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and Pavol Bauer

Abstract— Wireless charging must be highly efficient through-
out the entire battery charging profile to compete in the electric
vehicle (EV) industry. Thus, optimum load matching is com-
monly used: it operates at the equivalent load that maximizes
the efficiency, which depends on the coil’s alignment. In this
article, the optimum load is made independent of the coils’
position by changing the system’s resonant frequency through
switch-controlled capacitors (SCCs). This eliminates the need for
load-side voltage control. The output current follows the battery
voltage rise during the battery charging cycle to always match
the optimum load, which can be achieved by regulating the
input voltage via the power factor correction (PFC) converter.
This method is called here constant optimum load (COL). Two
SCC topologies have been implemented in a 3.7-kW hardware
demonstrator. The one implementing the half-wave modulation
achieves higher efficiency than the one employing full-wave
modulation, with 96.30% at 3.2 kW and aligned coils. When
misalignment occurs, the half-wave modulation technique results
in higher efficiency than the conventional-fixed compensation,
where the efficiency is lower by up to 0.68% at partial load.
Based on these results, the proposed COL method is proven
suitable for 3.7-kW EV-static wireless charging achieving one of
the highest peak efficiencies listed in today’s literature for the
same power class.

Index Terms— Compensation networks, control, inductive
power transfer (IPT), magnetic resonant coupling, optimum load
matching, soft switching, switch-controlled capacitors (SCCs),
wireless charging, zero voltage switching (ZVS).

I. INTRODUCTION

HE industry of electric vehicles (EVs) for private use

is predicted to grow exponentially in the next decade.
According to [1], wireless charging has the potential of
increasing the users’ interest in EVs if this option would be
included. This means that wireless charging can play a key
role in the driver decision to buy an EV.
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EV wireless charging is most commonly realized through
inductive power transfer (IPT) with magnetic resonance
[2], [3]. For instance, a transmitting coil transfers power to a
receiving coil via a time-varying magnetic field. These coupled
coils constitute an intrinsically isolated resonant converter.

EV wireless charging can be implemented as static, quasi-
dynamic, or dynamic charging, depending on the relative
position of the receiving coil with respect to the transmitting
coil as a function of the time [4]. For instance, in the case
of static charging, the distance between the magnetic centers
of the coils is fixed during one charging cycle, while in the
case of dynamic charging, it continuously changes. Quasi-
dynamic charging has both characteristics during one charging
cycle.

The static EV wireless charging aims to substitute or com-
plement the traditional EV charging through cable because of
its user convenience, which becomes fundamental in the case
of autonomously driven cars. Although, the true advantage of
static EV wireless over cable charging must be supported by
an efficient power transfer at different operating conditions.
This would translate into a relatively low demand of input
energy for each charging cycle, which is essential for realizing
a sustainable and cost-effective EV charging solution. The high
power transfer efficiency of an EV wireless charging system
must be accounted for when designing the system and during
the charging operation.

In the design stage, the optimized charging coils’ structure
has been widely investigated, since they contribute to a con-
siderable part of power losses. In [6]-[10], multiobjective opti-
mizations of the coils have been performed. The optimization
of the cores’ structures using artificial intelligence (AI) has
been explored in [11]. Advancements in magnetic materials
have been researched in [12]. To reduce the drop in magnetic
coupling with the misalignment, multicoils configurations have
been compared with the single-coil ones in [9]. For what con-
cerns the power converters, wireless charging systems differ in
the number of power conversion stages, as summarized in [13],
which depend on the implemented control strategy.

During the charging process, it is fundamental that the max-
imization of the power transfer efficiency is achieved while the
control strategy follows the conventional EV battery charging
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profile that consists of the constant current (CC) and the con-
stant voltage (CV) modes. For this purpose, the optimum load
impedance matching defined in [6] and [14] has been widely
adopted [9], [15]-[22]. This strategy sets the operation at the
equivalent load that maximizes the efficiency, i.e., optimum
load, which depends on the coils’ alignment. The latter is
realized for a large variation of the magnetic coupling via
voltage control at load side, which, in [15] and [17]-[19], uses
a post-regulating dc/dc converter. At the same time, the input
voltage is regulated to supply the output current required for
the CC and CV operations. For that purpose, [9] and [19] use a
boost-type power factor correction (PFC) rectifier, while [15]
and [18] use an additional dc/dc converter. Undoubtedly, those
auxiliary power converter stages introduce extra losses that
would worsen the overall efficiency of the system in some
operating range. Since the battery voltage increases during
one charging cycle, the voltage regulation at both the input
and output must always be active. Consequently, the losses
introduced by these converters might be considerable when
accounting for the entire charging process. On the other
hand, [16] performs the optimum load matching through phase
shift modulation of the primary and secondary bridges of
the resonant converter. However, the switching losses become
considerable in some operating conditions. To achieve the zero
voltage switching (ZVS) in the whole operating range, [21]
uses asymmetrical phase shift modulation of the two con-
verter’s bridges. Moreover, the circulating reactive power is
minimized by utilizing switch-controlled capacitors (SCCs)
as compensation. A flat efficiency is achieved for a wide
output power range, but the resulting efficiency is not shown
when the coil misalignment occurs. In addition, [22] uses a
semi-active rectifier to match the optimum load as the load
varies. At the same time, the amount of reactive power is
controlled by employing a SCC as secondary compensation
capacitance. Thereby, the input voltage is not controlled, since
minor variations of the coupling factor are considered.

Besides [21] and [22], SCCs have been used in other
IPT systems. For instance, they have been utilized to match
the resonant frequency with the selected constant operating
frequency, as the self-inductance of the coils changes in the
presence of misalignment [23]-[26]. In addition, SCCs have
been employed as part of IPT systems with high-order com-
pensation networks, such as the double-sided LCC (LCC-
LCC) and the LCC-series (LCC-S), to control the output
power [27]-[29]. However, all these papers consider relatively
low power levels (<500 W). Therefore, the SCC applicability
to IPT systems with power levels typical of EV charg-
ing has not been proved yet. This might be critical, espe-
cially due to the high voltage stress that characterizes the
compensation capacitors, translating into the high required
blocking voltage from the SCC semiconductors. The require-
ment for relatively high blocking voltage semiconductors
is critical for mainly two reasons. First, the typical static
losses are larger than in the lower voltage classes [30], and
possibly, the supply chain is limited for higher blocking
voltages, e.g., >1200 V.

This article explains and proves experimentally an efficiency
enhancement strategy for EV wireless charging, which consists
of making the optimum load invariant of the coils’ alignments
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Fig. 1. Measured peak dc-to-dc efficiency # of this article compared with

the available literature with the same J2954-based EV charger power class
(WPT1 = 3.7-kVA maximum input [5]).

as preliminary explained in [31]. This method is named here as
constant optimum load (COL) charging. The optimum load is
maintained constant at different coils’ alignments by varying
the system’s resonant and operating frequency. The latter is
realized by employing a series-connected SCC to compensate
both the primary and secondary coils. The key advantage is
that there is no need for voltage control on the load side. Dur-
ing the charging process, only the input voltage is regulated
to vary the output current, as the battery voltage increases
to realize a constant equivalent resistive load at the output.
This takes the name of COL charging, which substitutes the
conventional CC mode.

For the selected power level of 3.7 kW and with reference to
Fig. 1, it is worth mentioning that in this article, the designed
IPT system reached a measured peak efficiency of 96.30%,
which is remarkably high with respect to the available litera-
ture [11], [16], [32]-[41]. In Fig. 1, the losses of the necessary
PFC rectifier are not included, since they would be present in
all the IPT systems. According to the power losses analysis in
Section IV-B, the measured peak efficiency could be increased
to 96.77% just by substituting the diodes in the H-bridge
rectifier stage with the same SiC MOSFETSs employed in the
inverter stage operating in synchronous rectification.

The original contributions of this article are as follows.

1) Prove that the proposed COL charging method can be
achieved through SCCs and the PFC rectifier for a
range of magnetic coupling and battery voltage, which is
typical or static EV wireless charging while respecting
the standardized operating frequency range 79-90 kHz.

2) Detailed analytical modeling, implementation, and com-
parison in terms of efficiency of two different SCCs
for EV wireless charging, where one implements the
full-wave modulation and the other uses the half-wave
modulation.

3) Benchmark of the proposed COL charging with SCCs
against the conventional CC mode with fixed compensa-
tion capacitors where the primary coil current distortion
is also analyzed.

The remaining sections of this article are organized as
follows. The analytical modeling and the overall process
of the proposed COL method are explained in Section II,
while the implementation is discussed in Section III, resulting
in the design of a 3.7-kW laboratory prototype. The exper-
imental results are illustrated and discussed in Section IV.
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Fig. 2. Equivalent circuits of the S—S compensation network. Simplified
high-frequency circuits based on (a) realistic IPT system and (b) equivalent
circuit where M is modeled as a current-controlled voltage source and the
load is depicted as the equivalent first-harmonic resistance Ryc. (c) Imple-
mentation of the proposed COL charging method whose concept is shown
in Fig. 5.

Finally, the main conclusions on this research are drawn
in Section V.

II. VARIABLE COMPENSATION CAPACITANCE
FOR OPERATION WITH COL

A. Analytical Concept for Different Coils’ Mutual Inductance

The equivalent circuit of an EV wireless charging system
that uses the S—S compensation network is shown in Fig. 2.
Thereby, L, is the primary coil self-inductance, and L, is the
coil secondary self-inductance of which the magnetic coupling
k = (M/(LiLy)"?) depends on the coils’ mutual inductance
M. Moreover, C| and C; are the S—S network’s compensation
capacitances, and R; and R, are the lumped series resistances
modeling the losses of the primary and the secondary circuits’
components. The currents flowing through the primary and
secondary circuits are I,p = I and I, = I,, respectively.
To match a more realistic configuration of an IPT system,
Fig. 2(a) represents both the input supply V 45 and the output
load V4 as square-wave voltage sources. On the other hand,
Fig. 2(b) shows a further simplified equivalent circuit well
useful to verify the performance of the circuit in a single static
operating point in which all voltages and currents are assumed
to be sinusoidal waveforms with the fundamental frequency
of V,p. In this case, the influence of M is represented as
current-controlled voltage sources, and the load is depicted as
the equivalent resistance R,.. It must be pointed out that M
and R, are likely to vary in IPT systems, because the coils’
position is not fixed, and the voltage of lithium-ion batteries
changes during the charging process, as the battery’s state-of-
charge (SoC) varies.

For a given operation, the voltages and currents of the circuit
in Fig. 2(b) can be found from the Kirchhoff voltage law in (1),
where V 4p is taken as a reference, such that, according to the
phasor convention, V 4p = VABZOO. According to [42], VAB
and R,. are defined in (2) and (3) based on the fundamental
component of V 4p, Vg3, and I,. Furthermore, the primary
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and secondary impedances Z; and Z, are defined in (4)

Vap=2Z1l1+ joMI,

. (D
0= (Z2+ Rae)I2 + joMI,
N 4
Vap = —Vin )
T
Vb 8
Ry = 1, ~ FRL (3)
1
Zi=R + joX,, Xi=wL ———
CUC]
1
Zz = R2 + jCOXz, X2 = COLQ _ . (4)
COCQ

One of the main challenges in IPT systems used in charging
applications is to achieve a highly efficient power transfer at
different operating conditions. From (1), the power transfer
efficiency 7, results in (5). The latter is maximized when R,
is equal to the optimum load Ry opc in (6)

2 Rac(WM)Z
Racllap” (Rt zo)Zi+@M)P )
ac = =
VAB RC[IAB] Re Zr+Rye
(Ruc+22) Zi+HwM)?
(e M)?
(CU()M)2 Ry Ry >1 R,
Rac,opl =R, W woM R_
241 ~ 1
—_— [ —
ﬁac (ac)lr=ey =0 d [(R}+rR13 -0
ke \ et o=y =

(6)

Moreover, if (woM)? > RyR; is valid, Ry op corresponds
to the equivalent load that minimizes the sum of the primary
and secondary circuits’ conduction losses with respect to the
output power as defined in [9]. When R; and R, are the lump
equivalent series resistances modeling the losses of the whole
circuit (semiconductors, compensation capacitor, and coil),
Racopt maximizes the efficiency of the entire system. The
respective Ry op is found by substituting (6) into (3).

According to (6), the value of R, ot depends on the angular
resonant frequency @y, the coils’ mutual inductance M, and
the lump resistances R; and R,. When the coils’ position
varies, the condition on Ry op is not fixed, and it is directly
proportional to M. Furthermore, during the CC and CV battery
charging modes, the equivalent resistive load R; varies contin-
uously, meaning that the condition Ry = Ry op Would be met
only in one operating point. An example of this is illustrated in
the battery charging profile in Fig. 3(a), which shows that it is
not possible to match the optimum load operation Ry = Ry opt
at all times without employing voltage control at the secondary
circuit. In [6], the secondary voltage control is performed by a
post-regulating dc—dc converter, which might add substantial
losses to the circuit. Alternatively, [16] and [21] control the
output voltage by phase shifting the rectifier stage composed
of active semiconductors. Moreover, the target output power
according to the CC and CV charging modes can be set by
controlling the input voltage through a pre-regulator circuit,
which can be the necessary ac grid-connected PFC circuit or
another non-isolated dc/dc converter.

Fig. 4 shows the examples of Vj, and V,,; ranges required to
achieve optimum load matching during the CC charging mode

Authorized licensed use limited to: TU Delft Library. Downloaded on February 23,2023 at 10:46:22 UTC from IEEE Xplore. Restrictions apply.
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Fig. 3. Battery charging profile that uses (a) traditional CC method and

(b) proposed COL method. This example is based on one measured charging
cycle of a Nissan Leaf’s battery [43]. Top plots: battery voltage Viaq and
current Jpy. Bottom plots: battery state of charge or SoC, the equivalent load
resistance R, and the optimum load Ry op at both the minimum My, and
maximum M,,x mutual inductance values.

in Fig. 3(a) for different M values. The power classes defined
by SAE J2954 have been chosen where the specified power
level is the maximum allowed from the ac grid connection.
Among these, 22 kW is currently under consideration [5]. The
power classes in Fig. 4(a) use the one-phase (1-¢) connection
to the European low-voltage 50-Hz grid, while a 3-¢ grid
connection is considered for the power classes in Fig. 4(b).
This choice is due of the fact that households in Europe have
limited access to grid connections with more than 16 A for
each 230-V phase. This analysis assumes that Z; = Z; = 0
when operating at @ = wy, and M is computed from
2. 8V
Toue = T Loy ~ 72 CU()M.

In all power classes, the input and output voltages need to be
continuously controlled to achieve the optimum load matching
at different M values while following the CC charging mode.

Instead of varying Ry to always match the M-dependent
Rr opt» this article proposes to keep the value of Ry op con-
stant over different M values by varying the system’s res-
onant frequency fy = (wo/27), as qualitatively shown in
Fig. 5. This strategy defines the COL operation. According
to (6), this is possible, since Ry opt is directly proportional
to both M and wy. The proposed battery charging profile
is shown in Fig. 3(b). For most of the charging cycle and
for the whole range of M = [Mpin Mmax], Rr is equal
to Ry opt, Which ensures maximum power transfer efficiency.
The proposed COL charging only requires input voltage con-
trol, as shown in Fig. 4. The main advantage is that there
is no need for voltage control at the secondary circuit to
satisfy Ry = Ry op. This can eliminate one power conver-
sion stage, and consequently, it allows power loss reduction.
It must be noted that standards for static EV wireless charging

)
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applications [5], [44] constrain the range of the H-bridge
inverter operating frequency between 79 and 90 kHz limiting
the M range covered by the COL implementation, as consid-
ered in Fig. 4. However, Sections III and IV will show that the
proposed COL concept with the usage of SCCs can be well
exploited in the frequency range established by these standards
within the charging cycle and misalignment range typical of
commercial EVs.

B. Proposed COL Process for the Battery Charging Cycle

The circuit of the proposed COL method is shown in
Fig. 2(c). The process is summarized in the flowchart of Fig. 6.

1) Before the Start of the Power Transfer: The process
starts with the measurement of the coils’ mutual inductance
M explained in Section III-A. Based on the value of M, the
system’s resonant frequency fo = wo/2x that keeps Rp op
constant to the value at perfect alignment can be calculated
from (3) and (6). Then, the resulting f; can be set by employ-
ing one variable compensation capacitor at both the primary
and secondary circuits.

In (4), the value of C, must be selected, such that i, is
slightly capacitive with respect to v,, at f = fp to reduce
losses due to the reverse recovery (RR) of the rectifier’s
diodes. At the same time, the reactive power circulating in the
secondary circuit must be minimized. This can be achieved by

selecting
. 1 Irr
X> = R, - tan| sin 7 . (8)
2

On the other hand, C; must be tuned at f = fy, such
that the inverted current i; would lag the inverted voltage
vap, which makes the primary inverter achieving ZVS turn-
on. As explained in [45], to minimize the reactive power in
the primary circuit, the inverter’s turn-off current /og: must
be close to the minimum value given in 9 that ensures ZVS
turn-on of the opposite leg by completely discharging the
MOSFETS’ drain—source capacitance Cgs during the dead time

Tdead

2-Cq - Vi
I()FF,min ~ 7@ ——— . (9)

Tdead

Therefore
1
X, = R, 'tan[sinl( ?FF):| (10)
1

where Ry, is the real part of the input impedance Z;, in (11),
which is seen from the source Vap at f = fy. In (11), X, has
been neglected, since it is assumed that R, > X,. The step-
by-step computation of (10) is explained in Appendix A

Zn =R + (M)’ +j(woL ! (11)
in = -_— woLy — .
8 ! R2+Rac / o CU(]C]

Rin Xin=X,

The resulting C; and C; can be found from (12). After that,
the inverter’s operating frequency is set at f & fy

1

Cl = —’
(woL1 — X1)awg

Ch==————. 12
: (woLr — X2)awg (12)
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Fig. 5. Qualitative representation of the proposed COL method over different
coils’ alignments: the resonant frequency fp is varied to keep the optimum
load Ry op fixed over different coils’ mutual inductances M. The frequency
range from fo min to fo,max must be within the standardized range 79-90 kHz
established for the switching frequency of the IPT inverter bridge.

In static wireless charging applications, M stays the same
during one charging cycle. Therefore, the measurement of M
and the selection of fy, C, and C, must be performed only
once before starting of a new power transfer.

The initial battery voltage Vou 1is measured and com-
municated to the primary circuit. The input voltage Vi, is
regulated according to (7), such that the output current oy
would generate Ry = R opt = (Voursy/Iour). The control of
Vin is executed through a boost-type PFC rectifier, which can
be implemented as explained in [46] and [47]. At this point,
the power transfer is started.

2) During the Power Transfer: The value of R is con-
tinuously monitored, such that Vj, can be adjusted to keep
Rr = Rpop. while Vi increases. Ry can be com-
puted by measuring the dc output components for the
voltage and current, Vo and Ioy. This is easier to imple-
ment than the direct monitoring of R, deriving from the
high-frequency output variables. Assuming that the diodes
are in a continuous conduction mode and that the operating
frequency is close to the resonant frequency of the sec-
ondary circuit, R, can be derived from (3). The proposed
COL strategy results in the battery charging profile shown
in Fig. 3(b).

[ Lo is detected over L1 ]
Y

Established wireless communication
between the primary and secondary circuit
¥
e ™
Measurement of M and Vi ¢,
PN 7 Y,
oine ~
[ . M
= Computation of fg, C1, Co2: Ry, op¢=constant  |«<—
N 8 Y,
2 NV H
2 . ; Vout,tg =
Z:  Computation of Vi, 1, from (2): RL=RL opt |«— !
°H
&0 )
g: ¥
©
3: [ Start of the power transfer ]
I e e AN
)
COL mode: monitoring of Ry, and
regulation (step up) of Vin: Rp=Rp, opt

¥

Is the battery SoC> 80%?

CV mode: regulation (step
down) of V;,, to reduce Ipqet

[ End of the power transfer ]

Fig. 6. Flowchart of the charging process proposed in Section 1I-B.

For the considered Nissan Leaf battery [43], the SoC reaches
80% of the full charge, and the standard CV charging phase
starts. In particular, Iy, is gradually reduced by lowering
Vin through the PFC. This last CV charging phase would
eventually not operate at the maximum efficiency, but this is
acceptable, since this time interval only contributes to the last
10% increase of the battery SoC, and according to Fig. 3, it has
a much shorter duration and lower power processing than the
COL mode.
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Fig. 7. Implementation of variable compensation capacitors as SCC with
(a) full-wave and (b) half-wave modulations, where the equivalent capacitance
results in (15) and (16), respectively.

IIT1. IMPLEMENTATION

The functionality and the advantages of the wireless charg-
ing scheme proposed in Section I must be proved experimen-
tally. Hereby, the implementation of such system is explained.

A. Mutual Inductance Measurement

Once the secondary coil has been detected by the primary
circuit, the coil’s mutual inductance M can be estimated,
as shown in (13). This is valid by assuming that the battery
is disconnected from the rest of the circuit, which is possible
through the mechanical switch SW in Fig. 2(c)

VOC

M= . 13
ool (13)

Since the system operates at f = fy by varying the value
of Cj, there is no need for measuring the phase angle
of Vi and I;.

B. Variable Compensation Capacitor

The variable compensation capacitors of both the primary
and the secondary circuits in Fig. 2(c) are implemented as
the SCCs illustrated in Fig. 7. The SCC was first introduced
by [48] to regulate resonant converters instead of varying
the switching frequency. According to [48], the SCC has
two possible implementations depending on the control strat-
egy chosen for the semiconductor switches, which, for the
chosen application, are SiC MOSFETs. When the SCC is
switched on and off twice during one switching cycle, the
control takes the name of full-wave modulation. The typical
operating waveform and the switch arrangement are shown
in Fig. 7(a). On the other hand, Fig. 7(b) shows another
possible control strategy called half-wave modulation, where
the SCC is switched on and off only once during one switching
cycle. Hereby, the series-connected SCC has been selected to
limit the maximum voltage stress on the MOSFETSs, which is
going to be discussed in Section III-D. Both modulations have
the control signal synchronized with the current ic,, flowing
through the SCC series capacitor Cs;. Once the MOSFETSs
are turned off, that current would start flowing through Cj,.
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Fig. 8. Compensation capacitance Cy_,, and Cj_, depending on

x = (ton/ T) where the SCC uses (a) full-wave and (b) half-wave modulations.

At that moment, the voltage across Cj; starts rising reaching
the maximum when the current equals zero. After that, the
current through Cs, would assume the opposite sign causing
the decrease of v¢,. Once vc, approaches the zero, the
MOSFETsS are turned on again. This operation guarantees the
ZVS of the SCCs.

Intuitively, the highest equivalent series capacitance is
achieved when the semiconductor switches are always con-
ducting, while the capacitance would be minimum if they
are always blocking. Therefore, the equivalent capacitance
Cs2eq depends on the on-time foy of the switches, which
can be found from (14) by computing the fundamental com-
ponent’s amplitude of the voltage v¢,. This results in (15)
for the full-wave modulation and in (16) for the half-wave
modulation, where x is the duty cycle x = (ton/T) =
[0,...,0.5].

The capacitance variation of both C;_,, and Cj,_,, is shown
in Fig. 8 as a function of x. In Section IV, the performance of
both implementations is evaluated and compared with respect
to the proposed COL battery charging method

. 2 (T 27 Ie. 1
Vi = = t) - —t)dir =——4
(e =7 [ veatt-eos (o) ar ==

(14)
C ! ! (15)
f-w = 7 1~ 1 1 (z—2rx—sin2x
C Ci2,eq Csi + Cy ( xﬂ x)
C ! ! (16)
h—w = 7 1~ 1 1 (27 —dzxtsindznx) "
Csi + Ci2,eq Csi C_\'Z( )257[ x)

Besides the capacitance variation with respect to the duty
cycle x, it is interesting to model the losses of the SCC.

The switching losses of the SCC can be considered
negligible if the ZVS operation is achieved.

The conduction losses directly depend on x, since it defines
the current conduction path within the SCC. The equivalent
resistance of the SCC is described by (17) and (18) for
the full-wave and the half-wave modulations, respectively.
Thereby, ESR¢,, and ESR¢, are the equivalent series resis-
tance of the SCC, while Ryson symbolizes the MOSFETS’
equivalent on-resistance. Moreover, the coefficients A and B
are defined in (19) and (20), respectively. In the case that
ESR¢,, is similar to Rgson, the equivalent resistance of the SCC
would be approximately constant over x. Otherwise, the SCC
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resistance would vary with similar trend to Fig. 8. The step-by-
step computation of (17) and (18) is explained in Appendix B

sinz (1 — 2x)
)

Ry, = A(Zx + +ESRc, + ESR¢, (17)

sin4x x
Ry = B(2x — +ESR¢, + ESRc, (18)
T
A = Rys,on(s)) + Rds,ones,) — ESRe,, (19)
B = Rgs,ones;) — ESR¢,, . (20)

C. Design Guideline for EV Wireless Charging Systems

The requirements for the design of an EV wireless charging
system that operates with the proposed COL method are as
follows:

1) the range of Vi during one complete charging cycle;
2) the maximum Py max that can be drawn from the grid;
3) the range of Vj, available from the PFC;

4) the maximum voltage stress V¢, allowed by the semi-

conductor switches of the SCCs.

The battery voltage Vi, varies while its SoC increases.
For instance, Vpaw ranges from a minimum Viggmin t0 a
maximum Vpaemax. These values are intrinsic of each EV
battery.

Assuming that the input reactive power is negligible, the
maximum input active power Pgriqmax depends on the selected
SAE J2954 power class, here being 3.7 kW (WPT1).

When considering the input to be connected to one phase of
the European 50-Hz grid, the phase-to-neutral voltage is 230-V
rms with a tolerance of +10%. Thus, the available range of
Vin from a boost-like single-phase PFC is >358 V.

At this point, given the range of Vipa, Pgridmax> Vin, and a
preliminary-conservative efficiency #* assumption, e.g., 92%,
measured between the 50-Hz ac connection and the EV bat-
tery, the maximum deliverable output current /oy max can be
calculated through (21). The latter considers that Vi = Vi,
as shown in Fig. 2(c). During one battery charging cycle,
Iout = Iou,max corresponds to the maximum power point of
the COL profile, which has been marked with five-pointed
stars in Fig. 3(b)

Pgrid,max : 7]* . Q1)

IOlll,maX Vout,max

The primary and secondary resonant circuits are designed
to satisfy all conditions in (22).

From the first condition in (22), the ratio (R;/R5) is cal-
culated, such that Vj, and V,, are within the given ranges.
After that, the span of M from which it is possible to keep
Rr ope constant is computed by solving the second condition
of (22), where Ioy.max i given in (21). For instance, M,y is
found for wy = Womin = 27 - 79 kHz, while My, is found
for wy = womax = 27 - 90 kHz. This target range of M can
result from any arrangement of coupled coils. However, the
value of Ly, L, and k in the third condition must be selected,
such that the peak voltage stress on the SCC’s MOSFET
is within the rating of the selected semiconductor switch.
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This is discussed more in detail in Section III-D

i Vout,max Rl Vin,max
(7) = 2 = [ =
RL,opt R2 Voul,max

Vout,max 8 1 Vout,max Rl
RL,opt = - = D Y
out,max T

wy = 2r[79,...,90] kHz
CUOLI CUOLZ Ll Ql ( Vin,max )2
1= ,» Uo = - 7=
R, R, Ly, Qs
kLiL, =M — (14) : VC&Z,M VCJz,z < Vs off(S5/55) -

where:
wy 1, out,max Ry

Voul,max

(22)

D. Prototype of 3.7-kW EV Wireless Charging System

The guideline of Section III-C has resulted in the circuit
parameters and components summarized in Table I.

1) Variable Compensation Capacitors C;, C,: To achieve
the COL operation at different coil’s alignments, fo of the
IPT system must be varied, as shown in Fig. 5. The value
of the passive components must be chosen, such that the
voltage stress over the SCC’s MOSFETs is within its rated
value including a safe margin to account for dynamic operating
conditions.

Fig. 9 shows the examples of the voltage stress and the val-
ues of Ly, Ly, Cyy, and Cy, depending on k for different power
levels. The design guidelines in (22) have been used assuming
that Q; = Q,. The peak voltage on C,, has been computed
through (23) and (24) for the two modulations where the
primary and secondary currents are calculated through (25).
Since 1700-V SiC MOSFETSs are used in the SCCs, the
conservative maximum voltage stress of 1 kV is selected in
Fig. 9 for the steady-state operation to ensure enough safety
margin also when transients occur

T ~ A~
N 2 Ic, . Ic 1
Vea. f- :/ L sinowtdt = — [1+cosn(—+x
R x%+% Cs2 wCsZ 2

(23)

T » A

N 7 ] 1
Veah-w = / S sinwtdt = —21 (1 + cos 27 x) (24)

xT L2 wCy
A 4 RL opt A T

L ~ |—1I - , DL~ —Iy. 25
1 '71’ out ©0.max Mmin 2 D) out ( )

The values of Cy; and C,, have been chosen, such that
the fy variation in the range 70,...,90 kHz is achievable
given L; and L, and considering that x is fully utilized.
For instance, if L is the coils’ inductance, the minimum and
maximum needed capacitance can be found from (12) as

1
Crnin =
m (CUO,maxL - X) * (W0, max
1
Crox = 26
™ (CUO,minL - X) * (W0, min ( )
Then, Cy; and Cy, are computed as
Cmax . Cmin
CS - C X 5 C_v == — . 27
! e ’ Cmax - Cmin ( )
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Voltage stress across the SCC’s MOSFETs, values of L, Ly, Cy1, and Cyp depending on k at different power levels. (a) 3.7 kW (lpay = 7.48 A,

Mmin = 90.1 uH). (b) 7.7 kW (Ipart = 17 A, Mpmin = 37.6 pH). (c) 11.1 kW (Jpart = 25 A, Mpin = 43.6 pH). (d) 22 kW (Iparr = 50 A, Mpin = 21.8 uH).

TABLE I
CIRCUIT PARAMETERS AND COMPONENTS USED IN THE PROPOSED 3.7-kW EV WIRELESS CHARGING SYSTEM IN FIG. 10

Circuit parameters Component Function | Units | Manufacturer Name
f (kHz) [79 90] Primary Secondary 1200V SiC MOSFET Inverter 4 C2M0040120D
Pyigmax (kW) 3.7 Csi1,, Cs1, (nF) 13.50 18.57 1200V SiC diode Rectifier 4 Wolfspeed C4D15120D
n* (%) 92 Cs2q, Cs2, (nF) 28.03 52.08 1700V SiC MOSFET SCC ** 1/2x2 C2M0045170P
Vin(V) [358 510] Ly, Ly (uH) 336.90 224.15 Cs1q 11x4
Viatt (V) [317 410] Rp,, Rp, () 0.75 0.5 Cs2, 6x3
Br.opt (2) 548 M (uH) (1026 954 90.1] 6.8 nF 500 Vs Cs1y 16x4 EPCOS B32671L
Zag (mm) 105 [Mmax Mmid Mmin] 0322 11x3

Mupax — (0,0, Zag) crr 9x4
Misalignment [(x,y,z) mm] Mg — [(67, 0, Zag) or (0, 37, Zag)] crr 11x4

Muyin — [(82, 0, Zag) or (0, 45, Zag)] ** h-w/f-w, 7 fixed S-S: C1/C2=(15.14/18.55)(nF)
Measuring and Oscilloscope: YOKOGAWA DLM4058 2.5GS/s 500MHz  Power analyzer: YOKOGAWA WT500
supplying equipment Bidirectional DC power supplies: DELTA ELEKTRONIKA SM1500-CP-30 (input), SM500-CP-90 (output)

Rectifier Ivener + anhPad

Power
analyzer L,

DC power supplies:

« Input (source)

* Output (load)
TI LaunchPad control

Computer:

Fig. 10.

Prototype of the 3.7-kW EV wireless charging system.

Based on the resulting voltage stress in Fig. 9, it is possible
to employ SCCs with both modulations for the power levels
of 3.7 and 7.7 kW. On the other hand, that might not be the
case of the two highest power levels. In general, the full-wave
modulation comprehends a wider range of coils’ arrangements

that would ensure an SCC’s voltage stress within the safe area.
In particular, if the coupled coils have relatively high &, e.g.,
k ~ 0.4, it might be possible to employ 1200-V SiC MOSFETs
for SCCs using the full-wave modulation. The advantages of
this choice are discussed in Section IV-A.

According to the implemented 3.7-kW prototype shown
in Fig. 10, the resulting variations of C; and C, are illus-
trated in Fig. 11(a) and (b) by using SCCs with full-wave
modulation and half-wave modulation, respectively. Thereby,
C and C; follow the trend described by (15) and (16), which
depends on SCC’s duty cycle x = (ton/T) = [0,...,0.5].
The validity of these analytical expressions has been proven
by measuring the circuit’s resonant frequency at different
values of x. To prevent the coils’ mutual inductance from
altering this calculation, the measurements have been executed
considering the primary and the secondary circuits separately.
Assuming that L; and L, are known, one can compute the
equivalent compensation capacitance from (4) by imposing
X=X, =0.

2) Control Scheme for Vi, and fo(Cj, C,): The detailed
control scheme is summarized in Fig. 12. There are two sets
of parameters to be regulated in the proposed system. One is
the duty cycle of the PFC rectifier Dpgc that sets the target Vj,.
The other is the duty cycle of both SCCs, namely, x; and x,,
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Values of C; and C; using the SCCs with (a) full-wave and (b) half-wave modulations. Note that the standardized operating frequency range

79-90 kHz established by IPT-based EV charging is satisfied in the current system design.
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Fig. 12. Detailed control scheme referring to the charging process in Fig. 6.
In the prototype of Fig. 10, the operation of the PFC rectifier is modeled by
the input dc power supply.

establishing the IPT system’s resonant frequency fy. In the
prototype of Fig. 10, the input voltage Vi, is regulated by
a dc power supply, which resembles the voltage range that
the PFC rectifier could provide. This is reasonable, since the
PFC rectifier is a necessary power conversion stage for any
EV wireless charging system, given that they are commonly
connected to the ac grid. In addition, the battery behavior is
emulated by a bidirectional dc power supply.

Before the start of the power transfer, the values of xi, x»,
and Dppc 0 are computed based on the measurements of M,
Voutr0 and the reference Rpop:.

When the power transfer starts at the instant t = fy, the
operating frequency of the inverter is set to the target fy, and
the input voltage would be Vi,;). However, at that instant
of time, the duty cycle of the primary SCC assumes the
initial value x;, = 0.5 while x2,0 = x;. This results in
the operation being in the inductive region of the resonant
circuit, since C; assumes its highest value, which translates
into a safe operation for the H-bridge inverter. At the instant
t = t1, x1 is set for the primary SCC, whose control signal is
synchronized to the output voltage from the H-bridge inverter
Vag. On the other hand, the control signal of the secondary
SCC is synchronized with respect to the rectifying H-bridge’s
input voltage V,,. Assuming that, from (8)—(11), the phase
delay of both the primary and the secondary currents is known,
a phase shift can be set to x; and x,, making sure that they are
synchronized with the resonant currents, resulting in the ZVS

of the SCCs. Measurements based on this proposed startup
scheme can be found in Section IV-A.

For the rest of the charging process (f > t;), the same
SCC control signals apply. Therefore, the SCC signals must
be adjusted only at the beginning of the charging process.
On the other hand, Dpgc starts from the initial value Dpgc 10,
and it is continuously modified by the voltage control loop to
achieve the COL charging mode in Fig. 3(b).

IV. EXPERIMENTAL RESULTS

A. COL Method With SCCs

1) Measured Circuit Waveforms: Fig. 13(a) and (b) shows
the measured waveforms of the proposed COL method at
different values of M defined in Table I. Two sets of mea-
surements have been executed to compare the performance of
the two possible SCC implementations illustrated in Fig. 7.
For instance, the measurements in Fig. 13(a) have been per-
formed while employing SCCs with full-wave modulation.
On the other hand, the measurements in Fig. 13(b) use SCCs
with half-wave modulation. As expected, the resonant circuit’s
input and output waveforms from the two implementations
are equivalent for the same operating conditions. The main
difference between the two implementations is the voltage
vc,, due to the different modulation strategies. As a result, the
voltage stress on the MOSFETs of the SCCs with half-wave
modulation is about twice the voltage stress of each MOSFET
employed in the full-wave modulation. The measured peaks
of \A/cﬂ»l and \A/Cvm agree with the expected values from the
analytical model shown in Fig. 11.

The startup transient following the control strategy illus-
trated in Fig. 12 has been measured at Vi = 317V,
as shown in Figs. 14 and 15 for the full-wave and half-
wave modulations, respectively. This operation occurs if the
charging cycle starts when the battery’s SoC = 0%. More-
over, Figs. 16 and 17 show the startup transient measured at
full power (Vpar = 410 V) for both modulations. All these
measurements have been executed at M = My;,, since it
leads to the highest voltage stress on the SCCs’ MOSFETs.
It is possible to notice that the ZVS turn-on of the H-bridge
is maintained during the whole transient, since i; is always
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Proposed constant optimum load (COL) with SSCs
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Fig. 13.  Waveforms measured at full power and at different coils’ alignments. (a) and (b) Result from the proposed COL using the SCCs with the full-wave
and half-wave modulations, respectively. (c) Results from the conventional S—S compensation with fixed capacitors.

inductive. The SCC MOSFETSs’ peak voltage stress is well
below 1700 V. At Vi = 410 V, the worst measured voltage
stress is Vc,.1 = 1000V using the full-wave modulation, and
Ve,.1 = 1450V for the half-wave modulation.

According to Fig. 13, the SCCs introduce some distortion
in the currents. This is particularly clear when employing
the half-wave modulation where the positive and the negative
currents’ half waves are not symmetrical. This is due to the
asymmetrical nature of the half-wave modulation that foresees
the switching only in correspondence of one zero crossing
during one switching period. Nevertheless, the ZVS turn-on
operation can be observed by analyzing the H-bridge inverter
output voltage in Fig. 13, which has a smooth (dv/dt) tran-
sition, i.e., without abrupt variations. The asymmetry in the
primary current would cause the H-bridge inverter’s turn-off
point to slightly vary in the two switching transitions. This

is shown in Fig. 18 where the drain—source voltage vgs of
both MOSFETs M1 and M3 in Fig. 2(c) is measured at
M = Mpyq and M = My;,. The ZVS turn-on is achieved,
since the (dv/dr) is smooth and the primary current lags that
transition.

2) Power Transfer Efficiency: The dc-to-dc efficiency 7 of
these two implementations is illustrated in Fig. 19 in relation
to a charging profile similar to the one in Fig. 3(b). The
implementation of SCCs with half-wave modulation leads to
higher efficiency. mainly because it employs two less SiC
MOSFETs than the full-wave modulation, resulting in lower
conduction losses. The switching losses are also lower, since
the SCC is switched on and off only once every switching
cycle, while these transitions occur twice in the full-wave
modulation. For instance, the measured # at the maximum
P;, (around 3.2 kW) is 96.30% for M = M., and 96.07%
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Fig. 14. Start of the power transfer with SCCs using the full-wave modulation
at M = Mpyin and Vi = 317V, referring to Fig. 12. (a) At ¢ = tg, Vins0
is applied while x ;0 = 0.5 and x» = 0.021. (b) At t = #;, x; = 0.088 is
applied. The channels are displayed in the same sequence of Fig. 13.

v, Ch2: v, Ch3: i, Cha:PwM(C,) Ch5: v, Ch6: v, Ch7: i, Ch8:PwM(C,)
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Fig. 15. Start of the power transfer with SCCs using the half-wave modulation
at M = Mpin and Vi = 317 V referring to Fig. 12. (a) At t = 1y, Vins0
is applied while x ;0 = 0.5 and x, = 0.122. (b) At t = t;, x; = 0.211 is
applied. The channels are displayed in the same sequence of Fig. 13.

for M = M, when using the half-wave modulation. For the
same operating points, the measured # values are 96.18% and
95.76% in the case of the full-wave modulation. However, the
latter has margin still for improvement.

According to the startup transient in Fig. 16, the peak volt-
age stress on the SCC’s MOSFETs is 1000 V when using the
full-wave modulation. This means that 1200-V SiC MOSFETSs
could be employed in that case. The main advantages of these
devices are their larger market availability and their lower
Rgs.on for the same current rating due to their thinner epitaxial
layer. Table II shows that, at full power when M = M., the
SCC using the full-wave modulation employing 1200-V SiC
MOSFETs could outperform the efficiency measured with the
half-wave modulation for a lower total semiconductor’s cost

(a) (b)

Fig. 16. Start of the power transfer with SCCs using the full-wave modulation
at M = Mpyin and Ve = 410 V, referring to Fig. 12. (a) At t = 19, Vins0
is applied while x ;0 = 0.5 and xo = 0.021. (b) At t = #;, x; = 0.088 is
applied. The channels are displayed in the same sequence of Fig. 13.
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Fig. 17. Start of the power transfer with SCCs using the half-wave modulation
at M = Mpin and Vi = 410 V referring to Fig. 12. (a) At t = 9, Vins0
is applied while x; ;0 = 0.5 and x, = 0.122. (b) At t =t;, x; = 0.211 is
applied. The channels are displayed in the same sequence of Fig. 13.

TABLE I

WOLFSPEED SiC MOSFETs CHARACTERISTICS AND COMPUTED # WHEN
EMPLOYING THEM FOR SCCs WITH FULL-WAVE MODULATION

SiC MOSFET | Vs (V) | Ras.on (mS) | Cost (€)% | 7 (%)™
C2MO0045170P | 1700 45 75.85 96.18
C3MO0032120K | 1200 32 2439 96.32
C3MO0021120K | 1200 21 28.43 96.41
C3MO016120K | 1200 16 66.92 96.45

*Source: Digi-key Electronics (accessed: 03/05/2022). Unit price (100+)
**Computed at full power, i.e., Vyq4=410V and M=Mp,qz

(approximately —25%). On the other hand, according to the
peak voltage stress in Fig. 17, it is not possible with the current
design to choose MOSFETs with lower voltage rating in the
case of SCCs with the half-wave modulation.
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Fig. 18. Measured drain—source voltage vqs of the MOSFETs M1 and M3 in
Fig. 2 when operating the SCCs with the half-wave modulation at full power
for (a) M = Mpiqg and (b) M = Mp;,. The channels are displayed in the
same sequence of Fig. 13.
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Fig. 19.  Measured dc-to-dc efficiency # at different M values of the

proposed COL charging method that uses SCCs as compensation implemented
with (a) full-wave and (b) half-wave modulations. (c) and (d) Possibility of
improving # and reaching lower I, at partial load by varying f and setting
f = fo. The continuous lines are the expected results from the analytical
model.

As explained in Section II-B2, the CV charging profile can
be achieved by controlling the input voltage through the PFC.
The CV mode is characterized by a charging current lower than
the nominal, i.e., Ry > Ry ox. By considering the definition
of Rr op in (6), the system’s natural frequency fo can be
varied through the SCCs, such that Ry oy is closer to Ry at
partial loads. This can potentially increase the efficiency at
partial load. Moreover, according to I, in (2), the increase of
fo would also allow the CV mode to reach lower currents for
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Fig. 20. Measured dc-to-dc efficiency #, input voltage Vi,, input power P,
equivalent resistive load Ry, and optimum load Ry, op achieved from (a) pro-
posed COL method implemented with SCCs using half-wave modulation and
(b) traditional CC method employing fixed capacitors. The continuous lines
are the expected results from the analytical model.

the same Vj,,. The effect of this partial-load strategy is shown in
Fig. 19(c) and (d) for M = M.x, where both the resonant and
operating frequency are increased from 79 to 90 kHz. Thereby,
n improvement is up to 0.13% for the half-wave modulation
and up to 0.07% for the full-wave modulation. On top of this,
about 10% lower output current can be achieved for the same
input voltage.

B. Comparison With the Conventional S—S Compensation

To investigate further the advantages of the proposed COL
method, it is important to compare its performance with
conventional CC changing mode implemented with an S-S
compensation with fixed capacitance. The parameters of the
latter are listed in Table I. C; has been chosen, such that the
inverter achieves the ZVS turn-on at 79 kHz in any operating
condition, and the output power can be controlled through the
full voltage range available from the PFC stage. The operating
waveforms at full power and at different coils’ alignments are
shown in Fig. 13(c).

The measured dc-to-dc efficiency 7, the set input voltage
Vin and power P, the equivalent resistive load R, and the
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Fig. 21.  Breakdown of the power losses at full power resulting from
(a) proposed COL method with SCCs using half-wave modulation and (b) tra-
ditional CC method employing fixed compensation capacitors. The coils’ and
capacitors’ losses include also the losses due to cables and connections.

optimum load Ry o of these two different implementations
are illustrated in Fig. 20 in relation to a charging profile similar
to the one of the Nissan Leaf’s battery in Fig. 3.

The implementation of SCCs with half-wave modulation
leads to 0.13% lower 5 at M = My, than the conven-
tional S—S compensation throughout the COL charging profile
mainly because of conduction losses due to the SCC extra
series capacitor in parallel with the SiC MOSFET. This can
be noticed in the losses breakdown of Fig. 21. On the other
hand, in the presence of coils’ misalignment, the half-wave
modulation leads to higher #, since the condition Ry, = Ry opt
is kept constant. According to Fig. 20, this drop in # when
using fixed capacitors occurs at partial load and lower mag-
netic coupling. This happens because, in that cases, the con-
dition Ry = Ry op is poorly matched, which results in
an imbalanced distribution of the power losses between the
primary and the secondary circuits shown in Fig. 21. In addi-
tion, from the power losses’ distribution in Fig. 21(a), it is
clear that the amount of circulating reactive current with the
proposed method is approximately constant at different coils’
alignments, which limits the turn-off losses of the H-bridge
inverter. These features are not found in the conventional S—S
compensation, resulting in higher losses in the primary circuit,
as shown in Fig. 21(b). As depicted in the plot of P, higher
n results in lower required input energy Ei, = Pj, -t by up
to AEj, = 440 Wh, which translated into lower charging cost
even though the charging duration is slightly higher due to the
variable I, characteristic of the proposed COL method.

The measurements of Vi, show that it is possible to fol-
low the battery charging profile in both implementations by
only regulating the power through the PFC stage. It is also
interesting to notice that the S—S compensation with fixed
capacitors could reach lower I, values in the CV mode, since
Vin still has a margin to be lowered to 358 V. However, only
the values of Iy, that are comparable to the ones achieved
with the half-wave modulation have been reported in Fig. 20
for being able to compare fairly the two CV modes.

In addition, the overall efficiency could be considerably
improved if SiC MOSFETs were used in the rectification
stage instead of diodes. For example, using the same SiC
MOSFETs as the inverter, the measured full-power effi-
ciency of 96.30% could improve to 96.77% when employing
SCCs with half-wave modulation at M = My,x. Similarly,
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at M = My, the full-power efficiency could jump to 96.5%
from the measured 96.07%. In this case, the proposed method
would result in even higher efficiency than the available in the
literature for the same power level (see Fig. 1).

V. CONCLUSION

The optimum load matching is widely used in EV wire-
less charging systems, where the equivalent output load is
always set to equal the so-called optimum load. The latter
maximizes the power transfer efficiency, and its value is
dependent on the coils’ alignment. In contrast, this article
proposed to make the optimum load condition invariant of
the coil’s magnetic coupling by changing the natural resonant
frequency of the system. This method is defined here as COL.
The advantage of this solution is the elimination of voltage
control at the load side. Only the input power is regulated
through the PFC, ensuring that the COL condition is met
while the battery voltage increases during the charging cycle.
The system’s resonant frequency is varied, employing SCCs
as series compensation. In particular, two SCC implementa-
tions, namely, the full-wave modulation and the half-wave
modulation, have been implemented in a 3.7-kW prototype,
and their performances have been compared. The half-wave
modulation results in overall higher efficiency than full-wave
modulation, with 96.30% for the input power of 3.2 kW
and at the maximum coils’ alignment. For the same power
and minimum alignment, the efficiency drops only by 0.27%.
The minimum measured efficiency is 95.68% at partial load
and minimum coupling, proving that the proposed method
leads to relatively high efficiency in the entire operating range.
On the other hand, at 3.2 kW and the maximum magnetic
coupling, the full-wave modulation results in 96.18%, and
the efficiency drops by 0.42% at the minimum alignment.
When misalignment occurs, the SCC half-wave modulation is
more efficient than the conventional S—S compensation with
fixed capacitors. The efficiency gain is up to 0.68% at partial
load. Finally, considering the high power transfer efficiency
measured for a coil’s misalignment range and throughout a
charging cycle typical of a 3.7-kW static EV wireless charger,
this research has proved the suitability of the proposed COL
charging method for that application.

APPENDIX A
STEP-BY-STEP COMPUTATION OF (10)

The instantaneous primary current can be expressed as

i(t) = I sin(wt — 6)) (28)

where 6, is the phase delay with respect to the inverted voltage
vap. The value of #; that corresponds to the optimized ZVS
turn-on point can be found from (28) by setting i1(T) = Io

~ 1
Iope = Ly sin(m — 6,) — 6, = sin_l( (}FF). (29)
1

The phase angle of the input impedance Z, = (Vap/Iap)
would also be 6. According to Z;, in (11), this means that

Xi X
0, = tan( m) = tan(—l).
Rin Rin

(30)
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The reactance X; that leads to the optimized ZVS turn-on
operation can be found from (29) and (30) resulting in (10).

The expression of X, in (8) has been found with a similar
approach by taking the load impedance as a reference.

APPENDIX B
STEP-BY-STEP COMPUTATION OF (17) AND (18)

The conduction losses of the two SCC implementations
shown in Fig. 7 are given by the rms current that flows

in

each parallel branch of the SCC, which depends on the

SCC duty cycle x = (ton/T) = [0, ...,0.5]. During one
switching period 7, the current of the SCC series capacitor
ic,, flows through the semiconductor branch of the SCC for
the interval 2x7, while it flows through Cy, for (1 —2x)7. The
resulting rms current of each SCC parallel branch is shown
in (31) and (32) for the full-wave and half-wave modulations,
respectively. As expected, these expressions are the functions

of

IACJ1 and x
X 1 sin (7 (1 — 2x))
ICAZZICAI E_x _2—
f-—w: ™ (31)
. sin (7 (1 — 2x
Is,as, = ch]\/x + sintz(l = 29)
2
A 1 sin (4 x)
e, =leaf\7 =% )+ ——
h—w: T (32)
. sin (4w x)
153 = Icsl X — T

After that, the conduction loss of the SCC can be calculated,

as

shown in (33) and (34). From those, the equivalent resis-

tance of the SCC can be computed by isolating Ic,,, whose
Ry_, results in (17) and Rj,_,, in (18)

Psce(r—w) = ESRc¢,, Iéz + (Ras,ones)) + Rds,ow(sz))lgl&g2

= Rp_uI¢, (33)
Psccth—uw) = ESRcﬁIé2 + Rds,()N(S3)1523
= Ri_wli, . (34)
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