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Abstract—Voltage controlled inverters in ac systems are suscep-
tible to damage if the controller is not properly initialized before
startup. Since currents are not controlled explicitly, the voltage
reference of the controller must be closely aligned with the point
of common coupling voltage to prevent large current transients
when power delivery begins. In this paper, we are focused on a
particular control strategy called virtual oscillator control and
propose a pre-synchronization method that guarantees graceful
addition of units into an existing ac system. The proposed
method is generalized and can be used to add oscillator-controlled
inverters to a stiff grid or an islanded microgrid with other
inverters. An equivalent circuit model of the pre-synchronization
control is derived along with its dynamical properties, design
guidelines are given, and experimental results are shown for a
1.5kW inverter.

I. INTRODUCTION

Virtual oscillator control (VOC) is a grid-forming inverter
control strategy wherein inverters are programmed to emulate
the dynamics of weakly nonlinear limit-cycle oscillators such
as dead-zone and Van der Pol oscillators [1]-[5]. Here, we use
the term grid-forming to refer to inverters that not only have
voltage control, but are also able to synchronize with each
other and create multi-inverter ac systems via decentralized
control [6]-[11]. (Perhaps the most classical and well-known
controller of this type is droop control; VOC is a compa-
rable recent technology.) Of key importance, interconnected
inverters with VOC act as coupled oscillators that are able
to achieve ac system-level objectives such as synchronization,
power sharing, as well as voltage and frequency regulation, all
without explicit communication [3], [12]. Analysis also shows
that VOC subsumes the functionality of conventional droop
control in steady state while providing enhanced dynamic
speed due to its time-domain implementation [10], [13].

To incorporate real and reactive power setpoints, mitigate
harmonics, and facilitate operation in both grid-connected
and islanded systems, recent incarnations of VOC have been
based on the so-called Andronov-Hopf oscillator (AHO) [14]-
[17]. This oscillator provides the functionality of additional
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input signals that act as setpoints. This work provides a
systematic startup strategy for VOC realized with Andronov-
Hopf oscillator dynamics. The ideal startup routine would
limit currents at startup and can be generalized to whether an
inverter is interfaced to a stiff grid or an islanded system with
other inverters. Such pre-synchronization routines have been
previously devised in [18]-[21] for connecting voltage source
inverters to an energized system running in either islanded
or grid connected modes. In particular, [18] has proposed a
pre-synchronization circuit for parallel voltage source inverters
controlled using a virtual oscillator controller based on the
Van der Pol oscillator. In [19], a pre-synchronization strategy
is proposed to achieve seamless transfer from islanded to grid-
connected mode for droop controlled inverters in a microgrid.
To fill this gap for the case of parallel inverters controlled using
the novel AHO-based virtual oscillator controller, we put forth
a pre-synchronization controller (shaded blue in Fig. 1) that
matches the phase, frequency, and amplitude of the internal
voltage command with those of the measured point of common
coupling voltage prior to startup. We point to [22] for a recent
related effort in designing pre-synchronization routines for
AHO-based controllers. In this work, staying aligned with the
philosophy of VOC to promote circuit-based realizations of
controllers, an equivalent-circuit model of the proposed pre-
synchronization controller is also outlined. This facilitates the
derivation of design guidelines.

The remainder of this paper is organized as follows: In Sec-
tion II, we overview modeling preliminaries and the dynamic
models for AHO control. Section III presents the analysis and
implementation of the proposed pre-synchronization scheme.
Equivalent circuit interpretation and parameter selection cor-
responding to the pre-synchronization scheme are provided in
Section IV. Simulation and experimental validation follow in
Section V. Finally, we conclude the paper in Section VI.

II. THE ANDRONOV-HOPF OSCILLATOR BASED
CONTROLLER

In this section, we begin with an overview of the virtual
oscillator controlled inverter configuration realized with the
AHO. (See [14] for details.) Following this, we also provide
the dynamical model description in a suitable reference frame.
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Fig. 1. A three-phase voltage source inverter with grid-compatible virtual oscillator controller (shaded gray) and pre-synchronization strategy (shaded blue).

A. Control Configuration

Consider a typical three-phase inverter, as shown in Fig. 1,
where the physical hardware includes dc source vq., a hex
bridge, and an output LC'L filter, followed by a relay switch
S;1. Relevant control loops are digitally realized and the virtual
oscillator (shaded gray) is composed of three main parts:

1) An LC tank with resonant frequency wyom = 1/ VLC
and corresponding states [r1, 73] = [vc,eir] ", where
e = /L/C is the characteristic impedance. This LC
tank serves the purpose of generating oscillating states.

2) Two resistors with negative conductances —o and —c2o.
These elements inject energy into the remainder of the
circuit to sustain oscillations.

3) Nonlinear state-dependent voltage and current sources
denoted by g, = ea(vd + €%i})eir, and gi = a(vi +
€22 Juc. These nonlinear elements facilitate obtaining a
user-defined oscillation amplitude.

B. Dynamical Model Description

The differential equations of states vc and i, can be derived
via fundamental circuit laws, and they are given by:

dvc

2O i _— I
Cdt i, — g +ove — U (D
di

L% =vc — gy + oe(eiL) — eua, 2)

where u; and us are the input signals for the virtual oscillator,
which are determined by the status of the virtual switch So,
as shown in Fig. 1. When Sy — b, the inverter will pre-
synchronize to the bus voltage to avoid inrush current (the
detailed analysis and parameter selection will be provided in

subsequent sections); when So — a, the inverter operates in
a normal power regulating mode. The dynamics of inverter
output voltages v, vg are obtained by scaling the orthogonal
states vc and eir, by k, [14]:

£ 2 2
Fa}: P (2Viom — llvasl?) ~Wnom [va]
s Wnom Ifig (2Vr120m - ||U045H2) ve
_ Ky [cosp  —sing| |ia —ig
c M [singo cos p ] [ig — zg}’ )
u
where [[vag| = (v2 + v3)'/? is the Euclidean norm of

[va,vg]—r, Viaom 18 the nominal inverter voltage RMS ampli-
tude, and ¢ is a gain which influences convergence speed.
With voltage setpoint V,om > 0, the state trajectories always
spiral asymptotically towards a stable circular limit cycle with
nominal RMS amplitude Vj,n, and rotation frequency wpom
regardless of initial states. Above, ¢ is a user-defined rotation
angle that determines droop behavior in steady state, and the
current references 7, and ¢ are calculated from the power
references P* and QQ* as follows:

P*

o)

sl
5] Blvasl® lvs —va

III. PROPOSED PRE-SYNCHRONIZATION STRATEGY

“

To guarantees smooth addition of inverter units, in this
section, we formulate a systematic pre-synchronization control
strategy for virtual oscillator controlled inverters.
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A. Practical Implementation

We show the specific pre-synchronization implementation in
Fig. 1, where switch S, status determines the inverter opera-
tional mode. Here, (Sa — a) corresponds to normal operation
with nonzero power delivery, and (S2 — b) implies operation
in pre-synchronization mode with zero power delivery. The
input vector [u1, us] " takes on different values that depend on
the status of So. In normal condition, the input vector is given
by the term denoted as w in (3). When in pre-sychronization
mode (i.e., (S; — b)), the input vector in (3) is proportional
to the error e,s between v,g and ac bus voltage vg 5 as

follows:
ur| _ _|ea| _  |Va = Vga
I R P e

where v > 0 is a positive scalar. The specific pre-
synchronization sequence is as follows:

&)

1) Keep the power reference P* = 0 and Q* = 0, while
the grid switch S; is open and (Se — b), the pre-
synchronization controller is active and v,p. converges
{0 Vg abe-

2) When the phase offset of v, with respect to vg abe,
denoted as §, is smaller than some threshold ¢, then S;
is turned on and (Sy — a).

3) Change the power reference to achieve power delivery.

Below we analyze the behavior of the pre-synchronization
controller discussed above, and show how it drives § to zero
in steady state.

B. Inverter Phase Angle and Frequency

With the oscillator input vector v in (5), the dynamics of
voltage v, and vg are given as

o

S 2
’ij(x _ K/\Q/ 2V,
g |

nom HUQL}HQ) —Wnom

g
& (Vi lasl?)| L7

_rv[va = vga
C " |vg—vgs]’
————

u

Wnom

(6)

The inverter voltage phase angle 6 is given by

v
0 = arctan <ﬁ> ,
Vo

which induces the following dynamics corresponding to fre-
quency

Va3 — Vg0q Ky VaVg,3 — UaVg, a

Fig. 2. Stable equilibrium points (deq,1 = 0,2, - ,2km) and unstable
equilibrium points (deq,1 = —m,m, -+ ,(2k — 1)m) for the phase-angle
dynamics.

C. Kuramoto Model and Small-signal Stability

Using the trigonometric identities:

Vo . 1)5
cosf) = ——, sinf) = ——,
V2V V2V
v v
cosfy = —2%  sinf, = &2
V2, s VY,

we can rewrite 6 as

0 = wWyom + KLC:Y sin (0y — 0),

with the assumption that V, ~ V during the pre-
synchronization process. Notice that (8) has the general form
of the well-known Kuramoto model. The phase difference
0 =0y — 0, with ég = Wnom, has the following dynamics:

2 Ry
— 0 = —
C

®)

0 = Wnom sin d. )
Figure 2 plots the 8- curve given by (9). In one single period
[0, 27), there are two equilibrium points (by solving §=0)1)
deq,1 = 0 is a stable equilibrium point, whereas ii) deq2 = 7
is an unstable equilibrium point. This is readily observable by
defining Ad := 0 — deoq, Where doq is the equilibrium value.
The dynamics of A¢ are obtained by suitably linearizing (9),
and they are given by:

Af = — ”é” €08 0o V. (10)
From above, we can validate that d.q1 = 0 is a stable

equilibrium point, while dcq,2 = 7 is not.
IV. EQUIVALENT CIRCUIT INTERPRETATION AND
PARAMETER SELECTION
To better explain the pre-synchronization process, in this
section, we develop an equivalent circuit model. Moreover,
we also outline how the parameter + can be selected.
A. Equivalent Circuit Interpretation

Figure 3 depicts the equivalent circuit model correspond-

0— _ 7y ing to (8) and (9), in which the differential equations are
2 Wnom T 2 ) ( ) . . .
A% C 2V interpreted as the voltage dynamics corresponding to the two
capacitors C; and C5. The phase angles 04, 6, and ¢ are
where V' = %(vinLv%)l/ 2 is the inverter voltage RMS value. represented by voltages in the circuit, while the frequency
4310
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wnom 1S interpreted as a constant current source. For the

capacitor C1, the voltage dynamics 0 are given by
C10 = wyom + 1, (11

which is equivalent to (8) with C; =1 and
. Ry .
i = é sin(fy — 6).

The voltage across capacitor Cs is J; the ideal operational
amplifier input polarities are supplied by a voltage source 0.
The current flowing through Cs is 4, then the § dynamics can
be expressed as

N . Ry .
Cy0 =i= % sin(6y — 0),

which is equivalent to (9) when Cs is a negative unit ca-
pacitance. A negative capacitance indicates that the capacitor
voltage § will decrease with the current i. Figure 3 also
illustrates the Cy voltage §(t), with 6y denoting the initial
phase difference. The plot shows that ¢ decreases to zero after
a certain time, denoted as Z,,c—sync, Which will be quantified
next.

(12)

B. Selection of Coefficient ~y

The selection of « is based on the converging speed. Define
tpre—sync as the period for  to evolve from 0.97 to 0.17 phase
difference. (We pick these limits without loss of generality.)
By integrating (9) over this range of J, we obtain

tpre—sync C 0.17 1
tpre—sync = dt = ——— s
pre—sync /0 " Jo.on sno
c 0\ (01  3.68C
= ———Intan () ‘ = . (13)
Ky 2 ) lo.gn Ky
+
7: C wnom
1
0 €y,
o
o
kv
C
(a) equivalent circuit interpretation of the Kuramoto equation
4, [rad]
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[ 0 0.5 t, [s] 1
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(b) phase angle 6 and 0, (¢) & curve with respect to ¢

Fig. 3. Equivalent circuit interpretation of pre-synchronization control strat-
egy, (a) circuit model of Kuramoto model, (b) 6 and g, (c) 4.

TABLE 1
NONLINEAR OSCILLATOR PARAMETERS.

Symbol  Description Value  Units
Vaom Nominal oscillation amplitude 120 \%

Ky Voltage-scaling factor 120 VIV
Ki Current-scaling factor 0.20 A/A
£ Speed constant 15 1/sV?
C Virtual capacitance 0.2679 F

L Virtual inductance 26.268 pH

07 Scalar 0.025 -

Inverter

Computer Y e,

Grid Simulator

Fig. 4. A laboratory-scale experimental setup: A 1.5 kW LC L-filtered
inverter controlled by a TI DSP.

The equation above shows that a larger v will lead to a faster
pre-synchronization process, whereas a smaller v will con-
tribute to a sluggish process. Hence, we can select a reasonable
v to satisfy the pre-synchronization time specification.

V. EXPERIMENTAL VALIDATION

We built a laboratory-scale hardware prototype illustrated
in Fig. 4 to validate the analytical developments. The filter
components have the following values: inverter-side induc-
tance Ly = 1.5mH, grid-side inductance L, = 1.5mH, and
filter capacitance Ct = 10uF. The converter is a typical two-
level H-bridge, with switching frequency set to fs, = 10
kHz. The nonlinear oscillator controls are programmed on
a Texas Instruments TMS320F28379D micro-controller. The
DC source is a regenerative DC supply at 320 V. Moreover, a
grid emulator models a stiff grid at the inverter AC terminals.

An experiment is designed to demonstrate the pre-
synchronization functionality to a stiff grid. Figure 6(a) shows
waveforms corresponding to the pre-synchronization process:
Ug,ab 15 the grid line-line voltage (208V,.,s) and v,y is the
measured inverter voltage (we measure the filter capacitor
Ct voltage instead, because we are not able to measure the
inverter-terminal voltage directly). To evaluate feasibility for
the worst-case scenario, the grid voltage vg a1 is set to be
6 =~ 180° (which is inverse to the inverter voltage v,},) at the
initial condition. Prior to the addition of pre-synchronization
control (before time instant t1), v, is inverse of grid voltage
Ug,abs at £, the control is added, we observe that: v,y, actively
regulates its frequency and angle ¢ to synchronize vg a1, With
some amplitude dip; after ¢o, the phase difference § ~ 0 which
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Fig. 5. Simulation results: pre-synchronization from 180° to 0° phase

difference.

inverter addition; after ¢y, some tiny reactive currents flow to
filter capacitor.

VI. CONCLUSION

In this paper, we proposed a novel pre-synchronization
method for virtual-oscillator controlled inverters to reduce
startup transient inrush currents. An equivalent circuit model
of the proposal is derived along with its dynamical properties,

design guidelines are given, and experiments are shown.

Experiment validation and analysis of adding inverters to a

[1]
100 5 = 180° TER e a0
: . ; N
2]
[3]
[4]
[5]
(a) phasc dlﬁercncc 180°to 0° [6]
= ( 7
< L A L %
& m%m %mﬂ L tM%#WWb il rimlmi% T mw T ﬂM
3 (8]
A NANANANANANANS
°P VIRWE BYRVEY 9]
—200 V \/ v \/ \/ \/ VA RAVARRVERE VARRVARRY
7400| S1 open S1 closed
gl [10]
T10A
[11]
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[12]
Fig. 6. Experimental results: pre-synchronization from 180° to 0° phase
difference.

[13]
guarantee a safe and smooth grid connection process. In this
paper, the scaling factor x, = 120 V, oscillator capacitance [14]
C = 0.2679 F [14]. In this experiment, we select v = 0.025.

(See Table I for a complete list of parameters, and [14] for
the design process.) [15]

According to (13), the calculated time fpre—sync ~ 0.4s,

which is in agreement to the results in Fig. 5 and Fig. 6 (a).
[16]

Thereafter, Fig. 6(b) shows the transient current when switch

S1 closes at ty. Before ¢y, Sy is open, current is zero; at g,
there is almost no transient current which guarantee a smooth
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stiff grid using the proposed method are shown in this paper.
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