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Abstract

An approach based on a 2D lumped model is presented to quantify the voltage transfer gain (VTG) in power converter low
power planes. The advantage of the modeling approach is the ease with which typical noise reduction devices such as decoupling
capacitors or ferrite beads can be integrated into the model. This feature is enforced by a new modular approach based on effective
matrix partitioning, which is presented in the paper. This partitioning is used to decouple power plane equations from external device
impedance, which avoids the need for rewriting of a whole set of equation at every change. The model is quickly solved in the
frequency domain, which is well suited for an automated layout optimization algorithm. Using frequency domain modeling also
allows the integration of frequency-dependent devices such inductors and capacitors, which are required for realistic computation
results. In order to check the precision of the modeling approach, VTGs for several layout configurations are computed and

compared with experimental measurements based on scattering parameters.

Key words: Electromagnetic interference, Lumped model, Noise, Power converter, Power plane, Printed circuit layout

I.  INTRODUCTION

EMI control and computation for power converters has
been a topic of extensive research over the last ten years.
Although EMI issues are mainly related to meeting standards
in terms of conducted and radiated noise, it is still a wide
topic that can be divided in two main areas. The first area
deals with noise that affects external devices mostly in the
conducted frequency range. This topic has been covered in
many publications. Passive and active EMI filters are the key
components used to meet conducted EMI standards and they
have been improved in terms of their frequency response
[1]-[4] and density [5], [6]. In addition, several efforts have
been made to model the whole power converter in terms of
EMI prediction [7]-[13]. These studies provide the EMI
model of a particular power converters such as a direct matrix
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converter [7], buck converter [8] or DC-DC converter
considering parametric uncertainties [9]. EMI prediction for a
general power converter is developed in [10] based on the
experimental impedance extraction of each part of the power
converter. This approach is useful once a prototype is
developed to solve the EMI issues. Conducted EMI
prediction for a power inverter in the early design stage based
on PEEC modeling is presented in [11]-[12]. The authors of
[13] divide a power converter into active, ground and passive
blocks. The impedance matrices of the passive blocks are
deployed to predict the EMI current.

The second area is related to the noise propagation inside
the power converter PCB which affects measurement
precision and low power circuit supplies, such as embedded
controllers and sensing amplifiers. As shown schematically in
Fig. 1, the problem is mainly due to high power transistor
switching, which creates perturbations in low power circuit
supplies that affect their logic and analog measurements.
These perturbations can easily drive the power converter into
erratic control behavior resulting in poor power converter
reliability. Although no standard exists in terms of an
acceptable noise margin, all of the components have strong
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requirements for their supply variation. A typical DSP
sustains a small variation of 5% in its supply. Operational
amplifiers offer very poor rejection of noise in the EMI
frequency range. Consequently, the supply voltage must be
tightly controlled by the designers. As shown in Fig. 1, the
inherent low impedance of the low power plane provides
suitable and complex propagation paths for noise (dashed
lines) since this plane connects all the noise sources together
(i.e. power transistors) through the parasitic mutual
inductance and capacitance. This is especially true for the
recently developed multiport converters [14] and modular
multilevel converters [15], where the low power plane areas
are critical for supplying the numerous devices attached to
them. The complexity of these power planes provides several
propagation paths for noise.

In laboratory research, it is possible to use a high cost
commercial DC source to supply each gate driver, so that the
low power plane does not exist. However, there is always a
common point connecting all of the DC sources, which
creates paths for noise propagation. The resulting noise is
unpredictable due to unknown propagating paths inside the
DC sources. Conversely, in industry, to ensure low cost
products with a high density, manufacturability and high
reliability, all of the parts of the converter must be placed
compactly together. In this case, the low power plane is
essentially required.

The main purpose of this paper is to provide a modeling
approach that helps power converter designers to compute the
VTG between each of the port pairs of the low power plane
and to analyze the effect of EMI attenuators on the VTG.
This knowledge is mandatory for optimizing the immunity of
the low power plane. Based on this knowledge, it is easier to
select proper noise attenuators and to determine the effect of
their spatial distribution on noise performance. The method
employs an established 2D lumped model for power planes.
When compared with other methods, the lumped model
requires less computational resources while being precise for
the power plane model [19]. The current boundary conditions
are utilized to deal with the complex geometry of the power
plane without extra computation. In addition, the real
impedance of external devices placed on the power plane is
taken into account in the model as an additional matrix. This
additional matrix allows fast computation and optimization
capability of the model. Furthermore, the VTG, which
represents the noise propagation, is computed and compared
with  experimental measurements to validate the
computational model. Based on the VTG results, the effect of
each external device on the VTG is analyzed in detail,
providing insight into the optimal design of the EMI
attenuation.

This paper is organized as follows. Section II presents the
noise propagation issues in the low power planes of power
converters in detail. In section III, the modeling approach is
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Fig. 1. Noise propagation in low power part of converter.

introduced. Section IV gives computational and experimental
results of several low power plane configurations. Some
conclusions are presented in section V.

II. NOISE PROPAGATION IN LOW POWER
PLANE

Fig. 1 illustrates a typical power converter structure. An
isolated DC/DC converter (PS1) regulates a +12V voltage
from a power source. The output of this DC/DC converter is
connected to a power plane distributing power for other
DC/DC converters. These isolated DC/DC converters provide
positive and negative rails to supply gate drivers and
micro-controllers. During the power converter operation, a
very high OV/ot appears across the power transistors,
generating noise through the numerous stray inductances in
the converter structure. This noise travels along the
connecting traces, passes through the parasitic elements of
the gate drivers and distributed DC/DC converters before
reaching the low power plane. The isolated capacitance
between the input and output sides of the DC/DC converter is
in the range of a few nF, which provides an easy way for
noise to propagate. Once in the low power plane, the noise
propagates in a complex way to the other DC/DC converters
and other low-voltage devices, resulting in voltage spikes in
their supplies. These voltage spikes can cause inaccurate
voltage and current measurements, and malfunction of DSP
and gate drivers. In order to attenuate the noise propagation,
EMI attenuators such as ferrite beads, decoupling capacitors
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and EMI filters can be placed on the power plane. However,
since the noise propagation path is not well determined due to
complex 2D geometry, the noise performance is
unpredictable, which further complicates the design process.
This issue is solved by the proposed modeling approach. The
obtained results are mandatory knowledge for optimizing the
immunity of the low power plane.

A. Low Power Plane Modeling

In recent years, low power plane structures have been
widely researchers. The
rectangular power plane, which features the simplest
geometry, has been efficiently modeled by the cavity -
lumped model [16] — [18]. The decoupling capacitor is taken
into account by the transmission line elements method [19] —
[20]. The above approaches are fast and accurate. However,
they are unable to analyze the power plane in the complex

investigated by microwave

geometry which is typical in power electronic board designs.
Several approaches have been developed for irregular
power plane geometries. The 2D contour integral equation
method is introduced in [21] — [22], which separates arbitrary
shape into small segments with the assumption of a uniformly
distributed voltage. A FEM - SPICE method is introduced in
[23] — [25]. In this approach, the impedance of each part of
the power plane is calculated by the finite element method.
Then the complete circuit is solved by SPICE software. This
method is efficient for modeling the arbitrary geometry
power plane due to the FEM. However, the computational
burden is increased with the PCB structure complexity. The
arbitrary power plane is modeled accurately in the
time-domain by the discontinuous Galerkin method [26].
However, the time-domain model is not effective for
integration with the models of the other parts of the power
converter. A multi-conductor transmission line based on a
lumped model is presented in [27] — [28]. This method
represents irregular geometry by a combination of several
rectangular cells which are presented by the established
lumped model in the transmission matrix form. The complete
model is created by multiplying the cascaded cells’ matrix.
The segmentation and treatment for each cell’s matrix
become complicated with the power plane geometry
complexity. In addition, several modifications in the
transmission matrices must be done once the power plane
geometry changes, which limits the method being applied in
the design stage. The authors of [28] take the decoupling
capacitor into account as a multiplied matrix, where its
impedance is placed on a diagonal line with an assumption of
the device’s small dimensions. This limits the approach in
terms of modeling large dimension devices which are usually
placed in the power plane. In addition, the optimization for
decoupling capacitor selection and placement is difficult
since its matrix interacts with the whole set of equations.
There are several parasitic extraction tools for PCBs, such
as FastHenry, FastCap (free), Q3D Ansoft, StarRC and QRC
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Fig. 2. Modeling approach.

(commercial), using complex methods such as FEM, PEEC
and Method-of-Moment. Even though software provides
many advantages, engineers must have knowledge of the
problem’s physics and the limits of the software’s method
which may be more complicated than the problem itself [29].
Therefore, the developed 2D lumped model which is simple,
accurate and can be employed as a part of the whole
converter model, is very useful for researchers.

B. Near Field Coupling in Power Converters

Another source of noise resulting from power converters is
the near field coupling from external sources (cables), which
has been analyzed for EMC applications in several
publications [32] - [35]. The near field is created by the large
area of a strong current slope circuit [32] - [33], which is a
high power circuit or other circuit outside the enclosure of a
power converter. However, low power circuits are always
located at some distance from the power parts of the convert
to avoid electrical arcs or PCB insulation failure. In addition,
the converter cannot be placed much closer to the enclosure
for safe packaging purposes. According to Biot and Savart’s
law shown in [34], the magnetic flux densities decay with
cubic distance. Therefore, the aforementioned distances are
very efficient for removing near field coupling. In addition,
the ground plane with vias closed to the power converter
circuit, which is a more general case of the low power plane,
can further attenuate the field by 10-15dB [35]. Consequently,
effect of near-field coupling on a power converter circuit is
negligible and not considered in this paper.

III. MODELING APPROACH

An approach is developed to obtain a full model of the
low-power plane with all of the external devices placed on it.
The main idea of this approach is to model the power plane
and the external devices separately, as summarized in Fig. 2.

First, the power plane geometry is separated into a number
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Fig. 3. Lumped model of one cell.

of small parts (hereafter called a ‘cell’) with dimensions dx X
dy. Based on investigations, cell
dimensions 10 times smaller than the signal wavelength must
be chosen to guarantee a constant current and voltage over
the cell. Without losing generality, the power plane is
assumed to be separated into n cells for the rest of this paper.
Second, the power plane and the external devices are
modeled independently before combining them into a full
model. Considering the fact that these parasitic components
may be different from those introduced in the datasheet,
experimentally measuring the impedance of the external
devices is suggested to guarantee the accuracy of the
computational results. Third, the model is solved to obtain
both the voltage distribution and the VTG. These steps are
introduced in details in the following sections.

several numerical

A. 2D Lumped Model for Complex Power Plane
Geometry
The 2D lumped model is used to model each cell of the
power plane [28]. As shown in Fig. 3, each cell is connected
to 4 surrounding cells by serial resistances (R,, R,) and serial
inductance (L,, L,). In addition, the impedance between the
power and ground planes is represented by a shunt
conductance (G) and a shunt capacitance (C). In the event
that parts of the power plane have a small dimension, the cell
parameters can be extracted using the finite element method.
On the other hand, if the conduction width is very large
compared to the PCB thickness, the border effect can be
neglected resulting in a uniform field distribution between the
planes. In this case, the parallel plane approximation is valid
and the cell parameters are computed by the following
equations [30]:

L - pthdx L= phy
dy - dx
0]
R = 2R dx R = 2R3_dy;
dy : dx
= ed);ldy ;G = wdC;

where @ is the considered frequency, % is the height of the
dielectric, u is the permeability, J is the loss tangent, ¢ is the
permittivity, and R; is the surface resistivity of the material.
To obtain the voltage and current distributions over the
plane, Kirchhoff equations are developed in the remaining

Fig. 5. Voltage and current definition at cell 6.

part of this section. In order to keep things simple, closed
form equations are presented for a simple plane, making the
extension to the complex plane geometry straightforward.

Fig. 4 shows a typical L-shape geometry power plane
discretized into 10 cells corresponding to the node voltage
(V(1), V(2)... V(10).) Of course, Kirchhoff’s equations must
be applied to all of the cells. However, due to limited space,
only equations for cell number 6 are presented. The current
and voltage definition of cell 6 are shown in Fig. 5. Applying
Kirchhoff’s voltage law in the x— and y— directions yields (2)
and (3), respectively:

i.(6)=[v(6)-v(7](R, + jeL,)" @)
i,(6)=[v(6)-v(10)](R, + jeL, )" €))

The Kirchhoff’s current law yields:
i.(6)=+(6) (G R ,:)cj L ()-i.(0)+1,2)=i(6) @

The current of each cell is linked to that of the neighbor
cell. Cell m is defined as the x — neighbor or y — neighbor of
cell £ if (5) or (6) is satisfied, respectively.

{X(m)—X(k): dx 5)
Y(m)-Y(k)=0
{X(m)—X(k):O ©6)
Y(m)-Y(k)=dy

The vectors O, and Q, are defined as the x — neighbor and
y — neighbor vectors, respectively:
m if  3m satisfies (5)
o.k)=1, . M
0 if Am satisfies (5)
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_[m i 3m satisfies (6) (8)
Q)’(k)_{o i Bm satisfies (6)

For instance, in Fig. 4, these vectors are:
0,=[23406780100]";0,=[56789100000]"-

Obviously, the currents flowing outside of the power plane
must be zero. This condition is applied to a cell that does not
have a x — or y — neighbor using the definitions of O, and Q,:

i(k)=0 onlyif Q,(k)=0 €
i,(k)=0 onlyif 0,(k)=0 (10

As clearly shown in (9) and (10), forcing i,(k) and/or i (k)
to zero can define the border cells represented by O, and Q,,
and then the geometry of power plane. This is the current
boundary condition to tackle the irregular geometry of the
power plane as long as the cells are either rectangular or
approximated as a rectangular shape. This condition is
generally met for the PCB designs in power electronic
applications. In the example shown in Fig. 4, the current
boundary condition is written as:

i(4)=i(8)=1i(10)=0 (11
i,(7)=1,(8)=i,(9)=i,(10)=0 (12)

In a more general way, based on cell equations (2)-(4) and
the above definitions (5)-(10), the general Kirchhoff’s laws
for the cells shown in Fig. 4 are written in the matrix form as:

[, =Y. AV 13)
1,=Y,BV (14)
EI +DI, =YV (15)

where V, I, and I, are the n x I column vectors representing
the voltages and currents in the x— and y— directions for all of
the cells, respectively. Y,, ¥, and Y, are the n x n diagonal
admittance matrices in the x—, y— and z— directions,
respectively. (13) and (14) are the Kirchhoff’s voltage law
equations in the x— and y— directions, respectively. (15) is
the Kirchhoff’s current law equation at each of the cells. The
admittance matrices are described as follows.

Y. (p.p)=[R(p)+ joL ()] (16)
Y,(p.p)=[R,(p)+ joL,(p)]" (17)
1 -1
Y.(p,p)=|G S — (18)

(p.p) { (p)+ja)C(p):|

where p stands for the cell number. 4, B, D and E are the n x
n transformation matrices which are given as follows.

1 if q=p and Q.(p)#0
Alp.g)={-1 if 4=0.(p) and 0,(p)=0

0  otherwise.

1 if q=p and Q,(p)#0
B(p.g)={-1 if q=0,(p) and Q,(p)%0

0  otherwise.

(20

-1 if q=p and Q,(p)#0
E(p.g)={1  if p=0lq) and 0(p)z0 @V

0 otherwise.

-1 if q=p and Q,(p)#0
D(p.g)={1 i p=0,q) and 0,(p)20 *?

0 otherwise.

In (19)-(22), the conditions Q.(p) # 0 and Q,(p) # 0 are
utilized to impose the current boundary conditions (9) - (10).

B. External Device Modeling

In this section, models of typical devices powered by a low
power plane such as DC/DC converters, decoupling
capacitors or filters, are presented. In practice, external
devices are soldered onto PCBs through pads and vias which
can effect the noise performance. However, the effect of the
vias can be negligible due to their low impedance (below
100MHz). Moreover, the coupling between the power plane
and the external devices are also neglected in the EMI
frequency range. The modeling of this part involves the
following two steps:

1) The impedance of devices is measured experimentally
using a Network Analyzer. This ensures the accuracy of
the parasitic elements of the device which can vary
unexpectedly from the manufacturer specifications. The
impedance is measured by scattering the parameters with
proper methods, i.e. series and shunt, due to the
impedance level in each of the frequency ranges.

2) The auxiliary admittance matrix Y, is created by
inserting the impedance of the devices into the matrix’s
positions corresponding to the devices’ physical
locations. There are two locations for the equivalent
impedance in Y, according to the device’s physical
dimensions. When the device’s dimensions are smaller
than the cell’s dimensions, as with a decoupling
capacitor, the equivalent impedance is placed in a
diagonal line at the cell’s number. Otherwise, once the
device’s dimensions are larger than the cell’s dimensions,
as with a DC/DC converter, the equivalent impedance is
placed at a position where the column and row
correspond to the cell’s number to which the device is
attached. Generally, Y, is defined as follows.

3 (p,q): {Z;; if 3Z, atcell p—q 23)
0 otherwise.

Then, the full admittance between the power and the
ground is obtained as Y, + Y.. Using Y, as an additional
matrix provides several advantages.

First, it is easy to change/add new devices in the model by
simply modifying Y, at the corresponding matrix elements.

Second, the voltage/current distributions can be solved
easily with multiple excited voltage ports, which is especially
true in converters since noise can propagate from several
sources simultaneously. The solving approach is presented in
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Fig. 6. 2D lumped model with external devices.

section III-C by canceling the corresponding columns of the
connecting matrix.

Third, it allows to optimize the selections and locations of
the decoupling capacitors and other devices since Y, can be
treated independently in the model.

Fig. 6 shows the power plane structure given in Fig. 4 with
added external devices. In this configuration, a decoupling
capacitor is soldered between the power and ground plane at
cell 8 whereas a DC/DC converter is soldered at cell 2
between the ground and cell 3 on the power plane. The
equivalent impedance of the DC/DC converter and
decoupling capacitors are Zpc and Z,, respectively. The
admittance matrix Y,,, is defined at the right hand side of Fig.

6. As can be seen, the admlttanceZ 18 inserted into Y, at

Y.(2,3) and Y,,.(3,2), whereas Z 1s placed at Y,,.(8,8).

C. Solving Approach
In order to compute the VTG, the voltage vector, i.e. V, is
decoupled from the source voltage and the distribution
voltage vectors, i.e. Vj and V., respectively.
V=V,+V, (24)
Assuming that the source voltage is excited at cell e, the
source voltage vector is given as:

LR

0 otherwise.

(25)

In order to represent (13) and (14), new transformation
matrices Ay, A., By, B. are created to satisfy (26) - (27).

AV = AV, + AV, (26)
BV =BJ,+BJV. 27)
1 if g=p=e
Ap.g)=1-1 if 4=e=0,(p) @9
0  otherwise.
1 if g=p=e
By(p.q)={-1 if g=e=0,(p) (29
0 otherwise.
Ac(p,q)={0 va=e (30)

A(p.q) otherwise.

0 0 0 0000 0 00]
0 0 ZLoooo o0 oo
0Z;L 00000 0 00
0 0% 0WO00 0 00
00 S&E7pooo 0 00
00 0 000 0 00
00 0 000 0O 00
00 0/00002,,00
00 g ooo00d4o 00
0 0_-0 0000, 0 00
_=< //
0 if g=e
Bpa)=1 11 . D
B(p,q) otherwise.
Replacing (24), (26) and (27) into (13) - (15) yields:
=Y, (4V, + 4V.) (2)
]y :YV(BOK)+BCK‘) (33)
El +DI,=Y,(V,+V,) (34)

In (34), Y, is replaced by Y, + Y. to take the impedance of
the external devices into the full model, as explained in
section III-B:

El +DI, =(Y,+Y,,)(V,+V,) (35)

From (32), (33) and (35), the voltage distribution on the
power plane, i.e. V,, is computed by:

v.=(EY,4,+DY,B,~Y.-Y, J'T  (36)
where:
T=(- W, (37)

By injecting a voltage of /7 at the excitation cell, i.e. cell e,
the VTG from cell e to a typical cell 1 is computed as:
-20_viy

V(e)

IV. EXPERIMENTAL RESULTS

EY A -DY B +Y +7,

aux

VTG,, (38)

A. Experimental Setup

In this section, a typical power converter low-power plane
structure is analyzed through both computations and
experimentation. The circuit and the board layout are
depicted in Figs. 7 (a)-(b). The part numbers of the devices
connected to the plane are summarized in Table. I. As shown
in Fig. 1, the PS1 (typically 12V) supplies PS2, PS3 and PS4
(typically £12V). These isolated low power converters then
supply the power transistor gate drivers. There are 5
footprints on the board’s top layer (x1 to x5) to include two
types of capacitors, namely film and/or ceramic. The
objective is to study the usual capacitor decoupling approach
to validate the proposed modeling approach. Both capacitor
technologies and their spatial distribution effects on the VTG
are studied to provide a comprehensive validation. There is
also one footprint on the board (x6) to include a ferrite bead
(B1), a device typically used to solve noise problems at the
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Fig. 7. Prototype of low power plane.

TABLEII
PARAMETERS FOR COMPUTATION
Resistance (R=Ry) Inductance (Lx=Ly) Capacitance (C)
0.96 mQ 1.8831 nH 0.1134 pF

TABLEI
LIST OF EXTERNAL DEVICES
Designator Manufacturer Part Number
PS1 TRACOPOWER THN 15-4812WI
PS2, PS3, PS4 CUI Inc. VASDI1-S12-D12-SIP
C1 EPCOS (TDK) B32529C104J
Bl TDK HF30ACC453215-T

board level. As mentioned in section II, the VTGs between
each device pair (PS1 and PS2, PS1 and PS3...) are essential
for quantifying the noise propagation in the power plane. The
VTGs are extracted experimentally based on the scattering
parameters, which is a standard function on every VNA. The
scattering parameters are then converted to the VTG by a
procedure described in the Appendix. For the remainder of
this section, the focus will be on the VTG between PS2 and
PS1. The other VTGs will be obtained in the same way.

B. 2D Lumped Model Parameters Identification

Prior to computing the VTG, the parameters are needed for
both the low power plane and the external components. First,
the low power plane is divided into small cells whose
dimensions must be less than 15cm corresponding to the
highest considered frequency of 100MHz following the
conditions discussed in section III. Based on a numerical
investigation, using square cells of 2mm x 2mm ensures good
precision up to 100MHz, yielding the cell parameters given in
Table II, as calculated by (1).

Second, the external devices impedance must be measured
to complete the model. This task is performed using an
Agilent Network Analyzer E5061B. The impedance of the
PS1 output and PS2 input are measured offline by the VNA.
Since the impedance of a DC/DC converter is same in both
offline and online operations, as proved in [31], these results
are valid for all of the operating conditions. The impedance
of PS1, PS2, C1 and B1 are presented in Fig. 8. As shown in
Fig. 8, the impedance of PS1, PS2 and C1 are capacitive at
low frequencies and inductive at high frequencies. The

100

Amplitude (£2)

0.01

— 5] Ps2 C] ——— ]

100

50

Phase

0

=50

—100 - L s aaai P
0.1 1 10 100

Frequency (MHz)
Fig. 8. Measured impedance of external devices.

InH InH InH InH InH
PS2 I:ipsf Ij PS4 Cl == Cl == PS1
1nH InH InH 1nH InH

Fig. 9. 1D lumped model neglecting power plane.

resonant frequencies are 200kHz, 2.2MHz and 6MHz,
respectively. The impedance of PS1 is lowest at frequencies
below 1MHz and highest at frequencies above 10MHz. The
effects of all of the external devices on the VTG are
presented in the following sections.

C. VTG with Decoupling Capacitors

In order to validate the proposed modeling approach, the
spatial distribution of the decoupling capacitors on the VIG
is analyzed. In order to make this comparison, two
decoupling capacitors are inserted into different rooms of the
low power plane and the VTG is computed from 100kHz to
100MHz. For comparison, a lumped model neglecting the
low power plane is used. This model, shown in Fig. 9,
includes the impedance of PS1, PS2, PS3, PS4 and two
decoupling capacitors C1. To account for the leads of the
components, a small connecting inductance of 1nH is added.
Three cases are presented for the low power plane. In the first
case, no decoupling capacitor is soldered onto the board. In
the second case, decoupling capacitors are inserted into x1
and x2 rooms. In the third case, capacitors are inserted into
x4 and x5 rooms. The VTG of the both models is shown in
Fig. 11. As depicted in Fig. 11, the VTGs are the same for
each of the three cases below 2.5MHz. This means that the
VTG in this frequency range is managed by the impedance of
the devices in the circuit, while the influence of the low
power plane is negligible. Over SMHz, the clear influence of
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Case 1 - Without decoupling capacitors, Case 2 - Decoupling
capacitors at x1 - x2, and Case 3 - Decoupling capacitors at x4 -
x5.

the low power plane is observed. First, the VTG is quite
different from the 1D lumped model. Clearly, the low power
plane has a lower impedance compared to the 1D lumped
model, which imposes a higher transfer gain.

This is a major factor for considering a 2D model rather
than a 1D model. In addition, this experiment clearly shows
how the position of the decoupling capacitors impacts the
VTG. Intuitively, including capacitors in x1 and x2 rooms
should decrease the VTG since these decoupling capacitors
are directly in the current path between PS1 and PS2. At high
frequencies, these capacitors bypass an important part of the
current. This reduces the collected voltage on PS1, which
lowers the VTG. This behavior can be observed over 1I0MHz,
where the VTG is lower for capacitors in x1 and x2 rooms,
compared with x4 and x5 rooms. The influence of the low

power plane is remarkable between 2.5MHz and 10MHz.
Without decoupling capacitors, a purely resistive behavior of
the low power plane is observed. However, with decoupling
capacitors, two resonances which have a strong impact on the
VTG, are observed. For the same capacitor parameters, these
resonances appear at different frequencies with different
amplitudes, which emphasizes the influence of the low power
plane. Of course, this behavior cannot be predicted by using a
1D model. An experimental validation is shown in Fig.10
with a prototype. As observed in the figure, the experimental
results closely match the computations in all cases.

D. VTG with Ferrite Beads

A ferrite bead and LC filter provide high attenuation on the
VTG, which can exceed the precision of measurement
devices. This makes it difficult to verify computations by
measurement. Since the purposes of this section are to
validate the computational model and to study the effect of
EMI attenuators, a ferrite bead, i.e. B1, which provides a
reasonable attenuation level is chosen to make an analysis
without losing generality.

Fig. 12 shows experimental prototypes and the
corresponding VIGs of the low power plane with EMI
attenuators such as a ferrite bead and the combination of a
ferrite bead with 5 film capacitors. There is good agreement
between the computation and measurement, which verifies
the accuracy of the proposed computational model.

The influence of the ferrite bead on the VTG of the low
power plane is analyzed through a comparison between the
different EMI attenuating configurations given in Fig. 13. As
can be observed, the ferrite bead is effective for attenuating
the VTG of 20dB in all of the considered frequency ranges.
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Fig. 14. Equivalent circuit of the low power plane.

This is due to the relationship between the impedance of
Bl and PS1 while they are connecting serially. First, the
impedance of Bl is 10 times higher than that of PS1. In
addition, B1 impedance’s phase is positive as is that of PS1.
It is experienced that higher is the impedance of the ferrite
bead, the higher the attenuation achieved. However, the
power density is reduced. On the other hand, the noise
attenuating ability of the ferrite bead decreases to below
200kHz since it has opposite impedance phase as PS1.

A combination of the ferrite bead and film decoupling

TABLE III
COMPUTING TIME
CPU Intel(R) Core i7 3.4GHz
RAM 8GB
Number of Cells 1312
Number of sampling frequency 211
Computing time (sec) 121

capacitors provides a 6dB higher attenuation than the ferrite
bead alone in the frequency range of SMHz — 100MHz.
However, this combination also results in a VTG gain in the
frequency range of 2.2MHz — 5MHz due to the negative
phase impedance of the film capacitor. The effects of
decoupling film capacitors are analyzed in the previous
section. The fast computing time which is an advantage of the
proposed approach is shown in Table III.

V. CONCLUSION

In this paper, a modeling strategy for computing the VTG
between the port pairs of the low-power plane of power
converters with external devices is proposed. Placing the real
impedance of external devices into the model as an additional
matrix adds flexibility for modifying the external devices, in
terms of type, number and location. The precision of the
proposed model is verified by experimental results. They also
show the effects of the decoupling capacitors to the VTG.
According to the impedance of the decoupling capacitors and
other devices, both the VTG attenuation and amplification
can be observed. The proposed model is well suited for
avoiding the impedance mismatch resulting in VTG
amplification. Moreover, the proposed approach is flexible
and precise for the optimal design of the low-power plane.
This point will be considered in a future work.



420 Journal of Power Electronics, Vol. 17, No. 2, March 2017

APPENDIX

The low power plane is a two-port reciprocal network,
which can be represented by an equivalent circuit, as shown
in Fig. 14. The transfer gain from Port A to Port 0 can be
obtained by:

vrG,, = Yo - 2,2(1,2) 39)
Yoy, |z, 2(2,2)] (1L, 1)~ (23, 2)) 2

where Z; is the load impedance, which is 50Q in the
experiment; and Z(1, 1), Z(1, 2), Z(2, 1) and Z(2, 2) are
elements of the impedance matrix [Z], which is computed as
[30].

[]=([]+[sD(l]-[s1) "z, (40)
where [S] is the scattering matrix, [/] is the 2 x 2 identity
matrix, and Z, is the reference impedance.
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