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Virtual Synchronous Machine integration on a
Commercial Flywheel for Frequency Grid Support

Florian Reißner Giovanni De Carne , Senior Member

Abstract—With increasing penetration of inverter-connected
power sources, such as renewable energy sources (RESs), the
equivalent inertia in the grid decreases. Employing Maximum
Power Point Tracking (MPPT) controllers, RESs behave like
constant power sources, not offering damping to support the
frequency during disturbances. Novel control algorithms have
been proposed that can mimic the inertial behavior of generators
or can provide grid support to counter the decline in system
inertia. In this letter we explore the capability of a commercially
available high speed flywheel energy storage system (FESS) to
provide virtual inertia and damping services to microgrids. We
demonstrate how a virtual synchronous machine (VSM) algorithm
can increase the grid inertia by controlling the FESS active power.
A power hardware in the loop (PHIL) evaluation was performed
considering the real limitations of a commercial flywheel with
different virtual inertia and damping droop settings.

Index Terms—Commercial flywheel, VSM, inertia, grid sup-
port, energy storage, damping

I. INTRODUCTION

Motivated by the energy transition and the ensuing rise in
inverter-interfaced power generation in the grid, control algo-
rithms for inverters integrating grid forming (GFM) features
have become an important area of research [1]–[3]. GFM
inverters implement frequency and voltage support features
such as droop and virtual inertia. It has been shown that
such inverters can form stable microgrids (MGs) [4] and
improve the system stability [5]. Numerous approaches exist to
implement frequency support measures in inverter-interfaced
power stations. While it is possible to implement grid support
features also on phase locked loop (PLL)-controlled inverters
(often referred to as fast frequency support), cf. [6], controllers
emulating synchronous machines do not require a PLL at all
and therefore offer superior stability and robustness in grids
with high penetration of inverter-interfaced power sources.
[7] showed that virtual synchronous machine (VSM) based
inverters can also improve the region of attraction of a stable
operating point of a grid.

Virtual inertia and active damping services can be provided
only if energy is available on demand. Various ideas have
been proposed to exploit existing energy reservoirs to provide
grid support, such as the rotational energy of wind turbines
[8] or the module capacitor energy in Modular Multilevel
Converters [9]. However, such approaches may only have very
limited impact, since the available energy storage is often
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small. To overcome this, dedicated power reservoirs such as
super capacitors, batteries or flywheels can be used [10]–
[13]. Theoretically, such energy storage provides instantly
available power, only limited by the power rating of the
relevant equipment and potential manufacturer constraints.

In this letter, we investigate the provision of active damping
and virtual inertia services by a commercially available 120kW
high speed flywheel energy storage system (FESS) in MGs,
implemented using a VSM controller. We investigate the
technological limitations of the FESS, such as the maximal
power ramp rate, on offering frequency support in small MGs.
Particular focus was placed on the potential overshoots and
oscillations created by poor tuning. All necessary auxiliaries
of commercially available FESS (vacuum pumps, air condi-
tioning, etc.) have been included in the analysis in order to
give a realistic estimate of the system performance.

The VSM and the MG were implemented on an Opal-
RT 5700 real-time simulator, integrated with a 1MVA power
hardware in the loop (PHIL) test field in the Energy Lab 2.0 at
the Karlsruhe Institute of Technology. The letter is structured
as follows: In Sect. II we briefly describe the VSM and the
grid model used in the experiments. In Sect. III we present the
experimental results and in Sect. IV conclusions are drawn.

II. SYSTEM DESCRIPTION

Virtual Synchronous Machine: The VSM used in this
letter is based on [14], [15]. We show a simplified block
diagram in Fig. 1 containing the active and reactive power
control loops. The main part of the VSM consists of a second
order swing equation, expressed as a torque balance:

Jω =

∫
S (Tm + Td − Te)dt, (1)

where Tm, Td and Te are the mechanical-, damping- and
electrical torque, respectively, J is the inertia constant and ω
the angular frequency of the rotor of the VSM1.

∫
S denotes

a saturating integrator (cf. [14]). In the following, we will also
refer to the inertia using M = Jωn, where ωn is the nominal
grid frequency. The damping torque Td is obtained from the
following equation, expressed in the Laplace domain:

Td(s) =
Dl +Dhτs

τs+ 1
(ωn − ω(s)) + Tw(s) (2)

where τ is the time constant of the lead-lag filter and Dl

and Dh are the low- and high-frequency damping constants,
respectively. When controlling a flywheel, the low frequency
droop constant Dl is set to zero, to not deplete the flywheel
energy during long frequency deviations. We refer to the

1Note that the flywheel rotates at a much higher frequency (> 300Hz).

This article has been accepted for publication in IEEE Transactions on Power Electronics. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2024.3369980

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

https://orcid.org/https://orcid.org/0000-0002-6602-6145
https://orcid.org/https://orcid.org/0000-0002-3700-2902


1
s

√
2/3·ω ·m·if ·s̃in(θ)

1

Rg+sLg+
1

sCg
−m·if ·ivirt,q

Vr

LPF

to all Park transformations

Dq

v

+

+

-

-

-

+

+

e

mif

Te

amplitude

detection

Tm

-

ω
Td

1
Km

∫
S

1

J

∫
S

Qset

ivirt,dq

VSM

θ

Park

V

+

vdid + vqiq
P

+Q

Figure 1: Block diagram of the VSM with the main control loops for
frequency, voltage and reactive power and a virtual impedance block.

damping ratio of the VSM as ρ = Dh/J in the following.
Tw(s) in 2 denotes the damper winding torque, as defined in
[16], which we do not explain here for brevity. It essentially
prevents oscillations of the VSM rotor, but has little impact
on the output power. Integrating ω (modulo 2π), the rotor
angle θ is obtained, which then is used for all required Park-
transformations. The virtual rotor field current if is obtained
from the following equation, which implements voltage droop
and reactive power control:

mif =
1

Km

∫
S (Dq(Vr − V ) +Qset −Q)dt, (3)

where m > 0 is the mutual inductance (a constant), Km > 0 is
the controller gain, Dq is the voltage droop factor, Vr and Qset

are the voltage and reactive power references, respectively,
and V and Q are the measured voltage and reactive power.
The synchronous internal voltages e are obtained from the
equation:

e =

√
2

3
mif [sin θ sin (θ − 2

3π) sin (θ + 2
3π)]>. (4)

Using a virtual impedance with resistance Rg , inductance Lg

and capacitance Cg , the virtual currents ivirt are obtained from
e− v. This allows to calculate T̄e = −mif ivirt,q, which after
low-pass filtering by block LPF gives Te.

Microgrid model: The MG is represented by an infinite bus
with frequency dynamics similar to those of a synchronous
generator, cf. [17, Sect. 11.1]. The voltage amplitude V∞ is
assumed constant and the equivalent inertia and droop con-
stants are denoted by M∞ and D∞ respectively. The governor
and turbine characteristics of this equivalent generator are
represented by a first order lead-lag filter with time constants
Tz and Tp. A loss of a generation unit is simulated by a drop
in the power production by ∆P , which subsequently causes
a typical frequency drop with a rate of change of frequency
(ROCOF) defined by the equivalent inertia M∞ and a steady
state frequency deviation dictated by D∞. Tz and Tp are
chosen such that the nadir is about three times the steady state
deviation and occurs approximately after 6s. The output power
of the flywheel PFW is calculated from voltage and current
measurements and added to ∆P . The block representation of
this grid model is shown in Fig. 2.
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Figure 2: Block diagram of the grid model, (cf. [17, Sect. 11.1])

III. EXPERIMENTAL RESULTS

The experimental setup is shown in Fig. 3. A Stornetic high
speed FESS is used as an energy storage with a maximum
capacity of 7.2kWh (cf. Fig. 4). The FESS consists of two
high-speed 60kW flywheels. Several auxiliaries (AUX) of the
FESS, such as the temperature unit, a vacuum pump and
control equipment add an average consumption of 2 − 6kW,
according to ambient temperature and operating point [18].
The dynamics of the inner control loops of the FESS are
assumed to be negligible for the present analysis. The test grid
is powered by two 200 kVA Compiso Egston power amplifiers,
connected with an Opal-RT 5700 real time simulator through
fiber optics. The simulated MG shown in Sect. II is connected
to a VSM through a line impedance of Lt = 0.1mH and
Rt = 0.1Ω. The VSM sends a power reference in the range
of Ps ∈ [−120120]kW to the FESS which, in order to ensure
low latency, is encoded as an analog voltage between 0 to
5V. The ramp rate r of this power setpoint Ps is configurable,
with a maximum value of ±80kW/s, limited by manufacturer
safeguards. The reactive power setpoint is Qs ≡ 0kVAr. 3
probes measure the voltages v and currents i at the terminals of
the PHIL amplifier, which then are used to estimate the output
power PFW of the flywheel. In our tests, we simulate the loss
of a generation unit in the MG by imposing a step change
of ∆P = −80kW on the grid model in Fig. 2 and observe
the frequency dynamics of the system. We then investigate
the influence of the ramp rate r, the VSM parameters inertia
M = Jωn, the high frequency droop expressed as ρ = Dh/J
and droop time constant τ on the nadir, ROCOF and the
amplitude of the occurring oscillations. The MG is assumed
to have a nominal power of 1MW with an inertia constant of
M∞ = 23.9kWs2 which, expressed in seconds, corresponds to
H∞ = 3.75s. The droop constant is 5%, i.e. D∞ = 63.7kWs
and the nominal grid-voltage is V∞ = 230Vrms. Tp = 15s
and Tz = 3s are chosen similar to values in [4]. The
tuning parameters of the VSM are chosen such that for a
frequency drop with a nadir of 49Hz (the minimum tolerated
frequency of the FESS), the VSM produces approximately
the maximum power output of 120kW. For the VSM we use
τ ∈ {0, 0.5, 2}, ρ ∈ {0, 1, 2}, M ∈ {31.8, 47.7}kWs2 and
all other parameters are tuned according to [15]. The ramp
rates tested are r ∈ {40, 80}kW/s. In the following, we show
plots of frequency and power for selected experiments, before
analyzing the influence of the tuning parameters on the grid
behavior.

A. Frequency and power response

Figs. 5 and 6 show the influence of the time constant τ
of the high-pass filter and the ramp rate r on the frequency
of the system and the output power of the FESS. Clearly, a
higher τ (meaning a slower washout time of the high pass
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Figure 3: FESS PHIL test field consisting of 2 Stornetic high speed
flywheels, interfaced with two 200kVA Egston power amplifiers. An
Opal-RT 5700 simulator executes both the VSM and the MG model.

Figure 4: Picture of the Stornetic FESS with the two 60 kW flywheels.

filter) improved the nadir and decreased the initial oscillation
caused by the ramp rate limitation. (note that τ = 0 means no
frequency droop.) The ramp rate had no significant impact on
the nadir, but a slower ramp rate causes more initial overshoot.
For better readability, we omitted plotting the power output for
τ = 0.5s in Fig. 6, instead we plot both the measured output
power PFW (solid lines) and the reference power Ps (dashed
lines). Clearly, the effect of the ramp limitation can be seen
in the time interval between 0− 5s.

Figs. 7 and 8 show a comparison of the frequency and power
response for a variation of M and ρ. Clearly, increasing either
parameter improves the frequency nadir, while the initial RO-
COF and the initial oscillation (with a minimum of 312rad/s)
remain unchanged. This can be understood from Fig. 8, where
the ramp rate limitation on Ps forces identical PFW for all
parameters, up to approximately 2s. In consequence, the inertia
initially cannot slow down the frequency decline such that the
slope of the frequency is dictated by M∞.

Fig. 9 shows the amount of energy extracted from the
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Figure 5: Frequency of the grid (dashed line) and the VSM (solid line)
subsequent to a ∆P step of 80kW. Higher τ decreases the nadir, and
a lower r causes higher oscillations. ρ = 2s−1, M = 31.8kWs2.
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Figure 6: Output power of the FESS (solid line) and the VSM (dashed
line) subsequent to a loss of a 80kW power unit. The impact of the
rate limitation r is clearly visible. ρ = 2s−1, M = 31.8kWs2.
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Figure 7: Frequency response of the grid (solid line) and the VSM
(dashed line) for a variation of M and ρ. τ = 2s, r = 40kW/s.

flywheels, ∆Ekin (red) and the integral of the power PFW

flowing to the MG for an experiment with M = 47.7kWs2,
ρ = 2s−1 and τ = 2s. The difference between the two (yellow)
is the energy consumed by the auxiliaries of the flywheels.
A first order line fit (black dashed line) indicates that the
auxiliaries consumed approx. 6kW in this experiment. Due to
the consumption of the auxiliaries, in a real scenario, Ps must
account for these power losses. Fig. 10 shows the currents
and voltages at the terminals of the amplifiers during this
experiment. A peak of 180A per line is reached.
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Figure 8: The FESS output power (solid line) initially cannot follow
Ps (dashed line) due to the ramp limitation. τ = 2s, r = 40kW/s.

0 10 20 30 40 50 60

time [s]

-0.2

-0.15

-0.1

-0.05

0

0.05

 E
 [
k
W

h
]

Pdt
E

kin

E

linear

Figure 9: Relative depletion of the flywheel during one experiment.
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Figure 10: Current at the terminals of the FESS during an experiment
(left) and a zoomed in section at the peak including the voltages
(dashed lines) on the right.
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Figure 11: Impact of r, τ and ρ on ROCOF (l) and oscillations (r).
Aosc = 0 for ρ = 0s−1, such that the black curve is hidden.

B. Parameter study

We show the impact of all four parameters r, ρ, τ and M
on nadir, ROCOF and oscillations in the following analysis.
Where applicable, solid lines are used for r = 40kW/s and
dashed lines for r = 80kW/s. Recall that if ρ = 0, also
τ = 0 and vice versa. None of the parameters shows relevant
impact on the ROCOF, cf. Fig. 11(a). This is due to the
RoCoF being maximal at the onset of the disturbance, while
due to the finite response time of the flywheel, PFW starts
to impact the system only after approx. 0.5s. Clearly, Aosc

tends to zero for increasing r, cf. Fig. 11(b). Indeed, for most
tunings, Aosc is already is negligible at 80kW/s, such that r is
not required to be much faster. While higher M , ρ and τ all
increase Aosc, a higher r decreases oscillations, cf. Fig. 12(a).
Finally, the nadir improves with τ , ρ and M , see Fig. 12(b),
suggesting that both HF-droop and inertia can improve system
performance, giving the designer relative freedom to tune these
parameters to exploit a maximum amount of energy from the
FESS according to the application.

IV. CONCLUSION

This paper shows the performance of a commercially
available high speed FESS controlled by a VSM to provide
frequency support to a MG. The flywheel used in these
experiments has a nominal power of 120kW and is able to
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Figure 12: Impact of ρ, τ and M on oscillations (l) and nadir (r)

emulate an inertia of 47.7kWs2, which is comparable to the
one of a 1 MW synchronous generator. The power setpoint was
rate-limited by the flywheel, which causes damped oscillations
in the first few seconds subsequent to a simulated loss in
power generation in the MG. The ROCOF in such a scenario
can only be impacted marginally, if such a ramp limitation
is too aggressive. For higher ramp-rates and adequate tuning,
only little oscillations occur and the frequency nadir can be
improved significantly by the FESS. Further work is planned
to combine the FESS with a super-capacitor to compensate for
the ramp rate limitation and to test both in a realistic MG.
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