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Abstract—The double-sided LCC (DLCC) compensation has
been widely used in inductive power transfer (IPT) systems
because it has a load-independent current source output directly
proportional to the coils’ coupling, which makes it inherently safe
against misalignment. The input current of the DLCC typically
has high harmonic distortion due to the low-pass filter char-
acteristic of the input LC components. Consequently, predicting
the inverter’s turn-off current through circuit modeling using the
first-harmonic approximation (FHA) would result in a significant
estimation error. However, an accurate computation is essential
to determine whether the inverter’s zero-voltage switching (ZVS)
turn-on is achieved. This paper defines an analytical model that
effectively predicts the inverter turn-off current point for any
operating condition, i.e., when the diode rectifier operates in
continuous and discontinuous conduction modes. It has been
found that the inverter turn-off current depends on the loading
condition. Therefore, the proposed method is based on modeling
the equivalent load as the rectifier together with the battery.
Experimental verification has been conducted using two IPT
systems with nominal power levels of 3.7 kW and 7.7 kW.

Index Terms—Compensation networks, electric vehicles, induc-
tive power transfer, wireless charging.

I. INTRODUCTION

Inductive power transfer (IPT) employed for wireless battery
charging has been gaining interest in the electric vehicle (EV)
industry, mainly because it would solve the inconvenience of
drivers handling charging cables.

The core of IPT systems consists of coupled coils that
form a loosely coupled transformer (LCT) since a relatively
large air gap separates them. These coupled coils exchange
electrical energy through a high-frequency magnetic field
whose operating frequency is constrained between 79 kHz and
90kHz in light-duty EV applications [1]. The LCT has a
relatively low coupling factor, e.g., £ < 0.4, meaning that the
leakage inductance of both the primary and secondary circuits
would be considerably high. Passive components are used to
compensate for that inductance to minimize the circulating
reactive power. These circuit elements are normally called
compensation networks. The one-component compensation
networks consist of a capacitor that can be connected in series
or parallel to the coil. Among the four possible combinations,
the series-series (S-S) compensation is the most commonly
used in EV charging, as its parameters can be tuned inde-
pendently of the coils’ alignment and loading conditions, and
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Fig. 1. Equivalent circuit of an IPT system with the DLCC compensation.

exhibits a load-independent output current source behavior
[2]. Nevertheless, the transferred output power is inversely
proportional to &k, which makes the IPT system not intrinsically
safe against misalignment.

Additionally, multi-component compensation networks have
been used in IPT systems, of which the LC and LCC circuits
are common examples. Both employ compensation inductors
and capacitors that are tuned based on the T-type resonant
circuit. The LCC employs one more capacitor connected in
series to the coupled coil, allowing smaller compensation
inductors to be selected. The LCC compensation can be used
only at the primary or the secondary circuit, as demonstrated
in [3], which proposes an LCC-S compensation with more
robust power transfer over the misalignment than the LC
compensation. On the other hand, the compensation network
takes the name of double-sided LCC (DLCC) when the LCC
is used for both circuits, which typical configuration is shown
in Fig. 1. Thereby, Ly; and Lo depict the compensation
inductors, C¢; and Cyo symbolize the parallel compensation
capacitors, C; and Cy stand for the series compensation
capacitors, and Ly and Ly describe the self-inductance of the
coupled coils. The great advantage of the DLCC compensation
is that the delivered output power can be selected by choosing
the compensation inductances without the need to modify the
LCT. In contrast to the S-S compensation, the output power
is directly proportional to k, making the DLCC especially
suitable for applications with large misalignment tolerances,
e.g., in dynamic wireless charging. Moreover, [4] proved that
IPT systems employing the DLCC are less sensitive to the
parameters’ mistuning than those with the S-S compensation.

The DLCC compensation has been widely analyzed in
the literature [4]-[9]. A well-known paper on the DLCC
compensation for IPT systems is [5], which defines the pa-
rameter tuning method and analyzes the circuit through the
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first-harmonic approximation (FHA). In IPT systems, it is
crucial to accurately predict the inverter’s turn-off current
to determine whether zero-voltage switching (ZVS) turn-on
can be achieved. However, [5] has acknowledged that the
inverter’s current can be heavily distorted due to the low-pass
filter characteristic of the input LC circuit consisting of L,
and Cy;. Because of those high-order harmonic components,
the analytical prediction of the turn-off current would not be
accurate simply by using the FHA analysis. Therefore, the
inverter’s current is assessed by considering the high-order
harmonic components, and based on those, the inverter’s turn-
off current has been estimated. As a result, this analytical
estimation of the turn-off current is relatively accurate when
the diode rectifier operates in continuous conduction mode
(CCM). However, significant errors are still found in discon-
tinuous conduction mode (DCM). Using a similar approach,
[6] and [7] have defined guidelines for selecting C5 to achieve
the inverter turn-off current, thereby guaranteeing ZVS turn-
on operation. Nevertheless, detailed modeling of the turn-off
current is not provided. Likewise, the same modeling gap is
present in [4] and [8]. All in all, no analytical model has been
proposed yet that can accurately predict the current flowing
through Ly, for any loading condition.

As the main contribution, this paper proposes an analytical
method to predict the distortion of the H-bridge inverter’s
current when the diode rectifier is operating in both CCM
and DCM. This method is beneficial for assessing whether the
inverter can achieve ZVS turn-on in any operating condition
without performing circuit simulations.

II. MODELING OF THE DLCC COMPENSATION

The parameters turning of the DLCC compensation network
illustrated in Fig. 1 generally follows the approach used in [5].
This is summarized in (2), where wg = 27 fy is the angular
resonant frequency. As a result of (2), at both sides of the
primary and the secondary circuits, the compensation inductor
resonates with the parallel capacitor at the same wg as the
coupled coil together with the series compensation capacitor.

Moreover, the mutual inductance M between the coupled
coils is defined in (3) depending on the coupling factor k.

LiCizf, Ll—Lzzi :172 2
filr 2 f 2C; ? ()
M = ky/LiLsy 3)

A. Phasor convention based on the FHA

Fig. 2. Equivalent circuit of 1 where the load is modeled as: (a) the equivalent
resistance Rqc in (8); (b) the voltage source Vg in (9).

Z,, =Ry, +jwlp, Zc,, =Rc,, +—— 4)
Ly Ly f1 foF Cy ol
. 1
ZLf, = RLfQ +jWLf27 ZCf: = RCf2 + m (5)
1
Z, =Ry +jwly +——, Z;=Ry+ jwls+ -
JwC JwCs

(6)

The input voltage source Vap defined in (7) is used
according to the FHA [10]. V4 p uses the phasor convention,
and it is specified in terms of its absolute value and phase
angle. Vap is taken as the reference, i.e., ¢v,,. The circuit
in Fig. 2(a) models the load as the equivalent resistance R,
in (8), as explained in [10]. In this case, Vg4 in (1) should be
replaced with Vgap=R,.I4p. Alternatively, the circuit in Fig.
2(b) models the load as the voltage source Vg3 defined in (9).
This representation is closer to reality if the load battery is
directly connected to the rectifier circuit, as shown in Fig. 1.

4
Vap =Vap/0= ;Vm (7)
8 8 Vout Vab
Rae = — Ry = — 220t = Zeb 8
w2 g 72 Tout Loy ©
4
Vab = Vab{ ¢Vab = ;Voutf ¢Vab (9)

Moreover, another useful circuit parameter is the input
impedance Z;, = Vap/Iap defined in (10), describing the
equivalent impedance of the IPT system seen from the input
source Vap. Similarly to the approach used in [11], Z;,, is
computed through the reflected impedance Z, in (11).

ZCf1 (Z1 + Zr)

The equivalent circuit of an IPT system using the DLCC Zin =2y, + Ze. <7 12 (10)
compensation is shown in Fig. 2, including the components’ Cia * "
equivalent series resistance. The operating points of the circuit w2M?
in Fig. 2 can be computed in terms of voltages and currents Zy = Vab (11)
. . . .. ( T +Zy, fz)Zsz
through the Kirchhoff voltage law in (1) with the circuit Zy+ 7 :”
impedances defined in (4)-(6). T T Zsz + ZC’fz
VaB ZL,, +Zcy, —Zcy, 0 0 I,
0 _ —ZCf1 Z, + ZCf1 JwM 0 I, (1)
0 0 JwM Z,+ Zc,, ~Zcy, I,
Vab 0 0 Zc,, —Zr,;, — Zc; Tap
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Fig. 3. Typical conduction of the diode rectifier depending on the voltage
across C'ya: (a) CCM, (b) DCM. The top plots result from circuit simula-
tions using ideal diode models, while the bottom plots result from circuit
simulations using the physical diode characteristics. (¢) Zoom-in of the turn-
on transition of the diodes D1 and D4 in Fig. 1. It must be noted that the
phase angle of vc ., is considered as the reference, i.e., ¢ch2=0, and 6 is
considered as the x-axis such that f=wyq - t.

B. Equivalent load of the rectifier and the battery

Fig. 1 shows the circuit schematic of an IPT system with
DLCC compensation, in which the load consists of a full-
wave diode rectifier connected to an output voltage source
representing the battery load. As illustrated in Fig. 2, the
modeling of the equivalent load typically considers either the
resistance R, defined in (8) or the voltage source V,p defined
in (9). Efforts to model the equivalent load in the DLCC
analytically have been made in [12] and [13]. However, both
consider the major assumption that the diode rectifier always
operates in CCM. Moreover, [12] defines a model valid for
a resistive load type, while [5] and [13] consider the load
based on the voltage source model with a fix phase angle,
i.e., ¢pv,,=—7. These load modeling strategies might result in
large errors due to the two following factors.

The first factor is the conduction mode of the diode rectifier,
which typical operating waveforms are shown in Fig. 3. The
top plots result from a rectifier using the ideal diode model,
while the bottom ones result from a rectifier considering the
on-state characteristics of the diode. For instance, the current
iqp would flow through Ly, only when vgypa > vgp. If
this condition is always satisfied during the switching cycle,
the diode rectifier will operate in CCM, which examples are
illustrated in Fig. 3(a). On the other hand, if voyro > vgp is
not always satisfied for the entire switching cycle, the diode
rectifier will likely operate in DCM, which examples are illus-
trated in Fig. 3(b). Especially in DCM, the load characteristic
fundamentally differs from the case of the equivalent resistive

TABLE I
DEFINITION OF THE ANGLES USED IN FIG. 3 WHERE vy, ,, IS
CONSIDERED AS A REFERENCE.

Parameter Definition
Oa vof2(0a) = +Vout
b Vab(0p) = —Vout
9(: Vab (ec) = Vout
04 vap(0a) =0

load. Additionally, the phase angle of the load voltage v,
would also differ depending on the rectifier’s conduction.

The second factor is the parasitic capacitance of the diode
rectifier, which lumped equivalent value can be modeled as
the capacitor C,, shown in Fig. 2(b), connected in parallel
to the output voltage source V,p. This capacitance must be
discharged and charged as Vj;, inverts polarity. From the zoom
in Fig. 3(c), this capacitive behavior results in a delay of v,y
with respect to the case of an ideal diode rectifier. This results
in v, and 74, being out of phase as shown in Fig. 3(c).
All angles in Fig. 3 are listed and defined in Table I. When
analyzing the rectifier’s conduction, ¢y, ,, is considered as a
reference, i.e., ¢y, f2:0.

The peak current fcp in Fig. 3(c) is defined as fcp=iab(9c),
which can be found by analyzing ¢, (6) which, around its zero
crossing, can be approximated as

iab(g) = 1agb sin(9 — 0;,) (12)

where, according to the FHA [10], the absolute value I, is
defined as I4p=75 Iyt and I,y is the DC output current defined
by the battery charging cycle.

In the interval [0y; 0.], va,(0) can be written as (13).
Specifically, for =6, (14) can be found which results in (15).
Finally, from (15), fcpzlab sin(f. — 6p) can be computed.

1 0
a = —Vou Ia i - 1
v b(&) Vout + wocp . b sm(9 9(,) df (13)
I
2-Vour = I, sin(0 — 6y) do 14
Vout wCy Sy, b sin( b) (14)
2VutwoC
_ _ _ —1 . outW0L“p
bc, = 0. — 0y = cos ™ (1 S ) as)

III. MODELING OF THE INVERTER CURRENT DISTORTION

The distortion of i 4 p must be known to assess whether the
H-bridge inverter realizes the desired ZVS turn-on operation.
This can be computed by considering the higher-order harmon-
ics introduced by the input and output square wave voltage
sources shown in Fig. 2, meaning that the circuit modeling in
Section II-A must be extended.

A. Condition for the H-bridge’s ZVS turn-on operation

As explained in [5] and [14], the ZVS turn-on is realized
when the output current ¢ 4 p from the H-bridge inverter in Fig.
1 lags the inverted voltage v4p. This means that the H-bridge
inverter must operate in the inductive region of the resonant
circuit. For that purpose, all MOSFETs must be switched off
before the current crosses zero. During the dead time tg4cqq,
the remaining current would flow through the anti-parallel
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diodes of the MOSFETs that were blocking the input voltage
Vin. This turn-off current level has to be large enough to
discharge the equivalent drain-source capacitance Cy of those
MOSFETs before they are turned on and start conducting.
Additionally, during ¢4.44, the Cys of the MOSFETS that were
just switched off must be charged to block V;,.

The minimum turn-off current IopF iy that ensures the
ZVS turn-on can be calculated as shown in (16). In (16), it is
assumed that the turn-off current /o rp is constant. However,
due to the resonant characteristic, /o rr likely has a sinusoidal
shape. This means that Iorr should be larger than Iorr min
to guarantee the ZVS turn-on operation of the inverter. The
safety margin s,,, such that s,, > 1, must be defined and
calibrated during the commissioning phase depending on Cly;
of the selected MOSFETs. At the same time, setting the
operation too deep into the inductive region is not preferable
because this would increase the turn-off losses and eventually
worsen the power transfer efficiency due to a higher circulating
reactive current. Therefore, the turn-off current /o ppr must be
tuned to be equal or slightly larger than s, - IorF min.

2- Cds : Vin,,maw

(16)
tdead

IOFF,min ~

B. Analysis of the harmonic components of iap

From the Fourier series of a square wave, the input and
output voltage sources in Fig. 2(b) can be expressed in the
time domain as

oo

41
vap(t) = Z ——Vip - sin(nwot) 17
n=1,3,5...
41 .
vap(t) = Z ;EVOUt -sin(nwot + ¢v,,) (18)
n=1,3,5...

where the amplitude and phase angle are chosen according
to the fundamental frequency component in (7) and (9).
Furthermore, the Fourier series of 745 can be written as

)
iAB(t) = Z IAB,n ' Sin(nth + ¢1AB,n)
n=1,3,5...

19)

where 4B and ¢1, , , are respectively the current amplitude
and phase angle of the n-th harmonic component. These can be
calculated through the circuit analysis in the frequency domain
defined in Section II-A by imposing w=n-wq. This means that
IaB,n and @5, . can be computed as depicted in (20).

41

s s y VaBn Tn Vin (20)
ABn — 1ABn /Pl = = i
) ’ 2 Zin,n Zin,n ¢Zin,'n.

After that, the turn-off current /o g of the H-bridge inverter
can be computed from (19) considering t=%. This results in

Iopr =iap(R)= Y Iapn-sin(nm+¢r,,,) QD)
n=1,3,5...

The computation of I4p , depends on the input impedance
Zin,n, Which, according to (11) and (10), depends on the

Given (3)-(6),
Vout and Poyt.

'

Estimation of Vo fa
through (1) considering
s Vo

out

w=wo and Ryc=-5%

L 7% Pout’ |
I ! N
CCM in Fig. 3(a):
¢Vab‘¢ch2 =04.

04 is defined in (23), and it can
be computed from (15) and (26),
L which latter is solution of (25). )

}

Is the numerical solution of
(26) a positive rational number?

DCM in Fig. 3(b):

Vs gy, =0p.

f2
0y can be found from (29)
which is the solution of (28).

[ BV = — PVipo ]

4’[ ¢Vab=0d - ¢ch2 J

Fig. 4. Flowchart of the proposed computation method for ¢y, , . First, the
process assumes that the diode rectifier operates in CCM. If that solution is
invalid, the rectifier operates in DCM, and the relative solution is found.

loading condition. The equivalent load can be modeled as the
equivalent resistance [RR,.,, Which circuit is shown in Fig.
2(a). Alternatively, it can be modeled as the output voltage
source Vgp n, as shown in Fig. 2(b).

It is interesting to assess whether the two equivalent load
models in Fig. 2 result in the same estimation of ¢ 4 5(¢). From
(18), it can be found that Vb n== 1V, /$v,,- Therefore, the
comparison between ¢4 5(t) resulting from modeling the load
as Rgcn or Vgp pn can be done only if ¢y, is known. Based
on the analysis of the fundamental frequency components, the
output voltage source Vg, leads to Vap of 7/2, which means
that Vabrn =21V, /—m/2. However, Fig. 3 shows that this
might be an improper assumption since ¢y, also depends on
the rectifier conduction. Therefore, for accurate analysis, ¢y,
must be computed based on the operation.

C. Proposed computation method for ¢y,

Fig. 3 shows that the voltage across C¢, and the amplitude
of vap, 1.e., Vous, influence the conduction of the diode rectifier
and, consequently, v, and 74p. In this analysis, it is considered
that V,,; is set by the battery, and the output power P,,; is set
by the battery charging cycle. To compute ¢y, at the chosen
operating conditions, it is essential to find v¢,,. This process
is summarized in the flowchart of Fig. 4.

1) Computation of vc,, from the FHA: As a first step
approximation, the amplitude and phase angle of V¢,, can
be found from the circuit analysis of Section II-A performed
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using the FHA, i.e., at w=wjq. Since Voug and P,,; are given,
hereby the load is modelled as Racz% ﬁzzi . According to Fig.
3, vc,, is taken as the reference in the analysis of the rectifier
conduction, meaning that the phase angle ¢y, ,,=0. Therefore,
considering that 6=wy - t, vo 4, Tesults in

VO, (0) = Ve, sinf (22)

First, the computation of ¢y, is performed considering the
CCM of the diode rectifier. If the solution is not a positive
rational number, the diode rectifier operates in DCM and the
computation of ¢y, is performed for that case.

2) CCM: According to Fig. 3(a), the phase angle of vy,
with respect to ¢ch2 is ¢v,, =04, where 6, satisfies (13) such
that v, (64)=0. This results in

. WOCpVout ) (23)

Iab
The unknown 6, can be found by solving (25), which con-

sists of integrating (24) in the intervals [0y; 0.] and [0.; 0, +7]
of Fig. 3(a). In the interval [0p; 6], vap(6) is defined in (13).

64 =0p + cos™ ! (1

. 1
iap(0) = ool /[vcf2 (0) — vap(0)] dO (24)
Top = —— [*[Ver, sin(8) — vas(8)] d6
Cp wOLfQ 6, LV Cr2 ab )
T O+ .
O = ICp + WOLfQ 0, [chz Sln(a) — ‘/out} d0

The system of equations in (25) is nonlinear and, to simplify
its computation, Qcp is considered to be known as defined
in (15). The solution of (25) is shown in (26). If the diode
rectifier operates in CCM as shown in Fig. 3(a), (26) will have
a rational numerical solution. Conversely, if ¢,; decreases from
fcp to zero while vofa < vqp, (26) will not output a valid
solution meaning that the diode rectifier operates in DCM as
shown in Fig. 3(b).

Iop —0c, Lay
UJocp

TVout — 2wo L palop +
2Ve,,

1

0. = cos™ (26)

Assuming that the rectifier operates in CCM, 6, can be
computed as 0p=0. — 0c,, which ¢, and 0. result from

3.7kW IPT system with DLCC compensation
Rectifier

(15) and (26), respectively. At this point, #; can be computed
according to (23). Finally, considering the convention in (1)
where the input voltage source V4 g is the reference, the phase
angle of V; results in

v, = bd — Oy, 27

3) DCM: If the diode rectifier operates in DCM, i,; would
be approximately zero as long as vc a2 < vqp, Which typical
examples are shown in Fig. 3(b). In this case, (26) would
not result in a rational numerical solution. According to Fig.
3(b), the phase angle of v,; with respect to ¢ch2 can be
approximated as ¢y, =0;.

The unknown 6, can be found by solving (28), which
consists of integrating (24) over the interval [0,; 0, + ]
according to Fig. 3(b).

6, =sin~! (@)

out
1 Op+ .
0= Vi 0) — Viout] dO
woLfz 70 Vey, sin(®) d

(28)

Thereby, 6, 1is the phase angle
V¢4 (0a)=Vour. The solution of (28) is

corresponding  to

ch2 COS 91, — Voutab = Vout(ﬂ' — 9,1) — ch2 COS 9@ (29)

Since (29) is nonlinear, the numerical solution for 6, can be
found through a parametric sweep.

Finally, considering the convention in (1) where input
voltage source Vap is the reference ¢v,, = 0, — oy,

IV. EXPERIMENTAL VERIFICATION
This section verifies the analytical model proposed in Sec-
tion III to compute 745 in (19), which includes its harmonic
components and the inverter turn-off current Ippp in (21).

A. Laboratory prototypes
Two laboratory prototypes have been used for the experi-

mental verification of the proposed model, shown in Fig. 5.
The values of their circuit parameters are listed in Table II.
Two distinct IPT systems are considered to prove that the
proposed model is valid for not only a specific circuit.

The IPT system in Fig. 5(a) is rated for 3.7kW while
the one in Fig. 5(b) is rated for 7.7kW, corresponding to
the WPT1 and WPT2 power classes defined by SAE J2954

7.7kW IPT system with DLCC compensation and standardized coils

L, —o IL, L
‘2 4 20
L o N O/ {003 e SAE 12954 T O/SA;E 12954
\0 ‘WPT2/Z2 VA coil Universal GA coil
(PREMO) (MAGMENT)
L, 1
. - Inverter + TI LaunchPad
L Resititar 8xC2M0040120D
L Z (1200V SiC diodes) C (1200V' SiC MOSFETs)
o & o !
o—Cn > \) \
\ &
L[
Inverter + TI LaunchPad C\
4xC2M0040120D
(1200V SiC MOSFETs) C, — C,

(a)

(b)

Fig. 5. Laboratory demonstrators used to verify the proposed model. IPT system with DLCC compensation rated for: (a) 3.7kW, and (b) 7.7 kW.
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[15]. The two IPT systems use the same circuit board for the
high-frequency inverter and rectifier. Nevertheless, the number
of semiconductor devices employed doubles in the 7.7kW

TABLE I

CIRCUIT PARAMETERS OF THE TWO LABORATORY DEMONSTRATORS IN FIG. 5, ALL MEASURED AT 85 kHz.

IPT system in the form of hard-paralleled devices to maintain
similar power losses. The operating frequency utilized in both
configurations is 85kHz. The coupled coils of the 3.7kW

3.7kW laboratory demonstrator 7.7kW laboratory demonstrator
Coupled coils Coupled coils
M=Mmaz M=Mmid M=Mp,in M=Mmaz M=Mmid M=Mpin
M=96.35pH | M=68.25uH | M=50.50 uH ESR M=10.50 uH M=8.25 yH M=6.0 uH ESR
Zag=10.6cm | Zgy=13.8cm | Z44=17.0cm (m$) Zag=8.1cm Zag=10.2cm | Za4=12.3cm (mg)
L (pH) 3374 331.5 328.1 650 62.8 63.6 64.2 500
Lo (uH) 2239 218.0 2153 440 46.4 45.8 455 90
Compensation Network Compensation Network
Ly (uH) 101.1 Lo (uH) 83.8 Ly (uH) 30.6 Lo (uH) 14.8
ESR (m) 45 ESR (m2) 45 ESR (m) 45 ESR (m€2) 45
Ch (nF) 144 Cy (nF) 27.7 C1 (nF) 110.5 C (nF) 110.3
ESR (m) 55 ESR (m2) 31 ESR (m) 6 ESR (m£2) 6
Cy1 (nF) 36.0 Cra (nF) 41.7 Cy1 (nF) 113.0 Cya (nF) 236.7
ESR (m?) 25 ESR (m2) 23 ESR (m) 6 ESR (m) 3
Cp=8 - 657.5 - V> U *°SpF (see Fig. 2(b)) Cp=16 - 657.5 - V. U*SpF (see Fig. 2(b))
Compensation inductors’ core PM/74/59, ferrite material N87 Compensation inductors’ core PM/62/49, ferrite material N87
Capacitor unit: KEMET R76TF13305050J 3.3 nF (ESR=0.22 2) Capacitor unit: EPCOS B32671L 6.8 nF' (ESR=0.12)
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Fig. 6. Comparison between the measured and computed the inverter turn-off current /o from the 3.7kW IPT system in Fig. 5(a). The measurements
are performed at: (a) M=Mpqz, (b) M=M,,;4, (¢) M=Mp,;y. The shaded areas indicate the operating points in which the diode rectifier operates in DCM.
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1opr computed: o Iopy measured
R model —— V,, model (¢,=-1/2) ——— V., proposed model (Section I1I-C) Diode rectifier
ac “ a operates in DCM
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Fig. 7. Comparison between the measured and computed the inverter turn-off current /o from the 7.7kW IPT system in Fig. 5(b). The measurements
are performed at: (a) M=Mpqz, (b) M=M,,;4, (¢) M=M iy . The shaded areas indicate the operating points in which the diode rectifier operates in DCM.

IPT system are the same of [16]. On the other hand, the
coupled coils of the 7.7kW IPT system follow reference
designs of SAE J2954. For instance, the transmitting coil has
been manufactured by MAGMENT while the receiving coil
has been manufactured by PREMO. In both IPT systems, Delta
Elektronika bidirectional power supplies SM1500-CP-30 are
used as input and output voltage sources, corresponding to
Vin and V,,; illustrated in Fig. 1.

B. Measurements

In both IPT systems, the inverter turn-off current Ippp
has been measured at several operating points by sweeping
both the DC input and output voltages. The inverter switching
frequency has been set to 85 kHz in all cases. Moreover, three
values of mutual inductance have been considered, as specified
in Table II. In all these operating conditions, the measured
Iorr has been compared with the computed values from three
different analytical models, which, respectively, consider the
load as:

« the equivalent resistance R,. in Fig. 2(a);

« the voltage source Vo in Fig. 2(b), with ¢(Vyp)=—7/2;

« the voltage source V,p in Fig. 2(b), which ¢(V,;) has
been computed according to the proposed method in
Section III-B.

The comparison of the measured Ipopp values and those
computed from the analytical models is shown in Fig. 6 for the
3.7kW IPT system and in Fig. 7 for the 7.7kW IPT system.

C. Discussion

According to Fig. 6 and Fig. 7, the proposed estimation
method can predict [opp more accurately than the other
methods using a conventional load modeling strategy in both
IPT systems. It is worth mentioning that this analysis has been
performed for a wide range of operating conditions, i.e., with
broad input and output voltage variations, and for three values
of coils’ alignments. The proposed method can also effectively
estimate Iorp when the diode rectifier operates in DCM,
whereas other conventional methods would lead to significant
errors. These results confirm that it is necessary to model the
diode rectifier’s conduction to estimate /o accurately.
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The precision achieved in estimating Iorr is reasonable,
and errors may be due to assumptions made in the proposed
model and to variations in circuit parameters that occur during
operation. The proposed model could be further improved if
the dead time of v4p were considered, which would undoubt-
edly add complexity. Currently, the accuracy of the proposed
model, which excludes dead time, is deemed satisfactory.

V. CONCLUSION

A computation method for the inverter current distortion
has been proposed for IPT systems utilizing the double-sided
DLCC compensation. This is the analytical basis for assessing
whether the inverter operates in ZVS turn-on. The proposed
model has proven to be effective for a wide range of operating
conditions, considering two distinct IPT systems. It has been
demonstrated that the modeling of the diode rectifier’s conduc-
tion is fundamental to achieving an accurate estimation of the
inverter’s turn-off current. For instance, the proposed model
for the equivalent load shows considerable improvements
compared to the conventional ones, which employ either an
equivalent resistance or a voltage source with a fixed phase
angle as the load.

Future research could investigate the effect of the inverter’s
dead time on the proposed model to further enhance its
accuracy. Additionally, this method could be adapted for other
IPT systems that present a distorted inverter’s current.
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