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Abstract—This paper offers a suite of extensions to Virtual
Oscillator Control—a time-domain control method for islanded
inverters whereby they are controlled to emulate the dynamics
of weakly nonlinear limit-cycle oscillators. First, we develop a
coordinate transformation to derive the PWM switching signals
from the oscillator dynamic states in a manner that allows the
inverter terminal-voltage amplitude and frequency to be traded
off against a parametric linear combination of average active
and reactive power. Additionally, we compare the time-domain
performance of VOC to droop control for parallel connected
inverters in two cases: synchronization from a cold start and
inverter addition. Finally, with a view towards developing output-
filter-design strategies as well as outlining strategies for grid-
connected operations, we derive a sufficient condition for a
Virtual-Oscillator-controlled inverter to be entrained to a stiff
voltage source.

I. INTRODUCTION

The goal of decentralized real-time control in islanded
power-electronics based systems is to regulate the constituent
inverters’ terminal-voltage amplitude and frequency. Most
literature in this domain focuses on incarnations of droop
control [1]-[4]; wherein inverter active- and reactive-power
injections are linearly traded off with terminal voltage and
frequency. Markedly different from droop control—which
relies on phasor quantities that are only well defined in
quasi steady state—a compelling time-domain alternative is
to control the inverters to emulate the dynamics of weakly
nonlinear Liénard-type limit-cycle oscillators [5]. This method
is termed Virtual Oscillator Control (VOC). It is implemented
by programming the dynamics of the oscillators onto the
inverters’ microcontrollers, and utilizing sinusoidally varying
oscillator states to construct pulse-width modulation (PWM)
control signals. Our previous efforts have established several
advantages of VOC including the ability to: i) stabilize arbi-
trary initial conditions to a stable sinusoidal steady state [6],
ii) achieve system-wide synchrony without any communica-
tion [7], and iii) contend with linear and nonlinear loads [5].
In this paper, we offer some extensions to our previous work
that facilitate design and simplify analysis of VOC.

Recently, we proved that droop laws in resistive networks
(where real power is traded off for voltage amplitude and
reactive power is traded off for frequency) can be uncovered in
the averaged sinusoidal-steady-state dynamics of Van der Pol
oscillators [6]. Building upon this, we develop an extension
that allows one to recover a whole family of droop relations
(e.g., real power can be traded off for frequency and reactive
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power for voltage, as would be desired in inductive networks).
The approach is based on constructing the inverter PWM
switching signals by formulating a coordinate transformation
that implements an angular displacement of the oscillator
dynamic states. As the angular displacement is varied, we
show that the VOC dynamics in sinusoidal steady state vary
from mimicking droop laws in resistive networks to those
in inductive networks. In essence, we demonstrate that the
coordinate transformation allows one to recover a suite of non-
linear supersets to droop control. Using the resultant model,
we present a running example for designing VOC for inductive
networks which complements our recent work in [8] where we
presented design strategies for resistive networks.

As a second contribution, we provide time-domain simu-
lations to compare VOC with droop control for a parallel
system of inverters serving a resistive load. We investigate
two cases: i) synchronization from a cold start and arbitrary
initial conditions, and ii) addition of an inverter to an already
synchronized system. We show that VOC outperforms droop
control in both the cases since the phase-synchronized equi-
librium is attained much faster. It should be noted that the
comparison is performed for inverters where sinusoidal steady-
state regulation characteristics of both VOC and droop control
are engineered to be approximately equivalent.

Finally, to further formalize design approaches for VOC,
we derive a sufficient condition that establishes when a VO-
controlled inverter with an LC'L output filter will be entrained
with a stiff voltage source with a given frequency and voltage.
Our analysis leverages classical results on entrainment of Van
der Pol oscillators [9]. Simulation results indicate the lower
bound on the amplitude of the driving voltage source to
guarantee synchronization for a small frequency difference.
This analysis not only yields insights into the design of output
filters, but it also paves the way to explore multi-mode (grid-
connected and islanded) operation.

The remainder of the paper is organized as follows. Sec-
tion II introduces VOC and delineates the dynamical model
that captures the inverters AC-time scale behaviour. Using the
model, tunable voltage- and frequency regulation characteris-
tics are derived and are subsequently leveraged to formulate
a VOC design strategy for inductive networks. In Section III,
simulation results in the time domain are provided to compare
the performance of VOC and droop control. Section IV
presents results on entrainment. Finally, we conclude the paper
by outlining a few directions for future work in Section V.
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II. TUNABLE DROOP RELATIONS

In this section, we outline the dynamical model that captures
the AC time-scale behavior of the inverter terminal voltage.
We parametrize the model by introducing a 2-D rotation
matrix for coordinate transformation. The ensuing coordinate-
transformed model establishes a relationship between the
inverter terminal-voltage amplitude and frequency with the
average real- and reactive-power output as a function of the
rotation angle. This enables one to obtain tunable voltage- and
frequency-regulation characteristics, and potentially synthesize
a family of nonlinear supersets to droop control. We begin with
a brief overview of VOC.

A. Controller Implementation

Figure 1 illustrates the implementation of VOC for a single-
phase inverter. The closed-loop controller is a discretized
version of the Van der Pol oscillator dynamics programmed
on the digital microcontroller. The virtual oscillator circuit is
composed of a parallel connection of: i) a harmonic oscillator
with inductance, L, and capacitance, C' (with unforced fre-
quency w = 1/v/LC); ii) a negative conductance —o7; and
iii) a cubic voltage dependent current source, av%, where
ve 1s the capacitor voltage and « is a positive real constant.
The virtual oscillator is coupled to the physical signals in the
inverter through the current and voltage scalings, x; and k.
respectively, as well as a rotation matrix = about an angle .
The virtual capacitor-voltage, vc, and inductor-current, ir,, are
used to construct the signal v (we elaborate on this in the next
section) which is used to generate the PWM signal.

B. Dynamical Model

We begin by writing the circuit equations that describe the
operation of the virtual oscillator circuit. The dynamics of
the virtual-oscillator inductor current, 77, and virtual-oscillator
capacitor voltage, vc, are:

di L dvc U%

LE =0, OW = —Ozfv +ove —ip —kit. (1)

We introduce the following definitions to simplify notation:

L _ . B3 _ S
€~\E, 9(y) =y A 5-—%0. (2)

A state-space model of the VO-controlled inverter in Cartesian
coordinates can be formulated with scaled versions of the vir-
tual inductor current and the virtual capacitor voltage selected
as states, x := Ky€ir, and y := k,vo. With the aid of ¢(-) and
€ defined in (2), (1) can be rewritten in the time coordinates
7 =wt = (1/VLO)t as follows:

&= % =y, §= % =~z +eog(y) —envhii.  (3)
The system dynamics can now be represented on the polar
plane as shown in Fig. 1(b) where V2V = (2% + y2)1/2. The
z and y coordinates are orthogonal and can be expressed as

z(t) = V2V () sin(wt + 0(t)) = V2V (t) sin(é(t)),
y(t) = V2V (t) cos(wt 4 0(t)) = V2V (t) cos(o(t)), (4)

where w is the electrical frequency, 0(t) represents the phase
offset with respect to w, and ¢(t) is the instantaneous phase
angle.

As shown in Fig. 1, we utilize a 2-D rotation to define
another set of orthogonal signals, v(t) and v (t), where v(t)
will subsequently be used to control the inverter terminal
voltage. The values of v and v* can be written in terms of
the states x and y using the rotation matrix, Z, as:

v | | cose sing| |yl Y
[vl} o {— sinp  cos @] [aj} o |:]‘:| ' )

To extract amplitude and phase information, we transform
the voltage signal, v, and its corresponding orthogonal sig-
nal, v', to polar coordinates as: v = v/2V cos(¢ + ¢),
and vt = 2V sin(¢ + ¢). Differentiating the identities:
V2V = /22 + y2 and ¢ = tan~! ﬁ, we obtain the dynamical
equations for V' and ¢ as:

(1]

V= % (Jg(\/ﬁV cos(d)) — Iivliii) cos(o), (6)
bp=1- ﬁ (Ug(\/iV cos(¢)) — Iivliii> sin(¢).

We operate in the € ~\ 0 regime to ensure dynamics that mimic
those of a harmonic oscillator [10]. Furthermore, we average
the dynamics in (6) to focus on AC-cycle time scales. The
resulting autonomous system is much easier to analyze than
the time-varying system (without compromising much on the
accuracy as the analysis is correct up to O(g)) [11]. Let us
denote V and 6 to be 2m-averaged values of V and 6. Then,
recognizing that € \, 0, we can write the averaged dynamics
as [11, Theorem 10.4] [6], [12]:

v
0

chyki [T { cos(T + 0) }
— i 1. — | dr.
212 Jo -% sin(T + 6)
(7)

Since we are interested in uncovering the relationship between
terminal voltage and power, we define the instantaneous active-
and reactive-power injections [13], [14] as:

P(t) = v(t)i(t), Q(t) =v(t —7/2)i(t) =t v (1)i(t), (8)
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Figure 1: (a) Implementation of VOC on a single-phase H-bridge
inverter with LCL output filter. (b) The matrix, =, rofates the
capacitor voltage and inductor current to yield the commanded
inverter terminal voltage v(¢).
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where i(t) is the output current. The average real and reactive
power over an AC cycle of period 27 /w are:

. w 27w . w 27w

P= —/ P(s)ds, Q= —/ Q(s)ds. (9)
21 Jo—o 2m Jo—o

Transitioning (7) from 7 to ¢ coordinates, retaining only O(e)

terms, and using the definitions of active and reactive power

in (8), we get:

d— o — ,8 -3 Ry Ri
—V=—|(V-=V |-

dt 2C ( 2 ) 2C

d— Kk . P Q

%0 = 20 < Sin gf)? -+ cos (725‘/2) .
Thus, we obtain terminal-voltage amplitude and frequency
dynamics that are linked to active- and reactive-power outputs
at the inverter terminals through the 2-D rotation matrix, =.
The steady-state voltage- and frequency-regulation equations
are equilibrium points of the system in (10):

(cos ¢§ + sin ¢§> ,

(10)

o —3 7 [ Lea
— — [cos¢ Vea | _
Ve = 7veq o Lin @} 95-: =0,
_Veq—
[ an
. Kyki[—sing Vil _
Wea =W = S5 [ oS } Qeq | 0,
[V

with Veq, ﬁeq, and @eq denoting RMS voltage amplitude,
average real- and reactive-power output respectively, and
weq 1s the steady-state frequency. With appropriate decou-
pling assumptions, various droop-like laws can be recovered
from (11): with ¢ = m/2 we get that terminal voltage is traded
off for reactive power and frequency is traded off for active
power; similarly, with ¢ = 0, we see that terminal voltage
is traded off for active power and frequency is traded off
for reactive power. These are reminiscent of the ubiquitous
droop control laws for inductive (respectively, resistive) line
impedances.

C. VOC Design for Inductive Networks

The averaged models reveal conclusive links between real-
and reactive-power outputs and the terminal-voltage dynamics;
and therefore, they suggest avenues to design the virtual
oscillators so that the controlled inverter satisfies performance
requirements. With reference to the model in (11), for the
case where ¢ = 0, we formulated a design strategy for
inverters to satisfy performance specifications related to volt-
age regulation, frequency regulation, dynamic response, and
harmonic content in [8]. Here, we explore an analogous design
strategy for the case ¢ = 7/2; which is applicable to inductive
networks.

Accompanying the design strategy to pick system param-
eters, we present a running example for VOC design cor-
responding to the following set of performance specifica-
tions: rated real power 750 W, rated reactive power 750 VAR,
voltage-regulation of £5% around a nominal voltage of 120V,
frequency-regulation of +0.5 Hz around a nominal frequency

of 60 Hz, rise-time of 0.1s, ratio of third-to-first harmonic
2% and load sharing in a parallel setting. The design is
subsequently validated by a switching-level simulation in
MATLAB.

With the choice ¢ = 7/2, the expressions in (11) boil down
to the following:

Veq — ?V(‘Z’q - nvnivi -0, (12)
eq
Ry Ri ﬁ
Weq — —5 = 0. (13)
2
C Veq

To standardize design, we choose k., so that when the VO
capacitor voltage is 1 V RMS, the output voltage is the open-
circuit voltage, V.. Furthermore, we pick ; so that the output
current is 1 A, when rated reactive power, Q,,oq» is drawn
from it. Thus, the choice of k, and k; are taken to be:

_ V..
Ry = Vom Ry = ﬁ
rated

For this choice, let us calculate o in terms of Vi, which
is the inverter terminal voltage when rated reactive power is
drawn from it. Rearranging the terms and substituting values
of Kk, and k; in voltage regulation equation gives
=3
0= — 7‘2/“ — - (15)
VIIliH(VOC -V
Upon substituting Veoe = 120V and Vin = 114V, we get
o =10.79.

To quantify the dynamic response of the VO-controlled
inverter, we analyse how quickly the terminal voltage rises
to the open-circuit voltage. We define rise time, denoted by
trise, as the time taken for the inverter terminal voltage to rise
from 0.1V, to 0.9V .. Furthermore, we capture and quantify
the harmonic content of the terminal voltage through the ratio
of the amplitude of the third-harmonic to the fundamental,
03.1. Following the analysis in [8] for rise-time and harmonic
content in the terminal voltage for an unloaded inverter, we
have:

(14)

min )

6C o s O
o T 8uC
where w is the nominal frequency. Thus, upon imposing the
design requirements (rise-time of 0.1s, ratio of third-to-first
harmonic 2%), we get from (16):
10 C 1
<<
1920 — o — 60
Also, to ensure frequency-regulation of 0.5 Hz, the following
must hold:

(16)

trise ~

7)

o> 1 Voc ?rated
— 470.5 Vmin |Qrated| ’

where we have substituted for x, and k; from (14) in (13)
and assumed the worst-case operating condition that maximum
average active power, Prated, is sourced at the minimum
permissible terminal voltage Vmin. We, therefore, fix C =
10.79/60 F which the satisfies lower bound specified by (18).

(18)
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Figure 2: Switching-level simulations to validate the inductive droop
characteristic derived analytically: (a) Frequency regulation, (b) Volt-
age regulation, and (c) Rise time.

Simulation Results: To validate the design strategy, we
perform a switching-time-scale simulation in MATLAB. The
filter components are chosen as Ly = 1.8 mH, C; = 25 uF,
and Ly = 0.9mH where Ly, Cy, and L, are the inverter-
side inductor, ac-filter capacitor, and grid-side inductor, re-
spectively (see Fig. 1 (a)). Figures 2 (a) and (b) depict
the frequency- and voltage-regulation equations for the VO-
controlled inverter. In Fig. 2 (a), the slope of the curve closely
matches with the analytical expression. However, there is a
constant error of 0.1 Hz which we attribute to the PLL (that
is used to compute the frequency) and numerical solvers used
in the simulation. Figure 2 (b) shows the obtained voltage-
regulation curve. Lastly, the time-domain voltage waveform
in Fig. 2 (c) shows a rise-time of 0.102s (closely matching
the desired value of 0.1s).

III. TIME DOMAIN COMPARISON WITH DROOP CONTROL

In this section, we present simulation results with switching-
level fidelity to compare droop control and VOC in the time
domain. Our simulation study is focused on comparing the
time to synchronize parallel-connected single-phase inverters
serving a resistive load (from a cold start and also for inverter
addition) with the two control strategies.

—VO-controlled inverters
200 —Droop-controlled inverters

[|TIv||2 [Volts]

0 01 02 03 04 05 06 07 08
ts]

(a)

—Droop-controlled inverters
Inverter

o —VO-controlled inverters
Addition

0 01 02 03 04 05 06 07 08
t[s]

(b)
Figure 3: Switching-level simulations illustrate the synchronization

error for VO-controlled inverters and droop-controlled inverters for:
(a) startup from random initial conditions, and (b) inverter addition.

A. Controller Description

We begin with a description of the droop controller and
VOC controller. Note that the VOC controller is designed so
that it offers approximately the same voltage and frequency
regulation as the droop controlled inverter. (See [8] for details.)

Droop control: For the droop controller implementation, we
choose the so-called universal droop laws [15] given by:

Veq = V* + mPFeq )

L (19)
Weq = W + MQQeq -

The real- and reactive-power inputs to the droop controller
are determined by integrating the product of output current
injection and the inverter terminal voltage and its quadrature
component over an AC cycle, respectively (see equations (8)-
(9)). The quadrature component of the voltage is derived by
using a second-order generalized integrator. Additionally, the
real- and reactive-power calculations are filtered through a low
pass filter with cut-off frequency, w. [16].

Virtual Oscillator Control: Next, we design a virtual oscil-
lator controller that emulates the steady-state characteristics
of the droop controller by using the analysis outlined in
Appendix C of [8]. The choice of o and C' are based on the
choice of droop coefficients and is derived using the relation:

_1 ki

szmp 5,

—1 ki
C =mq v
Given which, L can be determined for the nominal system
frequency, w.

The parameters adopted for the simulations that are outlined
next are as follows: ¢ = 0, Veoe =126V, w = 2760 rad/s,
mp = —0.008, mq = 0.01, k, =126 V/V, k; = 0.152 A /A,
95071, a = 6.333A/V3, C = 0.0603F, L =

(20)

o =
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0.117mH, Rjoaq = 220, Switching frequency fsw =
15kHz, Ly = 1.8mH, Ly = 0.9mH, C; = 25uF, low
pass filter for real- and reactive-power calculations for droop
controller, Ht(s) = w./(s + w.) with w. = 2w 10rad/s.

To compare the strategies, we illustrate synchronization
error with the aid of the quantity ||IIv||2, where v is the N-
dimensional vector that collects the inverter terminal voltages.
The matrix Il := Ixy — %11\11% (In is the N x N identity,
and 11 is the IV x 1 vector with all entries equal to one)
is the so-called projector matrix, and by construction, we see
that IIv returns a vector where the entries capture deviations
from the average of the entries in the vector v.

B. Synchronization from a Cold Start

In Fig. 3 (a) we plot the synchronization error for a
collection of N = 3 inverters from a cold start with arbitrary
initial conditions. It is evident that the voltages synchronize
faster with VOC. In particular, with VOC, the inverters syn-
chronize by around ¢ = 0.05s, while with droop control, the
inverters synchronize by ¢ = 0.6 s. We point out that the error
magnitude, i.e., ||IIv||2, at ¢ = 0 for droop control is 71.7V,
significantly lower than 234.8 V for VOC.

C. Inverter Addition

Now, we consider the case of adding a fourth inverter to
the already synchronized system of three-inverters. At ¢t = 0,
both the systems (droop control and VOC) are perfectly
synchronized with ||TIv||2 ~ 0. At ¢t = 0.1s, a fourth inverter
(starting from an arbitrary initial condition) is added to the
system and the deviation of the terminal voltages of the
four inverters from the average are plotted against time for
droop control and VOC. From Fig. 3(b), it can be clearly
seen that VO-controlled inverters synchronize and reach the
phase-synchronized equilibrium considerably faster than those
controlled with droop control.

IV. ENTRAINMENT

In this section, we derive a sufficient condition for syn-
chronizing the inverter to an external stiff voltage source.
The stiff voltage source can be assumed to model a circuit
equivalent of the microgrid electrical network. The results
below can therefore also be interpreted as stability of the
nonlinear control strategy.

A. Entrainment of Van der Pol Oscillators

To develop the analysis, we leverage classical results on the
entrainment property of Van der Pol oscillators, which refers to
the case when the oscillator becomes frequency-locked to the
external forcing function. In a nutshell, the result indicates that
if the forcing is strong enough, and the frequency difference
between the unforced limit cycle oscillation and the forcing
function is small enough, then one can recover oscillations at
the forcing frequency. A precise statement follows next.

Lemma 1. Consider a forced Van der Pol oscillator, with
dynamics described by the following differential equation:

A’z dxr
1- )&
ea( Bx )dt

WJFI = eF coswt ,

2L

I %C;_ij__

Figure 4: Illustrating the output-filter transformation.

where € > 0 is sufficiently small. Assume that the forcing
frequency, w, is nearly equal to the the unforced limit cycle
frequency (given by the unit frequency) up to order O(e?), that
is, w =1+ ke + O(€?) for some k € R. Then, if

F2>02(\/B 2 2>+8k2

YE 4 , 22
NG (22)

2 VB
the Van der Pol oscillator (21) exhibits oscillations at the
[frequency w of the external forcing function.

Proof. See [9], [17] for a proof. O

B. Entrainment of VO-Controlled Inverters

Assume ¢ = 0 (without any loss of generality) and suppose
that the output of the inverter is connected to a voltage source
vg = Vg cos(wgt) through an LCL filter with reactances, Ly,
Lg, and Ct, as shown in Fig 1 (a). To facilitate analysis, we
transform the LC'L filter with a 7 topology, to an approximate
CLC filter with II topology as shown in Fig. 4.! The filter
elements corresponding to the C'LC filter are given by

CiLg CiLg
Ly + Ly’ Ly + Ly’
Circuit equations corresponding to the equivalent filter ar-
rangement can be written as:

Cl - 2 = Ll = Lf + Lg. (23)

diy, v
L—" =—
dt Ky
dv av® . .
E = —? + OV — Kyl — KyKil,
di  v—ug d?v
dt Ll + 1dt2 ) ( )

and, therefore, the system can be compactly described by
v, dv e’k We
— - 1 — Bov?) — v Ay, , (25
dr? <o (1-5v%) dT+U Lyws Os(wf > 25)

where we have re-scaled the original equations with respect
to time by defining 7 := wyt. The parameters ¢’ and wy are

L 1
== = —, (26)
Coa” " V/LeaCoq

with Ceq and Leq given by:

—1
1 Ry KRi
Ceq = C + kykiC, Leq = ( + ) . 227

L Ly

ITo facilitate this transformatlon and the ensuing analysis, we need to
. 1 Ly 1 Ly 1
assume jwly << o Cng + ]wcf jwlg << jo Crlr + TaTers and
jw (Lg + Lg) >> —jw3LiLgCy. We remark that these inequalities are
typically satisfied in practical implementations.
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Figure 5: The space of feasible forcing amplitudes required to
synchronize the inverter to the stiff voltage source is plotted for a
range of grid frequencies ranging from 59.5 Hz to 60.5 Hz.

Now, consider the following result which establishes a para-
metric sufficient condition for the voltage of the inverter to
frequency synchronize with the stiff voltage source.

Corollary 1. Consider the forced nonlinear dynamical system
described by (25). Assume the frequency of the stiff voltage
source, wg, and the frequency of the VO-controlled inverter,
wt, are sufficiently close such that the first-order perturbative
expansion wg/wy ~ 1+ (y/wg)e’ holds with &' << 1. If

M o2 <\/B + i — 2) + ﬁ

(Ls + Lg)*w? 2 VB wi?V/B’
then the inverter terminal voltage exhibits oscillations at the
external forcing frequency, w,.

(28)

Proof. The condition in (28) follows from substituting F' =
Vekivki/(Liwe) and k = 7 /w in (22). O

C. Numerical Simulation

We compute the feasible region for synchronization of the
inverter to the grid by leveraging the condition specified in
Lemma 1, for a grid of 200 samples of forcing amplitude,
Ve, evenly spaced between OV and 169V and a grid of
100 samples of forcing frequency, wg, evenly spaced between
59.5Hz and 60.5 Hz. The simulation parameters are as fol-
lows: k, = 126 V/V, x; = 0.015A/V, a = 4.06 A/V3,
0=6.09Q"", Ly = 1.8mH, L, = 0.9mH, Cf = 25 uF. The
region shaded green in Fig. 5 represents the space of forcing
amplitudes for which entrainment can be guaranteed.

V. CONCLUSIONS AND FUTURE WORK

In this paper, we provided several compelling extensions
to virtual oscillator control. First, we developed a coordinate
transformation with which droop-like relationships can be
generated to relate the terminal voltage and frequency to real
and reactive power output for arbitrary networks. Through
time-domain simulations, we demonstrated the superior perfor-
mance of VOC compared to droop when considering synchro-
nization from cold start, as well as the addition of inverters.
Finally, we examined entrainment of a VO-controlled inverter
to a stiff voltage source. As part of future work, we will
attempt to translate the entrainment conditions into design
strategies. Furthermore, we will also explore design strate-
gies for networks that are not purely inductive or resistive.

Strategies to regulate active- and reactive-power output in grid-
connected mode will also be investigated.

ACKNOWLEDGMENTS

M. Sinha and S. V. Dhople were supported in part by the
Institute of Renewable Energy and the Environment, UMN,
under grant RL-0010-13; the Office of Naval Research under
grant N0O00141410639; and the National Science Foundation
under the CAREER award ECCS-1453921. B. B. Johnson and
N. G. Ainsworth were supported by the Laboratory Directed
Research and Development Program at NREL and by the
U.S. Department of Energy under Contract No. DE-AC36-08-
GO028308 with NREL. F. Dorfler was supported in part by the
Swiss National Science Foundation AP Energy Grant 160573
and by ETH Ziirich Startup Funds.

REFERENCES

[1] M. C. Chandorkar, D. M. Divan, and R. Adapa, “Control of parallel
connected inverters in standalone AC supply systems,” IEEE Trans. Ind.
Appl., vol. 29, no. 1, pp. 136-143, 1993.

[2] J. Vasquez, J. Guerrero, A. Luna, P. Rodriguez, and R. Teodorescu,
“Adaptive droop control applied to voltage-source inverters operating in
grid-connected and islanded modes,” IEEE Trans. Ind. Electron., vol. 56,
pp. 4088-4096, Oct. 2009.

[3] Q.-C. Zhong, “Robust droop controller for accurate proportional load
sharing among inverters operated in parallel,” IEEE Trans. Ind. Electron.,
vol. 60, no. 4, pp. 1281-1290, 2013.

[4] R. Majumder, A. Ghosh, G. Ledwich, and F. Zare, “Angle droop
versus frequency droop in a voltage source converter based autonomous
microgrid,” in /EEE PES General Meeting, pp. 1-8, July 2009.

[5] B. B. Johnson, S. V. Dhople, A. O. Hamadeh, and P. T. Krein,
“Synchronization of Parallel Single-Phase Inverters With Virtual Os-
cillator Control,” IEEE Trans. Power Electron., vol. 29, pp. 6124-6138,
November 2014.

[6] M. Sinha, F. Dorfler, B. B. Johnson, and S. V. Dhople, “Uncovering
Droop Control laws embedded within the nonlinear dynamics of Van
der Pol oscillators,” IEEE Trans. Control of Networked Sys., 2014. In
review.

[7] B. B. Johnson, S. V. Dhople, A. O. Hamadeh, and P. T. Krein,
“Synchronization of Nonlinear Oscillators in an LTI Electrical Power
Network,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 61, pp. 834—
844, March 2014.

[8] B. B. Johnson, M. Sinha, N. Ainsworth, F. Dorfler, and S. V. Dhople,
“Synthesizing Virtual Oscillators to control Islanded Inverters,” IEEE
Trans. Power Electron., 2015. In review.

[9] R. H. Rand, “Lecture notes on nonlinear vibrations,” 2012.

[10] S. H. Strogatz, Nonlinear Dynamics and Chaos: With Applications to
Physics, Biology, Chemistry, and Engineering. Studies in nonlinearity,
Westview Press, 1 ed., Jan. 2001.

H. K. Khalil, Nonlinear Systems. Prentice Hall, 3 ed., 2002.

S. E. Tuna, “Synchronization analysis of coupled lienard-type oscillators
by averaging,” Automatica, vol. 48, no. 8, pp. 1885-1891, 2012.

F. Wang, J. Duarte, and M. Hendrix, “Active and reactive power control
schemes for distributed generation systems under voltage dips,” in IEEE
Energy Conversion Congress and Exposition, pp. 3564-3571, Sept 2009.
F. Z. Peng and J.-S. Lai, “Generalized instantaneous reactive power
theory for three-phase power systems,” IEEE Trans. Instrum. Meas.,
vol. 45, Feb 1996.

Q.-C. Zhong and Y. Zeng, “Parallel operation of inverters with different
types of output impedance,” in Industrial Electronics Society, IECON
2013-39th Annual Conference of the IEEE, pp. 1398-1403, IEEE, 2013.
A. Micallef, M. Apap, C. Spiteri-Staines, J. M. Guerrero, and J. C.
Vasquez, “Reactive power sharing and voltage harmonic distortion
compensation of droop controlled single phase islanded microgrids,”
IEEE Transactions on Smart Grid, vol. 5, pp. 1149-1158, May 2014.
J. Guckenheimer and P. Holmes, Nonlinear oscillations, dynamical
systems, and bifurcations of vector fields, vol. 42. Springer Science
& Business Media, 1983.

[11]
[12]
[13]
[14]

[15]

[16]

[17]

Authorized licensed use limited to: University of Washington Libraries. Downloaded on February 10,2022 at 21:47:46 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


