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Abstract
The widespread utilization of micro-sources connected to the power grid, especially in microgrid applications, has led to the
development of many different techniques to allow the parallel operation of these sources without communication links. Most
of the proposed techniques aim to emulate the behavior of a synchronous generator, as it is the case of the droop control
and the synchronverter. The goal of this paper is to develop a unified framework for the study of the dynamics of these two
different approaches and to do a comparative analysis of their behavior using steady-state and small-signal models. Even
though the mechanics of realization of the two approaches are different, it is shown that their models can be unified in a
form that explicitly demonstrates their similarities and differences. The paper presents relationships between the equivalent
parameters of the two systems that affect particular dynamic behaviors. Furthermore, it is shown that the differences in their
small-signal models are restricted to a single 2 × 2 matrix. In fact, the 2 × 2 matrix can be appropriately selected to model
different control techniques such as virtual synchronous generators or virtual synchronous machines. The results are validated
via MATLAB/Simulink simulations and a hardware-in-the-loop with the micro-source control running in a TMS320F28335
Texas Instruments microcontroller.

Keywords Microgrids · Synchronverters · Droop-controlled converters · Small-signal models

1 Introduction

The last two decades have been experiencing an increas-
ing interest in applications of distributed generation (DG)
in electric power systems (Bouzid et al. 2015; Patrao et al.
2015; Blaabjerg et al. 2006; Carrasco et al. 2006; Blaab-
jerg et al. 2004). With the introduction of the concept of
microgrids (Lasseter 2002;Lasseter andPaigi 2004), the inte-
gration ofDGhas been receiving a remarkable attention,with
a great number of experimental installations of microgrids
implemented around the world (Bouzid et al. 2015; Mariam
et al. 2013; Hossain et al. 2014; Pogaku et al. 2007; Guer-
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rero et al. 2007; Sao and Lehn 2008; Krishnamurthy et al.
2008; Kroposki et al. 2008). In order to operate various DGs
connected to a power bus, avoiding or minimizing the use
of communication links, the utilization of control strategies
developed initially for parallel operation of UPS (Uninter-
ruptible Power Systems) has been considered an important
alternative (Rocabert et al. 2012; Chandorkar et al. 1993). In
this context, the control of the distributed power converter to
emulate the operation of synchronous machines has gained
increasing popularity (Frack et al. 2015; Chen et al. 2011;
Shintai et al. 2014; Coelho et al. 2002). Among the main
reasons for the widespread use of these techniques are:

– Well proven capability of parallel connected synchronous
machines;

– Possibility to independently control the injection of reac-
tive and active power;

– Possibility to operate parallel machines with different
rated parameters;

– Easy power sharing capability.

This paper presents a unified analysis of the operation of
the synchronverter and the droop-controlled converter, with
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Fig. 1 Schematic diagram of the micro-source connected to an infinite
bus

a focus on the small-signal dynamics of a grid-connected
converter, as represented in Fig. 1. The simplified schematic
representation illustrates a micro-source connected to a
power bus through a RL series impedance. For the sake of
simplicity, the bus is assumed to have a power rating much
greater than the micro-source, such that the operation of this
last is not capable of changing the grid frequency (ω0) or grid
voltage magnitude (v0) of the bus. In addition, the micro-
source is modeled initially as an ideal voltage-controlled
source. Then, the power converter with its high-frequency
dynamics due to the PWM (pulse-width modulation) switch-
ing, internal filters and voltage and current control loops is
included to take into account any influence of these elements
on the active and reactive power flow control.

A small-signal model for the system with each con-
trol architecture is developed and used to allow a better
understanding of the dynamic behavior of the alterna-
tives under parameter variations and disturbances. The
small-signal models are validated through simulations using
a MATLAB/Simulink and a Typhoon HIL model, with
the micro-source control running in a Texas Instruments
TMS320F28335microcontroller.Once the small-signalmod-
els are validated, they are used to access information on the
dynamic operation of the systems for more general operating
conditions. The unified approach used to develop the small-
signal models can also be used tomodel other algorithms that
mimic the synchronous machine operation. It is also shown
that themodels developed could be used even for large- signal
excursions with acceptable errors.

The main contributions of the paper are:

– An unified approach tomodel synchronverters, droop and
other virtual synchronous machine control strategies for
small-signal analysis;

– A parameter comparison of the droop control converter
and the synchronverter, including both active and reactive
control loops;

– A unified small-signal model framework to model the
droop control, synchronverter and other control algo-
rithms that mimic the operation of a synchronous gen-
erator, including the currents dynamics;

– A closer view on the similarities and differences between
the droop-controlled converter and synchronverter;

– Information on the couplings between active and reactive
power in the droop and synchronverter control;

– Presentation of the fact that for a given set of equiva-
lent parameters, the synchronverter has a wider stability
margin than the droop-controlled converter, considering
variations on the voltage magnitude gain.

2 Droop-ControlledMicro-source Converter

Themicro-source considered in this study is assumed to oper-
ate with a frequency ω and a voltage magnitude v, which
are based on the droop control strategy (Coelho et al. 2002;
Chandorkar et al. 1993;Moslemi andMohammadpour 2015;
Kawabata and Higashino 1988; Mendoza-araya 2014; Lee
et al. 2009; Majumder et al. 2010; Tayab et al. 2017; Braban-
dere et al. 2005; Guerrero et al. 2007; Wen et al. 2016; Liu
et al. 2016).

As illustrated in Fig. 2, the droop-controlled micro-source
varies its frequency and voltage magnitude based on the
active (p) and reactive (q) power at its terminals, with a
voltage droop gain (Kq ) and a frequency droop gain (K p).
The idea behind the droop control is the emulation of a syn-
chronousmachine connected to a power bus through a purely
inductive line. For resistive or RL power lines, a transforma-
tion applied on the measured active and reactive power is
proposed in Brabandere et al. (2005), prior to the applica-
tion of the droop gains, in order to the decouple the active
and reactive power channels. In the present work, the R/L
relation is considered very small and the coupling and the
transformations of the measured powers are not considered.

In Fig. 2, P∗ is the active power that the micro-source
has to inject when operating at frequency Ω∗, and Q∗ is the
reactive power to be injected when operating with a voltage
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Fig. 2 Schematic diagram of the droop-controlled micro-source
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magnitude equal to V ∗. The Sinusoidal Waveform Gener-
ation block is responsible for generating the three-phase
voltages, based on the voltage vector angle (θ ) and mag-
nitude (v).

Using a vector representation for the three-phase variables
(Novotny and Lipo 1996), the vector quantities of Fig. 2 can
be written as:

v = vd + jvq (1)

v0 = v0d + jv0q (2)

i = id + j iq (3)

where subscripts d and q stand for the direct and quadrature
axis components of the vectors quantities in a synchronous
rotating frame.

The circuit equation for the system in the vector form is:

v − v0 = [(s + jω)L + R]i (4)

In the vector form, the term jω has to be added to the
derivative Laplace symbol s to represent the cross-couplings
between the d and q axes variables.

Themagnitude and angle of themicro-source voltage vec-
tor are, respectively:

v = |v| =
√

v2d + v2q (5)

θ = arctan

(
vq

vd

)
(6)

In the time domain, (4) can be rewritten for the d-axis and
q-axis components as:

did

dt
= 1

L
(vd − v0d − Rid + ωLiq) (7)

diq

dt
= 1

L
(vq − v0q − Riq − ωLid) (8)

The active and reactive power at the micro-source termi-
nals can be expressed as:

p = 3

2
(vd id + vq iq) (9)

q = 3

2
(vq id − vd iq) (10)

A first-order low-pass filter with a cutoff frequency equal
to ωf is commonly included in the power measurement of
the droop-controlled micro-source, as expressed by:

pf(s) = ωf

s + ωf
p(s) (11)

qf(s) = ωf

s + ωf
q(s) (12)

From Fig. 2, the frequency and voltage droop equations
can be written as:

ω = Ω∗ − K p(pf − P∗) (13)

v = V ∗ − Kq(qf − Q∗) (14)

Building upon the traditional droop control presented
here, many different variations have been proposed to
improve the operation of the droop-controlled converter,
including (Zhang et al. 2014; Skjellnes et al. 2002; Rowe
and Summers 2013; Moslemi and Mohammadpour 2015).
While the methodology developed here can also be used
to deal with different control strategies with minor modi-
fications, these techniques are considered to be out of the
scope of this work, in order to maintain the tight focus of this
paper.

3 Synchronverter: Principle of Operation

The concept of the synchronverter was first introduced
in Zhong et al. (2011) in an attempt to mimic the dynamic
behavior of synchronous machines connected to the power
grid, through the use of power electronic converters. Since
then, many efforts have been developed to better under-
stand the synchronverter behavior and to improve its dynamic
response (Zhang et al. 2013; Ma et al. 2012; Zhong et al.
2014), in addition to adaptations for single-phase applica-
tions (Mishra et al. 2016; Ferreira et al. 2016). Figure 3 shows
an schematic diagram of the synchronverter.While it appears
to bedifferent from the schematic diagramproposed inZhong
et al. (2011), the model presented here uses the variables rep-
resented in the DQ reference frame, for the sake of simplicity
and model unification. This approach enables a straightfor-
ward comparison with the droop control scheme, presented
in Fig. 2.

In Fig. 3, J is the emulated moment of inertia, Dp is
the emulated damping coefficient, Dq is the voltage droop
coefficient, and K is a constant used to calculate the flux
linkage (λf ) of the virtual machine. Also, in the figure,
one can note the presence of a block (abc − dq) responsi-
ble for transforming the three-phase voltages and currents
to a synchronous rotating reference frame, aligned with
the d-axis voltage component of the generator voltage.
By doing this, the q-axis voltage (vq ) component will be
zero and the active and reactive power will be functions
of the direct (id ) and quadrature (iq ) current components,
respectively, besides the d-axis voltage (vd ) component.
The function of the Sinusoidal Waveform Generator block
is the same as for the droop control algorithm, shown in
Fig. 2.
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Fig. 3 Schematic diagram of the synchronverter represented in DQ
reference frame

4 Small-Signal Models

In this section, small-signal models for the droop-controlled
converter and the synchronverter connected to an infinite bus
are developed. A similar approach based on a synchronously
rotating reference frame is used for both systems, aiming an
easier comparison of the resultant small-signal models.

4.1 Droop-Controlled Converter

In Coelho et al. (2002), a small-signal model of a droop-
controlled source was developed. However, it was assumed
that the frequency variations were negligible and the effect of
these variations on the line impedances was not considered.
It is important to emphasize that although frequency varia-
tion in power systems is usually small, the effect of these
variations must be taken into account for a more complete
understanding of the dynamics of the system, as it will be
shown below.

If we account for the frequency variations in (7) and
(8), these equations become nonlinear due to the current–
frequency product.

Linearizing (7) and (8), one can obtain:

dĩd

dt
= 1

L
(ṽd − ṽ0d) − R

L
ĩd + Ω ĩq + Iq ω̃ (15)

dĩq

dt
= 1

L
(ṽq − ṽ0q) − R

L
ĩq − Ω ĩd − Id ω̃ (16)

where the accent ˜ is used to denote variables with a small
variation around an operating point. In addition, throughout
this work, uppercase letters are used for constants and stand-
still values of the variables in the operating point.

sL R

id
+-

+

-

Liq

+
-

sL R

iq

+-

+

-

v0d

v0q

+
- LIq

Lid

+
- vq

+
- LId 

vd
~

~

~

~

~

~

~

~

~

~

Fig. 4 Linearized DQ equivalent circuit of themicro-source connected
to an infinite bus

From (15) and (16), it is possible to draw the linearized
DQ equivalent circuit of the micro-source connected to an
infinite bus, as illustrated in Fig. 4. Observe the inclusion of
a term that accounts for the effect of the frequency variations
on the currents of the system. This term is essential for a
more complete modeling of the micro-source.

Linearizing (5), one can obtain:

ṽ = nd ṽd + nq ṽq (17)

where:

nd = Vd√
V 2

d + V 2
q

= Vd

V
(18)

nq = Vq√
V 2

d + V 2
q

= Vq

V
(19)

The linearization of (6) leads to:

θ̃ = md ṽd + mq ṽq (20)

where:

md = −Vq

V 2
d + V 2

q

= −Vq

V 2 (21)

mq = Vd

V 2
d + V 2

q

= Vd

V 2 (22)

Differentiating (17) and (20), one can obtain:

˙̃v = nd ˙̃vd + nq ˙̃vq (23)
˙̃
θ = ω̃ = md ˙̃vd + mq ˙̃vq (24)
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For small-signal quantities, (13) and (14) become:

ω̃ = ω − Ω∗ = −K p(pf − P∗) = −K p p̃f (25)

ṽ = v − V ∗ = −Kq(qf − Q∗) = −Kqq̃f (26)

The use of (11) and (12) in (25) and (26) yields:

dω̃

dt
= −ωf ω̃ − K pωf p̃ (27)

dṽ

dt
= −ωf ṽ − Kqωf q̃ (28)

Using (17)–(28) and after manipulations, it is possible to
obtain:

˙̃vd = −Vq ω̃ − ωfV 2
d

V 2 ṽd − ωfVd Vq

V 2 ṽq − ωf Kq Vd

V
q̃ (29)

˙̃vq = Vd ω̃ − ωfVd Vq

V 2 ṽd − ωfV 2
q

V 2 ṽq − ωf Kq Vq

V
q̃ (30)

Linearization of (9) and (10) leads to:

p̃ = 3

2

(
Vd ĩd + Id ṽd + Vq ĩq + Iq ṽq

)
(31)

q̃ = 3

2

(
Vq ĩd + Id ṽq − Vd ĩq − Iq ṽd

)
(32)

In a matrix form, (15) and (16) can be rewritten as:

[
ṽd

ṽq

]
−

[
ṽ0d

ṽ0q

]
=

[
(sL + R) −ΩL

ΩL (sL + R)

] [
ĩd

ĩq

]

+
[−L Iq

L Id

] [
ω̃

]
(33)

In (33), the large-signal impedance matrix of the system
is:

Z0 =
[
(sL + R) −ΩL

ΩL (sL + R)

]
(34)

where boldface characters represent matrix quantities.
From (33), if the micro-source voltage and the bus voltage

variations are set to zero, one can obtain:

Z0

[
ĩd

ĩq

]
=

[
L Iq

−L Id

] [
ω̃

]
(35)

From (35), solving for ĩd and ĩq yields:

ĩd(s) = − 1

ΩL

[
(sL + R)ĩq + L Id ω̃

]
(36)

ĩq(s) = 1

ΩL

[
(sL + R)ĩd − L Iq ω̃

]
(37)

Using (36) and (37) in (35), it is possible to obtain a rela-
tion that expresses the impact of the frequency variation on
the circuit currents, as:

ĩd(s)

ω̃(s)
= −(s + R/L)Iq − Ω Id[

(s + R/L)2 + Ω2
] (38)

ĩq(s)

ω̃(s)
= (s + R/L)Id − Ω Iq[

(s + R/L)2 + Ω2
] (39)

In a matrix form, (38) and (39) are expressed as:

[
ĩd(s)
ĩq(s)

]
=

⎡
⎢⎢⎣

−(s+R/L)Iq−Ω Id

[(s+R/L)2+Ω2]

(s+R/L)Id−Ω Iq

[(s+R/L)2+Ω2]

⎤
⎥⎥⎦

[
ω̃

] = Gi!
[
ω̃

]
(40)

From (31) and (32), a matrix representation for the active
and reactive powers can be written as:

S̃ =
[

p̃
q̃

]
= 3

2

[
Vd Vq

Vq −Vd

] [
ĩd

ĩq

]
+ 3

2

[
Id Iq

−Iq Id

] [
ṽd

ṽq

]
(41)

For the sake of simplification, we define matrices:

Vdq = 3

2

[
Vd Vq

Vq −Vd

]
(42)

Idq = 3

2

[
Id Iq

−Iq Id

]
(43)

From (17) and (20) and aftermanipulations, one canwrite:

ṽd = Vd

V
ṽ − Vq θ̃ (44)

ṽq = − Vq

V
ṽ + Vd θ̃ (45)

Recalling that ω̃ = sθ̃ , (44) and (45) can be written in a
matrix form as:

⎡
⎣

ṽd

ṽq

⎤
⎦ =

⎡
⎢⎣

− Vq
s

Vd
V

Vd
s − Vq

V

⎤
⎥⎦

⎡
⎣

ω̃

ṽ

⎤
⎦ = Grp

⎡
⎣

ω̃

ṽ

⎤
⎦ (46)

The frequency variations can be also represented in a
matrix form, based on the definition developed above, as:

[ω̃] = [1 0]
[
ω̃

ṽ

]
= Gω

[
ω̃

ṽ

]
(47)

Writing the droop gains and the low-pass filter in a matrix
form leads to:

[
ω̃

ṽ

]
=

[
−K p

ωf
(s+ωf )

0
0 −Kq

ωf
(s+ωf )

] [
p̃
q̃

]
= Gd

[
p̃
q̃

]
(48)
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Fig. 5 Block diagram of inverter inner control, including the LC filter behavior

Once the small-signal model for the droop-controlled
micro-source is now available, it is possible to include the
dynamics of the control loop of the converter LC filter. Fig-
ure 5 presents the block diagram of the voltage and current
control loops of the converters. In the voltage loop, a propor-
tional+integral (PI) controller is used. For the current control
loop, a proportional (P) controller is applied. In this figure,
Gv is the voltage sensor gain, Gi is the current sensor gain,
Kpv and Kiv are theproportional and integral gains of thevolt-
age loop, Kpi is the proportional gain in current loop, G inv

is the converter gain, and L f , Rf and Cf are the inductance,
inductor resistance and capacitance of the LC output filter.

Figure 5 also presents the output currents of themicro-source
(iodq ), which act as perturbations for the control loops, and
the voltage references v∗

dq from the droop or synchronverter
control algorithms, which act as set points for the voltage
control loop.

From the block diagram of Fig. 5, it is possible to obtain
the two transfer functions relating the filter output voltages
with the set point and disturbance of the control system, as
presented in (49) and (50). Both contributions are added to
obtain vdq as illustrated in Fig. 6. Equation (51) presents
these relations in a matrix form.

Fig. 6 DQ small-signal representation of the control of the output filter

It is important to highlight that Gc is a ratio between the
output voltage and the voltage reference to the inverter. So,
this equation results in a dq output voltage to be converted
to ω̃, ṽ, using matrix (52).

ṽdq1 =
Gv.Kpv.Kpi.Ginv

Cf Lf
.s + Gv.Kiv.Kpi.Ginv

Cf Lf

s3 +
(

Rf
Lf

+ Kpi.Ginv.Gi
Lf

)
.s2 + Gv.Kpv.Kpi.Ginv

Cf Lf
+ Gv.Kiv.Kpi.Ginv

Cf Lf

.ṽ∗
dq = Gc1.ṽ

∗
dq (49)

ṽdq2 = −L fs2 − Rfs

s3 +
(

Rf
Lf

+ Kpi.Ginv.Gi
Lf

)
.s2 + Gv.Kpv.Kpi.Ginv

Cf Lf
+ Gv.Kiv.Kpi.Ginv

Cf Lf

.ĩodq = Gc2.ĩodq (50)

ṽdq = [
Gc1 Gc2

]
[
ṽ∗

dq

ĩodq

]
(51)

Gpr = 1

V 2
d − V 2

q

[
Vq .s Vd .s
Vd .V Vq .V

]
(52)

Using the matrix representation of the developed small-
signal models, it is possible to obtain a block diagram
representation for the system, as shown in Fig. 7.
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Fig. 7 DQ small-signal block diagram of the micro-source

From Fig. 7, the transfer function relating small vari-
ations in the bus terminal voltage with the variations in
the micro-source currents can be obtained. This relation is
the small-signal output impedance of the droop-controlled
micro-source, given by:

ṽ0dq(s)

ĩdq(s)
= Gvi(I + Z0GprGωGiω)−Z0 (53)

where:

Gvi = GC1GrpGdVdq + GC2

I − GC1GrpGdIdq
(54)

Zss(s) = ṽ0dq(s)

ĩdq(s)
=

[
Zdd(s) Zqd(s)
Zdq(s) Zqq(s)

]
(55)

Equation (55) gives the small-signal impedances from
channels d and q to channels d and q.

4.2 Synchronverter

In Wei et al. (2015), a small-signal model of a synchron-
verter was developed. However, in the adopted approach, it
was not taken into account the droop gain to regulate the
voltage magnitude. A modeling based on an abc reference
also did not contribute very much to the understanding of the
similarities and differences between the droop control and
the synchronverter.

Most of the previous development presented here for the
small-signalmodel of the droop-controlled converter can also
be applied to obtain the small-signal model of the synchron-
verter. Specifically, if we look at Fig. 7, it is possible to note
that excluding the Control Matrix (Gd ) of the droop control,
all the other elements can also be used tomodel the synchron-
verter connected to the infinite bus, since they deal with the
model of the systemwithout its control. The analysis of Fig. 3
allows us to obtain a relation between the small-signal active
and reactive powers and the small-signal frequency and volt-
age variations for the synchronverter as:

[
ω̃

ṽ

]
=

[− 1
Ω

1
(s J+Dp)

0
Λf
Ω

1
(s J+Dp)

− 1
( sK

�
+Dq )

] [
p̃
q̃

]
= Gs

[
p̃
q̃

]
(56)

By the use of matrix Gs as the Control Matrix in Fig. 7,
one can obtain a small-signal model for the synchronverter.

It is worthy of note that (53)–(55) also can be used to
calculate the small-signal impedances and/or admittance of
the synchronverter, if matrix Gd is replaced by Gs.

5 Synchronverter and Droop Parameters
Relations

Comparing the nonzero elements of matrices Gd and Gs, it
is possible to determine the parameter values for the droop
control and the synchronverter that would give them a closer
dynamic response. For the frequency droop gain, one can
obtain:

K p = 1

DpΩ
→ Dp = 1

K pΩ
(57)

For the cutoff frequency of the low-pass filter, we get:

1

ωf
= J

Dp
→ J = Dp

ωf
(58)

1

ωf
= K

Ω Dq
→ K = Ω Dq

ωf
(59)

For the magnitude droop gain, we obtained:

Kq = 1

Dq
(60)

According to Zhong et al. (2011), J and K are calculated
through:

J = τf Dp (61)

K = τvωn Dq (62)

where τf and τv are the frequency and voltage droop time
constants, respectively. From the previous equations, it is
possible to express:

τf = τv = 1

ωf
(63)

For the sake of simplicity, in the present work, these time
constants are considered equal and the filters in the measure-
ment of the active and reactive powers of the droop control
algorithm have the same time constants. It is worthy to note
that the low-pass filter commonly used in the power mea-
surement of droop-controlled converters adds the effect of
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Table 1 Droop and synchronverter parameter relations

Control loop Droop Synchronverter

Frequency K p Dp = 1
�K p

J = τf Dp

ωf τf = 1
ωf

Voltage Kq Dq = 1
Kq

K = τv�Dq

ωf τv = 1
ωf

Table 2 Base parameters for simulations

Value Units

Electrical parameters

System frequency ( f0) 60 Hz

Infinite bus voltage magnitude (V0) 127
√
2 V

Infinite bus voltage angle 0 rad

Line resistance (R) 15 mΩ

Line inductance (L) 710 µH

Micro-source voltage magnitude (V ) 127
√
2 V

Micro-source voltage angle 0.01 rad

Capacitance of the filter (Cf ) 411 µF

Inductance of the filter (L f ) 171 µH

Resistance of the filter (Rf ) 6.4 m�

Control parameters

Frequency droop gain (K p) 0.05 %

Voltage droop gain (Kq ) 0.01 %

Frequency of the low-pass filter (ωf ) 6 Hz

Proportional voltage gain (Kpv) 1.9 –

Integral voltage gain (Kiv) 10 –

Proportional current gain (Kpi) 0.13 –

Switching frequency ( fsw) 6k Hz

a virtual inertia to this control strategy, which could also be
varied for increased flexibility.

Another interesting remark when comparing matricesGd

andGs is that the droop-controlled micro-source can be seen
as a particular case of the synchronverter when element Gs21

is equal to zero and the equivalence of parameters of Table 1
is considered.

6 Validation of the Small-Signal Models

To validate the small-signal models of the droop-controlled
micro-source and the synchronverter, dynamic models for
both systems were implemented inMATLAB/Simulink. The
parameters used in the simulations are presented in Table 2.

A set of simulations was conducted using the small-signal
and the dynamic models with these parameters.

(a)

(b)

Fig. 8 Dynamic response of the droop-controlled micro-source under
a 5% disturbance in the d-axis component of the bus voltage for 50ms

(a)

(b)

Fig. 9 Dynamic response of the synchronverter under a 5% disturbance
in the d-axis component of the bus voltage for 50ms

Figures 8, 9 and 10 show the transient response of the
droop-controlled micro-source and the synchronverter from
the dynamic and small-signal models, after a variation of the
infinite bus voltage. The d-axis component of the bus voltage
was increased by 5% for 50ms. The frequency droop gain
(K p) was set to 0.05%, the voltage droop gain (Kq ) was set
to 0.01%, and the cutoff frequency of the low-pass filter (wf )
was set to 6Hz. The parameters of the synchronverter were
calculated from these values using the expressions listed in
Table 1. Figure 8 shows the results for the droop-controlled
converter, while Fig. 9 presents the results for the synchron-
verter. In Fig. 10, it is possible to compare the results for
both control strategies. For all the cases, figure (a) shows the
variation of the micro-source frequency (ω̃), and figure (b)

the variation of the micro-source d-axis current (ĩd ).
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(a)

(b)

Fig. 10 Dynamic responses of the synchronverter and the droop-
controlled micro-source under a 5% disturbance in the d-axis com-
ponent of the bus voltage for 50ms

Fig. 11 Percentage errors of the small-signal models compared with
the dynamic model. Droop control and synchronverter

As illustrated in Figs. 8 and 9 , there is a good agreement
in the results of the dynamic models and the small-signal
models for both the droop-controlled micro-source and the
synchronverter.

Many other simulations with different gains were con-
ducted in order to validate the small-signal models. The
results obtained closely match the results from the dynamic
models and due to space limitations are not shown here.

Figure 11 presents the maximum percentage error of the
small-signal models compared with the dynamic models for
both the droop-controlled micro-source and synchronverter.
As illustrated, the small-signal models can reasonably well
predict the behavior of the dynamic systems, even in case of

large-signal variations. In this figure, one can see that for a
variation in the d-axis component of the bus voltage equal to
100%, the maximum errors in the small-signal variables are
around 12% for frequency and 6% for currents.

7 Small-Signal Dynamic Behavior of the
Synchronverter and the Droop-Controlled
Converter

Figure 12 shows the closed-loop poles of the droop-
controlled micro-source and synchronverter in the complex
plane for the same parameters as used in Section 6. As illus-
trated, the closed-loop poles of both systems are very similar
for the considered parameters.

Figure 13 presents the variation of the closed-loop poles
on the complex plane for the droop-controlled converter and
the synchronverter, as a function of the increase on gain K p

(0.01–0.9%). This range of variation on K p leads the droop-
controlled converter into instability, illustrating the fact that
this control algorithm presents a narrower stable range of val-
ues for K p, compared to the synchronverter. For the present
conditions, the critical value of K p that leads the droop-
controlled converter into instability is K p = 0.6%, while
for the synchronverter is K p = 1.4%.

Figure 14 shows the variation of the closed-loop poles in
the complex plane for the droop-controlled converter and
the synchronverter, as a function of the increase on gain
Kq (0.01–0.2%). As one can see, an increase on gain Kq

affects almost identically the closed-loop poles of the droop-
controlled converter and the synchronverter.

Fig. 12 Poles of the DQ small-signal model on the complex plane
(K p = 0.05% and Kq = 0.01%). Droop control and synchronverter
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Fig. 13 Poles of the DQ small-signals model on the complex plane as
a function of the gain K p (0.01–0.9%), Kq = 0.01%. Droop control
and synchronverter

Fig. 14 Poles of the DQ small-signal model on the complex plane as a
function of the gain Kq (0.01–0.2%), K p = 0.05%. Droop control and
synchronverter

Figure 15 presents the small-signal admittance of the
droop-controlled micro-source and the synchronverter.

8 Experimental Results

Experimental results were obtained from a hardware-in-
the-loop model implemented in a Typhoon HIL 600. A
TMS320F28335 Texas Instruments microcontroller was
used for the control part. Since the results from the droop-
controlled converter and the synchronverter are similar, only
the response of the latter will be presented.

Fig. 15 Small-signal admittance of the droop-controlled converter and
the synchronverter from channel d to channel d (Ydd ). K p = 0.05%.
Droop control and synchronverter

Fig. 16 Experimental result for the synchronverter: frequency and id
current under a 5% disturbance in the d-axis component of the bus
voltage for 50ms

The parameters used in the HIL model were the same as
the ones used in the simulations. In addition, the same distur-
bance was also considered. Figure 16 shows the frequency
and current (id ) response of the system during the distur-
bance.

Figures 17 and 18 illustrate the experimental and the
small-signal model responses for the frequency and the d-
axis current (id ) under the disturbance. The curves presented
in this figure clearly validate the developed small-signalmod-
els.

To evaluate the behavior of the converter against small
variations in the active power, an experimental result was
obtained, inwhichΔP is the input signal and the frequency is
the output signal. In this scenario, the active power variation
is 2kW during 50ms. Figure 19 presents the results. One
more time, the dynamic response of the experimental setup
and the small-signal model is similar.
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Fig. 17 Small signal x experimental synchronverter result: frequency
under a 5% disturbance in the d-axis component of the bus voltage for
50ms

Fig. 18 Small signal x experimental synchronverter result: current id
under a 5% disturbance in the d-axis component of the bus voltage for
50ms

Fig. 19 Small signal × experimental synchronverter result: frequency
under a 2kW disturbance in the active power for 50 ms

9 Conclusion

An increasing interest in control techniques to emulate the
operation of synchronous generators by the use of power
converters has been observed in recent year, remarkably the
droop control and the synchronverter. In this paper, these two
techniqueswere evaluated and compared in terms of dynamic
operation based on small-signal models.

The small-signal models developed explicitly show that
the difference between the two control structures can be rep-
resented by a 2×2 matrix, which can easily be obtained also
for other control algorithms for power converters emulating
synchronousmachines. The results presented showed that for
a considerable range of gains, both control algorithms lead to
very similar dynamic responses. However, it was also shown
that the synchronverter allows an extended range of gains in
the stable region, which gives this control algorithm more
flexibility. The simplicity of the droop control and its more
damped dynamic response can be seen as itsmain advantages
over the synchronverter.
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