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Abstract—This paper proposes a novel control for voltage-
source inverters with the capability to flexibly operate in grid-
connected and islanded modes. The control scheme is based on the
droop method, which uses some estimated grid parameters such
as the voltage and frequency and the magnitude and angle of the
grid impedance. Hence, the inverter is able to inject independently
active and reactive power to the grid. The controller provides a
proper dynamics decoupled from the grid-impedance magnitude
and phase. The system is also able to control active and reactive
power flows independently for a large range of impedance grid
values. Simulation and experimental results are provided in order
to show the feasibility of the control proposed.

Index Terms—DC–AC power conversion, distributed genera-
tion (DG), droop control, impedance estimation, power generation
control, voltage-source inverters (VSIs).

I. INTRODUCTION

D ISTRIBUTED generation (DG) systems and microgrids

are becoming more and more important when trying to

increase the renewable energy penetration. In this sense, the use

of intelligent power interfaces between the electrical generation

sources and the grid is mandatory. These interfaces have a

final stage consisting of dc/ac inverters, which can be classified

in current-source inverters (CSIs) and voltage-source inverters

(VSIs). In order to inject current to the grid, CSIs are commonly

used, while in island or autonomous operation, VSIs are needed

to keep the voltage stable [1].

VSIs are very interesting for DG applications since they do

not need any external reference to stay synchronized [2], [3].

In fact, they can operate in parallel with other inverters by using

frequency and voltage droops, forming autonomous or isolated

microgrids [4]. Furthermore, VSIs are convenient since they

can provide to distributed power generation systems perfor-

mances like ride-through capability and power quality enhance-
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ment [5], [6], [25]–[31]. When these inverters are required to

operate in grid-connected mode, they often change its behavior

from voltage to current sources [7]. Nevertheless, to achieve

flexible microgrids, i.e., able to operate in both grid-connected

and islanded modes, VSIs are required to control the exported

or imported power to the mains grid and to stabilize the mi-

crogrid [8], [9]. In this sense, the droop method can be used to

inject active and reactive power from the VSI to the grid by

adjusting the frequency and amplitude of the output voltage

[2]–[4]. However, the conventional droop method needs the

knowledge of some parameters of the grid in order to control

independently the active and reactive power flows. In this sense,

the estimation of the grid impedance can be interesting not only

for injecting P and Q into the grid with high precision but also

for islanding detection.

In this paper, we propose a control scheme based on the

droop method which automatically adjusts their parameters by

using a grid-impedance estimation method based on analyzing

the voltage and current variations at the point of common

coupling (PCC) resulting from small deviations in the power

generated by the VSI [11]. The VSI is able to operate in both

grid-connected and islanded modes, as well as to seamlessly

transfer between these modes. This paper is organized as fol-

lows. In Section II, the grid parameters are obtained by using

an estimation algorithm. With these estimated parameters, an

adaptive droop-control method is presented in Section III,

which is able to decouple active and reactive power flow.

Simulation results are presented in Section V to illustrate the

feasibility of the proposed controller. Section VI shows the

experimental results. Finally, Section VII gives the conclusion.

II. ESTIMATION OF THE GRID PARAMETERS

The grid characterization technique used in this paper is

based on processing the voltage and current phasors at the

PCC between the power converter and the grid. A frequency-

locked loop based on the second-order generalized integrator

(SOGI-FLL) is used to monitor such voltage and current pha-

sors. As shown in Fig. 1, two cascaded integrators working in

closed loop are used to implement the SOGI [10], [11]. This

grid monitoring technique provides high precision, low compu-

tational cost, and frequency adaptation capability [11], [24].

The aforementioned SOGI-FLL is also applied to monitor

the current injected into the PCC in order to obtain the current

phasor �I = id + jiq. The SOGI-FLL acts as a selective filter
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Fig. 1. Diagram of the SOGI-FLL.

Fig. 2. V –I characteristic of the grid for a particular frequency.

for detecting two in-quadrature output signals, which is a very

interesting feature to attenuate harmonics on the monitored

voltage and current and accurately detect the phasors of the

grid voltage and current (�Vg and �Ig) at the fundamental grid

frequency. The detected voltage and current in-quadrature sig-

nals are projected on a d–q rotating reference frame to obtain

coherent voltage and current phasors.

The technique used for estimating the grid parameters stems

from a linear interpretation of the grid in which distributed

power generators are connected to. Therefore, the grid can

be seen from the PCC of a power generator as a simple

Thevenin circuit—constituted by a grid impedance
−→
Zg and a

header voltage
−→
Vg . Even though the V –I characteristic of the

ac grid cannot be represented by a simple 2-D Cartesian plane,

Figs. 2 and 3 help to show further explanations about the

impedance detection method used in this paper since it depicts

the relationship between voltage and current phasors at the PCC

for a particular frequency.

From the measurement of the voltage and current phasors

at the PCC at two different operating points, the linearity in

the V –I characteristic of Fig. 2 allows for writing (1) and (2)

and for estimating the grid impedance �Zg and the open-circuit

voltage �Vg , respectively

�Zg = Zg∠θg =
∆�Vpcc

∆�Ipcc

=
�V1 −

�V2

�I1 −
�I2

(1)

�Vg = Vg∠φg = �Vpcc(i) −
�Zg

�Ipcc(i) =
�I1

�V2 −
�I2

�V1

�I1 −
�I2

(2)

Fig. 3. Block diagram of the grid parameter identification algorithm.

where Zg and θg are the magnitude and the angle grid im-

pedance, respectively. Several techniques for detecting the grid

impedance are either directly or indirectly based on this basic

principle [14]–[18]. In this paper, the grid parameters are esti-

mated from the active and reactive power variations generated

by a grid-connected converter in which a droop controller is

implemented. The cornerstone of this estimation technique is

the accuracy in the online measurement of voltage and current

phasors at the PCC, which is performed based on the SOGI-

FLL. Fig. 3 shows the diagram of the algorithm used in this

paper to identify the grid parameters. It is worthy to say that the

estimated values of the angle and magnitude of the grid voltage

impedance and their voltage and frequency are transiently

wrong after each change in the grid parameters. Therefore, as

shown in Fig. 3, the FLL block is only implemented on the

monitored voltage v, and the angle θ′ is calculated from the

integration of the voltage frequency.

As transient values cannot be sent to the droop controller of

the VSI, a small buffer of three rows is added at the output of

the grid parameter identification block of Fig. 3.

III. ADAPTIVE DROOP CONTROL

In this section, based on the estimation of the grid parameters

provided by the identification algorithm, an adaptive droop

controller that is able to inject active and reactive power into

the grid with high accuracy is proposed.

A. Power Flow Analysis

From Fig. 4, we can calculate the active and reactive powers

injected to the grid by the VSI [19], [20]

P =
1

Zg

[(

EVg cos φ − V 2
g

)

cos θg + EVg sin φ sin θg

]

(3a)

Q =
1

Zg

[(

EVg cos φ − V 2
g

)

sin θg − EVg sin φ cos θg

]

(3b)
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Fig. 4. Equivalent circuit of the VSI connected to the grid.

where E and φ are the magnitude and phase of the VSI, respec-

tively, and Vg is the grid voltage. Notice that both expressions

depend highly on the grid impedance (Zg∠θg). Consequently,

we propose to transform P and Q into novel variables (Pc and

Qc) which are independent from the magnitude and phase of

the grid impedance

Pc = Zg(P sin θg − Q cos θg) (4a)

Qc = Zg(P cos θg + Q sin θg). (4b)

By substituting (3) into (4), it yields the following:

Pc =EVg sin φ (5a)

Qc =EVg cos φ − V 2
g . (5b)

Note that Pc is mainly dependent on the phase φ, while Qc

depends on the voltage difference between the VSI and the grid

(E − Vg).
Once these control variables (Pc and Qc) are obtained, we

can use them into the droop-control method to inject active and

reactive power.

B. Droop-Control Technique

With the aim to inject the desired active and reactive powers

(defined as P ∗ and Q∗), the following droop-control method

which uses the transformation (4) is proposed:

φ = −Gp(s)Zg[(P−P ∗) sin θg−(Q−Q∗) cos θg] (6a)

E =E∗
−Gq(s)Zg [(P−P ∗) cos θg+(Q−Q∗) sin θg] (6b)

where E∗ is the amplitude voltage reference, which takes the

values of the estimated grid voltage (Vg). By using these

equations, we can obtain the voltage reference of the VSI

v∗

ref = E sin(ω∗t + φ), where ω∗ is the frequency reference.

The compensator transfer functions of Pc and Qc can be

expressed as

Gp(s) =
mi + mps + mds

2

s
(7a)

Gq(s) =
ni + nps

s
. (7b)

Note that, in practice, the derivative term in Gq(s) is avoided

since it barely affects the system dynamics.

Fig. 5 shows the block diagram of the droop controller

proposed to inject the desired active P ∗ and reactive power Q∗.

C. System Dynamics

In order to show the system stability and the transient re-

sponse, a small-signal analysis is provided, allowing the de-

signer to adjust the control parameters [21], [22]. Taking into

Fig. 5. Block diagram of the adaptive droop control.

account that P and Q are the average values of instantaneous

active and reactive power p(t) and q(t)

P = vdid + vqiq =
1

T

t−T
∫

t

p(t)dt (8a)

Q = vqid − vdiq =
1

T

t−T
∫

t

q(t)dt (8b)

where T is the period of the grid frequency. By using the first-

order Padé approximation

e−Ts
≈

2 − Ts

2 + Ts
(9)

the average value P and Q can be expressed as follows:

P =
1 − e−Ts

Ts
p(s) ≈

1

1 + (T/2)s
p(s) (10a)

Q =
1 − e−Ts

Ts
q(s) ≈

1

1 + (T/2)s
q(s). (10b)

By substituting (9) and (10) into (14) and using the small

signal approximation to linearize the equations, we yield

p̂c(s) =
1

1+t(T/2)s

(

Vg sin Φê(s)+VgE cos Φφ̂(s)
)

(11a)

q̂c(s) =
1

1+(T/2)s

(

Vg cos Φê(s)−VgE sin Φφ̂(s)
)

(11b)

where the lowercase variables with the symbol ˆ indi-

cate small-signal values and the uppercase variables are the

steady-state values. By using (6), (7), and (11), the following

can be obtained:

φ̂(s) = −

(

mi + mps + mds
2

s

)

p̂c(s) (12a)

ê(s) = −

(

ni + nps

s

)

q̂c(s). (12b)

From (12), the following can be derived:

φ̂(s)= −

(

mi+mps+mds
2

s

)

Vg sin Θê(s)+VgE cos Θφ̂(s)

1+(T/2)s
(13a)

ê(s)= −

(

ni+nps

s

)

Vg cos Θê(s)+VgE sin Θφ̂(s)

1+(T/2)s
. (13b)
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Fig. 6. Trace of root locus for 0.00005 < mp < 0.0001.

By combining (13a) and (13b), the following fourth-order

characteristic equation can be obtained:

a4s
4 + a3s

3 + a2s
2 + a1s + a0 = 0 (14)

where

a4 =T 2 + 2TmdVgE cos Φ

a3 = 4T + 4mdnpV
2
g E + 2Vg cos Φ

× (2mdE + Tnp + TmpE)

a2 = 2Vg cos Φ(TmiE + Tni + 2np + 2mp)

+ 4V 2
g E(mpnp + mdni) + 4

a1 = 4V cos Φ(ni + miE) + 4V 2E(minp + mpni)

a0 = 4nimiEV 2

where the steady-state values of the active and reactive power

are P = P ∗ and Q = Q∗, and from (3), the steady-state phase

and amplitudes can be calculated as follows:

Φ = tan−1

(

P ∗ sin θg − Q∗ cos θg

P ∗ cos θg + Q∗ sin θg + (V 2
g /Z

g
)

)

(15a)

E =
V 2

g cos θg + P ∗Zg

Vg (cos θg cos Φ + sin θg sin Φ)
. (16b)

By using this model, we can extract the root locus family that

is shown in Figs. 6–8 by changing mp, md, and nd. In order to

guarantee the stability condition (input/output behavior) of the

closed-loop system dynamics, a pole study of the fourth-order

identified model is employed. The performance of this kind of

systems is often viewed in terms of pole dominance. The a0

coefficient of the characteristic equation depends basically on

the mi and ni parameters that influence directly over the system

fast response, making it more damped. In some practical cases,

it is possible to adjust these parameters for fine-tuning purposes.

Moreover, system stability can be determined by using (14)

when the islanding mode is taking place. In an autonomous

operation mode, the system stability can be compromised if any

reactive power contributions from the main grid are considered.

It is possible to solve if the parameter ni in (14) equals zero,

Fig. 7. Trace of root locus for 1 × 10
−6 < md < 4 × 10

−5.

Fig. 8. Trace of root locus for 0.0004 < np < 0.01.

Fig. 9. Block diagram of the SOGI and proposed adaptive droop control with
grid-connected to autonomous mode transition capability.

reducing the system dynamics to a third-order equation. That

is why the fourth-order system can be simplified to a third-,

second-, or even first-order system.

IV. CONTROL STRUCTURE

Fig. 9 shows the proposed block diagram of the whole

control structure of the VSI unit. It consists of several control

loops, described as follows. The inner control loops regulate
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Fig. 10. Flowchart diagram of the modes of the VSI.

Fig. 11. Block diagram of the whole proposed controller using the synchro-
nization control loops.

the inverter output voltage and limit the output current. The

loop of the SOGI-FLL and the associated algorithm is able

to estimate the grid parameters: the frequency, voltage, and

magnitude and angle of the grid impedance (ωg , Vg, Zg , and

θg). These parameters are used by the adaptive droop controller

to inject the required active and reactive power by the VSI

into the grid. In addition, the estimation of the grid impedance

can be useful for islanding detection. If Zg < 1.75 Ω or Zg

changes more than 0.5 Ω in 5 s, the VSI will be in island mode.

Islanding detection is necessary in order to achieve a soft

transition between grid-connected and islanding modes for a

nonplanned islanding scenario. In that case, the integral term of

the reactive power control must be disconnected (ni = 0) [23].

Fig. 10 shows the flowchart diagram of the two operation

modes of the inverter and their transitions. Starting from the

islanding mode, the VSI is supplying the local load. When the

grid is available, the VSI must start the synchronization process

with the phase, frequency, and amplitude of the grid, without

connecting the bypass switch (indicated by the grid status vari-

able /GS in Fig. 11). The phase and frequency synchronization

can be done by multiplying the quadrature component of the

voltage grid by the VSI voltage and processing this signal

through a low-pass filter and a PI controller to be sent to the

phase control loop, as shown in Fig. 11. In order to adjust the

voltage amplitude, the rms voltage error between the grid and

the VSI must be calculated and processed through a PI to be

sent to the amplitude control loop. Hence, after several line

cycles, the VSI will be synchronized to the grid, and the bypass

can interconnect the VSI and the grid. At this moment, the

desired active and reactive powers can be injected to the grid.

V. SIMULATION RESULTS

The proposed control is tested through proper simulations in

order to validate its feasibility. A single-phase VSI with the

TABLE I
SYSTEM PARAMETERS

Fig. 12. Variations of the grid impedance R and L estimation.

Fig. 13. Dynamic response of the system and the model (14).

controller proposed was simulated by using the control and

system parameters shown in Table I.

Fig. 12 shows the grid-impedance estimator performance.

The inductive part of the grid impedance changes from 1.50

to 1.65 mH at t = 10 s, while the resistive part changes from

1.1 to 1 Ω at t = 14 s. As can be observed, the transient values

cannot be sent directly to the droop controller of the VSI. For

that reason, a small mismatch is appreciated due to the buffer

of the grid parameter estimation algorithm (see Section II).

Fig. 13 shows the validity of the model, showing the good

resemblance between the system phase dynamics and the ob-

tained model (14). The model has been proved for a wide range

of grid-impedance values, showing its validity.
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Fig. 14. Start-up of P for different line impedances (a) without and (b) with
the estimation algorithm of Zg .

In addition, to illustrate the robustness in front of large grid-

impedance variations, some simulations have been performed

with and without the estimator algorithm. Fig. 14 shows the

transient response of the active power by using the control

without and with the grid-impedance estimation loop, for grid-

impedance variations (Rg = 1, 2, and 3 Ω). Notice that this

loop decouples, to a large extent, the system dynamics from

the grid-impedance value.

Fig. 15(a) shows the synchronization process of the out-

put voltage inverter with respect to the grid voltage, during

islanding operation. Fig. 15(b) shows the voltage difference

between the voltage grid and VSI voltages. Once the syn-

chronization is done, Fig. 15(c) shows the transition from

islanded to grid-connected mode. When the connection is re-

alized and the system is under steady-state condition, the active

and reactive power injected to the grid can be independently

controlled. Finally, the system is intentionally disconnected

(t = 20 s) in order to validate the transition operation from

grid-connected to islanded mode. The seamless transfer be-

tween both modes can be seen, pointing out the flexible op-

eration of the VSI.

Fig. 15. Transition from islanding to grid-connected mode. (a) Synchroniza-
tion process (grid and VSI voltages). (b) Error between grid and inverter
voltages. (c) P and Q for t < 12 s in islanding mode and t > 12 s in grid-
connected mode. In t = 17 s, P changes from 0 to 1000 W, in t = 19 s, Q

changes from 0 to 500 var, and in t = 20 s, the system is disconnected from
the grid.

Fig. 16. Scheme of the experimental setup.

VI. EXPERIMENTAL RESULTS

Experiments have been performed in order to show the feasi-

bility of the controller proposed. The hardware setup shown in

Fig. 16 consists of the following equipment: a Danfoss VLT

5006 7.6-kVA inverter with an LC filter (L = 2 × 712 μH

and C = 2.2 μF) and a local load. A dSPACE 1104 system

is used to implement the controller. The system sampling and

switching frequency were running at 8 kHz.

The inverter is connected, through a bypass switch, to a

5-kVA low-voltage grid transformer with an equivalent im-

pedance of 10 mH. The waveforms presented here were ob-

tained through the ControlDesk software provided by dSPACE,

as shown in Fig. 17.
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Fig. 17. Panel supervisor of the ControlDesk from dSPACE.

Fig. 18. Synchronization of the inverter to the grid. (a) Grid and inverter
voltage waveforms. (b) Error between grid and inverter voltages.

Fig. 19. Active power transient response for Q = 0 var. (a) From 0 to 1000 W
and (b) from 0 to 500 W and from 500 to 1000 W. (Blue line) P and (black
line) Q.

Fig. 18 shows the synchronization process of the inverter

with the grid. As shown, in less than 1 s, the inverter is

synchronized to the grid. Then, the inverter can be connected

to the grid, and at this moment, we can change the power

references, as also shown in Fig. 18.

Fig. 19 shows the dynamics of the active power when chang-

ing the reference from 0 to 1 kW, from 0 to 500 W, and from

500 to 1000 W while keeping Q = 0 var. Fig. 20 shows the

Fig. 20. Reactive power transient response from 0 to −1000 var for P =0 W.
(Blue line) P and (black line) Q.

Fig. 21. Transition from islanding to grid-connected mode: (a) Synchroniza-
tion process (grid and VSI voltages) and (b) P and Q for t > 2 s in islanding
mode and t > 2 s in grid-connected mode. In t = 5 s, P changes from 0 to
1000 W, in t = 10 s, Q changes from 0 to 500 var, and in t = 11 s, the system
is disconnected. (Blue line) P and (black line) Q.

capability of the VSI to absorb 1000 var of reactive power.

Notice the transient response and steady-state performances

that endow the controller to the system.

Fig. 21 shows the transition from islanded to grid-connected

mode. Then, the active and reactive power injected to the grid

can be independently controlled. Finally, the system is inten-

tionally disconnected. Notice the good agreement between the

experimental results and the corresponding simulation results

shown in Fig. 15(b).

Fig. 17 shows the supervisor panel with all the proposed

control strategy. It is composed of its inner (voltage and current

control) and outer loops (synchronization and power sharing).

Some system measurements can be appreciated as well in order

to analyze the system behavior within specified limits.

VII. CONCLUSION

This paper has presented a novel control for a VSI that is

able to operate in islanding mode, as well as in grid-connected

mode. In this last case, the inverter is able to inject the desired

active and reactive power to the grid. The control has two main

structures. The first one is the grid parameter estimation, which

calculates the amplitude and frequency of the grid, as well as

the magnitude and phase of the grid impedance. The second

one is a droop-control scheme, which uses these parameters

to inject independently active and reactive power to the grid.

The proposed droop control uses such parameters to close the

loop, achieving a tight P and Q regulation. Owing to the

feedback variables of the estimator, the system dynamics is well

decoupled from the grid parameters. The results point out the

applicability of the proposed control scheme to DG VSIs for

microgrid applications.
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