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Abstract—An equivalent method to extract a three-terminal
noise source from a Qi-based wireless power transfer system is
proposed in this article. This method is capable of extracting a
source for both the positive (P) and negative (N) lines with respect
to the third terminal (the ground chassis or reference plane). The
extracted sources are independent of the setup configuration and
can be used to predict currents or voltages on the P and N lines on
a setup that is different from the extraction setup. In the following
article, a three-terminal model independent of the setup configu-
ration is first extracted. The extracted sources are then verified by
predicting currents on a setup that is different from the original
setup (such as a different load impedance and height of the device
above reference plane). Finally, the extracted sources are used to
predict the voltages on a 1-m cable harness. The predicted currents
and voltages agree within 5 dB against measurement data over a
frequency range from 0.5 to 30 MHz. The proposed method can be
used to predict currents and voltages on any power converter with
a single-phase input configuration.

Index Terms—Black-box modeling, common-mode impedance,
equivalent source extraction, single-ended current prediction,
terminal modeling, wireless power transfer (WPT).

1. INTRODUCTION

IRELESS power transfer (WPT) technology has become

popular in the past decade as a method to charge various
consumer electronic devices [1]. A block diagram and a photo
of the WPT system being considered as a device under test
(DUT) in this article is shown in Fig. 1. The WPT system
consists of a transmitter and a receiver. The transmitter has a
buck converter, a full-bridge inverter, and a transmitting coil.
The receiver contains a receiving coil, rectifier, dc-converter
(direct current), and a resistive load. The inevitable high dv/d¢
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Fig. 1.  WPT module considered. (a) Block diagram of the WPT where power
electronics represents buck converter and full-bridge inverter. (b) Actual WPT
used as the DUT (receiver and resistive load not shown).

and di/dt switching of power converters (the buck converter
and full-bridge inverter in the DUT) may cause electromagnetic
interference (EMI) issues [2].

The stochastic behavior of the switch-mode power supplies
and power converters [1] introduces complexity for modeling
these systems from the perspective of EMI analysis. While
SPICE circuit models or a hybrid solution using SPICE and
a full-wave solver provides a solution for predicting the EMI
from the power converters, these models require a considerable
amount of time to build and are still likely to have an accuracy
issue due to lack of information about some components, such
as an integrated circuit component for sensing and control or
a semiconductor chip. On the other hand, a terminal/black-box
model can be developed relatively fast with sufficient accuracy
for certain operating conditions. Moreover, a terminal modeling
technique does not require prior knowledge of circuit schematics
and internal coupling mechanisms, while the EMI modeling
technique based on SPICE and/or electromagnetic field solver
does.

Terminal models based on Thevenin or Norton equivalents
have been discussed and developed in many works of literature
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in the past. In a terminal modeling method, each terminal of
a switch noise source is replaced with an equivalent voltage
or a current source in series or parallel to a equivalent noise
source impedance. Bishnoi et al. [3] described a multiterminal
mode but fail to discuss a setup-independent model. Baisden [4]
also introduced a “generalized” three-terminal model but also
failed to address the need for extraction of a setup-independent
source information. In [5], the approach for extracting the
terminal model is different from that of [3]. Instead of using
single-ended sources for representing noises like in [3] and
many other research articles [4], [5], [6], [7], [8], [9], [10], the
differential-mode (DM) and common-mode (CM) noise sources
were used in [5]. The major drawback of using DM and CM noise
sources is that there is always an inevitable mixed-mode (MM)
noise (noise conversion between DM to CM and vice versa).
Bishnoi et al. [6] used a similar approach of using DM and CM
sources to represent the noise, but also falls short of addressing
the abovementioned limitations. In [7] and [8], the authors use
black-box models of buck/boost converters to estimate radiated
emissions, but require that the setup used to extract the sources
(i.e., height of the converter and attached cables above the ground
plane) is the same as the one used to predict emissions. This
requirement limits the usage of an extracted source in different
testing or usage scenarios. Unlike the abovementioned research
articles where the extracted source information is used on the
same setup configuration, PErez et al. [9] applied the sources
extracted from the terminal modeling technique on a different
setup than is used to extract the sources, but still uses MM noise
sources.

This article proposes a methodology to extract a setup-
independent three-terminal black-box model of a power con-
verter. The extracted black-box model of the DUT using the
proposed methodology can be used to predict conducted noise
voltages and currents under various testing conditions that are
different from the reference setup where the model is extracted
and does not exhibit the aforementioned limitations from the
previous research articles. The rest of this article is organized as
follows. Section Il introduces the methodology for extracting the
three-terminal source information for a Qi-based WPT system
that is independent of the setup configuration. In Section III,
the measurement setup for extracting the source information is
explained and the three-terminal model of the DUT is extracted
using a time-domain technique similar to the one presented in
[10]. In section IV, the extracted model from Section III is
verified on a setup configuration thatis different from the original
setup presented in Section III. Section V discusses the limitations
under which extracted sources are valid. Finally, Section VI
concludes this article.

II. METHODOLOGY FOR EXTRACTING A
THREE-TERMINAL MODEL

In the CM Thevenin equivalent model discussed in [10], the
WPT system was replaced with a voltage source, V'th in series
with its impedance, Zth. For the three-terminal source model,
the WPT system is replaced with voltage sources on the positive
(P) and on the negative (N) lines, Vp and Vj, respectively.
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Fig. 3. Simplified circuit used for the equivalent source extraction method.

The source impedances Zp and Zy are placed in series with
the voltage sources, as shown in Fig. 2. The three-terminal
noise source model also contains a mutual impedance Zpy to
include the mutual coupling between the P and N lines. The
three-terminal model described in this article also has a shared
CM impedance Zcy. The impedance Zcy is the impedance
between the switching node of the DUT and the nearest ground
(GND) plane. In a typical CISPR-25 standard, the GND chassis
of the DUT is connected to the table GND with a metallic strap.
In this article, the strap is considered. The process of extracting
source information described in this article is the same whether a
metallic strap is present or not. For example, if there is a metallic
strap between the DUT chassis and the reference ground plane,
an impedance, Zgyap, would be placed in series to the Zcy, as
shown in Fig. 2. The impedance Z¢y facilitates the flow of CM
current, /¢y, to the ground plane. The DUT is connected to a
line impedance stabilization network (LISN) on each of the lines
through a cable harness or a universal serial bus (USB) cable.
The source information Vp, Vn, Zp, ZN, and Zpn can be ex-
tracted by forming a system of equations using Kirchoff’s
current law (KCL). For ease of applying KCL, the block di-
agram in Fig. 2 is reduced to Fig. 13. The load impedances
Z1 P and Z; N on the P and N lines, respectively, represent the
parallel combination of the characterization load Z. 1, and
LISN impedances Zyisn p and Zpisn n. The characterization
load impedance is connected in shunt with the LISN impedance
to change the impedance of the DUT looking toward the LISNs.
The characterization impedance can be different for P and N
lines, Z¢ joad P, ZC_load N, Where suffixes “_P” and “_N” repre-
sent P and N lines, respectively. Equations (1) and (2) are derived
by applying KCL to the circuit in Fig. 3. Equations (3) and
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derived from (1) and (2). The currents 7; and ¢y are flowing
through P and N lines and returning on the ground plane. These
currents, as well as the Zcy, are obtained through measure-
ments, as shown in Section III. Hence, in (3) and (4), there
are five unknowns: Vp, Wy, Zp, Zn, and Zpy. Each measure-
ment produces two equations: a set of (3) and (4). Therefore,
to solve for five unknowns, three measurements are required.
The measurements are performed by varying a combination
or Z. 1oad and Zcym [see (5)—(8)]. Equations (3) and (4) are
coupled nonlinear equations. A least-square nonlinear solver
lsgnonlin [11] available in MATLAB was used to solve
for these unknowns. The setup-dependent Zcy was also chosen
as a variable so that the equivalent source information could
be extracted independent of the setup configuration. In (5)—(8),
7' p, Z'in,and Z'cy represent the change in the corresponding
variable. While Z' p and Z’;y are obtained by adding a shunt
impedance to the default LISN impedance, Z’'cy represents the
CM impedance of the DUT from the ground plane at a height H
[assuming the DUT is placed at a height H; in (3) and (4)]. The
currents measured related to the abovementioned setup changes
are i3, i4 and 15, 1g respectively.
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Fig.4.  Block diagram of the setup. (a) Measurement used for the three terminal
model extraction. (b) Side view of various blocks.
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III. DESCRIPTION OF THE MEASUREMENT SETUP

The measurement setup for extracting the terminal model
of the DUT consists of two LISNs with characterization loads
on a characterization board, a micro-USB cable, a WPT trans-
mitter, receiver module, a copper plate as a ground plane, an
oscilloscope, and an H-field probe. Fig. 4(a) shows the detailed
block diagram of the measurement setup and Fig. 4(b) shows
the side view. As can be seen, the characterization board and
WPT are connected in series using the micro-USB cable. A
12-V dc power supply (or a battery) powers the DUT. The WPT
receiver is connected to a resistive load so that the state of the
device being charged does not affect the operating conditions
of the DUT. To correct the phases of the measured voltages
on the P and N lines at different instances, a reference voltage
(Vrer) is measured using the H-field probe. To obtain (5) and
(6), the impedance Z; 1o, is changed on the characterization
board. The characteristic load Z; j,,q is changed by modifying
the shunt resistances on the P and N lines [see Fig. 5(a)]. The
resistances are connected between the P and N lines and the
GND of the characterization board (which in turn is connected
to the ground plane) using a dc blocking capacitor (1 uF). A
dc blocking capacitor prevents loading the power supply due
to the impedance connected between the P and N lines and the
ground plane. The impedance Zcy is modified by changing the
height of the DUT with respect to the ground plane, for example,
modifying the height of the spacer H, as shown in Fig. 4(b),
providing (7) and (8).
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A. Characterization Board With LISN

The characterization board consists of LISNs and character-
ization loads on both the P and N lines (see Fig. 6). The two
LISNs connected to the P and N lines are identical. The LISN
circuit diagram is shown in Fig. 7. A matrix of characterization
loads present on the characterization board can be used to change
the impedance on the P and N lines with respect to the ground
plane. The loads can be changed by using the jumper between P
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Fig. 7.  Circuit diagram of the LISN.

and N lines and R)y,q. The characterization board also contains
pads for probing the LISN output across the resistance Ra.
High-impedance (1 MS2, 10 : 1) probes are used to measure
the voltages at the LISN output pads (Probe_P and Probe_N in
Fig. 6). The voltages are then converted to currents that can be
used in (1)—(8) using Ohm’s law as follows:

Vip

Ipp= 22 9

P =g 9
Vi N

Ip N = b= (10)
N 7N

where k = 1,2,3...6.

B. Impedance Measurement of LISN + CB (Z},, ZFy) and
WPT (Zey)

The single-ended impedances of both the P and N lines
were measured separately and plugged back into (3)—(8).
Single-ended impedances for both the P and N lines
(Zip, ZiN, Z'vp, and Z'1N) for both LISN and characteri-
zation board were measured with a two-port Keysight Vector
Network Analyzer (VNA) E5071 C. The VNA was connected
at Probe_P and Probe_N locations, as shown in Fig. 6. The
measurement setup is shown in Fig. 8(a). The measurement
was repeated with various Zc joa¢ impedances. This provides
various Zp and Z impedances to fill in (9) and (10). Values
of Z¢ joaa used for this article are 50, 150, 350, and 450 Q. It
is important to note that in terminal modeling, the nonlinear
switching of various devices on the DUT are characterized by
linear elements, such as Vp, Vn, Zp, Zn, and Zpy [3]. Hence,
it is recommended to know the load impedance conditions the
DUT would be subjected to in advance so that the extracted
sources provide reasonable predictions. Also, the MM noise of
the characterization board under different Z¢ ;0,4 values have to
be reduced. As can be observed from Fig. 8(b), both the P and
N impedances are symmetric with respect to the ground since
the P and N impedances agree within 1 ).

The CM impedance Zcy of the DUT was measured using a
similar setup as the one used for the measurement of Zp and
Z\N, but by connecting the P and N terminals of the micro-USB
cable to the positive conductor of the VNA, as shown in Fig. 9(a).
Itis important to note that an open-ended co-axial cable is used to
connect the VNA cable to the DUT. While performing, the VNA
is calibrated with a low IF-bandwidth of 100 Hz with 64 aver-
ages. A total of 1601 frequency points logarithmically spaced
between 100 kHz and 30 MHz were used. While measuring
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Zcwm of the WPT, the source and drain terminals of each metal-
oxide-semiconductor field-effect-transistor (MOSFET) constitut-
ing the full-bridge inverter were intentionally shorted out. By
electrically connecting the source and drain terminals of each
MOSFET, the power and ground layers on the PCB were also
considered in the Zcy measurement process. The impedance
Zcwm was measured at different heights from the ground plane:
1,2.5 (1 in), 5 (2 inches), and 7.5 cm (3 inches). The height of
the WPT system with respect to the ground plane was varied
by modifying the height of the spacer (styrofoam). Fig. 9(b)
shows the Zcy of the WPT at different heights with respect to
the ground plane. In applications where the impedance between
the DUT and the ground plane is higher than the dynamic range
of the VNA, a dielectric material with a dielectric constant (,.)
greater than 1 can be used instead of styrofoam.

IV. VALIDATION OF THE THREE-TERMINAL MODEL

The measurement setup shown in Fig. 4 was used to ex-
tract a setup independent terminal model of a WPT system
(or any power converter) described in Section I. The currents
i1, %2, 13, 14, 5, and ig were obtained by measuring the voltages
at Probe_P and Probe_N locations in Fig. 6 and using (10)
and (11). Rohde and Schwarz RT2024 [12] oscilloscope was
used for the measurements. The currents measured in the time
domain were converted to the frequency domain data using the
fast Fourier transforms (FFT), as shown in (11) and (12). A total
of 64 averages was used to suppress the random behavior in the
signal. To perform the averages, the trigger on the oscilloscope
was set on the Vrgr channel. The reference signal voltage, Vrgp,
was measured using the H-field probe placed close to the phase
output of the inverter. The Vggr signal was also used to correct
the phase of the voltages or currents measured at the outputs
(12). An example of Vggr is shown in Fig. 10. A total of
1 ms of time-domain data with 1 GS/s was obtained using an
oscilloscope.

As discussed in Section II, each measurement produces a set
of two equations, and five equations are required to extract the
unknowns: Vp, Vn, Zp, Zn, and Zpn. A combination of different
impedances (Z¢_1oad) are used to obtain various currents in
(3)—(8). A Z¢ 10aa value of 50, 150, and 450 Q2 was used for
extraction when the WPT was placed 1| in above the ground
plane. An example of the voltage measured on the P-line is
shown in Fig. 11. Here, the Z¢ joaq is varied between 150 and
450 Q, respectively, and height H; = 1 in. As can be observed in
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Fig. 12.  Extracted sources for the WPT: (a) Vp, Wn, (b) Zp, Z, and (¢) ZpN.

Fig. 11, the variation in the voltages is at least 2 to 10 dB, enough
resolution for the equations to be solved without converging to
a single value. A similar observation was made on the N-line,
although not shown here. Fig. 12 shows the extracted sources
using the abovementioned Z¢ j0,q impedances.

|1i] €% = FFT (i;) (11)

, FFT(i;)
Viepi| €79 = ——2 12
| REF |€ FFT (vreﬁ_) (12)

wherei = 1,2,3...6. where I7 and I are predicted currents for

the load impedance of Z{’, Z{'y, and CM impedance of Z{;.
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TABLE I
VARIOUS HEIGHTS AND LOADS USED FOR SOURCE EXTRACTION AND CM
CURRENT AND VOLTAGE PREDICTION

Zc 10ad P (2) | Zc_ioadn (©2) | Height (inches)
50 50 1
Extraction 150 150 1
450 450 1
350 350 1
Prediction 350 100 2

Equation (13) shown at the bottom of the next page, was used
to verify the extracted terminal model of the WPT system, along
with the setup shown in Fig. 4. The verification was performed
for two different conditions. In the first step, the setup used
for extraction was used for prediction, but the Z¢ jo.a = 350 2.
Fig. 13 shows the comparison of the measured and predicted
currents on the P and N lines. In another case, the Z¢ _j5aq On the P
line was 350 €2and N was 100 2—a case where the P and N lines
were terminated with different impedances. To demonstrate the
setup-independent nature of the extracted sources, the WPT was
placed 2 in above the ground plate in the latter case (see Fig. 14).
In both cases, a maximum of 4 dB error was achieved between
measurements and prediction. Table I describes the different
loads used for extraction of the sources and prediction.

In the next step, a 1-m cable harness (a twisted pair) was
connected to the WPT. Both the WPT system and cable harness
are placed 2 in above the ground plane. The cable harness is
connected to the power supply through the LISN. The voltage
on the P and N lines are measured at the output of the LISNs.
The S-parameters of the cable harness are extracted using VNA
(see Fig. 15). A two-port VNA was used to obtain the four-
port S-parameters of the cable harness. All the unused ports
during the measurement process were terminated with 50 2
termination. Only one measurement setup is shown in Fig. 15
(S11, S22, and S12) while other measurement setups are similar.
The vertical copper plates connecting the two ends of the cable
prevent unwanted inductance caused by the VNA ports and the
cable harness terminals. During the verification process, the S-
parameters of the cable harness were cascaded with the extracted
source from Fig. 4. The circuit simulation tool Keysight ADS
[13] was used during this process. Fig. 16 shows the ADS circuit
model for predicting the voltages at the output of the P and
N LISNs. The output voltages are marked with black dashed
lines in Fig. 16. The LISN was also replaced with its circuit
model (see Fig. 7) in the final simulation, including the LISN
parasitic impedances. These parasitic impedances were obtained
by tuning the parasitic capacitance, inductance, and resistance
associated with the LISN components to match the Z-parameters
of the LISN circuit (see Fig. 7) model and the Z-parameters of
the measurements performed using Fig. 8(a). Fig. 17 shows a
comparison of measured voltage conducted emission, Vg, and
predicted voltage. The Z¢ j0aq used here is 350 €2.

V. CONDITIONS FOR VALIDITY OF THE EXTRACTED SOURCE

The extracted three-terminal source information is valid only
under certain conditions because the multiterminal model pro-
vides a linear terminal model for nonlinear switching devices

Authorized licensed use limited to: Missouri University of Science and Technology. Downloaded on September 28,2023 at 18:02:38 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

PENUGONDA et al.: THREE-TERMINAL NOISE SOURCE EXTRACTION FROM A QI-BASED WPT SYSTEM 7

z
>

b

5

Copper Plate Copper Plate

-115

50 Q Termination

Twisted Cable

Current on Line P (dBA)

(AL e A

Port-1
1|N|\HHNNI L e
N MH‘N\ |||V|‘|7|||!HMH !

L HHHMHM\Iulmmrm dl LR

Freq(Oii) Fig. 15. Example measurement for extracting S-parameters using a two-port
@ VNA. The example shows measurement of S11, S22, and S12.
a
1
-100 1
_1es —— Predicted I | - H
é -110 12V® [I:'ﬁ_‘ :
= LI - !
Z.-us I L SNO| '
=i i R !
§ e I ‘ H
€ -125
gl i ‘ Zem (2 inches)
5 -130 [
S el |
-135 ‘ | L Ground Plane
o H 5 10 15 0 25 o : s . s - :
Freq(MHz) Fig. 16. Circuit simulation model for predicting Vcg using three-terminal

model.

(b)

-50

Fig. 13. Comparison of predicted and measured currents with Ry = 350 2
on the P and N lines and WPT 1-in above the ground plane. (a) Current on P.
(b) Current on N.

|——Measured I |
|—— Predicted I,
-120

Voltage Conduted Emission on P-Line (dBV)

15
Freq(MHz)

(a)

Current on Line P (dBA)
2

5 10 15 20 25 30
Freq(MHz)

(a)

Voltage Conduted Emission on N-Line (dBV)

Freq(MHz)

(b)

2
2
2
>-
A
£
S
]
g
B
g
£
]
S8

Fig. 17. Comparison of predicted and measured Vcg with cable harness and
Rjpag = 350 €2 on the P and N lines, WPT is 2 in above the ground plane.
(a) VCE P. (b) VCE on N.

Freq(MHz)

(b (MOSFETs), as stated in Section III. The first condition: through-

out the this article, the WPT Rx coil was fixed in position with

Fig. 14.  Comparison of predicted and measured currents with Rjo,q = 350 2 respect to the WPT Tx coil. Fig‘ 18 shows an example of the
on P and Rjpag = 100 2 on N lines when the WPT is 2 in above the ground .. in th K val f th t he P-li h

plane. (a) Current on P. (b) Current on N. variation in the peak values o the currents on the P-line when

the WPT Rx position was varied between two different positions.
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Fig. 19. Comparison of peak values of the measured currents on the P-line
when the H-field probe position was changed between different positions.

Only peak current values are shown in Fig. 18 for clarity.
Significantly more error was seen here than in earlier examples;
hence, the extracted three-terminal source information is valid
only when the Rx coil is fixed in the same position as used for
extraction. For applications where the maximum noise is to be
predicted, the position of the Rx-coil can be fixed where CM
noise is the maximum. For applications where the maximum
noise is to be predicted, the position of the Rx-coil can be fixed
where CM noise is the maximum.

In the second condition, the Z¢ jo0q values used throughout
the paper are 50, 150, 350, and 450 €. The three-terminal model
is valid only when the WPT system is terminated with values of
Z¢ 10ad between 50 and 450 €.

The position of the H-field probe used for measuring the
reference voltage Vrgr was also changed to verify if there is a
path between the switching node of the full H-bridge on the WPT
Tx PCB and the H-field probe that affects the measurements. As
seen from Fig. 19, the position of the H-field probe does not
affect the measurement. While Figs. 18 and 19 only show the
peak current on the P-line, a similar conclusion can be drawn
for the N-line as well.

VI. CONCLUSION

A setup-independent three-terminal model for predicting
emissions from power converters was proposed in this article.
A Qi-based WPT system was used as the DUT to verify the

IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY

proposed method. The buck converter and full-bridge inverter
are the main noise sources on the DUT, causing DM and CM
currents to flow on the cable harness connected to the DUT.
First, a methodology to separate the extracted three-terminal
noise sources from setup configuration was discussed. This was
achieved by introducing a known Zcy into the circuit model.
A total of six nonlinear equations are solved to extract the
unknowns of the terminal model. Next, a measurement setup
describing the measurement of currents and voltages required to
extract the source information was introduced. Once the sources
Ve, VN, Zp, Zn, and Zpy were extracted, these were verified on
a setup that was different from the setup used to extract the
sources. The change in the setup was achieved by modifying the
termination impedance to 350 €2 as well as modifying the height
of the DUT with respect to the ground plane. In the final step, the
extracted sources were used to predict the conducted emissions
on a I-m long cable harness. In the abovementioned scenarios,
the predicted conducted emissions predicted the envelope of the
measured emissions within 5 dB.
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