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Abstract—Low-voltage dc distribution systems have gained sig-
nificant attention over the last years, since they provide simpler
and more efficient integration of distributed generators and stor-
age devices, establishing a pathway to net zero energy buildings.
In low-power units, transformerless utility interface is preferred to
reduce footprint and losses. However, the lack of galvanic isolation
introduces a common-mode (CM) path between the dc distribution
bus and the utility service grounding, leading to the presence of
high CM voltages at the dc bus feeders. The attenuation of the CM
voltage reduces the touch voltage amplitude and leakage current,
contributing to a safer environment. In this paper, a feed-forward
active compensation of the CM voltage is proposed. It relies on
utility voltage parameters, estimated by a phase locked loop, to
generate a counter CM voltage; hence, it does not require previ-
ous knowledge of the system CM path model or the addition of
voltage sensors. Experimental results show that this technique can
attenuate the CM voltage to non-dangerous magnitudes without
interfering with the microgrid differential mode behavior.

Index Terms—Active control, common-mode (CM) voltage, dc
power distribution, microgrids, safety.

1. INTRODUCTION

OW-VOLTAGE dc (LVdc) power distribution is regarded
L as a promising alternative to enable the development of
net zero energy commercial buildings, since it promotes sim-
pler coordination and power management of multiple distributed
energy resources as well as a more efficient interface with renew-
ables, storage, and electronic devices [1]-[5]. A LVdc microgrid
is a power electronics based system, as it is shown in the basic
architecture depicted in Fig. 1. The backbone of the LVdc sys-
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grounded system.

tem is a 380 V dc bus that integrates local power generation,
storage system, loads, and secondary buses. The bidirectional
interface with the utility grid is performed by a bidirectional grid
interface converter (BGIC) and an ac/dc converter responsible
for managing the power exchange between microgrid and util-
ity, decoupling the main dc bus from utility disturbances, and
ensuring grid code compliance at the point of common coupling
(PCC).

In terms of safety, the behavior of the LVdc system during
faults and electric shocks is highly influenced by the grounding
schemes employed at the PCC and at the dc bus as well as the
structure of the utility interface [6]-[8]. Commercial and res-
idential consumers supplied by low-voltage utility distribution
networks usually employ solid grounding at the building service
entrance. Due to the lack of standards, the dc bus can resort to
a variety of grounding methods. Fig. 2 illustrates possible solid
and indirect grounding configurations for the LVdc network. As
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Fig. 3. Steady-state equivalent circuit of the dc bus.

both ac and dc grids are grounded, the interaction between them,
in terms of leakage current, will be determined by the utility in-
terface topology. Several proposals consider that the BGIC is
endowed with an isolation transformer, which decouples both
grids and enables the deployment of any grounding method at
the dc side. As discussed in [9] and [10], solidly grounded mi-
crogrids will exhibit high touch voltages and low-impedance
fault paths, leading to high fault and body current amplitudes.
Indirect high resistance grounding (HRG), on the other hand,
can limit both fault and body currents providing both continuous
system operation and protection against electric shock, hence, it
is the preferred choice for datacenters and other mission critical
systems [11]-[13].

In low-power applications, there is no obligatory need for the
employment of an isolated system, therefore transformerless
LVdc distribution becomes more appealing, since it can reduce
footprint and enhance efficiency [14], [15]. The lack of isolation,
however, introduces a common-mode (CM) path between the
ac and dc buses. In such systems, solid grounding will lead to
maximum leakage current and minimum CM voltage, whilst
HRG can substantially decrease the leakage current, whereas a
maximum CM voltage is expected in [6] and [7].

Fig. 3 shows a steady-state equivalent circuit of the dc bus,
where the dc bus voltage, regulated by the BGIC, is decomposed
in its differential mode (DM) and CM terms, referred as Vz and
Vem, respectively, and Zy represents a ground fault impedance
or the body impedance of an electric shock victim. It can be no-
ticed that even though HRG is employed, during ground faults or
electric shocks, the current will find a path that does not encom-
pass Rp, indicating that during grid-connected operation HRG
will not be effective in reducing ground current amplitudes.
Since the pole voltages can be defined as Vp v = Vom = Vi /2,
the CM voltage will influence the magnitude of body currents
during electric shocks and leakage currents induced in parasitic
elements of the dc bus. Therefore, in order to provide a safer
environment, the CM voltage must be eliminated.

As discussed in [6] and [16], the CM voltage in transformer-
less LVdc distribution systems is composed of low-frequency
components, related to the utility distribution system and the
BGIC dc link voltage, and high-frequency elements introduced
by the converter switching pattern. In order to mitigate Vi,
the low- and high-frequency quantities of the CM spectrum are
dealt with separately. In the literature, the elimination of the
high-frequency CM components can be achieved mostly by two
approaches: In the first one, additional switches can be incorpo-
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rated to the BGIC topology, in order to decouple the ac and dc
buses during free-wheeling stages, which are known to generate
CM switching noise [17]-[19]. However, the effectiveness of
the CM mitigation is not guaranteed in bidirectional operation.
Another proposal, as covered in [7], [15], and [16], employs a
floating filter to contain the switching noise, eliminating it from
the CM spectrum of the dc bus. Such an approach is not tied
to a specific converter topology, control scheme, or modulation
pattern, enabling a more flexible solution to leakage current
mitigation.

The elimination of the low-frequency components is attained
through active control, where an intentional CM signal is intro-
duced in the BGIC control loop in order to counter the dc bus
CM voltage. In [7], an additional control loop is incorporated
to a two stage BGIC converter control diagram, which mea-
sures the dc bus negative rail voltage and regulates it to —190 V
through a PI + resonant compensator. The compensator output
generates a CM control action that is added to the duty cycle
of the converter ac/dc stage, relying on available control mar-
gin to attain CM compensation. In [15], a similar approach is
presented, however, the BGIC exhibits a back-to-back topology,
which enables direct elimination of the dc level of the CM volt-
age and allows the CM compensation to be performed by the
dc/dc stage. Both proposals depend on the accurate knowledge
of the microgrid CM path and parasitic elements in order to
design the CM loop compensator. In [20], a feed-forward com-
pensation is proposed, which relies only on the utility voltage
measurement in order to generate a counter Vg signal, dismiss-
ing the need for CM path modeling. However, this paper fails
to present the impact of the proposed technique in the converter
DM voltage and current waveforms, as well as its behavior in
different operating conditions.

In this paper, a phase locked loop (PLL) based feed-forward
active compensation of low-frequency CM voltage is proposed,
which does not require previous knowledge of the LVdc system
CM path transfer function or any additional voltage sensor.
The remainder of the paper is organized as follows. Section II
presents the utility interface architecture considered in this paper
and discusses the influence of the utility network and the BGIC
control on the CM voltage spectrum. Section III introduces
the proposed CM active compensation technique. Section IV
shows the experimental results and Section V provides the paper
conclusions.

II. UTILITY INTERFACE ARCHITECTURE

As previously discussed, the composition of the CM spectrum
is dependent on the available utility distribution configuration,
the BGIC topology, and the grounding scheme employed at the
PCC and at the dc bus. Therefore, it is important to establish
an utility interface architecture upon which the discussions pro-
posed in this paper can be based. Fig. 4 illustrates the proposed
utility interface. It is assumed that the utility entrance is solidly
grounded at the PCC and that the dc bus uses HRG in order
to reduce leakage currents. A two-wire unipolar LVdc distri-
bution is considered, instead of a bipolar three-wire system,
since it does not require the employment of voltage balancers
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to deal with uneven load distribution between the feeders. A
two-stage back-to-back topology is considered for the BGIC,
which, although less efficient than a single-stage converter, en-
ables current limiting at both ac and dc terminals, second har-
monic ripple decoupling, and dc link capacitance reduction [21].
Moreover, it provides sufficient dc link voltage margin to incor-
porate CM active control strategies without compromising the
utility current and dc bus voltage controls [15]. A floating filter,
composed by the coupled inductors Lcy; and Lewp, the capaci-
tors Cy, and damping resistor K¢, is used to eliminate the CM
voltage switching noise.

The utility distribution service can be available in mostly
four structures, as illustrated in Fig. 5. Three-phase systems are
normally associated with high-power consumers, whereas, low-
power residential and commercial facilities will be connected
to single-phase distribution. In North America, the most com-
mon single-phase utility distribution is the split-phase system,
in which a single-phase transformer with grounded secondary
central tap services consumers with an 110 V/220 V three-
wire system. In countries such as Brazil and China, two or
more phases of a three-phase transformer are derived to supply
consumers, producing asymmetric single-phase systems with
two or three wires. In Brazil, for instance, a two-wire single-
phase system is dedicated to consumers with installed capacity
of 10 kW or lower, three-wire systems are employed to con-
sumers with installed capacities between 10 and 15 kW, and
three-phase systems are associated with consumers with capac-

ities above 15 kW. Voltage levels can be either 127 V/220 V or
220 V/380 V, depending on the region. As this paper focuses
in transformerless low-power LVdc systems, only single-phase
distribution will be considered henceforward.

A. CM Voltage Composition

In order to quantify the CM quantities of the LVdc system
described above, a voltage source representation of the BGIC
and the utility distribution system, as shown in Fig. 6, was con-
sidered. It decomposes the utility grid voltage in its DM (Vg4m)
and CM (Vg¢n) terms and replaces the BGIC switching legs
with voltage sources Vxprn, Vv grn, Vzprin, and Viyprw.

The utility DM and CM voltages will be influenced by the
available utility distribution service. Assuming that the phase-
to-neutral voltages can be expressed as Vpnase = Vi cos(wt +
0), where V,, is the phase peak voltage, w is the grid angular
frequency, and 6 is the angular displacement; the DM and CM
terms of the utility voltage will be as given in Table 1.

It can be observed that the symmetry of a split-phase distribu-
tion leads to approximately zero CM voltage contribution. In a
real situation, a small CM voltage is expected due to mismatches
between the distribution transformer secondary windings. In two
or three wire asymmetric distribution, a CM voltage with half
the phase voltage amplitude will appear at the dc bus.

Regarding the BGIC switching pattern, unipolar pulsewidth
modulation (PWM) is widely employed in full-bridge convert-
ers, since it allows filter size reduction, when compared to bipo-
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lar modulation. Assuming that unipolar PWM is used in both
stages, each switching leg voltage can be described as

Vipin = Djvpr + Hrpwu j (D

where j = [X,Y, W, Z],vpr = Vi1 + Avp isthe dc link volt-
age with an 120 Hz ripple, D; is the switching leg duty cycle
and Hppwmm ; are the switching frequency harmonics and inter-
harmonics. The duty cycle can be defined as

1
Dj=5(
where d; is the jth leg control action and V4 is the triangular car-
rier peak voltage. The voltage sources can be combined to extract
the DM and CM contributions of each stage, where V|ggm =
Vxpin — Wiy and Vapam = Vzprny — Vv prn are the DM
terms of the first and second stage, respectively, and Vigem =
0.5(Wwprv + Vxpin) and Vapgm = 0.5(Vzpin + Viwin)
are the CM terms. As the unipolar PWM establishes that
d, = —dy and d. = —d,,, the CM contributions of each stage
will become

1+d;j/Vii) ()

[

Vieem = 5 -vBr + Hprml (3)

2
1

‘/2Ecm = “upr + HprmZ (4)

3]

where Hr 1,1 is a combination of the high-frequency compo-
nents of legs X and Y and Hpyy,2 is the same for legs W
and Z. Since the utility grid and BGIC contributions to the dc
system CM voltage are known, a CM model of the dc bus can
be defined, as shown in Fig. 7.

Through the CM model, the dc bus CM voltage (Vip) can be
expressed as

o sLy/2 + Rg

where Viem(s) is the BGIC equivalent CM voltage, which is
defined as

VCM (VScm + ‘/Icm(s)) (5)

v . (2SCfSRC + 1) . (‘/lEcm - ‘/2Ecm)
ren(8) = 20 L
52CrsLeq +280stc +1

(6)

where Leq = LCM] + LCMZ + L] /4 + LO /4 Itis important to
hlghhght that as ‘/lEcm - ‘/ZEcm = Hprml - HprmZ’ the
BGIC switching legs will only contribute with high-frequency
noise to the system CM voltage, i.e., the dc component is natu-
rally eliminated by the unipolar PWM. As the floating filter has
a low-pass behavior, its elements can be designed to attenuate
the switching noise to desired levels. In [16], a design procedure
for floating filters is described, which advises the use of small
(', capacitances, leaving the responsibility of suppressing the
CM switching voltage to the coupled inductors, hence a very
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small current will flow through the capacitive loop, requiring
small damping resistance. Assuming that B¢ is quite small, the
filter cut-off frequency can be defined as

1
We R (7
\/(LA“ + L2 + Lomt + Low) 2C5s

which promotes an attenuation of 201log |1 — (w/w.)?|. This
relationship can be used to impose the desired attenuation to the
BGIC switching noise.

The system CM transfer functions can be defined, through
(5) and (6), as

__Re
sLy/2+ Rg

RE(ZSCfSRC -+ l)
(ZSZCsteq + ZSCfSRC + 1)(SL2/2 + RE>

where Hscm(s) = VCM/VScm and Hi,cm = VCM/(‘/lEcm -
Vakem ). In order to generate neglectful leakage current, the
grounding resistance Ry is usually very high, a few tens of k{2,
which allocates the pole of Hg,,, near the MHz range. Since
the grid voltage spectrum lies in the low-frequency region, the
transfer function can be approximated as Hg., ~ 1, i.e., the
low-frequency components of the CM voltage will be exactly
Vsem - Therefore, Vioum can be simplified as

(ZSCngC + 1)(‘/1Ecm - %Ecm)
ZSZOsteq + ZSCfSRC +1 '

HScm = (8)

Hicm = (9)

V;‘,m (3) ~ VScm + (10)

As an example, Fig. 8 shows the CM transfer functions for
a LVdc system employing a 5 kW BGIC, which interfaces an
asymmetric utility distribution with 127 V phase voltage and a
380 V dc bus, grounded through 22 k{2 resistances. The floating
filter was designed to attenuate 50 dB at the switching frequency,
which is set as 15.36 kHz. The system parameters were the same
as used in the experimental platform and will be fully described
in Section IV.

It can be noticed that, for the region of interest, Hg,,, equals
0 dB. H,., presents a second-order low-pass filter behavior,
with a resonance frequency at 1 kHz, providing the designed at-
tenuation at 15.36 kHz. Fig. 9 shows the simulated CM voltage
waveform and fast Fourier transform for the BGIC described
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above. The line frequency component is half the grid phase
voltage, i.e., 63.5 Vrms (90 V peak—39 dB) and the CM spec-
trum also presents attenuated components at the filter resonance
frequency and at the switching frequency.

Since H;.,, = 1£0° for the line frequency range, this exam-
ple indicates that if a CM control action is incorporated at the
BGIC duty cycle, Vigem or Vagpem can be used to compensate
Vsem and attenuate the line frequency component of V.

III. LOW-FREQUENCY CM VOLTAGE COMPENSATION

The proposed BGIC with floating filter is able to attenuate
high-frequency noise present in the CM voltage spectrum, how-
ever, the CM transfer function for the utility grid voltage has an
unitary gain in the line frequency range, meaning that the grid
CM voltage will directly appear at the dc bus. The elimination of
the low-frequency CM components can be performed through
active control of the BGIC, adding a counter CM component
in the V., term, which will compensate the existence of the
grid CM voltage. In this paper, the CM compensation will be
introduced in the second-stage (dc/dc) control loop, in order to
not to interfere with the utility grid current control, which is
performed by the first stage (ac/dc).

The proposed technique assumes that the LVdc system has
insignificant influence on the utility voltage; therefore, the utility
CM component will only depend on the utility conditions, hence,
if the PCC characteristics are monitored, V., can be estimated
by the BGIC. As most utility interface converters employ a
PLL to synchronize the converter output ac current with the
utility voltage, achieving unity power factor, this structure can
be used to gather information concerning the PCC voltage and
frequency conditions. Therefore, as long as the PLL algorithm
is able to estimate the PCC amplitude and frequency, a proper
CM compensation signal can be generated and added to the
converter control loop. Thus, a synchronous reference frame
PLL, as described in [22], was employed in this paper. The PLL
diagram is depicted in Fig. 10, where potential difference is the
phase detector block, Vs is the normalized utility voltage, 0 is
the estimated phase, and W, is the estimated utility frequency.

3155

ME]
o

o) Pl

Fig. 10.  Synchronous reference frame PLL.

The PLL performs a park transformation, using the utility
voltage as the input «-axis and generating the 3-axis. When the
phase is locked, the internal d-axis will be regulated to zero and
V3 will be orthogonal to V. In this moment, the g-axis will be
equal to the utility peak voltage. Since Vs is normalized, V] will
be in p.u.

The proposed CM compensation diagram is shown in Fig. 11,
where a CM control action (d.,,) is fed forward to the second-
stage PWM modulator. The DM control diagram employs con-
ventional cascaded voltage and current control loops to track
the grid current waveform and regulate the dc link and dc bus
voltages, therefore, it is not detailed in the figure.

The CM control action d,.,, is defined as

kem Vqu

dc m =

cos(wt + ¢) (11)

UBT1

where v,, and wt are PLL outputs representing the utility nor-
malized peak voltage and its angular displacement respectively,
 is a predefined phase angle, and k.,, is a gain. The resulting
CM signal can be calculated as
dCH]
Viem = mUBI :
Assuming an 127 Vrms phase-to-neutral voltage and forc-
ing Vi, = Vicm, through (12) and the grid CM term given in
Table I, the parameters k., and ¢ for all three single-phase
distribution systems can be calculated, which is given in Ta-
ble II. It is important to mention that the displacement ¢ shown
for a Three-wire asymmetric system was calculated assuming
a phase-to-phase grid voltage measurement, which adds a /6
displacement to the one given in Table I.

(12)

A. Proposed Technique Limitations

Since the CM compensation signal is added to the BGIC DM
control signals of each second-stage switching leg, the resulting
leg duty cycle must be designed to prevent the saturation of the
dc/dc stage. According to (2), taking leg Z as an example, the
average voltage V; gy can be calculated as

1 dzw - dcm
V, =14+ —V 13
ZBIN =5 ( + o ) BI (13)
where d,, is the differential control signal for the BGIC second
stage. Since the DM mode imposes that d.,, Vi /Vii = V5, the
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TABLE II
CM COMPENSATION PARAMETERS

Distribution kem ©
Split-phase 0 0
2 wire asym. 180V - Vipg 0
3 wire asym. 180V - Viy  —7/2

switching leg voltage can be redefined as

Vi Vi
Vzpiy = 2 + =

2 2 - ‘/}cm'

(14)

The maximum voltage that a switching leg can impose is
equal to the dc link voltage (Vz7), hence, from (14) it can be
established that

VBImin > VBmax + Vm (15)
where Vpmax 1s the microgrid dc bus maximum allowed voltage
and Vp rmin is the minimum allowed dc link voltage. If relation-
ship (15) is satisfied, the grid converter will be able to perform
the CM voltage compensation and the dc bus voltage control
without PWM overmodulation.

Moreover, since the proposed technique is an open-loop
method, the elimination of the CM voltage relies on the BGIC
ability to reproduce the utility CM contribution waveform.
Therefore, in order to achieve complete mitigation of the CM
low-frequency components, the PLL algorithm must be able
to precisely estimate the amplitude and phase of all relevant
harmonics of the utility voltage and the dc/dc stage must be
able to accurately synthesize them as well. Those conditions, in
practice, are impossible due to the precision of voltage sensors,
errors introduced by any digital implementation of the PLL al-
gorithm, errors introduced by deadtime in the power converter,
etc. Thus, another limitation of the proposed technique is that
it can attenuate the magnitude of the CM voltage, however, it is
unable to attain complete CM voltage mitigation.

Fig. 12.

Experimental setup.

TABLE III
BGIC CONVERTER FILTER VALUES

Elements Value Elements  Value
Ly 360uH Co 470uF
Lo 100pH Lo 9mH
Lo 1.3mH Lo 3mH
Cy 20uF Cys 1uF
Rp 22k2 Re 12

IV. EXPERIMENTAL RESULTS

The behavior of the proposed CM compensation was assessed
through a 5 kW experimental setup, shown in Fig. 12. The con-
verter is connected to a three-wire asymmetric utility distribu-
tion, with 127 V/220 V voltage levels, as shown in Fig. 11. The
dc bus nominal voltage is 380 V, hence, in order to satisty (15),
the minimum dc link voltage should be 560 V. A 600 V 4+ 2%
dc link was chosen for this prototype. The switching frequency
was set as 15.36 kHz. The DM and floating CM filter values
are given in Table III, where the cut-off frequency of the float-
ing filter was calculated to provide a 50 dB attenuation at the
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switching frequency. The system transfer functions are the same
as the ones previously shown in Fig. 8.

Fig. 13 shows the measured utility line voltage and the CM
voltage at the dc bus. The CM voltage amplitude is 65.4 Vrms,
about half the utility phase voltage, and a 90° displacement
can be seen between it and the grid line voltage. As previously
discussed, the CM voltage should exhibit a 7 /3 displacement
in relation to the grid phase voltage in a three-wire asymmetric
system; therefore, in relation to the line voltage, an extra 7/6
displacement is introduced, resulting in a 7 /2 total displacement
as observed.

A. Response to the Activation of CM Compensation

Fig. 14 shows the behavior of the PCC quantities when the
CM compensation is activated. The BGIC imports 2.4 kW from
the utility with unity power factor. It can be observed that the CM
compensation substantially reduces the CM voltage magnitude
instantly after the beginning of the active CM control. However,
its impact on the grid variables in steady state is unnoticeable.
The spectra of the grid current and CM voltage before and after
the activation of the CM compensation strategy are shown in
Figs. 15 and 16, respectively.

It can be observed that CM compensation has some influence
over the grid current harmonic spectrum. The odd harmonics
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Fig. 16. CM voltage spectrum before and after compensation.

are either unaltered or are slightly decreased after the CM com-
pensation has been activated, whereas the even harmonics are
mostly increased, which raises the current total harmonic dis-
tortion (THD) from 3.03% to 3.63%. However, the individual
harmonics and total harmonic distortion lie below the IEEE 1547
requirements, thus compliance with grid connection standards
is not compromised. The reason for this increase is that a small
60 Hz current is supplied by the BGIC dc side to the dc bus CM
circuit, introducing 60 Hz ripple in the dc link. The interaction
of first and second harmonic ripples in the dc link with the DM
grid current control loop generates residual even harmonics in
the current spectrum. Regarding the CM voltage spectrum, the
original signal exhibits relatively high third and seventh har-
monics, which are related to the available grid voltage in the
laboratory. After the activation of the CM compensation, the
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Fig. 18.  System response to load step. (a) AC grid. (b) DC bus.

CM voltage fundamental component amplitude was attenuated
23.8 dB, from 92.24 to 5.94 V. However, the technique had a
mild effect on the CM voltage harmonic content. This is due
to the fact that the CM control action is derived from the PLL
output signals, which, in this paper, only accounts for the grid
voltage fundamental component. A greater attenuation of the
CM voltage is hampered by voltage measurement accuracy and
errors in the PLL estimation of the grid voltage amplitude. The
CM compensation impact on the dc bus is shown in Fig. 17, for
the same load scenario. It indicates that the dc bus voltage and
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current are also not significantly influenced by the CM active
control.

B. System Response to a Load Step

Fig. 18 shows the behavior of the system during a load step
increase from 50% to 80%. It can be observed that the DM
control was able to regulate the dc bus voltage accordingly and
manage the power exchange between the BGIC and the util-
ity grid, therefore, the feed-forward CM compensation did not
compromise the BGIC operation. On the other hand, the output
power increase and the variation of the grid current and dc bus
voltage were transparent to the compensated CM voltage, show-
ing that the proposed feed-forward compensation is effective in
attenuating the LVdc system CM low-frequency components,
independently on the system operation.

V. CONCLUSION

This paper proposed a PLL-based feed-forward active com-
pensation of CM low-frequency components in LVdc systems.
The technique is not model based, i.e., it does not require pre-
vious knowledge of the LVdc CM path to promote CM voltage
attenuation, and no additional voltage sensor is needed. It relies
on utility voltage and frequency estimations, provided by the
interface converter PLL, to generate a CM control action at the
converter dc bus side that will be able to attenuate the system
CM voltage. Experimental results show that the proposed tech-
nique is able to attenuate the CM voltage in 23 dB with deadbeat
response. The compensation has also shown little interference
with the utility interface converter DM control objectives, i.e.,
grid current control and dc bus regulation. Moreover, the CM
compensation is robust to shifts in the operation point of the
converter.
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