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ABSTRACT This paper presents a droop-based controller for grid-tied three-phase inverters. The controller
allows to regulate the inverter output power while operating grid-tied, to support the local grid voltage while
operating islanded, and to seamlessly transition into this latter mode of operation. Remarkably, the use of the
traditional droop control scheme for per-phase power control would lead to unequal frequencies among the
phase voltages, which is not acceptable. Instead, the proposed controller allows independent power references
tracking at each of the phases of a three-phase inverter while grid-tied and a proper transition into the islanded
operation. Per-phase power control is crucial for several services in modern smart power networks, like
demand-response and distributed unbalance compensation. The paper also reports the stability analysis of
the whole control system and outlines a procedure for the design of the involved regulators. Simulation
and experimental results considering a laboratory-scale prototype are reported and discussed to validate the
proposed controller.

INDEX TERMS Converter control, droop-control, grid-tied inverters, microgrids, power control, unbalanced
power control.

I. INTRODUCTION
Low-voltage grids are steadily evolving to provide the ad-
vanced services that are required in the forthcoming energy
scenario [1], [2]. Examples of crucial features are i) flexi-
ble power control, to allow resilience to variable power de-
mand [3] and participation to transactive energy markets [4],
ii) continuity of service, via islanded operation in response to
adverse localized events interrupting the mainstream electric-
ity supply, and iii) optimal power quality, in terms of power
factor and balanced power absorption [5].

The variegate requirements are commonly managed via
hierarchical control systems, as shown in Fig. 1, of which
the droop control constitutes the primary layer [2], [6]. Droop
control with electronic power converters (EPCs) controlled as
voltage sources is indeed widely used in ac microgrids [7], [8].
It sports the advantage of supporting the grid voltage and the
capability of adapting the inverters voltage references so as to

automatically share the power needs in islanded grids [8]. Ac-
tually, droop controlled EPCs are often referred to as playing
a grid-forming functionality, in the sense that the grid voltage
is determined by their aggregate contribution [9]. Fig. 1 also
reports the, so called, zero-level control, consisting of voltage
and current controllers receiving reference signals from the
primary controller [2], [6], [10]. Various choices are possi-
ble for zero-level control implementation [10]–[13], herein,
natural reference frame abc with linear voltage and current
regulators is considered.

On the other hand, output power control requires specific
provisions. Two opposite needs are present, namely, i) sup-
porting the grid voltage by adapting the inverter output power
according to the droop laws, useful especially during islanded
operation [14], ii) making the output power fixed and indepen-
dent from grid voltages and loading conditions to allow power
control, useful especially during grid-tied operation [12], [13].
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FIGURE 1. Microgrid scenario with islanded capabilities and distributed
electronic power converters (EPCs) accepting power references issued by
higher-level control methods. The proposed solution relates to the primary
controller block.

These are requirements also considered in latest relevant stan-
dards, like, for example, [15]. In [16] the two needs are
accomplished considering the total power delivered by the
inverter, but per-phase power control is not possible by the
control scheme in [16] without loosing the property of smooth
transitions into islanded operation.

However, independent power control of each phase is nec-
essary in several circumstances. In smart electricity grids,
distributed EPCs can receive power references computed by
optimization algorithms that pursue control goals like loss
and current stress minimization. The related application sce-
narios extend those of uninterruptible power supply systems
(UPS) [17], [18], in which the main focus is on providing
uninterrupted supply to the served loads, while in Fig. 1 power
control is an important feature too. For example, [19] proposes
a centralized controller that issues optimal per-phase power
references to distributed three-phase EPCs, achieving power-
flow controllability at the point of common coupling (PCC)
of a microgrid with the upstream grid. Independent power
control is shown in [20] to solve serious power quality issues
due to unbalance and nonlinear loads in distribution networks,
in which EPCs capable of flexibly regulating their injected
per-phase power would induce greater loss reduction and re-
markable power-quality improvements [21]. Similar results
are reported in [5], [22]–[24]. Per-phase power control is use-
ful in isolated master-slave microgrid architectures too, where
centralized controllers with one or multiple master EPCs are
present to improve microgrid operation [14], [25]. In such
microgrids, per-phase control allows to support the master
units in generating the power requests from the loads at the
different phases, as shown in [26]. In general, flexible power
control is crucial to achieve the control goals aimed for in the,
continuously evolving, smart power systems scenario [15],
[27].

Solutions have been presented in the literature for the per-
phase control of active-power sharing on four-wire microgrids
under unbalanced loads [28], [29], but output power tracking
is not considered. On the other hand, the literature reports

per-phase output power controllers, like [30], but without con-
sidering or including islanded operation capabilities. In fact,
the use of the traditional droop control scheme for per-phase
power control would lead to unequal frequencies among the
phase voltages at the transition to the islanded operation, that
is, an unacceptable desynchronization among the phases. To
the authors’ knowledge, there is a lack of solutions consider-
ing per-phase power flow control while preserving the feature
of seamlessly transition from the grid-connected into the is-
landed operation modes.

This paper proposes a controller for grid-tied three-phase
EPCs, displayed in Fig. 2, addressing the challenges discussed
above. Specifically, the proposed solution features i) indepen-
dent output power control for each phase of a three-phase
four-wires grid-connected inverter, ii) smooth transitions into
the islanded operation mode, iii) operation in islanded condi-
tions, even when multiple parallel connected EPCs integrating
the proposed controller are present. The controller is also
modeled analytically and analyzed, finally discussing a simple
design procedure.

This paper extends [31], presenting additional details on
the control principle, analyses, and experimental results. In
the following, the control scheme is presented in Section II,
its analysis and design is discussed in Section III. Section IV
reports simulation and experimental results showing the ob-
tained controller behavior. Section V concludes the paper.

II. PER-PHASE CONTROL PRINCIPLE
The control principle is to synchronize the inverter by con-
sidering the total three-phase active power delivered by the
inverter itself and, while operating grid-connected, to achieve
per-phase output active and reactive power regulation by ad-
justing the phase-shift and the voltage amplitude, respec-
tively, of each phase independently. By extending the ap-
proach in [16], saturated controllers are employed to perform
power control and achieve smooth transitions into the islanded
operation.

Fig. 3 shows the block diagram of the proposed controller,
where the generic x-th phase, x ∈ {a, b, c}, is represented. At
the top of the figure, a P- f droop relation processes the total
three-phase power P3φ exchanged at the inverter output and
provides the angle ϕ3φ , which is the integral of the angular
frequency given by the traditional droop characteristic:

ω∗ = ω0 + kp,3φ

(
P∗

3φ − P3φ

)
(1)

where ω0 is the nominal frequency, kp,3φ is the droop coeffi-
cient, and P∗

3φ is a reference three-phase power [8]. The phase
angle ϕ3φ , rotating at frequency ω∗, is synchronized with the
grid and used to derive the angle of each of the phases, as
illustrated in Fig. 4. In this way, the synchronization capability
of the droop control [32] is retained and exploited. The top
branch in Fig. 3 is called synchronization branch hereinafter.

The angle ϕx of each phase is computed by adding to the
synchronized angle ϕ3φ the nominal phase angle ϕnom

x of the
specific phase (i.e., 0, −2/3π or +2/3π for phases a, b, c,
respectively) and by adjusting the result by the quantity �ϕx
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FIGURE 2. Electronic power converters (EPCs) connected to a three-phase four-wire low-voltage network.

FIGURE 3. Per-phase power controller. The top, synchronization branch
provides a reference angle ϕ3φ to the three phases, represented by the
generic symbol x (i.e., a, b, c). The angle and amplitude of each phase are
adjusted for per-phase power control. The resulting references Vx sin ϕx are
given to EPC current and voltage regulators (zero-level control) for output
voltage control.

FIGURE 4. Controlled quantities by the proposed per-phase control.
Highlighted the possible phase variations �ϕx and amplitude variations
�Vx for the desired active and reactive, respectively, per-phase power
exchange.

that aims at the desired active power Px at phase x. Nominal
voltage amplitudes V0 are similarly adjusted by the quantity
�Vx for reactive power control. The instantaneous voltage
reference value for the x-th phase results:

Vx sin (ϕx ) = (V0 + �Vx ) sin
(
ϕ3φ + �ϕx + ϕnom

x

)
(2)

where ϕ3φ is the integral of the frequency ω∗, as indicated
while introducing (1), while �Vx and �ϕx are constant terms
in steady-state. Notably, variations �ϕx and �Vx are relatively
small and depend on the injected power and the intercon-
nection impedances among sources. As commonly done with
droop control, mainly inductive interconnection impedances
are considered herein, which may be related to the character-
istics of the grid or it may be imposed by proper converter
control provisions [6], [8].

The controllers computing the introduced quantities, dis-
played in Fig. 4, are discussed in the following.

A. GRID-CONNECTED OPERATION
In order to achieve total three-phase output power tracking,
which is possible during grid-tied operation [33], P∗

3φ is ad-
justed by a three-phase power regulator:

Hp
3φ

(s) =
hp

i,3φ

s
(3)

Its control action modifies the total three-phase power P3φ

delivered by the inverter.
To achieve per-phase power tracking, the obtained ϕ3φ

is then adjusted phase-by-phase as displayed by the central
blocks in Fig. 3, referring to the generic x-th phase. Here, a
proportional-integral controller, denoted as:

Hp
x (s) = hp

p,x + hp
i,x

s
(4)

produces the phase shift �ϕx that adds to the instantaneous
three-phase angle ϕ3φ and allows the phase power Px to follow
the respective reference power Pref

x during grid-tied operation.

B. ISLANDED OPERATION
Within an islanded subsystem, the generated and dissipated
power must balance exactly, therefore, a transition into is-
landed operation makes output power control no more pos-
sible and automatically leads the power regulator Hp

3φ
in (3)
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into saturation. Consistently, the integral part of the per-phase
regulator Hp

x defined in (4) is also disabled, as shown in
Fig. 3. The saturation limits P∗max

3φ or P∗min
3φ can be designed

considering the principles presented in [16], and reviewed in
the next Section III-B. Remarkably, during the islanded mode
of operation, the controller behaves as a traditional droop con-
troller, by which the converter frequency ω∗ changes linearly
with the total delivered three-phase power:

ω∗ = ω0 + kp,3φ

(
P∗sat

3φ − P3φ

)
(5)

where P∗sat
3φ is a constant saturation limit, namely, P∗max

3φ or

P∗min
3φ , further discussed in the following Section III-B.
For what concerns reactive power control, per-phase reac-

tive power control is more straightforward, because it acts on
the amplitude of the generated voltages and does not affect the
phases of the voltages, which are critical for synchronization.
Then, a simple saturated controller can be directly applied to
each phase, as described in [16].

Finally, it is worth to highlight the use of a rate limiter
at the output of the integral part of Hp

x , which gradually
brings to zero the corresponding phase adjustment when it
is not required (i.e., during islanded operation). Instead, the
proportional part can be optionally kept, in order to improve
the dynamics and power sharing among multiple inverters
operating in parallel [14], [28], [34], [35].

III. STABILITY ANALYSIS AND CONTROL DESIGN
The controller described in Section II presents two operation
modes, namely, the grid-connected and the islanded operation
modes. In the former operation mode, the controller Hp

3φ
in the

synchronization branch and the per-phase power controllers
Hp

x are active. Differently, during islanded operation, these
regulators saturate, which reduces the control system dynam-
ics to those of the traditional droop control, where the con-
verter frequency ω∗ changes linearly with the total delivered
three-phase power, as in (5). This latter operation mode is
analyzed in many relevant papers [36], [37], while the grid-
connected behavior is peculiar to the proposed solution and it
is analyzed next.

A. SMALL-SIGNAL ANALYSIS
Let us model the EPC by its Thevenin’s representation, as a
voltage source with series output impedance, operating con-
nected to a voltage source representing the grid voltage [36].
Be Vx∠ϕx the EPC voltage, Vg∠0 the grid voltage, ωg the
system frequency and Z∠θZ the EPC output impedance. The
active and reactive power exchange among the two sources
considering the generic x-th phase result [36], [38]:

Px = Vg

Z

[(
Vx cos ϕx − Vg

)
cos θZ + Vx sin θZ sin ϕx

]
(6)

Qx = Vg

Z

[(
Vx cos ϕx − Vg

)
sin θZ − Vx cos θZ sin ϕx

]
(7)

Assuming a mainly inductive impedance Z = jωgLx and
small phase-differences between the inverter output voltage

and the grid voltage, the following simplified model can be
derived:

Px � VgVx

ωgLx
ϕx (8)

Qx � Vg
(
Vx − Vg

)
ωgLx

(9)

Based on (8) and (9), the small-signal model of the control
system in Fig. 3 and the plant can be derived for stability
analysis and regulators design.

The system phase at the output of the synchronization
branch, top of Fig. 3, is:

ϕ3φ = 1

s

[
ω0 + kp,3φ

[
Hp

3φ

∑
x

(
Pref

x −Px
) −

∑
x

Px

]]
(10)

where Hp
3φ

is defined in (3). The three per-phase output powers
can be written by using (8) as:

Px = VxVg

ωgLx

[
Hp

x

(
Pref

x − Px
) + ϕ3φ + ϕnom

x

]
(11)

where, to simplify the notation, the equal sign is used in the
sense of small-signal linearized modelling. By collecting the
per-phase quantities in column vectors, which are denoted
hereafter by a bar [e.g., P̄ = (Pa, . . . , Pc)T for the per-phase
powers Px, x = a, b, c], (10) and (11) can be written in ma-
trix form for the three-phase system as:

ϕ3φ = 1

s

[
ω̄0 + kp,3φ

[
Hp

3φ
1T

3

(
P̄ref − P̄

) − 1T
3 P̄

]]
(12)

P̄ = �
[
Hp

x

(
P̄ref − P̄

) + ϕ3φ13 + ϕ̄nom − ϕ̄G
]

(13)

where 13 is a 3 × 1 column vector of ones, � is a 3 × 3
diagonal matrix with elements VxVg/ωgLx , and ϕ̄G represents
the instantaneous phase of the grid voltages.

For stability analysis, the exogenous inputs appearing in
(12) and (13), namely, ω̄0, P̄ref , ϕ̄nom, and ϕ̄G, can be ne-
glected, yielding:

ϕ3φ = 1

s
kp,3φ

(
−Hp

3φ
1T

3 − 1T
3

)
· P̄ (14)

P̄ = (
I3 + Hp

x �
)−1

� · (
ϕ3φ13

)
(15)

where I3 represents the 3 × 3 identity matrix. Finally, (14) and
(15) allow to write the loop gain of the control loop involving
ϕ3φ :

Tϕ3φ
= 1

s
kp,3φ

(
Hp

3φ
+ 1

)
1T

3

(
I3 + Hp

x �
)−1

� 13 (16)

and to analyze the poles of the closed-loop system, which
correspond to the zeroes of 1 + Tϕ3φ

. This is performed in
the experimental Section IV, considering the used prototype
parameters.
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B. CONTROLLER DESIGN
The design of the controller Hp

3φ
in the synchronization branch

and of the per-phase controllers Hp
x can be performed on the

basis of the analysis presented above.
Time-scale separation is exploited in the following, for a

practical design procedure of the two regulators. Specifically,
the loop involving Hp

3φ
is designed faster than the per-phase

power control loops involving Hp
x , which allows to neglect the

effect of the per-phase controller (i.e., terms ϕx are assumed
constant) while considering the design of Hp

3φ
. Under this

assumption, and by noticing that the resulting regulation loop
is in a unitary feedback configuration, the loop gain relevant
to Hp

3φ
can be written as:

TP3φ
=

kp3φ
1
s

(
3 VxVg

ωgLx

)
1 + kp3φ

1
s

(
3 VxVg

ωgLx

) = 1

1 + s/ωp,3φ

,

ωp,3φ = kp3φ

(
3

VxVg

ωgLx

)
(17)

Similarly, the loop-gain relevant to the per-phase controller
Hp

x is:

TPx = VgVx

ωgLx
(18)

which is a constant term. On this basis, the regulators coeffi-
cients hp

i,3φ
with (17) and hp

p,x and hp
i,x with (18) can be easily

found.
On the light of the considerations above, parameter settings

of the controller in Fig. 3 may be performed as follows.
1) The droop coefficients are set, as commonly done, con-

sidering the maximum frequency and voltage variations,
namely, �ωmax

g and �V max, respectively, and the con-
verter rated power SN :

kp,3φ = �ωmax
g

2SN
kq = �V max

g

2SN
(19)

2) The three-phase regulator integrative gain is set consid-
ering the loop-gain (17). For example, by basic regula-
tors design, if a phase-margin of at least 60 deg is tar-
geted, the chosen crossover frequency ωcross,3φ should
not exceed about a half of the pole frequency ωp,3φ in
(17). Under this assumption, the integrative gain can be
set to:

hp
i,3φ

= ωcross,3φ (20)

3) The per-phase reactive power regulator can be set as
done in [16], being it possibile to set the voltage am-
plitude of each phase independently from the voltage
amplitude of the other phases.

4) The per-phase power regulator Hp
x can be set consider-

ing the loop gain (18) and a crossover frequency signif-
icantly smaller than the one set for the synchronization
control loop ωcross,3φ .

FIGURE 5. Photo of the experimental setup implementing the system in
Fig. 2.

TABLE 1 Inverters (EPCs) Parameters

5) The saturation limits are set to ensure power reference
tracking within the whole allowed frequency and volt-
age range, as described in [16], that is:

P∗max
3φ = −P∗min

3φ = SN + �ωmax
g

2kp,3φ

(21)

Q∗max
x = −Q∗min

x = SN

3
+ �V max

g

2kq
(22)

notably, these limits are fixed and depend on the nomi-
nal parameters of the EPC and the grid.

IV. EXPERIMENTAL RESULTS
The proposed controller was tested in simulation and by
means of a laboratory-scale experimental prototype visible in
Fig. 5 implementing the system in Fig. 2. The main hardware
parameters are reported in Table 1. The converters were im-
plemented using eight Imperix PEB8032 half-bridge modules,
while the controller was deployed on an Imperix B-Box RCP
embedding a Xilinx Zynq 7030 SoC. All the control blocks
were executed once per switching period on the DSP module
of the Xilinx SoC while the modulators and the protection
blocks were executed on its FPGA module. As visible in
Fig. 2, a split-link inverter with active balancing is used in
the prototype to control the neutral-point voltage despite of
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TABLE 2 Control Parameters

FIGURE 6. Pole-zero plot of the controller in Fig. 3 coupled with the
system in Fig. 2 and with parameters in Table 1 and Table 2.

the presence of neutral currents while supplying unbalanced
powers, as done in [39]. Other solutions may be successfully
adopted too [40], [41]. Besides, any other inverter topologies
with related zero-level control, namely, current and voltage
regulators, capable of imposing the line to neutral voltages,
including, for example, multi-level converters and other more
advanced topologies, may be used for the implementation of
the circuit enclosed in the dashed box in Fig. 2.

The controller is designed by the procedure described in
Section III-B, resulting in the parameters listed in Table 2. The
dynamics of the obtained closed-loop control can be studied
by the analysis in Section III-A, specifically, the loop-gain
Tϕ3φ

in (16). Fig. 6 displays the pole-zero plot of the transfer
function 1/(1 + Tϕ3φ

). Notably, the system presents stable and
well damped poles, all lying on the right-half-plane.

The measured performance of the controller considering
the described experimental setup are reported in the follow-
ing. Six conditions are considered, specifically, unbalance
power reference step variation, balance power reference step
variation, grid-tied to islanded transitions, parallel operation
while islanded, reactive power control, and islanded to grid-
connected transition.

Comparisons with simulation results are also reported. The
models were developed in Matlab/Simulink to implement the

controller, in Fig. 3, coupled with the Thevenin’s representa-
tion of the EPC and the grid, consistently with the assumptions
made at the beginning of Section III-A. The equivalent output
inductance of EPCs was set to 3.5 mH by zero-level control.

Fig. 7 and Fig. 8 display the most significant experimental
waveforms. Besides the instantaneous three-phase voltages
that are always reported, the subfigures on the left display
the measured output current for each phase and the phase
displacement with respect to the first phase (i.e., ϕ∗

b − ϕ∗
a

and ϕ∗
c − ϕ∗

a ), the subfigures on the right display the voltage
amplitudes �Va, �Vb, and �Vc and the frequency deviation
�ω∗. The results are discussed in the following.

A. UNBALANCED POWER REFERENCE STEP VARIATION
Fig. 7(a)-(b) displays the response to a step change of the
output power reference of a phase during grid-connected oper-
ation with EPC1 connected to the main grid while EPC2 is dis-
abled. In this test, a reference step Pref

c : 0 → 1 kW is applied,
while all the other active and reactive power references are
kept to zero. Fig. 7(a) shows that only phase-c increases the
delivered current while the currents of the other phases—that
are displayed with magnified scale—show just small, transient
variations. A major phase displacement is observed in phase-c
due to the increased power injection. Fig. 7(b) displays the
evolution of references V1, V2, and V3, by means of the voltage
variations �Vx, and the frequency variation �ω∗. Variations
can be observed on phase-c due to not perfectly inductive in-
terconnection impedances (measured X/R ratio of about 4.5),
while ω∗ does not change in steady-state, being it fixed by the
main grid voltage.

Using the acquired waveforms, it is possible to compute the
delivered per-phase active power and compare the results with
the simulation models used to validate the analysis presented
in Section III-A. This is done in Fig. 9(a), which shows good
correspondence among simulation and experimental results.

B. BALANCED POWER REFERENCE STEP VARIATION
Fig. 7(c)-(d) displays the response to a step change of the
power reference of all the three-phases during grid-connected
operation with EPC1 connected to the main grid while EPC2

is disabled. In this test, a reference step Pref
x : 0 → 1 kW is

applied, while reactive power references are kept to zero.
Fig. 7(c)-(d) show that the whole three-phase voltage frame
angle ϕ3φ is mainly adjusted under the effect of �ω∗ in the
upper block in Fig. 3, bringing to negligible variations of
phase displacements ϕ∗

b − ϕ∗
a and ϕ∗

c − ϕ∗
a . This results from

the time-scale separation adopted in Section III-B. Fig. 7(d)
displays analogous variations in voltage amplitude. Frequency
ω∗ is unchanged in steady-state due to the presence of the
main grid.

As done considering the previous unbalanced test, for the
aim of validation, Fig. 9(b) displays the obtained results from
the simulation and the experimental test. A good correspon-
dence among simulation and experimental results can be re-
marked.
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FIGURE 7. Experimental results with EPC1 in Fig. 5 implementing the proposed control scheme in Fig. 3. (a)-(b) reference step change Pref
c : 0 → 1 kW

with balanced load of 13 �; (c)-(d) reference step change of all the phases Pref
a,b,c : 0 → 1 kW with balanced load of 13 �; (e)-(f) transition into the islanded

operation with balanced load of 25 �; (g)-(h) transition into the islanded operation of EPC1 and EPC2 with balanced load of 12.5 � and grid frequency of
50.22 Hz.

C. GRID-TIED TO ISLANDED TRANSITION
Fig. 7(e)-(f) displays the response to a transition from the grid-
connected to the islanded operation modes with EPC1 initially
connected to a stiff voltage source emulating the main grid
while EPC2 is disabled. The initial condition is the final of the

previous test in subfigures (a)-(b) and with a balanced three-
phase load connected. The disconnection does not bring to
visible effects on the instantaneous voltages, proving the capa-
bility of providing the required load current and of forming the
local grid voltage while operating islanded. By a more precise
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FIGURE 8. Experimental results with EPCs in Fig. 5 implementing the proposed control scheme in Fig. 3. (a)-(b) islanded operation with two EPCs and
unbalanced load a-N : 16.7 �, b-N : 50.0 �, c-N : 25.0 �; (c)-(d) reference step change of EPC1, Qref

a : 0 → 300 VAr and, subsequently,
Qref

b , Qref
c : 0 → 300 VAr, with balanced load of 50 �.

inspection, Fig. 7(e) shows a transient phase-displacement, es-
pecially involving phase-c, which brings back to zero after the
transient. Fig. 7(f) shows an increase of the voltage amplitude
of all the phases due to the balanced reactive power absorption
while islanded. The frequency ω∗ decreases according to the
chosen droop coefficient kp,3φ and the total generated active
power. Fig. 10 displays a zoomed-in view of the transition.
Notably, perturbations of limited amplitude and lasting just
a small fraction of the line period can be noticed across the
instant of disconnection from the main grid.

The same transition is also shown in Fig. 7(g)-(h) with both
the EPCs initially connected to the grid operating at non-
nominal conditions, with grid frequency of about 50.22 Hz.
A smooth transition can be observed also in this case.

D. PARALLEL OPERATION WHILE ISLANDED
Fig. 8(a)-(b) displays the parallel operation of EPC1 and EPC2

while disconnected from the main grid and the disconnection
of EPC2. The initial condition is the final one of the previous
test in subfigures Fig. 7(e)-(f), but with an unbalanced load
connected and the two EPCs active and equally sharing the
load power. Then, EPC2 is disconnected. This causes the oper-
ating frequency to transit from 47.73 Hz to 47.49 Hz, visibile
in Fig. 8(b), indicating a load increase of about 850 W for
EPC1. Notably, the converters are able to keep synchronized
and nicely share the load among them.

E. REACTIVE POWER CONTROL
Fig. 8(c)-(d) shows the reactive power control capability of
the solution. Firstly, a step change is applied to phase-a, from
0 to 300 VAr, then, subsequently, the same step change is
applied to phase-b and phase-c as well. The main effect is an
increase of �Vx, according to the linearized models (8)-(9).
Remarkably, reactive power is less critical than active power
in terms of per-phase power control, because it consists in
regulating the amplitude of the different phases, without sig-
nificant effects on the other phases and the synchronization
with the grid.

F. ISLANDED TO GRID-CONNECTED TRANSITION
The transition from the islanded to the grid-connected oper-
ation can be managed as commonly done in microgrids with
distributed EPCs that implement the traditional droop control.
Such kind of transition is briefly discussed in this subsection
for completeness and demonstration purposes.

The synchronization of an islanded system to a grid voltage
may be performed, for example, as discussed in [6], that is, by
setting:

ω0 = ωnom
g + ksynch

i,ϕ

∫
ϕMG − ϕg dt (23)

V0 = V nom
g + ksynch

i,V

∫
VMG − Vg dt (24)

VOLUME 2, 2021 643



CALDOGNETTO ET AL.: A PER-PHASE POWER CONTROLLER FOR SMOOTH TRANSITIONS TO ISLANDED OPERATION

FIGURE 9. Output power response to step reference changes considering
experimental and simulation models. (a) step change of phase-c power
reference; (b) step change of the power references of all the three phases.

FIGURE 10. Detail of the grid-connected to islanded transition in
Fig. 7(e)-(f).

where ϕg and Vg are the grid voltage phase angle and ampli-
tude, respectively, while ϕMG and VMG are the phase angle
and amplitude of the islanded microgrid voltage, respectively.
The phase angle ϕ3φ and the mean voltage amplitude of the
EPC that is closest to the circuit breaker CB constitute a good
choice for ϕMG and VMG, respectively. The integrative gains
ksynch

i,ϕ , ksynch
i,V should be set based on the desired speed of

response (e.g., 1-10 s). PI regulators may be used as well to
achieve faster dynamics.

FIGURE 11. Islanded into grid-connected transition of EPCs. Islanded
operation is established in stage I, synchronization to the grid is
performed in stage II, connection to the grid takes place at the beginning
of stage III, per-phase control is activated for both the converters at the
beginning of stage IV.

The resulting transition is shown in Fig. 11, displaying the
reconnection of the EPCs to the main grid. Four stages may
be distinguished, marked at the top of the same figure: i) is-
landed operation, when the EPCs operate as droop-controlled
converters as discussed in Section II-B, ii) synchronization to
the grid voltage by means of (23)-(24), which reduces to zero
the signals Vx − Vg, ω∗ − ωg, and the angle difference with
the main grid, iii) connection to the grid by closing the circuit
breaker CB in Fig. 2, iv) activation of the per-phase control.
Remarkably, no overcurrents are present at the connection
with the grid (i.e., across stage III and IV), demonstrating
an accurate synchronization. At the beginning of stage IV
the per-phase control is activated with zero power references
for all the phases, demonstrating the possibility to restore the
proposed per-phase power control smoothly during grid-tied
operation.

V. CONCLUSION
In this paper, a per-phase power controller is presented for
three-phase four-wires grid-tied inverters that is capable of
i) independent output power tracking for each phase while
operating grid-connected, ii) smooth transitions into the is-
landed operation, iii) operation in islanded conditions even
when multiple parallel connected converters integrating the
proposed controller are present. The controller extends the
functionalities of voltage-controlled inverters using traditional
droop laws, allowing grid-connected operation and the inde-
pendent control of the output power at each phase of the in-
verter. By the proposed structure, the capability of droop-like
approaches of seamlessly transit into the islanded operation
is preserved. The challenge in jointly providing per-phase
output power control during grid-tied operation and seamless
islanded transitions stems from the fact that output active-
power control is done by adjusting the frequency of the phase
voltage, according to the traditional droop laws. In practice,
these adjustments are necessarily different among the differ-
ent inverter phases, bringing to phase voltages with different
frequencies in case of absence of a stiff grid voltage. For
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this reason the transition into islanded operation is particu-
larly critical. The proposed solution is based on a three-phase
synchronization loop, acting on all the three phases of the
inverter, with parallel power regulators to achieve per-phase
power control. In the paper, the controller is analyzed and a
simple design procedure is devised. Experimental results are
reported to show the operation of inverter prototypes driven
by the proposed controller. The obtained results show that
the controller fulfills the expected features with well damped
dynamics, in accordance with the design. The controller can
be employed in microgrids where output power tracking of
distributed inverters is needed and smooth transitions into
islanded operation due to unexpected events are possible.
Finally, adaptation of the controller for three-phase inverters
without the neutral connection is potentially possible and will
be object of future studies.
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