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Advanced Synchronization Control for Inverters Parallel
Operation in Microgrids Using Coupled Hopf Oscillators

Mingshen Li, Baoze Wei, Jose Matas, Josep Maria Guerrero, and Juan Carlos Vasquez

Abstract—A simple high-performance decentralized controller
based on Hopf oscillator is proposed for three-phase parallel
voltage source inverter (VSI) in islanded Microgrid. In off frame,
the oscillators equations corresponding output current and com-
mon bus voltage as feedbacks are designed according to coupled
oscillator synchronization properties. The enough common bus
information is considered to realize external synchronization,
and the current feedback is to achieve internal synchronization
between VSIs. Then, the controller employs Hopf evolution
dynamics to integrate their both. Therefore, a larger phase error
can be eliminated when additional inverter connects, and the pre-
synchronization item is proposed to be close to synchronize with
the operational inverters. In addition, an integrated small-signal
states pace based on averaged model for two parallel VSIs is
developed, and the root locus shows the large stability margin and
low sensitivity of parameters. Simulation and experiment results
verified the effectiveness of the proposed method in aspects of the
fast dynamics response and precise current sharing performance.

Index Terms—Current sharing, Hopf oscillator control, micro-
grid, paralleled three-phase inverters, synchronization.

1. INTRODUCTION

OWER converters as the interfaces between sources and

utility grid, play the important roles in microgrid struc-
tures, which have the functions such as converting power,
stabilizing the output current or voltage, improving power
quality and optimizing the power operation etc [1], [2]. The
intrinsic quality of microgrid is the parallel operation of
converters, synchronization and power sharing turn to the
key objectives for microgrid control. The most used decen-
trulized control method for inverters in islanding microgrids
is droop control, and the well known method requires no
communication and is inspired by the synchrous generator
in traditional grid. Droop control is a method which shows
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a linear droop characteristic between inverter frequency and
voltage amplitude and the active and reactive power output,
respectively [3]-[6]. However, droop control highlights some
weakness: slow transient response caused by low pass filter
(LPF), affected largely by the line impedance, and inaccurate
power sharing. To occur these drawbacks, a series of improved
droop methods are mainly divided to decoupled power control
[71-9], virtual impedance method [10], [11], constructed and
compensated methods [12], [13]. These various approaches
are according to the droop characteristic control in essence.
Another ideas for decentralized control is the voltage-current
droop strategies. In [14], a synchronous-reference frame virtual
impedance loop based controller was proposed to conquer
above mentioned, but the applied phase-locked-loop (PLL)
will limit the control bandwidth and the virtual impedance is
complex to design.

Recently, a decentralized method named virtual oscillator
control (VOC) have been carried out in [15]-[18], which is
motived by the weakly coupled oscillator synchronization
property. To compare with droop control, this method high-
lights the advantages: faster transient response, independency
to loads and flexibility operation to line impedance. However,
the deadzone and Van der Pol are typical harmonics oscillators
which require a certain condition to get the ideal sinusoidal
reference, and appromimate limit circle may introduce the
additional harmonics in voltage reference. In addition, the
initial states will affect the evolution speed from startup to
steady state. In order to improve the oscillator controller, Hopf
oscillator was applied into single phase inverters [19], which
presents the faster response, the better robustness, and the firm
limit cycle to improve power quality.

In order to cope with the issues of the previous decentral-
ized controller, a simple and fast Hopf oscillator controller
combined external and internal synchronization is proposed
for three-phase parallel islanding inverters. The main contri-
butions of this paper are listed as: 1) provide the advanced
synchronization ability including phase locking with AC
bus and current sharing instead of using traditional PLL and
power droop calculation; 2) presents the averaged model
to contribute the nonlinear droop and ascend characteristic
analysis; 3) investigate the dynamics and sensitivity of system
by using small signal model; 4) validates the effectiveness of
proposed controller to compare with VOC and droop control in
simulation, and experiments under several operation cases.

The rest of paper is organized as follows. In section II, the
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Fig. 1. Implementation of the proposed controller for three-phase islanded VSIs.

Hopf oscillator controller implementation and averaged model
are presented, and key parameters are designed in details.
Section III demonstrates the small signal stability analysis with
considering the line impedance and key parameters. Section [V
show the simulation results comparing with VOC and droop
control. In Section V, the experiment validation of the proposed
method under several cases are given. Finally, Section VI
shows the conclusions of this study.

II. PROPOSED CONTOLLER IMPLEMENTATION AND
PARAMETER DESIGM

In this section, the proposed Hopf oscillator controller is
introduced to describe the three-phase paralleled system, and
the averaged model is derived for analyzing the controller
properties. In addition, the parameters selection is discussed
based on the nonlinear droop relationship of averaged model.

A. Controller Implementation

A Hopf type oscillator is able to generate a circular limit
cycle and it has improved dynamics compared to Van der Pol
oscillator. Considering the voltage and current are three phase,
the controller should be designed in stationary reference frame
for the natural orthogonal output of Hopf oscillator. Thus, the
controller is proposed as following equations:

2 * *

-V 2-V,? )Va - wl/; +k V., —ki,

[V =ul|V,

‘.* , 2 ‘) “ # * (1)
Vozul |V =v2=v2 Ve toVe +kV, — ki,

where V., are the measurement voltage components of

common bus in af-frame, i, are the VSI output current
components in of-frame, VZ/; are the voltage references that are
generated by Hopf oscillator. Meanwhile, £, and £; is the voltage
and current gain, respectively, and u is the damping coefficient
that affects the time transient response speed of the oscillator.
Thus, the proposed controller block can be drawn in Fig. 1.

In Fig. 1, the common bus voltage is extracted and then
transferred in of-frame, which is used for establishing the pre-
synchronization items in Hopf equations. On the other hand,
the output current is progressed in the same way to ensure
the inner-synchronization among the VSIs. Next, the voltage
references generated by Hopf equations are transformed from
af-frame to the abc-frame, and scaled by dc-link voltage to
obtain the modulation signals. The three items in proposed
equations are discussed in details as below:

1) Hopf oscillator item: This is a general sinusoidal signals
generation part to follow the voltage and frequency references.
The orthogonal voltage references should be ensured through
the bifurcations theory.

2) Pre-synchronization item: Although the oscillatorcon-
trolled inverters system has synchronization property, the
dynamics are able to occur undesirable overshoot when in-
verters connect. In classical droop controller, PLL should be
added to guarantee the pre-synchronization. However, extra
PLL controller will limit the control bandwidth and increase
the complexity of system design. In proposed method, the
voltage pre-synchronization item is used for synchronizing
with common bus voltage automatically through nonlinear
oscillator property. Before the breaker action, each VSI can
synchronize with AC bus, which can facilitate the unwanted
addition overshoot with desired transients. Note that this item
is no required to switch extra synchronization blocks, which is
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convenient to control in practice.

3) Current sharing item: The coupling between oscillators is
realized through this item. As the current information is able to
flow in both directions, the current sharing item results in the
possibility of synchronization among oscillator controllers. At
a word, this item ensures the inner synchronization to realize
current sharing, and the £; scales the output current to vary the
current sharing ratio.

B. Averaged Model

Since the controller equation is nonlinear based on time
domain, the regular frequency domain analysis method is
difficult to observe the dynamics. However, the averaged
model is an effective way to analyze the nonlinear system in
steady state. Consider the time-varying dynamical system x =
Ax, t, &) with small parameter ¢. The average model is given by:

T
i=ef, )= | . 1. 0 @)
For an oscillator system, it has an stable 7-periodic solution
in an region O(¢) of equilibrium. The the difference between
the initial state and average can be defined as:

Ole) = 21, &) - xlet), Vi = 0 3)

In order to standard perturbation and proceed to approxi-
mate the periodic solution, the variables can be changed into y.
The T-periodic solution of original system can be given by [20]:

=yre| 1y 0 -f0)]d @

According to (4), how the solution of the averaged model
averages the actual system is able to be obtained. Subse-
quently, for the averaged solution of system can be defined as:

-1 ("
o= L | o )
Fig. 2 presents the limit cycle comparison of the exact and
averaged solution in steady state. Based on the preliminaries
model, the voltage-active power and frequency-reactive power
characteristics will be derived as follows. By differentiating V,
= Vsin(0), V=V cos(6) with respect to time, there are:
J = sin(@)V + Veos(H)f
‘ (©)
08(9)V Vsm(@)@

where @ is the instantaneous phase angle of inverter output. Because
the common bus voltage is approximately equal to inverter terminal
output voltage when filter and line impedance are small, assume
V.= V,and V=V, Substituting (6) to (1), the phase dynamics
equations of Hopf oscillator is obtained as follows:

V=V

)+k V -k, [i,cos(6) + izsin(0) |
(M

ref

1;. [i,sin(6) - i,cos(0)|

Actual dynamics 1
Actual dynamics 2
Averaged dynamics!

Fig. 2. The steady-state limit cycles corresponding to the actual and averaged
oscillator dynamics.

For simplifying the averaged model, the dynamics of the
inverter terminal voltage is expressed as:

do _ de _ . do 3
PR TR R 7 ®

where w and o are the nominal frequency of inverter output,
and the steady state frequency of inverter output, respectively.
The angels ¢ and ¢ are the phase offset with respect to e and
o', respectively. Thus, the Hopf oscillator dynamical system in
2n-periodic function are derived as:

2w

V= v vy

2
_% J() i,cos(@'t + @) + igsin(@’t + @)t (9)
™
o = ZC:TVl Jow i, [sin@ + @) — iyeos@t + @) |dt

Considering the perturbation i,, i, which are related to
the instantaneous power P, Q. The definition and average
equations during 2m-period of P and O are shown as:

3 ] o » 2"
Pi) = ?(V i, + Vi) P= . IO Pt)de
3 = « 2w’ (10)
) = 5-Vei, = Vo) |Q = ;r fo 0()
Substituting (10) to (9), (9) can be rewritten as:
3 2
YR o 3V
_ Vil Vv o+ kv v an
el 1o 0
3V

Based on (11) and (8), the amplitude and phase dynamics of
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one oscillator are derived as:

2 73 . 2 _
wV-Vu+kV-—LP
£1%

v=ly,
2% (12)
2

1%

O=w"-w+

Similar to droop control, the V' — P and 8 — Q relationship
are derived. Note that dynamics of amplitude and phase for
Hopf oscillator controller is nonlinear that is different from the
linear relationship of conventional droop controller. However,
the oscillator controller does not require the power measure-
ment or low pass filter during operation. The interesting part is
the averaged model of oscillator processing corresponds to the
low pass filter for power in droop.

C. Parameter Selection

The design of scaling factor &, and k; are the primarily part for
the proposed controller. The characteristic equations of (12) are:

3

2%,

, B
V. w, =Vpu+kV, --—-P =0
3V,
.2k — (13)
o+ —0,=0,
3V

where symbol subscript eq refers to the equilibrium in steady
sate. The positive roots of amplitude equation in (13) are
solved as:

- 2
V., = \fosul =117,

When the oscillator operates in open loop, the corresponding
critical values V', and V., of the output voltage is:

2 2 8 — 2
prk) = SpkPoulVil)

(14)

=0<V<V =\/|V

eqmin * eqmax * ref

s (15)
o

Subsequently, to make sure the roots are real in (13) , the

critical value of active power P, is given by:
5 2
- = 3 V.,
ocpep o ralVul) (16)
eqmax Sﬂk,

Therefore, assume that P, = P ... Otherwise, the
rated reactive 0, and rated voltage 7., are regarded as
inputs. Define the maximum frequency deviation as Aw,,,.

Accordingly, the k; operation range satisfies as follows:

2

k< % (17)

i —
ZQratcd

325.28 T =

I P Voo
.
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n% 3252771
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Fig. 3. The droop and ascend characteristics for (a) Veq - qu, (b) W, — Q_eq‘

In order to standardize parameters, select the k; when the
Prated output current is 1 A, so the current gain is P .q/V yea-
Therefore, Vrated based on (17) and (16), the maximum value
of k, is able to be expressed as:

2
k < 2Awmax Vim-d m _ I*L‘ V

v
Qmml

(18)

ref

For observing the equilibrium voltage and phase charac-
teristics, Fig. 3 shows the droop and ascend diagram for V', — P
and w,, — O based on (13) and (14). The operation parameters
are k, =5, u =1,k = 1000, ® = 100z rad/s, and |V, ;| = 325.27
V . In Fig. 3 (a), a droop law between equilibrium voltage
and equilibrium active power appears, which is familiar to
conventional droop laws there exists voltage variation when
the active power changes. However, in Fig. 3(b), unlike droop
control, the relationship between frequency and equilibrium
reactive power presents ascend laws, which means equilibrium
frequency in time-domain increases to infinity when reactive
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Fig. 4. (a) The relationship between £; and the equilibrium voltage amplitude
and active power. (b) The relationship between £; and the equilibrium voltage
amplitude and reactive power .

power increase. Thus, the maximum frequency offset should
regulate the frequency variation.

Furthermore, Fig. 4(a) and (b) illustrate the voltage is
reduced with respect to k; and P, and increased with respect
to k; and Q,,. k; affects the ratios value of the droop and
ascend laws for Hopf-oscillator controller. It can be seen that
k; is an insensitive parameter to compare with conventional
droop controller, which also implies the solid and steady
characteristics of the nonlinear droop. On the other hand, a
large range of k, varying will not change the voltage amplitude
in Fig. 5, and £, only has impacts on the pre-synchronization
speed and critical of voltage equilibrium.

III. STABILITY ANALYSES FOR HOPF OSCILLATOR-
CONTROLLED ISLANDED SYSTEM

Aiming to obtain precise matching between steady-state
model and simulation in time domain, a flexible small signal
model is built in this part where Fig. 6 shows the two paralleled
VSIs connect to the common AC bus through line impedance.
Define V), i14» Vaag» and iy, as the voltage amplitude and output
current of VSI #1 and #2 in rotating frame, respectively, and

2
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£
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Fig. 5. The relationship between £, and the equilibrium voltage amplitude and
active power.

AC Bus
) VSl I R, L,
WD TTI—— &,
VSI2 I R, L,
v (P — AN — |

Fig. 6. Equivalent circuit of two VSIs connect to the common AC bus with
resistive load.

define V', P,, O, 6, and V,, P,, O, 6, as the voltage amplitude,
output active power, output reactive power, and phase of VSI #1
and #2, respectively. Set the voltage of VSI #1 as the reference,
so there are V,,= V), V},,=0and V, =V V' + quz. Based on the
definition before, the output active power of VSI #1 and #2 are
given as:

3y . 3, '
P = 7V1(111(i, P, = 7( 2t + Vo)

3y 3w i )
Q = _?V111L1117 Q, = ?(qulzfl - V2’1L2’1)

(19)

In steady state, considering the line impedance for VSI #1
and #2, rewrite (12) as:

2k,
3V,
’ 3 2k
‘ Vref ‘ MV" - VZM + kv VZ - ﬁp2
(0

P

1

2 3
Vil wV. -Viu+kV, -

<
1

=
[

o=
I

S
[

L2k,
02 =w + 7202
3V,

where V is the amplitude of AC bus voltage. The dynamics
equations governing the line impedance of VSI #1 and #2 are
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Fig. 7. Root locus diagrams for (a) 1 < &, < 10, (b) 1 < u < 10.

expressed as:
dim _Rn . N - 1 1
=f, = +60,1, +—uv,,6 ——

di 3 L, L 1y . Uy, L, Uy
di,, -R, . - 1 1

= =f, = +0,, + —v,, ——
d L L, by 2l L, Vo L, Ve

. 21
dt 5 L“ 1q 171d L“ 1q L“ cq
di,, -R, . - 1 1
T;L =Js I = by, 0,0, + Tvzq - Tch

2

where v, and v, is the d and ¢ component of common bus
voltage.

Because the phase increases indefinitely as derived in (12),
define the frequency error as:

. .. 2k,
AG=f,=6,-0,= 3‘(3;—(‘;3) (22)
1 2

Select AX = [AV, AV, AO Ai,; Aiy, Ay, Al,] as the state

vector, and f=1[f; £, f; fi £+ fi f:]". According to (20)~(22), the
linearized small-signal model is given by:

AX = AAX (23)
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Fig. 9. Root locus diagrams for (a) 0.l Q < R < 1 Q,(b) 0.1 mH < L, < I mH.

where A4 = df/ox". Tt is clear to see that U is 7x7 square matrix
with time-invariant matrices. So the eigenvalues of state matrix
U are derive through [21], [22]:

det(s —A) =0 (24)

The influences of parameters £,, u, k; and line impedance
are discussed as below. Note that the small-signal linearization
model not only analyzes the input-output dynamics of the
system, but also offers a global diagram for the eigenvalues
responses.
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Fig. 10. Transient responses of three methods under adding and removing a inverter cases with active and reactive power, output current frequency, and circulating current.

Fig. 7 illustrate that the eigenvalues clusters intersperse
in negative real dominant for both %, and u. When £, and u
are increased, the modes move slightly, which means the
parameters k&, and u are insensitive to the stability of system.
Fig. 8 shows £; is sensitive to the stability of system. &; has
a largely impact on the transient response of VSI, and the
damping is reducing when £; is increasing.

At last, Fig. 9 show the trajectory of eigenvalues in terms
of the line impedance R, and L,. It is clear to observe that there
are a family of modes gather closing to the unstable region.
Separately, for R, increasing, the eigenvalues become more
sensitive to the states of controller. On the other hand, for Z,
increasing, the eigenvalues move towards to the unstable re-
gion and the damping of system is even less. Hence, regarding
the Hopf oscillator-controlled system, £; is the most critical
parameters that has influence on the dynamics of system.

IV. SIMULATION VALIDATION

The performance of the proposed method first is verified
by simulation to compare with droop and VOC method. Both
inverters have same DC voltage V. =450V, and the LCL filter
values are: L, =1.8 mH, C = 10 pF, L, =1.8 mH, the voltage
reference V, ;= 325V, and the frequency reference @ = 100m.
For P — f/Q — V droop controller, the droop coefficients are
m = 0.00001, n = 0.0002. The Visual oscillator controller
parameters are chosen from [17]. For the proposed controller:
k; =300, k, = 10. Various simulation tests for example, startup,
connection, current ratio changes, nonlinear loads connection
of inverters were carried out.

Fig. 10. shows the transient response of output current and
active power with the scenario of VSI #1 startup and VSI #2
connection and removal in the presence of a resistive load 100

Q. As seen in Fig. 10(a), the Van der Pol oscillator controller
has approximately 0.5 s starting time, and the settling time is
0.18 s when VSI #2 connects. Note that the initial conditions
of Van der Pol oscillators were selected to be 3 V considering
emulating errors. For droop controller, the starting time is faster
with slight overshoot. But the settling time is much longer than
VOC with 0.75 s. Note that the frequency deviation is much
larger with error 0.06 Hz in Fig. 10(c). In comparison, as shown
in Fig. 10(b), the starting time of the Hopf oscillator controller
is approximately 0.02 s with (0 V, 0 V) initial conditions. The
proposed controller is able to realize power sharing and the
settling time of connection is approximately 0.11 s. It is clear to
observe that the Hopf oscillator reahces steady state faster than
other two methods in case of startup , connection and removal.
The transient response for sudden direct currents ratio
changes of parallel VSIs with three control strategies are
illustrated in Fig. 11. The current ratio has been suddenly
changed from 1:1 to 2:1. It can be observed that the current
outputs of three control methods are nearly instantaneous from
1:1 to 2:1. Note that the transient response of Hopf oscillator
controller lasts 0.15 s compared with 0.21 s of the Van der Pol,
and 0.18 of the droop. It is worthy to observe that the phase
error appears because the Q, f characteristics changing in Fig.
11(b). Additionally, a small active power overshoot occurs in
waveform of the Van der Pol oscillator as shown in Fig. 11(a).
System responses to steping loads are illustrated in Fig. 12.
At 0.6 s, the resistive load is changed from 100 Q to 200 Q.
At 1.2 s, resistive load is changed to a diode bridge rectifier
load (200 Q + 100 pF). Notice that the load current of three
oscillator controllers increase abruptly, and the load voltage
continues to meet specifications. It is worth noting that there
are a overshoot for oscillators controller when nonlinear loads
connection, because the voltage on filter capacitor surge.
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Fig. 11. Transient responses of three methods under current ratio changing from 1:1 to 2:1 with active and reactive power, output current frequency and output current.
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Fig. 12. Transient responses of three methods under resistive and nonlinear loads step with active and reactive power, output current frequency, and load voltage.

The power factor after 1.2 s continues to coincide as before.
The load voltage THD of Van der Pol, Hopf and droop are
2.767%, 2.262% and 3.142%, respectively. Therefore, the
Van der Pol and Hopf methods are proven to more valid than
droop controller in the presence a nonlinear load, and the Hopf
method obtains a better power quality.

V. EXPERIMENT RESULTS

The performance of proposed controller was also validated in
experimental platform, where the setup consists of two parallel

three-phase Danfoss 2.2 kW inverters, LCL filters, DC voltage
supply source, and the resistive load as shown in Fig. 13. The
controller was implemented by the dSPACE 1006 real-time
system. The switching frequency is set to 10 kHz. The setup and
controller parameters are listed in Table 1.
1) Inverters Connection

Above all, the transient response of instantaneous active
and reactive power, output current and load voltage for sudden
inverter #2 connection are shown in Fig. 14(a)—(c). The
initial state of each oscillator was set to (0.5V .4, 0) It can be
observed that the settling time is much shorter than simulation
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Fig. 13. Experimental setup in the laboratory.
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Fig. 14. Transient response of inverter connection. (a) Instantaneous active and
reactive power. (b) Output current of inverter #1 and #2. (c) Load voltage.

with 0.06 s, because the practical switching frequency is larger
the sampling frequency without time consuming iterations.

TABLEI
THREE-PHASE PARALLEL SYSTEM PARAMETERS USED IN EXPERIMENT

Parameter Value Unit
DC voltage 500 \%
Rated Power 2.2 kW
VSlI-side Filter inductance 1.8 mH
Load-side Filter inductance 1.8 mH
Filter capacitance 25 uF
Resistive load 100 Q
Step-up load 100 Q
Oscillator initial state 155,0 \AY%
Startup k; 300 A/A
Startup £, 10 VIV
Damping Coefficient u 1 o2t
Voltage reference 325 \%
Frequency reference 50 Hz
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Fig. 15. Transient response of ratio changes from 1:1 to 4:3. (a) Instantaneous active
and reactive power. (b) Output current of inverter #1 and #2. (¢) Load voltage.

Due to the pre-synchronization included, there is no overshoot
even through the phase mismatch existing before connection.
Additionally, the current transient also presents the suddenly
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Fig. 16. Transient response of load step and inverter removal. (a) Instantaneous
active and reactive power. (b) Output current of inverter #1 and #2. (c) Load
voltage.

synchronizing dynamics, and the load voltage keeps stable in
Fig. 14(b) and (c).
2) Ratio Changes

Incoming, Fig. 15(a)—(c) depict the transient response to k;
changes from 1:1 to 4:3. Note that the active power of each
inverter separate at sudden changes, and reactive power present
a small overshoot/undershoot in a short time. Then, the output
currents of VSI suit their ratio nearly instantaneously as shown
in Fig. 15(b), and the voltage of load also stay stable which
meets the requirement of islanded Microgrid in Fig. 15(c).
3) Load steps

Fig. 16(a)—(c) show the transient response during load step
twice when the two VSIs supply the resistive loads. At 4.0

s and 12.0 s, 100 Q resistive load adds in parallel and then
switch back. It can be observed that the increase and decrease
dynamics of output currents are momentary in Fig. 16(b). Note
that there is a obvious transient of load voltage, and it recover
quickly to references.

In summary, the experimental results present that the
proposed Hopf-oscillator controller can realize the pre-
synchronization and current sharing in decentralized system
operation. It mainly demonstrates the fast dynamics response
speed and stable operation with load step.

VI. CONCLUSIONS

This paper presented a simple and fast synchronization
method based on coupled Hopf-oscillators for grid-forming
inverters in Microgrid. The Hopf oscillator dynamic equations
were used for providing the inverter’s frequency and amplitude
voltage references which lead to a robust nonlinear droop
behavior for driving the system without using communications.
To overcome the undesired overshoot when inverters
connection, the pre-synchronization item was introduced into
control equations. The current sharing item was designed for
inner synchronization between inverters. The P — V and QO —
o relationship nonlinear droop and ascend characteristics were
derived by the averaged model. Steady-state model analyses
clarified the system stability performance, the relationship
between the parameters and system performance. A series of
comparison simulations and experiments were carried out to
validate the proposed strategy. The obtained results didn’t not
require the power calculation and PLL, and present fast and
precise synchronization and current sharing performance.
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