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Abstract—Virtual oscillator control (VOC) is a decentralized
time-domain control technique for ac microgrids where inverters
are regulated to emulate the dynamics of weakly nonlinear
oscillators. VOC enables the design of modular and scalable
systems where inverters can synchronize and share power without
communication and in near real-time. In this paper, we show how
off-the-shelf commercial inverters with current control can be
reprogrammed to behave as voltage sources with virtual oscillator
dynamics for deployment in islanded settings. We focus on
commercial grid-tied inverters that have an inner current-control
loop and show how the outer-loop controls can be straightfor-
wardly modified to enable voltage-control-mode operation. To
illustrate the practicality and ease of our approach, the proposed
strategy was implemented on a 3.2kVA experimental test bed
composed of 10 SunPower-brand micro-inverters with special
firmware for VOC implementation. Results from the experiments
not only demonstrate feasibility of the proposed dual-loop VOC
architecture on a hardware setup but also show improved voltage
regulation due to the additional voltage control loop.

I. INTRODUCTION

Multi-inverter microgrids (such as the one shown in Fig. 1)
entail a multitude of technical challenges (e.g., stability,
control design, voltage and frequency regulation) and have
attracted considerable attention from both academia and indus-
try [1]-[5]. To achieve communication-free synchronization
among inverters, a majority of efforts have focused on droop
control, which is a classical method that draws inspiration from
synchronous machine systems [6]-[8], while other existing
approaches [9], [10] control inverters to mimic the physical
features of synchronous generators. On the other hand, depart-
ing from machine-based approaches in this application setting,
virtual oscillator control (VOC) is a recently proposed control
strategy, [4], [11]-[15], where inverters are programmed to
emulate the dynamics of weakly nonlinear limit-cycle oscil-
lators such as the Van der Pol (VDP) oscillator [16], [17].
It has been shown that VOC enables modular and scalable
microgrids where synchronization, power sharing [4], as well
as voltage and frequency regulation [18] are obtained without
communication. Recent results also show that VOC subsumes
the functionality of conventional droop control while provid-
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ing enhanced speed [11], [19], [20] due to its time-domain
implementation.

At its core, the principle behind droop control is the
enforcement of a linear relationship of measured real and
reactive power with respect to frequency and voltage, respec-
tively, at the inverter output terminals [11]. The distinctions
between VOC and droop control have been characterized in
[11], [19], where VOC provides enhanced synchronization
dynamics over droop control due to its instantaneous power
computation without the need for additional filters and aver-
aging [11]. From an implementation standpoint, a dual loop
structure consisting of outer voltage loop and inner current
loop is commonly employed for droop controlled inverters
to regulate output voltage characteristics [3], [21]. However,
in [4], [11], [18]-[20], all prior implementations of VOC
utilized conventional pulse width modulation (PWM) where
the averaged switch terminal voltage was modulated to track
the underlying oscillator dynamics directly. Although these
initial implementations were simple, they came with the fol-
lowing disadvantages: i) diminished voltage regulation caused

Load Bank

Fig. 1. Illustration of system architecture considered in this work: A modular
system of N parallel current-controlled inverters programmed to behave in
grid-forming mode providing reliable power to local loads in the absence of
a grid.
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Fig. 2. The proposed dual-loop control architecture comprises a VDP
oscillator, an outer voltage control loop, and an inner current controller. We
illustrate details for the j inverter above.

by output-filter voltage drops [18], ii) the virtual-oscillator
controlled inverters can only be regulated as voltage sources,
lacking compatibility with current controlled inverters, and iii)
dependence on particular modulation schemes. In an attempt
to bypass these limitations, a method was recently proposed
in [22] that relied on a virtual inductance branch to generate a
current command which was then fed to a downstream current
controller. Although the method in [22] allowed for the use
of VOC in current-controlled inverters, it does not allow for
direct voltage control and departs from dual-loop structures
which are known to have high bandwidth.

To address these issues while retaining compatibility with
current controlled inverters, we propose an implementation
where the VOC generates a voltage command which is then
fed to a dual-loop control structure (which contains an outer
voltage and inner current control loop). Specific control imple-
mentation and stability analysis are presented in Section II. The
proposed dual-loop VOC implementation is experimentally
validated in SectionIIl. Concluding remarks and contribu-
tions are given in SectionIV. Although the proposed control
approach is generalized and applicable to many converter
types, we restrict our focus to SunPower brand micro-inverters
with an inner current control loop. The proposed method can
be carried out with a straightforward firmware modification
which allows the converter to retain key functionalities such
as protection. Experimental results are obtained for a system
of ten parallel connected micro-inverters with the proposed
controller modification.

II. A DUAL-LOOP STRUCTURE TO ENABLE VOC
IMPLEMENTATION

In this section, we begin with an overview of the controller
implementation, following which we discuss the system dy-
namical model. Finally, we outline an approach to establish
synchronization of the dynamics.

A. Controller Implementation

Consider the multi-inverter system architecture in Fig. 1
which consists of N parallel-connected inverters and a load.

2

Referring to Fig.2, Ly ; and Ry ; are j-th inverter-side induc-
tance and resistance, L, ; and Iz, ; are the grid-side inductance
and resistance. Moreover, ¢; and 4, are inverter-side and grid-
side currents, respectively. The proposed control architecture
has the following subsystems: i) a VDP oscillator that gener-
ates an outer voltage loop command v} and is implemented
in digital form after discretization, ii) a capacitor voltage vy;
control loop that tracks the VOC voltage command with a
proportional resonant (PR) compensator, and iii) an inner
current-control loop leading to a current-controlled inverter.
Basically, in addition to the original VOC schemes in our
previous publications [11], [18], the capacitor-voltage v¢; loop
and inverter-side current i, loop have been implemented in the
proposed architecture. Significantly, since each controller only
requires locally available measurements, this yields a modular
architecture with plug-and-play capabilities.

For the j-th inverter, the continuous time dynamics of the
virtual-oscillator inductor current, 77, and the voltage loop
command, v}, are given by (see Fig. 2)

dir, v}
L— =y, =L
dt IRy
dv¥ v*? M
d—tj = —Ozj—2 + oV} — KyiL — Kykiij.
v
Combining the two equations above, we get
d*v* dv? di;
dt; — ewo (1 — vi) d—tj + UJQ’U; = —ewmvmid—tj, 2)

where, we define constants ¢, 3, and resonant frequency, w,

as follows:
/L 5= 3« 1
Ve K20’ w*\@'

As outlined in [4], the VOC parameters can be engineered
such that the terminal voltages and system frequency stay
within user-defined limits (see [18] for a comprehensive design
procedure). A scaled value of the j-th virtual capacitor voltage
serves as the reference for the downstream PR compensator,
v} = Kyvcj. The PR compensator in turn regulates the output
capacitor voltage, v¢;. Lastly, the current controller regulates
the converter-side inductor current, 7;, by modulating the
power semiconductors.

Since we are interested in line frequency dynamics, the
implicit modeling assumption is that the filter inductor current
is equal to the output current, i.e., i; ~ i, when averaged over
a switch cycle; and the reference gating signal is emulated at
the terminals, i.e., vgj & Gc(i]*- —ij).

A3)

B. System Dynamic Model

In the following, z(s) denotes the Laplace-transform of
the time-domain signal z(t). Furthermore, define matrix II =
In — %1 NlJTv’ and note that entries of vector Ilx are the
differences of individual entries of x from the average of all
entries of x. Finally, I is the N x NN identity matrix, and 1
is a length-N vector with all entries equal to unity.
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Fig. 3. Block diagram representation of the complete interconnected system.

Suppose NV inverters are connected in parallel to supply a
resistive load, Rjoaq. Let the vectors y = v* = [vf,...,v3]"
and i* = [if,...,i%]T collect the reference voltages and
reference currents, respectively. A block diagram capturing
controller and physical-side dynamics is shown in Fig.3. In
this block diagram, the PR controller is represented by transfer
function Gpgr(s) given by:

KRS
52+ w?’ @
where Kp is the proportional gain, Ky is the resonant
gain, and w is the nominal frequency. Furthermore, G¢(s)
represents the transfer function of the current controller, and
A captures the nonlinear dynamics induced by the virtual
oscillator circuits (2). In particular, denoting 2 € RY

Gprr(s) = Kp +

wlfyvidt, ..., [y ogdt]T, y € RY = o* = [uf,..., 03],
system A encapsulates the following state-space model
T = wy,
= —wz + H(y) — ewkykil. (5)
Above, the entries of H(y) are given by:
) =ewo (1= 58) G =1, ©

Finally, Y (s) denotes the admittance matrix of the electrical
network, and for a resistive load, R),.q, it take the form:

Yg(s) (IN— Yo 1N1%>,

Y (s) T —
Nyg + Riaq
where y,4(s) = (Ry + sLg) ™"

)

C. Stability Analysis

To establish sufficient conditions for global asymptotic
synchronization, we: i) first build an incremental system that
looks at the dynamics of the terminal voltage differences, v;,
among the inverters in time domain, ii) capture the electrical
network description that relates the terminal voltages to the
feedback current in frequency domain and then construct
its state space realization to get a time-domain formulation,
and iii) propose a quadratic Lyapunov function based on the
states of the incremental system and the realized states of the
electrical network system [4].

Multiplying IT on both sides of (5), the state space descrip-
tion of the nonlinear oscillator subsystems in the incremental
system is

1z = wlly,

Iy = —wllx + HH (y) — cwky ki1, ()

3

From the block diagram in Fig. 3, we derive the transfer
function between i(s) and y(s). We begin by writing:

Go(s)Grr(s) (Y(s)y(s) —i(s))
=i(s) Iy +Y(s)Gc(s)). ©)

Isolating the map from y(s) to i(s) above, we get:

i(s) = (In (1 + GcGrr) + Y (s)Ge) ™ GprGe(s)Y (s)y(s)
=:T(s)y(s). (10)

It can be verified that IIT(s) = T'(s)II. Therefore, Ili(s) =
T'(s)Iy(s). Thus, the incremental system can be equivalently
seen as the feedback interconnection of the nonlinear oscillator
dynamics, A, and the linear system 7'(s) (See Fig. 3). Next, we
seek to leverage the properties of these subsystems to establish
global asymptotic synchronization.

Let us assume G¢(s) and Gpr(s) are designed taking Y'(s)
into account such that 7'(s) is positive real and therefore from
the KYP lemma [16], for the minimal realization (4, B, C, D),
where T'(s) = C(sI — A)™1B + D, there exist matrices P =
PT » 0, L and W such that

PA+ATP=-L"L,
PB=CT - LTw,
WTw =D+ D",

an

The corresponding state-space representation is given by:

€ = A¢ + Blly,

Ili = C¢ + DIly. (12)

Now for the combined system (8)—(12), consider the poten-
tial function

V = (Iz) "Iz 4 (y) "Iy + %mmingg. (13)

The time rate of change of the potential function is given by:

V = (Ily) "TIH (y) — ek ks (Hy) T T

+ %ami (£T"(PA + AT P)¢ + 2¢T PBITy) (14)
ervi [ €T [LTL L™W ¢
=2 |y (WTL WTW - 2220y |y

=:F
(15)

If the gains k. and k; are chosen such that matrix E is positive
semidefinite, we can invoke Lyapunov and LaSalle arguments
to conclude global asymptotic synchronization.

III. HARDWARE VALIDATION

In this section, we describe the microgrid test-bed setup and
present experimental results to validate the concept.
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Fig. 4. Experimental setup consisting of 10 SunPower brand micro-inverters
and a load bank. The micro-inverters were programmed with the proposed
dual-loop control scheme illustrated in Fig. 2.

A. Microgrid Testbed Setup

To demonstrate feasibility of the proposed approach, a
3.2kVA microgrid testbed is constructed. As shown in Fig. 4,
10 SunPower brand micro-inverters, powered by a 60 V/83 A
AMETEK dc power supply, are connected in parallel to
supply a variable resistive load. In particular, we realize the
resistive load with a 5kW Simplex brand load bank. The
micro-inverters communicate with a PC through a power
line communication (PLC) module in the system. The PLC
module broadcasts inverter command signals, i.e., turn-on/off
commands. Using these control commands emulating control
signals from a higher-level controller, e.g., a system opera-
tor, the test-bed can demonstrate microgrid operation under
different conditions. (Note that the communication between
the micro-inverters and PC is only used to broadcast high-
level on/off signals; no high fidelity communication is needed
for actual inverter operation.) The commercial inverter control
firmware is modified to implement the VOC dynamics with
the outer voltage PR compensator and inner current controller.
Relevant control parameters are shown in Table I. The VOC
parameters are designed based on the design procedure in [18]
to implement 5% droop characteristics (V:P and w:@ droop
is used in this testbed).

B. Experimental Results

Using the microgrid testbed, the key functionalities of VOC
are validated on commercial hardware. In particular, we focus

TABLE I
CONTROL PARAMETERS

Variables Values

Ky = 240V/V, k; = 0.15A/A

w = 2760 rad/s

Kp =0.1A/V, Kg =0.005A -s/(V -rad)
e =0.015Q, C =0.1763F, L = 39.90 uH
a="T7198A/V3 0 =10800Q"1

Scaling Factors

System Frequency

PR controller

Oscillator Parameters

Oscillator Parameters

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications
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Fig. 5. Black start operation with a VOC inverter. Chl: iog2, Ch3: iog1,
Ch4: vog.

Fig. 6. Dynamic synchronization and load sharing of VOC inverters. Chl:
iogQ, Ch3: iog1, Ch4: Vog

on system black start, addition and removal of units, and
transients induced by load steps.

1) Black start Functionality: Black start functionality of
grid forming inverters is critical for system resiliency in
inverter-based systems [23]. Fig. 5 shows black start operation
of the VOC inverters under a 250 W load. In this experiment,
two VOC inverters are connected to the system while only
inverter# 1 is commanded to black start. Programmed with
oscillator-based controls, the VOC inverter gradually increases
its output voltage and regulates the grid voltage based on its
dynamic and embedded droop characteristics (see details in
[18]). As the output of inverter#2 (which is inactive in this
condition is also connected to the system in parallel), reactive
power demand resulting from its LC'L filter is satisfied by the
inverter# 1 as shown in Fig. 5.
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Fig. 7. Experimental measurements of bus voltage and current waveforms
during load step-down (3kW to 1kW).

2) Unit addition and removal: To obtain a modular and
decentralized system, it is necessary to show that grid-forming
VOC inverters can be added and removed from the system.
Utilization of a pre-synchronization scheme [18], the VOC
inverters can be dynamically added to an energized system.
Fig.6 demonstrates dynamic operation when an additional
inverter is added to the system. After it is activated by a PLC
command, inverter # 2 smoothly synchronizes to the microgrid.
After the transients subside and the inverters are synchronized,
the two inverters collectively operate to regulate the microgrid
voltage and share the load. Note that, as the effective load is
reduced to half, voltage is increased to 234 V by the droop law
embedded in VOC. Due to the presence of the dual inner-loop
controllers, the system retains the voltage defined by the outer-
loop VOC without LC'L filter voltage drops. Since excessive
voltage drops may lead to errors in load sharing, it is clear that
the dual-loop structure not only enhances voltage regulation
but also improves power sharing.

3) Load steps: Figures 7-8 demonstrate system operation
with ten grid-forming inverters under load transients. Figure 7
captures a step-down transient from 3 kW to 1 kW. As the load
decreases the ten VOC inverters adjust their output current
to regulate the grid voltage. Fig. 8 demonstrates a load step-
up from 1kW to 3kW. In summary, measurements show that
the system maintains a rapid response, current sharing, and
a regulated bus voltage during load step transients between
1kW and 3kW.
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Fig. 8. Experimental measurements of bus voltage and current waveforms
during load step-up (1 kW to 3kW).

IV. CONCLUSIONS

In this paper, we propose a dual-loop control architecture
that allows inverters with current controllers to be re-purposed
for voltage control mode operation with VOC. In the proposed
setup, the VOC voltage acts as a command for an outer
voltage-control loop, which in turn actuates an inner current-
control loop. Not only does this extend the applicability of the
VOC to settings where a current control is used, but it also
improves voltage regulation by compensating for any output
filter voltage drops. The dual loop structure was implemented
on off-the-shelf SunPower brand photovoltaic micro-inverters.
Experimental waveforms from a system of ten micro-inverters
demonstrate communication-free current sharing, high band-
width performance, and applicability to commercial hardware.
Future work will be focused on numerical methods that
incorporate the analysis in Section II and the condition in (15)
in particular.
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