is the DC input voltage to the transmitter:
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Vin
0
0
0

 =



Rp + jXp jωs Mps1 . . . jωs Mps(n−1) jωs Mpsn

jωs Mps1 Rs1 + R′L1 + jXs1 . . . jωs Ms1s(n−1) jωs Ms1sn
...

...
. . .

...
...

jωs Mps(n−1) jωs Ms1s(n−1) . . . Rs(n−1) + R′L(n−1) + jXs(n−1) jωs Msns(n−1)

jωs Mpsn jωs Ms1sn . . . jωs Msns(n−1) Rsn + R′Ln) + jXsn





ip
is1
...
...

isn

 (12)

Equation (12) shows the KVL equations of the transmitter and receiver circuits, where
ip is the current flowing in the transmitter coil and isj is the current flowing in the jth

receiver coil.

(a) (b)

Figure 3. FHA model of the (a) transmitter circuit and (b) jth receiver circuit.

As shown in [14], the effect of the cross-coupling of the receivers can be nullified if the
reactance of the receiver coils can be adjusted. To achieve this, the modified reactance of
the jth receiver coil (Xsj) can be given as

Xsj =
n

∑
k=1,k 6=j

ωs Mpsk Msjsk(Rsj + R′Lj)

Mpsj(Rsk + R′Lk)
(13)

Hence, it is known that the effect of cross-coupling among the receivers can be elimi-
nated if required. In the next subsection, it will be investigated whether the cross-coupling
is always detrimental to the efficiency of the system, or whether in some conditions, cross-
coupling might improve the system’s efficiency.

The conduction losses in the coils of the transmitter and receiver coils of the WPT
system are the dominant losses for WPT systems. The link efficiency of a WPT system with
n receivers can be given as

η =
i2s1,rmsR′L1 + . . . + i2sn,rmsR′Ln

i2p,rmsRp + i2s1,rms(R′L1 + Rs1) + . . . + i2sn,rms(R′Ln + Rsn)
(14)

Considering the fundamental harmonics to be dominant, we have

i2sj,rms

i2p,rms
=

( isj

ip

)2



Electronics 2022, 11, 3928 6 of 23

Hence, η can also be written as:

η =

(
is1
ip

)2
R′L1 + . . . +

(
isn
ip

)2
R′Ln

Rp +
(

is1
ip

)2
(R′L1 + Rsn) + . . . +

(
isn
ip

)2
(R′Ln + Rsn)

(15)

The ratio of the receiver currents to the transmitter currents can be found using
Equation (12).

2.2. The Effect of Cross-Coupling among Receivers on System Efficiency

To demonstrate the effect of cross-coupling among receivers, a WPT system containing
one transmitter and two receivers is analyzed. For this case, the ratio of the receiver currents
and the transmitter currents can be found using Equation (12) and is given as(

is1

ip

)2

=
(ω2

s Mps2Ms1s2)
2 + ω2

s M2
ps1(Rs2 + R′L2)

2

(ω2
s M2

s1s2 + (Rs1 + R′L1)(Rs2 + R′L2))
2

(
is2

ip

)2

=
(ω2

s Mps1Ms1s2)
2 + ω2

s M2
ps2(Rs1 + R′L1)

2

(ω2
s M2

s1s2 + (Rs1 + R′L1)(Rs2 + R′L2))
2

(16)

Using Equation (16), at the resonant condition of the receivers (Xsj = 0), the link
efficiency of the WPT system can be found as shown in Equation (17):

η =

R′L1
R′L1+Rs1

QpQs1L(k2
ps2k2

s1s2Q2
s2L + k2

ps1) +
R′L2

R′L2+Rs2
QpQs2L(k2

ps1k2
s1s2Q2

s1L + k2
ps2)

(1 + k2
s1s2Qs1LQs2L)(1 + k2

ps1QpQs1L + k2
ps2QpQs2L + k2

s1s2Qs1LQs2L)
(17)

For a system with two receivers, the reactance Xs1 and reactance Xs2, which eliminate
the effect of cross-coupling, are given by

Xs1 = −
ωs Mps2Ms1s2(Rs1 + R′L1)

Mps1(Rs2 + R′L2)

Xs2 = −
ωs Mps1Ms1s2(Rs2 + R′L2)

Mps2(Rs1 + R′L1)
(18)

Using the reactance Xs1 and Xs2 from Equation (18), the effect of cross-coupling ks1s2
can be eliminated, and the efficiency equation for the system link can be written as

η1 =

R′L1
R′L1+Rs1

k2
ps1QpQs1L +

R′L2
R′L2+Rs2

k2
ps2QpQs2L

1 + k2
ps1QpQs1L + k2

ps2QpQs2L
(19)

By comparing the efficiencies η and η1, a region can be found where efficiency is
improved due to the presence of cross-coupling Ms1s2 at resonance. The following condition
must be satisfied:

∆η = η − η1 > 0 (20)

By substituting the formulae for η and η1 from Equations (17) and (19), respectively,
into Equation (20), we obtain the inequality shown in Equation (21):

(Qp(k4
ps2Q2

s2L − k4
ps1Q2

s1L) + k2
ps2Qs2L − k2

ps1Qs1L)(
R′L1

R′L1 + Rs1
−

R′L2
R′L2 + Rs2

) >

(1 + k2
s1s2Qs1LQs2L)(k2

ps1Qs1L
R′L1

R′L1 + Rs1
+ k2

ps2Qs2L
R′L2

R′L2 + Rs2
) (21)
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From Equation (21), the following observations can be made:

1. If the ratio of the reflected load resistance to the series resistance of the receiver is the
same for both receivers (i.e., R′Lj/Rsj), then the highest efficiency occurs when there
is no cross-coupling among the receivers. However, in most applications, the load
requirement of the receiver as well as the coupling conditions among the transmitter
and receivers keep changing. Hence, the value of R′Lj keeps varying, as the duty cycle
Dj needs to be adjusted to keep the output voltage constant. The relation between R′Lj
and Dj is given in Equation (8).

2. If the k-Q factors (k2
psjQpQsjL) of the transmitter and each of the receivers are the

same, then the highest efficiency occurs when there is no cross-coupling among the
receivers. However, again, the loaded quality factor of the receivers is dependent on
the loading conditions of the system and hence on R′Lj, which keeps varying during
system operation as explained in the previous point. Additionally, the coupling
coefficient between the transmitter and receiver (kpsj) keeps varying.

3. A higher value of the unloaded quality factor of the transmitter coil (Qp) gives a higher
probability of having a non-zero optimal coupling coefficient among the receivers.

Hence, a common observation is that with more symmetrical operation and similar
conditions among the receivers, higher efficiency is achieved with no mutual coupling
among the receivers. For analysing the condition in Equation (20), a WPT system with
the parameters shown in Table 1 is considered as an example. The system consists of
one transmitter and two receivers. The transmitter and receiver coils as well as the series
compensation capacitors are identical. For different coupling conditions among the re-
ceivers, graphs were plotted between various load and coupling conditions to illustrate
the regions where efficiency improvement was observed in the presence of cross-coupling
among the receivers.

Table 1. Wireless power transfer system specifications for Analysis.

Symbol Parameter Value

Vi Input voltage 30 V
Vo Output voltage 5 V
Po Rated output power 5 W
fs Switching frequency 200 kHz

Lp, Ls1, Ls2 Transmitter and receiver coil inductance 24 µH
Rp, Rs1, Rs2 Transmitter- and receiver-side resistance 0.3 Ω
Cp, Cs1, Cs2 Transmitter- and receiver-side capacitance 26.38 nF

For plotting the graphs in Figure 4, a weaker coupling among the receivers was consid-
ered where ks1s2 = 0.2, and a stronger coupling of ks1s2 = 0.5 was considered for plotting
the regions in Figure 5. Figures 4a and 5a show the regions where ∆η is positive or negative
as a function of different load conditions of the receivers with kps2 = 0.3 and kps1 = 0.15.
Figures 4b and 5b show the regions where ∆η is positive or negative as a function of
different coupling coefficients among the transmitter and receivers with RL1 = 20 Ω and
RL2 = 5 Ω. It is interesting to note that when the cross-coupling among receivers was
higher, as in Figure 5, the load range and the coupling range at which higher efficiency was
obtained in the presence of cross-coupling were reduced. This was caused by a higher shift
in the resonant frequency of the inductive link when the cross-coupling was greater. Hence,
the resonant frequency needs to be shifted more when the cross-coupling is higher.

According to the analysis presented above, the reactance of each of the receivers needs
to be modulated to improve the system efficiency. However, the above example makes it
clear that when varying the reactance of the receivers for finding the optimum efficiency
point of the system, the value of the reactance given by Equation (13) might not always
yield that optimal point.



Electronics 2022, 11, 3928 8 of 23

(a) (b)

Figure 4. Variation in efficiency (∆η) with ks1s2 = 0.2, with change in (a) load resistances RL1 and RL2

with kps2 = 0.3 and kps1 = 0.15, respectively, and (b) coupling factors kps1 and kps2 with RL1 = 20 Ω
and RL2 = 5 Ω, respectively.

(a) (b)

Figure 5. Variation in efficiency (∆η) with ks1s2 = 0.5, with change in (a) load resistances RL1 and RL2

with kps2 = 0.3 and kps1 = 0.15, respectively, and (b) coupling factors kps1 and kps2 with RL1 = 20 Ω
and RL2 = 5 Ω, respectively.

3. Switched-Capacitor Circuit

To vary the reactance of the receiver circuits, the series compensation capacitance
could be varied. Some commonly used techniques to achieve this include the use of ceramic
capacitors [32], capacitor banks [33] and switched-capacitor networks [34–36].

Ceramic capacitors require a high DC voltage applied across their terminals to change
their capacitance [33]. Since the variation in capacitance is needed on the receiver end,
a complicated circuit and an external power supply are required on the receiver side,
which is inconvenient. Capacitor banks use an array of capacitors with switches connected
in series with or parallel to the capacitors. The net capacitance of the bank is varied by
connecting each capacitor to a network or taking them out of it using the switches. This
enables net capacitance variation only in discrete states and needs a large network to
achieve finer tuning. This large network could increase the size, cost and complexity of
the circuit.

To have a continuous variation in capacitance with less complicated circuitry, a
switched-capacitor circuit (SCC) is used in this article. The SCC circuit consists of two
MOSFETs, Saj and Sbj, connected at their respective sources back to back as shown in
Figure 6a and a capacitor Cswj connected in parallel to the two switches. The duration in
which Cswj charges or discharges can be controlled by the switching sequence of Saj and Sbj.
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This helps in modulating the equivalent capacitance of the SCC circuit. The operational
waveforms of the SCC circuit are shown in Figure 6b.

Let iXY be the receiver current flowing between two points, denoted by X and Y.
Assuming iXY is sinusoidal, it can be given by

iXY = Isin(ωst) (22)

 Saj

  vCswj

Sbj

X Y

iXY

CswjiCswj

(a)

iXY

ωst

VGSaj

π

VGSbj

icswj

2π

Vcswj

iSaj

α α

ωst

ωst

ωst

ωst

ωst

(b)

Figure 6. Switched-capacitor network: (a) circuit and (b) key waveforms.

Here, I is the peak amplitude of the current iXY.
The gating signals for the switches Saj and Sbj are VGSaj and VGSbj, respectively, as

shown in Figure 6b. Saj is turned on at the positive zero-crossing point of the current iXY,
and Sbj is turned on at the negative zero-crossing point of iXY. The switches are closed for
a duration corresponding to the angle α (π/2 < α < π). They also have a phase difference
of an angle π between them. At the moment when iXY becomes positive, the switch Saj is
closed. Afterward, Cswj is charged to zero potential from a negative potential, iXY starts
flowing through Saj. At an angle α, Saj is opened, and iXY starts charging the capacitor
Cswj. At angle π, iXY is negative, and Sbj is closed. After the capacitor, Cswj is discharged
to zero potential from a positive potential, and iXY starts flowing through Sbj. Similarly,
at the angle (π + α), Sbj is opened, and iXY starts discharging the capacitor Cswj. The whole
process repeats again at the angle 2π.

The Fourier series of the current (iCswj(t)) through the capacitor Cswj is written as

iCswj(t) =
a0

2
+

∞

∑
n=1

ancos(nωst) +
∞

∑
n=1

bnsin(nωst)

Since the current iCswj as a function of time is an odd function, the Fourier coefficients
a0 and an are zero. To simplify the analysis, higher-order terms can be neglected, and the
Equation for iCswj(t) is given by Equation (23):

iCswj(t) =
I
π
(2π − 2α + sin(2α))sin(ωst) (23)
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The voltage across the capacitor Cswj can be written as

VCswj(t) =
I

ωsπCswj
(2π − 2α + sin(2α))sin(ωst− π

2
) (24)

From Equations (23) and (24), it can be observed that iXY leads VCswj by π/2 radians.
Hence, the network behaves as an equivalent capacitance which can be modified by
adjusting the control angle α. Assuming the system consists of n receivers, the equivalent
capacitance of the SCC network of the jth receiver (j = 1, 2, . . . n) is given by

Cj,SCC =
πCswj

2π − (2α− sin(2α))
(25)

Hence, the equivalent series capacitance of the jth receiver is given by

Cj,eq =
Cj,SCCCsj

Cj,SCC + Csj
(26)

where Csj is the series capacitance of the jth receiver without the SCC network.
From Equation (25), it can be seen that at α = π/2. No current flows through Saj

and Sbj, and instead, it flows through the capacitor Cswj in series with Csj, while the net
capacitance is equal to (CswjCsj)/(Cswj + Csj). At α = π, the current flows through the
switches in series with Csj, and hence the net capacitance becomes Csj. The modulated
resonant frequency of the jth receiver can be given as follows:

ωoj =
1√

LjCj,eq

The relative resonant frequency (ωrxj) of the jth receiver can be defined as

ωrxj =
ωoj

ωr
(27)

Figure 7 shows the variation in the equivalent capacitance Cj,eq as a function of α
when (1) Cswj = Csj, (2) Cswj = 2Csj and (3) Cswj = Csj/2. It can be observed that a greater
range of equivalent capacitance variation can be achieved by using a smaller value of Cswj
compared with Csj. In addition, Cj,eq had a monotonically increasing characteristic as a
function of α.

Figure 7. Variation in Cj,eq/Csj as a function of α when (1) Cswj = Csj, (2) Cswj = 2Csj and
(3) Cswj = Csj/2.
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4. Efficiency Optimization While Maintaining Voltage Regulation

As discussed in Section 2, by changing the duty cycle (Dj) of the buck-boost converter,
voltage regulation can be maintained at the output of the receivers of the WPT system.
In Equation (8), the reflected load resistance (R′Lj) appearing before the rectifier of the

jth receiver coil is also dependent on Dj. Hence, when the equivalent capacitances of the
receivers (Cj,eq) are varied to improve the system efficiency, it changes the voltage appearing
at the input of the rectifiers of the receivers, and hence Dj must be adjusted accordingly
to always maintain voltage regulation at the output. Equation (17) shows the efficiency of
the system at the resonant condition of the receivers. However, as discussed in Section 2,
the reactance of the receivers needs to be varied to obtain an optimum link efficiency. In the
presence of cross-coupling, the efficiency of a two-receiver system including the reactance
of the receivers can be given by Equation (A1), shown in the appendix. To obtain the
optimum values of Xs1 and Xs2, a partial derivative of η in Equation (33) needs to be found
with respect to Xs1 and Xs2. However, with variation in Xs1 and Xs2, R′L1 and R′L2 are both
varying quantities, as explained in the previous paragraph. Hence, the partial derivative of
R′L1 and R′L2 with respect to Xs1 (and Xs2) is not zero. This makes the analytical solution
for the optimum Xs1 and Xs2 quite involved.

Hence, for an n receiver system, an iterative search process using a computer program
can be used to obtain the optimum values of (Xs1, Xs2, . . . Xsn) to a certain degree of resolu-
tion. To obtain the required reactance of each of the receivers for achieving peak efficiency,
nested loops can be used to vary (Xs1, Xs2, . . . Xsn) over an acceptable range, and the MEP
is recorded. It must be made sure that voltage regulation is maintained throughout the
ranges of Xsj considered.

Let Vsecj be the voltage appearing across the terminals of the jth receiver before the
rectifier. The absolute value of the voltage Vsecj can be written as

|Vsecj| = |isj|R′Lj (28)

In terms of the output voltage of the jth receiver (Voj), |Vsecj| can be written as

|Vsecj| =
2
π

(1− Dj)

Dj
Voj (29)

From Equations (28) and (29),

|isj|R′Lj =
2
π

(1− Dj)

Dj
Voj (30)

From Equation (30), by simultaneously solving for n receivers, the corresponding
values of the duty ratio Dj (j = 1, 2, . . . n) can be obtained, which helps in maintaining
voltage regulation for their respective receivers. For a two-receiver WPT system, the cur-
rents is1 and is2 from Equation (12) can be written as shown in Equations (A4) and (A5)
in Appendix A.

In terms of the reactance Xsj, the relative resonant frequency of the receivers (ωrxj)
from Equation (27) can be given as

ωrxj =

√
1−

Xsj

ωrLsj
(31)

Hence, ωrxj gives a measure of the change in normalized reactance of the receiver j.
For the system parameters shown in Table 1, with the circuit conditions being ks1s2 = 0.5,
kps1 = 0.3, kps2 = 0.2, RL1 = 5 Ω and RL2 = 10 Ω, the system link efficiency and the
RMS currents through the transmitter and receivers as a function of the relative resonant
frequencies (ωrxj) are plotted in Figure 8. Here, ωrx1 and ωrx2 are varied between 1 and 1.5
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to find the optimum efficiency point. Some interesting observations that can be made from
the plots are the following:

1. An optimum link efficiency of 93% was achievable at ωrx1 = 1.15 and ωrx2 = 1.33.
2. The highest efficiency occurred at the point where the average input current was

lowest and hence was quite close to the point where the rms current of the transmitter
was lowest.

3. Additionally, the link efficiency depends on the rms currents of the receivers as well,
but is1,rms and is2,rms do not have a linear relationship with efficiency as a function of
ωrx1 and ωrx2, respectively.

(a) (b)

(c) (d)

Figure 8. Analytical plots as a function of relative resonant frequencies for (a) link efficiency, (b) RMS
current through the transmitter coil, (c) RMS current through receiver 1 coil and (d) RMS current
through receiver 2 coil in a two-receiver WPT system with ks1s2 = 0.5, kps1 = 0.3, kps2 = 0.2 , RL1 = 5
Ω and RL2 = 10 Ω.

5. Real-Time Maximum Efficiency Tracking Algorithm

In Section 2, it was shown that the equivalent series capacitances of the receivers must
be modulated to make the WPT system more efficient in the presence of cross-coupling.
Since the coupling conditions and the load resistances of the receivers keep on varying over
time, depending on their relative positions and load requirements, the series-compensating
capacitances need to be adjusted accordingly. For a precise calculation of the required
capacitance for maximum efficiency, accurate information on the coupling among all the
coils and the load resistances of each of the receivers is required. This mutual coupling
information can be obtained using estimation algorithms [29,37], and the load information
can be obtained using load current sensing. However, the accuracy of the obtained values is
quite less and requires complicated circuitry. In addition, estimations of all these parameters
are time-consuming and are subject to change in real time.
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Hence, a dynamic tracking algorithm, as shown in Figure 9, is implemented to incre-
mentally improve the system efficiency for varying coupling and load parameters in real
time. By reducing the input power while maintaining the required power transfer to the
receivers, the efficiency of the system can be improved. This can be performed by changing
the resonant frequency of the inductive link (by changing the net series capacitance of
the receivers using the SCC) and checking for a reduction in the average input current
of the system. Since the input voltage is constant, and the load power is maintained as
constant by voltage regulation, the maximum efficiency is obtained by reducing the average
input current.

Start

Apply initial condition, ωrxj = 1. 

Sense average input current isense 

and set isense = imin

ωrx1 = ωrx1 + Δωrx1

Record isense after delay

isense < imin

Set imin =  isense

ωrx1 = ωrx1 + Δωrx1

Record isense after delay

isense < imin

Set imin =  isense

ωrx1f  = ωrx1

ωrx1 = ωrx1 - Δωrx1

Record isense after delay

isense < imin

Set imin =  isense

ωrx1f  = ωrx1

Set ωrx1 = ωrx1f

Yes

No

No
Yes

Yes
No

ωrx2 = ωrx2 + Δωrx2

Record isense after delay

isense < imin

Set imin =  isense

ωrx2 = ωrx2 + Δωrx2

Record isense after delay

isense < imin

Set imin =  isense

ωrx2f  = ωrx2

ωrx2 = ωrx2 - Δωrx2

Record isense after delay

isense < imin

Set imin =  isense

ωrx2f  = ωrx2

Set ωrx2 = ωrx2f

Yes

No

No
Yes

Yes
No

ωrxn = ωrxn + Δωrxn

Record isense after delay

isense < imin

Set imin =  isense

ωrxn = ωrxn + Δωrxn

Record isense after delay

isense < imin

Set imin =  isense

ωrxnf  = ωrxn

ωrxn = ωrxn - Δωrxn

Record isense after delay

isense < imin

Set imin =  isense

ωrxnf  = ωrxn

Set ωrxn = ωrxnf

Yes

No

No
Yes

Yes
No

Delay

Continue for n receivers

Figure 9. Flowchart of the dynamic tracking algorithm for optimizing efficiency for n receivers.
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Procedure

The equivalent capacitance (and therefore the relative resonant frequencies ωrxj) of
the receivers can be modulated in a sequential manner using the following steps:

1. The relative resonant frequencies ωrxj are kept at one initially, and the average input
current isense is sensed and recorded. Next, isense is recorded as the present minimum
value of the average input current (imin). To ensure that the required power can
be delivered to the loads for a range of coupling coefficients and load conditions,
the input voltage to the system should be set high enough. Additionally, for the
range of variation of ωrxj that is considered, the system should be able to deliver the
required power output. This ensures that the buck-boost converter cascaded with the
receiver can maintain voltage regulation.

2. After achieving output voltage regulation, the ωrxj of each receiver can be perturbed
according to the sequence discussed below. As mentioned before, this can be per-
formed by perturbing the control angle αj of the switched-capacitor network of the
receivers. The change in αj (∆αj) can be adjusted based on a gradient descent algo-
rithm and can be written as

∆αj = k
∂η

∂αj
(32)

Here, k is a step size correction term, and ∂η/∂αj is the derivative of the system
efficiency with respect to αj. The gradient descent algorithm can help reach the MEP
faster than a hill-climbing algorithm where a fixed step size is applied to αj. At the
beginning of the algorithm, a larger step size is preferred to improve the dynamic
response and reach the MEP faster. Toward the end of the algorithm, a smaller step
size is preferred for fine-tuning near the MEP. This can be achieved from the formula
for step size shown in Equation (32), where due to a higher change in efficiency
away from the MEP, the step size is higher. In addition, near the MEP, the change
in efficiency is smaller, and hence the step size is smaller, which enables the system
to remain very close to the maximum efficiency point and reduces the size of the
oscillations around it.

3. The relative resonant frequency of receiver 1 ωrx1 is then increased slightly
(ωrx1 = ωrx1 + ∆ωrx1) by reducing the control angle α1. After the perturbation in
the control angle is applied, the duty ratios of the DC-DC converters are changed to
maintain a constant voltage at the output. After a delay in time, isense is measured
again and compared with imin.

4. If the measured value of isense is greater than imin, then ωrx1 is reduced
(ωrx1 = ωrx1 − ∆ωrx1).

5. If the measured value of isense is less than imin, then ωrx1 is increased
(ωrx1 = ωrx1 + ∆ωrx1). Additionally, imin is made equal to the current value of
isense.

6. This increase or decrease in ωrx1 is repeated in steps until the lowest value of isense is
reached. Here, the iteration for changing ωrx1 is stopped, and imin is made equal to
the current value of isense. The value of ωrx1 (ωrx1 f ) with the lowest isense is recorded.
To allow for settling of the transients in the system, and for regulating the output
voltage, all the increments or decrements to ωrx1 are made after a small time delay.

7. In the next step, in a similar way, ωrx2 is increased or decreased (with a similar delay)
until the lowest value of isense is reached. Here, the iteration for changing ωrx2 is
stopped, and imin is made equal to the current value of isense. The value of ωrx2 ( ωrx2 f )
with the lowest isense is recorded.

8. This process is repeated for n receivers, and the optimum efficiency point is obtained.
9. In the next iterations, (ωrx1, . . . ωrxn) are increased or decreased in every step in a

direction in which efficiency is improved. When the algorithm ends, the system
operates at the values of (ωrx1, . . . ωrxn), for which the system efficiency is at its
maximum.
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10. This process starts again from receiver 1 to keep achieving the maximum efficiency in
real time with variations in the system parameters.

This technique can be applied to systems with more than two receivers, and accord-
ingly, the transmitter needs to be designed with the appropriate power rating. One way to
increase the power transfer capability of the system is by increasing the input voltage of
the transmitter. Changing the air gap and horizontal misalignment of the receivers changes
the coupling coefficients among the transmitters and receivers. Poor coupling among the
transmitters and receivers will lead to poor efficiency operation and can cause heating
issues in the device. However as long as the transmitter is capable of delivering the power
required by the receivers, the system will function.

6. Experimental Results

To demonstrate the importance of the tracking algorithm discussed in Section 4, an ex-
perimental prototype was designed with the specifications shown in Table 2. The system
comprised a transmitter, three coils and two receivers. Efficient Power Conversion’s
EPC9005C development board was used for the transmitter. It has a half-bridge in-
verter topology that uses EPC 2014 eGaN FETs. Spiral-shaped coils were designed for
the transmitter and receiver using AWG 22 (105/42) Litz wire with 20 turns. The cou-
pling among the coils was measured using the open-circuit and short circuit technique
shown in [38]. Ansys Maxwell 3D was used to verify the measured coupling coefficients.
Figure 10a shows a circuit diagram of the receiver, and Figure 10b shows the designed
printed circuit board of the receivers. The zero-crossing point of the receiver current s
detected using a current transformer and comparator and fed back to a digital controller
(in this case, an Intel MAX10, EK-10M08E144 FPGA). The FPGA sends out the signals VGSaj
and VGSbj to the switched capacitor network to control the equivalent series capacitance of
the receiver. To control the buck-boost converter and maintain voltage regulation of the
output, a digital PI controller is also implemented on the same FPGA.

Table 2. WPT system specifications of the experimental prototype.

Symbol Parameter Value

Vi Input voltage 30 V
Vo Output voltage 5 V
Po Rated output power 5 W
fs Switching frequency 200 kHz
Lp Transmitter coil inductance 24.2 µH
Ls1 Receiver 1 coil inductance 23.7 µH
Ls2 Receiver 2 coil inductance 23.6 µH
Rp Transmitter-side resistance 0.58 Ω
Rs1 Receiver-side resistance 0.44 Ω
Rs2 Receiver-side resistance 0.45 Ω
Cp Transmitter-side capacitance 26.38 nF
Cs1 Receiver 1 capacitance 26.38 nF
Cs2 Receiver 2 capacitance 26.38 nF
kps1 Coupling between Transmitter and Receiver 1 0.39
kps2 Coupling between Transmitter and Receiver 2 0.25
ks1s2 Coupling between Receiver 1 and Receiver 2 0.65

The control angles αj varied from 180◦ to 90◦ to modulate the net capacitance of the
receivers. At the beginning of the algorithm, the step size of αj was set as 21.6◦, and the
subsequent step sizes were calculated from Equation (32). Once there was direction reversal
of αj, the first step change was 7.2◦, and the next step sizes were calculated from Equation
(32). Since the clock frequency of the FPGA was 50 MHz, the resolution of the control angles
was 1.44◦. The chosen value of k, as shown in Equation (32) was 259.2 when the efficiency
was expressed as a percentage and the ∆αj was expressed in degrees. k was chosen as a
trade-off between a faster dynamic response at the start of the algorithm and the lesser
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oscillations around the MEP. The capacitances Csw1 and Csw2 had the same magnitude as
the capacitances Cs1 and Cs2. This allowed C1,eq and C2,eq to be reduced down to half the
magnitude of Cs1 and Cs2. Using the system parameters shown in Table 2, the system was
operated at two load conditions. In the first case, both the receivers were operated at full
load. In the second case, receiver 1 was operated at full load, and receiver 2 was operated
at 10% load.

Lsj

Csj

Coj RLj

Zero-crossing 

detection of 

current

Scale down

ADC

SCC Gate 

Drivers

PWM Set/Reset

DC-DC Gate 

Drivers

PWM (Saj, Sbj) PWM (Qaj, Qbj)
Vref

PI

To Saj - Sbj
To Qaj - Qbj

  

Qaj Qbj

Buck-boost converter j

Daj

Dbj

Cbj

Rectifier j

 

Saj

 

Sbj

Cswj

SCC j

Lbj

Digital controller j

VGSaj VGSbj

αj

VQaj VQbj

Verr

Dj

(a)

(b)

Figure 10. (a) Circuit diagram and (b) printed circuit board of the proposed WPT receiver system.

6.1. Experiment with Full Load on Both Receivers

In this case, both the receivers provided 5 W of power output. The algorithm started
with both receivers having a maximum pulse width of 2.5 µs applied to both the switched
capacitor networks (α1 = α2 = 180◦). Figure 11 shows the experimental waveforms of the
bridge voltage on the transmitter side (Vin), the transmitter current (ip) and the receiver
currents (is1 and is2). It can be seen that the transmitter current was leading the bridge
voltage waveform, and hence the inverter switches were hard-switched. The sensed input
current was 0.446 A, and the corresponding efficiency was 74.64%. Once the algorithm
started, it took 26 iterations to reach the MEP At the end of the algorithm, the control angles
were α1 = 120.96◦ and α2 = 106.56◦. Figure 12 shows the experimental results of Vin, ip, is1
and is2 and the currents icsw1 and icsw2 through the capacitors of the switched capacitor
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network. In this case, the transmitter current slightly lagged the inverter bridge voltage,
and hence the inverter switches achieved partial ZVS. This reduced the switching losses,
which were significant at high switching frequencies. The sensed input current was 0.395
A, and the efficiency of the system was 84.34%. Hence, a net efficiency improvement of 13%
was observed in this case.

(a) (b) (c)

Figure 11. Experimental waveforms of (a) input voltage Vin and current ip, (b) currents is1 and icsw1

and (c) currents is2 and icsw2 at the beginning of the algorithm when both the receivers were operating
at full load (Vin: 10V/div, ip: 1A/div, VGSa1, VGSb1: 5V/div, is1: 1A/div, icsw1: 1A/div, VGSa2, VGSb2:
5V/div, is2: 1A/div, icsw2: 1A/div).

(a) (b) (c)

Figure 12. Experimental waveforms of (a) input voltage Vin and current ip, (b) currents is1 and icsw1

and (c) currents is2 and icsw2 at the end of the algorithm when both the receivers were operating at
full load (Vin: 10V/div, ip: 1A/div, VGSa1, VGSb1: 5V/div, is1: 1A/div, icsw1: 1A/div, VGSa2, VGSb2:
5V/div, is2: 1A/div, icsw2: 1A/div).

(a) (b) (c)

Figure 13. Experimental waveforms of (a) input voltage Vin and current ip, (b) currents is1 and icsw1

and (c) currents is2 and icsw2 at the beginning of the algorithm when Receiver 1 was operating at full
load and Receiver 2 was operating at light load (10%) (Vin: 10V/div, ip: 1A/div, VGSa1, VGSb1: 5V/div,
is1: 1A/div, icsw1: 1A/div, VGSa2, VGSb2: 5V/div, is2: 500mA/div, icsw2: 500mA/div).

(a) (b) (c)

Figure 14. Experimental waveforms of (a) input voltage Vin and current ip, (b) currents is1 and icsw1

and (c) currents is2 and icsw2 at the end of the algorithm when Receiver 1 was operating at full load
and Receiver 2 was operating at light load (10%) (Vin: 10V/div, ip: 1A/div, VGSa1, VGSb1: 5V/div, is1:
1A/div, icsw1: 1A/div, VGSa2, VGSb2: 5V/div, is2: 500mA/div, icsw2: 500mA/div).
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(a)

(b)

Figure 15. (a) Variation of the control angles α1 and α2 and (b) variation of system efficiency during
the course of the algorithm when both the receivers were operating at full load.

6.2. Experiment with Full Load on Receiver-1 and 10% Load on Receiver-2

In this case, the first receiver supplied an output load of 5 W, and the second receiver
operated at a lesser power level of 500 mW. As in the previous case, the algorithm began
with both receivers starting at maximum pulse widths of 2.5 µs applied to both the switched
capacitor networks. Figure 13 shows the experimental waveforms of Vin, ip, is1 and is2,
and it is clear that the inverter switches were hard-switched in this case. The sensed input
current was 0.2853 A, and the system efficiency was 64.25%. Once the algorithm started, it
took 19 iterations to reach the MEP. At the end of the algorithm, the control angles were α1
= 129.6◦ and α2 = 90.72◦. Figure 14 shows the experimental results of Vin, ip, is1, is2, icsw1
and icsw2. Again, soft switching was achieved for the inverter switches due to the lagging
nature of the inverter current. The sensed input current was 0.234 A, and the efficiency of
the system was 78.34%. Therefore, a net efficiency improvement of 21% was observed in
this case.
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(a)

(b)

Figure 16. (a) Variation of the control angles α1 and α2 and (b) variation of system efficiency during
the course of the algorithm when one receiver was operating at full load and the other receiver was
operating at light load (10%).

Figure 15 shows the variations of the control angles and efficiency during the iterations
of the algorithm when both the receivers were operating at full load, while Figure 16 shows
the same when the one receiver was operating at 10% load and the other one was operating
at full load. It can be seen that with a high amount of coupling among the receivers in a WPT
system, the use of the proposed tracking algorithm is essential for efficiency improvement.
Table 3 shows a comparison between the proposed and existing techniques for wireless
power transfer with multiple-receiver systems.



Electronics 2022, 11, 3928 20 of 23

Table 3. A comparative study between the proposed and existing research works on WPT systems
with multiple receivers.

Research Works

Simultaneous
Power Transfer to

Multiple
Receivers

Requirement of
Estimation
Techniques

Possibility to Add
More Receivers

After Design

Complexity of
Design

Operating Range
of Load and

Coupling

Coil decoupling
[18–20] Yes No

No (Coils need to
have a specific

design for a
specific number of

receivers.)

Medium (Coil
design can be

complicated for
more than two

receivers.)

Narrow

Multi-resonant
[21–24] Yes No

Yes (However,
the number of

receivers is limited
by the available

frequencies.)

Medium (Needs
additional circuitry
for filtering noise

and avoiding
interference with
other receivers.)

Narrow

Time division
multiplexing

[25,26]
No No

Yes (However,
addition of more
receivers further
limits duration of
power delivery.)

Low (Design is
straightforward, as

one receiver is
powered at a time.)

Wide

Passive
compensation

[27]
Yes No

No (Coils and
compensation

networks need to
be redesigned for
more receivers.)

Low (Design is
fairly

straightforward
once the number
and specifications
of target receivers

are finalized.)

Narrow

Active reactance
compensation

[15,28]
Yes Yes

Yes (However,
more parameters

would need
estimation to apply

the required
reactance to the

receivers.)

High (Estimation
algorithms for

system parameters
could be

computationally
intensive.)

Wide

Current
quadrature
phenomena

[30,31]

Yes No

Yes (However,
phase information
of the transmitter

current is required
to be

communicated to
the receivers.)

Medium (Needs
automatic tuning

assist circuit or
switched capacitor

circuits for
orthogonalization
of the transmitter

and receiver
currents.)

Narrow

Proposed
technique Yes No

Yes (Power can be
delivered to more
receivers within
the rating of the

transmitter
components.)

Medium (Needs
additional

switched-capacitor
circuit for

modulating
receiver reactance.)

Wide

7. Conclusions

This article mathematically demonstrated that, based on the coupling and load con-
ditions of the receivers, cross-coupling could likely be advantageous or detrimental to
the efficiency of wireless power transfer systems. Based on this concept, a novel dynamic
efficiency-tracking algorithm using gradient descent was proposed for improving the real-
time efficiency of WPT systems. The proposed technique was applied to a WPT system
with two receivers in which an SCC network was used to modulate the reactances of the
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receivers, and efficiency improvements ranging up to 21% were observed. Hence, unlike
prior research, this article focused on the improvement of the efficiency of WPT systems in
the presence of cross-coupling rather than the complete elimination of its effects.
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Appendix A

Expressions for the link efficiency of two-receiver systems and receiver currents is1
and is2 in the presence of receiver reactance are shown in this appendix.

From Equation (14), the link efficiency for a two receiver system can be given as

η =

(
is1
ip

)2
R′L1 +

(
is2
ip

)2
R′L2

Rp +
(

is1
ip

)2
(R′L1 + Rs1) +

(
is2
ip

)2
(R′L2 + Rs2)

(A1)

where
(

is1
ip

)2
and

(
is2
ip

)2
in the presence of the reactance Xs1 and Xs2 can be given as

( is1

ip

)2
=

r2 + ω2
s M2

ps1(Rs2 + R′L2)
2

p2 + q2 (A2)

( is2

ip

)2
=

s2 + ω2
s M2

ps2(Rs1 + R′L1)
2

p2 + q2 (A3)

where
p = (ω2

s M2
s1s2 + (Rs1 + R′L1)(Rs2 + R′L2)− Xs1Xs2),

q = ((Rs1 + R′L1)Xs2 + (Rs2 + R′L2)Xs1),

r = (ω2
s Mps2Ms1s2 −ωs Mps1Xs2),

s = (ω2
s Mps1Ms1s2 −ωs Mps2Xs1).

The expressions for the absolute peak value of the currents is1 and is2 can be given as

is1 =

√
V2

in[r
2 + ω2

s M2
ps1(R′L2 + Rs2)2]

De
(A4)

is2 =

√
V2

in[s
2 + ω2

s M2
ps2(R′L1 + Rs1)2]

De
(A5)

where De is given as

De = [Rp p− Xpq + ω2
s M2

ps1(Rs2 + R′L2) + ω2
s M2

ps2(Rs1+

R′L1)]
2 + [Xp p + Rpq−ωs Mps1r−ωs Mps2s]2
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