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Abstract
Power control based on generators with electronic voltage
inverters in grid-connected mode, has aroused growing
interest due to the penetration of both distributed generation
and electric micro-grids. For an effective and reliable control,
it is necessary to have an adequate model of the dynamics of
the system. In contrast to the different methodologies of
dynamic modeling of these systems reported in the literature,
in this paper, three modeling methodologies are compared for
a grid-connected inverter, which is controlled by the droop
control approach. The results in simulation are presented to
illustrate the performance of each of these methodologies for
stability analysis and dynamic response in the presence of
variations of different types of connection lines.
Key words: Dynamic modeling of grid-connected inverter;
droop control; stability analysis

INTRODUCTION
In AC electric power supply systems, in which the generators
operate in parallel under conditions in which the use of
communications between the sources is not convenient, the
control by means of droop schemes is the most applied
alternative. In addition, given the diversity of the types of
energy sources, the use of voltage inverters is essential for the
management of systems in alternating current. Thus, in an
attempt to emulate the behavior of electric generators
operating from rotating machines, these inverters operate
under the control law given by the droop curves.
Since the control by droop curves involves the calculation of
the active and reactive power of each inverter, the modeling
and control of each inverter connected to the power system
becomes non-linear. Based on this, it is often preferred to
approximate the actual behavior of the system by linear
simplifications around a given operating point. However,
these approximations may not always adequately represent the
actual behavior of the power system. Based on the above, in
the literature can be found many works that address the
problem of modeling [1-12]. Among the different modeling
strategies found in the literature, Coelho's work [1] should be
highlighted, on which several authors have developed and
analyzed control models and strategies for different types of
grids [2-3] [5] [9] [12] [13].
Despite the diffusion of the work presented in [1], other
authors have found that this modeling strategy fails to
adequately predict the stability limit of the system. For
example, Guo et al. [2] and Pogaku et al. [3] indicate that the

model proposed in [1] does not consider the dynamics of the
components of the grid, so each of them proposes a different
methodology. Specifically, in [3] it is proposed to model an
inverter system operating in isolated mode on the DQ
synchronous frame based on small signal analyzes developed
previously for synchronous generators. For its part [2]
proposes to use dynamic phasors and follow a procedure
similar to that shown in [1] to obtain the characteristic
polynomial of the system, and be able to determine the
stability of the system from its roots.
Considering that the methodologies shown in [1], [2] and [3]
present different approaches, this document intends to obtain
the representation in state variables of a three-phase gridconnected inverter model using the methodologies of these
three works. The difference between what is shown here with
works [1], [2] and [3] is that, although these three
methodologies are followed, none of these works deduces the
representation in state variables of the grid-connected inverter.
In addition, the comparison of the three models shown here is
made considering small variations to the control law
adjustment points, which is only mentioned in [2], but was not
applied in that work. A validation through the application of
disturbances can be found in [3], where an attempt is made to
validate the model by adding a disturbance to the load in the
form of a current source, but the model with that disturbance
is not shown and it is not shown how faithful is the model to
the real circuit. On the other hand, in [2] the verification of the
fidelity of the model is made from the behavior of the poles as
the slope of the droop curve ω vs P is varied, to then simulate
the circuit for values in which it is known that the system is
stable or unstable. That is, the model is not shown in state
variables and the dynamics of the circuit are not compared
with that of the model.
This document is divided into four main parts. The first is a
brief explanation of the use of droop curves to control power
sharing. The second part shows how the system model was
obtained following the three methodologies studied. The third
part shows the simulation results that were obtained to
compare the 3 models with the behavior of the real circuit.
The fourth part shows a small discussion of the results, and
finally the conclusions and final observations of the work are
shown.

DROOP CURVES
Consider the connection of an inverter to a power bar in AC
(alternating current) by a line, with inductive and resistive
parts shown in figure 1, where v(t) is the grid voltage, e(t) is
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the inverter voltage, R is the resistance of the line and L the
inductance.

⃗ = 𝑉∠0 is the grid
Analyzing the circuit by phasors, where 𝑉
voltage, 𝐸⃗ = 𝐸∠𝛿 is the inverter voltage and X the reactance
of the inductive part of the line, for the direction of the
indicated current, the complex power of one of the phases of
the inverter can be calculated and separated into its active and
reactive components such as:
𝑅𝐸 2 + 𝐸𝑉𝑋𝑠𝑖𝑛𝛿 − 𝑅𝑉𝐸𝑐𝑜𝑠𝛿
𝑅2 + 𝑋 2
2

𝑄 = ℐ{𝑆} =

𝑋𝐸 − 𝐸𝑉𝑋𝑐𝑜𝑠𝛿 − 𝑅𝑉𝐸𝑠𝑖𝑛𝛿
𝑅2 + 𝑋 2

𝑅𝐸 2 + 𝐸𝑉𝑋𝛿 − 𝑅𝑉𝐸
𝑅2 + 𝑋 2

𝑄≈

𝑋𝐸 2 − 𝐸𝑉𝑋 − 𝑅𝑉𝐸𝛿
𝑅2 + 𝑋 2

𝑄≈

𝐸 ∗ = 𝐸0 − 𝑘𝑞 𝑄𝑓𝑙𝑡

(3)

𝜔𝑐
𝑃(𝑠)
𝑠 + 𝜔𝑐
𝜔𝑐
𝑄𝑓𝑙𝑡 (𝑠) =
𝑄(𝑠)
𝑠 + 𝜔𝑐
𝑃𝑓𝑙𝑡 (𝑠) =

(4)

METHODOLOGIES FOR MODELING THE SYSTEM
This section shows the procedure used to obtain the
representation in state variables of the studied system
following the three methodologies considered in this work.
The first approach is based on modeling using phasor analysis
[1], then the procedure used to obtain the model based on
dynamic phasors is presented [2], and finally the procedure is
presented using the DQ framework [ 3].

Modeling from system analysis with classical phasors

If the reactive part of the line is much larger than its resistive
part, the previous expression could be approximated by:

𝑃≈

(2)

On the other hand, because the frequency and voltage that the
inverter must impose is calculated from the active and reactive
power that it delivers, the latter must be measured adequately.
Thus, measurements of their instantaneous values are
normally smoothed with a filter as indicated in (4), where 𝜔𝑐
is the cutoff frequency and its value is normally less than the
nominal value of the fundamental frequency of the inverter
voltage.

(1)

Considering that the voltage drop in the line should be small
compared to the voltages of the inverter and the grid, it is
reasonable to expect that the value of δ is close to zero. In this
way, as for small values of the angle the cosine is
approximately 1 and the sine is approximately δ, the previous
expressions can be approximated as:

𝑃≈

𝜔 ∗ = 𝜔0 − 𝑘𝑝 𝑃𝑓𝑙𝑡

Where 𝜔∗ is the frequency of the inverter and 𝜔0 , 𝐸0 , 𝑘𝑝 y 𝑘𝑞
are constants that are adjusted according to the operating point
and the inverter power rating.

Figure 1. Connection of an inverter to the grid (one of the
phases)

𝑃 = ℛ{𝑆} =

inverter depends mainly on the inverter’s voltage. In this way,
it is justified, the fact that, for inductive lines, the power
control of an inverter is made through the relationships:

𝐸𝑉𝑋𝛿
𝑋

𝐸 2 − 𝐸𝑉
𝑋

The modeling strategy used in [1] consists of obtaining a
linear approximation to the real system from the analysis of
the circuit using phasors. The method is based on obtaining a
model of small variations around an operation point through
the first two terms of the Taylor series. By doing this, it can be
shown, that the variations of active and reactive power of a
generator can be calculated as:

∆𝑃 ≈

Inspecting the previous expression, it can be seen that, if the
assumptions made are fulfilled, the active power of the
inverter depends mainly on the angle between its voltage and
the grid voltage. On the other hand, the reactive power of the

𝜕𝑃

|

𝜕𝐸 𝐸𝑒 ,𝑉𝑒 ,𝛿𝑒

∆𝑄 ≈

∆𝐸 +

𝜕𝑃

|

𝜕𝛿 𝐸𝑒 ,𝑉𝑒 ,𝛿𝑒

∆𝛿,

𝜕𝑄
𝜕𝑄
|
∆𝐸 + |
∆𝛿
𝜕𝐸 𝐸𝑒 ,𝑉𝑒,𝛿𝑒
𝜕𝛿 𝐸𝑒,𝑉𝑒,𝛿𝑒

(5)

Where ∆P, ∆Q, ∆E and ∆𝛿 represent small variations around
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the equilibrium point of the active and reactive power of the
inverter, its voltage and the angle between the inverter voltage
and the grid voltage, respectively. They are defined as:
∆𝑃 = 𝑃 − 𝑃𝑒 , ∆𝑄 = 𝑄 − 𝑄𝑒 , ∆𝛿 = 𝛿 − 𝛿𝑒 , ∆𝐸 = 𝐸 −
𝐸𝑒

Also, since the position and angular velocity are related by
𝑠𝛿(𝑠) = 𝜔(𝑠), from (6), then:
𝑠∆𝛿(𝑠) = ∆𝜔0 − 𝑘𝑝 ∆𝑃𝑓𝑙𝑡

From the Laplace inverse transform of (8) and (9) and
ignoring the initial conditions, the representation in state
variables can be constructed in the following way:

Being Pe, Qe, Ee and 𝛿𝑒 the values at the equilibrium point of
the respective variables.

𝑑∆𝑃𝑓𝑙𝑡
𝑑𝑡
∆𝑃𝑓𝑙𝑡
∆𝜔
𝑑∆𝑄𝑓𝑙𝑡
= 𝐀𝐅 [∆𝑄𝑓𝑙𝑡 ] + 𝐁𝐅 [ 0 ]
∆𝐸0
𝑑𝑡
∆𝛿
𝑑∆𝛿
[ 𝑑𝑡 ]

Additionally, from the calculation of the partial derivatives of
(1), it can be shown that for the three-phase system the
coefficients of (5) are:

𝑘𝑝𝑒

𝑘𝑞𝑒

−𝜔𝑐
𝐀𝐅 = [ 0
−𝑘𝑝

𝜕𝑃
𝐸𝑒 𝑉𝑒 𝑋𝑐𝑜𝑠𝛿𝑒 + 𝑅𝑉𝑒 𝐸𝑒 𝑠𝑖𝑛𝛿𝑒
= |
=3
𝜕𝛿 𝐸𝑒,𝑉𝑒,𝛿𝑒
𝑅2 + 𝑋 2

−𝜔𝑐 𝑘𝑝𝑒 𝑘𝑞

𝜔𝑐 𝑘𝑝𝑑

−𝜔𝑐 (𝑘𝑞𝑒 𝑘𝑞 + 1)
0

𝑘𝑞𝑑 𝜔𝑐 ]
0

0
𝐁𝐅 = [0
1

𝜕𝑄
2𝑋𝐸𝑒 − 𝑉𝑒 𝑋𝑐𝑜𝑠𝛿𝑒 − 𝑅𝑉𝑒 𝑠𝑖𝑛𝛿𝑒
=
|
=3
𝜕𝐸 𝐸𝑒,𝑉𝑒,𝛿𝑒
𝑅2 + 𝑋 2

𝑘𝑞𝑑 =

𝜕𝑄
𝐸𝑒 𝑉𝑒 𝑋𝑠𝑖𝑛𝛿𝑒 − 𝑅𝑉𝑒 𝐸𝑒 𝑐𝑜𝑠𝛿𝑒
|
=3
𝜕𝛿 𝐸𝑒,𝑉𝑒,𝛿𝑒
𝑅2 + 𝑋 2

Considering that the inverter manages to impose, without
error, the voltage and frequency references given by the droop
control law, small variations in the frequency and voltage of
the inverter can be written from (2) and (3) as:
∆𝜔 = ∆𝜔0 − 𝑘𝑝 ∆𝑃𝑓𝑙𝑡

(6)

∆𝐸 = ∆𝐸0 − 𝑘𝑞 ∆𝑄𝑓𝑙𝑡

(7)

The modeling strategy used in [2] is based on the use of
dynamic phasors under the consideration that in other works
the dynamics of the elements of the power grid are ignored.
The procedure used for the modeling of the grid-connected
inverter is practically the same proposed in [1], with the
difference that the electrical circuit is analyzed with dynamic
phasors and not by the classical phasors.

The representation in dynamic phasors, is based on the fact
that a waveform that depends on time can be represented in a
time interval T by means of a Fourier series [2]:
∞

𝜔 ≈ 𝜔𝑒 + ∆𝜔, 𝜔0 ≈ 𝜔0𝑒 + ∆𝜔0 , 𝐸0 ≈ 𝐸0𝑒 + ∆𝐸0

2𝜋

𝑥(𝜏) = ∑ 𝑋𝑘 (𝑡)𝑒 𝑗𝑘 𝑇 𝜏

Which is obtained by approximating with small variations
around operation points of the different variables (𝜔𝑒 , 𝜔0𝑒 ,
𝐸0𝑒 ) as follows:

(11)

𝑘=−∞

Where 𝑋𝑘 (𝑡) are called variable phasors in time and can be
calculated by:

Thus, using the Laplace transform of (5) and (7) to evaluate
the output of the filters shown in (4) to small variations, then:
𝑋𝑘 (𝑡) =

𝑠∆𝑄𝑓𝑙𝑡 (𝑠) = 𝜔𝑐 𝑘𝑞𝑒 ∆𝐸0 (𝑠) − 𝜔𝑐 (𝑘𝑞 𝑘𝑞𝑒 + 1)∆𝑄𝑓𝑙𝑡 (𝑠)
+ 𝜔𝑐 𝑘𝑞𝑑 ∆𝛿(𝑠)

𝜔𝑐 𝑘𝑝𝑒
𝜔𝑐 𝑘𝑞𝑒 ]
0

Modeling from system analysis with dynamic phasors

Where 𝑉𝑒 is the grid voltage for the equilibrium point.

𝑠∆𝑃𝑓𝑙𝑡 (𝑠) = 𝜔𝑐 𝑘𝑝𝑒 ∆𝐸0 (𝑠) − 𝜔𝑐 𝑘𝑞 𝑘𝑝𝑒 ∆𝑄𝑓𝑙𝑡 (𝑠)
+ 𝜔𝑐 𝑘𝑝𝑑 ∆𝛿(𝑠) − 𝜔𝑐 ∆𝑃𝑓𝑙𝑡 (𝑠)

(10)

where:

𝜕𝑃
2𝑅𝐸𝑒 + 𝑉𝑒 𝑋𝑠𝑖𝑛𝛿𝑒 − 𝑅𝑉𝑒 𝑐𝑜𝑠𝛿𝑒
=
|
=3
𝜕𝐸 𝐸𝑒,𝑉𝑒,𝛿𝑒
𝑅2 + 𝑋 2

𝑘𝑝𝑑

(9)

(8)

2𝜋
1 𝑡
∫ 𝑥(𝜏)𝑒 −𝑗𝑘 𝑇 𝜏 𝑑𝜏
𝑇 𝑡−𝑇

Taking into account that the phasor that represents the
derivative of a function in time can be obtained from:
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𝑑(𝑋𝑘 (𝑡))
+ 𝑗𝑘𝜔𝑋𝑘 (𝑡)
𝑑𝑡

𝑋̇𝑘 (𝑡) =

Thus, as proposed in [1], the variations of active and reactive
power are calculated by the approximation indicated in (5),
where the coefficients in this case are:

Considering the circuit of figure 1, for the k-th coefficient,
then:

𝐸𝑘 (𝑡) = 𝑅𝐼𝑘 (𝑡) + 𝐿 (

(𝑅 + 𝐿𝑠)(2𝐸𝑒 − 𝑉𝑒 𝑐𝑜𝑠𝛿𝑒 ) + 𝜔𝑒 𝐿𝑉𝑒 𝑠𝑖𝑛𝛿𝑒
𝜕𝑃
|
=3
(𝐿𝑠 + 𝑅)2 + (𝜔𝑒 𝐿)2
𝜕𝐸 𝐸𝑒,𝑉𝑒 ,𝛿𝑒,𝜔𝑒
(𝑅 + 𝐿𝑠)𝑉𝑒 𝐸𝑒 𝑠𝑖𝑛𝛿𝑒 + 𝜔𝑒 𝐿𝑉𝑒 𝐸𝑒 𝑐𝑜𝑠𝛿𝑒
𝜕𝑃
|
=3
(𝐿𝑠 + 𝑅)2 + (𝜔𝑒 𝐿)2
𝜕𝛿 𝐸𝑒,𝑉𝑒,𝛿𝑒,𝜔𝑒

𝑑(𝐼𝑘 (𝑡))
+ 𝑗𝑘𝜔𝐼𝑘 (𝑡)) + 𝑉𝑘 (𝑡)
𝑑𝑡

𝜕𝑄
𝜔𝑒 𝐿(2𝐸𝑒 − 𝑉𝑒 𝑐𝑜𝑠𝛿𝑒 ) − 𝑉𝑒 (𝑅 + 𝐿𝑠)𝑠𝑖𝑛𝛿𝑒
|
=3
(𝐿𝑠 + 𝑅)2 + (𝜔𝑒 𝐿)2
𝜕𝐸 𝐸𝑒,𝑉𝑒 ,𝛿𝑒 ,𝜔𝑒
𝜕𝑄
𝜔𝑒 𝐿𝑉𝑒 𝐸𝑒 𝑠𝑖𝑛𝛿𝑒 − (𝑅 + 𝐿𝑠)𝐸𝑒 𝑉𝑒 𝑐𝑜𝑠𝛿𝑒
|
=3
(𝐿𝑠 + 𝑅)2 + (𝜔𝑒 𝐿)2
𝜕𝛿 𝐸𝑒,𝑉𝑒 ,𝛿𝑒 ,𝜔𝑒

Applying the Laplace transform and ignoring the initial
conditions, it can be shown that:

𝐼𝑘 (𝑠) =

𝐸𝑘 (𝑠) − 𝑉𝑘 (𝑠)
𝐿𝑠 + 𝑅 + 𝑗𝑘𝜔𝐿

(12)

In this way, the active and reactive power of a three-phase
system can be calculated from 𝑆 = 𝑃 + 𝑗𝑄 = 3𝐸𝐼 ∗ . Defining
the phase of the grid as reference and the angle of the
inverter’s voltage as 𝛿,, for 𝑘 = 1, then the active and reactive
power can be calculated as:

=3

Considering that 𝛿 is small (0 ≈ 𝑠𝑖𝑛𝛿 and 1 ≈ 𝑐𝑜𝑠𝛿) and that
in steady state the voltage of the inverter and the grid are
approximately equal (𝐸𝑒 ≈ 𝑉𝑒 ), it can be shown that the
response of the filters to small variations, can be obtained as:

∆𝑃𝑓𝑙𝑡 (𝑠) =

𝑃
2
[(𝐿𝑠 + 𝑅) ((𝐸(𝑠)) − 𝐸(𝑠)𝑉(𝑠)𝑐𝑜𝑠𝛿) + 𝜔𝐿𝐸(𝑠)𝑉(𝑠)𝑠𝑖𝑛𝛿] (13)

𝜔𝑐
3𝜔𝑒 𝐿𝐸𝑒
∆𝑄𝑓𝑙𝑡 (𝑠) =
(
∆𝐸
𝑠 + 𝜔𝑐 (𝐿𝑠 + 𝑅)2 + (𝜔𝑒 𝐿)2
3(𝑅 + 𝐿𝑠)𝐸𝑒2
−
∆𝛿)
(𝐿𝑠 + 𝑅)2 + (𝜔𝑒 𝐿)2

(𝐿𝑠 + 𝑅)2 + (𝜔𝐿)2

𝑄
2
[𝜔𝐿 ((𝐸(𝑠)) − 𝐸(𝑠)𝑉(𝑠)𝑐𝑜𝑠𝛿) − (𝐿𝑠 + 𝑅)𝐸(𝑠)𝑉(𝑠)𝑠𝑖𝑛𝛿] (13)
=3
(𝐿𝑠 + 𝑅)2 + (𝜔𝐿)2

𝜔𝑐
3(𝑅 + 𝐿𝑠)𝐸𝑒
(
∆𝐸
𝑠 + 𝜔𝑐 (𝐿𝑠 + 𝑅)2 + (𝜔𝐿)2
3𝜔𝑒 𝐿𝐸𝑒2
+
∆𝛿)
(𝐿𝑠 + 𝑅)2 + (𝜔𝑒 𝐿)2

(14)

Thus, since 𝑠∆𝛿 = ∆𝜔, then from (14) , (6) and (7), it can be
shown that:

⃛𝑓𝑙𝑡 = 𝑏4𝑝 ∆𝑄̇𝑓𝑙𝑡 + 𝑏3𝑝 ∆𝑄𝑓𝑙𝑡 + 𝑏2𝑝 ∆𝐸̇0 + 𝑏1𝑝 ∆𝐸0 + 𝑏0𝑝 ∆𝛿 − 𝑎2𝑝 ∆𝑃𝑓𝑙𝑡
̈ − 𝑎1𝑝 ∆𝑃𝑓𝑙𝑡
̇ − 𝑎0𝑝 ∆𝑃𝑓𝑙𝑡
∆𝑃
⃛𝑓𝑙𝑡 = 𝑏3𝑞 ∆𝑃𝑓𝑙𝑡 + 𝑏2𝑞 ∆𝐸0 + 𝑏1𝑞 ∆𝜔0 + 𝑏0𝑞 ∆𝛿 − 𝑎2𝑞 ∆𝑄̈𝑓𝑙𝑡 − 𝑎1𝑞 ∆𝑄̇𝑓𝑙𝑡 + (𝑏4𝑞 − 𝑎0𝑞 )∆𝑄𝑓𝑙𝑡
∆𝑄

(15)

with:
𝑏4𝑝 = −3𝐸𝑒 𝑘𝑞 𝜔𝑐 /𝐿, 𝑏3𝑝 = −3𝐸𝑒 𝑅𝑘𝑞 𝜔𝑐 /𝐿2 , 𝑏2𝑝 = 3𝐸𝑒 𝜔𝑐 /𝐿, 𝑏1𝑝 = 3𝐸𝑒 𝑅𝜔𝑐 /𝐿2 , 𝑏0𝑝 = 3𝐸𝑒2 𝜔𝑐 𝜔𝑒 /𝐿
𝑎2𝑝 = (𝜔𝑐 𝐿2 + 2𝑅𝐿)/𝐿2 , 𝑎1𝑝 = (𝐿2 𝜔𝑒2 + 2𝜔𝑐 𝐿𝑅 + 𝑅2 )/𝐿2 , 𝑎0𝑝 = (𝜔𝑐 (𝐿2 𝜔𝑒2 + 𝑅2 ))/𝐿2
𝑏3𝑞 = 3𝐸𝑒2 𝑘𝑝 𝜔𝑐 /𝐿, 𝑏2𝑞 = 3𝐸𝑒 𝜔𝑐 𝜔𝑒 /𝐿, 𝑏1𝑞 = −3𝐸𝑒2 𝜔𝑐 /𝐿, 𝑏0𝑞 = −3𝐸𝑒2 𝑅𝜔𝑐 /𝐿2
𝑎2𝑞 = (𝜔𝑐 𝐿2 + 2𝑅𝐿)/𝐿2 , 𝑎1𝑞 = (𝐿2 𝜔𝑒2 + 2𝜔𝑐 𝐿𝑅 + 𝑅2 )/𝐿2
(𝑏4𝑞 − 𝑎0𝑞 ) = −𝜔𝑐 (𝐿2 𝜔𝑟2 + 3𝐸𝑒 𝑘𝑞 𝐿𝜔𝑒 + 𝑅2 )/𝐿2
Where the points used as emphasis on the variables ∆𝑃𝑓𝑙𝑡 ,
∆𝑄𝑓𝑙𝑡 , ∆𝐸0 and ∆𝛿 indicate the order of the derivative of the
respective variable.

A representation in state variables of this model can be
̇ ,
obtained, defining as state variables ∆𝑄̈𝑓𝑙𝑡 , ∆𝑄̇𝑓𝑙𝑡 , ∆𝑄𝑓𝑙𝑡 , ∆𝑃𝑓𝑙𝑡
∆𝑃𝑓𝑙𝑡 , ∆𝛿 and as auxiliary variable ∆𝑥, defined as:
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̈ − 𝑏2𝑝 ∆𝐸0
∆𝑥 = ∆𝑃𝑓𝑙𝑡

By doing this, the matrix representation of the system takes
the following form:
̇ 𝑑∆𝑃𝑓𝑙𝑡 𝑑∆𝑄̈𝑓𝑙𝑡 𝑑∆𝑄̇𝑓𝑙𝑡 𝑑∆𝑄𝑓𝑙𝑡 𝑑∆𝛿 𝑇
𝑑∆𝑥 𝑑∆𝑃𝑓𝑙𝑡
]
𝑑𝑡
𝑑𝑡
𝑑𝑡
𝑑𝑡
𝑑𝑡
𝑑𝑡
𝑑𝑡
̇ ∆𝑃𝑓𝑙𝑡 ∆𝑄̈𝑓𝑙𝑡 ∆𝑄̇𝑓𝑙𝑡 ∆𝑄𝑓𝑙𝑡 ∆𝛿]𝑇
= 𝐀𝐅𝐃 [∆𝑥 ∆𝑃𝑓𝑙𝑡
+ 𝐁𝐅𝐃 [∆𝜔0 ∆𝐸0 ]𝑇
[

(16)

with:
𝐀𝐅𝐃
−𝑎2𝑝
1
0
= 0
0
0
[ 0

−𝑎1𝑝
0
1
0
0
0
0

−𝑎0𝑝
0
0
𝑏3𝑞
0
0
−𝑘𝑝

𝐁𝐅𝐃

0
0
0
𝑏
= 1𝑞
0
0
[ 1

0
0
0
−𝑎2𝑞
1
0
0

𝑏4𝑝
0
0
−𝑎1𝑞
0
1
0

𝑏3𝑝
0
0
𝑏4𝑞 − 𝑎0𝑞
0
0
0

1
𝑓𝛼
2
[𝑓𝛽 ] = √ 0
3
𝑓0
1
[√2

𝑏1𝑝 − 𝑎2𝑝 𝑏2𝑝
𝑏2𝑝
0
𝑏2𝑞
0
0
]
0

𝑓𝑑
𝑐𝑜𝑠(𝜔𝑡)
[ 𝑓𝑞 ] = [−𝑠𝑖𝑛(𝜔𝑡)
𝑓0
0

For the analysis done here, it is convenient to return to the
transformation used in [3] to move from the frame of
reference of the connection grid to the frame of reference of
the inverter. This transformation is:

With:
𝐓𝐒 −𝟏 = [
𝐓𝐕 −𝟏 = [

𝑐𝑜𝑠(𝛿𝑒 )
−𝑠𝑖𝑛(𝛿𝑒 )

𝑠𝑖𝑛(𝛿𝑒 )
]
𝑐𝑜𝑠(𝛿𝑒 )

−𝐹𝐷 𝑠𝑖𝑛(𝛿𝑒 ) + 𝐹𝑄 𝑐𝑜𝑠(𝛿𝑒 )
]
−𝐹𝐷 𝑐𝑜𝑠(𝛿𝑒 ) − 𝐹𝑞 𝑠𝑖𝑛(𝛿𝑒 )

1
2
√3
2
1

−

√2

1
2
𝑓
√3 𝑎
[𝑓𝑏 ]
−
2 𝑓
𝑐
1
√2 ]
−

𝑠𝑖𝑛(𝜔𝑡)
𝑐𝑜𝑠(𝜔𝑡)
0

0 𝑓𝛼
0] [𝑓𝛽 ]
1 𝑓0

(18)

(19)

Model of the control law

The modeling strategy used in [3] is based on the analysis of
the system under the DQ synchronous reference frame. This
considers that each connected inverter has its own
synchronous frame of reference, so to properly operate the
variables modeled in each of the frames of reference, it is
necessary to represent them in a common framework, which is
done based on the work developed in [4].

∆𝑓𝑑
∆𝑓𝐷
] = 𝐓𝐒 −𝟏 [
] + 𝐓𝐕 −𝟏 ∆𝛿
∆𝑓𝑞
∆𝑓𝑄

Furthermore, it is convenient to indicate the Clarke and Park
transformations, used for the development of this work. These
are shown in (19) and (20), where 𝑓𝑎 , 𝑓𝑏 and 𝑓𝑐 represent the
variables of the three-phase circuit (voltages or current) in the
natural frame abc, 𝑓𝛼 , 𝑓𝛽 and 𝑓0 its representation in the static
frame of reference αβ0 and 𝑓𝑑 , 𝑓𝑞 and 𝑓0 its representation in
the synchronous frame of reference dq0. The variable ω
represents the rotation frequency of the synchronous frame.

𝑏0𝑝
0
0
𝑏0𝑞
0
0
0 ]

Modeling from the Clarke and Park transformations

[

Where ∆𝑓𝐷 and ∆𝑓𝑄 represent the small variations of the direct
and quadrature components of the variable 𝑓 in the reference
frame of the connection grid (DQ), while ∆𝑓𝑑 and ∆𝑓𝑞
represent the small variations of the direct components and in
quadrature of the variable 𝑓 in the frame of reference of the
inverter (dq). On the other hand, ∆𝛿 represents the small
variations of the reference frame angle with respect to the
reference frame of the connection grid. 𝐹𝐷 , 𝐹𝑄 and 𝛿𝑒 are the
values of these variables at the operating point (equilibrium).

(17)

Considering that the frequency and reference voltage for the
inverter are calculated from the filtered value of the active and
reactive power as shown in (2) and (3), it is necessary to
calculate them. In the synchronous reference frame, the active
and reactive power delivered by the inverter can be calculated
as [5]:
𝑃 = 𝑒𝑑 𝑖𝑑 + 𝑒𝑞 𝑖𝑞
𝑄 = 𝑒𝑞 𝑖𝑑 − 𝑒𝑑 𝑖𝑞

(20)

Where 𝑒𝑑 y 𝑒𝑞 are the direct and quadrature components of
the inverter voltage, while 𝑖𝑑 e 𝑖𝑞 are the direct and quadrature
components of the current that is injected into the grid through
the line.

Obtaining the model starts by working with small variations
around an operation point, approximating each variable as the
sum of its value in steady state (equilibrium point) and a small
variation of it. Thus, it is defined:
𝑃 ≈ 𝑃𝑒 + ∆𝑃, 𝑄 ≈ 𝑄𝑒 + ∆𝑄, 𝑒𝑑 ≈ 𝐸𝑑 + ∆𝑒𝑑 , 𝑒𝑞 ≈ 𝐸𝑞 + ∆𝑒𝑞 ,
𝑖𝑑 ≈ 𝐼𝑑 + ∆𝑖𝑑 , 𝑖𝑞 ≈ 𝐼𝑞 + ∆𝑖𝑞
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Replacing in (21) and neglecting the products of two small
variations, considering them small in comparison with the
variations of the variables, then the variations of active and
reactive power can be calculated as:
∆𝑃 = 𝐼𝑑 ∆𝑒𝑑 + 𝐼𝑞 ∆𝑒𝑞 + 𝐸𝑑 ∆𝑖𝑑 + 𝐸𝑞 ∆𝑖𝑞 ,
−𝐼𝑞 ∆𝑒𝑑 + 𝐼𝑑 ∆𝑒𝑞 + 𝐸𝑞 ∆𝑖𝑑 − 𝐸𝑑 ∆𝑖𝑞

Where:

−𝜔𝑐
𝐀𝐏𝐐 = [ 0
−𝑘𝑝

∆𝑄 =

𝐁𝐏𝐐𝟐

𝑑∆𝑄𝑓𝑙𝑡
= 𝜔𝑐 (−∆𝑄𝑓𝑙𝑡 − 𝐼𝑞 ∆𝑒𝑑 + 𝐼𝑑 ∆𝑒𝑞 + 𝐸𝑞 ∆𝑖𝑑
𝑑𝑡
− 𝐸𝑑 ∆𝑖𝑞 )

∆𝑒𝑞 = −√3(∆𝐸0 − 𝑘𝑞 ∆𝑄𝑓𝑙𝑡 )

√3𝜔𝑐 𝐼𝑑 𝑘𝑞 − 𝜔𝑐
0

0]
0

−√3𝜔𝑐 𝐼𝑞

−√3𝜔𝑐 𝐼𝑑 ]
0
𝐸𝑑 𝐸𝑞
= 𝜔𝑐 [𝐸𝑞 −𝐸𝑑 ]
0
0

Electrical circuit model
(21)

Again, considering that the inverter manages to impose,
without error, the references generated by the droop curves,
then for small variations the control law is the one in (6) and
(7). On the other hand, since it is working under the
synchronous frame of reference, it is necessary to write ∆E of
the control law shown in (7) as a function of its components in
this framework. So, considering that the axes α and d are
aligned with the phase a of the three-phase system and that the
value of E corresponds to the effective value of the inverter
voltage, the expression (7) is rewritten in the form:
∆𝑒𝑑 = 0

0

0
𝐁𝐏𝐐𝟏 = [0
1

From the above mentioned and from (4) and without
considering the initial conditions, it can be shown that:
𝑑∆𝑃𝑓𝑙𝑡
= 𝜔𝑐 (−∆𝑃𝑓𝑙𝑡 + 𝐼𝑑 ∆𝑒𝑑 + 𝐼𝑞 ∆𝑒𝑞 + 𝐸𝑑 ∆𝑖𝑑
𝑑𝑡
+ 𝐸𝑞 ∆𝑖𝑞 )

√3𝜔𝑐 𝐼𝑞 𝑘𝑞

Since the circuit in figure 1 can be described by:

𝑒(𝑡) = 𝑅𝑖(𝑡) + 𝐿

𝑑𝑖(𝑡)
+ 𝑣(𝑡)
𝑑𝑡

(25)

Applying the Clarke transformation (19) and later the Park
transformation (20), then:
𝑑𝑖𝑑
𝑑𝑡
𝑒
𝑣
1 𝑑
1 𝑑
𝑑𝑖𝑞
= [𝑒𝑞 ] − [ 𝑣𝑞 ]
𝐿 𝑒
𝐿 𝑣
𝑑𝑡
0
0
𝑑𝑖0
[ 𝑑𝑡 ]
−𝑅/𝐿
+ [ −𝜔
0

(22)

(26)
𝜔
−𝑅/𝐿
0

𝑖𝑑
0
0 ] [𝑖𝑞 ]
−𝑅/𝐿 𝑖0

Additionally, remembering that the derivative of the angular
position corresponds to the angular velocity, then from (6):
𝑑∆𝛿
= ∆𝜔0 − 𝑘𝑝 ∆𝑃𝑓𝑙𝑡
𝑑𝑡

(23)

Neglecting the zero component and approximating the other
variables as the sum of the equilibrium point and a small
variation, then:
𝑑∆𝑖𝑑
1 ∆𝑒𝑑
1 ∆𝑣𝑑
−𝑅/𝐿
[ 𝑑𝑡 ] = [∆𝑒 ] − [ ∆𝑣 ] + [
𝑑∆𝑖𝑞
−𝜔𝑒
𝐿
𝐿
𝑞
𝑞
𝑑𝑡
𝐼𝑞
+[
] ∆𝜔
−𝐼𝑑

Thus, from (22), (23) and (24) can be obtained:
𝑑∆𝑃𝑓𝑙𝑡
𝑑𝑡
∆𝑃𝑓𝑙𝑡
∆𝑖𝑑
∆𝜔
𝑑∆𝑄𝑓𝑙𝑡
= 𝐀𝐏𝐐 [∆𝑄𝑓𝑙𝑡 ] + 𝐁𝐏𝐐𝟐 [∆𝑖 ] + 𝐁𝐏𝐐𝟏 [ 0 ]
∆𝐸0
𝑞
𝑑𝑡
∆𝛿
𝑑∆𝛿
[ 𝑑𝑡 ]

∆𝑖𝑑
𝜔𝑒
][ ]
−𝑅/𝐿 ∆𝑖𝑞

(27)

Replacing (6) and (23) in the previous expression can show
that:
(24)
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𝑑∆𝑖𝑑
∆𝑃𝑓𝑙𝑡
1 ∆𝑣𝑑
∆𝑖𝑑
[ 𝑑𝑡 ] = 𝐀𝐋𝟏 [
] + 𝐀𝐋𝟐 [∆𝑖 ] − [ ∆𝑣 ]
∆𝑄𝑓𝑙𝑡
𝑑∆𝑖𝑞
𝐿
𝑞
𝑞
𝑑𝑡
∆𝜔
+ 𝐁𝐋𝟏 [ 0 ]
∆𝐸0

𝑑∆𝑃𝑓𝑙𝑡
𝑑𝑡
𝑑∆𝑄𝑓𝑙𝑡
∆𝑃𝑓𝑙𝑡
𝑑𝑡
𝐀𝐏𝐐
𝐁𝐏𝐐𝟐 ∆𝑄𝑓𝑙𝑡
𝑑∆𝛿
1
=[
] ∆𝛿
[𝐀𝐋𝟏 − 𝐓𝐕 −𝟏 ] 𝐀𝐋𝟐
𝑑𝑡
∆𝑖𝑑
𝐿
𝑑∆𝑖𝑑
[ ∆𝑖𝑞 ]
𝑑𝑡
𝑑∆𝑖𝑞
[ 𝑑𝑡 ]
𝐁𝐏𝐐𝟏 ∆𝜔0
+[
][
]
𝐁𝐋𝟏 ∆𝐸0

(28)

With:

𝐀𝐋𝟏 = [

−𝑘𝑝 𝐼𝑞

0

𝑘𝑝 𝐼𝑑

√3𝑘𝑞 ⁄𝐿

𝐀𝐋𝟐 = [

𝐁𝐋𝟏 = [

−

𝑅
𝐿

−𝜔𝑒

𝜔𝑒
−

𝑅
𝐿

]

(30)

MODEL CHECK BY SIMULATION
]

𝐼𝑞

0

−𝐼𝑑

− √3⁄𝐿

]

Final model of the system
Finally, finishing the model requires taking into account that
the synchronous reference frame of the grid is not identical to
that of the inverter. This is because the latter depends on a
frequency that varies depending on the droop curve, while the
grid frame operates at a constant frequency. Thus, from (18)
and (29):
𝑑∆𝑖𝑑
∆𝑃𝑓𝑙𝑡
1
∆𝑖𝑑
∆𝑣𝐷
[ 𝑑𝑡 ] = 𝐀𝐋𝟏 [
] + 𝐀𝐋𝟐 [∆𝑖 ] − 𝐓𝐒 −𝟏 [∆𝑣 ]
∆𝑄𝑓𝑙𝑡
𝑑∆𝑖𝑞
𝐿
𝑞
𝑄
𝑑𝑡
1
∆𝜔
− 𝐓𝐕 −𝟏 ∆𝛿 + 𝐁𝐋𝟏 [ 0 ]
∆𝐸0
𝐿

Verifying and comparing the three models studied, the circuit
and the three models for three types of connection lines are
simulated simultaneously, applying small steps to ∆E0 and
∆ω0 to be able to observe their dynamics before each variation
at the respective adjustment points. The amplitude of the steps
applied in ∆E0 and ∆ω0 is defined as a percentage of the noload voltage minus the voltage at the operating point (E0-Ee),
and the no-load frequency minus the frequency of the
operating point (ω0-ωe), respectively. It should be noted that
these variations are applied in the form of a step and
deliberately large in order to be able to observe more easily
the dynamics presented by the models studied and by the
simulated circuit.
Three types of line were considered to perform the
simulations, being one mainly resistive, one intermediate
(with R / X ratio close to 1) and one mainly inductive. For
this, approximately half a kilometer of line is considered
between the three-phase inverter and the grid, whose resistive
and reactive part is calculated as a function of the values of
resistance and reactance per unit of length indicated in [6]; the
values used here are shown in Table 1.

Table 1. Resistance and inductance of simulated line types
Resistance
Inductance
R/XL a
Line type
[mΩ]
[µH]
60Hz
Resistive
321
132.1
6.44
Intermediate
80.5
302.4
0.70
Inductive
30
304.0
0.26

However, since in this case the inverter is grid-connected, it is
expected that the direct and quadrature component of the grid
voltage on its own synchronous reference frame will not
change, then:
𝑑∆𝑖𝑑
∆𝑃𝑓𝑙𝑡
1
∆𝑖𝑑
[ 𝑑𝑡 ] = 𝐀𝐋𝟏 [
] + 𝐀𝐋𝟐 [∆𝑖 ] − 𝐓𝐕 −𝟏 ∆𝛿
∆𝑄
𝑑∆𝑖𝑞
𝐿
𝑞
𝑓𝑙𝑡
𝑑𝑡
∆𝜔
+ 𝐁𝐋𝟏 [ 0 ]
∆𝐸0
Thus, from (25) and (30) it can be shown that:

(29)

For the simulations, a grid of 120V at 60Hz and a cutoff
frequency for the power measurement filter is considered one
decade below the grid frequency. With respect to the droop
curves, the values of kp and kq are fixed, while the coefficients
E0 and ω0 are calculated so that the grid absorbs an apparent
power of 2.4kVA at a lagging power factor of 0.9.

Behavior of the system eigenvalues
As a first step for the comparison of the three modeling
strategies, the eigenvalues are calculated from the three
models for the three line types considered. These eigenvalues
are calculated by setting the value of 0.5V / kVAR for kq and
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varying the value of kp to determine to what extent the system
remains stable. Thus, to verify the fidelity of the models in
terms of stability, for each evaluated value of kp the respective
circuit is simulated.
For the system with the resistive line the value of kp of
0.1rad/kW∙s is varied up to 2.5rad/kW∙s and the position of
the dominant poles obtained for said variation is shown in
figure 2. For this type of line it is found by simulation that the
system becomes unstable for kp=1.5rad/kW∙s. Similarly, for

the system with a line with R/X close to 1 kp is varied from
0.1rad/kW∙s to 1.5rad/kW∙s and it is obtained that the
dominant poles exhibit the behavior shown in figure 3. In this
case is verified, by simulation, that for a kp=1.1rad/kW∙s the
system becomes unstable. Finally, for the system with the
mainly inductive line, kp is varied from 0.1rad/kW∙s to
2.5rad/kW∙s and the behavior of the dominant poles is shown
in figure 4. For the latter system, it is found by simulation that
the system becomes unstable for kp=1.9rad/kW∙s.

kp

kp

Figure 2. Behavior of the dominant poles for a resistive line varying kp (kp=[0.1, 0.3, 0.5, 0.7, 1.0, 1.3, 1.5, 1.7, 2.0, 2.5] rad/kW∙s,
kq=0.5 V/kVAR)
For the models of the three line types it is observed that the
dominant poles move to the right as the value of kp increases.
In spite of this, as the value of kp creases, the poles obtained
from the models based on dynamic phasors and in the DQ
frame move away from the poles of the model based on the
classical phasor analysis. In fact, the poles obtained from the
three models (independent of the line type) are only close for
low values of kp. In addition, for the three types of line
considered here, it is found that the model based on classical

phasors can indicate that the eigenvalues are in the left halfplane when, in fact, the system is unstable; On the other hand,
models based on dynamic phasors and the DQ framework
indicate that some eigenvalues are found in the right half
plane when the system was unstable, that is, models based on
dynamic phasors and the DQ framework are more successful
in predicting of the stability of the system.

kp

kp

Figure 3. Behavior of the dominant poles for a line with an R/X ratio of 0.7 varying kp (kp=[0.1, 0.3,
0.5, 0.7, 1.0, 1.3, 1.5] rad/kW∙s, kq=0.5V/kVAR)
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kp

kp

Figure 4. Behavior of the dominant poles for an inductive line varying kp (kp=[0.1, 0.3, 0.5, 0.7, 1.0,
1.3, 1.5, 1.9, 2.0, 2.5]rad/kW∙s, kq=0.5V/kVAR)

System dynamics
In addition to verifying the reliability of the model with regard
to stability, the circuit and the models are simulated and
subjected to small steps applied through the small variations
of the adjustment points ∆E0 y ∆ω0. Thus, the response of the
active and reactive power of the inverter is observed;
However, in order not to make this document excessively long
and considering that the same conclusions can be reached
from the results obtained by applying small variations to the
adjustment points in frequency or voltage, here it is only
shown the results obtained for the variations applied to the
frequency adjustment point.
In order to illustrate the differences between the dynamics of
the three models and the dynamics of the simulated circuit,
two different values of kp where considered: one for which the
dominant poles of the three models are close (relatively low
value) and another kp for which it is determined that there are
poles very close to the imaginary axis (relatively high value).
The simulation results for the value of kp that makes the poles
of the three models relatively close are shown in figure 5 for
the resistive line, in figure 6 for the intermediate line and in
figure 7 for the inductive line. For the resistive line, it can be

seen that the three models show practically the same response
as the simulated circuit, indicating that under these conditions
there is no greater difference between the 3 models. On the
other hand, for the other two types of line it can be seen that
the model based on classic phasors is the one that least fits the
dynamics of the simulated circuit. In fact, the models based on
dynamic phasors and the analysis of the DQ framework
present very similar and close responses to the dynamics
presented by the simulated circuit.

Similarly, the results obtained for the value of kp known to
bring the poles close to the imaginary axis are shown in figure
8 for the resistive line, in figure 9 for the intermediate line and
in figure 10 for the inductive line. For this condition, it can be
seen that the dynamic response becomes much less damped
and that although the models based on dynamic phasors or in
the analysis in the DQ framework begin to show a slightly
different dynamic from that presented by the simulated circuit,
the response of these two models is still close to that presented
by the simulated circuit. On the other hand, the model based
on classical phasors shows a dynamics clearly different from
that presented by the circuit, being that the model is much
more damped than the circuit.
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Figure 5. Response to a 10% step in ∆ω0 for resistive line (kp=0.5rad/kW∙s, kp=0.5V/kVAR)

Figure 6. Response to a 10% step in ∆ω0 for line with R/X ratio of 0.7 (kp=0.3rad/kW∙s, kp=0.5V/kVAR)

Figure 7. Response to a 10% step in ∆ω0 for inductive line (kp=0.3rad/kW∙s, kp=0.5V/kVAR)

14250

International Journal of Applied Engineering Research ISSN 0973-4562 Volume 13, Number 19 (2018) pp. 14241-14253
© Research India Publications. http://www.ripublication.com

Figure 8. Response to a 10% step in ∆ω0 for resistive line (kp=1.2rad/kW∙s, kp=0.5V/kVAR)
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Figure 9. Response to a 10% step in ∆ω0 for line with R/X ratio of 0.7 (kp=0.8rad/kW∙s, kp=0.5V/kVAR)

Figure 10. Response to a 10% step in ∆ω0 for inductive line (kp=1.5rad/kW∙s, kp=0.5V/kVAR)

DISCUSSION
Among the important aspects that should be considered for the
selection of the modeling strategy to be used is the ability of
the model to predict whether the system is stable or not. In
this case, as found in the literature [2], it is observed that of
the three models considered, the only one that shows large
errors when predicting the stability of the system for
increments of kp is the model based on the phasor analysis.
With respect to the other two models, it is observed that, for
the cases considered, the position of the dominant poles is
very similar in both models.
For the analyzed cases it is seen that the transient response
shown by the model based on the DQ frame is the closest one
to that presented by the simulated circuit. On the other hand,
the model based on the phasor analysis shows the worst
results in terms of its transient response.
Regarding the complexity of the model, the one based on the
phasor analysis is the least complex, having a relatively
simple analysis and a representation in state variables with 3

states. On the other hand, the model based on dynamic
phasors needs 7 state variables and a procedure that, although
simple, is relatively extensive, which could make it prone to
algebraic errors. Finally, the model based on the DQ
framework results with 5 state variables and is obtained
through a procedure that, despite requiring more mathematical
tools than the other two models, can be reproduced with
relative ease.
Once the models are deduced, for its use it is necessary to
count on the values of several of the variables at the point of
operation. Regarding this, the model based on dynamic
phasors requires 4 values (ωe, Ee, Ve and δe), while the
dynamic phasor-based model requires 2 values (ωe, Ee) and
the model based on the DQ framework requires 8 values (ωe,
Ed, Eq, Id, Iq, Vd, Vq and δe). Thus, under this criterion, the
model based on dynamic phasors is more interesting, while
the least interesting model would be based on the DQ
framework.
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Microgrid Applications," in IEEE Transactions on Smart
Grid, vol. 5, no. 6, pp. 2980-2987, Nov. 2014.

CONCLUSIONS
This paper shows a procedure to obtain the small signal model
of a grid-connected three-phase inverter from three different
approaches found in the literature. The difference between the
work presented here and the literature reviewed is that the
model in state variables of the gird-connected inverter is not
found in this literature and neither does a validation of the
dynamics of the model from small variations, to the
adjustment points of the frequency and voltage in the droop
control law.
The work presented here provides tools to improve the
selection criteria of the approach used to obtain the model of
grid-connected inverters. However, similar procedures can
also be followed to evaluate the dynamics and stability of
systems operating in islanding mode.
It is verified that, as previous works indicate, the modeling
approach based on the phasor analysis does not allow to
adequately predict the stability of the system for increasing
values of kp. In this regard, the other two approaches showed
little difference from each other, so to analyze the stability of
the system as a function of the value of kp the model based on
dynamic phasors or the model based on the DQ framework
should be used.
On the other hand, the model that shows less complexity in its
use and deduction was the one based on the phasor analysis,
which results in a great advantage considering that the size of
the model will grow when considering more connected
generators. Thus, in this aspect there is a compromise between
the fidelity of the model and the simplicity of the same for
systems with several sources, which is to be expected in a
distributed generation system.
Through simulation it is observed that the models based on
dynamic phasors and in the DQ framework present dynamics
similar to those obtained from the simulated circuit. On the
other hand, for values of kp that lead the system near the
stability limit, these two models begin to show more damped
than the simulated circuit. Based on this, you can see that
there is a field for future work looking for models that are
more faithful to the real behavior of the power system.
The models found consider as inputs, small variations of the
adjustment points of the frequency and voltage of the inverter.
In future work these inputs could be used for the design of a
control loop that allows to regulate the amount of active and
reactive power to be injected into the electric grid.
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