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Abstract—In this paper a current-limiting droop control of
grid-tied inverters that introduces virtual inertia and operates
without a phase locked loop unit is proposed. The proposed
controller inherits a self-synchronization function and can guar-
antee tight bounds for the inverter frequency. In addition,
using nonlinear Lyapunov theory, it is analytically proven that
the inverter current never violates a given maximum value.
Compared to the original current-limiting droop controller, the
maximum capacity of the inverter is utilized at all times using the
proposed strategy, even under grid faults. It is also proven that the
proposed controller significantly reduces the resonance problem
of the LCL filter. Extended simulation results are presented to
verify the performance of the proposed controller under normal
and faulty grid conditions.

I. INTRODUCTION

The increased penetration of distributed energy resources
(DERSs) in the main power grid or into smaller power networks,
i.e. microgrids, has raised concerns with regard to power
system stability, reliability and protection [1]. To this end,
a variety of control methods have been applied in order to
support the resilience of power systems dominated by DERs,
with most commonly used techniques being the PQ set control,
I/V control, droop control and secondary control methods [2].

Droop control is a widely used technique for inverter-
interfaced DERs. In particular, by familiarizing the DERs
control system with the conventional techniques used for
synchronous generators, the control system can adjust the
voltage and the frequency at the connection point according
to load changes, faults, disturbances or structural changes that
may occur in the power grid [3], [4], [S]. However, opposed
to conventional synchronous generators, droop-controlled in-
verters do not introduce inertia leading to increased frequency
fluctuations. Virtual inertia can be introduced via the control
design and when combined with droop control, it can mimic
the transient response of a synchronous generator [6], such
as the case of the virtual synchronous generator (VSG) [7],
[8], the virtual synchronous machine (VISMA) [9] and the
synchronverter [10]. A comparison between VSG and droop
control can be found in [11].

Furthermore, as it has been pointed out in [12], there is
a resemblance between the structure of the droop control and
the phase-locked-loop (PLL), which has been believed to be an
indispensable device for inverters to synchronize with the grid.
This has motivated researchers to design self-synchronization

methods as part of the controller of inverter-interfaced DERs
[13], [14], [15]. The main reasons for removing the PLL is
that PLLs are inherently nonlinear and they can degrade the
response time and accuracy of the pre-synchronization process
[16]. In addition, in [17], it is shown that under large grid
impedances, the control system can be driven to instability
due to the interaction between the PLL and the current con-
troller. Hence control methods such as the self-synchronized
synchronverter have been successfully implemented in grid-
tied inverters to increase system reliability [18].

Although droop controlled inverters with or without self-
synchronization can support the grid voltage and frequency
regulation under normal grid conditions, in the case of grid
faults, the inverter current increases and droop control is
changed to a different current-limiting control strategy [19].
In practice, the currents injected to the grid should not exceed
specific limits defined by the converter and grid characteris-
tics [20]. Since the use of current saturation and switching
between droop control and current-limiting control can lead
to integrator windup and instability [20], a droop controller
with inherent current-limiting capability has been proposed in
[21] to overcome these issues. However, this current-limiting
droop (CLD) controller cannot utilize the maximum capacity
of the inverter during grid faults since the current is limited to
a lower value depending on the voltage sag. Furthermore, the
CLD does not introduce any inertia and it requires a PLL for
its implementation which, as mentioned above, decreases the
system reliability.

In this paper, a novel enhanced version of the CLD con-
troller for grid-tied inverters is proposed that: i) guarantees a
current limitation below a maximum value at all times, even
during faults, by fully utilizing the capacity of the inverter, ii)
introduces a virtual inertia to the system and iii) inherits a self-
synchronization property without the need of a PLL. Motivated
by the recently developed self-synchronization methods, this
new CLD structure can remove the PLL and offer a simple
transition between droop control mode and accurate real and
reactive power regulation mode. Additionally, the proposed
structure inherits the bounded integral controller [22] in order
to guarantee tight bounds for the inverter frequency, as required
by the Grid Code. Furthermore, based on nonlinear input-
to-state stability theory, the current-limiting property of the



proposed controller is mathematically proven to be sustained
at all times. Finally, the effect of the LC'L output filter to the
closed loop system is also investigated. Extended simulation
results of a single-phase grid-tied inverter under both nommal
grid and grid voltage sags are presented to validate the desired
performance of the proposed control strategy.

The paper is organized as follows. In Section II, the research
problem is stated. In Section III, the proposed control strategy
is presented and analyzed, and the current-limiting property
is analytically proven. In Section IV, the effect that the LCL
output filter has to the closed loop system is investigated and
in Section V, practical implementation issues are discussed.
In Section VI, simulation results are presented and in Section
VII, the conclusions derived from this work are given.

II. PROBLEM FORMULATION

Single-phase
inverter

r L i rg L iy
v il:_ QEZ * +% g
A _|_ v Ve C2R. Vg

Figure 1. The inverter connected to the grid via an LCL filter

Consider the system of an inverter with an LCL filter
connected to the grid as depicted in Fig. 1. The dynamic
equations of this system can be obtained as

di
Ld_rzf =—1r+v— v,
dv. . . .
=4 — — 1
C 7 ) Ro ig (1)
di .
Lgd—f = Ve — Tglg — Vg.

The filter and grid inductances are denoted as L and L, in
series with the small parasitic resistances r and 4, respectively,
while the filter capacitance is C with a large parasitic resistance
R, in parallel. The output voltage and current of the inverter
are v and i, respectively, the grid voltage is v, and the control
input is represented by the inverter voltage v.

Droop control is the most commonly used control technique
for inverters to support the grid voltage and frequency regula-
tion. The traditional droop control equations are

w=wyp —m (P — Pse)
E:E*—n(Q_Qset)

where w is the inverter angular frequency, F is the RMS
inverter voltage, w,, is the nominal angular frequency, E* is the
nominal output voltage, P, () are the output real and reactive
power values and Pise;, Q¢ correspond to the reference power
values. Finally, m and n are the droop coefficients.
Depending on the application or the desired operation of
the control system, several modifications have been proposed
to the conventional droop control scheme. A lot of these works
emphasize on the output impedance of the inverter and can be

modified using virtual impedance methods. In these cases, the
droop equations are modified to P ~ F and QQ ~ —w, when
the impedance is resistive or P ~ —w and (Q ~ —FE, when the
impedance is capacitive [23], [24], [25]. The universal droop
controller [25] which does not depend on the type of output
impedance take the form

W=wy+m (Q - Qset) (2)
E=K,(E*—V.)—n(P— Py (3)

and will be adopted in this paper. Note that K, is a positive
gain and V, is the RMS output voltage.

The droop control structure (2)-(3) has been used in the
CLD [21] in order to support the grid and additionally limit
the inverter current in the cases of grid faults. However, a
drawback of the CLD is that the current is limited to a lower
value that depends on the grid voltage sag, thus not fully
utilizing the capacity of the inverter. Additionally, it requires a
PLL for the implementation and does not introduce any inertia
to the system. A control method that overcomes all of these
issues is proposed in the sequel.

III. METHODOLOGY

A. The proposed controller

In Fig. 2, the proposed self-synchronized current-limiting
droop controller for the grid-connected inverter shown in Fig.
1, is being displayed. The proposed controller has the ability
to utilize the maximum capacity of the inverter and takes the
form

v =1+ (1= wh)(VZE* sinf — wi), @

where [ > 1 € Nand w represents a dynamic virtual resistance
which together with the controller state wy, is given as

W = —cy f (P, Vo)w; )
. Cw(U7_wm)wq (’LU B wm)2 2
QZTrgnf(Pa‘/C)_k‘w W‘qu—l Wy
(6)
with
f(P,V.) =n(Pset—P)+ K (E*—=V,). @)

Here wy,, Awm,, ¢y, ky are positive constants with w,, >
Aw,,.

The w, w, dynamics introduce the P ~ V droop function
and similar to the analysis of the original CLD in [21],
for initial conditions w = w, and wg = 1, there is
W € [Wmin, Wmaz] = [Wm — AW, Wy, + Awy,] > 0 and
wq € [0,1] for all ¢ > 0.

For the calculation of the phase # in (4), and consequently
the frequency w, a self-synchronization mechanism is adopted
using a PI controller as shown in Fig. 2, motivated by the
self-synchronized synchronverter [18]. However, since the fre-
quency f = 5= is required to remain in a bounded range, eg.
[49.5, 50.5] Hz, in this paper the bounded integral controller



Figure 2. The proposed controller

(BIC) of [22] is used to replace the traditional integrator in
the frequency dynamics. Since the BIC guarantees a bound for
the frequency without any saturation units, it prevents wind up
phenomena and instability in the frequency dynamics. Thus,
the frequency dynamics take the form

b=w (®)
@ = u(t)w? C)

u(t) k. <7(“ s

m

(w— wn)wq
Aw?

m

Weg=—

+w§—1>wq (10)
where u(t) results from the inverse Laplace transformation of

) = 3 (Q06) = Quer = - (uls) — — ().

wpr(s) = (Kps+ Kr)(w(s) — wn)
Pl o (m+[(p)S+K] ’

when Sg is closed. Parameter k,, is a positive constant and
Kp, K; > 0 represent the proportional and integral gain of the
PI controller. Additionally, Aw,,, is the maximum acceptable
frequency derivation from the nominal value. For example, for
a nominal frequency of 50 Hz with maximum deviation 0.5
Hz, there is w, = 1007 rad/s and Aw,, = 7 rad/s.

A significant difference that distinguishes the proposed con-
troller with the original CLD [21] is the self-synchronization
property in the frequency dynamics for the calculation of the
phase 6, opposed to the original CLD which used a traditional
PLL. A second key difference is the use of the nominal voltage
E* in (4) instead of the grid voltage V;,. The original CLD fails
to utilize the maximum capacity of the inverter under faults, i.e.
the inverter current is limited to a lower value depending onthe
grid voltage drop, which is a significant disadvantage in grid-
connected units to support the grid under faulty conditions. The
difference in the structure of (4) enables the current-limiting
property with maximum capacity utilization as shown below.

B. Current-limiting property

By applying the proposed controller (4) into the grid-tied
inverter dynamics (1), the dynamics of the inverter current take
the form

di

L—=—(r+(1- wé)w)i +

l *
i (1 —wq)\/EE sin 6.

(11
Following the analysis of the original CLD dynamics forw and
wy, it holds true (for details see [21]) thatw € [Wynin, Wias] >
0, where Wmin = Wm — AWm, Wmaz = Wm + Aw,,, and
wqy € [0,1] for all ¢ > 0. For system (11), let us consider the
Lyapunov function candidate
1,
V = -Li", (12)
2
which actually represents the energy stored in the inductor L.
Therefore, the time derivative of V' becomes
V=—(r+(1—-whw)i® + (1 — w)V2E*ising
<—r + (1= wh ) wmin )i+ (L—wh) V2E* [i] [sin 0] .
. —w! *|si
This shows that V' < 0 when [i| > %
proving that (11) is input-to-state stable (ISS) assuqming as
input the expression (1 —wfz)\/iE* sin @. Since this expression
is bounded, then the inverter current ¢ is bounded for all ¢ > 0.
According to the ISS property, it holds true that

1 —wh)V2E*
i < LWV
7+ (1 = wl)wmin

,VE >0,

if initially ¢(0) satisfies the previous inequality. Since Wy, is
one of the controller parameters (Wpin = Wn — Awpy,), by
selecting
E*
Wipin = ——
e Ivnaw

(13)

where 1,42 1s the maximum allowed RMS value of the inverter
current, then

1—wt
il < —= v ~V20nar < V2lnaw,  (14)
e (1- wq)

since (1 — wf]) > 0 and TI}’DL# > 0. The previous inequality
holds for any ¢ > 0 and for any constant positive I,,4,. As a
result

I < Ias,Vt >0, (15)
where I is the RMS value of the inverter current, showing
that the proposed controller maintains the current-limiting
property below a given value I,,,,. Since the closed-loop
current equation (11) does not depend on the grid voltage v,
then the current-limiting property holds independently from
any grid voltage variations, eg. grid faults.
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Figure 3. Equivalent circuit of the closed-loop system
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IV. EFFECT OF THE LCL FILTER TO THE CLOSED-LOOP
SYSTEM

LCL filters are widely used in inverter-interfaced sources
due to their ability to reduce the harmonic content resulting
from the pulse width modulation. However, the main drawback
of these topologies is the high gain that they introduce at
the resonance frequency [26]. Depending on the controller
structure and dynamics the closed-loop system may become
unstable due to this resonance issue. In order to realize the
effect of the LCL to the closed-loop system based on the
proposed controller, the closed loop system resulting from the
combination of (1) and (4) with dynamics (5)-(10) is inves-

Bode Diagram
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Figure 5. Bode diagram of

for w € [Wmin, Wm]

tigated. By replacing (4) into (1) the equivalent closed loop
circuit is shown in Fig. 3 where v, = (1 — ué)\/§E* sin 6.
Hence, the transfer functions from the voltage veq(s) to the
inverter current i(s) and to the grid current i (s) are
i(s) _ 1 (16)
Veg(s)  Ls+r+ (1 —wh)w

and

_;9((53) 1/ [LL,CS* +(ryCL+ LyCr+ LyC(1—whyu) s+
eq\¢
(17)

HL+77,C+7,C(1 —wl)w)s+r+(1—w))w] .

Since the values of w and w, change during the inverter
operation but remain bounded in a given range, both (16)
and (17) represent a set of transfer functions. Given that w
starts from the initial condition w, = w,, and can reach the
minimum value w,,;, at the maximum current, then the bode
diagrams of (16) and (17) are provided in Fig. 4 and Fig. 5,
respectively, for w € [Wiin, W] = [Wm — AW, wp,] and by
neglecting r, r4. Since from (6), w, is restricted on the ellipse

7(1";:55")2 +w? = land wy € [0,1], thenw, = /1 — 7(’”;:53:‘)2

[21]. Tn the same figure, the open-loop transfer functions for
an LCL filter are provided. Note that the parameters of Table
I have been taken into account. In Fig. 4, it is observed that
considering the proposed controller dynamics, the resonance of
the LCL filter is avoided. However, in Fig. 5, for the transfer
function J:q(sﬂ)) , one can see that the resonance still exists with
the proposeé controller but with a limited value. Nevertheless,
since the BIC is adopted in the proposed controller, the
frequency of v., is bounded between 49.5 Hz and 50.5 Hz.
Hence, the operation of the system remains away from the
resonance depicted in higher frequencies and shows that every
grid-tied inverter equipped with the proposed control strategy
will never suffer from resonance issues.

V. PRACTICAL IMPLEMENTATION

In typical grid-connected inverter applications the values of
Ly and ry are often small, and both the phase shift and the
voltage drop across the inductor can be ignored, resulting in
vy, =~ v.. Hence, the output voltage v, used in (4) can be
considered as equal to the grid voltage vy, and the proposed
controller can take the form

v:vg—f—(l—wé)(ﬁE* sin 0 — wi). (18)

This expression is also suitable for the initial connection of the
inverter with the grid since according to the initial condition
of the controller state wq, = 1, then v = v, before the
connection. Hence, a smooth connection can be achieved. After
connecting with the grid, the controller can be enabled at any
time with no need of a pre-connection synchronization.
Furthermore, different operating modes of the inverter can
result from the state of the switches Sg and Sp. When Sg
is closed, the Q-set mode is enabled which means that the



Table 1
SYSTEM AND CONTROLLER PARAMETERS

[ Parameters | Values | Parameters | Values |
L,Ly 2.2 mH Wn 27 x 50 rad/s
T, Tg 0.5 0 wg 2m x 49.98 rad/s

C 10 uF Trmas SA

Vg = E* 110 V l 100

J 0.001kg.m2 Wn, 31825 Q
Sn 880 VA Awpm, 304.5 )

Cw 348 Ke 10
kw 1000 ko 1000

n 0.0625 m 0.0036
Kp 01 K7 i
Awm 7 rad/s ts 0.05s

output reactive power can be regulated to its reference value.
When this switch is opened, the Q-droop mode is enabled
and the output reactive power results from the droop equation
according to the frequency regulation. For the real power, when
Sp is closed, the P-droop mode is enabled and when it opens,
the P-set mode is activated. In this way, a simple and easy
change of the inverter operating mode can be accomplished
by the proposed controller.

VI. SIMULATION RESULTS

In order to verify the effectiveness of the proposed controller
a single-phase grid-connected inverter is simulated under both
normal and faulty grid conditions. The parameters of the power
and the control systems used for the simulations, are depicted
in Table I. The scenario is as follows: The inverter is connected
to the grid at 0.1 s. Initially, the P-set and Q-set control is
enabled by setting the desired values of the real and reactive
power. Initially, the real power reference is set to 100 W and
after 2 s changes to 500 W, while the reactive power is set to 0
Var and at 3 s changes to 50 Var, as shown in Fig. 6a and Fig.
6b. It is observed that both the real and the reactive power are
regulated to their reference values after a short transient. At 4
s the droop control for both the real and the reactive power,
is enabled and the real and reactive power injected to the grid
change according to the droop expressions as shown in Fig. 6a
and 6b. At 7 s, a voltage drop of 0.3 p.u. occurs and lasts for
2.5 s in order to investigate a grid fault. Under this grid fault,
the injected power to the grid remains limited (Fig. 6a and Fig.
6b) because as shown in Fig. 6d, the current-limiting property
of the proposed controller maintains the RMS current under the
maximum value. When the fault is self-cleared, both the real
and the reactive power return to their original values. In Fig. 7a,
the response of the controller state w is depicted and in Fig. 7b
a comparison between the inverter frequency that is obtained
via the self-synchronization process of the proposed controller
and the grid frequency measured from a conventional PLL is
illustrated. One can observe that the inverter equipped with the
proposed self-synchronized CLD remains synchronized with
the grid at all times and that the inverter frequency stays always
inside the desired range [49.5 Hz, 50.5 Hz], even during faults
in the grid voltage. It should be noted that the conventional
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Figure 6. Simulations results of a grid-tied inverter operating under the
proposed self-synchronized CLD controller

PLL is used only for comparison purposes and is not part of
the proposed controller.

VII. CONCLUSIONS

A novel droop controller without a PLL which introduces
virtual inertia and current-limiting properties for grid-tied
inverters was presented in this paper. It was analytically proven
that the maximum capability of the inverter can be utilized
during faults, i.e. during a sudden grid voltage dip, and at
the same time the proposed controller maintains the current
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under a given maximum value. Extensive simulation results
were presented to verify the proposed control approach.
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