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Abstract—This paper presents a novel virtual synchronous
machine controller for converters in power systems with a high
share of renewable resources. Using an LQR-based optimization
technique, the optimal state feedback gain is determined to
adaptively adjust the emulated inertia and damping constants
according to the frequency disturbance in the system, while
simultaneously preserving a trade-off between the critical frequency limits and the required control effort. Two control
designs are presented and compared against the open-loop model.
The proposed controllers are integrated into a state-of-the-art
converter control scheme and verified through EMT simulations.
Index Terms—linear-quadratic regulator (LQR), virtual synchronous machine (VSM), voltage source converter (VSC), swing
equation, adaptive control

I. I NTRODUCTION
The current trends towards green energy have led to alltime-high penetration levels of renewable energy sources.
Unlike traditional Synchronous Machines (SMs), these distributed units are usually connected to the grid through fastacting power inverters which electrically decouple the kinetic
energy stored in the rotating masses of the generator from
the network, thus resulting in low-inertia systems [1]. The
loss of rotational inertia can have devastating effects on
system dynamics, with large frequency deviations potentially
triggering undesirable events such as load-shedding and largescale blackouts, as indicated in [2]. However, this study also
shows that grid-scale energy storage devices can be employed
for providing fast frequency support in isolated systems with
high shares of renewables; such support can be incorporated
within a control scheme of a grid-forming Voltage Source
Converter (VSC) [3].
One of the most common VSC control approaches in
the literature is a Virtual Synchronous Machine (VSM), an
emulation technique based on some form of a swing equation
equivalent that “slows down” the transient system dynamics
[4]. While the sole design and implementation can vary from
a detailed 7th order SM model to a representation of only
the swing equation [5], it is often based on the assumption
that the generator can produce or absorb an infinite amount
of power over short periods of time. Hence, the dynamical
limitations of a DC-side capacitor are neglected, which proves
to be an issue for real-world applications [6]. This problem
was addressed in [7] with a distributed virtual inertia approach
that regulates the DC-link voltages such that the capacitors are
aggregated into a large unit for frequency support. However, it
is implemented via a basic proportional frequency controller

and does not take into account the overall control effort, i.e.,
the value of the stored energy used for regulation. Additionally,
a derivative control term corresponding to the control of
Rate-of-Change-of-Frequency (RoCoF) can be integrated for
containing fast and excessive frequency excursions, either as
a contribution to the traditional droop-like primary frequency
control [8], or component of a more complex heuristic [9] or
optimization-based [10] online-tuning of a VSM. Motivated
by the same approach, a subgroup of so-called interval-based
controllers emerged [11], [12], where a sign of the trigger
signal % = (∆ω)(dω/dt) is used to indicate whether the unit
is in the “accelerating” or “decelerating” mode. The nature
of the mode would then heuristically determine the level of
virtual inertia and/or damping in a gain-scheduling fashion.
Nonetheless, all concepts mentioned above focus solely on the
overall frequency improvement, while disregarding the costs
and energy resources required for such regulation.
We have previously addressed this problem in [13], with an
LQR-based adaptive virtual inertia controller that optimally
adjusts the respective inertia gain to achieve a trade-off between the two objectives. However, it was implemented on a
simplified, single-inverter test case, and the adaptive damping
was not taken into account. This paper extends the work in
[13] in several directions by (i) deriving a uniform multimachine frequency model; (ii) including adaptive damping
and proposing two novel control methods; (iii) providing a
formulation for a decentralized multi-inverter control scheme;
and (iv) incorporating the controllers into a detailed VSC
model and verifying it through EMT simulations. To the best
knowledge of the authors, such uniform approach has not been
proposed in the literature thus far.
The remainder of the paper is structured as follows. In
Section II, the multi-machine system dynamics are investigated, and the respective frequency metrics are analytically derived. Section III describes the adaptive VSM formulation and
proposes two novel control designs, which are subsequently
implemented within a detailed VSC control scheme presented
in Section IV. Section V showcases the EMT simulation
results and compares the methods, whereas Section VI draws
the main conclusions and discusses the outlook of the study.
II. S YSTEM F REQUENCY DYNAMICS
A. Primary Frequency Control in Low Inertia Systems
The first goal is to derive a simplified, but sufficiently
accurate, uniform frequency response model of a low-inertia
system. Let us observe such system consisting of multiple

