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Abstract—The reported higher levels of conducted emissions
in DC grids in the 2-150 kHz range are caused by the spectral
aggregations resulting from the converter’s switching harmonics.
The dominant influence for these spectral aggregates is the
impedance correlation between the DC-link capacitor and the
converters. This paper analyses the impedance interaction &
comparability between the DC-link and the DC/DC converters
at the point of common coupling in the DC grid. Simulations
with four DC-link capacitors and forty parallel DC/DC con-
verters are conducted, with full (non-linear) and equivalent-
source (linear) models for comparison. The dBµV values for
the first spectral aggregate decrease as the augmenting DC-
side impedance becomes comparable with the smaller DC-link
impedance, lowering the electromagnetic interference in the DC
grid. This understanding may provide insights into the DC-
link capacitor design from an electromagnetic compatibility
perspective, and towards developing a framework for DC power
quality standards in the 2-150 kHz range.

Index Terms—Spectral Aggregation, DC grids, Power Quality,
Impedance Interaction, Electromagnetic Compatibility

I. INTRODUCTION

The reported rise in conducted emissions in the low
frequency (2-150 kHz) range in DC grids has led to
Electromagnetic Interference (EMI) problems [1]. This
may impede the rapid integration of localised renewable
energy sourced DC grids with the mains AC systems [2].
These conducted emissions result from the Power Electronic
Converter (PEC) based switching frequency harmonics in the
DC grids. Further, the multiple harmonics add up and give
rise to the spectral aggregation in the 2-150 kHz range. This
leads to greater EMI between all the interconnected devices
in the electrical vicinity, and results in lower Electromagnetic
Compatibility (EMC) that leads to poor DC Power Quality
(PQ) in the DC grid [3].
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Fig. 1: DC grid Impedance Interaction

The spectral aggregation in [4] is defined as the supra-
harmonic range for AC systems using a multiple lamp based
array connected to the AC grid. The measured dBµV’s peak-
amplitude for the conducted emissions at the Point of Common
Coupling (PCC) (between the AC grid and the lamp-arrays)
decreases, due to the increasing capacitive component of the
inductive AC grid. Further, this understanding can possibly be
extrapolated to a capacitive DC grid, wherein the increasing
number of parallel DC/DC converters may lead to a decrease
in the measured dBµV’s peak-amplitude at the PCC (between
the DC grid and the DC/DC converters), as expressed in (1).
However, much research about development of spectral aggre-
gation in DC grids is yet to be conducted. Furthermore when
multiple DC/DC converters are interconnected at the PCC, the
spectral aggregation results not only from the dBµV’s peak-
amplitude, but also from the beat-frequency phenomenon from
the harmonics [5]–[7].
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ZDC−side
grid

≈
∑ 1

ZConverters−side
(1)

Correspondingly, the switching harmonics from multiple
DC/DC converters govern the spectral aggregation
development at the PCC in 2-150 kHz range. Further, the
measured dBµV is influenced by the impedance interaction
& comparability between the DC-link capacitor value and
the DC/DC converters connected at the PCC in the DC grid
(Fig.1). The resultant peak-amplitudes dBµV measured for
multiple harmonics at the PCC is a function of the capacitive
DC grid impedance and its interaction with the cumulative
DC/DC converter-side impedance. Furthermore, these peak-
amplitudes depend on the total converters connected at the
PCC. The PCC’s DC-link capacitor is usually of electrolytic-
type with a sufficient value designed to hold the DC voltage
constant on the converter side under heavy loading conditions
[8]. These DC-link capacitors perform filtering to improve
the DC signals in low frequencies. However, the electrolytic
capacitors behave capacitive until their first resonance [9].

In this paper, the spectral aggregation resulting from
the impedance interaction & comparability between the
DC-link impedance and the cumulative impedance of parallel
connected DC/DC converters at the PCC is investigated
through simulations. Two simulation approaches are applied
to understand the suitability in deriving the first spectral
aggregate value. These approaches include a full asynchronous
DC/DC converter and an equivalent model using the Norton’s
theorem. Especially, the effect on the dBµV peak-amplitudes
of the first spectral aggregate when the cumulative DC/DC
converters impedance and the DC-link impedance become
comparable at the PCC are studied.

The rest of the paper is organised as follows. Section II
describes the spectral aggregation in DC grids in 2-150 kHz
range. The simulation approaches are described in Section
III, with two approaches for modelling the DC grid and the
DC/DC converters. The results for the impedance interaction
& comparability for four DC-link capacitor values with up to
forty connected DC/DC converters are provided in Section IV.
The statistical inconsistencies introduced in the simulations
due to the randomised phases of the DC/DC converters are
explained in Section V. Section VI presents the conclusion.

II. SPECTRAL AGGREGATION (2-150 KHZ)

The spectral aggregation in the 2-150 kHz range is different
in DC grids than in AC grids as the PEC based DC grids
produce harmonics in the higher frequency range. This
leads to the first spectral aggregate to develop at frequencies
beyond 2 kHz in DC grids. Further, in capacitive DC grids the
spectral aggregation results from switching harmonics, while
in inductive AC grids the spectral aggregation results from

low-frequency switching. In [4], [10] & [11], the spectral
aggregation in the supra-harmonic range resulting from an
increasing numbers of lamps connected at the PCC in AC
systems is investigated. However, there is a lack of EMI
standards for AC PQ in the 2-150 kHz range as the existing
AC standards cover PQ up to 2 kHz [12]- [13]. Furthermore,
the CENELEC standard for PLC has frequency bandwidth
between 3 - 148.5 kHz with four different bands [14]. Poor
EMC in 2-150 kHz may compromise the functional aspects
of communication links & smart metering. Moreover, the
serial communication coupling may promote poor EMC in
this frequency range as well [15].

The solutions to maintain & promote EMC that may im-
prove the AC PQ are prescribed through filtering and modula-
tion techniques in Field Programmable Gate Arrays (FPGAs)
[16]. Further, the dominant factor in influencing the spectral
aggregation in 2-150 kHz is the AC grid capacitance [4].
However, it is empirically observed that the AC grid is largely
inductive in nature and has a lower capacitive component [17].
In DC grids, this capacitive effect results from the DC-link’s
electrolytic-type capacitor bandwidth that may have a steady-
state response only at low frequencies, despite higher values
to support all the loading conditions. This capacitive effect
further influences the cumulative impedance of interconnected
devices in a DC grid and further contributes to the spectral
aggregation in the 2-150 kHz range.

Fig. 2: Full Model - Nonlinear

Fig. 3: Current Source Model - Linear

Correspondingly, the dBµV peak will increase, decrease
or settle at the PCC for the DC-link capacitor value with a
number of connected DC/DC converters. In AC systems, a
similar effect is expected to be seen in DC grids, wherein
the DC grid is highly capacitive [4]. However, there could
be discrepancies observed between the peak dBµV when
compared with a current-source (linear) model and a full (non-
linear) model of the DC/DC converters. The purpose of the
simulations is to show the difference in the the maximum
settling dBµV for the first fundamental peak in the current-
source model and the full model. The dBµV value for the first
fundamental peak is compared for up to 40 multiple-identical
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Fig. 4: Comparison with PCC at 470 µF

DC/DC converters for four DC-link capacitor values, both for
the full asynchronous model and the equivalent model.

III. SIMULATION

In this section, DC grid simulations with up to forty
multiple & identical DC/DC converters connected to a DC-
link capacitor are described. The DC grid is modelled using
two techniques:

• By applying a full asynchronous DC/DC converter
model with randomised phases connected in parallel at
the PCC, drawing equal power at every resistive output
load (Fig.2). The application of the full asynchronous
DC/DC converter model allows the DC/DC block to
be viewed with non-linear behaviour through ideal
switching and with filtering components. The simulation
are then run with the input converter voltage held at 48V
DC switching at 50 kHz with an ideal diode and the
inductor & capacitor at 0.75 mH & 47 µF, respectively
(Fig.2).

• By applying a DC/DC converter equivalent circuit
through the source & load modelled as current sources
(Fig.3). The converter behaviour is assumed to be linear
and the converters are modelled using an equivalent
Norton’s circuit. The equivalent models described in
[3] & [18] are simpler techniques to analyse spectral
aggregation from the impedance of a converter through
a current source equivalency and the super-position theo-
rem. The cumulative disturbance from multiple converters
can then be represented by one converter. The DC-side
capacitor (Cs) and the converter-side voltage (through
input capacitor Cc) is held at 100V DC with Rs & Rc
at 10 Ω (Fig.3). The current sources are modulated with
a saw-tooth signal at 50 kHz.

The DC/DC converter’s input filter is designed at 5.1
µF in conjunction with the DC-link capacitance for overall
impedance reduction [19]. The measurement window (0.4 s)
& analysis window (200 ms) are selected based on accuracy
of EMI spectra estimates [20]. The DC-link capacitor is
selected (470 µF, 1000 µF, 1500 µF and 2200 µF) based
on empirical data and loading conditions for forty connected

Fig. 5: Comparison with PCC at 1000 µF

DC/DC converters. The DC-grid is envisaged to be connected
to the AC grid through a rectifier using a DC-link [8]. The
simulations are then run once by augmenting the connected
DC/DC converters one-by-one and measuring the dBµV’s
peak-amplitude for the first spectral aggregate at 50 kHz.
To compensate for the statistical inconsistency from the ran-
domised switching, a five-point moving average is used in
peak dBµV’s measurement. This assists in understanding the
maximum transfer of conducted emissions through the peak
dBµV of first spectral aggregate for DC-link values.

IV. RESULTS

In this section, comparative results for the modelling tech-
niques in arriving at the maximum transfer of conducted
emissions through the peak dBµV of first spectral aggre-
gate are discussed. Further, four test cases to investigate the
impedance interaction & comparability between the DC-link
impedance and the augmenting DC/DC converter impedance
are described. The dBµV peak-amplitude is derived by adding
120 to the dBV values.

A. DC-link at 470 µF

In this case, up to forty parallel & identical DC/DC con-
verters are connected at the PCC with the DC-link at 470
µF. The impedance at the converter-side becomes comparable
between 7-8 connected DC/DC converters, and then is lower
than the DC-link capacitance (Table.I). For the first DC/DC
converter, the dBµV peak-amplitude for the linear model is
at 63 dBµV, while for the non-linear model is at 76 dBµV
(Fig.4). Further, for the fortieth DC/DC converter the peak-
amplitude seems to progress towards 67 dBµV and 81 dBµV
for the linear and the non-linear model, respectively. This
discrepancy shows the difference in the modelling approaches
and the possible accuracy of the nonlinear model in arriving
at the maximum transfer of conducted emissions through the
peak dBµV of first spectral aggregate. Furthermore, as the
number of DC/DC converters are increased beyond eight,
the converter-side impedance decreases as compared to the
DC-link impedance giving rise to variations in dBµV peak-
amplitude values.
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Fig. 6: Comparison with PCC at 1500 µF

B. DC-link at 1000 µF

In this case, up to forty parallel & identical DC/DC con-
verters are connected at the PCC with the DC-link at 470
µF. The impedance at the converter-side becomes comparable
between 8-9 connected DC/DC converters, and then is lower
than the DC-link capacitance (Table.I). With the DC-link at
1000 µF, the dBµV peak amplitude for the linear model is
at 55 dBµV, while for the non-linear model is at 67 dBµV
(Fig.5). Further, for the fortieth DC/DC converter, the peak-
amplitude seems to progress towards 64 dBµV and 78 dBµV
for the linear and the non-linear model, respectively. Again,
the difference in the modelling approaches and the possible
accuracy of the non-linear model in arriving at the maximum
transfer of conducted emissions through the peak dBµV of first
spectral aggregate is noticeable. Furthermore, as the number
of DC/DC converters are increased beyond nine, the converter-
side impedance decreases compared to the DC-link impedance.

C. DC-link at 1500 µF

In this case, up to forty parallel & identical DC/DC convert-
ers are connected at the PCC with the DC-link at 1500 µF. The
impedance at the converter-side becomes comparable between
9-10 connected DC/DC converters and then is lower than
the DC-link capacitance (Table.I). The dBµV peak amplitude
for the linear model is at 52 dBµV, while for the non-linear
model is at 65 dBµV (Fig.6). Further for the fortieth DC/DC
converter, the peak amplitude seems to progress towards 63
dBµV and 78 dBµV for the linear and the non-linear model,
respectively. Furthermore, as the number of DC/DC convert-
ers are increased beyond ten, the converter-side impedance
decreases compared to the DC-link impedance. As the value
of the DC-link capacitor is increased, the dBµV peak value
is observed to decrease on augmenting the connected DC/DC
converters.

DC-link DC Link
Impedance

Converter
Impedance

Cumulative
Impedances

n Z n+1 Z
470µF 6.8mΩ 0.6225Ω 7 8.3mΩ 8 0.45mΩ
1000µF 3.2mΩ 0.6225Ω 8 4.5mΩ 9 2.5mΩ
1500µF 2.1mΩ 0.6225Ω 9 2.5mΩ 10 1.4mΩ
2200µF 1.4mΩ 0.6225Ω 10 1.4mΩ 11 0.79mΩ

Fig. 7: Comparison with PCC at 2200 µF

D. DC-link at 2200 µF

In this case, up to forty parallel & identical DC/DC
converters are connected at the PCC with the DC-link at
2200 µF. The impedance at the converter-side becomes
comparable between 10-11 connected DC/DC converters and
then is lower than the DC-link capacitance (Table.I). For
the first DC/DC converter, the dBµV peak amplitude for
the linear model is at 49 dBµV, while for the non-linear
model is at 58 dBµV (Fig.6). Further for the fortieth DC/DC
converter, the peak amplitude seems to progress towards
61 dBµV and 68 dBµV for the linear and the non-linear
model, respectively. Furthermore, as the number of DC/DC
converters are increased beyond eleven, the converter-side
impedance decreases compared as to the DC-link impedance.
Moreover, the measured dBµV peak amplitude value is
lowest for this case as the number of DC/DC converters are
augmented.

Correspondingly, a larger DC-link capacitor leads to a lower
dBµV peak amplitude value for the first spectral aggregate.
Hence, a lower settling value for the maximum transfer of
conducted emissions through the peak dBµV of first spectral
aggregate leading to lower EMI at the DC-link capacitor can
be achieved. However, due to the statistical inconsistency
introduced by the randomised switching phases in both the
modelling approaches, the measured peak dBµV deviates in-
stead of steadily approaching a settling value. Furthermore, the
linear modelling approach albeit appropriate for an equivalent
model does not accurately measure the dBµV peak-amplitude
value.

V. STATISTICAL INCONSISTENCIES

The curves shown for different PCC values (Fig.4-7) seem
to approach a settling point for the peak dBµV. Owing to
randomised phases of the connected DC/DC converters, the
curves for all the cases are non-smooth. To further investigate
if the peak dBµV does achieve a lower value as the capacitance
is increased, a Cumulative Distribution Function (CDF) is ap-
plied. By definition, the CDF of random variable X is defined
in (2) [21]. The CDF calculates the cumulative probability
for a given value, peak dBµV in this case, and determines the

TABLE I 
IMPEDANCE COMPARABILITY 
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Fig. 8: CDF - Peak dBµV for DC-link capacitance

likelihood that a randomised phase from the multiple runs will
be less than or equal to a particular dBµV value.

F (x) = P (X ⩽ x), x ∈ R (2)

The simulations for four different values of the PCC ca-
pacitance with forty connected parallel & identical DC/DC
converter are run ten times and then the CDF is plotted for
all the four DC link values (Fig.8). It is observed that the
unity probabilities for the peak dbµV value seem to be highest
for the 470 µF capacitor and decrease as the capacitance is
increased, with the lowest for the 2200 µF. Hence, it can be
verified that the peak dBµV settling point decreases as the
DC-link capacitance increases as observed in the simulation
results.

VI. CONCLUSION

The influence of impedance interaction & comparability on
the peak dBµV for the first spectral aggregate between the
DC-side and the converter-side in a DC grid is investigated.
The first spectral aggregate at the point-of-common-coupling
approaches to settle at a peak dBµV as the converter-side
impedance becomes comparable & subceeds the DC-side
impedance. A larger DC-link capacitor value may decrease
the peak dBµV and promote electromagnetic compatibility in
the DC grid. Statistical inconsistencies affecting the maximum
dBµV to design an appropriate DC-link for pre-decided num-
ber of DC/DC converters to be connected at the DC grid must
be addressed. Additionally, the second and the third spectral
aggregates’ contribution to the electromagnetic interference
needs to be further investigated.
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[4] Á. Espı́n-Delgado, S. K. Rönnberg, T. Busatto, V. Ravindran, and
M. H. J. Bollen, “Summation law for supraharmonic currents (2–150
kHz) in low-voltage installations,” Electric Power Systems Research,
vol. 184, p. 106325, July 2020.

[5] H. Zhang, M. Jing, W. Liu, and D. Dong, “Multiple-harmonic modeling
and analysis of single-inductor dual-output buck dc–dc converters,”
IEEE Journal of Emerging and Selected Topics in Power Electronics,
vol. 8, no. 4, pp. 3260–3271, 2020.

[6] X. Yue, D. Boroyevich, F. C. Lee, F. Chen, R. Burgos, and F. Zhuo,
“Beat frequency oscillation analysis for parallel dc-dc converters based
on crossed frequency output impedance matrix model,” in 2017 19th
European Conference on Power Electronics and Applications (EPE’17
ECCE Europe), 2017, pp. P.1–P.10.

[7] X. Yue, F. Zhuo, S. Yang, Y. Pei, and H. Yi, “A matrix-based multifre-
quency output impedance model for beat frequency oscillation analysis
in distributed power systems,” IEEE Journal of Emerging and Selected
Topics in Power Electronics, vol. 4, no. 1, pp. 80–92, 2016.

[8] M. Liserre, F. Blaabjerg, and A. Dell’Aquila, “Step-by-step design pro-
cedure for a grid-connected three-phase pwm voltage source converter,”
International Journal of Electronics, vol. 91, pp. 445 – 460, 2004.

[9] Clayton.R.Paul, Introduction to Electromagnetic Compatibility, 2nd ed.
Wiley, 2006.
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