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Abstract—This document is a summary of a report prepared
by the IEEE PES Task Force (TF) on Microgrid Stability
Definitions, Analysis, and Modeling [1], which defines concepts
and identifies relevant issues related to stability in microgrids.
In this paper, definitions and classification of microgrid stability
are presented and discussed, considering pertinent microgrid
features such as voltage-frequency dependency, unbalancing, low
inertia, and generation intermittency. A few examples are also

presented, highlighting some of the stability classes defined in
the paper. Further examples, along with discussions on microgrid
components modeling and stability analysis tools can be found
in the TF report.
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Index Terms—Classification, definitions, microgrids, stability.

I. I NTRODUCTION
Microgrid is defined as a group of Distributed Energy
Resources (DERs), including Renewable Energy Sources
(RES) and Energy Storage Systems (ESS), plus loads that
operate locally as a single controllable entity [2], [3]. Microgrids can be found in both low and medium voltage operating
ranges, typically from 400 V to 69 kV [4]. In addition, they
exist in various sizes. They can be large and complex networks,
up to tens of MW in size, with various generation resources
and storage units serving multiple loads [5]. On the other hand,
microgrids can also be small and simple systems, in the range
of hundreds of kW, supplying just a few customers [5].
Microgrids have multiple possible configurations depending
on their size and functionalities. Thus, they exist in both
grid-connected and isolated forms. Hence, grid-connected microgrids have a Point of Interconnection (POI) or Point of
Common Coupling (PCC) with a large power network, and
should be capable of seamless transition to islanded mode [6].
Note that the islanding capability of microgrids, combined
with their ability to black start, increases the resiliency of
distribution systems in times of emergency or blackouts [7].
Isolated microgrids have no POI/PCC, thus islanding is not an
issue in these systems [8].
A generic microgrid configuration is shown in Fig. 1,
where the system is connected to the main grid via the
PCC breaker, and consists of common components such as
load, various dispatchable and non-dispatchable DERs, and
ESS. As seen in this figure, a microgrid typically contains a
communication infrastructure between the Microgrid Central
Controller (MGCC), switches, components’ primary control,
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and metering devices. Depending on the upper grid requirements and topology, there may also exist a communication
pipeline between the MGCC and a tertiary control layer.
Microgrid control system refers to the set of software and
hardware that ensure microgrid operational stability, optimality, and reliability [9], where it is mentioned that the term
“microgrid control system” should be adopted over the term
“microgrid controller”, implying that the required control functions may be distributed among multiple components rather
than being centralized in one controller. Core functions of microgrid control system includes: (i) maintaining the voltages,
currents, and frequency within desired ranges; (ii) keeping the
power supply and demand balanced; (iii) performing economic
dispatch and demand side management; and (iv) transitioning
between various modes of operation [3], [9]. As seen in Fig. 1,
the microgrid control system can be categorized into three
hierarchies, namely, primary, secondary, and tertiary [3].
Microgrid stability is dominantly defined by the primary
control, as defined and discussed throughout this paper. This
control hierarchy pertains to the fastest control actions in
a microgrid, including islanding detection, voltage and frequency control, and power sharing and balance. Several architectures have been proposed for microgrid primary control, including both centralized and de-centralized approaches
[10]. These architectures depend on the microgrid type and
purpose, including factors such as grid connectivity, type of
grid-forming assets, and required reliability levels. The main
variables used for primary control in a microgrid include
voltage, frequency, and active and reactive power flows [3].
In grid-connected mode of operation, voltage and frequency
are mainly imposed by the main grid, limiting the microgrid
role to performing ancillary services. Therefore, the problem
of stability in grid-connected microgrids mainly consists of the
stability of individual components such as a particular DER or
of a set of local loads, including electrical motors, and their
impact on the system, as discussed in detail in [11]. With
IEEE Standard 1547 allowing for the islanded operation of
distribution networks [12], isolated microgrids are expected
to play a significant role in smart active distribution grids;
in this case, the system voltage and frequency are no longer
supported by the main grid, and different DERs must maintain
these variables in acceptable ranges. Due to the microgrid
unique intrinsic features and systemic differences, discussed in
Section II, operation in standalone mode is more challenging
than in conventional power systems, facing particular stability
and system adequacy problems [13].
Primary control in microgrids with grid-forming synchronous machines is considerably different than inverterbased systems, making stability studies and issues different for
each operating paradigm. For example, synchronous machines
perform voltage and frequency control and power sharing
using conventional exciters, governors, and the machine mechanical inertia. On the other hands, inverter-based DERs rely
on a set of fast voltage and current control loops along with
Phase-Locked Loops (PLLs), and thus there is no mechanical
time-constant involved in the control process; thus, inverters
can be designed to emulate the inertia of a synchronous
machine via appropriate controls [14].
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This paper considers for the aforementioned aspects of primary control in microgrids, and focuses on stability definitions
and classifications for most common microgrid architectures
and configurations, including grid-connected, islanded, and
inverter-based systems. First, intrinsic differences between microgrids and bulk power systems are highlighted, identifying
relevant issues related to stability in microgrids. Definitions
and classification of microgrid stability are then presented and
discussed, considering pertinent microgrid features and issues
pertaining to both electric machines, like induction motors
stall, and converters, like PLL-induced instabilities. A few
examples are also presented, highlighting some of the stability
classes defined in the paper. It is important to highlight the fact
that microgrid control and stability mitigation techniques are
not in the scope of this paper.
The remaining sections of this document are organized as
follows: Section II provides a brief discussion on the microgrid
unique characteristics from the system stability perspective.
Section III introduces various stability concepts pertinent to
microgrids, and proposes proper microgrid stability definitions
and classification. Section IV discusses various stability analysis tools and techniques for microgrids. Section V presents
and discusses a few relevant examples pertaining to important
stability issues in microgrids. Finally, Section VI provides a
brief summary and highlights some important conclusions.
II. M ICROGRIDS C HARACTERISTICS
The nature of the stability problem and dynamic performance of a microgrid are considerably different than those
of a conventional power system, since the microgrid system
size is considerably smaller than that of a conventional large
interconnected power system. Furthermore, microgrid feeders
are relatively short and operated at medium voltage levels,
presenting a lower reactance to resistance ratio compared
to conventional systems [15]. As a result, the dynamic performance of microgrids and the intrinsic mathematical relationships between voltages, angles, and active and reactive
power flows are different than in conventional grids. Another
consequence of the microgrid small size is higher uncertainty
in the system, due to the reduced number of loads and highly
correlated and fast variations of available RES [3].
Demand-supply balance is critical in microgrids, and hence
the intermittent nature of RES is particularly relevant in these
systems [16]. Bi-directional power flows between generators
and prosumers are also an issue [17], due to associated
complications with control and protection coordination [3]. In
addition, since electric power is supplied by electronicallyinterfaced DERs and relatively small synchronous machines,
system inertia is considerably lower in microgrids compared to
conventional power systems. A significant concern in islanded
microgrids, especially in remote communities with small distribution systems, is their relatively low short circuit capacity.
In such systems, a small change in the microgrid configuration
(e.g., start up or shut down of a diesel genset) can result in
relatively large voltage and frequency deviations. This poses
stability challenges when operating conventional synchronous
generators and inverter-interfaced power generation resources
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Fig. 1. Typical configuration of a microgrid.

together, since perturbations in this case may lead to inverter
shut down [8].
Unlike conventional power systems, loading in microgrids
is typically unbalanced [18], which can be as significant
as 100% between the three phases [19], [20]. Operating
microgrids under such significant unbalanced conditions may
jeopardize system stability [21], and requires techniques that
are designed to handle these conditions, such as the use of
4-leg voltage source converters (VSCs) proposed in [22]. In
addition, traditional stability analysis techniques and models
assume balanced operation, and therefore are not valid in
unbalanced systems.
Summarizing, the most important differences of microgrids
compared to bulk power systems relevant to stability are the
following: smaller system size, higher penetration of RES,
higher uncertainty, lower system inertia, higher R/X ratio
of the feeders, limited short-circuit capacity, and unbalanced
three-phase loading. These intrinsic differences between microgrids and bulk power systems require a review of the stability definitions and classification for microgrids with respect
to transmission grids, which is the main focus of this paper.
III. D EFINITION AND C LASSIFICATION OF S TABILITY IN
M ICROGRIDS
A. Definitions
Consider a microgrid which is operating in equilibrium,
with state variables taking on appropriate steady-state values
satisfying operational constraints, such as acceptable ranges
of currents, voltages, and frequency [23]. Such a microgrid
is stable if, after being subjected to a disturbance, all state

variables recover to (possibly new) steady-state values which
satisfy operational constraints (e.g., [23]), and without the
occurrence of involuntary load shedding. Note that a microgrid
that performs voluntary load shedding, under the paradigm
of demand response with loads voluntarily participating in
the microgrid control [24], is considered stable if it meets
the aforementioned conditions. In addition, if loads are disconnected to isolate faulted elements after a disturbance,
and not for the sole purpose of shedding load to address
voltage and frequency problems, and the microgrid meets the
aforementioned conditions, the system can also be considered
stable.
In traditional power systems, due to the high number of
loads and the large scale of the system, intentional tripping of
loads is acceptable to preserve the continuity of its operation
[25]; no single load has priority over the stability of the system
as a whole. In contrast, microgrids are designed to serve
a relatively small number of loads, and hence the operator
can prioritize the connectivity of certain feeders (e.g., one
that supplies a hospital) over the rest of the system; if such
a critical feeder(s) is tripped, the microgrid is no longer
achieving its primary objective. Thus, intentional tripping of
loads to maintain the operation of the rest of the system
during or after a disturbance, other than the specific ones
previously mentioned, renders the system unstable by the
definition presented in this paper.
In the above definition, disturbances correspond to any
exogenous inputs, and may be associated with load changes,
component failures, or operational mode/set-point adjustments.
If the disturbances are considered to be “small”, so that
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a linearized set of equations can adequately represent the
system behavior, these are classified as small-perturbations,
as usual. Otherwise, the disturbances are referred to as large
disturbances, which include short-circuits, unplanned transitions from grid-connected to islanded mode of operation,
and loss of generation units. It is important to note that
planned islanding results in much less significant voltage and
frequency excursions, since the DERs set-points are calculated
and adjusted accordingly prior to islanding.
Depending on the root cause, small-perturbation instability
can be either a short-term or a long-term phenomenon. For
example, poor power sharing among multiple DERs can yield
undamped power oscillations growing quickly beyond acceptable operating ranges in the short term. On the other hand,
heavily loaded microgrids may show undamped oscillations
with small load changes in the long term.
B. Classification
Due to the unique characteristics of microgrids mentioned
in Section I, new types of stability issues can be observed in
these systems. For example, in conventional systems, transient
and voltage stability problems typically occur more often
than frequency stability ones, whereas in isolated/islanded
microgrids, maintaining frequency stability is more challenging due to the low system inertia and a high penetration of
RES. In addition, some stability problems observed in large
interconnected systems, such as inter-area oscillations and
voltage collapse, have not been observed in microgrids. Thus,
there is a need to review and modify the power system stability
classifications in [26] to properly reflect relevant stability
issues in microgrids.
Stability in microgrids can be categorized according to
the physical cause of the instability, the relative size of the
disturbance, the physical components that are involved in the
process, the time-span during which the instability occurs,
and the methodology to analyze or predict the instability,
as in [26]. Voltage and frequency are strongly coupled in
microgrids, and thus, contrary to some instability phenomena

in conventional systems, instability in microgrids is manifested
by fluctuations in all system variables. This strong coupling
between system variables makes it quite difficult to classify
instability phenomena as “voltage instability” or “frequency
instability” based solely on measurements of the respective
variables. Given this difficulty, the more useful classification
scheme proposed here places more emphasis on the type of the
equipment and/or controllers that are involved in the instability
process triggered by a system disturbance.
Based on the aforementioned discussion, Fig. 2 illustrates
the classification of stability in microgrids proposed here.
Hence, stability in microgrids should be divided into two main
categories: phenomena pertaining to the equipment control
systems, and phenomena pertaining to active and reactive
power sharing and balance. Note that microgrid instability in
either category can be a short- or long-term phenomena; shortterm stability issues have a time frame of up to a few seconds,
while other issues beyond this time frame pertain to long term
stability of the system. The rest of this section discusses the
stability types depicted in Fig. 2.
C. Power Supply and Balance Stability
Power Supply and Balance Stability pertains to the ability
of the system to maintain power balance, and effectively share
the demand power among DERs, so that the system satisfies
operational requirements. These types of stability issues are
associated with the loss of a generation unit, violation of DERs
limits, poor power sharing among multiple DERs, wrong
selection of slack(s) resources [27], and/or involuntary nofault load tripping. In addition, certain type of loads, such as
constant power loads or induction motors, may trigger certain
types of instability in the system, such as voltage and harmonic
problems. This class of stability can be subcategorized into
Frequency and Voltage Stability, as discussed next.
1) Frequency Stability: Frequency regulation is a major
concern in isolated/islanded microgrids, due to the systemic
features explained in Section I, including low system inertia
and a high share of intermittent RES. In addition, the low
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number of generation units in microgrids puts the system
at risk of large disturbances in the event of generator outages. Therefore, for such disturbances, the system frequency
may experience large excursions at a high rate of change,
jeopardizing the system frequency stability [28], [29]. In
this context, conventional frequency control techniques and
technologies may not be fast enough to overcome the rapid
change of system frequency, even in the presence of sufficient
generation reserve [30]. Actual examples of such events have
been reported around the world [31].
Strong coupling between voltage and frequency in microgrids further complicates frequency regulation. First, due to
the high R/X ratios of microgrid feeders, the conventional
decoupling of active power flow and voltage magnitudes is
no longer valid [32]. Second, because of the relatively small
scale of microgrids, voltage changes at the DERs terminals
are almost instantaneously reflected on the load side, which in
turn changes the system demand depending on the load voltage
sensitivity indices [33]–[35]. Therefore, this voltage-frequency
coupling should be accounted for in the stability analysis and
control of frequency in microgrids.
Frequency instability can be triggered for a variety of
reasons in microgrids. For example, a large load increase
accompanied by inadequate system response can result in a
fast decay of frequency, due to low system inertia, leading
to a system blackout triggered by the protection scheme [28].
Poor coordination of multiple frequency controllers and power
sharing among DERs may trigger small-perturbation stability
issues resulting in undamped frequency oscillations in the span
of a few seconds to a few minutes [36], a phenomenon rarely
observed in large grids. Hence, depending on the time it takes
for the frequency protection schemes to trip the system, this
may result in a long-term frequency instability. Insufficient
generation reserve can also lead to the steady-state frequency
being outside acceptable operating ranges, activating underfrequency load tripping relays, as in large grids. On the other
hand, traditional long-term frequency instabilities in larger
grids pertaining to steam turbine overspeed controls and boiler
and reactive protection and control schemes (e.g., [26]) are not
relevant in microgrids.
2) Voltage Stability: In conventional power systems, a
major root cause of voltage instability is long transmission
lines, which limit the power transfer between generation and
loads. However, in microgrids, the feeders are relatively short,
resulting in relatively small voltage drops between the sending
and receiving ends of the feeders [18], [33]. Thus, voltage collapse, i.e., the slow and sustained decay of voltage associated
with load recovery process and reactive power supply capacity,
has not been observed in microgrids. Nevertheless, with the
current distribution networks evolving into microgrids, voltage
drops and current limits may become an issue, in particular
for weaker and older grids [37].
In microgrids, the limits of DERs and the sensitivity of load
power consumption to supplied voltage are critical factors in
voltage instability. Thus, in these systems, voltage instabilities
in the form of unacceptable low steady-state and dynamic
voltages may occur. Furthermore, in microgrids with high
penetration of induction motors, fault induced delayed voltage
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recovery (FIDVR), as defined for transmission systems [38],
can be an issue; thus, since faults in microgrids may drop
the system voltage to as low as 0.2 pu [6], induction motors
may absorb up to three times their nominal reactive power
to re-magnetize, a phenomenon referred to as motor stall,
leading to system voltage instability or large load shedding
due to insufficient supply of reactive power [39], [40]. This is
a particularly challenging issue to address, due to difficulties
with managing reactive power sharing among DERs in a
microgrid, as explained next.
In bulk power systems, reactive power is mostly managed
locally by regulating the voltage at the terminals of generators
and compensated loads. However, in microgrids, the feeders
are short, and thus any changes in the DER terminal voltages
are almost immediately reflected in the rest of the system
[41]. Thus, system voltage controls are mostly associated with
DERs, rather than FACTS, OLTCs, or switched capacitors,
which are not commonly found in microgrids. These controls
directly affect the voltage of all system buses, and hence
proper coordination of DER QV droops are necessary. In
fact, small differences in voltage magnitudes at DERs, if
not properly coordinated, may yield high circulating reactive
power flows and thus result in large voltage oscillations [42].
Proper reactive power sharing among multiple DERs in
a microgrid is most commonly done in practice through
voltage-reactive power droop, similar to multiple generator
plants in large power systems. As in the case of classical active power-frequency droop, under the voltage-reactive
power droop paradigm, the output voltage-magnitude reference
of a DER linearly decreases as its reactive power injection
increases [10]; thus, DERs with steeper voltage-reactive power
droop slopes have a higher contribution to the reactive power
supply of the system. This droop mechanism typically does
not achieve the desired reactive power sharing, for three
main reasons [43]. First, unlike frequency, voltage magnitude
varies, albeit slightly, throughout the system, and thus local
voltage measurements cannot be easily used to enforce global
reactive power sharing. Second, the concept of voltage droop
has been developed based on the premise that the lines are
inductive, thus reactive power flow is tightly coupled with
voltage magnitude; however, as discussed in Section I, such
an assumption is generally not valid in microgrids. Finally,
the relation between the system voltage and reactive power
consumption is determined by the load voltage sensitivity,
which is nonlinear in general. To address these drawbacks,
other communication-based techniques for effective reactive
power load sharing among parallel DERs in microgrids have
been proposed, such as isochronous power load sharing [30];
however, special care is needed in this case when communicating the reactive power load sharing data.
Another type of voltage instability in microgrids pertains to
the ability of VSC-based DERs to maintain the voltage across
the dc-link capacitor. Depending on the DER type, this voltage
is maintained via a buck/boost converter or a dc/ac inverter;
either way, the voltage ripples across the capacitor depend on
the injected/absorbed instantaneous power. Therefore, it may
occur that when active power injections of the inverter are
close to their limits, an increase in reactive power demand may
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result in undamped ripples in the voltage across the dc-link
capacitor; as a result, large fluctuations appear in the active
and reactive power injection of DERs [21].
Depending on the system response and load characteristics,
a voltage instability may occur following a large disturbance,
such as a sudden change in the demand and/or output of
RES, or a generator outage. Small disturbances, such as small
incremental changes in the demand can also result in voltage
instabilities, in particular for systems which are close to their
loading limits or are highly unbalanced [21].
In terms of the time-frame, voltage instability can be a shortor a long-term phenomenon. Short-term voltage instabilities
arise from poor control coordination, or fast dynamics changes
in the active and/or reactive power mismatch. On the other
hand, long-term voltage instabilities pertain to DERs output
limits being gradually reached by a steady increase in the
demand, as in the case of thermoelectrical loads.
D. Control System Stability
Control System Stability issues may arise due to inadequate
control schemes (e.g., harmonic resonance of parallel DERs)
and/or poor tuning of one or more pieces of equipment
controllers. In the latter case, the poorly tuned controller(s)
is the primary source of instability, and the system cannot
be stabilized, as per the definitions provided in Section IIA, until the controller is re-tuned or the associated piece of
equipment is disconnected. This type of stability pertains to
electric machines and inverters control loops, LCL filters, and
PLLs. This category of stability is subcategorized into Electric
Machine and Converter Stability, as explained next.
1) Electric Machine Stability: Conventionally, these types
of stability studies are concerned with the ability of synchronous machines to return to synchronism with the rest
of the system following the angular acceleration of these
machines during a fault. However, this phenomenon has not
been observed in microgrids. For example, due to the resistive
nature of microgrids, synchronous machines may decelerate
during short circuits if fault occurs at the end of the feeder;
this is demonstrated in the experimental results discussed in
[44].
In conventional power systems, small-perturbation stability
issues can be manifested either by an aperiodic increase or
undamped oscillations of the rotor angle of the synchronous
generators [45]. The former instability occurs due to the lack
of synchronizing torque, while the latter happens because
of inadequate damping torque. However, in the context of
microgrids, synchronizing and damping torque problems have
not been observed in generators equipped with well-tuned
voltage regulators and governors. From the aforementioned
discussions, electric machine stability in microgrids is dominantly associated with poor tuning of synchronous machines’
exciters and governors [20].
2) Converter Stability: In microgrids, inverters are prone
to small- and large-perturbation instabilities. Inner voltage
and current control loops are a major concern for smallperturbation stability of the system, since their tuning is a
challenging issue in practice. In addition, a system blackout
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after large disturbances due to tripping of DERs, in particular
inverter-based RES due to under-frequency and under-voltage
protection schemes, are a serious concern.
Contrary to low-frequency oscillations caused by outer
power controls, interaction of inner current and voltage control loops may cause high harmonic-frequency oscillations,
in the range of hundreds of Hz to several kHz [46], [47],
a phenomenon referred to as harmonic instability. In this
context, harmonic instability is an “umbrella term” used in
the technical literature for a range of phenomena resulting in
high harmonic-frequency oscillations, including resonance and
multi-resonance issues. The presence of several inverters at
close proximity also generates interaction problems resulting
in multi-resonance peaks [48]. Another root-cause of harmonic
instability is high-frequency switching, triggering parallel and
series resonances introduced by LCL power filters or parasitic
feeder capacitors [46], [49]. The resonance of an inverter
LCL filter can be also triggered by the control of the inverter
itself or by interactions with controllers nearby [50]. Harmonic
instability can be prevented and/or mitigated by so called
active damping strategies [47], [51].
The wide usage of grid synchronization strategies based
on PLLs in grid-following/feeding inverters modifies the admittance matrices of the power system, which may lead to
instabilities [52]. It has been shown that a PLL introduces a
negative parallel admittance to the input admittance, which
jeopardizes the stability of the system [53]. This effect can
affect the system voltages, and can be mitigated by reducing
the PLL bandwidth [54]; however, low-bandwidth PLLs may
cause stability issues, in particular in heavily-loaded microgrids, as shown in Section III-A. Furthermore, low voltages
can affect the PLL-based synchronization strategies in VSCs,
since in this case, the PLL may fail to properly detect zero
crossings of network voltages [55].
E. Large vs. Small Disturbance
In the context of microgrids, large disturbances include
short-circuits, unplanned transitions from grid-connected to
islanded mode of operation, and loss of generation units.
Large disturbances can result in large frequency and voltage
excursions and power swings among multiple DERs [56]. Such
problems can be due to various reasons, such as a critical
system mode being pushed to the unstable region by the fault,
causing undamped oscillations in the system; similar behavior
is observed during the unintentional islanding of a gridconnected microgrid [6]. Hence, proper power coordination
among DERs and the response time of their controllers is
critically important for retaining the stability of the system
[6], [56]. In terms of the time-frame, stability issues due to
large disturbances in microgrids can be classified as short-term
phenomena, i.e., in the order of a few seconds.
It is important to note that planned islanding results in much
less significant voltage and frequency excursions, since the
DERs set-points are calculated and adjusted accordingly prior
to islanding. When this transition takes place, one of the DERs
in the island should be running in frequency-regulating/loadfollowing/grid-forming mode. The time delay involved in this
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TABLE I
C HARACTERISTICS OF VARIOUS TYPES OF STABILITY ISSUES IN MICROGRIDS
Category
Subcategory

Control System Stability
Electric Machine Stability

Power Supply and Balance Stability

Converter Stability

Voltage Stability

Frequency Stability
DERs active power limits,
inadequate active power supply,
poor active power sharing.
High rate of change of frequency,
low steady-state frequency,
large power and
frequency swings.

Root Cause

Poor controller tuning.

Poor controller tuning,
PLL bandwidth,
PLL synchronization failure,
harmonic instability.

DERs power limits,
inadequate reactive power supply,
poor reactive power sharing,
load voltage sensitivities,
dc-link capacitor.

Manifestation

Undamped oscillations,
aperiodic voltage and/or
frequency increase/decrease.

Undamped oscillations,
low steady-state voltages,
high-frequency oscillations.

Low steady-state voltages,
large power swings,
high dc-link voltage ripples.

event, which may take a few cycles, adds to the complexity
of maintaining microgrid stability. This is particularly an
issue when the islanding is unplanned, microgrid has no or
little inertia, and the exchanged power with the utility prior
to disconnection is large (e.g., 50% of the local microgrid
demand). In this case, over- or under-voltages may appear
within a few cycles that could trip the inverters safety, resulting
in the islanded microgrid becoming rapidly unstable.
As in bulk power systems, in microgrids, a disturbance is
considered small if a linearized set of equations can adequately
represent the system behavior [26], [45]. In this context, smallperturbation stability dominantly pertains to sustained oscillations arising from low-damped critical eigenvalues following
a small disturbance. Depending on the root cause, smallperturbation instability can be either a short-term or a longterm phenomenon. For example, poor coordination of power
sharing schemes among multiple DERs can yield undamped
power oscillations growing quickly beyond acceptable operating ranges in the short term. On the other hand, heavily loaded
microgrids in the long term, may show undamped oscillations
with small load changes.
F. Summary
In microgrids, due to system characteristics such as feeder
length and R/X ratios, a strong coupling exists between system
variables such as active and reactive power flows, as well as
voltage and frequency; such couplings are more evident under
stressed conditions associated with instability issues. Hence, it
is important to properly identify the major root causes of the
instability problem; Table 1 summarizes these based on the
aforementioned discussions and describes the way that each
type of instability may manifest itself in the system.
IV. A NALYSIS T ECHNIQUES AND T OOLS
Stability studies start with the definition of the initial system
conditions, typically computed using power flow techniques.
These techniques allow to perform static studies such as the
determination of voltage profiles in microgrids [20], [57].
A. Large-perturbation Stability
Microgrids show highly non-linear dynamics [58], but typically microgrid stability studies have been based on smallperturbation linearization techniques [59]. Various bodies of

work are demonstrating that small-perturbation stability might
not give as an accurate representation of stability in microgrids
[60], [61]. The presence of power electronic converters and
stochastic resources which can exhibit large dynamic changes
makes the large-perturbation stability critical for microgrids.
When faults occur in an isolated/islanded microgrid, or a fault
triggers an unintentional islanding of a microgrid, Critical
Clearing Times (CCTs) can give a good idea of the relative
stability. In [45], the CCT is defined as the maximum time
between initiation and isolation of a fault such that the power
system remains stable. Classical equal area criterion analysis
is helpful in determining CCTs in transmission systems;
however, in microgrids, this technique does not apply, as
stability problems are not directly associated with synchronism
problems among DERs, as discussed in Section II. Largeperturbation stability analysis in microgrids can be performed
using two main approaches: Lyapunov-based stability studies
[61], [62], time-domain simulations carried out on accurate
models of a microgrid [6], [20], and Hardware-in-the-Loop
(HIL) approaches [63].
1) Lyapunov Techniques: Several Lyapunov approaches
have been reported in the literature [59], [64]–[66]. An advantage of Lyapunov’s direct method is that the non-linear
differential equations associated with the system do not need
to be solved analytically for transient stability analysis [67].
Large-perturbation stability of various microgrid components
have been discussed in the literature using Lyapunov based
techniques [68], [69], such as for synchronous generators,
inverters, rectifiers, and dc/dc converters. For example, in [69],
an electrostatic machine based model for inverters are derived,
which allows for easier small- and large-perturbation stability
analysis of these systems. Lyapunov techniques can then be
used on the derived ”equations of motion” to analyze the largeperturbation stability. Compared to small-perturbation studies,
Lyapunov techniques have the following advantages: (1) the
domain of validity and effectiveness of Lyapunov techniques
is larger than that of small-perturbation analysis methods,
(2) the proper representation of nonlinear power electronic
converters, and (3) the adequate capture of large transient
events experienced by renewable energy sources such as solar
PV and wind. A system that is stable (as defined by Lyapunovbased techniques) is small-perturbation stable, but the reverse
is not always true. Thus, Lyapunov techniques give better
insights on the transient stability of microgrids. Successfully
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applying Lyapunov techniques to microgrids presents several
challenges. First, finding the proper Lyapunov function is a
significant hurdle and requires many simplifying assumptions;
hence, these techniques have been limited to balanced threephase systems. Moreover, studies that explore the dynamic
interactions of power electronic converters and electromechanical systems have yet to be carried out using Lyapunov-based
techniques. Additionally, Lyapunov functions can be nontrivial, so there is a need for systematic mathematical approaches
that could be adopted widely with different generator and
load models. Furthermore, modeling the microgrids as nonautonomous or time-varying systems is a challenging and
nontrivial issue that adds another level of complexity.
2) Time-Domain Simulations: Large-perturbation stability
analysis of microgrid systems using time-domain simulations,
based on accurate models of the system components and loads,
of the type found in EMT tools [70], is the most effective
way to investigate stability issues in microgrids, as reported in
the literature [20], [71]. Time-domain simulations have some
advantages over Lyapunov-based techniques, including higher
accuracy and validity. On the other hand, time-domain simulations of non-linear systems are computationally intensive
and typically many such simulations are required to ensure
system stability over a wide variety of initial conditions and
disturbances. It is also noteworthy that stability boundaries
derived using time-domain simulations are precise, albeit expensive to obtain, and thus result in proper resource utilization
of microgrids, as opposed to Lyapunov techniques.
Ideally, EMT tools should be used for time-domain simulations in microgrids, since they model all components in detail;
however, for larger microgrids, this might be infeasible due to
the computational complexities and burden. Electromechanical
transient tools, also known as Transient Stability (TS) tools has
been developed and used to address these computational issues
in system transient studies, but these tools have been traditionally designed for balanced networks, and thus are not suitable
for unbalanced microgrid studies. An intermediate solution
could be provided by capturing unbalances in TS simulations,
using phasor dynamic models that capture network and stator
dynamics around the fundamental frequencies [72]–[74]. TS
simulations are proposed for microgrids/distribution systems
with unbalanced modeling in [75], with dynamic phasors in
[76], and with transitions between dynamics and power flows
solutions in [77].
3) Hardware-in-the-Loop Studies: Real-time HIL simulations have proven to be an advanced and efficient tool for
the analysis and validation of microgrids, in particular DER
components and their controls. The two main classes of real
time HIL testing are Controller Hardware in the Loop (CHIL)
and Power Hardware in the Loop (PHIL), as depicted in Fig. 3
and discussed next.
In CHIL simulations, a hardware controller is tested and
connected to a microgrid network simulated entirely in a
Digital Real Time Simulator (DRTS). For example, CHIL can
be used to test an inverter controller, where the controller sends
the PWM signals to the DRTS, which feeds back voltage and
current measurements as analogue signals. A power system
controller (e.g. distribution management system, microgrid
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Fig. 3. PHIL and CHIL setup [63].

control system) can also be tested with CHIL, where the
signal exchange between the controller and the DRTS can
be performed by digital or analog signals or via communication protocols. The advantages of CHIL testing compared
to time-domain simulations are significant. Thus, DRTSs are
able to solve the microgrid’s mathematical equations in real
time, allowing the implementation of control algorithms on a
physical hardware controller, interfaced with the DRTS in real
time. In addition, CHIL simulations can reveal weaknesses
in the control algorithms, studying their performance under
various realistic conditions such as time delays and noise, and
interacting with complex power system models, thus providing
valuable insights in control system stability issues [78].
In a PHIL setup, a part of the microgrid is simulated in
great detail in a DRTS integrated with real hardware. In order
to connect the hardware to a node of the simulated microgrid,
an amplifier is used as an interface between the DRTS and
the equipment. The amplifier receives as input a reference
signal from the DRTS and provides the respective voltage
value to the equipment, and a current sensor is utilized to
transfer the current from the hardware to the simulator. This
setup allows the user to test real equipment hardware under
various circumstances, and to study the impact of the hardware
on the system [79].
B. Small-Perturbation Stability
Conventionally, small-perturbation stability of a power system is studied through eigenvalue analysis by developing statespace models of the system. Efforts have been made to develop
accurate state-space models of various microgrid components,
such as inverters, the network, and dynamic loads [36], [80].
These studies reveal that critical low-frequency modes are
highly affected by the tuning of inverters outer power sharing
control loops, whereas the critical high-frequency modes are
dominated by the inverter inner voltage and current control
loops. However, such state-space approaches are rather complex to develop for unbalanced networks, while microgrids in
general are unbalanced systems, which is an important factor
in determining the overall system stability in microgrids [20].
In this context, a combination of dynamic simulations and
signal-processing methods such as the Prony technique have
been shown to be effective studying the small-perturbation
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stability [20], [33]. Another drawback in classical state-space
based approaches is that the validity and magnitude of the
linearization domain is unknown. Small perturbations can be
explored without an explicit knowledge of what constituents
“small”. In traditional power systems with large inertia and
with an infinite bus, such disturbances are not likely to
substantially perturb the system from its current operating
state. However, since microgrids have a smaller inertia and no
infinite bus, small perturbations are more likely to significantly
affect the system. This document presents a classification of
stability in microgrids based primarily on the equipment origin
of the potential instability (e.g., inner control loop tunings,
PLL bandwidth issues, etc.). This approach is taken to avoid
classical frequency/voltage categorizations, as these variables
are strongly coupled by microgrid dynamics. However, if
faced with an instability, one must ultimately identify the true
source of the problem. Small-perturbation stability analysis via
linearization provides a useful tool for identifying the origin
of the instability, by studying the left and right eigenvectors
of the dynamic system matrix. For example, in the case of
a Control System Stability problem, it is likely to have state
variables with large components in the right eigenvectors of the
linearized system pertaining to a particular piece of equipment.
On the other hand, in the case of a Power Supply and Balance
Stability issue, it is expected to have a wider range of state
variables, corresponding to various equipments, to have larger
components in the linearized system eigenvectors.
V. E XAMPLES
A few relevant examples of microgrid instabilities are
presented and discussed here. More examples can be found
in [1], along with discussion on various models.
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TABLE II
VFC PARAMETERS

KP
0.04
V F CM ax
0.1

VFC Parameters
KI
KV F C
0.154
1
V F CM in
G
-0.1
2.5

τlead
0.04
τ1
0.1

τlag
0.001

the machine voltage regulator set-point, to simulate the effect
of the Voltage-Frequency Controller (VFC) [33].
Fig. 4 shows the wind power output, diesel engine active
power, system frequency, and the RMS voltage at the PCC bus.
Note in these figures that the voltage change has a considerable
impact on the system frequency response, compensating for
the power mismatch in the system due to the wind power
reduction. As seen in Fig. 4(b), the diesel engine active power
output barely increases when the system voltage changes,
compared to a 250 kW increase for the base system. This
is due to the linkage between the voltage magnitude and
active power consumption [35], which is the base of the VFC
proposed in [33]. Thus, a closed-loop version of the (VFC) is
demonstrated here, as shown in Fig. 5.
The parameters of the VFC in Fig. 5 are shown in Table. II,
and are first estimated based on the Ziegler-Nichols tuning
technique, and then refined experimentally. Fig. 6 shows the
frequency response of the system with the modified VFC is
much improved compared to the base system. In addition, the
voltage steady-state error is zero, due to the negative feedback
loop of the VFC. This is an example of Frequency Stability
in microgrids, discussing a control mitigation approach based
on the particular characteristics of microgrids.
B. Impact of the PLL Synchronization Loop Bandwidth

A. Voltage-Frequency Dependency
To demonstrate some of the aforementioned stability phenomena and issues in isolated/islanded microgrids, the CIGRE
benchmark for medium voltage distribution network introduced in [18], has been implemented in PSCAD/EMTDC. This
microgrid has a 1.3 MVA diesel-based synchronous machine,
a 1 MW ESS, and a 1 MW wind turbine, with the latter being
modeled using an average model presented in [21]. The dieselbased synchronous machine and its exciter and governor are
tuned and validated according to actual measurements for the
diesel gensets discussed in [19]. The loads are modeled using
the static exponential model with a 1.5 exponent, which is a
reasonable value for typical isolated microgrids [35].
In this case, the diesel generator is connected and is the
master voltage and frequency controller, and the ESS is
providing 0.5 MW of active power in the grid-feeding mode.
The wind turbine is generating 300 kW of active power, and
the load scaled so that the total system demand is 1.6 MW
and 0.2 MVar, balanced among the three phases. At t = 1s,
the wind generator active power output is decreased to 50 kW.
In addition, to demonstrate the impact of voltage changes on
the system frequency, a -0.1 step change is passed through a
lag filter with a time constant of 0.4 s, and is then added to

A three-bus system, shown in Fig. 7, is implemented in a
real-time digital simulator. The typical current control scheme
for the grid-connected inverter at Bus 2 is used, as in [21].
An equivalent ZIP model of the inverter using such current
control as well as a PLL can be represented by:
Z-component

I-component

}| 
}|
z

{ 
{

 z
Ydd
0
∆vd
Idd 0
∆idref
∆id
+
=
0 Yqq ∆vq
0 Iqq ∆iqref
∆iq
 


 


θ
Y
0
∆vd
I
0
∆idref
+ d1 ∆θ0 = dd
+ dd
θq1
0 Yqq ∆vq
0 Iqq ∆iqref



0 θd1 GP LL op(s) ∆vd
+
0 θq1 GP LL op(s) ∆vq
(1)
where idref , iqref , id , iq , vd , and vq are the current references,
grid currents, and grid voltages in the dq frame, respectively;
and Ydd , Yqq , Idd , and Iqq are the equivalent admittance
and current components of the inverter when the PLL is not
considered, with the corresponding constant power component
being zero. The effects of synchronization, represented by the
PLL open-loop transfer function GP LL op , can be considered
as part of the constant impedance component.
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Fig. 4. Voltage-frequency dependency: (a) wind turbine active power, (b)
diesel engine active power, (c) frequency, and (d) RMS voltage at PCC bus.

As shown in Fig. 8, when the load at Bus 3 increases at
t= 3.5 s and maximum loadability is approached, a converter
with a slow PLL will result in a system collapse, as shown
in Fig. 8(a), while a fast PLL can keep the system stable, as
illustrated in Fig. 8(b). This is an example of Control System
Stability, and particularly Converter Stability.
C. Parallel Converter Droop Control Issues
This example demonstrates that oscillations can occur in
parallel converters with V-I droop control [81], when the droop
control parameters for the two converters are set differently.
These types of oscillations are not observed if the parallel
converters are modeled as an aggregated converter or their

droop parameters are the same, reflecting a Power Supply and
Balance Stability issue.
Figure 9 depicts the test system. The V-I droops are implemented as described in [36], and mk and nk are active
and reactive power droops respectively. As seen in Fig. 10, if
both of mk and nk are small, the system becomes unstable,
unless the droop coefficients are larger and/or m1 = m2 and
n1 = n2 , which make the system stable. These poorly damped
modes are caused by circulating currents which are basically
dq-axis currents going back and forth between the DER units.
These results can be verified with time-domain simulations;
more results can be found in [1]. This is an example of Power
Supply and Balance Stability, since the problem is not one
poorly tuned DER, but the coordination of multiple DERs.
D. Impact of Load Dynamics
In order to compare the characteristics of different load
types (e.g., static loads, Direc-on-Line (DOL) loads, Variable
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Fig. 8. PLL test system voltages in pu: (a) 5.7 Hz PLL, and (b) 20 Hz PLL.

Speed-Drive (VSD) loads), a three-phase short-circuit fault
was simulated on the microgrid shown in Fig. 11, which
comprises a total load of 60 kW, with each load type having
equal capacity, i.e., 20 kW for each static, DOL, and VSD
loads. The static load is represented by a ZIP load model
with a 0.85 lagging power factor, and has equal proportion of
constant current, power, and impedance load. The DOL motor
load is represented by a fan load, and the VSD motor load is

represented by a pump load; more details can be found in [1].
Initially, the microgrid is operated in grid-connected mode, but
does not exchange active power with the main grid. The solar
PV system generates 35 kW, the diesel generator generates 20
kW, and the battery energy storage system injects 5.5 kW to
maintain the power balance in the microgrid.
Fig. 12 represents the active and reactive power for each
load type, following a 150 ms three-phase short-circuit fault,
with a fault impedance of 0.1+j0.1 pu at the microgrid 400
V busbar during grid-connected and islanded modes. Observe
that the different load types result in substantially different
system responses during the short-circuit fault. Both the static
and DOL motor loads’ active and reactive power consumption
substantially decrease during the fault, and recover rapidly
following fault clearance. However, unlike the static load, the
DOL motor load requires substantial reactive power during the
recovery phase, i.e., three times the rated reactive power, even
though limited by a soft-starter; this would affect the overall
stability of the microgrid. The VSD motor load is less affected
in grid-connected mode, and maintains almost the same active
and reactive power consumption. However, in islanded mode,
the VSD motor load trips due to commutation failure at the
front-end rectifier [82], resulting in active and reactive power
decreasing to zero, as shown in Fig. 12(c).
Fig. 13 illustrates the various loads’ dynamic responses fol-
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lowing a 12 kW load switching event, (20% load increase) in
the microgrid for grid-connected and islanded modes. All three
load types have negligibly affected during the load switching
event when operating in grid-connected mode; however, in
islanded mode, 0.05% - 5% oscillations are observed in all
three load types. This example shows the importance of the
load characteristics for microgrid stability.
E. Virtual Inertia Mitigation Techniques
Virtual (Synthetic) inertia has been widely proposed in the
literature as a solution for low inertia issues. Some of the
most popular topologies involve a synchronverter [14], virtual
synchronous machines (VISMA) [83], Ise Lab’s topology [84],
synchronous power controllers (SPC) [85], VSYNC topology [86], virtual oscillator control [87], and others. Droop
controllers used in parallel operation of DERs have also been
shown to provide virtual inertia under certain conditions [88].
The basic concept is the same in all of these techniques,
with the aim of replicating inertial response through control

Fig. 14. Virtual-inertia using a power electronic converter.

algorithms and power electronic converters [89]. The required
energy can be obtained through ESS or curtailed operation of
DERs. One of the basic requirements of these systems is that
they operate autonomously and quickly (from a few cycles
to less than 10 s) to counter-act the fast decay of frequency
in low-inertia microgrid systems. Fig. 14 shows a typical
configuration of a virtual-inertia system, with the virtualinertia algorithm at the core of the system. The controller
senses the frequency of the system typically using a PLL.
Based on the frequency measurements and its rate-of-change,
power references can be generated for the inverter as follows:
d∆ω
(2)
dt
where ∆ω and d∆ω/dt are the change in frequency and its
rate of change (ROCOF), respectively. KD and KI are the
damping and the inertia constants, respectively.
More sophisticated control approaches like the synchronverter, VSIMA, SPC, etc., try to mimic the exact dynamics
of a synchronous generator either through detailed equations
PV I = KD ∆ω + KI
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Fig. 16. Snapshot of irradiance data for July 19, 2012 (sampling rate is 1 s).

Fig. 15. Virtual-inertia unit implemented in a benchmark PV-hydro microgrid
system.

or some kind of approximation. Virtual-inertia algorithms are
already implemented in commercial inverters; however, certain
challenges still remain in the integration of virtual-inertia
systems in the context of microgrids. Improved control design,
aggregation of multiple virtual inertia units and energy usage
minimization are a few of the challenges that need to be
addressed [90].
1) Benchmark PV-Hydro Microgrid System: To demonstrate the impact of high renewable penetration in the frequency stability of microgrids, a PV-hydro benchmark system,
introduced in [89], is used here. This benchmark system
consists of a 39 kVA hydro generator and a 25 kWp PV
system, as shown in Fig. 15. The hydro unit was adapted
from the remote village of Bhujung in Nepal, scaling it to
match the PV installation at the South Dakota State University
(SDSU) Microgrid Research laboratory. The microgrid is a
three-phase system operating at 208 V with a rated frequency
of 60 Hz. The PV is modeled using current sources with no
inertial response, whose magnitude depends on the available
solar irradiance. High penetration of intermittent PV in such
systems can lead to frequency stability, as fast changes in PV
generation cannot be absorbed by the relative low inertia of
the small-hydro system.
The test system was analyzed using a 250 s snapshot of real
irradiance data, as shown in Fig. 16. The frequency variations
were obtained for three different levels of PV penetration, i.e.,
10, 15, and 25 kWp, as shown in Fig. 60. Large frequency
variations outside the ISO8528 recommended limits for generators [91] can be observed; with increased PV penetration, the
magnitude of the frequency excursions are much higher. The
ROCOF are extremely high (as high as 4.8 Hz/s for 25 kWp
penetration). This affects the frequency stability of the system,
since such conditions can trigger frequency relays leading to
cascading failures of generation units in a microgrid.
Simulations are then performed with a dedicated inverter
emulating virtual inertia installed in the system, as shown in

Fig. 17. Frequency variations observed in the PV-hydro benchmark system
for PV penetration levels of 10, 15, and 25 kWp.

Fig. 15. The frequency of the system for 25 kWp PV penetration after addition of virtual inertia is shown in Fig. 18 with
solid lines. The reduction in the ROCOF and the frequency
excursions are summarized in Table III. The maximum and
minimum frequency excursions can be reduced by 6.3% and
4.7%, respectively; similarly, the maximum ROCOF can be
reduced by as much as 85.4%. After the addition of VI, both
the frequency and its rate of change are within the permissible
limits.
F. Isolation and Reconnection of a Microgrid
One of the desired features of a microgrid is its capability of
disconnection from and re-synchronization to a larger grid, in
cases such as faults and intentional islanding. In this example
[92], a small perturbation stability analysis of pre- and postisolation shows how the system could become unstable.
The microgrid under study is shown in Fig. 19, where two
inverter-interfaced DERs, each rated at 10 kW, feed local
loads, with the possibility of grid connection through a static
switch. The microgrid model includes realistic distribution line
parameters, as well as coupling transformers for each DER.
The system eigenvalues for the islanded case are stable for a
droop gain of DER 1 between 5% to 20%, while maintaining
the droop gain of DER 2 at 5%; the results of sweeping the
droop gain of DER 2 are similar. The system eigenvalues for
the grid-tied case for the same droop gains show that the
system becomes unstable for values above 16%, which is a
relatively high droop gain in the sweeping range used for
testing purposes. These results are verified by time-domain
simulations. Thus, Fig. 20 illustrates the case of microgrid
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Fig. 18. Reduction in frequency deviations in the PV-hydro benchmark with
virtual inertia unit.
Fig. 19. Simulation model of a microgrid for islanding and synchronization
analysis.

TABLE III
C OMPARISON OF FREQUENCY VARIATION AND ROCOF WITH AND
WITHOUT VIRTUAL INERTIA

Minimum Frequency
Maximum Frequency
Maximum ROCOF

Without Virtual Inertia
56.9 Hz
65.1 Hz
4.8 Hz/s

With Virtual Inertia
59.6 Hz
61.0 Hz
0.7 Hz/s

islanding, when the droop gains of DERs 1 and 2 are at 5%.
Observe that, when the static switch is opened at t = 10
s, the microgrid transits into an island seamlessly, with a
reduction in frequency due to the droop control, and the power
of the impedance load decreasing due to the voltage drop. It
is worth noting that, before islanding, both DERs feed power
proportional to their set-points, with the grid feeding the load
and part of the microgrid losses. After the transition, both
sources feed the load according to their power and frequency
set-points, with a frequency drop of 0.3 Hz.
Figure 21 shows the microgrid re-synchronization process
starting at t = 16.3 s. Observe that the microgrid presents
poor damping, but otherwise the synchronization is stable.
The droop gains of the DERs are again at 5%, thus ensuring
stability. This particular result set is an example of Power
Supply and Balance Stability issue, since both inverters are
similarly tuned, and oscillations arise from poor power sharing
between the DERs rather than a poorly tuned inverter.
Figure 22 illustrates the case of the microgrid in grid-tied
mode, with the droop gain of DER 1 being increased from
5% to 20% at t = 20 s. As expected from the eigenvalues
studies, the system is unstable in this case. The time-domain
simulation shows that before t = 27 s, the power and
frequency waveforms of DER 1 and the grid show sustained
oscillations until t = 27 s, when the static switch is opened
and the microgrid is islanded, reaching stable operation after a
few seconds. This is an example of Control System Stability,
since the droop gain of one individual inverter is unrealistically
high, i.e., it is poorly tuned for grid-tied operation.
VI. C ONCLUSIONS
Due to their unique characteristics, microgrids present stability issues different from those observed in bulk power systems; therefore, this document focused on presenting micro-

Fig. 20. Simulation results for microgrid islanding: stable case.

grid stability definitions, classifications, and examples. Thus,
definitions of microgrid stability issues were presented, classifying instabilities in microgrids based on their fundamental
causes and manifestations, and illustrating relevant microgrid
stability issues through some examples. Further examples,
along with discussions on stability modeling and analysis tools
are provided in [1].
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