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Abstract— Due to the deployment of distributed generation,
future grids will show reduced inertia resulting in higher
dynamics and reduced frequency stability. This is especially true
in microgrids (MGs). In this sense, the virtual synchronous
generator (VSG) concept has been proposed as a promising
solution. In this paper, the benefits of this concept are further
explored studying the frequency stability improvement under
simulation of different cases regarding the MG operation. Here,
the analysis is carried out looking at the impact of the control
parameters on the rate-of-change-of-frequency and on the aver-
age frequency deviation. The VSG concept shows a great potential
to reduce both parameters improving the frequency stability.

Index Terms— Distributed generation (DG), frequency control,
smart microgrids (MGs), storage.

I. INTRODUCTION

THE need to reduce pollutant emissions require
technological alternatives to meet the electrical energy

demand while enabling a greater use of ecological resources.
One approach is the use of small-scale generation technologies
connected to the distribution grid as closely as possible to
the consumption sites. This alternative is called distributed
generation (DG). One of the main features of DG is the use
in smart microgrids (MGs) to ride through faults by going
to islanding operation. This feature can improve the power
system reliability. In this context, MGs are defined as a set of
loads and DG units, which can operate connected to the main
grid or islanded as appropriate. During connected mode, the
MG may completely or partially be supplied by the main grid
or may inject power into it. During islanded mode, DG units
are responsible for keeping the voltage and frequency within
permissible limits.

There are different types of DG; in this paper, the
analysis considers the way in which DG units are connected
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to the grid. With this distinction, three types of DG can be
found [1].

1) Synchronous Generation: When the power source
is connected through synchronous machines, which
may be the case when using internal combustion
engines.

2) Asynchronous Generation: When the power source is
connected to the MG through asynchronous machines,
such wind turbines with squirrel-cage induction
generator.

3) Converter-Coupled Generation: When the power source
is connected to the MG through power electronic con-
verters, e.g., when using fuel cells, photovoltaic (PV),
or wind generators with full converters.

Due to their expected deployment converter-coupled
generation (CCG) should be able to set the system voltage
and frequency (or to form the grid) as normally synchronous
generator (SG) does, especially if the MG standalone
operation needs to be ensured. This issue has been already
reported in [2]–[4]. The commonly used solution is to design
control strategies based on the droop concept [5], [6], which
has been proved to work quite well due to its simplicity and
flexibility. However, this strategy does not consider the lack of
inertia of CCG, which results in a detriment of the system’s
inertial response [7]. Among the consequences, the impact on
protection systems due to rapid variations in power demand or
generation is very important [8], [9]. In this sense, the virtual
SG (VSG) concept represents a promising solution [10]. The
main idea behind this concept is the emulation of the inertial
behavior of synchronous machines in power converters.
Beck and Hesse [10] represent the first proposal of a VSG
implementation. Later, several other approaches for adding
virtual inertia to power converters have been proposed. In [11],
the basic properties of this concept are determined. In [12],
the experimental implementation is presented. Moreover,
in [13], the VSG concept is used to dynamically improve
the frequency control in autonomous grids. However, as
shown in [14], the application of this concept is rather
scattered and fragmented. In particular, the impact of this
concept on the MG dynamic response during different
events has so far not been analyzed. In this paper, a control
strategy based on the VSG concept is derived [15]. The main
objective is to show the MG dynamics improvement under
different study cases, focusing on the impact on the
rate-of-change-of-frequency (RoCoF). The feasibility
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Fig. 1. Test MG.

of this control strategy has already been presented
in [16].

II. TEST SYSTEM AND MODELING OF

DISTRIBUTED GENERATION UNITS

The system under study is shown in Fig. 1. It consists
of a 100-kW solid oxide fuel cell (SOFC) including a 20-F
supercapacitor energy storage (SCES). The MG also con-
sists of a 500-kVA diesel generator with a conventional
speed governor, a 275-kVA squirrel-cage induction genera-
tor in a wind turbine squirrel-cage induction machine-based
wind generator (SCWG) and a 10-kVA PV facility with the
conventional control in the dq-reference frame. In this
MG interruptible loads that disconnect in step over a range
extending from 49.53 to 49.5 Hz are considered. Finally, the
SCWG and some other loads are considered to be connected
to the MG via protection relays controlled by RoCoF. The
considered tripping threshold is 1 Hz/s. The individual
components are modeled as follows.

A. Synchronous Generation

As previously mentioned SG is based on the synchronous
machine which consists of one winding in the stator and
another winding in the rotor. The rotor moves subject to
two opposing torques [17]: 1) the mechanical torque Tm ,

provided by the prime mover which increases the rotor speed
and 2) the electrical torque Te, injected to the grid which
decreases this speed. The basic equation is

J
d2θ

dt2 + kd
dθ

dt
= (Tm − Te) (1)

where J is the moment of inertia (kg · m2), kd is the damping
constant, and θ is the rotor angle (rad) with ω = dθ/dt
the rotor speed. The inertia moment J is widely used in
power system control. It represents the kinetic energy stored
in the rotor of the machine. Equation (1) is commonly
known as swing equation because it determines the swings
in the rotor angle during disturbances [17]. To keep the
balance between demanded and generated power, a syn-
chronous machine requires a speed governor to control the
incoming mechanical power. Speed governors are of two types:
1) isochronous and 2) droop control [17]. In this paper, the
synchronous generation is represented by a diesel genset. The
model includes the exciter, the governor, and the diesel engine
driving a synchronous machine. Because of space limitations,
this model is not shown here, and details can be found
in [18].

B. Asynchronous Generation

The MG model also includes a squirrel-cage induction
machine-based wind generator (SCWG). These generators
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Fig. 2. SOFC model.

are normally connected via RoCoF-relays-based protection
systems. The SCWG model consists of the drive train and
the induction machine, details can be found in [19].

C. Converter-Coupled Generation

The droop concept is perhaps the most commonly used
philosophy to ensure standalone operation using power con-
verters. However, this philosophy does not consider the lack of
inertia of MGs. In this sense, in this paper, a control strategy
designed from the inertial characteristic of SG is used in order
to form the grid and to provide inertia at the same time. The
objective is to extend the application of such strategies to
determine further benefits on the system stability.

To evaluate the control strategy, a two-level voltage source
inverter (VSI) was implemented. The main power source is
an SOFC model, which is shown in Fig. 2. It consists of
an electrochemical model and a fuel processor. The model
assumes various simplifications: 1) ideal gases; 2) constant
pressure; 3) stable temperature; 4) operation below the current
limit; 5) only ohmic losses considered; and 6) the Nernst
equation is always applicable [20], [21]. The output current
of the SOFC can only be slowly changed because of fuel
utilization and air supply. Therefore, the output power of the
SOFC needs to be complemented for rapid power exchange.
An SCES is used to achieve this. The SCES model consists
of the classical model of lumped parameters, which consists
of an equivalent capacity and parasitic parallel and series
resistances [22]. Fig. 3 shows the SOFC–SCES unit. The
SCES is installed at the dc-bus with a dc–dc converter. A more
efficient use of the SCES would be the connection through a
parallel converter, but the objective of this paper is to assess
the impact on the MG’s dynamics, thus, the discussion of the
topology is out of scope.

Another converter-coupled unit included in this paper is
a PV generator. Fig. 4 shows the control of a VSI for
PV applications based on dq-reference frame. Here, va ,
vb, vc, ia , ib, ic, and θS are the line voltages, the line
currents, and the phase angle at the Point of Common
Coupling (PCC); vP and i P are the dc-voltage and cur-
rent, respectively, at the panel terminals. Here, simplified

TABLE I

PRINCIPLE SYSTEM PARAMETERS

models based on current sources are used to represent
the PV units. These models use maximum power point
tracking algorithms to determine the injected power.

D. Load and Line Models

Low-voltage lines are modeled based on the classic π model
of lumped parameters given in [23]. The principle system
parameters are provided in Table I obtained from previous
investigations. The MG model also includes three load types:
1) loads with RoCoF-relays; 2) interruptible loads configured
to disconnect in steps; and 3) priority loads which should
remain connected at all times.

III. CONTROL DESIGN

Fig. 5 shows a general diagram for SG and CCG connected
to the grid using synchronous machine and VSI, respectively.
During normal operation, the SG’s prime mover provides Tm ,
while Te is injected by the synchronous machine into the
grid and the kinetic energy is stored at the rotating mass.
In the CCG, the power source provides Tma analogous to Tm ,
while the VSI injects Tea analogous to Te. If a storage system
is included in a CCG unit, (1) can be applied using
Tma and Tea to emulate the inertial behavior of SG setting the
frequency of the voltage waveform synthesized by the VSI.
Using (1), inertia can be provided to the system improving
the MG dynamics. In Fig. 5, Rs , Ls , R f , and L f represent
the equivalent resistance and inductance connecting both units
to the grid.

On the other hand, an SG unit controls the voltage at the
PCC via the rotor circuit by controlling excitation. Based
on Fig. 5, the VSI voltage is

vVSI = VVSI sin ωt = VMG sin ωr t + R f i + L f
di

dt
(2)

where R f and L f are the filter resistance and inductance,
respectively. Using (1), the proposed control for the VSI is
shown in Fig. 6, where Va,b,c is the voltage at the PCC
and Ia,b,c is the current injected into the grid. The blocks
shown in the area marked as frequency loop are used for
calculating (1). Here, J and kd represent the associated CCG’s
inertia and damping constants, respectively. This inertia is the
key factor of the proposed control strategy providing smooth
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Fig. 3. Power conditioning system of the SOFC-SCES unit.

Fig. 4. dq solar panel control.

Fig. 5. SG and CCG comparison.

frequency transitions and improving the frequency stability
and power quality as explained before. The main advantage of
this strategy is that the inertia and damping constants can be, in
principle, arbitrarily changed according to the desired dynamic
response. Observe that the final result of the frequency loop
in Fig. 6 is the angle of the voltage synthesized by the VSI.

In Fig. 6, the block identified as frequency control is
responsible for the control of the incoming virtual mechanical
power to keep the frequency at nominal value, as the speed
governor of SG does. This block is detailed in Fig. 7,
which emulates the droop characteristic of SG in order to

achieve a distribution of the frequency control task between
different CCG units, if they are configured with the same
control.

Furthermore, this strategy allows CCG units to control
frequency regardless of the presence of SG, i.e., this strategy
enables the parallel operation with the SG controlling the
system frequency without conflict.

The droop characteristic also determines the steady-state
error in frequency. Therefore, as in large power systems,
an MG needs a secondary control, capable of restoring
the nominal frequency. This is implemented as shown
in Fig. 7 (upper block).

On the other hand, in Fig. 6, the area marked as voltage
loop is responsible for controlling the voltage at the PCC.
Like in SG, this loop controls the amplitude of the synthesized
voltage. The multiplication of this amplitude with the angle
coming from the frequency loop results in a synthesized ac
voltage, exactly as the voltage induced at the stator of SG.
In Fig. 6, this voltage is denoted as er . Observe that (1)
represents the mechanical model of SG.

The electrical model, on the other hand, can be deduced con-
sidering R f and L f in (2) as the equivalent stator resistance
and inductance of a synchronous machine. To this aim, the
hysteresis control is implemented, as shown in Fig. 6. That is,
the difference between er and the voltage at the PCC, vr , sets
the voltage over the stator circuit, which results in the stator
or reference current ia,b,c ref behind R f and L f .

The main control parameters for simulation are summarized
in Table II.

IV. SIMULATION RESULTS

Simulations were performed under three cases in order
to assess the proposed control performance. In Case A, all
elements are operating when the MG islanding occurs. This
scenario evaluates the frequency control capability of the
proposed strategy operating in the CCG in parallel to SG
and asynchronous generation (AG). In Case B, a fault and
disconnection of the SG unit during MG standalone operation
is analyzed in order to determine the capability of the proposed
strategy to form and stabilize the MG. In order to show
the emulation of the droop control, the secondary frequency
control in Fig. 7 is deactivated by setting KI equal to zero.
Moreover, to simplify the study, the random variable nature
of wind and sun is not considered for Cases A and B;
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Fig. 6. Control-strategy block diagram of the VSI.

Fig. 7. Primary and secondary frequency control.

TABLE II

PRINCIPLE CONTROL PARAMETERS

instead they generate a constant average power. In addition,
as the considered problem in this paper is a frequency control
problem, only active power is shown. In Case C, the stochastic
generation is considered to analyze the benefit of the
inertia J and the damping constant kd in the RoCoF.

A. Case A

This scenario is characterized by 105 kW of load and
53 kW of local active power generation (10 kW from the
SOFC-SCES, 20 kW from the diesel generator, 10 kW from
the PV system, and 13 kW from the SCWG). The substation
supplies 52 kW. At t = 10 s, the MG is disconnected from
the utility grid. Fig. 8(a) shows the instantaneous active power
delivered by each unit. Note that the SOFC–SCES unit and
diesel generator show dynamic characteristics fast enough to
assume the load variation and to keep the frequency within

permissible limits (50 Hz ±1). The power fluctuations between
SOFC–SCES and diesel units are due to their normal dynamic
interaction.

Fig. 8(b) shows the MG frequency. The emulation of
the inertia characteristic keeps the RoCoF under the thresh-
old of 1 Hz/s, which prevents the disconnection of the
SCWG [Fig. 8(a)]. Based on [17], the steady-state frequency
error can be obtained as follows. The droop coefficient of the
SOFC–SCES and diesel units is 0.05% or 5%. However, the
diesel unit’s rated power is five times higher than that of
the SOFC–SCES unit (500–100 kVA) and any load variation
will be assumed in a relation of 5:1, i.e., the load varia-
tion in Case A is 52 kW (from the substation), thus diesel
generator supplies (52 kW/6) × 5 = 43.33 kW which is
five times 8.66 kW supplied by SOFC–SCES unit. The latter
represents 8.66% of the SOFC rated power. Multiplying with
the droop coefficient gives the frequency variation percentage,
i.e., 0.433%. Thus, 50 × (1−0.00433) = 49.78 Hz should be
the frequency (Fig. 9).

The AG requires a frequency reference in order to inject
power into the grid. They work with the field alignment
principle. In Fig. 8(a), it can be seen that the SCWG keeps
injecting active power. The frequency reference, in this case,
is set by the diesel generation as well as the SOFC–SCES.
This means, the proposed control is controlling the frequency
with CCG in parallel to SG without conflict.

Fig. 9 shows the SOFC and SCES output power. Observe
that the dynamics in the MG shown in Fig. 8(a) are completely
different from those of the power source and storage. The
proposed control decoupled both dynamics using the virtual
mechanical torque Tma.

B. Case B

In this simulation case, the MG starts in standalone mode.
Fig. 10(a) shows the output active power of the SOFC–SCES
unit, the PV unit, and the SCWG. Here, it is considered that in
an islanding mode, the SOFC–SCES unit supplies all loads,
which, in principle, are supplied by the substation; thereby,
the diesel generator is operated at the preset active power
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Fig. 8. Active power and MG’s frequency for Case A. (a) SOFC–SCES, diesel, substation, PV, and SCWG active power. (b) MG’s frequency.

Fig. 9. SOFC and SCES active power (dc-power) for Case A.

of 20 kW, the SOFC–SCES unit generates 62 kW, and the
system frequency is 50 Hz. At t = 5 s, a fault disconnects the
diesel generator.

In this case, the active power supplied by the diesel (20 kW)
is taken over by the SOFC–SCES unit and therefore it
represents an additional 20% of its rated power. Multiplying
with the droop coefficient gives the change in frequency,
i.e., 1%. Thus, the frequency drops to 49.5 Hz, which is
the limit shown in Fig. 10(b). However, during the transient
10 kW of the interruptible load was disconnected in order
to prevent the frequency from falling below the limit
of 49.5 Hz (1% criterion). Observe that after disconnection
of the diesel generator, only the SOFC–SCES unit is setting
the system frequency forming the MG and keeping the
PV installation and the SCWG in operation.

Furthermore, the emulation of the inertial characteristic
keeps the RoCoF under the threshold of 1 Hz/s, which prevents
the disconnection of the SCWG.

C. Case C

So far a general demonstration of the proposed control
performance was shown. In Section III, it was described that
the proposed control strategy has two parameters which can
influence the frequency performance: 1) the inertial constant J
and 2) the damping factor kd . To analyze the influence of these
parameters, Case C considers the diesel unit is disconnected
and the MG is in standalone mode. In this situation, this
MG can be considered to have a very low equivalent inertia.
In Fig. 11(a), the output power of SOFC–SCES, PV, and
SCWG is shown for J = 1 kg · m2. For the given conditions,
the PV and SCWG stochastic generations represent ∼31% of
the generated power. Therefore, the MG frequency is changing

constantly and randomly around the nominal value, as shown
in Fig. 11(b). The frequency is set by the proposed control
and is directly related to the inertia value J .

Fig. 11(b) shows the simulation results for two other inertia
values J = 10; 100 kg · m2. As can be noted, the virtual
inertia has a great impact on the system frequency reducing the
frequency variability caused by the primary energy resources,
sun and wind.

Parameter kd was analyzed as well. In this case, Fig. 12(a)
shows only a small influence on the system frequency. Thus,
only two values were simulated with kd equal to 0 and 1,
respectively. Figs. 11(b) and 12(a) show that as J and kd

increase the frequency deviation with respect to the nominal
value decreases. This results in a reduced load shedding
likelihood due to the reduction of the underfrequency relays
tripping. The maximal frequency deviation after a change on
the load demand �PL is given by [24]

� f = f0

2Heq · ∑
Pni

· −�P2
L

2 d PG
dt

(3)

where f0 is the nominal frequency, Heq is the equivalent
system inertia,

∑
Pni is the total power coming from all

generators operating in the grid, and d PG/dt is the total
system governor response. As can be noted, the virtual inertia
provided by the proposed control increases the equivalent
system inertia, reducing the maximal frequency deviation.

Furthermore, the virtual inertia is able to reduce the RoCoF
reducing the activation of RoCoF-relays. In the same sense as
before, the RoCoF after a disturbance is given by [24]

d f

dt
= f0

2Heq
· �PL
∑

Pni
. (4)

Again, the control strategy is able to reduce the RoCoF
due to the provided virtual inertia. To analyze this impact, the
RoCoF standard deviation in relation to J and kd is shown
in Fig. 12(b). From Fig. 12, some remarks can be obtained.

1) Both constants J and kd can be used to reduce the
negative impact of the lack of inertia in MGs.

2) J has a stronger effect on the MG dynamics than kd . For
each value of kd , J can still improve the MG dynamics.
However, for J > 10, kd produces almost no effect.

3) From this figure and for a maximal standard deviation of,
e.g., 0.001 the minimal inertia needed is J > 10 kg · m2.
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Fig. 10. Active power and MG’s frequency for Case B. (a) SOFC–SCES, PV units, and SCWG output active power. (b) MG’s frequency.

Fig. 11. Active power and MG’s frequency for Case C. (a) SOFC–SCES, PV units, and SCWG output active power. (b) MG’s frequency.

Fig. 12. MG’s frequency and RoCoF standard deviation for Case C. (a) MG’s frequency for different kd . (b) RoCoF standard deviation dependence
on J and kd .

This means that the storage capacity needed is

1

2
Jω2 = 493 480 Joules = 137 Wh (5)

which represents a general method for the calculation of
the minimal storage requirement in MGs.

4) It can be noted that as J becomes bigger, the frequency
control becomes lower. Therefore, Fig. 12(b) represents
a tradeoff between system stabilization and dynamic
performance.

V. EXPERIMENTAL RESULTS

To validate the simulation results, a simple circuit was
built. The unit consists of a two-level inverter connected to

two resistive loads of 50 W at 70 Vrms each, as shown
in Fig. 13(a). The SOFC and the SCES at this stage were not
implemented, but represented by a dc-source able to provide
rapid power for the power range considered here (as would
be the case with SCES). Here, the validation of the proposed
control was carried out evaluating the performance after the
sudden connection of the second load, i.e., after closing
switch S. During this simple event, the generation/storage
technology connected to the dc-link operates in only one
quadrant which allows the replacement of the SCES by the
dc-source.

It is worth pointing out that the dc-source output specifica-
tions are comparable with those of the SCESs for the power
level considered here.
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Fig. 13. Circuit for experimental results. (a) Schematic of the experimental circuit. (b) Circuit setup.

Fig. 14. Experimental results. (a) System frequency for different J . (b) System frequency with and without damping.

The system performance was evaluated observing the
response of the system frequency for different J and kd

from the swing equation. The two-level topology was build
using IGBTs type IKW30N60T, which are triggered using
the hysteresis technique. The filter consists of an inductance
of 3 mH and the control system used is the XCS2000-System
from the company AixControl GmbH. Fig. 13(b) shows the
circuit layout, where 1 is the dc-source, 2 is the two-level
inverter, 3 is the filter, 4 are the two loads, 5 is the signal
processing and control unit, and 6 is the measurement unit.

Fig. 14(a) shows the system frequency with respect to J .
It can be noted that as this value increases, the RoCoF and the
deviation of the frequency with respect to the nominal value
decrease. However, the time needed to reach the steady state
increases as well. These statements are similar to those found
in Case C of Section IV.

Finally, Fig. 14(b) shows concordance with Fig. 12(a). That
is, the damping constant has a real influence during transitions,
although the effect is small when compared with the virtual
inertia J .

VI. CONCLUSION

The control strategy under study in this paper ensures the
MG’s standalone operation even without SG. Moreover, it
presents an important advance from the system operation point
of view, as it gives an opportunity for CCG to participate in
primary frequency control.

In addition, the MG standalone operation presents
a bounded generation capacity which normally represents

a critical state. This state may be worse if some of the
DG technologies depend on the rate of change of frequency
because the MG’s inertial response may cause the tripping
of protection relays carrying it to the collapse. In this sense,
the proposed control strategy provides virtual inertia using
an energy storage which allows smooth frequency transitions
and damping of load variations enhancing the MG’s frequency
stability and power quality.

A general method to determine the minimal size of the
required energy storage capacity was derived. However, other
issues, such as power source dynamics (in this case the SOFC),
system inertia, and load dependence on the frequency change,
are also important. Therefore, the calculation of the required
energy storage capacity is not a trivial issue.

In this paper, SCES was used as storage technology. Other
possibilities include flywheels, superconductors, or batteries.

Future works will include MG resynchronization with the
main grid as well as initialization aspects.
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