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Improved Synchronverters with Bounded Frequency
and Voltage for Smart Grid Integration

Qing-Chang Zhong, Fellow, IEEE, George C. Konstantopoulos, Member, IEEE,
Beibei Ren, Member, IEEE, and Miroslav Krstic, Fellow, IEEE

Abstract—Synchronverters are grid-friendly inverters that
mimic conventional synchronous generators and play an impor-
tant role in integrating different types of renewable energy
sources, electric vehicles, energy storage systems, etc., to the
smart grid. In this paper, an improved synchronverter is proposed
to make sure that its frequency and voltage always stay within
given ranges, while maintaining the function of the original syn-
chronverter. Furthermore, the stability region characterized by
the system parameters is analytically obtained, which guarantees
that the improved synchronverter is always stable and converges
to a unique equilibrium as long as the power exchanged at the
terminal is kept within this area. Extensive OPAL-RT real-time
simulation results are presented for the improved and the orig-
inal self-synchronized synchronverters connected to a stiff grid
and for the case when two improved synchronverters are con-
nected to the same bus with one operating as a weak grid, to
verify the theoretical development.

Index Terms—Synchronverters, virtual synchronous machines,
stability, bounded frequency range, bounded voltage range, smart
grid integration.

NOMENCLATURE

Ps, Qs real and reactive power of the synchronverter
E RMS synchronverter voltage
Vg RMS grid voltage
Vn RMS rated voltage
ω synchronverter angular frequency
ωg grid angular frequency
ωn, θ̇n rated angular frequency
δ power angle
if field-excitation current
ifn rated field-excitation current
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Te electromagnetic torque
Tm (virtual) mechanical torque
Pset,Qset real and reactive power references
Dp frequency droop coefficient
Dq voltage droop coefficient
Mf maximum mutual inductance
J (virtual) moment of inertia
τf time constant of the frequency loop
τv time constant of the voltage loop
G + jB complex admittance between the synchronverter

and the grid
Gs + jBs shunt complex admittance of the synchronverter
Gg + jBg shunt complex admittance of the grid
�ωmax maximum angular frequency deviation
�ifmax maximum field-excitation current deviation
pc maximum percentage of the voltage deviation.

I. INTRODUCTION

NOWADAYS, due to the rapid increase of renewable
energy systems in the electrical grid, distributed genera-

tion (DG) units play a more and more important role in power
system operation. Their integration is achieved using power
electronic converters and hence, the control design of power
converter-fed units connected to the grid has become a major
issue in control and power research communities [1], [2].

Since most of the conventional power plants are con-
nected to the electrical grid through synchronous generators,
several researchers have proposed control strategies for the
power electronic inverters of distributed generation units to
mimic some aspects of the conventional synchronous gener-
ators [1]–[11], mainly the external functions of synchronous
generators via droop control. A different approach for invert-
ers to provide grid support is to use electric springs [12].
Nevertheless, traditional droop controllers lack of inertia and
when applied to the increasing number of renewables con-
nected to the grid, they directly affect the stability of the
power network. To this end, virtual synchronous genera-
tors (VSGs) have been proposed to introduce the droop
control with an inherent virtual inertia that can be adjusted
according to the power system requirements [5], [13]–[17].
In particular, a comparison between the dynamic perfor-
mance of VSGs and traditional droop controllers can be found
in [18] and [19]. The importance of the inertia for the stabil-
ity of the system can be observed in [20], where frequency
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oscillations are damped by alternating the moment of inertia in
real time.

Although different types of VSGs have been proposed in
the literature, the idea of operating inverters in a grid-friendly
manner in order to mimic the complete dynamic behaviour of
synchronous generators was developed as the concept of syn-
chronverters [1], [21], [22]. One of the important advantages
of the synchronverter is that some of the system parame-
ters, such as the inertia, the friction coefficient, the field and
mutual inductance, can be suitably chosen in order to improve
the dynamic performance. The synchronverter represents a
promising technology in various applications, such as HVDC
transmission [23], [24], MMC [16], rectifier-fed loads [25],
STATCOM [26], and wind power systems [27]. Furthermore,
the synchronisation unit that has been believed to be indispens-
able for grid-tied converters has been removed for the first time
to form self-synchronised synchronverters [28], which consid-
erably reduces the complexity of the controller and improves
the performance. Therefore, most of the active players (power
plants, DGs and loads) that are connected to the grid can
operate in the same manner, which forms a promising architec-
ture for the next-generation smart grid.1 This can significantly
improve the stability, scalability, reliability and security of
future power systems.

Although controlling power inverters as synchronverters cre-
ates a universal way of operating all power systems, the
stability of synchronverters and particularly maintaining both
the voltage and the frequency within given ranges have
not been established yet. This is not an easy task due to
the non-linearities of the controller, e.g., the calculation of
the real power and the reactive power, and the coupling
between the frequency and the field-excitation current loops.
Although local stability results of grid connected inverters
can be provided using the small-signal analysis and lin-
earization [18], [29]–[31], the non-linear dynamics of the
system make non-linear analysis essential to achieve global
stability results. Recently, a non-linear control strategy with
a power-damping property was proposed to guarantee non-
linear system stability [6], while requiring knowledge of the
filter parameters. Several approaches for maintaining the sta-
bility of synchronous generators have been proposed in the
literature, which have the same dynamics with the synchron-
verter, but the field-excitation current is usually considered
as constant [32], [33]. As a result, according to the authors’
knowledge, synchronvertes that can maintain tight bounds for
the output voltage and frequency and guarantee stability based
on the accurate non-linear dynamic model of the system has
not been solved yet. It is worth mentioning that although sat-
uration units can be applied to maintain given bounds for the
voltage and the frequency, this often leads to instability due
to the problem of integrator windup [31]. To overcome this
issue, anti-windup methods could be included in the controller
to change the original operation but this can no longer guaran-
tee system stability in the original form or require additional
knowledge of the system structure and parameters [34], [35].

1http://smartgrid.ieee.org/september-2013/973-how-to-achieve-completely-
autonomous-power-in-the-next-generation-of-smart-grids

In this paper, an improved version of the synchronverter
connected to the grid with an LCL filter is proposed. The
non-linear model of the system is firstly derived using the
Kron-reduced network approach [36]. Then, both the fre-
quency loop and the field-excitation current loop are imple-
mented by using a bounded controller, inspired by the bounded
integral controller recently proposed in [37]. The improved
synchronverter approximates the behaviour of the original syn-
chronverter under normal operation (near the rated value) and
guarantees given bounds for both the frequency and the voltage
independently from each other, without the need of additional
saturation units that will complicate the proof of stability.
Hence, depending on the grid voltage and the parameters of the
synchronverter, the area where a unique equilibrium exists is
obtained and the convergence to the equilibrium is proven for
the given voltage and frequency bounds. According to the anal-
ysis, the stability of the self-synchronised synchronverter [28],
where the synchronisation unit is no longer required, is proven
as well. This may shed new light on establishing the stability
of next-generation smart grids, which are dominated by power-
electronic converters. A preliminary version of the proposed
approach was presented in [38], where the bounded control
structure was only implemented in the field-excitation cur-
rent loop of the original synchronverter and the stability in
the sense of boundedness was shown. This paper extends the
method to maintain given bounds for both the field-excitation
current and the frequency, which leads to a specific bound of
the synchronverter voltage that is analytically calculated, and
guarantees the asymptotic stability of the closed-loop system
and the uniqueness of a desired equilibrium point based on
non-linear dynamic modeling. Additionally, small variations
of the grid voltage and frequency are also considered such as
in the case of a weak grid. It should be noted that the improved
version of the synchronverter presented in this paper and the
stability analysis does not obsolete the existing methods; in
contrary it can be combined with some of them, e.g., the
alternating inertia [20], to further enhance the dynamic per-
formance. Extensive real-time simulation results are obtained
from an OPAL-RT real-time digital simulator comparing the
original and the improved self-synchronised synchronverter to
verify the proposed strategy under both normal and abnormal
conditions (e.g., with errors in the measurement and sudden
disturbances) as well as the case of two synchronverters con-
nected to a common bus with one operating in the droop mode
as a weak grid. The second scenario investigates both the
stand-alone operation of the proposed method as well as the
operation with a weak grid.

In this paper, the grid is initially assumed to be stiff for
the stability analysis. Later, some analysis and results are pre-
sented here when the grid voltage and frequency are varying
or when two improved synchronverters are connected to the
same bus with one operating as a weak grid to give some
flavor of this problem.

II. OVERVIEW OF SYNCHRONVERTERS

The complete dynamic model of the synchronverter consists
of a power part and a control part [1], [21]. The power part of
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Fig. 1. Per-phase diagram with the Kron-reduced network approach.

the synchronverter consists of a three-phase inverter connected
to the grid through an LCL filter. Using the Kron-reduced
network approach [36], the node of the capacitor bank can
be eliminated, which results in the per-phase system of the
synchronverter connected to the grid as shown in Fig. 1. In this
representation, the synchronverter and the grid are connected
via a complex admittance Y = G + jB with conductance G
and susceptance B, while Gs, Gg and Bs, Bg are the shunt
conductance and susceptance of the synchronverter and the
grid, respectively. These values can be found using the star-
delta transformation of the LCL filter. Thus, the real power
and reactive power at the output of the synchronverter can be
found as

Ps = 3(Gs + G)E2 − 3EVg(G cos δ + B sin δ) (1)

Qs = −3(Bs + B)E2 − 3EVg(G sin δ − B cos δ), (2)

where the power angle δ = θ − θg is the phase difference
between e and vg, and it is often small [36].

The control part of the synchronverter consists of a fre-
quency ω = θ̇ loop and a field-excitation current Mf if loop.
The dynamics of the frequency ω are given by [1], [21]:

ω̇ = 1

J
(Tm − Te)− Dp

J
(ω − ωr), (3)

where Te is the electromagnetic torque (hence Ps = Teω),
Tm is the mechanical torque corresponding to the desired real
output power Pset = Tmωn, the reference frequency ωr is either
equal to the grid frequency ωg > 0 or to the rated frequency
ωn > 0 when the frequency droop is disabled or enabled,
respectively. Both J and Dp are positive constants.

The time constant of the frequency loop is given as τf =
J

Dp
[1] and therefore the inertia J is calculated as

J = Dpτf , (4)

where τf can be chosen similar or much smaller compared to
the case of a physical synchronous generator. The dynamics
of the field-excitation current if are given by [1], [21]:

i̇f = 1

KMf
(Qset − Qs)+ Dq

KMf

(
Vn − Vg

)
, (5)

where K and Dq are positive. Note that the capacitor volt-
age Vc, instead of Vg, can be used [21].

The time constant of the field excitation current loop is given
as τv ≈ K

ωnDq
[1] and therefore the gain K is calculated as

K = ωnDqτv, (6)

where τv is often chosen much larger than τf . This will be
further explained in Section III-C.

According to [1] and [21] the RMS phase output voltage of
the synchronverter is

E = ωMf if√
2
. (7)

The complete dynamic model of the synchronverter is given
by (3) and (5), together with (1), (2) and (7), taking into
account also that δ̇ = ω − ωg.

III. SYNCHRONVERTERS WITH BOUNDED

FREQUENCY AND VOLTAGE

In this section, an improved synchronverter is proposed to
maintain given bounds around the rated values for the volt-
age and the frequency at all times (transients, disturbances,
etc.) and guarantee the stability of the closed-loop system.
Particularly, a bounded dynamic controller is designed for the
frequency and field-excitation dynamic loops to achieve the
desired bounded performance without introducing any addi-
tional saturation units or suffering from integrator windup.
These continuous-time bounded dynamics allow the investi-
gation of the area of existence of a unique equilibrium point
and facilitate the stability proof for convergence to the point.

A. The Proposed Controller

According to utility regulations, the frequency ω of a syn-
chronverter should be maintained within a range around the
rated frequency ωn, i.e., ω ∈ [ωn − �ωmax, ωn + �ωmax],
where there is normally �ωmax � ωn. A common approach
is to use a saturation unit at the output of the integrator (3) but
this can cause integrator windup and instability [31]. In this
paper, the recently proposed bounded integral controller [37]
is modified to suit the needs of the frequency dynamics for
the synchronverter. The frequency loop (3) is then modified
and implemented as

ω̇ = −k

(
(ω − ωn)

2

�ω2
max

+ ω2
q − 1

)

(ω − ωn)

+ ω2
q

(
1

J
(Tm − Te)− Dp

J
(ω − ωr)

)
(8)

ω̇q = −k

(
(ω − ωn)

2

�ω2
max

+ ω2
q − 1

)

ωq

− ωq(ω − ωn)

�ω2
max

(
1

J
(Tm − Te)− Dp

J
(ω − ωr)

)
(9)

with the initial control states ω0 = ωn, ωq0 = 1, and k being
a positive constant gain.

In order to understand the controller (8)-(9), consider the
Lyapunov function

W = (ω − ωn)
2

�ω2
max

+ ω2
q. (10)

Taking the time derivative of W while considering (8)-(9), it
results after some calculations in

Ẇ = −2k

(
(ω − ωn)

2

�ω2
max

+ ω2
q − 1

)

W.
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Fig. 2. Phase portrait of the frequency and field-excitation current dynamics:
(a) on the ω − ωq plane and (b) on the if − ifq plane, respectively.

Given the initial conditions ω0 = ωn and ωq0 = 1, there is

Ẇ = 0 ⇒ W(t) = W(0) = 1, ∀t ≥ 0.

Hence, ω and ωq will start and stay thereafter on the ellipse

Wω =
{

ω,ωq ∈ R :
(ω − ωn)

2

�ω2
max

+ ω2
q = 1

}

.

Note that the ellipse Wω is centered at (ωn, 0) on the ω− ωq

plane as shown in Fig. 2(a), which means the frequency is
bounded within a range around the rated value, i.e., ω ∈ [ωn −
�ωmax, ωn +�ωmax], independently from the field-excitation
current if and the function 1

J (Tm −Te)− Dp
J (ω−ωr) that needs

to be regulated to 0.
Using the mathematical transformation ω = ωn +

�ωmax sinφ and ωq = cosφ and taking into account that ω
and ωq operate on Wω, then from (8) it yields

φ̇ = ωq

�ωmax

(
1

J
(Tm − Te)− Dp

J
(ω − ωr)

)
, (11)

which means that ω and ωq will travel on Wω with angular
velocity φ̇. Hence, when 1

J (Tm − Te) − Dp
J (ω − ωr) = 0, as

required at the steady state [21], there is φ̇ = 0 and both
controller states ω and ωq will converge at the equilibrium
point (ωg, ωqe) as shown in Fig. 2(a). It should be highlighted
that starting from point (ωn, 1), both ω and ωq are restricted
only on the upper semi-ellipse of Wω, since if at any case (e.g.,
during transient), the trajectory tries to reach the horizontal
axis, then ωq → 0 and from (11) there is φ̇ → 0 independently
from the non-linear expression 1

J (Tm −Te)− Dp
J (ω−ωr). This

means that the controller states will slow down until the system
reacts, changes the sign of the angular velocity from the term
1
J (Tm − Te)− Dp

J (ω− ωr) and forces them to converge to the
desired equilibrium. Hence, no oscillation around the whole
ellipse can occur, which is an important property.

Since ω and ωq operate on the upper semi-ellipse of Wω and
there are ω ≈ ωn and ωq ≈ 1 around the nominal operational
point, then equation (8) becomes

Jω̇ = ω2
q

(
(Tm − Te)− Dp(ω − ωr)

)

≈ Tm − Te − Dp(ω − ωr). (12)

A direct comparison of this equation with (3) implies that
the proposed synchronverter approximates the dynamics of
the original synchronverter around the nominal operational
point, while additionally guarantees a given bound for the fre-
quency at all times. Note also that when ω → ωn ± �ωmax,

i.e., the frequency tries to reach the upper or lower limits,
then from (12) it holds that ω̇ → 0 which means that the inte-
gration slows down. Therefore, the proposed controller (8)-(9)
inherits an anti-windup structure in a continuous-time manner
that facilitates the investigation of stability, while at the same
time maintains the original performance of the synchronverter
around the rated values.

Utility regulations also require the RMS output voltage E of
a synchronverter to be maintained within a range around the
rated voltage Vn, i.e., E ∈ [Emin, Emax] = [(1 − pc)Vn, (1 +
pc)Vn], where pc is often around 10%. In other words,
according to (7), the condition

(1 − pc)Vn ≤ ωMf if√
2

≤ (1 + pc)Vn (13)

should hold. Since the frequency ω is proven to satisfy ω ∈
[ωn−�ωmax, ωn+�ωmax] by (8), there is,

(1 − pc)Vn
√

2

(ωn +�ωmax)Mf
≤ if ≤ (1 + pc)Vn

√
2

(ωn −�ωmax)Mf
. (14)

This can be rewritten as
∣∣if − ifn

∣∣ ≤ �ifmax, (15)

with

ifn = Vn
√

2(ωn + pc�ωmax)

Mf (ωn +�ωmax)(ωn −�ωmax)
(16)

and

�ifmax = Vn
√

2(pcωn +�ωmax)

Mf (ωn +�ωmax)(ωn −�ωmax)
. (17)

Since �ωmax � ωn normally, there are

ifn ≈ Vn
√

2

ωnMf
and �ifmax ≈ pcVn

√
2

ωnMf
.

In order to achieve (15), similarly to the frequency dynam-
ics, the field-excitation loop (5) can be modified and imple-
mented as

i̇f = −k

((
if − ifn

)2

�i2fmax

+ i2fq − 1

)

(if − ifn)

+ i2fq

(
1

KMf
(Qset − Qs)+ Dq

KMf

(
Vn − Vg

))
(18)

i̇fq = −k

((
if − ifn

)2

�i2fmax

+ i2fq − 1

)

ifq

− ifq
(
if − ifn

)

�i2fmax

(
1

KMf
(Qset − Qs)+ Dq

KMf

(
Vn − Vg

))

(19)

with initial control states if 0 = ifn and ifq0 = 1.
A similar Lyapunov analysis can show that the states if and

ifq will start and stay thereafter on the ellipse

Wi =
{

if , ifq ∈ R :

(
if − ifn

)2

�i2fmax

+ i2fq = 1

}

centered at (ifn, 0) on the if − ifq plane, as shown in Fig. 2(b),
which means the field-excitation current is bounded within the
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Fig. 3. The control part of the proposed improved self-synchronised
synchronverter.

range given by (15), independently from the frequency ω and
the function 1

KMf
(Qset − Qs)+ Dq

KMf
(Vn − Vg) that needs to be

regulated to 0. In the same framework, if and ifq will travel
only on the upper semi-ellipse of Wi with angular velocity

ψ̇ = ifq
�ifmax

(
1

KMf
(Qset − Qs)+ Dq

KMf

(
Vn − Vg

))
,

as shown in Fig. 2(b).
The above design has actually resulted in an improved syn-

chronverter with its frequency ω and voltage E satisfying ω ∈
[ωn −�ωmax, ωn +�ωmax] and E ∈ [(1 − pc)Vn, (1 + pc)Vn],
respectively. These are crucial properties for guaranteeing the
system stability.

Since the given bounds are established independently
from the non-linear functions of the field-excitation cur-
rent loop and the frequency loop, this fact also applies to
the boundedness of the self-synchronised synchronverter pro-
posed in [28], which no longer requires a PLL. This can
be achieved, as shown in Fig. 3, by replacing the dynam-
ics of the frequency loop and the field-excitation current
loop of the self-synchronised synchronverter with the control
laws (8)-(9) and (18)-(19), respectively. Since the proposed
dynamics (8)-(9) and (18)-(19) introduce bounded outputs
independently from the inputs (zero gain property) [37], the
voltage and frequency bounds are guaranteed independently
from the PI control block at the frequency loop or the first-
order system used to create the virtual current is shown
in Fig. 3.

B. Existence of a Unique Equilibrium

It has been shown that the improved synchronverter has a
bounded closed-loop solution for the frequency and the voltage
(resulting from the field excitation current). Here, the existence
of a unique equilibrium (with frequency ωe and voltage Ee)
and the convergence to this point will be shown analytically.

1) Theoretical Analysis: Assume that the grid is stiff with
constant grid voltage Vg and constant frequency ωg to facil-
itate the analysis. Then, at the steady state, there should be

ωe = ωg because the frequency of the complete system should
be the same. It has been shown that the control laws do not
change the synchronverter operation at the steady state under
normal operation. Then, from the equations of the improved
synchronverter control part at the steady state, i.e., (18)-(19)
and (8)-(9) or (5) and (3) respectively, the real power Ps and
reactive power Qs delivered by the synchronverter are

Ps = ωg

ωn
Pset − Dpωg

(
ωg − ωr

)
, (20)

Qs = Qset + Dq
(
Vn − Vg

)
, (21)

which are constant for given constant references Pset, Qset.
From the controller operation, it is guaranteed that ω ∈

[ωn −�ωmax, ωn +�ωmax]. Since ωe = ωg at the steady state,
the maximum frequency deviation �ωmax = 2π�fmax should
be selected so that the grid frequency, which usually slightly
deviates from ωn, falls into the range [ωn − �ωmax, ωn +
�ωmax], although a smaller �fmax can guarantee a tighter fre-
quency bound. Usually, it is enough to choose �fmax = 0.5Hz.

Moreover, the steady-state value of the voltage Ee, resulting
from the field excitation current value ife and the frequency ωe

from (7), should be unique and remain inside the given range
E ∈ [Emin, Emax] = [(1 − pc)Vn, (1 + pc)Vn]. To this end,
rewrite (1) and (2) as

Ps − 3(Gs + G)E2 = −3EVg(G cos δ + B sin δ), (22)

Qs + 3(Bs + B)E2 = −3EVg(G sin δ − B cos δ). (23)

Taking the sum of the squares of (22) and (23), then it yields
(

Ps − 3(Gs + G)E2
)2 +

(
Qs + 3(Bs + B)E2

)2

= 9E2V2
g

(
B2 + G2

)
, (24)

which results in the following second order equation of E2

with respect to Ps and Qs:

9
(
(Gs + G)2 + (Bs + B)2

)
E4

−
(

6Ps(Gs + G)− 6Qs(Bs + B)+ 9V2
g

(
B2 + G2

))
E2

+ P2
s + Q2

s = 0. (25)

As a result,

E2 = 2γPs − 2ηQs + 3αV2
g

6β
±

√
�

6β
, (26)

where

�=−4(γPs + ηQs)
2 + αV2

g

(
12γPs − 12ηQs + 9αV2

g

)
≥ 0

(27)

in order to obtain a real solution Ee. Here, α = B2 + G2,
γ = Gs + G and η = Bs + B with β = γ 2 + η2. Note that for
a typical LCL filter there is γ > 0 and η < 0. Since � ≥ 0,
then if

2γPs − 2ηQs + 3αV2
g

6β
> 0, (28)

the solution with the + sign, denoted as E2+, is positive and
hence, E+ exists. The negative one (−E+) is not of interest
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TABLE I
SYNCHRONVERTER PARAMETERS

and can be ignored. In order for E+ to fall into the given
range, there should be

(1 − pc)
2V2

n ≤ 2γPs − 2ηQs + 3αV2
g

6β
+

√
�

6β
≤(1 + pc)

2V2
n .

(29)

Since a unique solution is required in the given range, then if

0 <
2γPs − 2ηQs + 3αV2

g

6β
≤ (1 − pc)

2V2
n , (30)

which includes inequality (28), then the solution with the −
sign, denoted as E2−, satisfies

E2− ≤ (1 − pc)
2V2

n .

Hence, if E− exists then it will be outside of the range. As
a result, under conditions (27), (29) and (30), there exists a
unique equilibrium Ee inside the given range [(1−pc)Vn, (1+
pc)Vn] with 0 ≤ pc < 1 for the synchronverter voltage E and
it is

Ee = E+ =
√

2γPs − 2ηQs + 3αV2
g

6β
+

√
�

6β
.

Note that, when pc is large, from (30) it may result in an
area on the Ps − Qs plane that does not contain the origin
Ps = Qs = 0, at which E+ = Vg

√
α
β

and E− = 0. Practically,

the origin should be included to represent the operation before
connecting to the grid. For Ps = Qs = 0, the inequality (30)
can be simplified as

0 ≤ pc ≤ 1 − Vg

Vn

√
α

2β
< 1, (31)

which provides a maximum practical value for pc.
Since Ps = Qs = 0 results in E+ = Vg

√
α
β

, this also gives

important information for the LCL filter design, i.e., there
should be α

β
≈ 1 in order to have a smooth connection with

the grid (E+ ≈ Vg). For the parameters in Table I, there is
α
β

= 1.0006. Indeed this is the case.
2) A Numerical Example: According to condi-

tions (27), (29) and (30), for a given voltage range, the
unique solution Ee of the synchronverter voltage inside the
voltage range can be calculated from the values of Ps and Qs.
Then the area where there exists a unique equilibrium can be
plotted on the Ps − Qs plane. In order to demonstrate this
further, the system with parameters given in Table I is taken
as an example. Both solutions E+ and E− are plotted for
different values of Ps and Qs and shown in Fig. 4. The white
curve between the surfaces of E+ and E− defines the values
of Ps and Qs for which E+ = E−, i.e., � = 0.

Fig. 4. E+ surface (upper) and E− surface (lower) with respect to Ps and Qs.

Fig. 5. Illustration of the area where E+ (inside the green lines) and
E− (inside the red lines) exist and fall inside the voltage range.

The contour curves of the surface are shown in Fig. 5 on
the Ps − Qs plane for pc = 10% around the rated voltage Vn.
Note that pc = 10% satisfies (31), which gives pc ≤ 0.2927
when Vg = Vn. In the area inside the green lines, E+ falls
into the range and in the area inside the red lines E− falls
into the voltage range. Conditions (27), (29) and (30) charac-
terize that the area in which there exists a unique equilibrium
point E+ = Ee and is inside the area between the green lines
and below the gray dashed line in Fig. 5. The area where
E− exists is excluded by the gray dashed line because it
would lead to excessive power that exceeds the capacity of
the synchronverter.

The area where there exists a unique equilibrium Ee inside
the voltage range is zoomed in and shown in Fig. 6(a) for two
different voltage ranges with pc = 0.05 and pc = 0.1, i.e., 5%
or 10% around the rated voltage Vn, respectively, when the
grid voltage is equal to the rated voltage (Vg = Vn). The 5%
range corresponds to the area within the blue lines, while the
10% range corresponds to the area within the green lines.

When the grid voltage is 5% lower than the rated voltage,
the area where there exists a unique equilibrium Ee inside the
voltage range is shown in Fig. 6(b). It can be seen that the area
is shifted towards the first quadrant, which means for the same
voltage range more power could be sent out but less power
could be drawn. This is expected and reasonable. When the
grid voltage is 5% higher than the rated voltage, the area shifts
towards the third quadrant, as shown in Fig. 6(c). Hence, in
practice, when determining the capacity of the synchronverter
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Fig. 6. Illustration of the area where a unique equilibrium exists in the voltage range when the grid voltage is (a) at the rated value, (b) 5% lower than the
rated value and (c) 5% higher than the rated value.

the maximum variation of the grid voltage should be taken
into account as well. This provides a flavor of the weak-grid
case where the grid RMS voltage can slightly vary.

C. Convergence to the Equilibrium

Based on the analysis of Sections III-A and III-B with
Ps and Qs satisfying conditions (27), (29) and (30), it has
been shown that by using the improved synchronverter (8)-(9)
and (18)-(19), it is guaranteed that the synchronverter con-
nected to the grid results in a bounded voltage E(t) and
frequency ω(t) in a given range where a unique equilibrium
(Ee, ωe) exists. Additionally, by choosing τ f � τv, then
according to [39, Ch. 11], the frequency and field excitation
current dynamics can be viewed as a two-time-scale dynamic
system where the frequency dynamics are fast and the field-
excitation dynamics are slow with respect to each other. The
stability of these dynamics can be shown below.

1) Stability of the Fast Dynamics: According to (1), (3),
and (7), the fast frequency dynamics around the equilibrium
point (δe, ωg) are given as
[
�δ̇

�ω̇

]

=
⎡

⎣
0 1

3Mf if Vg(B cos δe−G sin δe)√
2J

−
(

Dp
J + 3(Gs+G)M2

f i2f
2J

)
⎤

⎦

[
�δ

�ω

]

,

(32)

because according to the two-time-scale analysis and the
boundedness of if from (18), if > 0 and can be regarded as a
constant with respect to ω. Hence, for δe ∈ (tan−1( B

G ),
π
2 ], the

equilibrium point of the fast frequency dynamic system (32)
can be easily proven to be asymptotically stable uniformly in
if because if is restricted in a positive set. Note that B < 0
for typical LCL filters. Based on the fact that the bounded
system (8) maintains the asymptotic behavior of the original
system [37] with a given tight bound for the frequency ω, the
equilibrium point of the fast frequency dynamics (8) is asymp-
totically stable since ω, ωg ∈ [ωn −�ωmax, ωn +�ωmax], i.e.,
the equilibrium point exists inside the given bound.

2) Stability of the Slow Dynamics: Once the frequency set-
tles down quickly, according to (32), there is δ̇ = 0 and
ω̇ = 0. As a result, ω = ωg. For the field excitation dynam-
ics (18)-(19), the slow dynamics of if in (18)-(19) result in
an autonomous system [i̇f i̇qf ]T = f (if , iqf ) having the same
equilibrium point as the original non-linear system, because
it is unique inside the bounded range. The structure of the
field excitation current (18)-(19) prohibits the existence of

limit cycles across the whole closed curve Wi, as explained
in Section III-A, and the fact that if and ifq operate on the
ellipse Wi and stay exclusively above the horizontal axis, i.e.,
ifq ≥ 0. If if and ifq pass the equilibrium point and try to
reach the horizontal axis, as shown in Fig. 2(b), their angu-
lar velocity approaches zero, i.e., they slow down until the
system acts and changes the sign of the angular velocity, forc-
ing the states to oscillate around the equilibrium point and
not continuously oscillate around the whole ellipse Wi. As
a result, the field-excitation current dynamics (18)-(19) are
described by a second-order autonomous system which cannot
have a periodic solution, corresponding to a closed orbit on the
if − ifq plane. Additionally, no chaotic solution exists accord-
ing to the Poincare-Bendixon theorem [40] and the solution of
the system asymptotically converges to the unique equilibrium
point (ife, ifqe) corresponding to the desired equilibrium of the
system with (Ee, ωe) [39].

As a result, for τ f � τv and for Ps and Qs given
from (20)-(21) and satisfying conditions (27), (29) and (30),
which can be achieved from the synchronverter design, the
improved grid-connected synchronverter is stable with given
bounds for the voltage E ∈ [(1 − pc)Vn, (1 + pc)Vn] and the
frequency ω ∈ [ωn − �ωmax, ωn + �ωmax] and asymptot-
ically converges to a unique equilibrium point, when ωg ∈
[ωn −�ωmax, ωn +�ωmax] and pc satisfies (31).

In practice, the capacity of a synchronverter, which can be
represented as a circle centered at the origin of the Ps − Qs

plane, is limited and pre-defined at the design stage. If this
circle, e.g., the ones shown in red in Fig. 6, falls into the
area where a unique equilibrium exists, then the stability of
the synchronverter is always guaranteed within the voltage
range. If the real power and/or the reactive power of the
synchronverter exceed the circle but still remain inside the
bounded voltage area then the synchronverter is still stable but
it could damage the synchronverter itself. In order to avoid
damage due to overloading, the power handled by the syn-
chronverter should be limited, e.g., to 125% for 10 minutes,
150% surge for 10 seconds. This is an excellent property that
could be adopted to enhance the fault-ride through capabil-
ity of grid-connected inverters, e.g., when there is a need
to send (controlled) reactive power to the grid in case of a
fault on the grid and to maintain the safe operation of power
systems. This offers the potential for all synchronverters to
work at the maximum capacity without causing instability
issues.
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Fig. 7. Real-time simulation results comparing the original (SV) with the improved self-synchronised synchronverter (improved SV): (a) real power Ps and
reactive power Qs, (b) frequency f and field-excitation current (Mf if ) and (c) voltage E (normalised) and the amplitude Vc − Vg.

Fig. 8. Phase portraits of the proposed controller states for the field-excitation
loop (Mf if ) and the frequency loop ( f ).

IV. VALIDATION VIA REAL-TIME SIMULATIONS

A. One Synchronverter Connected to a Stiff Grid

In order to verify the proposed strategy, the original grid-
tied self-synchronised synchronverter as reported in [28] is
compared to the improved self-synchronised synchronverter
shown in Fig. 3 using an OPAL-RT real-time digital simu-
lator. The system parameters are the same as those shown
in Table I and the scenario tested is the same as the one
described in [28] to facilitate direct comparison. The con-
troller parameters are chosen as k = 1000, �ifmax = 0.15ifn
(15% difference of the rated value) and �ωmax = π rad/s, i.e.,
�fmax = 0.5 Hz. This leads to Emax ≈ 1.15Vn and Emin ≈
0.85Vn as the upper and lower bounds for the synchronverter
voltage.

The system starts operating in the self-synchronization
mode with Pset = 0 and Qset = 0 at t = 5 s, with the
switch SC (Fig. 3) set at Position 1, SP turned ON, SQ turned
OFF and the circuit breaker turned OFF. The initial transient
observed is due to the initial conditions and the calculation
of the amplitude but it does not affect the system since both
synchronverters have not been connected to the grid yet. Note
that the grid voltage is set to be 2% higher than the rated
value in order to test the case where the grid voltage dif-
fers from the rated voltage. As it can be seen from Fig. 7(b),
during the self-synchronisation mode, the synchronverter fre-
quency is quickly synchronised with the grid frequency. At
t = 6 s, the circuit breaker is turned ON, thus connecting the
synchronverter to the grid, and SC is changed to Position 2.
Very little transient is observed. At t = 10 s, the real power

Fig. 9. Two synchronverters connected to the same bus.

reference is changed to Pset = 80 W and at t = 15 s, the
reactive power reference is changed to Qset = 60 Var. Both
types of synchronverters respond to the reference values well,
as shown in Fig. 7(a). At t = 20 s, a 0.2% step increase at
the grid frequency fg, i.e., from 50 Hz to 50.1 Hz, is assumed.
Both types of synchronverters respond to the frequency change
well. The transient change in the real power is small. At
t = 25 s, Switch SP is turned OFF to enable the frequency
droop mode, which leads to a drop of the real power Ps.
Switch SQ is turned ON at t = 30 s to enable the voltage
droop mode, which results in a drop of the reactive power Qs.
This forces the synchronverter voltage to regulate closer to the
rated value (1 pu) as it is clearly shown in the normalised volt-
age amplitude E in Fig. 7(c). At t = 35 s, the grid frequency is
changed back to 50 Hz. Both synchronverters behave similarly
to increase the real power. Actually, during the first 40 s, both
the original and the improved synchronverter have behaved
almost the same, which verifies the fact that the improved
synchronverter maintains the original performance during nor-
mal operation. At t = 40 s, an increasing error is assumed
at the grid voltage sensor with the rate of 10%/sec, i.e., the
measured voltage becomes 10%/sec less than its actual value,
which constitutes an abnormal operation and forces the power
to increase, leading the original synchronverter to instability.
As shown in Fig. 7(b), the frequency of the original synchron-
verter starts diverging away from the grid frequency, and the
field-excitation current increases dramatically. On the other
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Fig. 10. Real-time simulation results of two improved self-synchronverters (improved SV1 and SV2) connected at the same bus: (a) real power Ps1, Ps2
and reactive power Qs1, Qs2, (b) frequency f and field-excitation current (Mf if ) and (c) voltage E and voltage difference Vc − Vo (normalised).

TABLE II
SYSTEM PARAMETERS FOR THE CASE WITH TWO SYNCHRONVERTERS

hand, the frequency and the field-excitation current of the
improved synchronverter remain inside the given bounded
range as expected. Particularly, the field excitation current
and the voltage smoothly converge to their upper bounds as
shown in Fig. 7(b) and 7(c), respectively. The frequency of
the improved synchronverter is still maintained equal to the
grid frequency, opposed to the original synchronverter, and
the reactive power converges to the upper limit as described
in Fig. 6 due to the convergence of the field-excitation cur-
rent to the upper bound. Hence, both the frequency and the
field-excitation current remain inside their given bounds at all
times. In order to further verify the theory, the trajectories
of the control states Mf if , Mf ifq and f = ω

2π , fq = ωq are
shown in Fig. 8 using the data from the real-time simulations.
It is shown that they indeed stay on the desired ellipses as
explained in Section III-A.

B. Two Synchronverters Connected to the Same Bus With
One Operating in the Droop Mode as a Weak Grid

To further evaluate the performance of the improved syn-
chronverter, the case of two self-synchronised synchronverters
connected to the same bus together with a local load (three-
phase resistive load) is investigated using the real-time digital
simulator. The diagram of the system is shown in Fig. 9.
The system parameters, which are the same for both syn-
chronverters, are shown in Table II. The maximum allowed
field-excitation current deviation is chosen as �ifmax = 0.02ifn
(2% around the rated value) and the maximum frequency devi-
ation �fmax = 0.25 Hz (0.5% of the rated frequency) is used
for both improved synchronverters. This leads to an approxi-
mately 2.5% range for the RMS voltage (much smaller than
that in the previous simulation). The rest of the controller gains
and coefficients are k = 1000, Dp = 2.0264, Dq = 222.68,
K = 1400 and J = 0.0041, which have been obtained with
the time constants τf = 0.002 s and τv = 0.02 s.

Fig. 11. Controller states of the field-excitation loop (Mf if ) and the frequency
loop ( f ) for the case with two improved synchronverters connected to the
same bus.

Initially, the first synchronverter is connected to a local load
with resistance RL = 100� to investigate the case of stand-
alone operation. With its droop functions enabled during the
whole operation with Pset1 = 0 W and Qset1 = 0 Var to pro-
vide frequency and voltage support, it functions as a weak
grid for the second synchronverter. The system starts operat-
ing at t = 5 s and both the output voltage and the frequency
of improved synchronverter 1 are regulated close to the rated
values due to the droop functions, as shown in Fig. 10(b).
The frequency drops while the real power Ps1 increases to
feed the load and the reactive power Qs1 compensates the
reactive power of the filter. During this period, the second syn-
chronverter is operated in the self-synchronization mode and
is synchronised very quickly with the voltage and frequency of
the first synchronverter. At t = 10 s, the circuit breaker closes
and the second synchronverter is connected to the same bus,
with Pset2 = 0 W, Qset2 = 0 Var in the set mode. As shown in
Fig. 10(a), the real and reactive power of the second synchron-
verter are regulated to zero after a short and small transient. At
t = 15 s, Pset2 changes to Pset2 = 800 W and at the time instant
t = 20 s, Qset2 = 100 Var leading the real and reactive power
of the second synchronverter to smoothly converge to the
desired values. The first synchronverter acts as a weak grid and
absorbs the excessive power to reach power balance, which
causes the frequency to exceed the rated value. At t = 25 s,
the frequency droop mode is enabled for the second synchron-
verter, leading to a drop of the real power. At t = 30 s, the
voltage droop is enabled, forcing the reactive power to slightly
drop as well. Both functions assist the frequency and the field
excitation current to regulate closer to their rated values, as
shown in Fig. 10(b). In order to verify the boundedness of the
frequency and the voltage of the system and the stable opera-
tion under extreme scenarios, at t = 35 s, another three-phase
load with resistance 10� is added in parallel with RL and is
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disconnected at t = 36 s. This creates a sudden disturbance and
requires excessive power from both synchronverters, as can be
seen from Fig. 10(a). The field-excitation currents of both syn-
chronverters are regulated at the maximum allowed value and
the frequency at the minimum value according to the theory
and hence the whole system stability is ensured, as shown
in 10(b). Additionally, when the system returns to the original
condition (at t = 36 s) then one-by-one the synchronverter fre-
quencies and field-excitation currents return to their original
values, verifying that the proposed design does not suffer from
integrator windup that can destabilize the entire system. The
frequencies recover much faster than the field-excitation cur-
rents, as expected. As can be seen from in 10(c), the voltage
E remains within the tight bound all the times for both syn-
chronverters. The controller states, as shown in Fig. 11, once
again, operate on the desired ellipses, verifying the theoretical
development. The improved self-synchronised synchronverter
can indeed maintain the voltage and frequency within given
bounds at all times and guarantee the stability of the entire
system under both normal and abnormal scenarios.

V. CONCLUSION

In this paper, an improved synchronverter with bounded fre-
quency and voltage has been proposed. It is proven that the
original behavior of the synchronverter is maintained near the
rated value and additional bounds are guaranteed for the fre-
quency and the field-excitation current (voltage). The stability
and convergence to the unique equilibrium are established for
a given voltage range using the non-linear model description
and the complete area where the unique equilibrium exists is
characterized.

Although it is assumed that the grid is stiff to derive the
existence condition of an equilibrium point, the variations of
the grid voltage and their effect on the desired equilibrium
have been also investigated, with several real-time simulation
results provided even when two synchronverters are connected
to the same bus. The theoretical stability analysis for the case
of practical large-scale systems with various synchronverters
connected to the same network is of great significance and is
being investigated.

REFERENCES

[1] Q.-C. Zhong and T. Hornik, Control of Power Inverters in Renewable
Energy and Smart Grid Integration. Chichester, U.K.: Wiley, 2013.

[2] 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 Trans. Smart Grid, vol. 5, no. 3, pp. 1149–1158, May 2014.

[3] J. C. Vasquez, J. M. 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,
no. 10, pp. 4088–4096, Oct. 2009.

[4] 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, Apr. 2013.

[5] M. Ashabani and Y. A.-R. I. Mohamed, “Novel comprehensive control
framework for incorporating VSCs to smart power grids using bidi-
rectional synchronous-VSC,” IEEE Trans. Power Syst., vol. 29, no. 2,
pp. 943–957, Mar. 2014.

[6] M. Ashabani and Y. A.-R. I. Mohamed, “Integrating VSCs to weak
grids by nonlinear power damping controller with self-synchronization
capability,” IEEE Trans. Power Syst., vol. 29, no. 2, pp. 805–814,
Mar. 2014.

[7] M. Karimi-Ghartemani, “Universal integrated synchronization and con-
trol for single-phase DC/AC converters,” IEEE Trans. Power Electron.,
vol. 30, no. 3, pp. 1544–1557, Mar. 2015.

[8] J. M. Guerrero, M. Chandorkar, T.-L. Lee, and P. C. Loh, “Advanced
control architectures for intelligent microgrids—Part I: Decentralized
and hierarchical control,” IEEE Trans. Ind. Electron., vol. 60, no. 4,
pp. 1254–1262, Apr. 2013.

[9] A. Milczarek, M. Malinowski, and J. M. Guerrero, “Reactive power
management in islanded microgrid—Proportional power sharing in
hierarchical droop control,” IEEE Trans. Smart Grid, vol. 6, no. 4,
pp. 1631–1638, Jul. 2015.

[10] J. W. Simpson-Porco, F. Dörfler, and F. Bullo, “Synchronization and
power sharing for droop-controlled inverters in islanded microgrids,”
Automatica, vol. 49, no. 9, pp. 2603–2611, 2013.

[11] G. C. Konstantopoulos, Q.-C. Zhong, B. Ren, and M. Krstic, “Bounded
droop controller for parallel operation of inverters,” Automatica, vol. 53,
pp. 320–328, Mar. 2015.

[12] C. K. Lee, N. R. Chaudhuri, B. Chaudhuri, and S. Y. R. Hui, “Droop
control of distributed electric springs for stabilizing future power grid,”
IEEE Trans. Smart Grid, vol. 4, no. 3, pp. 1558–1566, Sep. 2013.

[13] D. Molina, G. K. Venayagamoorthy, J. Liang, and R. G. Harley,
“Intelligent local area signals based damping of power system oscilla-
tions using virtual generators and approximate dynamic programming,”
IEEE Trans. Smart Grid, vol. 4, no. 1, pp. 498–508, Mar. 2013.

[14] L. M. Castro and E. Acha, “On the provision of frequency regulation in
low inertia AC grids using HVDC systems,” IEEE Trans. Smart Grid,
to be published, doi: 10.1109/TSG.2015.2495243.

[15] T. Shintai, Y. Miura, and T. Ise, “Oscillation damping of a distributed
generator using a virtual synchronous generator,” IEEE Trans. Power
Del., vol. 29, no. 2, pp. 668–676, Apr. 2014.

[16] C. Li, J. Xu, and C. Zhao, “A coherency-based equivalence
method for MMC inverters using virtual synchronous gen-
erator control,” IEEE Trans. Power Del., to be published,
doi: 10.1109/TPWRD.2015.2499262.

[17] S. D’Arco, J. A. Suul, and O. B. Fosso, “A virtual synchronous
machine implementation for distributed control of power converters in
smartgrids,” Elect. Power Syst. Res., vol. 122, pp. 180–197, May 2015.

[18] J. Liu, Y. Miura, and T. Ise, “Comparison of dynamic characteristics
between virtual synchronous generator and droop control in inverter-
based distributed generators,” IEEE Trans. Power Electron., vol. 31,
no. 5, pp. 3600–3611, May 2016.

[19] A. D’Arco and J. R. Suul, “Equivalence of virtual synchronous machines
and frequency-droops for converter-based microgrids,” IEEE Trans.
Smart Grid, vol. 5, no. 1, pp. 394–395, Jan. 2014.

[20] J. Alipoor, Y. Miura, and T. Ise, “Power system stabilization using vir-
tual synchronous generator with alternating moment of inertia,” IEEE
Trans. Emerg. Sel. Topics Power Electron., vol. 3, no. 2, pp. 451–458,
Jun. 2015.

[21] Q.-C. Zhong and G. Weiss, “Synchronverters: Inverters that mimic
synchronous generators,” IEEE Trans. Ind. Electron., vol. 58, no. 4,
pp. 1259–1267, Apr. 2011.

[22] Q.-C. Zhong and G. Weiss, “Static synchronous generators for dis-
tributed generation and renewable energy,” in Proc. IEEE PES Power
Syst. Conf. Exhibit. (PSCE), Seattle, WA, USA, 2009, pp. 1–6.

[23] R. Aouini, B. Marinescu, K. B. Kilani, and M. Elleuch, “Synchronverter-
based emulation and control of HVDC transmission,” IEEE Trans. Power
Syst., vol. 31, no. 1, pp. 278–286, Jan. 2016.

[24] S. Dong, Y.-N. Chi, and Y. Li, “Active voltage feedback control for
hybrid multiterminal HVDC system adopting improved synchronvert-
ers,” IEEE Trans. Power Del., vol. 31, no. 2, pp. 445–455, Apr. 2016.

[25] Z. Ma, Q.-C. Zhong, and J. D. Yan, “Synchronverter-based control strate-
gies for three-phase PWM rectifiers,” in Proc. 7th IEEE Conf. Ind.
Electron. Appl. (ICIEA), Singapore, Jul. 2012, pp. 225–230.

[26] P.-L. Nguyen, Q.-C. Zhong, F. Blaabjerg, and J. M. Guerrero,
“Synchronverter-based operation of STATCOM to mimic synchronous
condensers,” in Proc. 7th IEEE Conf. Ind. Electron. Appl. (ICIEA),
Singapore, Jul. 2012, pp. 942–947.

[27] Q.-C. Zhong, Z. Ma, W.-L. Ming, and G. C. Konstantopoulos, “Grid-
friendly wind power systems based on the synchronverter technology,”
Energy Convers. Manag., vol. 89, pp. 719–726, Jan. 2015.

[28] Q.-C. Zhong, P.-L. Nguyen, Z. Ma, and W. Sheng, “Self-synchronized
synchronverters: Inverters without a dedicated synchronization unit,”
IEEE Trans. Power Electron., vol. 29, no. 2, pp. 617–630, Feb. 2014.

[29] N. Pogaku, M. Prodanovic, and T. C. Green, “Modeling, analysis and
testing of autonomous operation of an inverter-based microgrid,” IEEE
Trans. Power Electron., vol. 22, no. 2, pp. 613–625, Mar. 2007.



796 IEEE TRANSACTIONS ON SMART GRID, VOL. 9, NO. 2, MARCH 2018

[30] X. Guo et al., “Dynamic phasors-based modeling and stability analysis
of droop-controlled inverters for microgrid applications,” IEEE Trans.
Smart Grid, vol. 5, no. 6, pp. 2980–2987, Nov. 2014.

[31] A. D. Paquette and D. M. Divan, “Virtual impedance current limiting
for inverters in microgrids with synchronous generators,” IEEE Trans.
Ind. Appl., vol. 51, no. 2, pp. 1630–1638, Mar./Apr. 2015.

[32] V. Natarajan and G. Weiss, “Almost global asymptotic stability of a
constant field current synchronous machine connected to an infinite bus,”
in Proc. IEEE 53rd Annu. Conf. Decis. Control (CDC), Los Angeles,
CA, USA, Dec. 2014, pp. 3272–3279.

[33] S. Fiaz, D. Zonetti, R. Ortega, J. M. A. Scherpen, and
A. J. Van der Schaft, “A port-hamiltonian approach to power
network modeling and analysis,” Eur. J. Control, vol. 19, no. 6,
pp. 477–485, 2013.

[34] C. Bohn and D. P. Atherton, “An analysis package comparing PID
anti-windup strategies,” IEEE Control Syst., vol. 15, no. 2, pp. 34–40,
Apr. 1995.

[35] L. Zaccarian and A. R. Teel, “Nonlinear scheduled anti-windup design
for linear systems,” IEEE Trans. Autom. Control, vol. 49, no. 11,
pp. 2055–2061, Nov. 2004.

[36] P. S. Kundur, Power System Stability and Control. New York, NY, USA:
McGraw-Hill, 1994.

[37] G. C. Konstantopoulos, Q.-C. Zhong, B. Ren, and M. Krstic, “Bounded
integral control of input-to-state practically stable non-linear systems
to guarantee closed-loop stability,” IEEE Trans. Autom. Control, to be
published, doi: 10.1109/TAC.2016.2552978.

[38] G. C. Konstantopoulos, Q.-C. Zhong, B. Ren, and M. Krstic,
“Boundedness of synchronverters,” in Proc. Eur. Control Conf. (ECC),
Linz, Austria, Jul. 2015, pp. 1050–1055.

[39] H. K. Khalil, Nonlinear Systems. Upper Saddle River, NJ, USA:
Prentice Hall, 2001.

[40] S. Wiggins, Introduction to Applied Nonlinear Dynamical Systems and
Chaos, 2nd ed. New York, NY, USA: Springer, 2003.

Qing-Chang Zhong (M’03–SM’04–F’17) received
the Ph.D. degree in control and power engineering
from Imperial College London, London, U.K., in
2004, and the Ph.D. degree in control theory and
engineering from Shanghai Jiao Tong University,
Shanghai, China, in 2000.

He is the Max McGraw Endowed Chair Professor
in Energy and Power Engineering with the
Department of Electrical and Computer Engineering,
Illinois Institute of Technology, Chicago, USA,
and the Research Professor in Control of Power

Systems with the Department of Automatic Control and Systems Engineering,
University of Sheffield, U.K. He is a Distinguished Lecturer of the IEEE
Power Electronics Society, the IEEE Control Systems Society, and the
IEEE Power and Energy Society. He has co-authored three research mono-
graphs entitled Control of Power Inverters in Renewable Energy and Smart
Grid Integration (Wiley-IEEE Press, 2013), Robust Control of Time-Delay
Systems (Springer-Verlag, 2006), and Control of Integral Processes With
Dead Time (Springer-Verlag, 2010), and the fourth book entitled Power
Electronics-Enabled Autonomous Power Systems: Next Generation Smart
Grids is scheduled for publication by Wiley-IEEE Press. He proposed the
architecture for the next-generation smart grids, which adopts the synchroniza-
tion mechanism of synchronous machines to unify the interface and interaction
of power system players with the grid and achieve autonomous operation of
power systems. His research focuses on power electronics, advanced control
theory and the integration of both, together with applications in renewable
energy, smart grid integration, electric drives and electric vehicles, aircraft
power systems, and high-speed trains.

Prof. Zhong was a recipient of the Best Doctoral Thesis Prize
Award from Imperial College London. He serves as an Associate Editor
for the IEEE TRANSACTIONS ON AUTOMATIC CONTROL, the IEEE
TRANSACTIONS ON POWER ELECTRONICS, the IEEE TRANSACTIONS

ON INDUSTRIAL ELECTRONICS, the IEEE TRANSACTIONS ON CONTROL

SYSTEMS TECHNOLOGY, the IEEE ACCESS, the IEEE JOURNAL OF

EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS, the European
Journal of Control and the Conference Editorial Board of the IEEE
Control Systems Society. He is a fellow of the Institution of Engineering
and Technology, the Vice-Chair of IFAC TC of Power and Energy
Systems, and was a Senior Research Fellow of the Royal Academy of
Engineering/Leverhulme Trust, U.K., from 2009 to 2010 and the U.K.
Representative to the European Control Association from 2013 to 2015.

George C. Konstantopoulos (S’07–M’13) received
the Diploma and Ph.D. degrees in electrical and
computer engineering from the Department of
Electrical and Computer Engineering, University of
Patras, Rion, Greece, in 2008 and 2012, respec-
tively.

From 2011 to 2012, he was an Electrical Engineer
with the Public Power Corporation of Greece. Since
2013, he has been with the Department of Automatic
Control and Systems Engineering, University of
Sheffield, U.K., where he is currently a Lecturer. His

research interests include nonlinear modeling, control, and stability analysis of
power converters in microgrid and smart grid applications, renewable energy
systems, and electrical drives. He is a member of the National Technical
Chamber of Greece.

Beibei Ren (S’05–M’10) received the B.Eng.
degree in mechanical and electronic engineering
and the M.Eng. degree in automation from Xidian
University, Xi’an, China, in 2001 and 2004, respec-
tively, and the Ph.D. degree in electrical and com-
puter engineering from the National University of
Singapore, Singapore, in 2010.

From 2010 to 2013, she was a Post-Doctoral
Scholar with the Department of Mechanical and
Aerospace Engineering, University of California,
San Diego, CA, USA. Since 2013, she has been an

Assistant Professor with the Department of Mechanical Engineering, Texas
Tech University, Lubbock, TX, USA. Her current research interests include
adaptive control, robust control, distributed parameter systems, extremum
seeking, and their applications.

Miroslav Krstic (S’92–M’95–SM’99–F’02) is the
Alspach Endowed Chair and the Founding Director
of the Cymer Center for Control Systems and
Dynamics at University of California San Diego
(UCSD). He also serves as the Associate Vice
Chancellor for Research at UCSD. He has coau-
thored eleven books on adaptive, nonlinear, and
stochastic control, extremum seeking, control of
PDE systems including turbulent flows, and control
of delay systems.

Dr. Krstic was a recipient of the PECASE, NSF
Career, and ONR Young Investigator Awards, the Axelby and Schuck
Paper Prizes, the Chestnut Textbook Prize, the ASME Nyquist Lecture
Prize, the first UCSD Research Award given to an Engineer, the UC
Santa Barbara Best Dissertation Award, the Student Best Paper Awards at
CDC and ACC, the Springer Visiting Professorship at UC Berkeley, the
Distinguished Visiting Fellowship of the Royal Academy of Engineering,
the Invitation Fellowship of the Japan Society for the Promotion of Science,
and the Honorary Professorships from Northeastern University (Shenyang),
Chongqing University, and Donghua University, China. He serves as the
Senior Editor of the IEEE TRANSACTIONS ON AUTOMATIC CONTROL and
Automatica, as an Editor of two Springer book series, and has served as the
Vice President for Technical Activities of the IEEE Control Systems Society
and as the Chair of the IEEE CSS Fellow Committee. He is an Associate
Fellow of AIAA, and a Foreign Member of the Academy of Engineering of
Serbia. He is a fellow of the IFAC, ASME, SIAM, and IET (U.K.)



<<
  /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 true
  /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
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /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
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZapfChancery-MediumItalic
    /ZapfDingBats
    /ZapfDingbatsITCbyBT-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 "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


