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Abstract 
This paper consists on developing a generic modeling routine for the prediction and optimization of the 
near magnetic radiated emission produced by Differential Mode Current (DMC) in the interconnections 
of multi-cell converters, more precisely Power Converter Arrays (PCAs) in 2D. The PCAs are based on 
associations of Dual Active Bridges (DAB) Conversion Standard Cells (CSC) for low and medium power 
applications. They are built, assembled and interconnected based on PCB technologies. An algorithm 
based on Biot-Savart law and the physical and electrical configurations of a PCA is provided to develop 
generic models. Then, a comparison between the proposed algorithm and experimental results of a 
setup mimicking the equivalent loops are presented with two different measurement technologies, 
validating the theoretical results qualitatively and quantitatively. The methodology can be applied to 
spatially characterize the emitted near field produced from CSC’s interconnections and to develop rules 
and guidance to minimize it. 

 

1 Introduction 

The benefits of multi-cell converters for high power 
and / or high voltage applications are well 
described in the literature [1]. Splitting of voltage 
and / or current ratings in any of the following 
configurations: input-series output-parallel (ISOP), 
input-series output-series (ISOS), input-parallel 
output-series (IPOS) or input-parallel output-
parallel (IPOP), the global converter can be 
optimized regarding efficiency, power density, 
Electromagnetic Interference (EMI) signature and 
even costs, considering lower rated components 
and reduced cooling needs [2]-[3]. 

As presented in [4]-[6], the same benefits of multi-
cell topologies plug-and-play can also be found in 
low / medium, power / voltage applications. It is 
shown how a precise characterization of CSCs can 
be used to predict the characteristics of PCAs 
based on the implementation of numerous CSCs, 
as illustrated in Fig. 2 (a). For convenience, the 
notation PCALxC, is used throughout this paper, in 
which L and C are the number of lines and columns 
that composes the PCA, respectively. Fig. 2 (a) 
presents an example of PCA4x2 composed of low 
power and low voltage DAB CSCs operated at 
approximately 250 kHz, designed and 
manufactured in volume in previous works [6].  

 

Regarding EMC, currently, power converter 
qualification techniques rely mostly on post 
prototyping EMC standard compliances. The 
implementation of PCAs can be seen, therefore, as 
an important opportunity to predict and / or to 
optimize the EMI signature of any electrical 
assembling configuration, thanks to the use of 
standard elements, such as CSC’s filtering and 
interconnecting routing, as illustrated in Fig. 1. This 
may significantly increase the speed of power 
electronics converter design and industrialization, 
leading to a revolutionary power electronic design 
automation (P-EDA) [6]-[7].  

Fig. 1: Example of a concept of automated design for   

EMI compliance based on PCA approach (e.g. 

ISOS PCA2x2): filtering and routing are 

optimized with respect to EMC compliance 

based on experimental and theoretical 

characterization.



                                                        (a)                                                              (b) 

Fig. 2: (a) (Left side) A 800W step up DC/DC PCA4x2  (IPOS) prototype (bottom view) highlighting the input (red) 
output (blue) current sending paths; (Right side) a 100W 20V/5A DC/DC DAB CSC prototype (bottom and 
top view); (b) Near field produced by a PCB that mimics the interconnections of a PCA4x3. 

2 EMI Characterization 

As the typical switching frequencies of power 
converters are continually increasing with the 
adoption of WBG devices with very high di/dt and 
dv/dt, the modelling of their conducted and 
radiated emissions becomes very important for 
standard compliance and self-immunity. 

Specifically, the EMI radiated models of power 
converters [8]-[21], are important approaches for 
prediction of EMC compliance [22], human 
exposure [23] and safe converter performance. 
They can be separated into far field [8]-[11] and 
near field [9]-[20]. According to [10], they are 
differentiated by a distance r between the 
observation point and the radiation source: far field 
is defined when r >> λ/2π, whereas near field is 
defined when r < λ/2π, where λ is the wavelength. 

The far field, not treated in this paper, is the one 
that concerns EMC compliances, e.g. CISPR 16-
4-2, that defines limit values for the harmonic 
spectrum ranging from 30 MHz to 40 GHz. The 
source of the far field is mostly predominant from 
Common Mode Currents (CMC), usually on the 
very high frequency range, flowing across the input 
and output cables [8], and are directly proportional 
to the length of the conductors [11].   

The near field are produced by current loops, 
therefore, mostly predominant from di/dt of DMC, 
rather than CMC, being directly proportional to the 
area of the current loop [11]-[12]. While, currently, 
the near magnetic field cartography [24], is not 
required on the EMC compliance standards, it is 
an effective way for diagnosing [20] and 

characterizing [16]-[18] spatially the sources of 
radiation produced by power converters and its 
correlation with the electrical parameters of the 
power converter itself. Indeed, due to the short 
distance, peripherals of a PCA nearby its near field 
sources, such as driver boards and their paths, 
sensors, signal conditioning devices and filters are 
susceptible of undesirable couplings, causing 
malfunctioning [11] and performance degradation 
in analog signals [21]. In addition, trendy topics 
such as Internet of things (IoT) [25] using 
magnetically coupled communication technologies 
(NFC, QiWPC, RFID, WCT…) requires more 
complex and detailed knowledge of the emitted 
near field to avoid interferences. Therefore, the 
prior knowledge of the near field helps defining the 
good location and possible shield needs of the 
peripherals contained in a PCA . 

Finally, there exists transformation formulas that 
co-relates the far field from near field 
measurements [26]. 

2.1 At DAB CSC level 

As it is presented in [27], the DAB converter can 
produce high DM harmonic distortion amplitudes 
multiple of the double of the switching frequency, 
depending on operating points and design choice. 
Therefore, even though it is not on the scope to 
characterize the EMI signature at the cell level, it 
is important to understand the harmonic content 
produced, specifically treated here, by the DAB 
CSCs.  

A single DAB CSC can be summarized into three 
inner loops between the input and output DC link 



capacitors: the two H-bridge commutation cell 
loops and the AC link loop. The inner loops 
produce higher harmonic levels over a wider band 
of frequency, as the DC link capacitors provides 
attenuation. However, the fixed area of each inner 
loop are small enough compared the PCA’s outer 
loop areas, that increases with the number of 
CSCs contained in the PCA. This means that, with 
the increasing number of CSCs composing a PCA, 
the near magnetic emission are supposed to exist 
mostly due to the PCA’s interconnections. 
Neglecting the inner loops, the DAB CSCs are then 
modeled as DM current sources in parallel to their 
DC link capacitors, as presented in Fig. 1.  

Indeed, depending on the way the CSC 
interconnects loop are physically implemented, 
large interconnecting loops can be produced 
building up the converter configuration, as it will be 
seen throughout this paper. 

2.2 At PCA level 

For compliance with CISPR 22 (EN 55022) Class 
A or B standard (conducted emission), a filter 
design optimization for DMC of a PCA made out of 
several DAB CSCs associations is described in 
[28]. It is pointed out that distributed filters among 
CSCs, together with a globalized filter at PCA 
scale, are recommended for systematically 
mitigating DMC EMI regardless of the electrical 
configuration of the PCA. If the DMC filter 
optimization of PCAs is proven effective using 
mostly a centralized filter, large High-Frequency 
(HF) current harmonics may circulate in the 
interconnection among CSCs (see the bars 
marked in red and blue on Fig. 2 (a)), either acting 
as a typical unintentional antenna or creating 
harmful mutual magnetic induction couplings. 
Such phenomenon may impose difficulty for EMC 
compliance and the good operation of the 
converter. With respect to HF differential current 
paths, the PCA presents large outer loops, made 
up of the CSC’s interconnection (bus bars).  

In [12], it is verified that the bus bars of SiC Power 
Modules are the ones affecting the most on the 
near field, mostly on the z-axis; and it is shown how 
such predicted field can be used to find the needs 
of locally shielding or immunizing sensitive 
devices. As it is discussed in the reference, 
guidance is already presented: firstly, dynamic 
current balancing (that can be improved with circuit 
symmetry and distributed driving approaches), 
useful therefore for parallel conceptions (ISOP, 
IPOP, IPOS); and, secondly, physical interleaving 
of positive and negative bus bars. 

The different possible combinations to close PCA’s 
interconnection loops, and therefore, different 
geometric loop combinations, can directly 
influence the resulting near field. Four possible 
combinations are the object of discussion 
presented here. For simplification purposes, the 
discussion presented throughout this paper makes 
some electrical neglects and assumptions: 

 CMC harmonics are neglected, meaning that 
either each CSC has a CM filter on its input and 
output that entirely suppress CMC, or that, at 
the observed frequency band, CM harmonics 
are negligible 

 Thus, resulting only in DM currents (which can 
be partially filtered locally or from a centralized 
point of view). If only centralized filter is 
assumed, all the DM harmonics are circulating 
in the PCA interconnections. If partially locally 
filtered, less harmonics are circulating in the 
loops; 

 All CSCs are considered identical and 
supposed to generate the same conducted 
emission contents. Besides, the CSC presents 
a rotational symmetry, due to the DAB topology 
inherited feature as well as due to a PCB 
routed purposely designed; 

 The series and parallel connections are 
inserted on the same paths. Notice, however, 
that parallel connections will increase the 
current ratings, and therefore, larger near 
magnetic field emission; 

 The phase-shifts between input and output 
harmonic currents are neglected; 

 Magnetic elements and MOSFETs switching 
cells radiated emissions are ignored. In 
practice this means that these components are 
locally shielded, or that superposition theorem 
can be further applied; 

 Only outer interconnecting loops are 
considered, meaning that inner loops are small 
enough for not considering their effects, or that 
superposition theorem can be further applied; 

 Frequency dependent and parasitic effects are 
not evaluated. Such scenario for the DAB is 
roughly approximatively for operation within 
the ZVS region and an optimized layout is 
assumed. 

 No mutual coupling between input and output 
currents is computed, and its effect is 
neglected; This means that the loops are 
considered to be fed by independent current 
sources; 

With respect to the loops, simplification statements 
that allow meaningful results are also assumed. 



Fig. 3 is an example of the loop patterns present 
on an ISOS PCA4x3 that summarizes the following 
list of assumptions, rules and conclusions: 

         (a)         (b)           (c) 

Fig. 3: (a) Example of the assumed input (red) and 
output (blue) current sending paths of typical 
ISOS PCA4x3;(b) The equivalent resulting 
interconnect loops by connecting through the 
PCA’s left-hand (path A); (c) The equivalent 
resulting interconnects loops by connecting 
through the PCA’s right-hand (path B). 

 Only 2D segments on predefined orthogonal 
paths are allowed; 

 Even though multiple segments occupy same 
position or cross by, no short-circuit is 
produced. This can be interpreted that, in 
practice, the segments are located only close 
enough at in any plane; 

 Opposite magnetic fields due to opposite 
current directions very close to each other will 
cancel out the resulting near magnetic field 
emission; 

 There are only 2 returning path options 
available. The returning path A – through the 
PCA’s left-hand side, and the returning path B 
– through the PCA’s right-hand side; 

 Thus, forming 2 patterns of current loops, larger 
or smaller rectangular shape, depending on 
the input and output current paths (see Fig. 3 
(b) and (c)), which their sizes can be expressed 
with respect to PCA’s characteristics; 

 All the DMCs must return to their origin points. 
The point a1, for input DMC and a2 for output 
ones; 

 Specifically, a returning path A causes a larger 
loop for the input current and a smaller loop for 
the output current, while a returning path B 
causes smaller loop for input current and larger 
one for output current; 

 Each CSC can be positioned only vertically, and 
they can only rotate 180° over the z-axis, 
keeping their electrical and physical 
characteristics unaltered;  

3 Magnetic field produced by 

interconnections with respect to 

PCA architectures 

In Fig. 4, it is presented a simple algorithm [29] for 
prediction and optimization of near field due to 
PCA’s interconnections based on Biot-Savart law 
[30]-[31] inspired by the use of coordinate 
transformations [32], highly used for example on 
computer graphics. It is possible to express 
analytically the magnetic field of a set of finite wires 
that have any directions or lengths over the PCA 
plane. Such method can also be identified as a 
PEEC method [13],[32] in which the need of 
subdivision into smaller elements is not necessary, 
as in a FE, and, therefore, quicker to generate 
results. 

 

 Fig.4: A straightforward algorithm for near 
magnetic radiated field prediction of PCA’s 
interconnections based on Biot-Savart law. 

In Fig.5, it is presented the theoretical results of the 
four loop combinations of a PCA4X3 π: z = 10 mm,  
indicating that B1A2 combination are the least 
harmful by a factor k of approximately 3 compared 
to what seems to be the worst case A1A2. Indeed, 
the higher this distance, the higher this factor is.  



                                                            (a)                                                                    (b) 

  (c)            (d) 

 Fig. 5:    Module of the magnetic field (z-component) results produced by all four-loop combinations of a PCA4x3 

over the plane π: z = 10 mm: (a) A1A2; (b) B1B2; (c) A1B2; (d) B1A2. The input (red segments) and output 
(black segments) current sending paths as well as the CSCs (black rectangles) are presented for 
visualization. The circles represent the locations of the calculated average magnetic field values in A/m.

4 Experimental EM Cartography 

An experimental setup was built with a PCB 
mimicking the four possible loop combinations, 
terminated with a 50 Ohms resistor and connected 
to two synchronized outputs of a signal generator 
set at a sinusoidal 20 Vpp - 5 MHz, resulting in 
circulating currents of approximately 200 mA. In 
Fig. 6 (a), it is presented the layout of the PCB 
traces, highlighted by circles indicating the 
physical adaptions needed to overcome unrealistic 
theoretical assumptions above mentioned. As 

portrayed in Fig. 6 (b), two measuring methods 
were used: one using a H10 EMC near-field probe 
from Tekbox and another one using EM-
Scanephone V1 from Luxondes. In Fig. 6 (b) it is 
portrayed the setup using plexiglas sheet located 
above the PCB in order to maintain the equipment 
well parallel at desired fixed distances.  

 (a)                               (b)  

Fig. 6:    (a) Layout of the PCB for the tests; (b) Setup for the near field cartography: Tekbox and Scanephone.
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                                                          (a)                                                                                                                (b) 

  (c)          (d) 
 Fig. 7:   Module of the measured magnetic fields (z-component) produced by all four loop combinations of a PCA4x3 

over the plane π: z = 10 mm: (a) A1A2; (b) B1B2; (c) A1B2; (d) B1A2. The input (red segments) and output 
(black segments) current sending paths as well as the CSCs (black rectangles) are presented for 
visualization. The circles represent the locations of the measured magnetic field over the plane using a 
H10 probe. Values inside the plotting are corresponding to the actual measured magnitudes converted 
into A/m.  

              
                                                                                                                                                                               

Fig. 8     Module of the measured magnetic fields (z-component) produced by all four loop combinations of a PCA4x3 

over the plane π: z = 10 mm: (a) A1A2; (b) B1B2; (c) A1B2; (d) B1A2 using Scanephone.

At distance of 10 mm of the PCB, the near field 
probe was connected to an oscilloscope. At total, 
35 measurements, as seen on the white circles, 
were performed for each combination. Their 
values in volts were computed and converted 
into mA/m according to the antenna factor AFth  
of 48.86 db A/m.V at 5 MHz found in practice 
through a TEM calibration. The location of the 
measurements were strategically set to allow 
better interpolation results. A simple linear 

interpolation function on Matlab was used, 
providing accurate quantitative results regarding 
magnitude and shape compared to theoretical 
plotting.  

For the Scanephone, the accounted distance 
was 15 mm and the measurements are 
presented in Fig. 8, presenting good results as 
well. Such approach allowed analyzing the 
experimental results in a more qualitative way, 
compared to previous method. 



5 Conclusion 

In this work, an algorithm and methodology for 
comparing the near field radiated emissions 
caused by PCA’s interconnections assembled in 
four different ways has been proposed and 
validated experimentally with 2 different 
measurement methods. Such algorithm, based 
on simplifying assumptions and rules, is a 
straightforward approach that allows not only 
verification, but also spatial and magnitude near 
field emission optimization with respect to the 
filtering distribution, peripherals placement and 
needing shield. The methodology is simple to 
follow and to run on optimization processes, 
avoiding heavy simulations, as in FEMs, or co-
simulations. The theoretical and practical results 
suggest that the current paths on a PCA may be 
very impactful not only on the near emission, but 
also the far field emission, as the notion of 
opposite current rule on close segments is still 
maintained. For future studies, the 
complexification of the algorithm with respect to 
parasitic and frequency dependent effects, 
current density, accurate physical routings, 
increase of degree of freedom in a 3D direction, 
and other radiating sources will be updated 
according to the needs verified in practice. 
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