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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



Electronics 2022, 11, 3928

30f23

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.

Rectifier 1 Buck-Boost Converter 1
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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 j* 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:

wg = 27Tfs (1)
where w; is the switching frequency in radians/s and f; is the switching frequency in Hz:

1

1
VELpCp \/szcsj

where wy is the resonant frequency of the system, L, is the self-inductance of the transmitter
coil and C, is the series compensation capacitance on the transmitter side. In addition, Ls;

@

Wy =
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is the self-inductance of the j** receiver coil and Cs; is the series compensation capacitance

of the j*" receiver:

=Y
W= ®)

where w is the relative switching frequency:

Mpsj (4)

P VL

k

where ks; is the coupling coefficient and M,;; is the mutual inductance respectively be-
tween the transmitter and the j* receiver (j = 1,2,...n):
Ko — Msisj (5)
sisj Tl sz
where kys; is the coupling coefficient and M,; is the mutual inductance between the
transmitter and the j* receiver (i,j = 1,2,...n):

erp

Qp = (6)
Ly
where Q) is the unloaded quality factor of the transmitter coil and R 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:

wi’sz

O = R+ R,

@)
where Qs;p. is the loaded quality factor of the receivers, Ry; is the equivalent series resistance
of the j receiver coil and R} jis the load resistance as seen by the receiver j, as shown in
Figure 3b, when the output load resistance Ry; is reflected before the buck-boost DC-DC
converter and the diode rectifier. The value of R} y used can be derived in a similar manner
to that shown in [13]:

Rij= 2 —pz Ri ®)

where D; is the duty ratio of the buck-boost converter cascaded with the it receiver.

The reactance on the transmitter side (X)) and the reactance on the jth receiver side (Xs;)
are given by Equations (9) and (10), respectively:

1

Xp = (Ust — TJSCP (9)
1

ij = (USLS]' — 7(,()SCSJ' (10)

The square wave input voltage generated by the inverter can be approximated as a

sine wave (V},) and is given as

2
Vi = =V, 1)

where V; is the DC input voltage to the transmitter:
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Equation (12) shows the KVL equations of the transmitter and receiver circuits, where
ip is the current flowing in the transmitter coil and i;; is the current flowing in the it
receiver coil.
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Figure 3. FHA model of the (a) transmitter circuit and (b) j* 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 j' receiver coil (Xsj) can be given as

LG WsMpskMsjsk(st + R/L])

Xi= ) , 7 (13)

ke Mpsi(Ra +Ry)

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

2 / 2 !
lsl,rmsRLl ...t lsn,rmsRLn
; 2 ! : I
B rmsRp + 121 ps (Rpy + Re1) 4 -+ 8y rms (RY, + Ren)

n= (14)

Considering the fundamental harmonics to be dominant, we have

i2

AN
lsj,rms o <lsj>
2\
lp,rms ZP
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Hence, # can also be written as:

isl 21{/ isn ZRI
(%) Rua+-+ (3) RL,

R, + <%)2(R’L1 FRop) oot (%—")2(1{;,1 + Rey)

1 Zp

y = (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

(1sl> 2 _ (ws%MpSZMslsZ)z + w&%M%}s] (Rs2 + R,Lz)Z

iy (wW3MZ, + (Ra1 + Rjy) (Rez + Rpp))?

(*2)2 _ (@3Mpa M) + @M (Ry + Ry )’ (16)

(W2M2Z + (R + R} ) (Rsa + R],))?

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

Ip

Ry 2 12 2 2 Ri, 2 12 2 2
mQstlL(kpszkslszQszL + kpsl) + mQPQSZL (kpslkslsZQle + kpsz)

(1 + k?uzQleQszL) (1 + k?)sl Qp Qle + k?)sZQP QsZL + kgm QleQsZL)

(17)

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

B wWsMpsr Ms152(Rs1 4 R7 1)

X =
st Mpsl (RSZ + R/L2)

CUs]\/lpsl]\/lslsZ (R52 + R/Lz)

X = — 18
s2 MPSZ(RS] +R/Ll) ( )

Using the reactance X;1 and X, from Equation (18), the effect of cross-coupling k414
can be eliminated, and the efficiency equation for the system link can be written as

R, R,
_ " g2 Ky 92
R +R; kps1QpQsir + R, AR k2 QpQsaL

(19)
1+ k%:sl QPQ51L + k%;szQpQSZL

=

By comparing the efficiencies 1 and 7, a region can be found where efficiency is
improved due to the presence of cross-coupling M, at resonance. The following condition
must be satisfied:

Ap=1n—-m>0 (20)

By substituting the formulae for # and 7; from Equations (17) and (19), respectively,
into Equation (20), we obtain the inequality shown in Equation (21):
R Rp
RIL1 + Ra1 R/Lz + Rs2

R’ R’
2 2 L1 2 L2
(1 + kslszQleQSZL)(kpsl Qle R/Lli‘i‘ Rsl + kpszQs2L R/L2 + RSZ) (21)

(Qp(kpsa Qo1 — kps1 Q1) + ke Qor. — kg Q) ( ) >
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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} y keeps varying, as the duty cycle
D needs to be adjusted to keep the output voltage constant. The relation between R/Lj
and D; is given in Equation (8).

2. If the k-Q factors (k%s jQst]-L) 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] i which keeps varying during
system operation as explained in the previous point. Additionally, the coupling
coefficient between the transmitter and receiver (k,s;) keeps varying.

3. Ahigher value of the unloaded quality factor of the transmitter coil (Q,) 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 30V
Vo Output voltage 5V
P, Rated output power 5W
fs Switching frequency 200 kHz
Lp, Lg1, Ls2 Transmitter and receiver coil inductance 24 uH
Rp, Rs1, Rz Transmitter- and receiver-side resistance 03Q
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 kq15p = 0.2, and a stronger coupling of k15» = 0.5 was considered for plotting
the regions in Figure 5. Figures 4a and 5a show the regions where Ay is positive or negative
as a function of different load conditions of the receivers with kpsz = 0.3 and kps; = 0.15.
Figures 4b and 5b show the regions where Ay is positive or negative as a function of
different coupling coefficients among the transmitter and receivers with R;; = 20 () and
Rp2 =5 Q. 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.
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Figure 4. Variation in efficiency (An) with ks15p = 0.2, with change in (a) load resistances Ry and Ry,
with kpsy = 0.3 and k51 = 0.15, respectively, and (b) coupling factors kps; and k52 with Rpp =20 Q)
and Ry = 5 (), respectively.
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Figure 5. Variation in efficiency (Ax) with kg5 = 0.5, with change in (a) load resistances Ry and Ry»
with kjs2 = 0.3 and kps; = 0.15, respectively, and (b) coupling factors kys1 and ks with R = 20 Q)
and R, = 5 (), 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, S,; and Sy, connected at their respective sources back to back as shown in
Figure 6a and a capacitor Cg,; connected in parallel to the two switches. The duration in
which Cgy; charges or discharges can be controlled by the switching sequence of S;; and Sy;.
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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(wst) (22)

i(:swj leWj
> 1t
+Veswj—

iXY
X 4 111 7 I1CL Y
Saj Sbj

@)

Ixy n 2n
a)st
a a

VGSaj
wst

Vst
wst

i .
cswj o

\V
Ccswj g
|Saj wst

(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 S;; and Sj; are Vs, and Vigy), respectively, as
shown in Figure 6b. S; is turned on at the positive zero-crossing point of the current ixy,
and Sp; is turned on at the negative zero-crossing point of ixy. The switches are closed for
a duration corresponding to the angle a (77/2 < a < 7). They also have a phase difference
of an angle 77 between them. At the moment when ixy becomes positive, the switch S;; is
closed. Afterward, Cyy; is charged to zero potential from a negative potential, ixy starts
flowing through S;;. At an angle a, S;; is opened, and ixy starts charging the capacitor
Cswj- Atangle 7, ixy is negative, and Sy; is closed. After the capacitor, Csy; is discharged
to zero potential from a positive potential, and ixy starts flowing through Sy;. Similarly,
at the angle (77 + &), Sp; is opened, and ixy starts discharging the capacitor Cs;,;. The whole
process repeats again at the angle 2.

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

. agp > ad .
lcswj(t) =5 + Z ancos(nwst) + bysin(nwst)
n=1

n=1

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

icsui (1) = %(271 — 20 + sin(2a))sin(wst) 23)
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The voltage across the capacitor Cyy; can be written as

Vesw(t) = (27T — 20 + sin(2a) )sin(wst — g) (24)

Wg 7T Cswj
From Equations (23) and (24), it can be observed that ixy leads Vg by 71/2 radians.
Hence, the network behaves as an equivalent capacitance which can be modified by

adjusting the control angle x. Assuming the system consists of n receivers, the equivalent
capacitance of the SCC network of the j* receiver (j = 1,2,...n) is given by

Cisce = "Csuj (25)
ISCC T o — (20 — sin(2q))
Hence, the equivalent series capacitance of the j* receiver is given by
CjsccCsj
C.. = 1s ] (26)
P4 Cisec + Gy

where Cj; is the series capacitance of the jt receiver without the SCC network.

From Equation (25), it can be seen that at « = 71/2. No current flows through S,;
and Sp;, and instead, it flows through the capacitor Cyy; in series with C;, while the net
capacitance is equal to (Cs;Csj)/ (Cswj + Csj). At a = 7, the current flows through the
switches in series with C;;, and hence the net capacitance becomes Cs;. The modulated
resonant frequency of the j receiver can be given as follows:

1

LiCieq

woj =

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

Woj
Wryj = 071 (27)
Figure 7 shows the variation in the equivalent capacitance C;.; as a function of «
when (1) Cj = Csj, (2) Cswj = 2Csj and (3) Cspj = Csj/2. It can be observed that a greater
range of equivalent capacitance variation can be achieved by using a smaller value of Cyy
compared with C;. In addition, C;,; had a monotonically increasing characteristic as a
function of «.

100 120 140 160 180
« in degrees

Figure 7. Variation in C;.,/Cs; as a function of a when (1) Cyyj = GCj, (2) Csj = 2Csj and
(3) Cswj = Csj/z-
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4. Efficiency Optimization While Maintaining Voltage Regulation

As discussed in Section 2, by changing the duty cycle (D)) 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

jt receiver coil is also dependent on D;. Hence, when the equivalent capacitances of the

receivers (C; ) are varied to improve the system efficiency, it changes the voltage appearing
at the input of the rectifiers of the receivers, and hence D; 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 (Al), shown in the appendix. To obtain the
optimum values of X;; and X, a partial derivative of # in Equation (33) needs to be found
with respect to X1 and Xp. However, with variation in X5 and X, R’Ll and R7, are both
varying quantities, as explained in the previous paragraph. Hence, the partial derivative of
R}, and R}, with respect to X;; (and Xj,) is not zero. This makes the analytical solution
for the optimum X;; and X, quite involved.

Hence, for an 7 receiver system, an iterative search process using a computer program
can be used to obtain the optimum values of (X1, Xsp, . . . Xs) 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 X;; considered.

Let Viej be the voltage appearing across the terminals of the j" receiver before the
rectifier. The absolute value of the voltage V;,; can be written as

‘Vsecjl = ‘15]|R/L] (28)

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

2 (1 — D])
|Vsecj| = - Voj (29)
7T D]
From Equations (28) and (29),
. 2 (1 — D])
|lsj|R/L‘ = — Voj (30)
] 7T D]

From Equation (30), by simultaneously solving for n receivers, the corresponding
values of the duty ratio D; (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 ig) and ig from Equation (12) can be written as shown in Equations (A4) and (A5)
in Appendix A.

In terms of the reactance Xj;, the relative resonant frequency of the receivers (w;y;)
from Equation (27) can be given as

i = 11— 3 (31)
rXj w?‘sz

Hence, w;y; 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 ks = 0.5,
kps1 = 0.3, kpsa = 0.2, Rpp = 5 Q and Ry = 10 (), the system link efficiency and the
RMS currents through the transmitter and receivers as a function of the relative resonant
frequencies (wyy;) are plotted in Figure 8. Here, w;,1 and wyy; 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 w,,; = 1.15 and wy,p = 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 yms and isp ;s do not have a linear relationship with efficiency as a function of
wry1 and wyyy, respectively.

Link Efficiency i (in A)

1 p.rms

rx2
rx2

(b)

5

rx
E)

Iy

(c) ()

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 k5150 = 0.5, kps1 = 0.3, kps2 = 02, Rp1 =5
Qand RLZ =100Q).

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, wy; = 1.
Sense average input current isense
and set isense = Imin
v
W1 = O+ Ao
Record igens after delay

No WO = Oyt - Ao
Record isens after delay

;

A

Yes
| Set imin = isense |
v

Set imin = lsense Wrx1 = O+ Ao
Ot = Opa Record isens after delay

Set Imin = lsense
Orxf = Orxy

| Set W = O
v
Ore = Ope + Ao,
Record isens. after delay

No Ore = Wrz - Arxe
Record isense after delay

G

A

Yes
| Set imin = isense |
v

Set imin = lsense Wre = O+ Awre
Wrxof = Wrx2 Record isense after delay

Set imin = lsense

Yes

| Set CUerI = Wrxof |<_

| Continue for n receivers

Opn = Opn + A0
Record isens after delay

No WO = Opxn = Ay
Record isense after delay

A

G

Yes

Set imin = isense

Set imin = isense > WOrxn = Opn + Awrxn

Yes

Ot = Opn Record isense after delay —
Set Imin = lsense
Yes
No

4' Delay |<_| Set @i = Ot

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 w,;) of

the receivers can be modulated in a sequential manner using the following steps:

1.

The relative resonant frequencies w;,; are kept at one initially, and the average input
current isepse is sensed and recorded. Next, isepse is recorded as the present minimum
value of the average input current (i,;;;;). 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 w,,; 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.

After achieving output voltage regulation, the w,,; 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 «; of the switched-capacitor network of the
receivers. The change in «; (Aw;) can be adjusted based on a gradient descent algo-
rithm and can be written as

o

Awj = kGch (32)
Here, k is a step size correction term, and d7/dw; is the derivative of the system
efficiency with respect to a;. The gradient descent algorithm can help reach the MEP
faster than a hill-climbing algorithm where a fixed step size is applied to «;. 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.
The relative resonant frequency of receiver 1 wyy is then increased slightly
(Wrx1 = Wyy1 + Awyy1) by reducing the control angle aq. 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 7.
If the measured value of isps is greater than iy, then wyy is reduced
(Wrx1 = Wrx1 — Dyy1).
If the measured value of igus is less than i,;,, then w,,; is increased
(Wry1 = Wyl + Awyy1). Additionally, i, is made equal to the current value of
isense-
This increase or decrease in w1 is repeated in steps until the lowest value of iseps, is
reached. Here, the iteration for changing w1 is stopped, and i,,;,, is made equal to
the current value of igops.. The value of wyyq (W;y1 f) with the lowest igq. is recorded.
To allow for settling of the transients in the system, and for regulating the output
voltage, all the increments or decrements to w,y are made after a small time delay.
In the next step, in a similar way, w,, is increased or decreased (with a similar delay)
until the lowest value of isese is reached. Here, the iteration for changing w;y; is
stopped, and iy,;,, is made equal to the current value of isense. The value of wyxo (wyof)
with the lowest i, is recorded.
This process is repeated for 1 receivers, and the optimum efficiency point is obtained.
In the next iterations, (wyy1, ... wr,) 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 (wyy1, ...wrxn), 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 Vs,;
and Vggy; 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
1% Input voltage 30V
Vo Output voltage 5V
P, Rated output power 5W
fs Switching frequency 200 kHz
Ly, Transmitter coil inductance 242 uH
L¢1 Receiver 1 coil inductance 23.7 uH
Lo Receiver 2 coil inductance 23.6 uH
Ry Transmitter-side resistance 0.58 O
Rgp Receiver-side resistance 044 O
Rs Receiver-side resistance 0.45 Q)
Cp Transmitter-side capacitance 26.38 nF
Cq1 Receiver 1 capacitance 26.38 nF
Cs Receiver 2 capacitance 26.38 nF

kps1 Coupling between Transmitter and Receiver 1 0.39
kpsa Coupling between Transmitter and Receiver 2 0.25
ks1s2 Coupling between Receiver 1 and Receiver 2 0.65

The control angles «; varied from 180° to 90° to modulate the net capacitance of the
receivers. At the beginning of the algorithm, the step size of a; was set as 21.6°, and the
subsequent step sizes were calculated from Equation (32). Once there was direction reversal
of a;, 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 Aa; 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 Cy;,; and Csy» had the same magnitude as
the capacitances Cs; and Csp. This allowed Cy ¢; and Cy ¢4 to be reduced down to half the
magnitude of Cy; and Csy. 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.

Rectifier j Buck-boost converter j

Digital controller Scale down
Zero-crossing

detectionof |

SCC Gate DC-DC Gate -
To S-S :j Drivers | F: T0Qq-Qy

- :
: Drivers |
1 TVGSa. TVGSbi T VQaiT Vanj :
: PWM (S5, Sy) | [[PWM (Qu, Qu) | 1
- :
! 1
. |
! |

current

Vier

(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 us applied to both the switched
capacitor networks (¢ = xy = 180°). Figure 11 shows the experimental waveforms of the
bridge voltage on the transmitter side (V;;,), the transmitter current (i,) and the receiver
currents (i1 and ig). 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 a1 = 120.96° and a» = 106.56°. Figure 12 shows the experimental results of V;;, i, is1
and is;; and the currents 7.5, and igsyp 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.

o S 1 I e .1 e s O 330

/\‘/i“ /,I_/\mm Vasr — saz Vasnz
y 7/ AW G, ™ /\< /\ /\ \ //\‘
| o /U
", Wicome
(a) (b) (c)

Figure 11. Experimental waveforms of (a) input voltage V;, and current i, (b) currents is; and icsg
and (c) currents igp and 7.4y at the beginning of the algorithm when both the receivers were operating
at full load (Vj;,: 10V/div, ip: 1A/div, Vigsar, Vgspr: 5V/div, is1: TA/div, icep1: 1A/ div, Vgsan, Vose:
5V/div, ig: 1A/ div, icgyp: 1A/div).

Vo b 1'*f"'17v'r~—m""*- «\‘*"*T’t’"r“‘t"r‘*-
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Figure 12. Experimental waveforms of (a) input voltage V;, and current i, (b) currents is; and icsy
and (c) currents iy and icgyp at the end of the algorithm when both the receivers were operating at
full load (V,: 10V/div, ip: 1A/div, Vgsar, Vospr: 5V/div, igr: TA/diV, icsy1: 1A/ div, Vesa, Vesw:
5V/div, ig: 1A/ div, iggyp: 1A/div).

1% N P I 5 e e O L Y D A O
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Figure 13. Experimental waveforms of (a) input voltage V;, and current i, (b) currents i) and i¢gyn
and (c) currents isp and i.g;, at the beginning of the algorithm when Receiver 1 was operating at full
load and Receiver 2 was operating at light load (10%) (V;,,: 10V/div, ip: 1A/div, Vgsa1, Vespr: 5V/div,
is1: TA/divV, icgyr: 1A/diV, Vigsan, Vaspa: 5V /div, igp: 500mA /div, icgyn: 500mA /div).
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Figure 14. Experimental waveforms of (a) input voltage V;, and current i, (b) currents is; and icsy
and (c) currents isp and 7.5, at the end of the algorithm when Receiver 1 was operating at full load
and Receiver 2 was operating at light load (10%) (V;,;: 10V /div, ip: 1A/div, Vigsa1, Vespr: 5V/div, ig:
1A/div, ig1: TA/diV, Vigsa, Vgspa: 5V /diy, isp: 500mA /div, icgypn: 500mA/div).
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Figure 15. (a) Variation of the control angles a; and & 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 ps applied to both the switched
capacitor networks. Figure 13 shows the experimental waveforms of Vj;, i), is1 and is,
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 a;
=129.6° and ap = 90.72°. Figure 14 shows the experimental results of Vj,, iy, is1, is2, fesw1
and 7.s,0. 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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Figure 16. (a) Variation of the control angles a; and &, and (b) variation of system efficiency during

64

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

with multiple receivers.

imul . . .
POS‘;I::T?:;E?;StO Requirement of Possibility to Add Complexity of Operating Range
Research Works . Estimation More Receivers piexity of Load and
Multiple Techniques After Design Design Couplin
Receivers 1 & ping
No (Coils need to Medium (Coil
. . have a specific design can be
1 1 . .
Coi SZC_O;S? ns Yes No design for a complicated for Narrow
specific number of more than two
receivers.) receivers.)
Yes (However, Me.chum (Nee(.:ls
additional circuitry
. the number of e .
Multi-resonant . s for filtering noise
Yes No receivers is limited o Narrow
[21-24] . and avoiding
by the available . ;
frequencies.) interference with
q ' other receivers.)
. o Yes (However, Low (Design is
Time division addition of more straiohtforward. as
multiplexing No No receivers further & L Wide
. . one receiver is
[25,26] limits duration of .
. powered at a time.)
power delivery.)
Low (Design is
No (Coils and fairly
Passive compensation straightforward
compensation Yes No networks need to once the number Narrow
[27] be redesigned for and specifications
more receivers.) of target receivers
are finalized.)
Yes (However, High (Estimation
more parameters .
. algorithms for
Active reactance would need svstem parameters
compensation Yes Yes estimation to apply y P Wide
. could be
[15,28] the required .
computationally
reactance to the . .
. intensive.)
receivers.)
Medium (Needs
Yes (However, automatic tuning
phase information assist circuit or
Current . . .
of the transmitter ~ switched capacitor
quadrature . . .
Yes No current is required circuits for Narrow
phenomena b h lizati
[30,31] to be orthogonalization
! communicated to of the transmitter
the receivers.) and receiver
currents.)
Yes (Power can be Medium (Needs
delivered to more additional
Prop(?sed Yes No receivers within sw1tc}.1ed—.capac1tor Wide
technique the rating of the circuit for

transmitter
components.)

modulating
receiver reactance.)

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 ig;
and iy, 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

isl ZR/ isz ZR/
i) RT3 K

n= (A1)
R+ () (R, +R i) (R!, + R
P"‘(ﬁ) (Rpy + sl)‘*‘(;) (Rl + Rs2)
Ny SN2
where (%}) and (%) in the presence of the reactance X;; and X, can be given as
(1571)2 _ 2+ wssz,sl (Rs2 + R],)? A2
ip PP+
(1572)2 _ s? + WMo (Re1 + Ry )? (A3)
ip PP+

where
p = (WiMZg, + (Ra + Rpp)(Re + Rp) — X Xs2),

9= ((Rs1 + Rp1)Xs2 + (Rs2 + Rjp) Xs1),
r= (wsszSZMslsZ - wsMpslxs;Z)/
5= (ngpslMslsZ - wsMps2Xsl)-

The expressions for the absolute peak value of the currents is; and isp can be given as

psl

V%W+%W(Mﬁﬁ@ﬂ

. Ad
Is1 De (Ad)
. Vils?+ ng%sZ(R/Ll + Ra1)?]

Isp = De (A5)

where De is given as

De = [Rpp — Xpq + ngfasl(RSZ +Rp) + wi My (Ra +

TP+ [Xpp + Ry — wsMpsir — wsMpsps]?
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