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Abstract

The modelling of a three-phase four-leg four-wire grid-forming inverter in a low volt-
age distribution system 18-bus European Cigré under unbalanced conditions in an
autonomous distribution network is presented. The case study has two types of invert-
ers control strategy: (i) grid-forming to supply all the system demand in the interval of
the intentional supply interruption and (ii) grid-following to integrate photovoltaic renew-
able energy resources into power systems. The model suggests a control scheme with two
loops: An inner current loop with a proportional-integral controller and an outer volt-
age loop with a proportional controller, both in the synchronous reference frame (dq0),
in which dq-axis are decomposed in positive and negative sequences. Simulation results,
carried out using the PSCAD software, showed the effectiveness of the suggested control
strategy with smooth synchronization where the grid-forming inverter was able to form a
network with an unbalanced degree lower than 2%, sinusoidal voltage and frequency within
standard limits 49.5–50.5 Hz.

1 INTRODUCTION

The growing interest in the use of clean technologies in the
area of power generation has stimulated research and develop-
ment of systems using Renewable Energy Sources (RES). This
increase is the result of environmental issues related to concerns
about the use of fossil fuels in power generation [1, 2]. With
the development of the distributed generation and its incorpo-
ration in the electric power system, a concept called microgrid
started, being able to operate as an autonomous network, either
in parallel or in isolation from the main electrical network [3].

Different topologies and functions can be attributed to these
microgrids, making it possible to significantly improve the con-
fiability of the system. Controls that were previously maintained
at the transmission level during abnormal circumstances, such
as failures in the main network and scheduled maintenance
can now be performed locally. The islanded microgrid concept
makes it suitable to be installed in remote regions, in areas where
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connection to the grid is not advantageous and to increase the
system reliability [4–6].

Despite the benefits obtained with the use of the microgrids,
one of the biggest challenge is to guarantee the quality in the
energy supply, highlighting the unbalanced voltage caused by
unbalanced three-phase loads, or single-phase load connected
to the system [7–9]. This irregular distribution of loads in the
electrical network may cause overloads in different levels each
phase, generating unbalanced voltages and currents, even if
this network is balanced in terms of impedance and suscep-
tance elements. In this way, an unbalanced system is a condition
when the three phases in the system have different amplitude
and/or different phase angles of 120◦ between them [10]. Main
norms and recommendations establish expressions to calculate
the voltage unbalance. The American National Standard Insti-
tute (ANSI) [11], limit the maximum voltage unbalance in 3%,
while the International Electrotechnical Commission (IEC) [12]
and Agência Nacional de Energia Elétrica [13] recommends that
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FIGURE 1 Grid-connected power electronics inverters modes

the voltage unbalance in the electric networks does not exceed
2%. Microgrids can be classified in terms of the type of bus,
being Direct Current (DC), Alternating Current (AC) or hybrid
(DC/AC). As for the AC type, a distributed unit can be classi-
fied into three groups in terms of control/inverter capacity: (i)
Grid-Following (GFL) inverter (also called Grid-Feeding), (ii)
Grid-Supporting (GSP) inverter and (iii) Grid-Forming (GFM)
inverter [14, 15] as seen in Figure 1.

In most cases, the distribution systems are inserted in three-
phase three-leg three-wire systems, not allowing the circulation
of zero sequence current. However, three-phase four-leg four-
wire inverters have grown considerably due to their ability to
handle unbalanced loads and allow the inverter to compensate
unbalanced voltage [16–19].

In this context, the three-phase four-leg four-wire inverters
can operate flexibly in the grid-connected mode or the islanded
mode, supporting the electric grid, complying with the power
quality operational requirements. In the islanded mode, to keep
the wave-forms within the standards, modelling and control
techniques can be found in the literature. In [20], a cascade
control strategy, Proportional Integral (PI) voltage and current
loop referenced on the Synchronous Coordinates (dq0) are pre-
sented, where d and q axes are separated in negative and positive
sequence. In [21], the strategy used consists of the independent
control of the inverter phases based on four-leg buck inverter.
In [22], a hierarchical control strategy with a primary and a
secondary layer is proposed, consisting of a per-phase multi-
loop control, Proportional (P) voltage and PI current loop,
referenced on the 𝛼𝛽 coordinate. In [16], the control strategy

consists of applying adaptive control to the system referenced
on the dq0 frame.

Considering the references listed above, it is possible to
notice that they lack a comprehensive model of the discussed
cascade topology and the integration of multiple inverters
between grid-forming and grid-following in a unbalanced distri-
bution system. The present paper proposes such a contribution,
using real data and a test system with larger number of buses.
A control system with two loops is proposed: an inner current
loop with PI controller and an outer voltage loop with P con-
troller. As the voltage and the frequency are fixed in this case, the
current will not be directly controllable but dependent on the
load connected to the Common Coupling Point (PCC). There-
fore this paper aims at bringing a novel and detailed modelling
of three-phase four-leg four-wire grid-forming inverter, which
can be used under island operation and unbalanced conditions.
In order to achieve the objective of the proposed project, the
modelling and control of GFL, connected to a photovoltaic
solar generation unit and GFM is presented. Furthermore, a
smooth resynchronization technique was applied. To show the
effectiveness of the suggested control strategy, computer sim-
ulation results on PSCAD software with different scenarios
are shown.

The paper is organized as follows: Section 2 is sub-divided
into four parts: (i) System description, (ii) topology of low
voltage distribution network 18-bus European Cigré, modelling
and control of power electronics inverters, (iii) in GFL and
(iv) GFM mode. Section 3 presents simulation results. Finally,
concluding remarks are presented in Section 4.
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FIGURE 2 Study topology of low voltage distribution network 18-bus
European Cigré

2 METHODOLOGY

2.1 System description

The system under study is a low voltage distribution system
18-bus European Cigré, which has four three-phase two-level
Voltage Source Inverter (VSI) with two inverter control capac-
ities: (i) GFL and (ii) GFM mode. The first configuration
operates as a current source, controlling the currents to regulate
the active and reactive powers when the microgrid is connected
to the grid. The second configuration acts operating as a voltage
source, imposing voltage and frequency on the AC bus, ensur-
ing stability and operation of the islanded system. A schematic
representation of the test system is shown in Figure 2.

Grid-connected photovoltaic systems are composed of PV
arrays connected to the grid through power inverters and are
designed to operate in parallel with the electric utility grid, as
shown in Figure 2. The system is characterized as isolated mode
when the switch “s” of the system is open, isolating the system
from the main grid.

Low voltage distribution networks typically originate from
a medium voltage/low voltage transformer, in this case, 20
kV/0.4 kV, and are of radial structure, as seen in Figure 2. More-
over, the size of the feeders is between 30 m to 35 m and the
arrows in the system show the loaded buses. In bus-18 and bus-
16, are inverters in the GFL mode connected and inverters in
the GFM and GFL mode are connected to bus-1.

TABLE 1 Load parameters of low voltage distribution network [23]

Node

Apparent

power

[S](kVA)

Power

factor

(PF)

R1 200 0.95

R11 15 0.95

R15 52 0.95

R16 55 0.95

R17 35 0.95

R18 47 0.95

2.2 System 18-bus European Cigré

Cigré 18-bus system is a European electrical distribution net-
work configured for low voltage operation, containing short
and underground feeders with balanced phases, whose nomi-
nal operation is 0.4 kV and 50 Hz. As it can be seen in Table 1,
the system has a demand of 404 kVA and an inductive power
factor of 0.95 [23].

The loads were considered balanced and modelled as
constant impedance.

2.3 Grid-following inverter (3 legs)

The inverter operating in the GFL mode supplies the grid with
the maximum power extracted from the Distributed Generation
(DG) unit. The electronic inverter acting as a grid-following, in
most cases, has a fast current control, being seen by the AC grid,
ideally, as a controlled AC current source [24].

One of the applications of these inverters is in the use of pho-
tovoltaic systems [25, 26]. Ideally, the photovoltaic solar cell is
represented by a variable current source in parallel with a non-
ideal diode, and it varies in a way directly proportional to the
solar radiation incident on the cell plane.

In applications involving DG, it is usual to carry out the con-
trol of the current injected into the grid in order to control the
active and reactive power exchange between the inverter and the
electrical network. Two cascade control loops are usually imple-
mented: (i) an external to control the voltage on the DC bus and
(ii) an internal to output current control of the inverter. The cas-
cade control loops and the main elements of GFL inverter mode
are shown in Figure 3.

Considering a balanced AC grid, the three-phase currents can
be calculated for each phase. Applying Kirchhoff’s voltage law
in the circuit, the following differential equation is obtained:

LL,abc
diabc,L (t )

dt
= −rL,abc iabc,L (t ) + vt ,abc (t ) − vs,abc (t ), (1)

where iabc,L (t ) are the three-phase output currents; vt ,abc (t ) are
the terminal voltages of the inverter; vs,abc (t ) are the AC voltages.
Between the grid and the inverter output, there is impedance
of a filter represented by LL,abc with intern resistence rL,abc .
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FIGURE 3 Block diagram of the control of the grid-following inverter

The transformation to the dq Park’s frame of (1) lead to the
following equations [27]:

⎧⎪⎪⎨⎪⎪⎩
LL

did ,L (t )

dt
= LL𝜔iq,L (t ) − rL id ,L (t ) + vt ,d (t ) − vs,d (t )

LL

diq,L (t )

dt
= −LL𝜔id ,L (t ) − rL iq,L (t ) + vt ,q (t ) − vs,q (t )

.

(2)

There is a cross-coupling between the direct axis and quadra-
ture currents due to the terms 𝜔iq,L (t ) and 𝜔id ,L (t ), resulting
from the transformation of the coordinate system. To syn-
chronize the system is used Double Second Order Generalized
Integrator PLL (DSOGI-PLL) which efficiently synchronizes
the variables of the inverter with the local grid from the tracking
of the phase angle of the electrical voltage at the PCC. Further-
more, a Sinosoidal Pulse Width Modulation (SPWM) technique
is employed to obtain the required output current in the line side
of the GFL inverter. The cascaded strategy use in both control
loops a proportional-integral controller [27].

2.4 Grid-forming inverter (4 legs)

The inverter operating in GFL mode has the voltage and fre-
quency at the PCC imposed by grid, which does not occur
in case of mains failure, operation in island mode, where the
GFM inverters works by imposing voltage and frequency on

the AC bus [28]. The performance of the output voltage con-
trol of inverter is evaluated according to the transient response
time, steady state error and total harmonic distortion. For VSI
to work correctly, a mathematical model of the plant is needed,
suitable to be controlled. The mathematical model of the three-
phase four-leg VSI with a LC filter, shown in Figure 4, in the
dq0 is obtained as shown below.

From Figure 4, the voltage equations for the three phases
(a,b,c) can be written, using the Kirchhoff voltage laws [16]
as:

v jin(t ) = r f i j (t ) +
L f di j (t )

dt
+ vJN (t )

−
L f din(t )

dt
− rnin(t ), (3)

where the inductances of the coupling filter are the same, as
well as their respective series resistances, that is, (La = Lb =
Lc = L f ) and (ra = rb = rc = r f ). Moreover j ∈ {a, b, c} and
J ∈ {A,B,C }.

Knowing (4) are valid in the case of unbalanced conditions.

in(t ) = −(ia (t ) + ib(t ) + ic (t )). (4)

Derivative both sides of (4):

din(t )
dt

= −

(
dia (t )

dt
+

dib(t )
dt

+
dic (t )

dt

)
. (5)
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FIGURE 4 Block diagram of the control of the grid-forming inverter

Replacing (3) in (5) can be obtained:

din(t )
dt

= −
1

4L f

(
v jin(t ) − vJN (t ) + 4r f in(t )

)
. (6)

Expressions describing the dynamics of three-phase currents
in an abc coordinate system in continuous-time state space
equations are as in (7) and the intermediate steps come out in
(3) through (6).

d
dt

⎡⎢⎢⎢⎢⎣
ia (t )

ib(t )

ic (t )

⎤⎥⎥⎥⎥⎦
=

A
⏞⎴⎴⎴⎴⎴⏞⎴⎴⎴⎴⎴⏞

r f

L f

⎡⎢⎢⎢⎢⎣
−1 0 0

0 −1 0

0 0 −1

⎤⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎣
ia (t )

ib(t )

ic (t )

⎤⎥⎥⎥⎥⎦
+

B
⏞⎴⎴⎴⎴⎴⏞⎴⎴⎴⎴⎴⏞

1
4L f

⎡⎢⎢⎢⎢⎣
3 −1 −1

−1 3 −1

−1 −1 3

⎤⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎣
vain (t )

vbin (t )

vcin (t )

⎤⎥⎥⎥⎥⎦

+

F
⏞⎴⎴⎴⎴⎴⏞⎴⎴⎴⎴⎴⏞

1
4L f

⎡⎢⎢⎢⎢⎣
−3 1 1

1 −3 1

1 1 −3

⎤⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎣
vAN (t )

vBN (t )

vCN (t )

⎤⎥⎥⎥⎥⎦
, (7)

where the state variables are the currents of the inverter ia (t ),
ib(t ) and ic (t ), the input voltages synthesized by the inverter
vain(t ), vbin(t ) e vcin(t ) and as a disturbance the voltage of PCC
vAN (t ), vBN (t ) and vCN (t ).

The continuous time state-space model of a linear time-
invariant system, as a function of the state variable vector x(t ),
the input vector u(t ) and the disturbance vector d (t ), is:

ẋ(t ) = Ax(t ) + Bu(t ) + Fd (t ), (8)

where ẋ(t ) =
[
̇ia (t ) ̇ib(t ) ̇ic (t )

]⊤
is the state vector, x(t ) =[

ia (t ) ib(t ) ic (t )
]⊤

is the state variable vector, u(t ) =[
vain(t ) vbin(t ) vcin(t )

]⊤
is the input vector and d (t ) =[

vAN (t ) vBN (t ) vCN (t )
]⊤

is the disturbance vector.
In the above model, given in an abc coordinate system for

four-leg currents, i j (t) can be transformed into a 𝛼𝛽0 coor-
dinates by using the 3 × 3 transformation matrix [29] [T𝛼𝛽0]
defined in (9). The inverse transformation matrix is given by
Equation (10).
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[
T𝛼𝛽0

]
=

⎡⎢⎢⎢⎢⎢⎢⎢⎣

1 −
1
2

−
1
2

0

√
3

2
−

√
3

2

1
2

1
2

1
2

⎤⎥⎥⎥⎥⎥⎥⎥⎦
, (9)

[
Ti,𝛼𝛽0

]
=

⎡⎢⎢⎢⎢⎢⎢⎢⎣

1 0 1

−
1
2

√
3

2
1

−
1
2

−

√
3

2
1

⎤⎥⎥⎥⎥⎥⎥⎥⎦
. (10)

The vector of state variables x(t ), the input vector u(t ) and
the disturbance vector d (t ), designed in the natural coordinates
abc can be represented as shown in the equations (11), (12) and
(13).

x(t ) =
[
Ti,𝛼𝛽0

]
x𝛼𝛽0(t ), (11)

u(t ) =
[
Ti,𝛼𝛽0

]
u𝛼𝛽0(t ), (12)

d (t ) =
[
Ti,𝛼𝛽0

]
d𝛼𝛽0(t ), (13)

where the state variable vector is x𝛼𝛽0(t ) =[
i𝛼 (t ) i𝛽 (t ) i0(t )

]⊤
, the input vector is

u𝛼𝛽0(t ) =
[
v𝛼n(t ) v𝛽n(t ) v0n(t )

]⊤
and d𝛼𝛽0(t ) =[

v𝛼N (t ) v𝛽N (t ) v0N (t )
]⊤

is the disturbance vector.
Replacing Equation (8) with Equations (11), (12) and (13),

and multiplying both sides by
[
T𝛼𝛽0

]
, we obtain:

[T𝛼𝛽0][Ti,𝛼𝛽0]ẋ𝛼𝛽0(t )

= [T𝛼𝛽0]A[Ti,𝛼𝛽0]x𝛼𝛽0(t ) + [T𝛼𝛽0]B[Ti,𝛼𝛽0]u𝛼𝛽0(t )

+ [T𝛼𝛽0]F [Ti,𝛼𝛽0]d𝛼𝛽0(t ). (14)

Replacing the matrix of states defined in (7), (9) and (10) in
(14), the term formed by the matrix of states for 𝛼𝛽0 system
coordinate can be calculated by:

[
T𝛼𝛽0

]
A
[
Ti,𝛼𝛽0

]
x𝛼𝛽0(t ) =

3
2

IAx𝛼𝛽0(t ), (15)

[
T𝛼𝛽0

]
B
[
Ti,𝛼𝛽0

]
u𝛼𝛽0(t ) =

3
2

IB𝛼𝛽0u𝛼𝛽0(t ), (16)

[
T𝛼𝛽0

]
F
[
Ti,𝛼𝛽0

]
d𝛼𝛽0(t ) =

3
2

IF𝛼𝛽0d𝛼𝛽0(t ). (17)

The state-space model is obtained for the 𝛼𝛽0 coordinates of
three-phase four-leg inverter illustrated in Figure 4 as follows:

ẋ𝛼𝛽0(t ) = Ax𝛼𝛽0(t ) + Bu𝛼𝛽0(t ) + Fd𝛼𝛽0(t ), (18)

FIGURE 5 Positive sequence current control d-axis

d
dt

⎡⎢⎢⎢⎢⎣
i𝛼 (t )

i𝛽 (t )

i0(t )

⎤⎥⎥⎥⎥⎦
=

A
⏞⎴⎴⎴⎴⎴⏞⎴⎴⎴⎴⎴⏞

r f

L f

⎡⎢⎢⎢⎢⎣
−1 0 0

0 −1 0

0 0 −1

⎤⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎣
i𝛼 (t )

i𝛽 (t )

i0(t )

⎤⎥⎥⎥⎥⎦
+

B𝛼𝛽0
⏞⎴⎴⎴⏞⎴⎴⎴⏞

1
4L f

⎡⎢⎢⎢⎢⎣
4 0 0

0 4 0

0 0 1

⎤⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎣
v𝛼n (t )

v𝛽n (t )

v0n (t )

⎤⎥⎥⎥⎥⎦

+

F𝛼𝛽0
⏞⎴⎴⎴⎴⎴⏞⎴⎴⎴⎴⎴⏞

1
4L f

⎡⎢⎢⎢⎢⎣
−4 0 0

0 −4 0

0 0 −1

⎤⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎣
v𝛼N (t )

v𝛽N (t )

v0N (t )

⎤⎥⎥⎥⎥⎦
. (19)

As it can be seen from the dq0 models of the current in (20)
given by matrix in [29], the dq-axis circuits are coupled through
𝜔iq and 𝜔id , while the axis circuit is completely decoupled from
the dq-axis circuits.

d
dt

⎡⎢⎢⎢⎢⎣
id (t )

iq (t )

i0(t )

⎤⎥⎥⎥⎥⎦
=

⎡⎢⎢⎢⎢⎣

−
r f

L f
𝜔 0

−𝜔
1

L f
0

0 0 −
1

L f

⎤⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎣
id (t )

iq (t )

i0(t )

⎤⎥⎥⎥⎥⎦
+

⎡⎢⎢⎢⎢⎣

1

L f
0 0

0
1

L f
0

0 0
1

4L f

⎤⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎣
vdn (t )

vqn (t )

v0n (t )

⎤⎥⎥⎥⎥⎦

+

⎡⎢⎢⎢⎢⎣

−
1

L f
0 0

0 −
1

L f
0

0 0 −
1

4L f

⎤⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎣
vdN (t )

vqN (t )

v0N (t )

⎤⎥⎥⎥⎥⎦
. (20)

2.4.1 Positive, negative and zero sequence
current control

Figure 5 shows the block diagram of the positive sequence
direct axis current controller. In this diagram, the variable ud
is the output of the direct axis compensator, which processes
ed = i∗d − id generating ud , the process is similar to the quadra-
ture axis [27]. Knowing that the variable to be controlled has a
stationary characteristic, a PI controller can be used to ensure
that the synthesized current tracks the reference signal without
regime error. The transfer function of the PI controller is rep-
resented by Cd (s). In addition, the current id passes through a
Notch filter that rejects the second order harmonics, centered at
the frequency of 100 Hz. This action has the purpose of elimi-
nating the ripple superimposed on the DC value present in this
variable due to the transformation of synchronous coordinates.
Knowing that the variables to be controlled have a stationary
characteristic, a PI controller can be used to ensure that the
synthesized current tracks the reference signal without regime
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FIGURE 6 Zero sequence current control

error. In this way, the PI gains of Cd (s) are given by kp,ip =
L f

𝜏i

and ki,ip =
rL f

𝜏i
.

Different from the positive sequence current (dq-axis) con-
trollers, that have the same dynamics, the current controller i0
has a different dynamic response, being represented by the dia-
gram shown in Figure 6. In this diagram, the variable u0 is the
output of the compensator that processes e0 = i∗0 − i0 gener-
ating u0. The variable v0N (t ) is used as a feed-forward signal.

Similarly the PI gains of C0(s) are given by kp,i0 =
4L f

𝜏i
and

ki,i0 =
4rL f

𝜏i
.

The control scheme of the negative sequence current used
is similar to that of the positive sequence, differing in terms
of cross-coupling that have opposite signs for the negative
sequence due to the opposite rotation of the negative sequence.
As a result, under unbalanced conditions, the negative sequence
appears as a disturbance in components d and q, at a frequency
of 2𝜔. This is because the frame of reference dq0 is rotating in
the positive direction at an angular frequency of 𝜔, while the
negative sequence disturbance rotates at an angular frequency
of 𝜔 in the opposite direction. Oscillations of 2𝜔 in the mea-
sured signals can result in steady state errors when PI controller
is used, since they track the reference signals, according to the
principle of the internal model, (DC value). Oscillations must
be canceled so that the injected currents can be fully controlled
under unbalanced conditions. That is, this cancellation action
has the purpose of eliminating the ripple superimposed on the
DC value present in the dq0 variables due to the transforma-
tion of the abc coordinates to dq0. A Notch filter set to 2𝜔 is
suggested to be used to cancel these oscillations [30].

2.4.2 AC voltage control

The VSI output voltages vAN , vBN and vCN , which can be seen
in Figure 4, is obtained using the Kirchhoff current law [16].

C f dvJN (t )

dt
= ic j (t ) − iL j (t ), (21)

where the capacitances of the coupling filter are the same, (Ca =
Cb = Cc = C f ). Moreover j ∈ {a, b, c} and J ∈ {A,B,C }. The
control of AC voltage in dq0 coordinates is similar to the pro-
cess described in Section 2.4.1. The the output voltages of VSI
in natural abc coordinates is transformed to 𝛼𝛽0 coordinates
and later in dq0. Therefore, as can be seen from the dq0 models
of the voltage in (22) given by matrix in [29], the dq-axis cir-

FIGURE 7 Diagram of direct axis voltage control

TABLE 2 GFL parameters

Parameter Value

Filter resistances (rL ) 0.24 Ω

Filter inductances (L) 7.6 mH

DC submodule capacitance (Ceq) 4700 uF

Switching frequency ( fscL ) 20 kHz

DC voltage (Vcc ) 1000 V

cuits are coupled through 𝜔vq and 𝜔vd , while the 0-axis circuit
is completely decoupled from the dq-axis circuits.

d
dt

⎡⎢⎢⎢⎣
vcd (t )

vcq (t )

vc0(t )

⎤⎥⎥⎥⎦
=

⎡⎢⎢⎢⎣
0 𝜔 0

−𝜔 0 0

0 0 0

⎤⎥⎥⎥⎦
⎡⎢⎢⎢⎣
vcd (t )

vcq (t )

vc0(t )

⎤⎥⎥⎥⎦
+

⎡⎢⎢⎢⎢⎣

1

C f
0 0

0
1

C f
0

0 0
1

C f

⎤⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎣

idn(t )

iqn(t )

i0n(t )

⎤⎥⎥⎥⎦

+

⎡⎢⎢⎢⎢⎣

−
1

C f
0 0

0 −
1

C f
0

0 0 −
1

C f

⎤⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎣

iLdn(t )

iLqn(t )

iL0n(t )

⎤⎥⎥⎥⎦
. (22)

As seen from the dq0 models of the current in (22) given
by matrix in [29], the dq-axis circuits are coupled through 𝜔vq
and 𝜔vd , while the axis circuit is completely decoupled from the
dq-axis circuits.

Figure 7 shows the block diagram of the direct axis voltage
controller. In this diagram, the variable ucd is the output of the
direct axis compensator, which processes ecd = v∗cd − vcd gen-
erating ucd . The process is similar to the quadrature axis [27].
According to [31] the variable can be controlled as a station-
ary characteristic and a P controller can be used to ensure that
the synthesized current tracks the reference signal. The transfer
function of the controller P is represented by Cvd (s). Therefore,

the P gain of Cvd (s) is given by kp,v =
C f

𝜏v
.

According to [31], the grid voltage time constant 𝜏v , used to
calculate voltage control proportional gain kp,v , is given by:

𝜏v =

√
(tan(Mp − 𝜋))2 + 1

𝜔c tan((Mp − 𝜋)
, (23)

where the phase margin (Mp) is usually adopted at 60◦ and
𝜔c is equivalent to 20% or more of the maximum frequency
equivalent to the harmonic to be compensated.
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TABLE 3 GFL controllers parameters

Controller Gain Value

Ci (s) kp,is 15.2
V

A

ki,is 480
V

As

Cv (s) kp,vs 6.3294 10−4 A

V 2

ki,vs 0.0426
A

V 2s

TABLE 4 GFM parameters

Parameter Value

Filter resistances (r f ) 0.24 Ω

Filter inductances (L f ) 7.6 mH

Filter capacitance (C f ) 80 uF

Switching frequency ( fscM ) 20 kHz

DC voltage (Vcc2) 2000 V

TABLE 5 GFM controllers parameters

Controller Gain Value

Cd (s) kp,ip 15.2
V

A

ki,ip 480
V

As

C0(s) kp,i0 60.8
V

A

ki,i0 1920
V

As

Cvd (s) kp,v 0.12
A

V

FIGURE 8 Positive and negative sequence bode diagram of the GFM
open-loop transfer function

FIGURE 9 Positive and negative sequence bode diagram of the GFM
close-loop transfer function.

FIGURE 10 Zero sequence bode diagram of the GFM open-loop
transfer function

FIGURE 11 Zero sequence bode diagram of the GFM close-loop
transfer function

For the zero sequence and negative sequence voltage con-
trol, the same strategy that was developed to positive sequence
voltage control is adopted. However, for negative sequence, the
dq0 transform signal will change, since the negative sequence
rotates in the opposite direction of the positive sequence. The
use of negative and zero sequence voltage loops will allow the
inverter to form a balanced voltage, even though the system is
composed of unbalanced lines. Therefore, the reference of the
negative and zero sequence voltages will have their references
set to zero.

3 RESULTS

Simulations have been carried out using PSCAD software with
focus on islanded operation mode and smooth synchronization
in unbalanced conditions. The parameters of the inverters oper-
ating in the GFL mode connected to buses 18, 16 and 1 are
presented in Table 2. The parameters of the controllers are given
in Table 3. Moreover, parameters of the inverter operating in the
GFM mode are presented in Table 4 and the parameters of the
controllers are given in Table 5.

The following figures represent Bode’s asymptotic tracing,
which allows analyzing the stability of the control proposed for
the system (Figure 4). There are two control loops in cascade
configuration for the positive and negative sequences: A current
loop representing the internal loop that regulates the id and iq
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332 DÖHLER ET AL.

FIGURE 12 GFM voltage step response test: (a) Positive and negative sequence and (b) zero sequence

FIGURE 13 Powers of the system

FIGURE 14 Voltage unbalanced factor

FIGURE 15 GFLs voltages

FIGURE 16 Frequency behavior in the grid-connected and isolated
operation mode
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DÖHLER ET AL. 333

FIGURE 17 Smooth synchronization: (a) Theta angle and (b) switch “s”
signal

currents and a voltage loop representing the outer loop that reg-
ulates the vcd and vcq voltages. The zero sequence has the same
cascade configuration, but the inner loop regulates i0 current
and the outer loop regulates vc0 voltage.

Figures 8 and 10 represent the cascade control for positive,
negative and zero sequences in open-loop for the system repre-
sented in Figure 7. In this system, the response of the plant and
the controller are combined, excluding the effect of the feed-
back loop. Thus, it is noted that the system is stable as it has
an infinite gain margin and phase margin approximately 60◦ as
defined. Figures 9 and 11 represent the cascade control for the
positive, negative and zero sequences in closed-loop for the sys-
tem represented in Figure 7. In this system, the response of the
plant and the controller are combined, including the effect of
the feedback loop. As noted, the magnitude of the system is 0
dB which corresponds to the magnitude function of unity giv-
ing the maximum output. In other words, the output voltage is
equal to the input voltage.

Figure 12 shows the step response of the system for voltage-
tracking of the GFM inverter during islanded operation. It
can be seen that required dynamics are achieved for the
given time-domain specifications for positive, negative and zero
sequence systems.

In order to raise the unbalance level, a factor was applied to
all loads in the system, making the phases carry different current
magnitudes, and the sum of the phase currents at the neutral
point is not zero. The respectively load factors values used for
phase a, b and c were 0.5, 0.6, and 0.7. Furthermore, the pho-
tovoltaic solar modules connected to the grid through a GFL
inverter were represented by a current source where the con-
verted solar energy is equivalent to 50 kW, 40 kW and 30 kW in
buses 1, 16, and 18, respectively.

The following simulation tests of the low voltage distribution
system have been proposed:

(i) System start (grid-connected);
(ii) t= 0.2 s intentional islanding;

(iii) t= 0.6 s removal GFL from bus 18;
(iv) t= 0.7 s return of the main grid.

When the switch “s” in Figure 2 is open in t= 0.2 s causing
intentional islanding, the system loses voltage and frequency ref-
erence, in this way, GFM start providing these references. Due
to this, the GFL proposed control strategy is capable to keeping
injecting the power into the system. The output power wave-
forms of GFLs (active power production by PVs generators)
and GFM (active and reactive power) can be seen in Figure 13.

In the grid-connected mode, the converters operate by
importing and exporting energy from and to the power util-
ity grid, ensuring power control flow, and supporting the grid
through an array of ancillary services. On the other hand, in the
islanded mode, at least one converter must function as a voltage
source, providing grid voltage conditions and power quality of
the microgrid. Thus, in islanded mode, there must be a balance
between generation and demand so that deviations in voltage
and frequency of the system is acceptable. Therefore, the active
and reactive power injected by the converters must be con-
sumed by the loads. In Figure 13, the active and reactive powers
from GFM are zero before t= 0.2 s due to the operation in grid-
connected mode. After t= 0.2 s, when the system start to work
in isolated mode, the active and reactive power from the GFM
start to increase to supply the load demand that was supplied by
the main grid.

According to [13], the voltage unbalanced is analyzed based
on the unbalanced factor, which expresses the relationship
between the negative voltage sequence and positive voltage
sequence components expressed in percentage terms of the
positive sequence component at the PCC. This relation is given
by the equation (24), having a value below the maximum limit
of 2% during the regime.

VUF (%) =
negative sequence voltage component
positive sequence voltage component

⋅ 100 (24)

Therefore, it can be seen from Figure 14 that the voltage syn-
thesized by the inverter has a high level of unbalance when the
system is connected to the main grid. However, a small degree
of unbalanced is seen during the isolated operation mode. This
result shows the effectiveness of the suggested control strategy
with smooth synchronization where the grid-forming inverter
is able to form a network with an unbalanced degree lower
than 2%, sinusoidal voltage and frequency within standard limits
49.5–50.5 Hz. In additional,the GFM is able to equilibrate the
three phase voltage in the bus 1 as a result of unbalance volt-
age compensation, showing the effectiveness of the suggested
control strategy suggested in this article, as seen in Figure 15.

When the generation unit from bus 18 is removed in t = 0.6
s, Figure 13 shows zero for the active power correspondent to
GFL Bus 18. However, even with the disturbance caused in the
system, the system is still below the maximum unbalance limit.

The voltage and frequency at PCC are related to the vari-
ations in active and reactive power of the network, seconds
before islanding occurs [32]. When the system is islanded mode,
in t = 0.2 s, the load controls the system’s behavior. Before
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334 DÖHLER ET AL.

FIGURE 18 Three-phase voltage bus-1

FIGURE 19 Grid-forming AC currents

intentional islanding, the loads demand 400 kVA from the grid.
Due to this, there is a power variation at the PCC, once the
solar panel is converting less active power than the demand load.
In addition, the electrical network is injecting reactive power
required by the load into the system. Due to the high variation in
reactive power, right before islanding, the frequency value varied
considerably. However, in steady state the frequency stabilizes

at its nominal value of 50 Hz. The limits of 49.5–50.5 Hz are
respected, as can be seen in Figure 16.

In t = 0.6 s, even with the disturbance caused in the system,
the system is still within standard limits of frequency, as seen in
Figure 16.

Due to the value of active power related to the load demand,
the same occurs with the AC voltage, as seen in Figure 18.
Therefore, it can be noted that voltage and frequency are depen-
dent on the load behavior and the power balance of the system,
before the opening of the switch “s”.

In t = 0.7 s, the switch “s” is closed and the system is
connected to main grid. However, the reconnection is per-
formed only when the voltage synchronism between network
and GFM are equal [33], which occurs at approximately t =
0.8368 s. It can be seen in Figure 17a,b which shows switch
“s” signal during disconnection and connection of the system.
During reconnection, a variation in frequency is seen, but after
0.1 s, the frequency stabilizes and starts operating within the
standard limits.

When the system is islanded, the DG must be able to supply
the active energy demand for the local load. However, if the gen-
erated power is not enough, then the voltage will fluctuate from
the power drawn by the load. The same happens if the gener-
ated power is greater than the demand. Likewise, if the load’s
reactive power does not match the generated reactive power,
the frequency in the PCC may also fluctuate, so it is important
to maintain power balance. In the interval between t = 0 s and
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DÖHLER ET AL. 335

t = 0.2 s, shown in Figure 19, it is noticed that the current of
the grid-forming is zero since the system is operated in grid-
connected mode. At t= 0.2 s, the islanded mode starts, as shown
by the appearance of currents in the GFM. Due to the dynamic
characteristic of the load connected to the system, the GFM’s
powers are not constant. Furthermore, in the interval of t = 0.6
s, the system suffers a loss of active power injection as the gen-
erating unit connected to GFL is removed from bus 18. Due to
this, the grid-forming starts to inject more active power to sup-
ply the load demand, as can be seen in Figure 13. The current
returning from neutral due to unbalance conditions remains the
same when the GFL inverter was removed, as the unbalance
only altered the three-phase power injection on three wires.

4 CONCLUSIONS

This article proposed the use of a three-phase four-wire four-
leg inverter connected to a low voltage distribution network
18-bus European Cigré system in order to provide the same
nominal voltage and frequency conditions as the main feeder
in island operation under unbalanced conditions. In addition,
with the increase in the renewable energy generation, the electric
power system has undergone changes, among them, the inser-
tion of small energy generating units, close to the consumption
center, in the subtransmission system and distribution. As a
result, photovoltaic solar panels were connected to the system
in order to reproduce this behavior in the electrical system.
A comprehensive strategy of grid-forming converter was pre-
sented for compensating unbalanced currents and voltages in an
islanded low voltage distribution system consisting of dispatch-
able units. The performance of the inverters was demonstrated
by performing computer simulations using the PSCAD soft-
ware, making it possible to validate the exposed models and
controls during the article. From the simulation results, it is
found that the proposed GFM control strategy can control volt-
age and frequency while maintaining them within their allowable
limits with a low degree of unbalanced. Furthermore, it can be
noted that voltage and frequency are dependent on the load
behavior and the power balance of the system, before the inten-
tional islanding. The proposed control strategy compensates
positive, negative and zero sequence currents of unbalanced
loads in a three-phase four-wire low voltage system, improving
the power quality of the overall system.
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