Modeling and Reduction of Radiated EMI in
Non-1solated Power Converters in Automotive
Applications

Juntao Yao and Shuo Wang
Department of Electrical and Computer Engineering
University of Florida, Gainesville, FL, USA

Abstract—This paper develops modeling and reduction
techniques of the radiated electromagnetic interference (EMI) in
non-isolated power converters in automotive applications. In
modeling investigations, noise source models and the antenna
models are developed to reveal the generation of the common
mode (CM) noise and the radiated EMI in the investigated buck-
boost power converter. The developed models can predict the
radiated EMI with clear physical meanings of the switching noise,
the power converter topology, and the PCB parasitics. The
influences of the PCB ground layer parasitics on the radiated EMI
are first revealed. In noise reduction investigations, several
techniques are proposed including 1) PCB layout improvement for
reducing the parasitics of the ground layer and 2) circuit topology
improvement including the addition of a capacitor across the input
and output nodes and improvement of the PCB traces connecting
the cross capacitor. Experimental verifications of the radiated
modeling and reduction techniques are conducted on a buck-boost
power converter in automotive lighting applications.

Index Terms—Radiated emission, electromagnetic interference
(EMI), radiated EMI, common mode, non-isolated power
converter

1. INTRODUCTION

The radiated EMI in power electronics systems in automotive
applications is regulated by many international standards, such
as CISPR25 [1-3]. It is essential to develop modeling and noise
reduction techniques for the radiated EMI in power converters
in automotive applications [1, 4].

To predict the radiated EMI caused by the CM current, some
researches focus on the CM current measurement technique and
the CM current information based radiated EMI prediction [4].
The spatial distribution of the CM current, including the
magnitude and phase information, can be extracted by
measurements. Based on the extracted spatial distribution of the
CM current, a multi-dipole model is built for predicting the
radiated EMI [4]. Specifically, the cable bundle is divided into
short segments and modeled as a set of distributed Hertzian
dipoles. The radiated EMI is calculated as the superposition of
the resulted electromagnetic fields of the distributed Hertzian
dipoles [4, 5]. The existing researches can develop a transfer
function to characterize the relationship between the CM
current and the radiated EMI. However, the CM current is a
middle parameter between the noise sources generated by the
power converter and the radiated EMI generated by the power
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cables attached to the power converter. It is essential to
characterize the CM noise generation mechanism in the power
converter system.

To describe the CM behavior of the power converter, some
researches have developed an equivalent CM behavioral model
of the power converter. The equivalent CM behavioral model is
reconstructed by the terminal parameters including the CM
current and the CM terminal impedances [6]. The equivalent
CM noise sources and impedances are reconstructed for
representing the equivalent CM behavioral model of the power
converter. However, the terminal behavioral model does not
have a clear relation with the physical parameters of the power
converter. Such a black-box model needs to be improved. And
it is essential to develop models with physical meanings of the
power converter parameters.

With the consideration of physical meanings of the power
converter parameters, extensive existing researches have
revealed the fundamental mechanisms of the noise generation
in isolated power converters in consumer electronics
applications like power adapters [7-9]. In isolated power
converters, CM noise is usually transformed from the switching
noises through the isolation transformer’s interwinding
parasitics [9, 10]. The CM noise generation mechanism in non-
isolated power converters has significant differences from that
in isolated power converters. While in non-isolated power
converters, there is no isolation transformer and the CM noise
generation mechanism is different [11].

In some non-isolated power converters, the pulsating
voltages and the parasitic couplings can act as the radiation
excitation sources [12]. In [12], the equivalent source voltage
and the stray capacitance are investigated using the transverse
electromagnetic (TEM) cell. In the full-wave simulation, the
radiated EMI from the cable antenna is simulated [12].
However, the relationship between the converter and the
radiated EMI is not disclosed [13]. And when the converter
topology and the testing setup are complicated, the extraction
of the equivalent source is not simple or straightforward [13].
Moreover, this model assumes the parasitic capacitance
between pulsating nodes and the ground plays a big role in a
monopole antenna which includes one attached cable. But this
mechanism does not apply to this paper’s study case with the
input/output cables as the radiation antenna and with the voltage
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difference between input and output nodes as the radiation
excitation.

Further investigations are needed to develop models with
clear physical meanings to reveal the mechanisms of the noise
generation and transformation in non-isolated power
converters. And critical parameters need to be identified and
improved for noise reductions.

This paper will develop modeling and reduction techniques
of radiated EMI in non-isolated power converters in automotive
applications, and specifically has several objectives. 1) Develop
the models for the noise circuit of the power converter, a) with
clear physical meanings of the noise sources, parasitic
impedances, b) with the considerations of physical components
and PCB; 2) Develop the models for the radiation antenna; 3)
Base on the developed models, develop guidelines for reducing
the radiated EMI.

This paper is organized as follows. In the second section, this
paper will present the modeling of the noise circuit and the
antenna. In the third section, noise reduction techniques
including the circuit topology improvement and the PCB
improvement will be proposed and verified. In each section,
simulation and experimental verifications are included.

II. DEVELOPMENT OF RADIATED EMI NOISE MODELS IN NON-
ISOLATED POWER CONVERTERS

A. Noise source model

Fig. 1 shows a buck-boost converter in automotive lighting
applications. The system includes the battery, the power
converter (as the LED driver), the LED headlights (as the load)
and the attached input and output power cables. In Fig. 1,
according to the regulation standard CISPR 25, the length of the
input cable between the battery and the LED driver power
converter is 1.5m and according to the practical application
setup, the length of the output cable between the LED driver
power converter and the LED light is 0.5m. The input and
output power cables form the antenna. And the antenna is
driven by the voltage difference Vp3p, between the input node
P; and the output node P; of the buck-boost power converter,
which is called as the CM terminal voltage. The resulted CM
current flows through the attached power cables causing the
radiated EMI.

1.5m

Input Pinenp P, Poutgnp  Output

cable cable
(Antenna) (Antenna)

Fig. 1. Non-isolated power converters applied as automotive LED drivers

About the CM noise generation mechanisms in the non-
isolated power converter, if the ground layer is ideal and has
zero parasitics and zero impedance. The voltage drop on the
ideal ground layer would be zero. Further with the small
impedance of the decoupling capacitors neglected, the voltage

difference Vp3p, would be zero. If under this ideal condition,
the radiation excitation for the antenna consisting of the input
and output power cables would be zero. And the resulted
radiated EMI from the power cables would be zero.

However, in reality, there are parasitic impedances of the
physical PCB traces. Though those parasitics are not shown in
the schematics, their impacts on the noise generation and the
radiated EMI are significant. Fig. 2 shows the parasitic
impedances of the ground layer, which has the impedance
magnitude reaching the 10° and 10 orders at high
frequencies. Voltage drops can be induced on the parasitic
impedances of the ground layer. In the investigated buck-boost
converter, Vp3p; is due to the voltage drops on the parasitic
impedances of the nonideal ground layer. With the
consideration of the operating principle of the buck-boost
converter, the ground layer is divided into several segments
according to the operating intervals and the sub-circuits.
Specifically, the ground layer is divided into two segments,
respectively the segment between Ppoyp and P,, and the
segment between P, and Py,:cyp - Note that, in Fig. 2, the
decoupling capacitors’ impedances are negligible as compared
with those of the ground layers. As a result, the differential
mode voltage drops on the decoupling capacitors are very small
and are neglected in the radiated EMI analyses. The CM

terminal voltage between P; and P; approximately equals to
the voltage difference between Pp,qnp and Poyionp -
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Fig. 2. Parasitic impedances of the ground layer (a) ground layer nodes on the
physical power converter (b) extracted impedances
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To analyze the noise circuit consisting of the switching
devices and the parasitic impedances of the ground layer as
shown in Fig. 3 (a), switching devices are replaced by
voltage/current sources according to the substitution theorem,
as shown in Fig. 3 (b).
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Fig. 3. Noise circuit of the buck-boost power converter (a) The converter circuit
with the parasitic impedances of the ground layer (b) Switching devices
replaced by voltage/current sources

The noise transformation from the two noise sources to the
CM terminal voltage Vp3p; can be analyzed based on the noise
circuit using the superposition theorem.

The contribution from Vg, to the CM terminal voltage is

_ ZGND1
VP3P1_VSW =—Vsw —"— (1)
ZGND11ZL

where a transfer function is extracted to characterize the
transformation from Vg, to the CM terminal voltage as

Vp3p1vsw ZGND1
G = = = — 2
VP3P1.VSW Vew ZenDi 7L ()
The contribution from I}, to the CM terminal voltage is
Vesprip = —Ip - (ZenpallZ1) + Zgnp2) 3)

where a transfer function is also extracted to characterize the
transformation from I, to the CM terminal voltage, as

1%
Gypsp1ip = % = —(Zenp1llZL) + Zgnp2) (D)

According to the superposition theorem, the total Vp3p; equal
to

Veap1 = Vpsp1 vsw + Vesp1ip (%)

With (1) and (3) substituted to (2.cl), the total Vpspq is

calculated as

V4
Vpspr = —Vew —GNDL_ _ Ip- ((ZGND1||ZL) + ZGNDZ)(6)
ZGNDp1t+ZL

To simplify the expression, with (2) and (4) substituted to (5),
the total Vp3p4 is expressed as
Vpsp1 = Vow GVP3P1_VSW +1p- GVP3P1_ID @)
As the switching noises, Vs, and I, are measured. The time-
domain waveform and the spectrums are shown in Fig. 4. Note
that, the bandwidth of the voltage probe (Rigol RP3500A) is
500MHz. And from the measured waveforms and the
spectrums, except for the spectrum bumps due to the ringing

around 140 MHz, the noise spectrums of Vg, and I;, decreases
at high frequencies.
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Fig. 4. Waveforms and spectrums of the noise sources (a) waveforms (b) Vs,
spectrum (c) I, spectrum

The transfer gains of Gypspsysw and Gypzpy p are
extracted, as shown in Fig. 5.
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Fig. 5. Noise transfer gains of Gypzps ysw and Gypsp1 1p

With the switching noises measured and the noise transfer
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gains extracted, according to (7), Vp3p; can be predicted, as
shown in Fig. 6. The predicted Vp3p, can match the measured.
And the noise source model is verified.
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Fig. 6. Comparison of the measured and predicted CM terminal voltage
spectrums

B. Antenna model

Fig. 7 shows the diagram of the power cable arrangement
according to CISPR 25. Fig. 8 shows the Thevenin equivalence
of the cable antenna and the radiation excitation, where R;, is
the loss resistance along antenna arms, R, is the radiation
resistance, X, is the reactance of antenna to represent the near
field energy, and Zjutenna = Ry + R, +jX, is antenna
impedance at terminals, Z¢pcony 1S the source impedance of the

power converter.
>> Radiation

| + |

i :

CMConv Radiation !

Viy excitation !

i Vea >> Radiation

_____________________________ | to LISNs
1.5m i

Fig. 7. Cable antenna and the equivalent radiation excitation source
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Xy

Fig. 8. Thevenin equivalence of the antenna and the excitation

The power delivered to the cable antenna for radiation is

1 Veml? R
B = _|ICM|2Rr = - X .12 ®)
2 2 |ZecmconvtRLTRr+jX Al

In the far field region, in the equivalent isotropic and uniform
radiation case, the relation between the radiated power and the
radiated electric field intensity E is

E? 2
P, =—-4nr
21

)
which can be expressed as

E = \/B.n/2nr? (10)
where 7 is the distance between the radiation antenna and the

observation point, 17 is the characteristic impedance 1207w Q.
With (8) substituted to (10), derives

= A Ry L
E= |VCM| \/4— [|ZCMC0nv+RL+Rr+jXA|2] nr? (11)

which indicates that the radiated electric field intensity E is
proportional to the magnitude |V¢y| by a transfer gain. And the
transfer gain of the antenna is designated as

1 Ry n
Grem = \/ 4 [|ZCMC0nv+RL+Rr+jXA|2] w2 (12)
In the CISPR 25 setup, for the case without the CM choke,
the converter’s CM impedance Zcp;cony 1 small and negligible
as compared with antenna’s impedance Z ,¢enne= R + Ry +
JjX,4. (13) can be reduced as

P Y D S
Gvem = \/4 [IRL+Rr+jXA|2] nr2 (13)

Gycm can be extracted by experiments. In the experiments,
an excitation voltage |V¢)| is added to the terminals of the
power cables. A gain between the excitation voltage |V, | and
the resulted radiated electric field intensity E' can be extracted
as

EI
7 (14)
The extracted gain of Gy, is shown in Fig. 9. The Gy, has
the bumps around 100 MHz, 150 MHz, 200 MHz, 250 MHz,
300 MHz, and 400 MHz, which are the intrinsic characteristics
of the power cable antenna in the CISPR25 testing setup.
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Fig. 9. Antenna’s transfer gain between excitation voltage and the resulted
radiated EMI intensity

C. Radiated EMI prediction

With the CM terminal voltage and the antenna’s transfer gain
predicted, the radiated EMI can be predicted based on the
flowchart shown in Fig. 10. The comparison of the predicted
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and the measured radiated EMI is shown in Fig. 11.

Initial
switching
noises (Vsy, Ip)
X L CM
Transh ] terminal
ransfer gains voltage Predict
Gypap1vsw and radiated
G
VP3P1 ID Antenna EMI
transfer
Antenna | .
. gain
impedance

Fig. 10. Radiated EMI prediction procedure
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Predicted
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30 100
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Fig. 11. Comparison of measured and predicted radiated EMI

From Fig. 11, the radiated EMI predicted based on the CM
terminal voltage and the cable antenna’s transfer gain, can
match the measured. The antenna model and the radiated EMI
prediction are verified.

To summarize the EMI noise model researches, 1) in the
noise source model, the switching voltages and currents in the
converter can transform to be the CM terminal voltages due to
the parasitic impedance of the ground layer, and the impedances
of ground layer are important 2) in the antenna model of the
power cables, the power converter’s CM terminal voltage is the
radiation excitation driving the cable antenna radiating to space,
and the cable antenna is a critical factor causing part of the
radiated EMI bumps.

Based on the modeling researches, the radiated EMI can be
reduced by reducing CM terminal voltage and by reducing the
antenna’s transfer gain. While the transfer gain of the cable
antenna is an intrinsic parameter of the arranged power cables
determined by the CISPR 25 standard and by the application
scenario and cannot be changed. To reduce the radiated EMI,
the feasible approach is by reducing radiation excitation noise
generated by the power converter.

500

III. NOISE REDUCTION TECHNIQUES OF CIRCUIT TOPOLOGY
IMPROVEMENT AND PCB LAYOUT IMPROVEMENT

In the study case of the buck-boost power converter with
power cables attached, since the CM terminal voltage is the
radiation excitation noise, it is essentially important to develop

noise reduction techniques by reducing the CM terminal
voltage.

The CM terminal voltage is the result of the superimposed
voltage drops on the ground layer. In order to reduce the CM
terminal voltage, reducing the ground layer impedance will be
helpful. Based on the analyses, there are two approaches: 1) by
improving the ground layer layout, the improved ground layer
layout can reduce the parasitic impedances and the voltage
drops; 2) by the improvement of the circuit topology, an
addition of cross capacitors with small impedances at high
frequencies connected in parallel with the ground layer can
equivalently reduce parasitic impedances and can reduce the
voltage drops on the ground layer.

A. PCB parasitics analysis and improvement for noise
reduction

The parasitic impedance of the ground layer/trace is
predominantly equivalent series inductance (ESL) at high
frequencies. The ESL of the flat wire can be calculated as

2-¢ w+t
L flat =27

=2 ~{’-ln(;;ft) + €+ 0.447 - (w + ) [nH] (15)
Where £ is the length in cm, w is the width in cm, t is the
thickness in cm

6Lf

lat __
oL E=2-wt+tH+1 (16)
flat _ _ 2p_ L
T w+t)-2-¢ (w+t)2+0'447
=—2-£-ﬁ+0.447 (17)
The thickness ¢ is in the order of 1073 cm,
OLfiat OLfiat
|2 At < |22t e (18)

in practical dimension parameters, with £ ~10° cm, w ~10°
cmand t ~1073 cm. Given the practical dimension parameters,
Lgiq¢ is more sensitive to the trace length than to the thickness.

In the investigation case study, given the ground layer length,
thick plates of 1.0 cm soldering tin are applied in parallel with
the ground layer (original thickness 0.0035 cm), as shown in
Fig. 12. The application of thick ground layer will have limited
effect for reducing the ESL. For example, given the trace width
1 cm, length 4cm, with the thickness increased from 0.0035 cm
to 1 cm, the inductance is reduced from 21.06 nH to 15.98 nH,
reduced to 75.6% (-2.4 dB). As a result, regarding the radiated
EMI, although it can be reduced, as shown in Fig. 13, the
reduction is limited around -3 dB.

P4 A — o P
- & B
1 ~
. O RLoee
e——d L - Codi, L e
—_ . ; L 22— L
T c; i dip/dt ,’ D | Co
_______
PInGND ZGND1 P4- ZGNDZ POutGND
L {
ZGNDl 2 ZGNDZ,Z

Fig. 12. Application of the thick ground trace
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Fig. 13. Radiated EMI before and after the application of thick ground trace

B. Circuit topology improvement and noise circuit analyses

A capacitor can be applied across the input and output nodes,
which is connected (or equivalently connected) in parallel with
the ground layer, as shown in Fig. 14. It should be pointed out
because the distance between P; and P; on the PCB is much
smaller than that between Pp,qnp and Pyyegnp » the cross
capacitor is applied between P; and P; for reducing the trace

length and the induced ESL.
| |

v l IC(Jross
p sw I
1 + e - L P
vl D
Rl
SR P I T
[ — b ! L 22— /!
e ¢, idi/de bde 1| Go
__________________
Pragnp Zenp1 P, Zgypy TOutGND

Fig. 14. Buck-boost converter with the cross capacitor applied

After the application of the cross capacitor, the contribution

from Vg, to Vpgpq is

ZGND1lI(ZgND2+Zccross)
V = -V 19)
P3P1
3PLVsSW SW " Znp1ll(ZGNDa+Zecross)FZL (

and the transfer function to characterize the transformation

from Vg, to the CM terminal voltage is
_Vespivsw _ _ ZgNDill(ZGND2+Zccross) )

G = =
VP3P1_VSW (
- Vsw ZGnp1ll(ZGND2+Zccross)tZL

The contribution from I, to the CM terminal voltage is
Vpspip = —Ip - (Zenp1l1Z1) + Zonp2) 1 Zceross) (21)
and the transfer function to characterize the transformation
from I, to the CM terminal voltage is
_ Vespivsw
Gypsp1iip = I
D

= —(((Zsnp1l12L) + Zenp2) | Zccross) (22)
The noise transfer gains before and after the application of

the cross capacitor (for example, a ceramic capacitor, 1uF) are
compared in Fig. 15. The application of cross capacitor is
effective to reduce the transfer gains.

After the application of the cross capacitor, the switching
noise is compared with the original case. The time-domain
waveforms are shown in Fig. 16. The cross capacitor has a
negligible influence on the slew rates of the switching noise, but
it can influence the ringing frequency and magnitude.
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20F - |
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-60 :
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Fig. 15. Comparison of noise transfer gains
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Fig. 16. Comparison of Vg, before and after the application of the cross
capacitor (a) whole waveform (b) switching-off transition (c) switching-on
transition
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The spectrums of the switching noise before and after the
application of the cross capacitor are compared, as shown in
Fig. 17. Since at most frequencies (especially <I00MHz), the
spectrum is determined by the slew rates which are almost
unchanged after the application of the cross capacitor, the
spectrum is almost unchanged at most frequencies. The
application of the cross capacitor can influence the ringing
frequency and magnitude but it does not reduce the switching
noise spectrum overall. For the switching noise I, , the
application of the cross capacitor also does not influence most
frequencies and merely influences the ringing and the
corresponding spectrum. In summary, the application of the
cross capacitor does not have a significant influence on the
switching noises, although it can equivalently reduce the
ground layer’s impedance and the noise transfer gain
significantly.

120 .
100 I , W/O Cc‘russ
=]
an)
= 80
o0
5
-
60
40 :
30 100 500

f (MHz)
Fig. 17. Comparison of Vg, spectrums before and after the application of the
Ccross capacitor
The application of the cross capacitor can effectively reduce
the noise transfer gains, and the CM terminal voltage is reduced
effectively, as shown in Fig. 18. Both the time domain
waveform and the spectrums can show significant reductions.
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Fig. 18. Comparison of Vp3p, before and after the application of the cross
capacitor (a) time-domain waveforms (b) spectrums

With the CM terminal voltage reduced by the application of
the cross capacitor, the radiated EMI is reduced accordingly, as
shown in Fig. 19.

80
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Fig. 19. Radiated EMI before and after the application of the cross capacitor

After the application of the cross capacitor, the parasitics
impedances of the traces connecting the cross capacitor is in
series connection with the cross capacitor, as shown in Fig. 20.
Except for the parasitic impedance of the ground layer/trace,
there is another type of layer/trace influential for the radiated
EMI. The parasitic impedances of the traces can be larger than
the cross capacitor’s impedance at high frequencies. As a result,
the effect of the cross capacitor for reducing the radiated EMI
is degraded.
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Fig. 20. Parasitics impedances of the traces connecting the cross capacitor
(a) Circuit with the cross capacitor and the parasitic impedances (b) Extracted
impedances

To further improve the noise reduction effect of the cross
capacitor, it is essentially important to improve the layout to
minimize the parasitics of the traces connecting the cross
capacitor. As a case study, thick plates of 1 cm soldering tin are
connected in parallel with the traces connecting the cross
capacitor as shown in Fig. 21. The radiated EMI can be further
reduced (around -3 dB) as compared with the case with the
application of the cross capacitor, as shown in Fig. 22.
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Fig. 21. Investigation of the thick trace applied to the traces connecting the cross
capacitor (W/ Ceross)
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Fig. 22. Radiated EMI before and after the application of thick traces applied
(W/ CCTOSS)

In summary of the noise reduction techniques, it is effective

to reduce the radiated by 1) the improved PCB layout by
reducing the trace length and increasing the trace thickness 2)
the application of cross capacitor and the improvement of
connection traces.

IV. CONCLUSIONS

Modeling and noise reduction techniques of radiated EMI in
non-isolated power converters in automotive applications are
verified. Based on the developed noise source model and the
antenna model, the radiated EMI can be predicted. And based
on the modeling, influence parameters like the ground layer
impedances are identified. To reduce the radiated EMI in non-
isolated power converters in automotive applications,
preliminary guidelines are developed, including 1) the
application of the cross capacitor with small ESL and 2) the
improvement of the PCB layout by reducing the trace length
and increasing the trace thickness or the layer quantity.
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