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Abstract—Emulation of inertia has drawn much attention in
recent years due to the growing demand for network services
from systems operators. In this scenario, the converter control
method Virtual Synchronous Machine (VSM) has gained impor-
tance because of its inertial properties. However, in its original
form VSMs do not have a current-controller and, therefore,
the current-limiting functionality severely restricting their use in
industrial applications. The current-controlled version of VSMs
(CC-VSMs) removes this restriction. In this paper, a CC-VSM is
proposed to interface Voltage Source Converters (VSCs) to weak
grids. Dynamic aspects of CC-VSMs have been already studied
in the literature. However, in this paper, a simplified small-signal
model is derived. It is shown that this model is able to capt
the essential dynamics of the CC-VSM. Also, a novel method
to calculate the steady-state operating condition is developed.
Differences between VSMs and CC-VSMs are highlighted, while
robustness of CC-VSMs against parameter variations of the
electricity network are studied. The control system improvements
were demonstrated firstly in simulation and then on a 15 kVA
prototype of a VSM.

Index Terms—Virtual Synchronous Machine, Inertia Emula-
tion, Small-Signal Modelling, Current Controller.

I. INTRODUCTION

The large number of power electronics converters integrated
to electricity networks is giving rise to the opportunity to
use them to provide additional grid services [1]. In this
light the emulation of synchronous machines with VSCs has
become an attractive option to meet these demands. This
control technique is commonly referred to as VSM and its
implementation aspects have drawn much in attention in the
recently published literature [2, 3]. Parameter design, current
limitation and performance under voltage sags are the most
important issues to be addressed [4]. Practical solutions to
these issues are needed to promote the use of VSMs and many
studies have already been carried out with this respect [5–8].

Direct emulation of synchronous machines (without internal
controllers) has been reported in the literature as a promis-
ing solution when it comes to mimicking the dynamics of
synchronous machines [4, 9]. However, synchronous machine
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emulation without internal controllers has several drawbacks.
First, the current generated by the VSC is not controlled in
closed-loop and this is of a paramount importance in the
case of voltage sags and other severe voltage disturbances
provoking severe over-currents and possibly damaging the
VSC [1, 10]. For example, Shuai et al. [9] presented a mod-
ification to the control system in which the VSM is replaced
by a hysteresis controller when an over-current is detected. A
different approach was presented by Natarajan and Weiss [11].
In that case a virtual impedance was applied and this provided
the current limiting functionality in the case of voltage sags
and voltage imbalances without modifying the control system.
Other solutions to limit the current without internal controllers
can also be found in the literature [8].

The most common approach to the VSM (and VSC in
general) implementation is to use an inner current controller
plus an outer voltage controller [12, 13]. This solution is
appropriate for high-power applications (e.g. HVSC-VSC)
where the system voltage and frequency are supported by
the VSM. However, voltage control approach is not always
necessary for the connection of distributed-generation units
and other power electronics devices to distribution networks.
In these cases, the application of current-controlled version
of VSMs (CC-VSMs) is more adequate [2]. For example,
Hirase et al. [14] proposed an internal current controller for a
VSM. The current reference was obtained by multiplying the
voltage generated by the VSM by the inverse model of the
connection filter. An alternative was proposed by Younis et
al. [15] for a single-phase VSM. Internal current controllers
have also been proposed for Synchronous Power Controllers
(SPCs) [16, 17], that have many similarities with VSMs. The
idea of an internal current controller was adapted for a VSM
in [18]. Here, the formulation proposed in this work will be
used. Even though several authors have already applied current
controllers in VSMs, their dynamic aspects and possible
differences have been seldom studied [13]. In particular, Mo et
al. [2] presented a detailed state-space model of a CC-VSM.
Differences between VSMs and CC-VSMs were highlighted.
Compared to this work, the one presented here presents an
alternative small-signal model of a CC-VSM. It is shown that
this model is able to capt the essential dynamics, but with a
reduced number of variables.

In this paper, a small-signal model of a CC-VSM is pre-
sented. This model captures the dynamics of the internal
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Fig. 1. Electrical diagram of a CC-VSM connected to the grid via an LCL filter. The current reference is calculated by using a model of the grid. Park’s
transformations are calculated by using the virtual shaft angle so that a PLL is not required.

current controller, the reference generation system and the
machine emulation in a single state-space representation. An
analytic solution is proposed to calculate the steady-state
operating condition of the CC-VSM. The model developed
here is then applied to analyse the dynamic properties of a
CC-VSM connected to a weak grid. In order to highlight
the benefits of the internal current controller the dynamic
performance of a CC-VSM is compared to that of a VSM.
The proposed small-signal model was verified by using firstly
simulation and later a 15 kVA prototype of a VSM.

II. SYSTEM OVERVIEW

A. Application Description

Fig. 1 shows the electrical and control system diagrams of
a CC-VSM. The VSM (without internal controllers) generates
a voltage reference (~e) that is used to generate the reference
for the current controller (~i∗o) [14]. Active power injection is
controlled by manipulating the angle of the virtual shaft (θs),
while reactive power injection (Q) is controlled by manipu-
lating the VSM virtual flux (ψv). In a CC-VSM, a current
controller is inserted between the VSM and the VSC. The
current reference for this controller (~i∗o) is calculated by using a
steady-state model of the connection filter. This model requires
the use of the VSM output voltage (~e) and the grid voltage
(~ug). However, the direct use of ~ug is not recommended
since this could amplify noise and generate high-frequency
interactions. Therefore, a filtered version of ~ug (~ufg ) is used
here. Park’s transformations are carried out by using the virtual
shaft angle (θs) so that a PLL is not needed. The converter-
side current is ~ic, the grid-side current is ~io, and the capacitor
voltage is ~uc. Li (Ri), Lo (Ro), and Lg (Rg) are the converter,
output, and grid inductance (resistance) values, respectively.
Cf is the filter capacitor. Space-vectors will be represented
with an arrow over their name (e.g. ~ug = ugd + jugq).
The power-invariant Park’s transformation is used to avoid
any additional scaling factors [19]. For simplicity, the time
dependence of signals will be omitted in the rest of the paper.

B. Current-Controlled Virtual Synchronous Machine

When a CC-VSM is applied, the current reference for the
current controller can be calculated as follows [15]:[

i∗od
i∗oq

]
= Kz

[
R̂c L̂cω

∗
s

−L̂cω
∗
s R̂c

] [
ed − uf

gd

eq − uf
gq

]
, (1)

Fig. 2. Simplified electrical diagram used to develop the small-signal model.

where
Kz = 1/(R̂2

c + L̂2
c(ω∗s )2), (2)

L̂c = L̂i + L̂o, and R̂c = R̂i + R̂o are the converter output
inductance and resistance, respectively, if the filter capacitor is
neglected (see Fig. 2) (hat “ ˆ ” means “estimated”). A filtered
version of ~ug is used to calculate the reference current in (1)
(~ufg ), and this creates an additional control loop that can have
a non-negligible impact on the system dynamics [2].

C. Synchronous Reference Frames Modelling

A synchronous reference frame (DQ) synchronised to the
ideal grid voltage space vector (~u′g) will be used to model the
electricity network. However, the VSM will be synchronised to
another reference frame (dq) that rotates synchronously with
the VSM output voltage (~e). The following transformation is
used to refer variables in dq to the DQ reference frame [20]:[

fD
fQ

]
=

[
cos δs − sin δs
sin δs cos δs

] [
fd
fq

]
, (3)

where f refers to an electrical variable (e.g. current or voltage),
and δs is the angular difference between the angle of the VSM
output voltage (θs) and that of the ideal grid (θ′g):

δs = θs − θ′g. (4)

The small-signal model will be presented in the DQ reference
frame because a simpler form of analytic expressions is
obtained.

III. CURRENT-CONTROLLED VSM MODELLING

Fig. 3 shows a diagram of the model developed in this paper.
Before linearisation, the state variables are

x = [ωs δs ψv ioD ioQ ufgD ufgQ yD yQ]T , (5)

where T means transposed. The variables ufgD and ufgQ are
filtered versions of the PCC voltage DQ components, while
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Fig. 3. Calculation of state and intermediate variables of the small-signal model. Blocks indicate a group of calculations to obtain a variable. All the blocks
receive the linearised state-space vector (∆x), while black arrows indicate inputs (references) and outputs (state and intermediate variables). Red arrows
indicate physical meaning. Equations used for the calculations are indicated inside the blocks.

yD and yQ are the outputs of the current controller integrals.
The locks in that figure are explained in the following sections.

A. Virtual Shaft Modelling

The virtual shaft included in the active power controller can
be written as follows [21]:

JV · dωs/dt = Tm − Te −Dp(ω∗s − ωs), (6)
dδs/dt = ωs − ωg, (7)

where ωs and ω∗s are the synchronous frequency and its refer-
ence value, respectively. The electrical torque is Te = ψvioq ,
the mechanical torque is Tm = P ∗/ω∗s (P ∗ is the active power
reference), and Dp is the active-power droop coefficient [4].
This equation can be linearised, yielding:

JV · d∆ωs/dt = ∆P ∗/ω∗s −∆Te +Dp(∆ω∗s −∆ωs), (8)

where “∆(·)” stands for the incremental operator [22]. The
only term in (8) that is non-linear is Te, and it can written in
terms of the DQ reference frame variables:

∆Te = ∆(ψvioq) = ∆(ψv(ioQ cos δs − ioD sin δs)). (9)

This equation can be linearised, yielding

∆Te = KTe
·∆x. (10)

The gain in (10) can be calculated in terms of the steady-state
values of the system state variables.

B. Reactive Power Controller Modelling

The voltage generated by the VSM is applied in the q-axis
component of ~e, only. Therefore [21]:

~e = 0 + jeq, eq = ωsψv. (11)

The state equation generated by the reactive-power controller
can be written in its linerised form as follows:

d∆ψv/dt = KQ · (∆Q∗ −∆Q+ ∆Qd), (12)

where KQ is the reactive-power controller gain and the term
Qd provides grid voltage support:

∆Qd = Dq(∆|~u∗g| −∆|~ug|), (13)

where Dq is the reactive-power droop coefficient. The equation
used to calculate the reactive power generated by the VSM is
non-linear (Q = eqioq). Therefore:

∆Q = ∆(ωsψviod) =

= ∆(ωsψv(ioD cos δs + ioQ sin δs)).
(14)

By linearising (14), the following expression is obtained:

∆Q = KQ ·∆x + GQ ·∆u. (15)

where u refers to inputs of the system.

C. Current Controller and Filter Modelling

From Fig. 2, the equations of the connection filter are:

L · dioD/dt = uiD − u′gD −R · ioD + LωgioQ, (16)

L · dioQ/dt = uiQ − u′gQ −R · ioQ − LωgioD, (17)

where L = Li + Lo + Lg , R = Ri + Ro + Rg , and ωg is
the frequency of the ideal grid. Equations (16) and (17) are
linear. However, uiD and uiQ connect the VSC output voltage
with the electrical circuit. Therefore, uiD and uiQ should be
rewritten in terms of the system state variables. First,

uiD = uid cos δs − uiq sin δs, (18)
uiQ = uid sin δs + uiq cos δs. (19)

The dq components of ~ui are the output signals of the current
controller:

uid = Kp · (i∗od − iod) +Kp/Ti · yd + ugd − L̂ωsioq, (20)

uiq = Kp · (i∗oq − ioq) +Kp/Ti · yq + ugq + L̂ωsiod, (21)

where:

dyd/dt = i∗od − iod, dyq/dt = i∗oq − ioq. (22)

The proportional gain and the time constant of the PI controller
are Kp and Ti, respectively. The PCC voltage (~ug) is not a
state variable of the system. Therefore, it should be calculated
as a function of these. The PCC voltage can be calculated
from the electrical circuit equivalent (in any reference frame):

~ug =
Lg

L
~ui +

Lc

L
~u′g +

(
Rg −

RcLg

Lc

)
Lc

L
~io. (23)

Equation (23) is linear and links the PCC voltage with inputs
and state variables of the electrical circuit.

1461



D. VSC Output Voltage Small-Signal Model

In order to make use of the small-signal model the VSC
output voltage is written in terms of the system state variables
and applied as an intermediate variable that connects the
current controller with the electrical circuit. This can be done
by replacing the following variables in the VSC command
signals, (18) and (19): uid and uiq from (20) and (21), ~ug
from (23), and i∗od and i∗oq from (1). This yields the following
expressions:

uiD = fuiD
(x,u), uiQ = fuiQ

(x,u), (24)

where fuiD
(·, ·) and fuiQ

(·, ·) are functions of the system
parameters. These functions can be linearised, giving:

∆uiD = KuiD
·∆x + GuiD

·∆u, (25)
∆uiQ = KuiQ

·∆x + GuiQ
·∆u. (26)

E. Grid voltage filter

A first-order low-pass filter (LPF) is applied to each of the
PCC voltage components in order to calculate the reference
current. This can be written as:

dufgD/dt = (ugD − ufgD) · ωc, (27)

dufgQ/dt = (ugQ − ufgQ) · ωc, (28)

where ωc is the cut-off frequency of the LPF. First, the value
of ug in (23) should be replaced in (20) and (21). Then, i∗od
and i∗oq should be replaced by using (1). This result is then
replaced in (27) and (28), yielding

ufgD = fuf
gD

(x,u), ufgQ = fuf
gQ

(x,u), (29)

where fuf
gD

(·, ·) and fuf
gQ

(·, ·) are functions of the system
parameters. These equations can be linearised, giving:

∆ufgD = Kuf
gD
·∆x + Guf

gD
·∆u, (30)

∆ufgQ = Kuf
gQ
·∆x + Guf

gQ
·∆u. (31)

F. Grid Voltage Module Model

The module of the PCC-voltage space vector is used in the
VSM to provide grid voltage support. This variable is not a
state variable of the system and it is included in the model to
simplify expressions and retain their physical meaning:

|~ug| =
√
u2gD + u2gQ. (32)

The linearised version of (32) can be written as follows:

∆|~ug| = Kug
·∆x + Gug

·∆u. (33)

G. Complete Model and State-Space Representation

All the equations of the small-signal model developed in
this paper can be written as a state-space representation:

d/dt∆x = A ·∆x + B∗ ·∆u∗ + Bd ·∆ud, (34)

where

u∗ = [P ∗ Q∗ |~u∗g| ω∗s ]T , ud = [u′gD u′gQ]T , (35)

Fig. 4. Representation of the steady-state space vectors for the CC-VSM.

A is the system state matrix, B∗ is the matrix of reference
inputs, and Bd is the matrix of disturbances. In addition, the
small-signal model can be used for simulation by following
the structure depicted in Fig. 3.

IV. OPERATING-POINT CALCULATION

The operating point can be calculated by numerically solv-
ing the CC-VSM non-linear equations. However, an explicit
solution would facilitate the analysis and, having this in mind,
the ideal grid voltage (~u′g) and the active (Pg) and reactive
(Qg) powers injected to the ideal grid are taken as inputs.
The method proposed in this paper is based on the classical
method used for synchronous generators [23], but it has been
adapted for CC-VSMs.

The VSM frequency must be equal to the grid frequency in
steady-state, because the latter is fixed. Therefore:

ωo
s = ωg. (36)

Since the active and reactive powers injected to the ideal grid
are taken as inputs, the steady-state value of the output current
can be easily obtained. From Fig. 4:

~io = ioD + j · ioQ = |~io
o
|(sinφo + j cosφo), (37)

where:

|~io
o
| =

√
(P o

g )2 + (Qo
g)2/|~u′og |, (38)

φo = cos−1
(
P o
g /
√

(P o
g )2 + (Qo

g)2
)
. (39)

Once the current is known, the PCC voltage can be calculated
with the equation of the PCC voltage, giving:

uogD = u
′o
gD +Rgi

o
oD − Lgω

o
si

o
oQ, (40)

uogQ = u
′o
gQ +Rgi

o
oQ + Lgω

o
si

o
oD. (41)

The LPF used to filter the PCC voltage does not modify the
steady-state condition since it has unitary gain. Now, in order
to calculate the voltage generated by the VSM, the equation
used to calculate the reference current, (1), can be referred to
the DQ reference frame. In this case, the DQ components of
~e o can be calculated as follows:[

eoD
eoQ

]
=

[
R̂c −ω∗s L̂c

ω∗s L̂c R̂c

] [
iooD
iooQ

]
+

[
uo
gD

uo
gQ

]
. (42)

The control system includes a PI controller over the output
current. Therefore, ~io∗o = ~ioo in (42) (in DQ). In (42), it is
worth recalling that the hat stands for estimated value.
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Fig. 5. Proposed procedure to calculate the steady-state condition of the
CC-VSM, directly.

The output voltage of the VSM is applied to the q compo-
nent of the dq reference frame, only. Therefore:

eoD = −eoq sin δos , eoQ = eoq cos δos . (43)

From (43), the value of the δos can be obtained:

δos = − tan−1(eoD/e
o
Q). (44)

With δos already found, the virtual flux can be calculated from
its definition in (11), yielding:

ψo
v = eoQ/(ω

o
s · cos δos). (45)

The steady-state values of the current controller integrals are
required for the small-signal model and, in order to calculate
them, the voltage generated by the VSC is also required. The
latter can be calculated by using the electrical equations of the
CC-VSM, thus[

uo
iD

uo
iQ

]
=

[
R −ωo

sL
ωo
sL R

] [
iooD
iooQ

]
+

[
u′

o
gD

u′
o
gQ

]
. (46)

After this step, the integrals of the current controller can be
solved from (20) and (21), yielding:

yoD = Ti/Kp · (uoiD − uogD + L̂ωo
si

o
oQ), (47)

yoQ = Ti/Kp · (uoiQ − uogQ − L̂ωo
si

o
oD). (48)

A coupling term appears when ~ui is transformed from the dq to
the DQ reference frame due to the transformation of d~y/dt =
~i∗o − ~io. However, the PI controller forces the fundamental
component ~ioo =~i∗oo and then the coupling term disappears in
steady state.

Fig. 5 shows a diagram with the procedure proposed to
calculate the steady-state condition. The main benefit of this
method is that no iterative calculations are required. This is a
novel contribution of this paper.

V. CASE STUDY AND PROTOTYPE DESCRIPTION

The nominal voltage of the grid was 400 V and the nominal
frequency 50 Hz. The LCL filter values were Li = 2.3 mH,
Lo = 0.93 mH, and Cf = 8.8 µF. The VSM parameters were
JV = 0.5 and Dp = 8. This design provided overshoot for
stiff grids. The gain of the voltage controller was set to KQ =
1.5 · 10−3, while Dq = 50. The crossover frequency of the

Fig. 6. Pole-zero diagram of the (a) conventional VSM, and (b,c,d) CC-VSM,
for the same parameters. In all the figures the grid inductance varies between
0 and 0.5 pu. In (c,d), CC-VSM, where the bandwidth of the LPF is (c) 1 kHz
and (d) 100 Hz.

current was set to 250·2π rad/s. Classical decoupling terms and
PCC voltage feed-forward were applied [24]. The VSM was
implemented as suggested in [25]. The sampling and switching
frequencies were made equal to 10 kHz. PWM with single
update and third-harmonic injection was used [24]. Current
controller integrals were discretised by using the backward
Euler method [22]. Notch filters at the harmonic frequencies
were used in the VSM command so that harmonic components
coming from the VSM were eliminated [21].

A 15 kVA VSC was used to carry out the experiments.
The grid was emulated by using another converter operated in
open-loop. The nominal grid inductance was Lg = 2.3 mH.
Weak grid conditions were emulated by inserting inductors
between the VSM and the grid emulator. More details of the
laboratory facilities can be found in [26, 27].

VI. ANALYTIC STUDY

The performance of the CC-VSM was analysed for weak-
grid scenarios. Also, it was compared to that of a VSM without
internal controllers in order to highlight differences. The small-
signal model of the VSM was obtained by using a procedure
similar to the one proposed for the CC-VSM in this paper.

A. Grid Impedance Effect

Fig. 6 (a) shows the pole-zero diagram of the conventional
VSM when the value of the grid inductance increases. There
are three low-frequency poles, which correspond to the virtual
shaft (two complex poles) and the voltage controller (one
single pole). When the grid inductance increases, the two
complex poles moved towards the real axis, until they reached
it. Then, the poles moved towards the imaginary axis. On the
other hand, the single pole related to the voltage controller
increases its frequency. In addition to these poles, there are
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Fig. 7. Experimental results for a CC-VSM connected to a weak grid. Grid
voltage (ug) and output current (io) for a step-change of the grid frequency.

two complex poles that have a module close to the syn-
chronous frequency (ωs). These poles generate a resonance
that is commonly known as “synchronous resonance”, and it
appears because of the coupling terms present in the dynamic
equations of the connection filter [2, 28]. The damping factor
and frequency of these poles increase together with the grid
inductance value.

Fig. 6 (b) shows the pole-zero diagram of the CC-VSM. The
low-frequency poles are similar to those of a VSM. However,
in the CC-VSM the synchronous resonance does not appear.
This is because the current controller includes decoupling
terms that cancel the coupling terms of the connection filter.
When Lg increases, the low-frequency poles of both methods
have a similar trend.

B. Low-Pass Filter Effect

Fig. 6 (c) shows the pole-zero diagram of the CC-VSM
when the bandwidth of the low-pass filter is set to 1 kHz,
while Fig. 6 (d) shows the same figure, but for a bandwidth
of 100 Hz. The low-frequency poles have a similar trend for
the two cases. However, the high-frequency poles approach
faster the imaginary axis when the LPF bandwidth is larger.
This will generate oscillations in the controlled variables and
noise amplification. Therefore, it is clear the LPF design
has a considerable impact on the system dynamics. These
results agree with other dynamic studies of CC-VSMs already
presented in the literature [2].

VII. RESULTS

Fig. 7 shows the experimental results obtained when the CC-
VSM was connected to the grid and the frequency suddenly
decreased. The instant in which the frequency changed is
marked in the figure. Initially, the CC-VSM was working in
steady-state. When the frequency changed, the CC-VSM sup-
plied the active power required to support the grid. However,
the current saturated during the transient to avoid the converter
damage. This was possible because of the saturation included
within the current controller.

Fig. 8 shows the simulation results for active and reactive
powers injected by (blue) the VSM and (red) the CC-VSM,
for a step-change of Q∗. The synchronous resonance clearly

Fig. 8. Active and reactive power flows for (blue) VSM and (red) CC-VSM,
for the same control parameters applied.

Fig. 9. Active and reactive power flows for a CC-VSM with LPF bandwidths
of (red) 100 Hz and (blue) 1 kHz.

affected the VSM performance. However, this effect was
not present in the CC-VSM. These results are in agreement
with the theoretical results obtained by using the small-signal
analysis.

Fig. 9 shows the transient response of the CC-VSM when
the LPF bandwidth was (blue) 1 kHz and (red) 100 Hz. In both
cases, the mean value of the reactive power reached quickly
its steady-state value. However, when the LPF bandwidth was
set to 1 kHz, active and reactive power showed high-frequency
oscillations. These oscillations were clearly reduced when the
bandwidth of the filter was set to 100 Hz. This result highlights
the importance of reducing the LPF bandwidth to avoid high-
frequency interactions between the current controller and the
reference generation system.

VIII. CONCLUSION

In this paper a detailed small-signal model of a CC-
VSM has been developed. All dynamic equations of the CC-
VSM have been introduced, explained and then linearised. An
analytic procedure to calculate the steady-state condition of
the CC-VSM has been proposed, and this is a contribution of
this paper. Finally, the small-signal model developed in this
paper has been used to analyse the dynamics of a CC-VSM
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connected to a weak grid. In order to highlight the benefits of
internal current controllers a critical comparison between the
CC-VSM and the VSM was performed.

Results revealed that a CC-VSM is a robust control al-
ternative for the connection of VSCs to weak grids. Also,
one of the most important conclusions is that the use of
a current controller helps suppressing the synchronous reso-
nance present in VSMs. This represents a clear advantage over
direct emulation of synchronous machines. The impact of the
weak grid was also examined and it was demonstrated that
the synchronous resonance effect is reduced for large values
of the grid impedance when direct emulation (no internal
controllers) is used. Also, the VSM becomes more damped and
slower when the grid inductance increases. The effect of the
LPF used to calculate the current reference in CC-VSMs was
also explored. It was shown that the bandwidth of this filter
can a have a significant impact on the closed-loop stability,
especially in weak-grid scenarios. The results obtained with
the model developed in this work agree with the ones already
obtained in the literature by using other models [2].

The modelling and control system developments were val-
idated firstly in simulation and then on a 15 kW prototype of
a VSM connected to weak-grid.
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