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ABSTRACT Virtual oscillator control (VOC) has emerged as an alternative solution for controlling parallel
connected inverters in microgrids (MGs) due to its self-synchronization and advanced control capabilities.
To enhance the operations of VOC-based inverters, this article implements a power limitation controller
that dispatches power according to the operating conditions and the primary source availability. Therefore,
this mechanism allows the inverter to adapt to the intermittent nature of renewable energy sources and the
operational constraints of batteries. The controller can limit both active and reactive power to specified
setpoints. When an inverter reaches its power limit, the others that are not restricted by the power limitation
take on the extra load. On top of VOC, a robust distributed secondary control was developed to restore the
MG voltage and frequency. The controller uses the local frequency and voltage and the powers from the
neighboring nodes obtained through a sparse communication network. Last, as part of a single-phase MG
configuration, single-phase inverters generate a second-order current component in their dc-link that needs
to be restricted from flowing to the dc source. To address this issue, this article implements a minimalist
active power decoupling method adapted to the VOC inverter. Extensive simulations and experiments were
conducted to validate the operation of the proposed system.

INDEX TERMS Active power decoupling (APD), microgrid (MG), power limitation, secondary control,
virtual oscillator control (VOC).

I. INTRODUCTION
The global energy landscape is undergoing a major paradigm
shift from traditional synchronous machine-dominated power
systems to converter-dominated power systems [1]. The shift
to inverter-based resources, such as photovoltaic (PV), wind,
and batteries, is largely influenced by the need to adopt sus-
tainable clean energy to meet increasing energy needs. The
transition to a more resilient and decentralized power sys-
tem can be facilitated by microgrids (MGs) [2], [3]. MGs
aggregate various distributed energy resources and loads into
a controllable unit, capable of operating either standalone or
connected to another grid. Several key benefits can be derived
from MGs, including improved energy security, reliability,
sustainability, and reducing carbon emissions [4]. At the same
time, stability challenges are more acute in MGs because of

the weak nature of these systems [5]. As a result, more re-
search should be directed primarily toward developing control
algorithms that ensure stable and efficient coordinated opera-
tion of various distributed energy resources.

Currently, a large percentage of inverter-based resources
are controlled through a grid following (GFL) converter [6],
which works well when connected to a stiff grid. The GFL
controller controls the inverter to behave as a current source
in the subtransient time frame. During operation, the in-
verter must maintain synchronization with the grid through
a phase-locked loop (PLL). The need for a voltage source to
synchronize with poses challenges for GFL controllers, par-
ticularly in weak grids, or during system splits. Furthermore,
these GFL inverters are unable to participate in processes such
as black start in the event of a total or partial grid shutdown.
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FIGURE 1. Basic inverter models for the two modes of operation: (a) GFL
and (b) GFM.

As the landscape transitions toward more decentralized en-
ergy generation, grid-forming (GFM) control has emerged as
a key enabling technology to overcome the challenges men-
tioned above [7]. The GFM controller controls the inverter
to behave as a voltage source in the subtransient time frame,
and it autonomously establishes the inverter’s internal voltage
and phase angle. GFM controller uses power/current based
synchronization and tends to be relatively stable in weak grids
due to its nonreliance on PLL to remain synchronized with
the rest of the network. Adopting GFM control enhances the
stability and reliability of the MG [8]. In addition, GFM can
provide other ancillary services, such as black start capability.
Models for GFL and GFM controllers are shown in Fig. 1(a)
and (b), respectively. Different MG synchronization methods
have been proposed in the literature that include PLL-based
[9], enhanced PLL [10], consensus based [11], fuzzy logic
[12], and non-PLL [13]. As the GFM controllers are gaining
attention, the trend has been to replace the PLL with more
robust synchronization methods particularly in weak grids
where PLL can be unstable [14].

For controlling and managing MGs, a hierarchical control
structure consisting of the primary, secondary, and tertiary
layers is widely adopted, with each layer having its own
control objectives [15]. The dynamics of these layers are
decoupled from each other by having different control band-
widths or timescales. The primary layer serves as the basis
layer, mainly responsible for regulating voltage and frequency
as well as ensuring power sharing. The main GFM con-
trollers discussed in the literature are the droop control, the
virtual synchronous machine (VSM), and, more recently, the
virtual oscillator controller (VOC) [16]. While the first two
techniques are derived from the operation of conventional
generators, VOC is based on the dynamics of a nonlinear os-
cillator, which inherently provides synchronism when coupled
within a network. Weakly nonlinear oscillators synchronize to
a steady-state sinusoidal limit cycle from an arbitrary initial
condition. A comparison between droop control and VOC
is provided in [17] where it was shown that VOC provides
relatively faster and damped response. To achieve power syn-
chronism, droop control operates on phasor quantities, i.e.,
active and reactive powers, and the use of low-pass filters on
the power loops impacts its dynamic performance. Despite
being nonlinear, it was shown in [18] and [19] that VOC
subsumes droop in the steady state, but is superior in the tran-
sient regime due to its faster synchronization speed. Several

oscillator models have been studied in the literature which
include the dead zone, Van der Pol, Andronov–Hopf, and dis-
patchable VOC [20], [21], [22]. This article implements a Van
der Pol oscillator for the primary control of the MG inverters.
The challenge with the Van der Pol oscillator is the presence
of the third harmonic due to the nonlinear voltage dependent
current source. In [23], a method is presented that reshapes
the nonlinear current source of the VOC, eliminating the
third-order harmonic in the output voltage. This method offers
faster synchronization in islanded mode compared to the use
of a notch filter [24]. Various research has focused on improv-
ing the dispatchability of VOC controlled inverters to regulate
active and reactive power. In [25], an MG structure consisting
of both dispatchable and uncontrolled inverters acting as a
slack bus was presented. A complex parameter was introduced
in [26] to control the active and reactive power for VOC based
inverters in grid connected mode. While these controllers en-
force the power supplied by the inverter, this article develops a
power limitation strategy for VOC-based inverters, making it
more suitable for islanded MGs. In this strategy, the limitation
is enabled only when the power being drawn from the inverter
tends to exceed its power limit. Enforcing power limitations
on each inverter according to its operating conditions provides
a way to manage the intermittent nature of renewable energy
sources such as PV or wind, and the power constraints of
other primary sources like the battery energy system. Power
limits ensure that each converter provides power to the load
depending on the energy available in the primary source. In
addition, these limits can also protect against the load drawing
more power than the rated capacity of the converter. Power
limitations have been implemented for droop-based control
in CERTS MGs testbed to prevent inverter overloading [27],
[28]. In this article, a new power limitation control approach
is adapted for VOC-based inverters.

The secondary control layer operates on top of the primary
control layer. Its objective is to restore the voltage and fre-
quency following the steady-state deviations introduced by
the primary layer. The secondary control methods are clas-
sified into centralized, distributed, and decentralized [29].
Centralized secondary control generally uses a communica-
tion infrastructure to communicate the control variables of
all units to the centralized secondary controller. The central-
ized controller then returns the corrective term to each MG
unit. As a result, this control method is highly dependent on
the communication infrastructure and is also vulnerable to
a single point of failure [30]. Distributed secondary control
(DSC) uses local information as well as information received
from neighboring units. A sparse network architecture can
be adopted to reduce the bandwidth of the network. The
two most popular approaches are distributed averaging and
the consensus approach [31], [32]. A consensus approach
was implemented in [33] for frequency control, which uses
linear optimal power flow to dispatch the distributed gen-
erators. Additionally, there has been a considerable interest
in incorporating artificial intelligence into DSC. To achieve
an optimal DSC, a strategy based on reinforcement learning
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was proposed in [34]. The method combines Q-learning and
pinning control to achieve self-adaptive control. In [35], a
data-driven approach was adopted that directly utilizes the
measured data for controller design without the knowledge
of the model. Fully decentralized control, where decisions are
made fully based on local information, is limited by issues
such as clock drifts and its inability to achieve global opti-
mization. Several studies have analyzed the impacts of clock
drift highlighting its negative impact on the operation of the
secondary controller [36], [37], [38]. In [24], a secondary con-
troller was implemented for VOC controlled inverters based
on local integrators. However, this approach faces challenges
such as clock drift associated with secondary control when
it is implemented using separate digital processors. In this
article, a low data-rate DSC with an averaging method was
implemented, demonstrating robustness against clock drifts.

A subsequent challenge addressed in this article arises from
the single-phase configuration of the MG, which is of interest
for small-scale residential systems and involves single-phase
inverters. In such inverters, electrolytic capacitors are com-
monly used in the dc-link to provide passive decoupling of
both the low- and high-frequency components. The major
drawback of electrolytic capacitors is their limited lifetime,
particularly in higher temperature environments, common in
PV applications. To enhance both the lifetime and reliability
of the inverter, active power decoupling (APD) methods have
emerged as a viable solution [39]. These APD methods rely
on actively redirecting the low-frequency power oscillations
to be processed by an auxiliary circuit or energy storage with
a higher utilization factor, while the remaining high-frequency
component is processed by the dc-link capacitance [40], [41].
In this way, the required capacitance for the dc-link is min-
imized, enabling the implementation of an all-film capacitor
inverter and thereby improving the inverter’s lifetime. This
article focuses on a minimalist method that achieves APD
without the need of additional semiconductor devices, unlike
other methods that require more components [42] and which
increases the overall cost of the system. This article aims to
deliver the following technical contributions.

1) Development of a power limitations strategy for VOC-
based inverters to ensure that the energy is dispatched
depending on the availability of the primary source.

2) Development of a robust DSC using a distributed av-
eraging approach to restore the MG frequency and
voltage.

3) Implementation of an APD in VOC MG applications to
eliminate low frequency oscillations in the inverter dc-
link current.

4) Integration of VOC with inner voltage and current
controllers to provide better control of the proposed
single-phase inverter.

II. SYSTEM STRUCTURE
Fig. 2 shows the structure of the considered islanded MG
consisting of three parallel 1-kVA single-phase inverters.
The parallel configuration allows for integration of various

FIGURE 2. Structure of the proposed MG consisting of three parallel
inverters.

distributed energy resources that are coordinated to deliver
power to a common load. This low-power configuration en-
ables load sharing and is suited for residential applications.
Each inverter is connected to the point of common coupling
(PCC) through a switch (Swi). The series impedance is mainly
provided by the inductors L1, L2, and L3 (and their corre-
sponding resistances), which ensure higher order harmonic
filtering as well as acting as coupling inductors. The overall
structure of each inverter is shown in Fig. 3. Capacitors C1

and C2 serve as decoupling capacitors used to implement
APD as described later in this article. The primary control
is implemented through a VOC-based approach, discussed
in the following subsection. On top of the primary layer, a
secondary control layer is implemented using a distributed
control strategy and a low-bandwidth communication net-
work. The secondary layer provides setpoints to the primary
control to achieve the objective of restoring the voltage and
frequency, as well as maintaining power sharing.

Fig. 3 shows the overall control structure of one inverter
(the others having a similar control), composed of the imple-
mented primary and secondary control layers. The following
sections detail each subsystem of the proposed control.

A. VIRTUAL OSCILLATOR CONTROL
As previously discussed, VOC implemented in GFM inverters
allows self-synchronization, making it suitable for parallel in-
verters in MG. In this control strategy, each inverter emulates
the dynamics of a nonlinear Van der Pol oscillator. Fig. 4(a)
shows a typical model of a Van der Pol oscillator, where io(i)

is the sensed feedback current from the inverter and vVOC is
the oscillator output voltage. The structure is composed of a
resonant tank LC circuit that establishes the system frequency,
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FIGURE 3. Overall control structure of one inverter with primary and secondary control loops.

FIGURE 4. VOC based on van der pol oscillator: (a) circuit representation
and (b) phase portrait of the steady-state limit cycles.

a nonlinear voltage-dependent current source, and a damping
resistance. The VOC dynamics are given by the following
equations [21]:

L
diL
dt

= vref

kv

(1)

C
dvref

dt
= −α

v3
ref

k2
v

+ σvref − kviL − kvkiio(i) (2)

where L and C are the virtual inductance and capacitance,
respectively.

The parameters α and σ are the voltage regulation parame-
ters. The interface between VOC and the inverter is achieved
through the current gain ki and the voltage gain kv. The gain
ki is added with the output of the reactive power limitation
controller, while kv is added with the output of the active
power limitation controller. This mechanism enables active
and reactive power limitation, as will be described in subsec-
tion D. A detailed design of VOC parameters is provided in
[21].

Being a weakly nonlinear controller, VOC stabilizes to a
sinusoidal limit cycle from any arbitrary initial condition. To
understand the dynamics and the limit cycles of an unloaded
VOC (io(i) = 0), (1) and (2) can be transformed into a second-
order differential equation as follows, assuming the controller
is operating in quasi harmonic limit, i.e., ε approaches zero:

v̈ref − εσ
(
1 − βv2

ref

)
v̇ref + vref = 0 (3)

where ε = (L/C)1/2 and β = 3α/ (kv
2 σ ).

A phase portrait for the trajectory of the Van der Pol oscil-
lator is plotted in Fig. 4(b) for different values of ε with β = 1.
As shown, the oscillations approximate nearly sinusoidal limit
cycles as ε approaches zero. However, the smaller the value of
ε, the slower the dynamic response.

To generate a reference signal from the Van der Pol oscil-
lator to modulate a single-phase inverter, the output voltage
across the VOC capacitor (vVOC) can be used. This yields
a steady-state droop characteristic that provides a tradeoff
between the active power (P)–voltage (V) and reactive power
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(Q)–frequency(ω) as in (4) and (5), which shows VOC aver-
aged dynamics. These steady-state droop characteristics are
embedded within the averaged dynamics of the VOC [15]

V̇ = σ

2C

(
V − β

2
V 3

)
− kvki

2CV
P (4)

θ̇ = ω∗ − ω + kvki

2CV 2
Q (5)

where ω∗ is the reference frequency and P, Q are the averaged
active and reactive output powers of the inverter.

This inverse relationship (i.e., P − V, Q − ω) is com-
mon in low-voltage networks, where the line impedances are
predominantly resistive [43]. An important point to note is
that, unlike conventional VOC control, where vVOC is directly
used to generate the inverter PWM pulses, in this article we
propose adding between the VOC and the PWM generator an
inner voltage–current control loop, as shown in Fig. 3. In this
case, the oscillator capacitor voltage serves as the reference
voltage for the voltage controller. Furthermore, the grid-side
current is used as VOC input, instead of the inverter-side
current. The reason for using this approach is to control the
differential voltage vo1 across the inverter capacitors as a
voltage source, rather than controlling the inverter terminal
voltage. This method offers improved performance, as the
decoupling capacitors (C1 and C2) shown in Fig. 3 inherently
create a larger capacitive load for the inverter compared to a
conventional inverter. More details on APD on a differential
single-phase inverter are provided in subsection F.

B. VOLTAGE AND CURRENT CONTROLLERS
In the conventional implementation, VOC directly controls
the inverter voltage, however due to the nature of the adopted
topology, this article proposes to use an inner voltage–current
control loop to control the inverter, and the VOC as an
outer controller, as stated previously. Both controllers are
implemented using proportional multiresonant controllers for
sinusoidal tracking. The inner current controller is designed to
have a higher bandwidth compared to the voltage controller.
The advantages of using these controllers are that they can be
implemented in the natural reference frame. In addition, they
also provide selective lower order harmonic compensation.
The transfer functions of the voltage and current controllers
are given as follows:

GI (s) = kpI +
∑

h=1,3,5

khI s

s2 + (hω)2 (6)

GV (s) = kpV +
∑

h=1,3,5,
2,4

khV s

s2 + (hω)2 (7)

where kpI and kpV are the proportional terms that deter-
mine controller dynamics such as bandwidth, gain, and phase
margins, while khI and khV are the gains of the sinusoidal
integrators.

The constant kpI was chosen to be equal to L/(3Ts) [44],
where L is the total inverter inductance and Ts is the sampling

FIGURE 5. Communication graph for inverter nodes.

period. To decouple the dynamics of the outer voltage loop
from the inner current loop, kpV was chosen to be 10 times
less than kpI.

Besides compensating for the odd harmonics, the voltage
controller also includes even harmonics resonators for remov-
ing the even harmonics from the output voltage, which may be
caused by the APD in practice when the two inverter arms are
not perfectly balanced. For practical implementation, the res-
onant controllers were discretized using an approach based on
two discrete integrators [45]. This method has the advantage
of being simple and allowing frequency adaptation, where the
frequency can be adjusted with the actual measured value in
real time, limiting the impacts of frequency mismatch between
references and measurements. Furthermore, to provide active
damping to the system, a virtual damping resistor Rv was
added as shown in Fig. 3.

C. SECONDARY CONTROL
As already mentioned in the introduction, one of the key
challenges in implementing decentralized secondary control
in real MG applications is the presence of clock drift [46].
Each digital processor used for controlling each inverter uses
its own clock to generate time signals. These clocks, which are
used to generate time signals, differ slightly from each other,
a phenomenon referred to as clock drift. The effect of clock
drift is more pronounced in the secondary control layer. As a
result, decentralized secondary control with local integrators
can regulate the voltage and frequency, however, clock drift
causes the powers to diverge over time. Using communication
between the inverters can alleviate the effect of clock drift.
A communication network can be modeled by an undirected
graph with nodes and a set of connections denoted as G(υ, ξ ,
A) where υ = {1, 2, 3 … n}, ξ = {(1,2), (2,1), (2,3), (3,2)
…} and A is a symmetric adjacency matrix that captures the
connections between the nodes. A value of one indicates a
connection between two nodes, and a value of zero represents
no connection. To reduce the complexity of the communica-
tion network, a sparse network is considered in this article,
where each inverter communicates with two of its nearest
neighboring inverters. This reduces the bandwidth require-
ment, the computational burden as well as the complexity of
communication links. When each inverter communicates with
all others, the control accuracy improves, but the cost and
complexity increase.

Fig. 5 shows an example of a directed graph with n = 4.
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For this network topology, the adjacency matrix can be
defined as follows:

A =

⎡
⎢⎢⎣

0 1 0 1
1 0 1 0
0 1 0 1
1 0 1 0

⎤
⎥⎥⎦ . (8)

The proposed secondary controller described by (9) and
(10) uses local information and collects data from its immedi-
ate neighbors to improve the global optimization performance
of the whole MG system and control actions coordina-
tion. Through this control, the effects of clock drift on the
secondary control are mitigated, as clearly evidenced by ex-
perimental measurements shown later. The first term of the
proposed secondary frequency controller compares the mea-
sured frequency at the PCC to the nominal frequency and
the error passed through an integrator. The secondary voltage
controller compares the nominal rms voltage to the average of
the rms voltages of all inverters. Through this way, the average
voltage of all nodes is brought closer to the nominal voltage.
This approach helps to solve the conflict between voltage
regulation and active power sharing. The second term is gener-
ated by each inverter through comparing its normalized power
to the average normalized powers of its nearest neighbors. The
generated error is also passed through the integrator, and the
two terms are combined to generate the compensatory terms.
In this way, both frequency and voltage regulation and power
sharing are achieved. The averaging of voltages and powers
in (9) and (10) occurs each time a new packet containing data
from a neighbor inverter arrives through the communication
channel. For frequency restoration, the generated compen-
satory term is added to the virtual capacitance of the VOC
as follows: Cnew = C + δf(t), where C is the nominal capaci-
tance. In the case of voltage, the generated compensatory term
is added to the VOC alpha term as follows: αnew = α + δv(t).
The secondary controllers are described as follows:

δ f (i) (t )=kI f

∫
(ω0− ωi )dt + kIQ

∫ ⎛
⎝ Qi

Q∗
i

− 1

n

n∑
j=1

Q j

Q∗
j

⎞
⎠ dt

(9)

δV (i) (t ) = kIV

∫ ⎛
⎝V0 − 1

n + 1

⎛
⎝Vi +

n∑
j=1

Vj

⎞
⎠

⎞
⎠ dt

− kIP

∫ ⎛
⎝ Pi

P∗
i

− 1

n

n∑
j=1

Pj

P∗
j

⎞
⎠ dt (10)

where kIf, kIV, kIQ, and kIP are the integrator gains. P∗
i and Q∗

i

are the rated active and reactive power of the current inverter,
while P∗

j and Q∗
j are the rated active and reactive power of the

neighboring inverters. Vo and ωo are the nominal rms voltage
and frequency, respectively.

A low-bandwidth network can be used to communicate the
powers to the neighboring nodes. The controller gains are

tuned to provide a compromise between the voltage/frequency
regulation and power sharing.

While the proposed DSC and the power limitation ap-
proaches are effective for managing the operations of the
MG, their reliance on communication poses certain limita-
tions from communication delays and failures that may affect
system performance. Another challenge is the vulnerability of
the network to cyberattacks, therefore, robust security mea-
sures will be required to protect the network.

The adopted sparse communication network allows for the
system to be scalable in real-world applications by reduc-
ing the bandwidth and the network complexity. Furthermore,
distributed control also reduces computational burdens associ-
ated with centralized controllers. Being based on single-phase
inverters, the proposed MG is suitable for kW-range ap-
plications. The solution can be expanded to higher power
applications using three-phase inverters.

1) SECONDARY CONTROLLER TUNING
For tuning the secondary control parameters, a reduced model
was derived that neglects the electrical dynamics with a time
constant less than one ac cycle, thus employing rms values.
The basic criterion of the secondary controller tuning is to en-
sure decoupling of the primary control by ensuring it operates
at a much lower time scale. In this context, a simplification
assumption that neglects the dynamics of the inner current
and voltage controllers was considered. The VOC behavior
is defined by the rms voltage and phase according to (4) and
(5). The secondary control loops, defined by (9) and (10),
interact with the VOC by adjusting the parameters α and C
to restore voltage and frequency, as described in the previous
subsection.

The optimal parameters of the secondary voltage and fre-
quency control (kIV = 0.05 A/(V4.s) and kIf = 0.002 F/rad)
were selected based on the targeted response time relative to
the primary control. The response time of the primary con-
troller (i.e., VOC) was determined following a step change in
the load from zero to nominal. The voltage settling time of the
primary control, tp, was defined as the time elapsed between
the disturbance and when the voltage enters 0.5 V deadband
around the steady-state value. A deadband of 0.05 Hz was
considered for frequency. Next, the gain of the secondary
voltage controller (kIV) was varied, and the voltage restoration
time (tsV) was calculated relative to tp. The results are shown
in Fig. 6. To ensure decoupling the secondary and primary
control levels, kIV was chosen such that the secondary control
is at least ten times slower than the primary control. With these
conditions, Fig. 6 shows that the gain of the secondary con-
trol loop (kIV) should be less than 0.055 A/(V4.s). However,
smaller values of kIV result in a secondary controller being too
slow.

For the secondary frequency control, a slower dynamic
was imposed to ensure decoupling between the voltage and
frequency restoration loops. Fig. 7 shows the frequency time
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FIGURE 6. Time response of the voltage secondary control normalized to
the time response of the primary control.

FIGURE 7. Secondary control frequency time response normalized to the
voltage time response.

FIGURE 8. Power limitation: (a) active power and (b) reactive power.

response tsf of the secondary control, normalized to the pre-
viously defined voltage restoration time (tsV = 0.05s), as the
gain of the secondary frequency controller (kIf) varies within
a suitable range. The optimal value of kIf was chosen to be
0.002 F/rad, which gives a ratio between the time constants
(tsf/tsV) of around four.

D. POWER LIMITATION
The proposed power limitation controllers shown in Fig. 8(a)
and (b) can limit both the active power and the reactive power
provided by each inverter. The values Pmax/Qmax set the limits
of the active/reactive power on each inverter according to
its operating conditions. These limits are compared to the

TABLE 1. System Parameters

TABLE 2. Settling Times for Different Values of kIA

measured output powers, and the errors fed to an integrator.
It is important to note that the upper saturation limits for
the integrators are zero, implying that the integrator produces
an output only when measured Po/Qo become greater than
Pmax/Qmax, respectively.

The outputs of the power limitation controllers are added
to the VOC parameters kv and ki. By this way, the VOC
parameters are adjusted, resulting in a change of the active and
reactive powers shared by the inverter. Consequently, the other
inverters that have more capacity will supply more power to
balance the load consumption. The maximum active power
(Pmax) that an inverter can supply is determined by the avail-
able power from the primary source. The maximum reactive
power (Qmax) is typically given by the remaining capacity
of the inverter. It is important to note that while this article
presents a method for controlling active and reactive power,
determining Pmax and Qmax based on the primary source op-
eration is beyond the scope of this article.

1) PARAMETER TUNING FOR ACTIVE AND REACTIVE POWER
LIMITATION
Both the proportional and the intergrator constants of the
power limitation controllers shown in Fig. 8 were tuned to
minimize the response time. To exemplify how the time re-
sponse can be identified, a step change in the load of 1 kW
was introduced while one of the three inverters having a power
limitation (Pmax = 0.2 kW). The settling time (ts) was defined
as the time elapsing between the load change and the time
the power delivered by the limiting inverter settles settles
within the range of ±5% of Pmax. Initially, the proportional
constant kpA is varied while the integral constant kIA is man-
tained constant at its optimal value. Fig. 9(a) shows the system
response in terms of active powers of the three inverters as
kpA is varried, while Table 1 shows the settling times. The
optimum value of kpA was found to be around 0.02, where the
settling time is at minimum (50 ms). It is important to note that
the response time is also affected by the power measurement
where the power calculation needs to be averaged over one
ac cycle. Similarly, the integrator of the controller is tuned by
varying kIA while keeping the proportional term to the optimal
value previously defined. Fig. 9(b) shows the system response
and Table II shows the settling times. In this case, the integral
constant was chosen to be 3 with a minimum settling time of
55 ms.

A similar approach was also followed to find the opti-
mum gains of the reactive power limitation controller. A step
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FIGURE 9. Active power limitation dynamics (a) varying kpA mantaining kIA

constant and (b) varying kIA mantaining kpA constant.

TABLE 3. Settling Times for Different Values of KpR

change in load of 1 kVAr is introduced with inverter one hav-
ing its reactive power limited to 0.2 kVAr. The proportional
constant kpR is varied while the intergral constant kIR is kept
constant at its optimum value. Fig. 10(a) shows the reactive
power variations of the three inverters during the transitory
process and Table 3 shows the settling times. The optimum
value of kpR was found to be 0.002. kIR is then varried, while
kpR is kept constant at its optimum value. Fig. 10(b) shows the
system reponse and Table 4 shows the settling times, where

FIGURE 10. Reactive power limitation dynamics (a) varying kpR

maintaining kIR constant and (b) varying kIR maintaining kpR constant.

TABLE 4. Settling Times for Different Values of kIR

the minimum settling time was found to be 60 ms at kIR =
0.07.

E. INVERTER SYNCHRONIZATION TO THE MG
Before connecting the inverter to the MG, it is necessary to
ensure that the phase and voltage magnitude at the output
terminal of the inverter are closely matched with those of
the MG. This provides a seamless connection with minimal
transients. It is important to note that this presynchronization
in GFM inverters is done only for the initial connection of
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FIGURE 11. Control of Sw1 relay switching after synchronization.

FIGURE 12. Differential single-phase inverter.

the inverter to the MG. Once the breaker is activated, this
synchronization loop is disabled, and the inverter continues
to operate governed by the self-synchronizing VOC. In this
article, a presynchronization circuit was developed according
to [20], represented by the following equation:

isync = vMG − voi

kvRs
− vo

kvRsh
(11)

where voi and vMG are the local voltage of the ith synchroniz-
ing inverter and the MG voltage, respectively.

The synchronization is based on adding a series virtual
resistance Rs and a virtual shunt resistor Rsh. The values of
these virtual resistances are chosen according to the speed and
the accuracy of synchronization. Therefore, after the presyn-
chronization circuit is enabled by ENsynch, the added virtual
circuit will create a synchronization current [defined by (11)],
which is added to the VOC capacitor current. In this way, the
VOC reference voltage and phase angle are modified to match
those of the MG, thus ensuring synchronization. Before the
physical connection to the MG (i.e., closing the relay Sw1)
is executed, a synchronization verification check is done as
shown in Fig. 11. After the local voltage matches within a
certain threshold vth, with the MG voltage for a certain time
twait, the relay Sw1 is closed.

F. ACTIVE POWER DECOUPLING
As already mentioned, APD removes the low-frequency os-
cillations (particularly the second order) from the dc-link
current. This is typically achieved by redirecting the oscil-
lating power component to an auxiliary circuit containing
film type capacitors. In this article, the single-phase inverter
shown in Fig. 12 is implemented to achieve this function. A
detailed analysis of this topology is provided in [42]. The

FIGURE 13. FFT of dc-link current: (a) without APD and (b) with APD.

main advantage is that it achieves APD without adding ad-
ditional semiconductor devices and associated components
(e.g., drivers and heatsinks), but only the two film capacitors
(C1, C2). Furthermore, no additional sensors are required be-
yond those used for controlling the conventional inverter [47].
With the APD function, the size of the capacitance required
for the dc-link is reduced, which enables the implementation
of an all-film inverter.

The APD is activated by the decoupling controller rep-
resented in Fig. 3, which implements the following transfer
function:

Gd (s) = vcomp

Vdc
=

∑
h=2,4,6

2k jD (hω) s

s2 + (hω)2 (12)

where h and kjD are the harmonic order and the gain of the
controller, respectively. More details on the design of this
controller are provided in [39].

The APD controller amplifies the second, fourth, and sixth
order harmonics present in the dc-link voltage, and its output
is added to the modulating voltage as a common mode signal
to generate the pulses for the inverter. Because the compensa-
tion voltage includes even harmonics, the modulation signal
is not centered to half, as in the conventional case, so a signal
centering block is added to avoid asymmetrical saturation of
the duty cycles by shifting the duty cycles to have equal upper
and lower reserves [39]. By this way, the low-frequency power
oscillation in the dc-link will be processed by the decoupling
capacitors C1 and C2. Fig. 13 shows the FFT analysis of
the dc-link current with and without APD. It is evident that
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TABLE 5. System Parameters

enabling the APD eliminates the low-frequency (i.e., 100 Hz)
current component.

III. SIMULATION RESULTS
To demonstrate the performance of the proposed control strat-
egy, a simulation model consisting of three parallel connected
inverters, as depicted in Fig. 2, was developed. The controller
was implemented in discrete form and the whole controller
subsystem was triggered at the PWM sampling period to
replicate the operation of a real-time control. The simulations
were performed using specialized power electronics software.
The parameters of the model are synthesized in Table 5. The
simulation results cover various cases of interest to validate
the proposed MG operation, as discussed below.

A. PRIMARY CONTROL
In this case, the response of the primary control is tested
when the MG is powered by all three inverters. Fig. 14 shows
the output currents, active powers, load voltage, and dc-link
voltage in the case of a linear resistive load. At t = 0.4 and
0.6 s, the second and third inverters are added to the MG
following a synchronization procedure discussed further. The
dc-link voltage includes the transitory regime at the moment
of connecting a new inverter.

A similar analysis is done for a nonlinear load, and Fig. 15
shows the output currents, active powers, load voltage and dc-
link voltage. A 1-kVA nonlinear load (bridge rectifier with RC
load) was used. At t = 0.4 and 0.6 s, the second and third
inverters are added to the MG. Despite the current absorbed by
the nonlinear load being highly distorted the output voltage is
maintained quasisinusoidal (THDV = 1.66%). The distortion
of the output voltage is due to the odd harmonics introduced
by the nonlinear load. In both cases, connecting the inverters

FIGURE 14. Connection of three parallel inverters with linear load:
(a) output currents; (b) output active powers; (c) load voltage(vo, vrms); and
(d) dc-link voltages.

does not disturb the MG, while being able to share the powers
equally (no limitation is enforced).

B. SECONDARY CONTROL
The ability of the proposed secondary controller to restore
the frequency and voltage is analyzed in this section and the
results are presented in Fig. 16. The secondary control was
tested under two scenarios, one involving a step change in
load active power and the other a step change in load reactive
power.

In the first case shown in Fig. 16(a), a 1-kW active load is
switched ON at t = 3 s and OFF at t = 6 s. In both scenarios,
the secondary control restores the voltage within 2 s. The
response of the secondary control to restore the frequency was
illustrated through switching ON and OFF a capacitive reactive
load (QL = 500 VAr) at t = 20 s and t = 30 s, respectively.
Fig. 16(b) shows that, within 8 s, the secondary controller
restores the frequency to its nominal value. Both voltage and
frequency restoration processes follow the designing condi-
tions discussed in Section II-C.
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FIGURE 15. Connection of three parallel inverters with nonlinear load:
(a) output currents; (b) output active powers; (c) load voltage(vo, vrms); and
(d) dc-link voltages.

C. POWER LIMITATION
The operation of the active power limitation controller is
demonstrated in Fig. 17. Two cases were considered to
demonstrate the operation of the active power limitation con-
troller. In the first case shown in Fig. 17(a), a 1 kW increase
in load active power is introduced at t = 3 s and switched
OFF at t = 6 s. Inverter 1 is considered to have a power limit
Pmax = 0.2 kW. As the power being drawn exceeds Pmax

for inverter 1, its output power is limited to 0.2 kW. The
remaining inverters that operate under their capacity limits
supply the extra power to balance the load consumption. In
the second scenario shown in Fig. 17(b), the inverters have
no power limitation when a step increase in active load is
introduced at t = 3 s. Therefore, all the inverters share the load
power equally. At t = 6 s, the active power limit (Pmax) for
inverter 1 is set to 0.2 kW. While inverter 1 reduces its power
to 0.2 kW, the other inverters, which have not yet reached
their capacity, increase their output power to balance the load
consumption. Also, as shown in Fig. 17, the secondary control
properly restores the voltage under power limitation in both

FIGURE 16. Secondary control with the proposed control: (a) step change
in active power and (b) step change in reactive power.

scenarios presented. Similar implementation was performed
to demonstrate the operation of the reactive power limitation
controller, and the results are presented in Fig. 18.

In practice, reactive power limitation is enforced when the
inverter reaches its capacity due to active power injection.
Another case is for optimizing power flow within the MG.
To demonstrate the effectiveness of this method, the active
powers are maintained constant and vary only the limits of
the reactive powers. In the first scenario shown in Fig. 18(a),
a step increase in capacitive reactive load (0.5 kVAr) is in-
troduced at t = 20 s with inverter 1 having its Qmax set to
0.1 kVAr. Inverter 1 limits its reactive power and the re-
maining power is supplied by the other inverters with more
capacity. At t = 30 s, the reactive load is switched OFF. In the
second scenario shown in Fig. 18(b), initially, the inverters
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FIGURE 17. Active power limitation: (a) inverter 1 limited during start up
and (b) inverters sharing equal power initially, then reduce pmax during
operation.

share the reactive power equally and Qmax for inverter 1 is
set to 0.1 kVAr during operation at t = 30 s. The secondary
control also restores frequency within 8 s under reactive power
limitation.

D. SYNCHRONIZATION
Fig. 19 shows the MG voltage at PCC and the output volt-
age of one of the inverters before and after synchronization.
Before synchronization is enabled, the magnitudes and phase
shift of the two voltages are different, as shown in Fig. 19(a).
After enabling synchronization (ENsynch = 1) at t = 0.5 s, the
inverter output voltage quickly aligns to the MG voltage at the
PCC. Once the difference between the two voltages is within

FIGURE 18. Reactive power limitation: (a) inverter 1 limited during start
up and (b) inverters sharing equal power initially, then reduce qmax during
operation.

a certain tolerance (according to the algorithm in Fig. 11), and
after the settling time (twait) has elapsed, the inverter connects
to the MG. Fig. 19(b) illustrates the synchronization process
described, where inverters 1 and 2 are already connected to
the MG, while inverter 3 undergoes synchronization.

IV. EXPERIMENTAL VALIDATION
To validate the simulation results, an experimental setup was
built as shown in Fig. 20, according to the MG structure
presented in Fig. 2, with the MG setup consisting of two
inverters. Due to their implementation, one with IGBT and
the other with silicon carbide (SiC) transistors, the switching
frequencies of the inverters are 20 and 40 kHz, respectively. A
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FIGURE 19. Synchronization process: (a) before synchronization and (b)
synchronization enabled.

FIGURE 20. Experimental setup of the proposed MG.

switching frequency of 40 kHz was chosen based on the effi-
ciency analysis presented in [48] for this type of SiC inverter.
For the IGBT inverter, the switching frequency (20 kHz) was
selected based on the implementation of a similar inverter in
[39]. The other parameters are shown in Table 5. Each inverter
was controlled by a separate dSPACE DS1103 controller, and
the waveforms were acquired through ControlDesk software.
The communication between the inverters for the secondary
controller implementation was achieved through a CAN com-
munication protocol. Two separate dc power supplies were
used as primary sources for the two inverters. The inverters
control is discretized in Simulink before being programed into
dSPACE. The sampling frequency was chosen to be equal to

FIGURE 21. Inverter steady-state waveforms: output and inductor current,
output voltage, duty cycles, and dc-link voltage.

the switching frequency of the inverters. The voltages and cur-
rents were measured using Hall effect transducers (LV25NP
for voltages and LA55P for currents) and the resulting signals
are provided to the processor’s ADCs. The numerical resolu-
tion of the analog signals is 16-bit, while the processor uses
floating-point number representation. The PWM generator
has a time step of 100 ns and uses 16 bit registers, thereby
its resolution depends on the switching frequency, i.e., 8.9 bit
for the IGBT inverter and 7.9 bit for the SiC inverter.

The analysis presented below synthesizes different case
scenarios to experimentally validate the operation of the pro-
posed system.

A. PRIMARY CONTROL
In this case, the main signals of one of the two inverters
forming the MG are provided. Fig. 21 shows the currents
[filter current (iL1) and inverter output current (io1)], output
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FIGURE 22. DC-link voltage when there is step change in load.

FIGURE 23. Secondary control with local integrators.

voltage, duty cycles, and dc-link voltage with a linear resistive
load. It is important to note that iL1 and duty cycles (d1, d2) are
not purely sinusoidal due to the common mode compensation
voltage containing even harmonics added to the modulating
signals to achieve APD. However, the output voltage is not
affected as it is a differential component. The THD of the
output voltage is 2.5%. Another source of voltage distortion is
the inherent third harmonic introduced by the VOC. The effect
of APD on the dc-link voltage is shown in Fig. 21, where the
low-frequency oscillations have been significantly eliminated.
Fig. 22 shows the dc-link voltage including transitory regime
when a step change of 1-kW active load is introduced at t =
0 s and t = 2.8 s. It can be seen that the oscillation stabilizes
within approximately 50 ms.

B. SECONDARY CONTROL
To demonstrate the effect of clock drift on the performance
of the secondary controller, a decentralized secondary control

FIGURE 24. Secondary control with the proposed control: (a) step change
in active power and (b) step change in reactive power.

was implemented with only local integrators and no com-
munication between the inverters. The results are shown in
Fig. 23. The secondary control was enabled at t = 6 s. De-
spite the controller being able to regulate the frequency and
voltage to their nominal values, it can be observed that the
active powers continue to diverge as time progresses because
of clock drift, resulting in an unstable equilibrium operating
condition.

With the implementation of the proposed secondary control
method, where each inverter exchanges information about
the active and reactive powers, the challenges introduced
by the clock drift are curtailed. Furthermore, the proposed
secondary control maintains power sharing, ensuring propor-
tional power contribution from each inverter and preventing
excessive strain on any unit.

To evaluate the accuracy of the active and reactive power
sharing of each unit, the power sharing error of the ith unit
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FIGURE 25. Active power limitation: (a) inverter 1 limited during start up
and (b) inverters sharing equal power initially, then reduce pmax during
operation.

can be defined as follows:

Perr(i) % =
∣∣∣∣ P(i,ref) − Pi

P(i,ref)

∣∣∣∣ .100 (13)

Qerr(i) % =
∣∣∣∣Q(i,ref) − Qi

Q(i,ref)

∣∣∣∣ .100 (14)

where P(i,ref and Q(i,ref) are the reference active and reactive
power, respectively. Pi and Qi are the actual inverter output
powers of the ith unit.

As shown in Fig. 23, Perr (i) % and Qerr (i) % diverges with
time. Fig. 24(a) shows the performance of the proposed sec-
ondary control when there is a step change in load active
power (PL). At t = 0 s, a 1-kW load is introduced, and at t =
3.1 s the load is turned OFF. In both cases, the secondary con-
trol restores the voltage within around 2 s, while maintaining
power sharing. As shown in the figure, the power sharing error

FIGURE 26. Reactive power limitation: (a) inverter 1 limited during start
up and (b) inverters sharing equal power initially, then reduce qmax during
operation.

of inverter 1 and 2, Perr (1,2) % � 0%. A similar scenario was
also performed to test the response of the secondary control
to a step change in reactive power (QL). Fig. 24(b) shows the
reactive powers supplied by each inverter, the load power and
the frequency. In both cases of turning ON and OFF the reactive
load, the frequency was restored within around 8 s. In this
particular case, Qerr (1) % � 4% and Qerr (2) % � 0.7%. As
can be seen, the experimental results closely align with the
simulations.

C. POWER LIMITATION
As already described, the power limitation controller can limit
the output power of the converter depending on its operating
conditions. To experimentally validate the operation of the
active power limitation controller, two scenarios were consid-
ered. In the first case presented in Fig. 25(a), a step increase
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FIGURE 27. Synchronization process: (a) before synchronization and (b)
synchronization enabled.

of active power (1 kW) is introduced at t = 0 s, with inverter
1 having its active power limited to 0.25 kW and inverter 2
having no power limitation. The power supplied by inverter
2 is constrained only by its capacity (1 kVA). During a step
increase in load, inverter 1 limits its output active power to
0.25 kW, and the other inverter that has not yet reached its
limit increases its output power to balance the load consump-
tion. At t = 3.1 s, the load is switched OFF. As shown in
Fig. 25(a), the secondary control also restores voltage under
active power limitation constraints. In the second case shown
in Fig. 25(b), the inverters are initially turned ON with equal
power sharing (no power limitation enforced). At t = 3 s, Pmax

for inverter 1 is reduced to 0.25 kW. As shown, inverter 1
limits its output active power to Pmax, while the remaining
power is provided by inverter 2. Additionally, the results prove
that the secondary control restores the voltages during power
limitation.

Similar scenarios are tested for the reactive power limita-
tion controller and the results are presented in Fig. 26. In case
1, a step increase in reactive load is introduced at t = 0 s, with
inverter 1 having its reactive power limited to 0.1 kVAr. As
shown in Fig. 26(a), inverter 1 limits its reactive power and in-
verter 2 supplies the remaining load power. In case 2 shown in
Fig. 26(b), Qmax for inverter 1 is changed to 0.1 kVAr at t = 10
s. Its output power is reduced to 0.1 kVAr demonstrating the
ability of power limitation to control the power dispatched by
the inverter. The results also demonstrate that the secondary
control restores the frequency within 8 s.

D. SYNCHRONIZATION
Before synchronization, deviations in both the magnitude
and the phase are observed between the MG voltage at the
PCC and the inverter output voltage. As the frequencies of

these two signals are different initially, this implies that the
rate at which their phases are changing is different. So the
phase difference is a function of time. Fig. 27(a) shows the
phase difference at a particular instant before synchronization.
Once synchronization is enabled, the two signals are matched
both in terms of amplitude and phase, ensuring a seamless
connection of the inverter to the MG. Fig. 27(b) shows the
synchronization process. At t = 0 s, synchronization is en-
abled, and the inverter connects to the MG after the two
signals match within the acceptable tolerance for a certain
time (twait).

VI. CONCLUSION
The need to effectively control and manage diverse distributed
energy resources necessitates more research on MG control
strategies. To manage the intermittent nature of renewable
energy sources and the constraints posed by primary sources,
this article presented a power limitation controller for VOC-
based inverters to dispatch power according to the operating
conditions of the primary source. The controller successfully
limited both the active and reactive power supplied by the
inverters, which is essential for optimizing primary source’s
capacity utilization and preventing inverter overload. Further-
more, this article developed a secondary controller integrated
with the VOC, designed to be robust against the effects of
clock drifts in digital controllers. To this end, a decentralized
secondary controller using a distributed averaging approach
was implemented. The proposed controller restored the fre-
quency and voltage to its nominal value while maintaining
power sharing. Finally, an APD control was implemented
in the VOC-based inverters to eliminate the low-frequency
components in the dc-link. Various case scenarios were con-
sidered through simulations and experiments to analyze the
performance of the proposed controllers, and the main results
are summarized as follows.

1) The parallel operation of inverters with the proposed
VOC control and APD ensured proper regulation of
the load voltage; experimental measurements showed a
voltage THD of 2.5%, which is well within the typical
limit of 8% set by IEEE 519-2022 power quality stan-
dards.

2) The power limitation controller effectively limited both
the active and the reactive power of each converter in
less than 100 ms, without affecting the MG control
performance.

3) The developed secondary controller effectively regu-
lated the frequency in 8 s and voltage in 2 s as validated
by both the simulation and the experiments; experi-
mental implementation showed the effectiveness of the
proposed method to maintain accurate power sharing
despite the presence of challenges such as clock drifts
inherent in digital controllers. The active power shar-
ing error for both inverters (Perr (1,2) %) was nearly
zero, while for reactive power sharing the errors were
negligible (<5%). Furthermore, by using distributed
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averaging, the conflict between voltage regulation and
active power sharing was minimized.

4) For connecting the inverter to the MG, a presyn-
chronization circuit was developed ensuring seamless
connection of each inverter.

Future article will focus on expanding the control system to
three phase inverters for higher power applications, and on the
compatibility analysis with other classical GFM techniques
such as droop control and VSM.
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