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ABSTRACT This paper proposes a novel primary level controller and coupling LCL filter design method-
ology for microgrid prosumer units The so-called decentralized peer-to-peer-based power flow control
algorithm introduces a power exchange communication link between two contractees, namely a prosumer
unit and any other unit, on the time scales of primary power flow controller. This can be regarded as
feed-forwarding of power flow information between the units in close to real-time in order to attain almost
instant power balancing within the system. When coupled with the conventional voltage and frequency
droop primary control, as presented in the paper, and tested on a simulation model of one radial microgrid
in the off-grid mode of operation, it showed enhanced static and dynamic performance. The study also
investigated adverse influence of the communication link time delay. The paper addressed prosumer units
microgrid voltage-forming role by proposing design and control methodology for the prosumer units’ LCL
coupling filter. To that aim, thorough voltage and current harmonic emission analysis has been conducted,
taking into account realistic span of a microgrid parameters’ values and presence of other units. The study
and the simulation model tests revealed that the limited total voltage harmonic distortion becomes critical
requirement in the off-grid model of operation.

INDEX TERMS Microgrid, peer-to-peer power flow, decentralized control, droop control, limited voltage
and current THD, LCL filter design, active damping.

LIST OF ACRONYMS
PU Prosumer Unit.
V2G Vehicle-to-Grid.
MG Microgrid.
DSO Distribution System Operator.
P2P Peer-to-Peer.
PCC Point-of-Common-Coupling.
DT Distribution Transformer.
EV Electric Vehicle.
PLL Phase-Locked-Loop.
HD Harmonic Distortion.
THD Total Harmonic Distortion.
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DG Distributed Generator.
IoT Internet-of-Things.

I. INTRODUCTION
Recent developments in electric power grids have been
strongly governed by the introduction of large-scale renew-
able power sources and distributed generation units. This
technological drift [1] has yielded a drift in investment policy
where the private initiative has taken the driving seat from
public companies and governments [2]. Now, it is foreseen
that the trend will spread to the level of individual consumers
that would undertake further introduction of renewables and
installation of new grid management capacities [3], such
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as demand-side response, energy storage units, DC energy
distribution, electric vehicle to grid (V2G) services, etc.

In this process, consumers will be transformed into
so-called ‘‘prosumers’’ (producers/consumers). On the power
hardware side, the prosumer unit (PU), shown in the Fig. 1,
interfaces local loads, energy sources, and storage with the
microgrid (MG) or the power grid. The energy storage, usu-
ally coupled to the PU’s DC bus, is indispensable in this
concept.

Naturally, the prosumer expects some privileges for the
investment [2]. To make the grounds for such a scenario, reg-
ulatory bodies, commissions, and governments have brought
directives for the decentralization and liberalization of grid
infrastructure [4]. To date, two distinct grid decentralization
concepts have been scientifically addressed and field-tested
on the pilot systems: distributed peer-to-peer (P2P) power
exchange [5], [6] and the microgrid (MG) concept [7], [8].

The P2P energy exchange deals with the broad scope
of liberalized distribution grid operation aspects, including
topology [9], management [10], process monitoring [11],
and economics. P2P is primarily concerned with on-grid
operation with a central unit (agent) that manages energy
exchange between prosumers. A detailed study how pro-
sumers may track power references coming from P2P
contracts together with hierarchical control in autonomous
microgrids or nanogrids is offered in [12]. Here, the time
scales involved in managing active and reactive power flows
are in the range of minutes [6].

On the other hand, the MG concept is mainly focused
on the islanded mode of operation, where voltage and fre-
quency stability are of primary concern. There are three
main approaches in MG management and control that
directly affect the operation of each prosumer: a) master-slave
approach [13], b) distributed control [14], and c) decentral-
ized control [8], [15]. Although the MG is supposed to be
an autonomous entity of the distribution grid, its internal
organization tends to be centralistic. The reason for that is
the main objective – to divide the total MG loading among
PUs so that their relative power outputs are the same [15].

P2P and MG setups correlate differently with potential
for a seamless transition from the current grid concept and
stability. The P2P approach is muchmore in favor of seamless
transition, as prosumers, the grid, and the DSO would need
to adopt a certain communication infrastructure and interlink
over the few data acquisition and processing centers [11].
On the other hand, the MG concept requires much more than
a fit to the system. It relies on the grid-tie converter at each
prosumers’ site and demanding communication [16], [17],
data acquisition, and data processing layers [18].

Regarding stability, the MG provides superior characteris-
tics. MG voltage and frequency are controlled in the presence
of varying energy production and consumption, disturbances
[19], and faults [20]. Also, thanks to the responsiveness of the
grid-tie power electronic converter, MG concept can provide
some extra benefits, like active compensation of nonlinear

FIGURE 1. Prosumer unit setup.

loads current harmonics [21], [22], [23] or unified power
quality conditioning [24]. In [25] the algorithm that mini-
mizes the voltage THD while ensuring a degree of current
harmonic sharing between distributed generators was pro-
posed. The role of the grid-tie converter can be made further
versatile, e.g. by operating it as series active filter to com-
pensate voltage harmonics and enhance MG stability [26].
Such system disturbances, operation fault and power quality
modes are beyond the P2P control bandwidth. Generally, P2P
systems, implemented on both smaller and wider scales, rely
on the grid’s stiffness and stability.

Motivated by the advantages and disadvantages of the P2P
and MG solutions, and intrigued by the rough technolog-
ical partition between them, this paper proposes a novel -
decentralized P2P-based power flow control MG concept.
It belongs to the class of decentralized MG concepts, which
incorporates almost real-time P2P power exchange between
any of the units. The real-time P2P power transfer is attained
by coupling energy trading, the communication layer, and the
PU’s controllable energy conversion. The role of the commu-
nication layer is to direct power flow from the sourcing point
to the syncing point. For example, if two parties have agreed
to exchange a certain amount of power at a given period
of time, the sourcing party would increase its power pro-
duction while the sinking party would simultaneously start
consuming the same amount of power. With such capacity to
provide dynamic energy balance in the MG system, trading
and communication layers are becoming a major stabilization
medium.

The second goal of the paper is to introduce design proce-
dure for the LCL coupling filter and its control that would
provide the required energy interface between the PU and
the MG in the on-grid and off-grid modes of operation.
Namely, existing LCL filter design methodologies and test-
ing procedures cover solely the converter’s on-grid mode of
operation [27], [28], [29]. However, in the off-grid mode,
the MG connection requirements are not established, and
many details, regarding converter interaction with the MG
environment are still missing. The paper proposes solution
based on the current and voltage harmonic distortion analysis
of the system, which covers edge-cases regarding the number
of PUs, different types of loads and MG parameters in the
span of expected values. The analysis has shown that LCL
filter design procedure has to be complemented with the
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requirement to attain limited total voltage harmonic distortion
as the critical criterion in the off-grid mode of operation.

II. DECENTRALIZED P2P BASED POWER FLOW PRIMARY
CONTROL
The microgrid containing PUs, has been anticipated in this
paper with the presumption of the seamless transition from
the classical distribution network [7]. As shown in Fig. 2, the
MG is a part of the classical distribution network. It con-
sists of one or several radial distribution lines, i.e. feeders
streaming from the same distribution transformer’s (DT’s)
busbar, which has a common circuit breaker enabling the
MG’s connection and disconnection from the rest of the
distribution grid and the distribution transformer. The number
of feeders, the MG’s voltage level and its structure depend on
the type of network (city or rural), the number and type of
consumers (residential, commercial, or industrial), and their
spatial distribution. It is also assumed that the MG would
retain the radial structure in both the on-grid and off-grid
modes of operation, being the state in the vast majority of
cases.

The control methodology of the PU should bear the same
presumption of seamless transition and scalability. The seam-
less transition requires that PU should host uncontrollable
loads, intermittent renewable energy sources, different stor-
age units, EV chargers, and others. The PU should support
the stability of the MG’s service. From the scalability point
of view, the introduction of a new PU should not require
a significant increase in the management effort (measured
in the computation and/or communication load) from any
existing grid unit or other elements of the infrastructure.

A possible solution to this problem is the introduction of
peer-to-peer (P2P) energy exchange on the MG level and its
coupling with the primary (power flow) control task utilizing
the communication layer. In this paper, the concept is referred
to as ‘‘decentralized P2P based power flow control’’.

There are three possible power-exchanging options
between different units that can communicate their power
throughput. In the first case, the contractees are two PUs.
The power is routed from one PU to another. Here, one
of them is communicating the power reference values and
corresponding timestamps (time identifiers of the power
references’ changes).

In the second case, the power is routed from the PU to
an uncontrollable load that has instantaneous power con-
sumption measurement with access to the communication
link. Here the communicated power consumption becomes
power reference for the PU. The timestamping is not possible
in this case. The third case is similar to the second case,
with the opposite power flow: an intermittent power source
feeds power to the PU. In order for the second and third
case to be materialized, it is required that the communica-
tion should be carried out in sufficiently small time samples
and small latency so that the PU’s power intake follows in
close-to-real-time intermittent source’s power output. This
way the P2P power-exchange communication can accomplish

FIGURE 2. An example of the microgrid layout.

the feed-forwarding effect to the power flow control. Such
approach has a huge positive consequence by means that the
perturbations in the generation and consumption are no more
interruptions to the system but have become control variables.

The PU’s primary control study presented in this paper is
focused on the MG islanded mode of operation. To make the
control objective relatively easy to perceive, the MG power
lines were considered predominantly inductive, Xm > Rm
(Xm – line reactance, Rm – line resistance). This leads to a
relatively clear dependency between the established power
flows and grid variables, where the active power flow mainly
affects the grid frequency, whereas the reactive power flow
principally influences the grid voltage [18].

There are two control actions for the primary controller to
carry out simultaneously: 1) to execute bilateral agreement(s)
with the other PUs and uncontrollable loads in the close-to-
real-time and 2) to participate in the MG system voltage and
frequency regulation to their prescribed levels. The fact that
the fulfillment of the first task may make the grid variables
go out of the bounds in a steady-state and in transitional
periods, for example, because of the voltage drop on the line
impedances, the communication time delays, etc., indicate
that the two actions are intrinsically coupled and should act
cooperatively. In addition, there may exist some other sources
of MG disturbances, such as controllable or uncontrollable
units that do not participate in P2P power flow control, units
that do not fulfill their contracts at a particular time (referred
to as the disrupting units), etc. PUs need to tackle these
disturbances in a controllable manner.

The solution suggested in this paper is an extension of
the conventional droop control technique [15]. It includes the
control of the PU’s output angular frequency, ω, with respect
to its instantaneous active power output, p, in the form

ω = ωN + Kω ·

(
p−

PN
2

− pPP

)
+ dω, (1)

and the control of the PCC voltage magnitude U with respect
to its instantaneous reactive power output, q:

U = UN + Ku · (q− qPP) + dU . (2)

The extension includes two new terms in (1) and (2): peer-
to-peer contracted instantaneous active power (pPP) and
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peer-to-peer contracted instantaneous reactive power (qPP).
The other parameters in (1) and (2) are: ωN is the nominal
grid frequency (e.g., ωN = 314 rad/s), PN is the PU’s rated
active power, Kω is the p-ω droop control gain, dω is the
corrective frequency term issued by the secondary controller,
UN is the nominal grid voltage (here UN = 3,3 kV), Ku is the
q-u droop control gain, and dU is the corrective voltage term
issued by the secondary controller. The principal advantage
of such extensions is that they foster peer-to-peer power
flows exclusively between the contractees. Since the infor-
mation about required amount of active and reactive power
is feed-forwarded between a consumer and a producer, the
process of power exchange should have significantly smaller
impact on the system’s stability as tests in Chapter V will
demonstrate.

In the form of the control characteristics, expressions (1)
and (2) are shown in Fig. 3.a and Fig. 3.b, respectively. The
control parameterKω determines the slope of the p–ω charac-
teristic and Ku determines the slope of the q-u characteristic,
which are set as follows:

Kω = −
1ωN

PN
; Ku = −

1UN
QN

(3)

where1ωN is the nominal angular frequency deviation range
(e.g., 2%· of 314 rad/s) and 1UN is the nominal grid voltage
deviation range (e.g., 20%· of 3.3 kV).

The implementation of the given control law within the
PU’s primary controller includes the following steps (see
Fig. 4.a and 4.b):

• calculation of the PU’s output voltage phase angle θ :

θ =

∫ t

0
ω · dt + θPLL(t=0), (4)

where θPLL(t=0) is the phase angle of the PCC voltage
detected by the phase-locked loop (PLL) block at the moment
of the PU synchronization to the MG (t = 0)

• calculation of the primary controller output voltagemag-
nitude, UP:

UP = KPu · eu + KIu ·

∫ t

0
eu · dτ + UPLL(t=0),

eu = U − UPLL (5)

where KPu is the proportional gain, KIu is the integral gain
of the PI controller that adjust the UP to compensate for the
voltage drop on the LCL coupling filter; eu is the difference
between the reference value of the PCC voltage magnitude,
U , and the magnitude of the PCC voltage detected by the
PLL, UPLL ; UPLL(t=0) is the value of UPLL at the moment
of synchronization.

• the transformation of the three-phase voltage signal
UP ̸ θ into dq synchronous reference frame oriented sig-
nals uPd and uPq, based on the angle θPLL . The obtained
signals are finally added to the coupling filter active
damping components uAd and uAq to form the output
voltage of the PU, ui (see Fig. 7).

FIGURE 3. Droop control: a) p–ω characteristic, b) q–u characteristic.

Without peer-to-peer terms, pPP and qPP, expressions (1),
(2), and (3) would constitute the conventional droop con-
troller (characteristics denoted ‘‘1’’ in Fig. 3.a and Fig. 3.b,
respectively). It is expected that the conventional part of the
proposed droop control law would effectively suppress the
interfering instances in the MG system, such as ( [8], [18]):

• deviations of the steady-state voltage magnitudes along
the MG line, where in conjunction with the secondary
control (via dU term), it would make PUs cooperatively
contribute to the regulation of the PCC voltage to the
nominal level.

• deviations of the MG frequency from the nominal value,
where in conjunction with the secondary control (via
dω term), it would make PUs cooperatively restore the
frequency to the nominal value.

• the delay in communication between the contractees,
volatile power consumption of the uncontrollable loads,
volatile power generation of the renewable energy gen-
eration and volatile consumption and generation of the
disrupting units, which would be dealt with by all neigh-
boring PUs cooperative reaction.

It should be noted, that the PU’s power capacity assigned
to the conventional droop control come at the expense of the
reduced power trading prospects. However, in the case of
communication link disruptions, or even its complete failure,
the proposed control strategy reduces to conventional droop
control when it keeps providing uninterrupted operation of
all individual units without any jeopardy with respect to the
stability of the MG.
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FIGURE 4. Prosumer unit: a) control structure and b) power stage with LCL filter.

The introduction of the peer-to-peer contracted instan-
taneous active and reactive power terms, pPP and qPP in
Expressions (1) and (2), should produce corresponding power
flows exclusively between the contractees. The pPP and qPP
terms shift droop characteristics horizontally, as shown in
Fig. 3. The characteristics denoted ‘‘2’’ correspond to a PU
bound to deliver the contracted active power (pPP > 0)
i.e. reactive power (qPP > 0) and characteristics denoted
‘‘3’’ correspond to the PU bound to receive the active power
(pPP < 0) or the reactive power (qPP < 0). Followed by
almost simultaneous changes in the active and/or reactive
power at the contractees’ power nods, corresponding assign-
ments of pPP and qPP have the following implications on
the MG steady-state and transitional periods (regarding the
implementation of expressions (4) and (5)):

• The new steady-state angular frequency, ω, will remain
at the previous level because the active power throughput
of the other PUs (other than those two that are exchang-
ing pPP) will remain unaltered (ω1=ω2 in Fig. 3.a).

• At the start of the transitional period after pPP > 0 step
change, ω of the grid-tie converter output frequency will
jump from ω1 to ωA and then slide down the slope of

the p-ω characteristic back to ω2=ω1 (as indicated in
Fig. 3.a). The integral of the transition in ω (see Expres-
sion (4)) will eventually provide a new value of the
PU’s power angle (the angular difference between the
PU voltage and the PCC voltage.

• the new steady-state voltage level at the PCC will
remain at the previous level because the reactive power
throughput of other PUs (other than those two that
are exchanging qPP) will remain unaltered (U1=U2 in
Fig. 3.b).

• At the start of the transitional period after qPP > 0 step
change, the reference value of the PU’s output voltage,
U , will jump from U1 to UA and then slide down the
slope of the q-u characteristic back to U2=U1 (as indi-
cated in Fig. 3.b). The integral of the transition in U
(see Expression (5)) will eventually provide a new value
of the PU’s output voltage, uP, corresponding to the set
value of qPP and the voltage drop across the coupling
filter inductance.

• The responses for negative values of the contracted pow-
ers (pPP < 0 and qPP < 0) are analogous. The feature of
acquiring the amount of active and/or reactive power is
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the compulsory feature of PUs, something that does not
exist with conventional distribution generation units.

The core of the proposed control algorithm is essentially
a coupling of conventional droop control and feed-forward
action. It is a well-known fact that feed-forward control
signals, if they are external to the control-loop, do not
affect stability of linear control systems. Intuitively, the same
holds for mildly non-linear systems and even mutualy cou-
pled feed-forward actions operating on significantly slower
time-scale. Consequently, the stability of the microgrid will
be determined by the droop stability. Relationship between
droop parameters, system parameters and stability margins
can be identified, using qualitative analysis and small-signal
techniques [30].

Although the communication layer was not in the focus of
this study, its scalability will be briefly discussed here. One of
the crucial features of the P2P framework is that communica-
tion load of any of the incorporated units is independent of the
total number of units. It is because the number of the contracts
that it makes, does not increase with the increase of actual
size of the MG. Also, the total communicated data traffic
growswith less than linear scale because the coordination and
communication overhead is limited by the outdegree of the
communication graph, which is equal to the maximal number
of bilateral contracts that an individual prosumer may have
[31]. This is in a contrast with centralized and distributed
MG setups where either central unit data loading increases
linearly or each unit’s data loading increases linearly.

Another critical feature of the system is the communication
latency. There are already solutions that can answer to the
highest requirements. Namely, according to the 5G network
- 3GPP standardization body [32], it is required that mission-
critical services, such as factory automation and autonomous
driving, are provided with Radio Access Networks that guar-
anty latency lower than 10 ms measured at application layer
with data bit rates of tens of Mbps. This Ultra Reliable Low
Latency Communication (URLLC) is the key feature of 5G.

III. PROSUMER UNIT’S INTERFACE FOR LIMITED
VOLTAGE HARMONICS DISTORTION
PU’s interface is to be designed based on the voltage har-
monic distortion limit that the PU may generate at the PCC
and neighboring MG nodes. Namely, while PUs are sinking
or sourcing current in the on-grid mode and should therefore
adhere to the current distortion limitations, PUs form the MG
voltage in the off-grid mode and are therefore responsible
for its quality. In the surrounding MG, especially in off-grid
operation, utilization of the high-order filters, LC or LCL,
is necessity because the sinusoidal output voltage is required.
However, only the LCL filter provides the required decou-
pling toward the neighboring units (that could be connected
at the same PCC or in its vicinity), and lowers current and
voltage control sensitivity to the variations in the equivalent
grid impedance due to the changes in the MG topology and
the number and type of the connected loads and sources.

FIGURE 5. LCL coupling filter.

A. DESIGN OF THE COUPLING LCL FILTER
Following the previously noted, the process of designing filter
parameters (Fig. 5) is governed by threemain objectives: 1) to
provide the grid current high-order harmonics attenuation in
the on-grid mode; 2) to limit the voltage distortion at the PCC
below the limit values and 3) to attain the maximal dynamic
responsiveness of the filter.

The third objective directs the selection of the inductances,
Li and Lg, and capacitance, Cf , toward the lowest energy
storage individually and cumulatively so that the control of
their states requires the lowest control effort. Accordingly,
Li, Lg, and Cf , values should be set as minimal as possible,
and their corresponding energies, given in (6), should be
approximately equal.

ELi=
1
2

· Li · I2n ,ELg=
1
2

· Lg · I2n ,ECf =
1
2

· Cf · U2
Pn (6)

It follows that the total inductance should be equally split
between Li and Lg, that is, Li = Lg. Arguably, this is the
most common approach in practice as it provides for the
minimal total inductance, minimal voltage drop, highest
dynamical performance, minimal required capacitance, and
minimal reactive power consumption [27], [28]. This condi-
tion together with the set of expressions (6) determines the
relation between the inductances’ and Cf values.
The first and second design objectives are incorporated

in an iterative two-step process. In the first step, the filter’s
cut-off frequency has to be chosen. Considering introductory
discussion on limited voltage and current harmonics’ distor-
tion, there are actually two resonant frequencies to be chosen:
resonant frequency of voltage output – to – voltage input
transfer function, Um(jω)/Ui(jω), designated by ωU_res, and
resonant frequency of current output – to – voltage input
transfer function, Im(jω)/Ui(jω), designated by ωI_res. The
first one, ωU_res – in further text called voltage cut-off fre-
quency, is calculated when the filter output is in disconnected
state (with switch opened in Fig. 5):

ωU−res =

√
1

Li · Cf
. (7)

The second one, ωI_res – in further text referred as cur-
rent cut-off frequency, is calculated when the filter output
is in the short-circuit state. This corresponds to the on-grid
state of the PU, i.e. when high-order current harmonics are
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short-circuited through the mains voltage:

ωI−res =

√
Li + Lg

Li · Cf · Lg
. (8)

Although, both expressions (7) and (8), neglect influence of
theMG line parameters and are approximate, the further anal-
ysis of the voltage and current harmonics will show that given
filter output states, namely, open-circuit and on-grid, are the
most critical cases, respectively. Considering the choice Li =
Lg = L, expressions (7) and (8) become:

ωI−res =

√
2

L · Cf
=

√
2 · ωU−res. (9)

Probing for the appropriate value of ωI_res should start from
its highest limit value, which is ωsw/2 [27].

In the second step, high-order current and voltage
harmonic attenuation are determined and evaluated for com-
pliance with a given harmonic distortion standard. The
procedure is completed when, for the obtained LCL param-
eters, the high-order current and voltage harmonic distortion
fall below the requested levels.

In the on-grid mode, the power quality standards set the
maximal current distortion level (HDI). For example, accord-
ing to IEEE 519-2014, in a relatively weak distribution grid
with ISC/IN < 20 (where IN is the nominal PU current and
ISC is the short-circuit current at the PCC), the high-order
harmonic current distortion for h ≥ 35 (where h is the order
of the harmonic) is limited to 0.3% IN . However, there are no
corresponding norms for assessing the influence of PU on the
MG in the off-grid mode [33], [34].
Here, the task of the coupling filter is to attenuate voltage

high-order switching harmonics so that the total harmonic
voltage distortion (THDU) at each MG node is inside pre-
scribed limits. The influence of one PU can be determined by
comparing its Thevenin equivalent, including the equivalent
voltage, Ut , and impedance, Zt , as given in Equation (10),
to the equivalent impedance of the rest of MG (Fig. 6).

U t =
ZCf

ZCf +ZLi
· U i =

1
1−ω2·Li·Cf

· U i

Z t = ZLg +
ZCf ·ZLi
ZCf +ZLi

= jω ·
Li+Lg−ω2

·Li·Lg·Cf
1−ω2·Li·Cf

(10)

whereUi is the grid-tie converter output voltage, ZLi = jω·Li,
ZLg = jω · Lg, ZCf =

(
jω · Cf

)−1.
As perceived from the PU side of the PCC, the MG setup

can span the following three forms:
• MG setup featuring the pronounced presence of neigh-
boring PUs or other units that have a grid-tie converter
at its front end (e.g., DGs, active front-end motor drives,
STATCOMs). In the following, it is referred to as ‘‘active
PCC. ’’

• MG setup in which the PCC’s neighboring area of
concern hosts only passive loads (different heaters,
ACmotors, and incandescent lighting). In the following,
it is referred to as ‘‘passive PCC. ’’

FIGURE 6. Two high-frequency harmonic models of the MG from the PU
perspective: a) active PCC, b) passive PCC.

• MGsetup hosting the pronounced presence of loads with
a diode rectifier and a filter DC capacitor at their main
inputs. In the following, it is referred to as ‘‘rectifiers’
PCC’.

At the active PCC, neighboring units add a level of harmonic
voltage distortion to the observed PCC increasing the level of
the total voltage distortion. Their influence depends on their
output voltage harmonic spectrum and the distance from the
PCC. To ensure that the total voltage distortion limit value is
not exceeded regardless of the number of units, the following
critical conditions need to be considered:
1. Each unit must adhere to the universal power quality

standard regarding the individual voltage distortion.
2. The most critical MG parameters need to be considered,

causing maximal voltage distortion in the grid nodes.
3. The possible harmonic cancelation between the units will

be ruled out.
The first condition indicates that the filtering capacities of
each unit’s coupling filter are quite similar and, correspond-
ingly, that their Thevenin impedances are comparable (note
that the Thevenin impedances of the LCL filters designed
in [27], [28], and [29] differ by less than 20%). The second
critical condition concerns the spatial distribution of the units
along the radial MG line (Fig. 6.a), that is, the distribution of
the line impedances Zm between neighboring PCCs. There are
two opposite cases to be considered: a) the units are closely
connected, meaning Zm1 ≈ ZmI ≈ Zm2 ≈ ZmII ≈. . .≈
Zm ≈0, and b) the units are equally distributed along the weak
MG line Zm1 ≈ ZmI ≈ Zm2 ≈ ZmII ≈. . .≈ Zm. The maximal
value of Zm, in all practical cases [8], does not exceed ZLg and,
correspondingly, Zt . (It should be noted that Lg dominates Zt
in (10) as Cf essentially bypasses Zi at frequencies around
and above fsw, that is, Zt ≈j·ω·Lg.) Therefore, to maximize
Zm influence, Zm would be overrated and set equal to Zt ,
that is, Zm1 = ZmI = Zm2 = ZmII=. . .=Zm = Zt .
Finally, according to the third condition, the THDU at each
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of the PCCs has to be calculated as the cumulative impact
of all PU harmonic components, Ut(h). This gives way to the
superposition of individual harmonic voltage components,
Ut(h), Ut1(h), UtI (h), Ut2(h), UtII (h),. . . as indicated in Fig.6.a).
Based on the PUs’ Thevenin equivalents (Ut and Zt ) and
MG equivalent impedances at particular nodes, the individual
harmonic voltages can be calculated along the line, Um(h),
Um1(h), UmI (h), Um2(h), UmII (h),. . . considering that the order
of harmonics, h, is different for all PUs, i.e. their switching
frequencies are not synchronized.
Case 1: THDU at active PCC with Zm=0
Having N units connected in the common PCC, each

Thevenin voltage harmonic component, Ut(h), translates into
Um(h) as follows:∣∣∣Um(h)

∣∣∣ =
1

N + 1
·

∣∣∣U t(h)

∣∣∣ (11)

The corresponding THDU amounts to:

THDU =
1

(N + 1) · U1

√√√√√√√√
∑
h

∣∣∣Um(h)

∣∣∣2 +

∑
h

∣∣∣Um1(h)

∣∣∣2 +∑
h

∣∣∣UmI (h)

∣∣∣2 + . . .

<
1

(N+1)·U1
·

∑N

x=1

√∑
h

∣∣∣Umx(h)

∣∣∣2≈THDUavg

(12)

It follows that the THDU at the givenMG section corresponds
to the THDU of an average PU, THDUavg, that is, the THDU
in the MG node will be limited to the designated value if the
Thevenin voltage distortion of each PU is limited accordingly.
Case 2: THDU at active PCC with Zm= Zt
With N units connected to each side of the observed PCC,

the Thevenin voltage harmonic component, Ut(h), translates
into the neighboring nodes (m, m1, mI, m2, mII, . . .mN) as
follows:∣∣∣Um(h)

∣∣∣ =
1 + KN
3 + KN

·

∣∣∣U t(h)

∣∣∣ ,∣∣∣Um1(h)

∣∣∣ =

∣∣∣UmI (h)

∣∣∣ =
KN

1 + KN
·

∣∣∣Um(h)

∣∣∣∣∣∣Um2(h)

∣∣∣ =

∣∣∣UmI (h)

∣∣∣ =
KN−1

1 + KN−1
·

∣∣∣Um1(h)

∣∣∣ , . . . ,∣∣∣UmK (h)

∣∣∣ =

∣∣∣Umk(h)

∣∣∣ =
K(N−k+1)

1 + K(N−k+1)
·

∣∣∣Um(k−1)(h)

∣∣∣ , . . . ,∣∣∣UmN (h)

∣∣∣ =

∣∣∣Umn(h)

∣∣∣ =
K1

1 + K1
·

∣∣∣Um(N−1)(h)

∣∣∣ (13)

where Ki is:

Ki =
Ai · i− Ci
Bi · i− Di

, (14)

and coefficients Ai, Bi, Ci, and Di can be calculated algorith-
mically as

Ai = Ai−1 + Bi−1;A1 = 1

Bi = Ai + Bi−1;B1 = 1

Ci = Ai + Ci−1 + Di−1;C1 = 0

Di = Ci + Bi−1 + Di−1;D1 = −1. (15)

It happens that Ai and Bi are elements of Fibonacci sequence
and as such they can be calculated explicitly:

Ai = Fib(2 · i− 3),Bi = Fib(2 · i− 2), (16)

where Fib (j) =
ϕj−(−ϕ)−j

√
5

, ϕ =
1+

√
5

2 . The obtained row of

the voltage magnitudes shows a steeply growing attenuation
of the harmonic source voltage Ut as moving downstream
from the origin:∣∣∣Um(h)

∣∣∣ = 0.447 ·

∣∣∣U t(h)

∣∣∣ , ∣∣∣Um1(h)

∣∣∣ = 0.171 ·

∣∣∣U t(h)

∣∣∣ ,∣∣∣Um2(h)

∣∣∣ = 0.065 ·

∣∣∣U t(h)

∣∣∣ , ∣∣∣Um3(h)

∣∣∣ = 0.025 ·

∣∣∣U t(h)

∣∣∣ ,∣∣∣Um4(h)

∣∣∣ = 0.010 ·

∣∣∣U t(h)

∣∣∣ , . . . (17)

It should be noted that attenuation values do not depend
on harmonic frequency. Still, the Thevenin voltage, Ut ,
decreases with a quadratic function of ω, as obtained with
(10). According to (17), the THDU in the PCC should con-
sider up to three neighboring nodes on both sides of the PCC:

THDU

=
1
U1

·

√√√√√√√√√
0.4472 ·

∑
h

∣∣∣Um(h)

∣∣∣2+2·0.1712 ·
∑

h

∣∣∣Um1(h)

∣∣∣2
+ 2 · 0.0652 ·

∑
h

∣∣∣Um2(h)

∣∣∣2 +

+ 2 · 0.0252 ·
∑

h

∣∣∣Um3(h)

∣∣∣2
≈ 0.52 · THDUavg (18)

where THDUavg corresponds to the THDU of an average PU.
Based on (12) and (18) and the linearity of the active PCC

circuit shown in Fig. 6.a, the important conclusion is that for
any realistic ratio of the distribution line impedances, Zm,
to the PU’s Thevenin impedance Zt , the THDU in any of
the grid nodes would not exceed the THDU of any of the
neighboring PUs in their disconnected state.
Case 3: THDU at passive PCC
Figure 6.b. shows a PU facing passive loads in the neigh-

boring nodes, i.e. passive PCC. Although each of the passive
loads is modeled by the impedances, ZLi, it should be noted
that it may comprise a voltage source at the MG frequency,
ω ≈ ωN , (e.g. induced electromagnetic forces). However,
this voltage source appears as the zero voltage source in
the high-frequency harmonic model. Line impedances, Zmi,
and load impedances, ZLi, together make the PCC equivalent
impedance, Zeq, that, with the Thevenin impedance, Zt , form
the PU’s Thevenin voltage divider:

Um(h) =
Z eq

Z t + Z eq
· U t(h). (19)

Only the predominantly inductive Zeq forms the voltage
divider with Zt , because Zt has inductive character according
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to (10) and Zt ≈j·ω·Lg for ω ≥ ωsw:

Um(h) ≈
jωLeq

jωLg + jωLeq
· U t(h) =

Leq
Lg + Leq

· U t(h). (20)

According to (20), the highest THDU is obtained at light
loading [35], that is, Leq ≫ Lg. This leads to Um(h) ≈ U t(h)
and THDU≈THDUavg. It should be noted that the THDU in
the light loading condition corresponds to the THDU of the
PU output voltage in its disconnected state (with the switch
opened in Fig. 5).

A similar impact has a resistive Zeq (Zeq = Req). The
combination of the resistance and reactance Lg produces
a somewhat nonlinear voltage division function at (19);
however, concerning the THDU, their critical ratio corre-
sponds to the light loading condition, Req ≫ |j·ω·Lg|,
leading to THDU≈THDUavg. The predominantly capacitive
Zeq (Zeq ≈1/j·ω·Ceq) forms an additional voltage filtering
branch, further reducing the high-order harmonics Um(h):

Um(h) ≈
1

1 − ω2 · Lg · Ceq
· U t(h). (21)

Therefore, the capacitive Zeq leads to the comparatively low-
est THDU.
Case 4: THDU at rectifiers’ PCC
The harmonic model of the rectifier with the filter DC

capacitor consists of shunt-connected low-order harmonic
current sources at h = 5, 7, 11, . . . Injecting the current
distortion, these loads would, from their side, cause the har-
monic voltage distortion only if neighboring PUs are not
capable of sinking these currents, i.e behaving as active filters
(e.g. [36]). The active filtering capabilities of a PU do not
directly impact the design requirements of the coupling filter
because there should be a fair frequency gap between the
corresponding frequency bands. Therefore, in the range of
the switching frequency spectrum, a load with a rectifier at
the input terminals appears as an open circuit. Therefore,
from the perspective of the PU’s coupling filter performance,
this type of load does not have an impact on Um(h), that is,
Um(h) ≈ U t(h), nor on the THDU, that is, THDU≈THDUavg.
Based on the presented study using terminal MG harmonic

models, the PU’s THDU performance facing a generic mix-
ture of the active and passive elements at the PCC can be
estimated as follows:

• The presence of passive elements among the active ele-
ments favorably affects the THDU in two aspects: the
passive elements lower Zeq and they do not introduce
additional voltage distortion.

• The presence of the active elements among the passives
favorably affects the THDU: although they introduce
harmonic distortion, by lowering Zeq, active elements
move the PCC away from the light-loading condition,
which is critical in the predominantly passive PCC.

• The presence of loads with the rectifier at its inputs does
not affect the THDU at the PCC.

Finally, it can be concluded that the THDU in each MG node
will be limited according to a standard if each PU in the

disconnected state generates the THDU below the given limit
value.

B. CORRELATION BETWEEN PI’S THDU AND THDI
PERFORMANCE
Unlike THDU which is comparatively maximal in discon-
nected state of a PU, i.e. when switch from Fig. 5 is opened,
THDI is maximal when there is a sort of a short-circuit
for LCL filter’s high-order harmonics at PCC. The closest
situation to that is in the on-grid mode of MG when the grid
behaves as a voltage source at the fundamental frequency but
as a short-circuit for higher current harmonic components.
Neglecting the MG line impedance and the impedance of
the grid itself, maximal harmonic currents’ magnitudes are
obtained as: ∣∣I(h)∣∣ =

1∣∣Zt(h)∣∣ ·
∣∣Ut(h)∣∣ . (22)

It can be seen that current harmonics’ attenuation is higher
than the voltage harmonics’ attenuation by the factor of∣∣Zt(h)∣∣ / ∣∣Zt(1)∣∣. Correspondingly, the ratio between individual
current harmonic distortion, HDI(h), and individual voltage
harmonic distortion, HDU(h), meets the following:

HDI(h) =

∣∣Zt(1)∣∣∣∣Zt(h)∣∣ · HDU(h). (23)

To determine the approximate rating of this factor, based
on (10),

∣∣Zt(h)∣∣ can be expressed as:

Z t(h) = j · 2 · h · ω1 · L ·

1 − h2 ·
ω2
1

ω2
I_res

1 − 2 · h2 ·
ω2
1

ω2
I_res

, (24)

where, according to the first design objective, Li = Lg = L,
according to (7) is ωI_res =

√
2/(Cf · L), and ω = h · ω1.

Employing any of the PWM schemes for output voltage gen-
eration, high-order harmonic spectrum is always dominated
by switching harmonics around ωsw, 2·ωsw, 3·ωsw, . . . , etc.
At corresponding frequencies, their order in the spectrum,
h, is higher than ωI_res/ω1 by more than two times (usually
ωI_res = ωSW /(2 ÷ 4)). Hence, the particle in (24) can
be approximated by 1/2 (for ωI_res = ωSW /2 it is 3/7; for
ωI_res = ωSW /3 it is 8/17, etc.) giving:

Z t(h) ≈ j · h · ω1 · L, (25)

On the other hand, for h=1 and acknowledging that
ωI_res≫ω1:

Z t(1) ≈ j · 2 · ω1 · L, (26)

Therefore, for the harmonic spectrum caused by the converter
switching, HDI(h) to HDU(h) ratio is approximately equal to:

HDI(h) ≈
2
h

· HDU(h) (27)

This indicates that for a PU having LCL filter as interface
towards the MG, THDU demands in the off-grid mode are
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much more critical to fulfill then THDI demands in the
on-grid mode. THDI performance in the MGs’ off-grid
mode has not be analyzed analytically here. Still, com-
paratively higher total impedance of the combined PUs
and/or other loads inside the MG itself, would produce
even higher current harmonics’ attenuation in comparison
to the THDI in on-grid mode. The simulation results given
in the next section clearly confirm the conclusions of this
study.

C. EXAMPLE OF THE LCL COUPLING FILTER DESIGN
The MG nominal voltage, UN , and nominal angular fre-
quency, ωN , are given in Table 1. The PU’s nominal apparent
power, SN , and the switching frequency fSW correspond to
the prosumer unit PU1 given in Tables 1 and 2, respectively.
The initial probing value for the coupling filter voltage cut-off
frequency is fU_res = 2,6 kHz. The value provides, on one
hand, enough distance from the switching frequency, fSW ,
and, on the other hand, leaves enough room for the primary
controller to attain a high dynamical response. Adding the
objective of having equal energy flows through the filter
inductances and capacitance, the following filter parameters
are obtained: Li=Lg=1,5 mH and Cf =4,7 µF; (according to
(6): ELi=ELg=8,3 J, ECf =8,5 J).
According to the presented analysis, the THDU is mea-

sured at the PU terminals in its disconnected state. The
recorded value of 1.3% is well below the IEEE 519-2014
standard THDU limit of 5%. Therefore, no additional iter-
ations (that would assume lower fU_res) are required in the
given example. Verification of the obtained PU performance
regarding the THDU is done by micro-grid simulation in the
off-grid mode and presented in Chapter IV.

To confirm the findings of THDU vs THDI analysis, the
individual current harmonic distortion (HDI), that corre-
sponding PU injects into the PCC, was tracked in the on-grid
mode of operation. The fundamental current harmonic, I(1),
was set to the nominal value (105 [ARMS ]). The measurement
results show the predominance of switching frequency side-
bands amounting toHDI(200)=0.055%. TheHDI level is well
below the limit of 0.3% set by IEEE 519-2014.

D. ACTIVE DAMPING CONTROL OF THE COUPLING FILTER
The design of the LCL filter is tightly linked to the task of
attaining the needed level of stability, that is, the damping
of its inherent resonance. There are two approaches to filter
damping: passive approach and active approach, where active
damping is usually preferred owing to the efficiency issues of
the passive concept. Active damping can be implemented by
the grid-tie converter utilizing a dedicated control algorithm,
which may be hardware-backed by including additional sen-
sors of inductors currents and/or capacitor voltages. The
active damping algorithm has to tackle possible changes in
the grid parameters and grid topology and possible influence
of the neighboring units. It should be noted that all these
unknowns are pronounced in the MG environment. There
is almost a direct correlation between the active damping

susceptibility to these influences and the number of measured
system variables. The simplest sensory setup includes mea-
surements of the currents of the converter-side inductances
and grid voltages. Here, active damping can be achieved
by sophisticated tuning of the grid-tie converter’s modula-
tion signals [37]. Solutions aiming at higher robustness are
supplemented by the measurements and control of the other
filter state variables: in [29], the filter capacitor voltages are
measured and used to form the lead-leg inner control loop;
in [28], capacitor currents are used in combination with the
lead-lag compensator; in [38], the grid currents are measured
to apply the virtual damping resistor concept, in [39] the high
active damping robustness is retained even under the con-
siderable variations in the filter parameters utilizing the grid
current measurement and the application of the multiple-
input-multiple-output (MIMO) controller, in [40] all state
variables are measured, including the converter-side and grid-
side inductances’ currents and capacitors’ voltages, to form
the state-feedback compensator and thus attain the stability
margin and, simultaneously, the current limitation even under
transients and faults. It is possible to estimate some of the con-
trol variables by employing a state estimator (e.g., Kalman
filter [34]) and thus relax the filter hardware from some of
the measurements.

This study considers the most generic approach in which
all filter state variables are measured. It has served as a basis
for the active damping algorithm design that provides the
maximal dynamical performance and thus decouples it as
much as possible from the other control objectives and the
MG system dynamics, making the wide-scale system analysis
easier to perceive and interpret. Here, the MIMO controller
was employed and its parameters were designed to: 1. attain
active damping, and 2. attain flawless synchronization of the
PU to the PCC voltage.

Expression (28) is a state-space representation of the math-
ematical model of the LCL filter from Fig. 5, expressed in
grid-voltage-oriented dq coordinates. The first three rows
relate the coupling filter state variables, iLi =

[
iLid iLiq

]T ,
uCf =

[
uCfd uCfq

]T , iLg =
[
iLgd iLgq

]T with the converter

output voltage ui =
[
uid uiq

]T and the filter output voltage

ug =
[
ugd ugq

]T ,

d
dt


iLi
uCf
iLg
uS

=



ωg · J −
1
Li

· I 0 0

1
Cf

· I ωg · J −
1
Cf

· I 0

0
1
Lg

· I ωg · J 0

0 I 0 0


·


iLi
uCf
iLg
uS



+


1
Li

· I
0
0
0

 · ui +


0
0

−
1
Lg

· I

−I

 · ug
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= A ·


iLi
uCf
iLg
uS

 + Bi · uiA + Bg · ug, (28)

where I is the identity matrix I =

[
1 0
0 1

]
, J is the

anti-diagonal matrix J =

[
0 1

−1 0

]
and ωg is the grid angular

frequency, and, at the same time, the angular speed of the
dq coordinate system. The fourth row of the equation cor-
responds to the model of the synchronizing error integrator.
As shown in Fig. 7, the synchronizing voltage error (uCf −ug)

integrator adds two extra state variables uS =
[
uSd uSq

]T :
d
dt
uS = uCf − ug. (29)

In the PU disconnected state, the capacitor voltage uCf is
used as an estimate of the PU terminal voltage, which is
valid because iLg=0. After the PU connection, the terminal
voltage becomes equal to ug, acknowledged by bypassing the
integrators’ inputs to zero (controlled by the ‘‘synch’’ signal;
see Fig. 7).

Model (17) has eight characteristic poles: s1÷4 =

±j(ωres ± ωg), s5,6 = ±jωg, s7,8 = 0[rad/s]. The first six
poles, s1÷4 and s5,6, originate from the LCL filter model
that are additionally shifted by terms ±jωg owing to the
transformation from the stationary to the rotational dq frame.
The pole pair, s7,8, originates from two synchronization
integrators.

One of the means to provide the required level of damping
to the system is to add a MIMO compensator:

uiA = −K ·


iLi
uCf
iLg
uS

 , (30)

that forms the feedback control loop based on the state vari-
ables and effectively shifts the location of the closed-loop
system poles deeper into the left half-plane. The obtained
control variable, uiA =

[
uiAd uiAq

]T , must be realized as an
additional PU output voltage component, as shown in Fig. 7,
which provides the active damping effect. The state-feedback
gain matrix, K , is determined such that the eigenvalues of the
closed-loop systemmatrix A-Bi·K correspond to the preferred
pole locations. The algorithm given in [41] accepts the vec-
tor of the preferred pole locations, p, and uses the inherent
additional degree of freedom to minimize the sensitivity of
the closed-loop system to, either, the disturbances, or the
variations in system parameters (in this paper, the form of the
algorithm that seeks the solution with minimal sensitivity to
the variation in system parameters has been implemented).

E. EXAMPLE OF THE ACTIVE DAMPING STATE-FEEDBACK
MATRIX CALCULATION
The filter model, including synchronization error integra-
tors, with parameters given in the design example from the

previous chapter, is characterized by the following set of
poles:

s1,2 = ±j
(
ωres + ωg

)
= 0 ± j17157

rad
s

,

s3,4 = ±j
(
ωres − ωg

)
= 0 ± j16529

rad
s

,

s5,6 = ±jωg = 0 ± j314
rad
s

, s7,8 = 0 ± j0
rad
s

.

Setting the damping time constant for the closed-loop system
poles to 2.5 ms, the new poles’ location becomes:

p1,2 = −400 ± j17157
rad
s

, p3,4 = −400 ± j16529
rad
s

,

p5,6 = −400 ± j314
rad
s

, p7,8 = −400 ± j0
rad
s

After applying the poles’ placement algorithm, the obtained
state-feedback matrix coefficients are given in Table 2 in the
PU1 control parameters setup section. The active damping
and synchronization algorithmwas tested within a micro-grid
simulation model and the results are presented in the
Chapter IV.

IV. SIMULATION RESULTS
The performance of the proposed concept for decentralized
P2P-based power flow control, coupling filter design, and
active damping and synchronization control has been vali-
dated in a Matlab/Simulink model of a simple radial MG in
the off-grid mode of operation [15] shown in Fig. 8. The main
goal is to confirm the hypothesis that the concept can consid-
erably improve the static and dynamic characteristics of the
system in comparison to the conventional decentralized droop
method. Also, the level of influence of the communication
time-delay between the contractees has been investigated.

The MG model consists of a feeder, three PUs, and three
passive loads (PL+jQL). Using dedicated switches, the PUs
and loads can be connected to or disconnected from the
feeder. The system parameters are listed in Table 1. It is
assumed that a PU can source or sink the active power PPU ,
and/or the reactive power, QPU , up to the given power rating
level, where their positive sign corresponds to PU sourcing
the power. DC bus of each PU is modeled by the constant
voltage source. This represents functionally essential, con-
trolled DC energy storage at PU’s DC bus. The loads are
modeled as a three-phase star-connected series of a resistance
and inductance (the positive sign of the active power, PL ,
and of the reactive power, QL , corresponds to the power
consumption). It should be noted that each PU coupling filter
was designed according to its rated power and procedure
given in Chapter III.

In addition to the droop control and active damping, the
modeled PU control algorithm comprises the space-vector
modulator block, switching at fSW , and the PLL block based
on the PI controller (with KPpll and KIpll gains) that measures
the corresponding PCC angular frequency (ω) and PCC volt-
agemagnitude (Um1 orUm2 orUm3). The transfer functions of
the integrator elements in Eqs. (4), (5), and (29) (i.e., Fig. 7),
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FIGURE 7. Active damping and synchronization algorithm.

and the integral term in the PLL block were discretized using
the bilinear transformation. The sampling period of the active
damping and the PLL block was set equal to the switching
period, 1/fSW , while the droop control sampling period, TP,
is set to be an order of magnitude higher, TP = 1 ms. The
control parameters and their values are listed in the Table 2.
The tests conducted on the MG model covered three

scenarios regarding the level of communication layer involve-
ment in the system’s power flow control: a) without the
communication layer – PUs implement the conventional
decentralized droop-based power flow control, b) with the
decentralized P2P based power flow control between the
PUs and passive loads, and c) with the decentralized P2P
based power flow control involving solely PUs. The tests
have a common outline, as shown in Fig. 9: at 0.15 s PU1 is
connected to the MG, at 0.5 s load 2 is connected, and so on.
It should be noted that PU1 served as a MG voltage forming
unit, while PU2 and PU3 needed to be synchronized prior to
the connection.

The first testing scenario verified the performance of the
MG where PUs were implementing the conventional decen-
tralized droop control.

Plots of the instantaneous active powers, pPU1, pPU2, and
pPU3 and plots of the instantaneous reactive powers, qPU1,
qPU2, and qPU3, are shown in Fig. 10. Their quasi-steady-
state values attained after each new element is switched-on,
are given in Table 3. They confirm that the combined action
of the connected PUs bring almost equal relative load power
sharing (expressed in [%·SN ]) among the units in quasi-
steady states.

However, plots of the angular frequency, ω, and of grid
voltages’ magnitudes Um1, Um2, Um3 show their prompt
responses to the connection or disconnection of any MG
component or to any change in their power throughput (please
note that the signal Um3 is overlapped by signal Um2). Their
quasi-steady-state shifts are the matter of secondary con-
trollers’ corrective action, but the MG frequency and voltage
magnitude rate of change might not be acceptable to sen-
sitive loads or utility equipment. Additionally, the response
of the voltage um2 and response of the PU1 output current,
iPU1, as well as plots of the instantaneous active and reactive
powers from Fig. 10, prove the effectiveness of the applied
coupling filter active damping and synchronization control

FIGURE 8. Setup of the test MG.

method: synchronization process of PU2 and PU3 to the MG
voltage did not produce any disruption effects to the system
variables (there are no spikes in magnitude and transitional
oscillations).

The second test incorporated decentralized P2P-based
power flow control, where the testing scenario assumed
power delivery contracts between pair of a PU and a passive
load. Passive loads participated in power flow control by
measuring and communicating their instantaneous active and
reactive power consumption to a particular PU to level their
power output. In the presented case, the contractees were
PU1 and load2, PU2 and load3, and PU3 and load1. One of
the most critical parameters for the system performance is
the communication delay that indirectly introduces a time
mismatch in the contractees’ power flows, thus provoking
disruptions to the system. To gain insight into the level of
its influence, system responses for the zero-communication
delay and 20 ms communication delay were contrasted in
Fig. 11.a and Fig. 11.b, respectively.

Considering that a relatively low data volume is transmitted
over short distances, a delay below 20 ms could be deemed
attainable [16], [32]. The plots of the angular frequency and
grid voltages show superior quasi-steady-state performance
in comparison with the conventional droop control: quasi-
steady-state magnitudes of ω, Um1, Um2, and Um3 remained
almost unchanged at their initial levels throughout the periods
of the power contract settlements (please note that the signal
Um3 is overlapped by signal Um2).
The active and reactive power outputs of the PUs correctly

tracked the corresponding load demands (PPU1 ≈ PL2,
QPU1 ≈ QL2, PPU2 ≈ PL3, QPU2 ≈ QL3, PPU3 ≈

PL1,QPU3 ≈ QL1), being barely disturbed by the line power
losses and the voltage drop along the line. This feature may,
to a great extent, relieve the control action of the frequency
and voltage secondary controllers. In the transitional periods,
ω and MG voltages still suffer perturbation with a high rate
of change, although of the considerably lower magnitude
compared to the conventional control. This clear confirma-
tion of enhanced dynamical performance provided by the
decentralized P2P-based power flow control faces noticeable
regression in the presence of communication delay, how-
ever, as the high rate of frequency and voltage perturbations

130638 VOLUME 11, 2023



S. Grabić et al.: P2P-Based Power Flow Control in MGs With Limited Voltage Harmonic Distortion

TABLE 1. Parameters of the MG, PUs and loads.

FIGURE 9. Test outline.

increased. The obtained instantaneous power responses of
pPU and qPU show another potential limitation in the concept
applicability. Namely, the presence of a passive or uncontrol-
lable load of relatively high power in the very vicinity of a
particular PU would frequently disturb the unit and provoke
it to invest considerable power capacities into the frequency
and the PCC voltage regulation, leaving it with less room for
trading. The solution to the problem might be a power flow
control method that would impose limited PU’s power output
for supporting the MG stability. The results have shown
another interesting conclusion: as the number of connected
PUs increases (two PUs after 0.9 s and three PUs after 1.3 s),
the MG becomes stiffer, and perturbations are more dumped.

The same simulation model and testing scenario was used
to verify the proposed LCL filter design methodology. THDU
was measured at the MG’s 2nd node (THDUm2) at each
quasi-steady-state and HDI(200) (h = 200 corresponds to
the switching frequency sideband) was measured at the PU1
micro-grid connection point. The obtained values are noted
alongside the voltage magnitude plots in Fig. 11.a.
The highest THDU value was recorded in the MG’s

no-load state (t < 0.5 s), thus confirming the conclu-
sion of the high-frequency PUs-to-passive loads interaction
study. The connection of a new load only slightly decreases
the THDU value (by 0.05%) because of the relatively high
impedance of the load. As expected, the connection of the
new PU leads to a slight increase (by 0.05%) in the THDU
which is determined by the feeder impedance. In total, the
recorded maximal value of 1.3% is well below the IEEE
519-2014 standard THDU limit of 5%.

TABLE 2. Control parameters.

TABLE 3. Quasi steady state power levels throughout the first test
scenario.

The readings ofHDI(200) show considerably higher current
harmonic attenuation in the micro-grid’s off-grid mode than
in its on-grid mode (0,022% comparing to 0,055%) and val-
ues much below the standard’s limits of 0,3% (note also that
in this test PU1 is loaded by ∼1/3 of the nominal current).
This verifies the THDU vs THDI correlation study of the
micro-grid system given in the previous section.

The third test examines the decentralized P2P-based power
flow control performance within the MG hosting solely PUs.
Here, the same test outline from Fig. 9 was used to appoint
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FIGURE 10. MG response having PUs implementing conventional
decentralized droop control.

the following PUs’ connection instants and the corresponding
power contracts (passive loads are disconnected):

- 0.8 s: the PU1 is to supply 0.12 MW to the PU2;
- 1,2 s: the PU1 active power delivery to the PU2 is halved
to 0,06 MW and the PU3 is to supply 0.12 MW to PU2.

Under the assumption that the unit issuing the power transfer
can schedule its power intake or its power output at least
the delay time in advance of the real execution (utilizing
battery storage or smart-home, IoT, or other electrical power
management systems), the responding PU would receive the
trading instructions before the real execution.

In this way, the communication delay would be bypassed,
and the responding unit would be able to settle the power
contract in the real time. With such provisions, the obtained
responses of instantaneous active power flows, pPU1, pPU2,
and pPU3, shown in Fig. 12, show almost perfect power set-
tlement not only in the quasi-steady state, but also during the

FIGURE 11. Decentralized P2P based power flow control tested in the
scenario where the passive loads are communicating instantaneous
power consumption with: a) zero communication delay; b) 20 ms
communication delay.

transitional periods. These reflect in angular frequency and
MG voltages responses without perturbations (please note
that the signal Um3 is overlapped by signal Um2).
THDUMeasurements of the voltageUm2 showed maximal

reading when PU1 alone was connected to theMG (t < 0.8 s)
and, thereby working in the idle mode (equivalent to the
off-grid mode of operation). This is in agreement with the
THDU study of the active PCC case.

From the results obtained and observations made on three
MG control scenarios, it can be confirmed that the appli-
cation of the proposed decentralized P2P-based power flow
control can considerably enhance both the steady-state and
dynamic characteristics of an MG system. Measurements of
the power quality in quasi-steady states confirm that THDU
requirements should be used as a PUs coupling filter design
criteria and its disconnected state taken as a critical operating
condition.
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FIGURE 12. Decentralized P2P based power flow control tested within
the MG hosting solely PUs.

V. CONCLUSION
This paper proposes a new decentralized control strategy
for prosumer units which integrates the energy-exchanging
(trading) layer, communication layer, and primary energy
flow control layer to execute the so-called ‘‘decentralized
peer-to-peer based power flow control algorithm’’. It aims
at attaining two control objectives simultaneously: 1) the
close-to-real-time power flow settlement between involved
microgrid units and 2) control of the microgrid frequency
and voltage. Structurally, proposed algorithm is an extension
of the conventional microgrid voltage and frequency-droop
control method in a way that it employs feed-forward control
terms of contracted and communicated instantaneous active
and reactive power references. These terms actually convert
the perturbations in the generated and consumed power flows
into control variables. They also provide for operation with
positive and negative contracted power values and smooth
transition from one to the another, which is a compulsory
feature of a prosumer unit.

Having in mind a huge importance of the voltage quality
generated by prosumer units as grid-forming units in a micro-
grid, the paper has addressed the problem of their coupling
filter design, active damping of the filter’s inherent reso-
nance and prosumer unit’s synchronization control to meet
the specifications and requirements of the microgrid system.
Common iterative LCL coupling filter design procedure has
been complemented with the requirement to attain the limited
total voltage harmonic distortion as the critical design crite-
rion in the microgrid off-grid mode of operation. In order to
understand a PU’s influence on the microgrid performance
and influence of the microgrid on a PU’s performance regard-
ing high-order harmonic distortion, a study was conducted
that considered different edge-cases ofMG setup as perceived
from the PU side of the PCC. The study revealed that the
disconnected state of PU is the critical operating condition
for meeting the THDU requirements inside one microgrid
system and for its coupling filter design. The control of the

filter dynamics, including active damping and flawless syn-
chronization to the point-of-common coupling voltage, has
been resolved by employing a multiple-input-multiple-output
controller in the form of a state-feedback gain matrix. Each
step of the presented LCL filter design process was backed
up by an example.

The proposed decentralized peer-to-peer-based power flow
control methodology was verified employing a simple radial
microgrid model in the off-grid (islanded) mode of oper-
ation. Comparative tests of the conventional and proposed
control methodology have confirmed that communicated and
feed-forwarded power references can considerably enhance
both the steady-state and dynamic characteristics of the MG
system.Namely, real-time power contracts settlement ensures
almost unchanged quasi-steady-state value of MG frequency
and magnitude of MG nods’ voltages as PUs and loads are
being connected or disconnected. Also, on a relatively smaller
time scale it noticeably reduces transitional perturbations in
the system variables. This valuable influence on the MG per-
formance grows with the increasing number of PUs installed
in a MG. On the other hand, presence of passive and uncon-
trollable loads and the communication delay has shown a
degrading impact on the system dynamics and offers a ground
for further control algorithm development.

There are other major aspects of the topic to be consid-
ered in the future research, such as: stability analysis of
the proposed control concept applied in a microgrid of dif-
ferent topology and a range of system parameters; analysis
of influence of spatial distribution and number of installed
prosumer units on quasi-steady state voltage excursions at
the grid nods; application of advanced decentralized control
techniques to enhance dynamical, steady state and fault ride
through properties of the peer-to-peer energy exchange con-
cept; inter-microgrid and large scale implementation analysis
(dynamical, steady state and fault ride through); providing
a frame for the P2P trading platform that meets restrictions
coming from the previously noted issues. The overall system
performance can be further improved by employing advanced
primary level control techniques such as accurate reactive
power sharing approach [42], non-linear load current sharing
[21], [25], [43] and damping frequency fluctuations [44],
[45]. These and other methods, coupled with the proposed
P2P energy exchange, can expand the prospects of PUs’
utilization in a MG environment. On the other hand, there are
many theoretical and practical features of the communication
medium and communication protocol to be resolved that
correlates with the stability (such as providing maximal guar-
antied latency), reliability (e.g. resistance to cyber attacks)
and scalability, which makes the topic multidisciplinary.
Also, all of these require different theoretical, modeling and
verification approaches be applied.
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