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IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

Current-Limiting Droop Control of
Grid-connected Inverters

Qing-Chang Zhong, Senior Member, IEEE, and George C. Konstantopoulos, Member, IEEE

Abstract—A current-limiting droop controller is pro-
posed for single-phase grid-connected inverters with an
LCL filter that can operate under both normal and faulty
grid conditions. The controller introduces bounded nonlin-
ear dynamics and, by using nonlinear input-to-state stabil-
ity theory, the current-limiting property of the inverter is an-
alytically proven. The proposed controller can be operated
in the set mode to accurately send the desired power to the
grid or in the droop mode to take part in the grid regula-
tion, while maintaining the inverter current below a given
value at all times. Opposed to the existing current-limiting
approaches, the current limitation is achieved without ex-
ternal limiters, additional switches or monitoring devices
and the controller remains a continuous-time system guar-
anteeing system stability. Furthermore, this is achieved
independently from grid voltage and frequency variations,
maintaining the desired control performance under grid
faults as well. Extensive experimental results are presented
to verify the droop function of the proposed controller and
its current-limiting capability under normal and faulty grid
conditions.

Index Terms—inverter, current-limiting property, droop
control, nonlinear stability, fault ride-through

[. INTRODUCTION

OWER systems stability has been an active area of

research for many decades. However, recently, the large-
scale integration of renewable energy sources to the power net-
work has started to significantly affect the stable and reliable
operation of the grid. This has created essential requirements
for grid-connected units to contribute to the stability of the
grid by assisting in the regulation of the grid voltage and fre-
quency. Droop control is often used to enhance the stability of
power systems dominated by grid-connected inverters without
requiring any communication among the different units [1]—
[3]. In the most common scenario, inverters have a multi-loop
control structure with an inner current controller followed by
a voltage controller that is adjusted through the desired droop
functions [4].
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Droop control has different forms when the impedance
involved has a different type [1], [5], [6]. For example, when
the impedance is inductive, which is the most common case
nowadays, the droop control takes the form of P ~ w
and @) ~ V. When the impedance is resistive, e.g. in low-
voltage networks or inverters with resistive output impedance
[7]-[9], the droop control takes the form of P ~ V and
Q ~ —w. When the impedance is capacitive [5], [10], the
droop control takes the form of P ~ —w and Q ~ —V.
Droop control has been extensively studied in the literature
for both grid-connected and islanded operation of inverters
[1], [11]-[13]. Several control methods have been developed
to improve the droop control performance, such as the addition
of an extra phase shift term [14], adapting the controller
parameters using a grid-impedance estimator [15], or changing
the output impedance of the inverter [3], [16], [17]. Among
these methods, the robust droop controller reported in [16]
not only can achieve the desired droop functions but can
also guarantee tight output voltage regulation near the rated
value independently from parameter variations or external
disturbances. It was originally proposed for inverters having a
dominantly resistive output impedance but it has recently been
shown that this robust droop controller is actually universal
for inverters having an output impedance with a phase angle
between —7 rad and 7§ rad [6]. Hence, it will be adopted in
this paper.

The stability of droop control methods have been ex-
tensively investigated in the literature, by using the small-
signal modeling of the system and linearization methods
[18]-[21]. However, the stability of droop-controlled inverters
that include the nonlinear model of the closed-loop system
have not been adequately demonstrated, partially due to the
high complexity of the nonlinear dynamics resulted from the
nonlinear expressions of the real and the reactive power.
Recently, nonlinear analysis has been conducted in order
to strengthen the stability theory [22]-[25]. In most of the
existing stability approaches, several assumptions have been
considered such as a purely inductive network or constant
load and line impedances, while the inner voltage and current
control loops are often neglected for the analysis [26].

Another issue about grid-connected inverters is to maintain
the current below a given maximum limit. At the moment,
most grid-connected converters are current-controlled and
therefore the current-limiting property is not a problem, but
these converters lack of the capability of voltage regulation,
which is a crucial aspect of power-electronics-enabled au-
tonomous power systems. It is important for every voltage-
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controlled, in particular, droop-controlled, distributed genera-
tion unit to possess a current-limiting property in a completely
decentralized manner, which should be maintained at all times
during both normal and abnormal grid conditions, i.e., during
grid faults [27]-[30]. Fault current-limiting controllers can
be applied to achieve the desired current limitation by either
triggering suitably designed protection circuits [29], [31], [32]
or by using several low-voltage ride-through structures [33],
[34], which will continue injecting power to the grid with
a limited current. Several of these methods are based on
algorithmic control schemes and lack from a rigorous stability
proof. Additionally, external limiters and saturation units are
often added into the current or voltage loop control loops
to achieve the desired current-limiting property, but these
approaches can lead to undesired oscillations and instability
[35]-[37]. A controller for grid-connected inverters that par-
tially overcomes these limitations has been recently reported
in [38], based on a bounded control structure [39], but only
unity power factor can be accomplished. Hence, the reactive
power could not be controlled and remains always close to
zero. This clearly indicates that the droop functions cannot be
implemented. Hence, the design of droop-controlled inverters
with an inherent current limitation, considering the nonlinear
dynamic model of the system, represents a challenging task.

A current-limiting droop control strategy for single-phase
grid-connected inverters is proposed in this paper using the
nonlinear dynamic model description. The inverter is assumed
to be connected to the grid through an LC'L filter, where the
grid is assumed stiff or at least with bounded voltage and
frequency close to their rated values. First, a generic control
structure consisting of two voltage terms, one of which can
be controlled, and a dynamic virtual resistance is formulated.
Then, inspired by the form of the universal robust droop
controller [6], [16], these terms are defined accordingly to
design a current-limiting droop controller. By incorporating
input-to-state stability analysis, it is analytically proven that
the inverter current always remains below a given value. In this
way, the advantages of the universal robust droop controller
including the tight capacitor voltage regulation are maintained
with an additional function to limit the inverter current below
a given value, thus protecting the inverter and the filter at
all times. Additionally, no external limiters or monitoring
systems are required for limiting the inverter current, with the
current limiting being an inherent property of the proposed
controller as it is mathematically proven for the nonlinear
closed-loop system. To complete the design procedure, a
guidance for selecting the controller parameters and several
comments regarding the practical implementation are also
presented. It is also shown that the current-limiting property
is guaranteed independently from grid voltage and frequency
variations, extending the application of the controller to grid-
fault cases. With comparison to [38], a generic control struc-
ture is proposed to achieve both current-limiting and droop
control. Moreover, the proposed approach can control both
the real and the reactive power of the inverter, providing the
opportunity to switch between two operating modes for grid-
connected inverters: i) real and reactive power regulation to
reference values and ii) droop control. Extensive experimental

Single-phase
inverter 7 L i Ty L.,

PWM signals
Fig. 1. A grid-connected single-phase inverter with a LC'L filter

results are provided to verify the current-limiting property of
the proposed controller as well as its performance for different
operating modes of the grid-connected inverter under both
normal and faulty grid conditions.

[I. DYNAMIC MODELING AND PROBLEM FORMULATION

Fig. 1 shows the system under consideration. It consists of a
single-phase inverter connected to the grid via an LC'L filter.
The LCL filter inductances are denoted as L and L, with
small parasitic resistances in series r and rg4, respectively,
and the filter capacitor is given by C with a large parasitic
resistance R. in parallel. The inverter output voltage and
current are v and 7, respectively. v, is the capacitor voltage and
Vg, 14 are the grid voltage and current, respectively. Initially,
the grid is considered stiff with vy = \/§Vg sin wgyt, where V
is the RMS grid voltage and wy is the grid angular frequency,
although later the main result is extended to cases where the
grid voltage and frequency might vary from their rated values.

The dynamic model of the system is given as:

di
Ld—z = —Tri4+v—1
dv, L Vg )
di .

LgcTtg = V. —T4lg — Vg,

which is a linear dynamic system with state vector z =
[0 ve i ]T, while v, represents an uncontrolled external
input. The control input is the inverter voltage v.

In order for the inverter to support the grid voltage and fre-
quency regulation, droop control is adopted in the control de-
sign, where the control input takes the form of v = V2E sin 0
with § = w being the angular frequency of the inverter.
Although several droop control methods have been proposed
in the literature, as outlined and explained in the Introduction,
this paper adopts the robust universal droop controller [6], [16]
in the form of

w =

E:

w* +m(Q — Qset) 2)
Ke(E* _‘/c) _n(P_Pset)a (3)

where w* and E* are the rated angular frequency and voltage,
respectively, K. is a positive constant gain, V. is the RMS
value of the capacitor voltage, Ps.t, Qset correspond to the
reference values of the real and the reactive power and n,
m are the droop coefficients. The measured real and reactive
power P and @) are usually obtained at the capacitor node
as the average values of the instantaneous power expressions
over a period 7', which for a single-phase inverter become

1 [T 1 [T
P = T/t ve(T)i(T)dT, Q = T/t Veg(T)i(T)dT, (4)
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where v, is the the capacitor voltage delayed by 5 rad. It is
then obvious that the power expressions are nonlinear due to
the multiplication of the system states, resulting in a nonlinear
closed-loop system that is difficult to analyze in terms of
stability.

The purpose of the proposed paper is to develop a droop
control scheme that inherits the advantages of the robust droop
controller and limits the inverter current under a given value,
based on the nonlinear dynamic model of the closed-loop
system.

I[1l. CONTROLLER DESIGN AND ANALYSIS
A. Controller structure

For grid-connected inverters, the inverter RMS voltage E
and the phase 6 are often controlled to obtain the inverter
voltage v = v/2FE sinf. The output impedance can be con-
trolled to be resistive, which improves the power quality and
enhances the stability of the system, especially under grid
voltage variations [1], [7]. In this case, the inverter voltage v is
subtracted by a term r,%, where 7, is the virtual resistance and
¢ is the inverter current, thus forming the R-inverter as noted
in [1]. In this section, the focus is on the design of the virtual
resistance to obtain the desired current-limiting property. In
order to achieve this, a generic controller for grid-connected
inverters is proposed in the following form

Vo + AV sin(wyt + ) — 74, (5)

v =

which consists of a base voltage v,, a controllable voltage
source AV sin(w,t 4+ §), and a dynamic virtual resistance
ro,. Here, v,, AV, w,, 6 and 7, should be controlled to
achieve different operating modes, realizing the droop control
functions (2)-(3) and the crucial current-limiting property. The
equivalent circuit of the controller is shown in Fig. 2.

1) i

+
AVsin(w,t+d)
v

Vo

Fig. 2. The equivalent circuit diagram of the controller
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Fig. 3. The overall control system

B. Controller design

For the design of a current-limiting droop controller, the
controller (5) is designed to have

1) Vo = Ve
2) AV = V(1 - w,)V,
3) wo = wy

4) To = (1 - wq)“’»
with the controller taking the form

vo= et (1 —wy)(V2V,sin(wyt + 6) —wi).  (6)

Here, the variables w, wy, 0 are designed to dynamically
change in order to introduce the droop functions and they
have to be bounded within given sets to guarantee the stability
and the desired current-limiting property. For example, since
ro = (1—wg)w is a virtual resistance, it has to be positive and
larger than a minimum value. Considering the desired droop
function expressions in (2)-(3) and the bounded controller
described in [39], the dynamics of the controller states w,
wgq, 0 and J, are designed as

W = —co (Ko (B = V2) = n(P = Pyor)) w? %
ty = L (K (7 Vi) (P~ Pu)
(w — wm)2 2
— ko (Aw%n +w? - 1) w, (8)
0 = c5 (W —wy +m(Q — Qser)) I ©)
=~ D oy Q- Q) i+ 1),

(10)

with ¢, ¢5, Wm, AWy, Ady, ky and ks being positive
constants. The initial conditions of w, w, and ¢, J, are
defined as wy = Wy, wg = 1 and Jp = 0, dg0 = 1,
respectively. Note that both V; and w, can be obtained using
a traditional PLL. The overall control system is shown in Fig.
3. Note that the universal robust droop control principle (2)-
(3) are embedded in the controller dynamics and hence it
is a droop controller. Moreover, the virtual resistance 7, is
dynamically controlled according to the P ~ V' droop and the
phase shift ¢ in the controllable voltage source is dynamically
controlled according to the () ~ —w droop. Hence, in order
to guarantee system stability, these terms should be proven to
remain bounded, which is explained below.

For system (7)-(8), by considering the Lyapunov function
candidate

(w— wm>2 2
W = TTZH + wq7 (11)
its time derivative yields
B 2 - Wm [ .
o 2@ o,

2
Aw?,

By substituting % and w, from (7) and (8), respectively, W
can be found, after some calculations, as

2
e (15

Azt w? — 1) w;. (12)
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According to the initial conditions wgy and wyg, both w and
w, start and stay at all times on the ellipse

2

WOZ{’U),’U}QGRZ Aw?n

as shown in Fig. 4(a), because on W), there is

W=0=W(t)=W(0)=1,Vt>0.
By choosing w,, > Aw,, > 0, the ellipse is defined on
the right half plane, resulting in w € [Wmin, Wmaz| =
[Win, — AW, Wy, + Awyy,] > 0 for all ¢ > 0. Now, define
the transformation

W = Wy, + Awyy, sin g, and w, = cos ¢. (13)

Note that the term —k,, (w;;f;")? + w,? — 1) wg in (8) is zero
on the ellipse . Then by substituting (13) into (7) and (8),
after some calculations, there is

—Cy (Ke(E* —V,) = n(P — Pser)) wy
Aw,, ’

which means that the states w and w, travel on the ellipse W
with angular velocity (;5 When K (E* —V,.) = n(P — Pget),
the robust droop controller settles down in the steady-state and
q5 = 0. Hence, w and wq converge to some constant values w,
and w., respectively, corresponding to the desired equilibrium
point.

Note that by starting from point (wy,,1) on the w — wy
plane, the controller states w and w, are restricted only on
the upper semi-ellipse of Wy. This is due to the fact that the
angular velocity b depends on w, from (14), since if the states
try to reach the horizontal axis, then w, — 0 and d) — 0
independently from the term K. (E* —V.) —n(P — Ps.:). This
forces the controller states to slow down and remain on the
upper semi-ellipse of Wy, avoiding a continuous oscillation
around W,. Therefore, it holds true that w, € [0,1] for all
t>0.

Similarly, the controller states ¢ and J, in (9)-(10) operate
exclusively on the upper semi-ellipse of

b=

(14)

52 9

AO—{a,aqeR;

with angular velocity

cs (W —wyg +m(Q — Qser)) Og
Ad,,

and similar properties as described above, resulting in § €
[~Abp, Ady,] and 6, € [0,1] for all ¢ > 0, as shown in Fig.
4(b). Thus, all controller states w, wg, 6 and é, are proven to
remain bounded for all ¢ > 0.

The proposed controller can be operated in different modes.
In the steady state, w = 0 and 5 = 0, which means the
controller achieves the droop function given in (7)-(10). By
removing the term K.(E* — V.) from (7)-(8) and the term
w* — wy from (9)-(10), the controller can be operated in the
set mode to achieve power flow control so that accurate real
and reactive power can be sent to the grid. This allows a simple
change of the operating modes of the inverter from the droop

)= (15)

Wa 4
1

qe

w,

(@) (b)
Fig. 4. Controller states w, wq and §, 64 on the w — wy and § — 4
planes, respectively

mode to the set mode at any time. In fact, this is one of the
main differences of the proposed controller compared to the
one in [38]. The control structure (6), together with the control
dynamics (7)-(10), allow the regulation of both the real and
the reactive power as well as the implementation of droop
functions, but the approach in [38] can only achieve unity
power factor.

C. Current-limiting property

By applying the proposed controller (6) into the original
plant dynamics (1), the inverter current equation becomes
L% = — (r+ (1 —wy)w) i + (1 — wy)V2V, sin(wyt + ).
(16)
From the previous controller analysis, it holds true that w €
[(Winins Wmaz] > 0 and wy € [0,1] for all ¢ > 0. Then, for
system (16), consider the Lyapunov function candidate

1

It represents the energy stored in the inductor L. Its time
derivative is

a7

V= —(r+ (1 —wy)w)i® + (1 — wy)V2Vyisin(w,t + 0)
< (r+ (1= wy ) Wmin) 12 4 (1—wy ) V2V, |i||sin(wyt 4-6)| .
This shows that V' < 0 when |i| > uﬂiﬁg‘fﬁfﬁiﬁf”” ,
proving that (16) is input-to-state stable (ISS) [40]. Since (1 —
wy)V/2V, sin(wyt + ) is bounded, then the inverter current i
is bounded for all ¢ > 0. According to the ISS property, it
holds true that

|Z| < (1_wQ)\/§Vg

YVt >0
“r+ (1 - w)Wmin

if initially ¢(0) satisfies the previous inequality. By choosing

v
Wmin = Im(g],;p (18)
then
1 —
i < U=we) g, < V2Inae, (19)

T—I*‘”/'Z“ + (1 —wy)

since (1 —wgy) > 0 and r% > (. The previous inequality
holds for any ¢ > 0 and for any constant positive I,,,q.. As a
result

I < Inas, ¥Vt >0,
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where [ is the RMS value of the inverter current, proving that
the proposed controller introduces an inherent current-limiting
property independently from the droop function, the nonlinear
expressions of P, ), V. and the dynamics of §. This is a
crucial property since the inverter is protected at all times by
limiting the output current, even if a large reference value P,
is applied.

It is possible to find a different Lyapunov function candi-
date, which results in a different limit for the current. However,
it is impossible to find a Lyapunov function candidate to obtain
a limit lower than I,,,,, through the choice of w,,;, from (18)
because the closed-loop system (16) is an RL circuit with a
voltage source. Note that the actual limit of / depends on the
small parasitic resistance 7. As it can be seen from (19), when
the value of r is significant (not zero), the maximum limit of
the current will reduce. However, the current-limiting property
below I,,4, is still guaranteed and this holds independently
from the filter, i.e. without requiring any knowledge of the
inductor L and its parasitic resistance 7.

D. Closed-loop stability

It has been shown above that the controller states and the
filter inductor current always remain bounded. In order to
investigate the stability of the rest of the plant states, the
dynamics of the capacitor voltage and the grid current in (1)
can be re-written as

dv. _ 1 _ 1 ) K2
|:¢fi2;:|: fo 8 [}L[ %g],(zm
at Ly Lg ba Ly
which can be seen as a linear time-invariant system of the
form & = Az + u with state x = [ Ve g }T and input
. T
u= [ ol *Zf ] . By choosing
c 0
P = { 0 L, } >0,
it can be found that
_2
PA+ ATP = me 0 <0,
0 —2ry

which proves that A is Hurwitz and (20) is a bounded-input
bounded-state stable system. Since v, = +/2V,sinw,t is
bounded and ¢ is bounded from the ISS and the current-
limiting properties, both the capacitor voltage v. and the grid
current 4, are proven to remain bounded at all times.

The virtual resistance r, introduced by the controller, as
shown in Fig. 2, is in series with the filter inductor L, which
is equivalent to increasing the parasitic resistance r of the
inductor L or adding a resistor in series with the filter inductor.
Hence, it is able to enhance the damping of the system.

E. Selection of the controller parameters

Since the term (1 — w,)w represents a dynamic virtual
resistance at the output of the inverter and w,,;, corresponds
to the maximum current I,,,,, similarly, the initial value
wy = w,, can be determined by the given initial current [,
as

Wy =

ol

Note that initially, when the inverter is not connected to the
grid, a small amount of current still flows through the LC
filter. In particular, since the RMS capacitor voltage is almost
at V; to have a smooth connection (v, =~ v,), then the inverter
current before the connection will be

Iy, =w*CVj.
As a result, w,,, can be chosen as
1
m=—. 21
w oC 2D
According to the ellipse Wy, the parameter Aw,, is given as
1 V
AWy, = Wiy — Winin = R - Imiw. (22)

The parameter Ad,,, corresponds to the maximum absolute
value of d. According to (16), the controller state & describes
the phase shifting applied to the inverter voltage. By neglecting
the small phase shifting applied by the filter inductor L, the
value of d corresponds to the reactive power of the inverter, i.e.
d = 0 and 0 = —F will approximately correspond to Q = 0
and @Q = S, respectively, where S,, is the rated power of the
inverter. Therefore, Ad,, is chosen as 7 in order to control
the reactive power in the range @ € [—S,,, S,]. In practice,
Ad,, can be chosen slightly smaller to cope with the small
inductance L.

Parameters k,, and ks should be arbitrary positive constants

2
since they are multiplied with the terms % +w? -1

and % + 53 — 1 in (8) and (10), which are zero on the
ellipses"Wo and Ay, respectively. In fact, these terms are used
to increase the robustness of the w, and ¢, dynamics in an
actual implementation due to calculation errors or external
disturbances.

Parameters c,, and cs are found in the angular velocities (14)
and (15) of the controller states, respectively. The selection
of ¢, is discussed at first. Since w and w, start from point
(wm, 1), they travel on the ellipse W, and can reach the
point (wmin,0) at the limit of the current after a settling
time t,, then by considering the worst case scenario where
the controller states travel on the arc of Wy with central angle
5 rad and with a maximum angular velocity irad/s, one
can calculate a minimum value of ¢,. Since tight voltage
regulation can be achieved for the capacitor voltage (V. =~ E™)
and w, < 1, assuming the real power starts from zero and
reaches the maximum real power Ps.; = S,,, then from (14)
it yields

. T CuwnSh,
¢maw - Ttg - Awm )
which finally gives
TAW,,
v = —. 23
¢ 2tsnS, 23)
Similarly, parameter cs can be determined as
TAO,
= —. 24
€ 2t,m.S,, 24

Note that both (23) and (24) provide some guidance for
selecting ¢,, and cs only because they are obtained for the
worst case scenario. In practice, larger values can be chosen
or equivalently smaller ¢, can be used.
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F. Practical implementation

Since during the grid-connected operation, in most applica-
tions L, and r, are relatively small, the small phase shifting
and the voltage drop across the inductor can be ignored, which
gives vy =~ v.. Hence, the base voltage v, can be chosen equal
to the grid voltage v, resulting in the following controller:

v o= g+ (1—wy)(V2V,sin(wyt + 8) — wi). (25)

This also helps with the initial connection to the grid since
according to the initial condition of the controller state wqo =
1, v = v, before the connection with the grid. Hence, a
smooth connection can be achieved. After connecting with
the grid, the controller can be enabled at any time; thus no
pre-synchronisation unit is required.

Based on the controller (25), the measured signals v, and
¢ are directly used in the control input v and therefore they
represent feed-forwarded terms which can introduce a small
phase shift due to computational delays, PWM modulation and
the inverter filter. To overcome this small phase shift, a phase-
lead low-pass filter can be used for the measurements of v,
and i, e.g. F(s) = % as adopted in [1]. Since
this phase shift is different in every grid-tied inverter system,
the filter gain, poles and zero can be adjusted accordingly
to match the requirements of the system. In order to design
the filter F'(s) appropriately, the simplest way is to observe
the difference v. — v, before connecting the inverter to the
grid. Hence, one can tune the parameters of F'(s) in order to
achieve v, — v, = 0 (observed using an oscilloscope). The
final implementation of the controller is shown in Fig. 5.

PWM

. Ve
e
Generator, F(s) i
1 (s)
vy

Power
Calculation y

J P |0 |Rrvs
Ve
control ;

dynamics < P,
(N-(10)

- U'gt V,
d g
v, PLL F(s) |<—

Fig. 5. Implementation diagram of the proposed controller

sin(wgt+6)

A

IV. OPERATION UNDER GRID VARIATIONS AND FAULTS

Since wimqn is selected according to (18) with V, = E*, the
current-limiting property is guaranteed for any V;, < E* and
for any frequency wy, i.e., under grid variations (non-stiff grid)
and grid faults. This is particularly interesting because, when
the grid voltage drops, the current will normally increase to
high values. The proposed controller is able to limit the current
without changing its control structure opposed to traditional
approaches which have to identify the fault and switch to a
difference controller.

To further clarify this, assume that a voltage sag occurs to
the grid with a percentage p x 100%, i.e. the grid voltage V/
becomes (1 — p)V;. Then the closed-loop system is given as

di . .

az—(r—&—(l—wq)w) i+ (1—wy) (1—p) V2V, sin(w,t+6),

(26)

which according to the same analysis for the current-limiting
property yields
I<(1-plnaz-

Therefore the RMS voltage of the inverter current [ still
remains less than I, satisfying the current-limiting property
and protecting the inverter. In particular, the current will try
to increase forcing the controller state w to reduce to its
minimum value w,,;,, corresponding to the maximum allowed
current independently from the droop function. When the fault
is cleared, the closed-loop system becomes again as the one in
(16) forcing the current ¢ to return to its original value. Further-
more, during the fault, since w — W, then w, — 0, which
results from (7) in w — 0 and the integration automatically
slows down, which is an inherent anti-windup property. Hence,
the proposed controller can overcome wind-up and latch-up
problems without additional switches or monitoring devices,
which constitute two of the most important challenges in grid-
connected inverters operation under grid faults [36]. Since the
current limitation is maintained independently from the phase
shift d, the inverter is protected even if the PLL does not
extract accurately the phase of the grid during faults, which is
common in faulty conditions.

If 1,4, is chosen according to the ratings of the inverter,
e.g., given a rated power Sy, then (27) is equivalent to

S < (1—=p)Sh,

27)

(28)

by ignoring the small voltage drop at the filter, which provides
a limit for the apparent power of the inverter at all times, even
during faults.

In order to cope with possible over-voltage in the grid, the
voltage V, could be chosen as the maximum possible grid
voltage when selecting w;y,;,.

It should be noted that the proposed controller can guarantee
the current-limiting property independently from the phase
shift 0 or an error in the phase angle of the grid obtained by the
PLL, which is critical especially under grid faults. The reason
is that the current-limiting property has been mathematically
proven in Subsection III-C to hold independently from the
phase shift §, since for the ISS property the maximum value
of [sin(wyt + ¢)| is required, which is equal to 1. Even if
there was an error in the phase angle of the grid obtained
from the PLL (possible scenario during grid faults), this error
would appear as an additional component in the sinusoidal
term which does not affect the current-limiting property. This
is a significant advantage of the proposed controller compared
to existing methods that include a PLL and introduce a current-
limiting property.

V. EXPERIMENTAL RESULTS

In order to demonstrate the proposed controller, a 220 VA
grid-connected single-phase inverter with an LC'L filter was
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experimentally tested. The system and controller parameters
are shown in Table I. The RMS voltage of the grid Vj is
equal to the rated value E* and the grid frequency wy is
slightly less than w* (see Table I). For the inverter droop
functions, it is expected that 5% increase of the voltage
should correspond to 100% decrease of the real power and 1%
increase of the frequency should correspond to 100% increase
of the reactive power, since the inverter operates with a virtual
resistive output impedance. Then the droop coefficients can
be calculated as n = “%ﬂ and m = o%m according
to [1], [16], where S, is 'the rated power of the inverter.
A switching frequency of 15kHz was used for the inverter
operation and the sinusoidal tracking algorithm (STA) was
applied to obtain the required V, and w, for the controller
design [1]. The controller parameters c,, and cs are directly
calculated from (23) and (24), respectively. The proposed
controller was implemented using the TMS320F28335 DSP
with a sampling frequency of 4 kHz.

TABLE |
SYSTEM AND CONTROLLER PARAMETERS
[ Parameters | Values [[  Parameters | Values |

L, L, 2.2 mH w* 27 x 50 rad/s
r,Tg 0.5 Q Wy 27 X 49.97 rad/s

C 10 uF Trmas 2A

V,=E* | 110V I 02 A
Sn 220 VA Ke 150
ts 0.1s kw, ks 1

A. Operation under normal grid

Initially, a stiff grid is considered with the system param-
eters given in Table I. The time response of the inverter is
shown in Fig. 6. It is clear that the grid frequency is constant
at 49.97 Hz. The inverter is connected to the grid at ¢ = 6's
and the real and reactive power references are operated in the
set mode with P, = 50W and Qg.; = 0 Var, respectively.
As shown in Fig. 6(a), both the real power and the reactive
power are regulated to their reference values, although the
reactive power is slightly positive (less than 5 Var) due to the
limitation of the power analyzer that cannot show negative
reactive power and introduces small inaccuracies close to zero.
At t = 9s the real power reference is changed to 100 W and at
t = 125 the reactive power reference is changed to 50 Var. Fig.
6(a) clearly demonstrates the ability of the proposed controller
to regulate the injected power to a given level. At the time
instant ¢ = 15, the reference Pk, is changed to 250 W, which
exceeds the inverter capacity and forces the inverter current to
exceed I,,,,. However, as shown in Fig. 6(a), the real power is
regulated at around 180 W because the current has reached the
maximum allowed value. Particularly, the RMS value of the
current is limited at 1.73 A. It is less than I,,,,, = 2 A for the
following reasons: i) the parasitic resistance r of the L inductor
is not zero and ii) the proposed controller uses the feed-
forwarded voltage term v, from (25) instead of v., which are
slightly different. Nevertheless, according to the analysis and
the results, the current still remains below the maximum value
Lnae as required. In practice, I,,,, can be chosen slightly
larger to cover these issues. If the parasitic resistance 7 is
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d/degrees

known, one can choose w,,;, = Vg — r instead of using
(18), and since at the limit w, —> O then (19) will result
in this case in |i| < \/21,,4, achieving a limit for the RMS
value at [,,,,, and not in a smaller value. However, even if r
is neglected in the control design, the inverter still stays in the
safe range below the maximum current value. The transient
responses of the inverter and grid currents and voltages are
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shown in Fig. 6(b), where the inverter current increases and
reaches the maximum allowed value. At ¢t = 18s, Py is
changed to 150 W and in order to check the droop functions
of the proposed controller, at ¢ = 21s, the P ~ V droop
function is enabled and the real power drops in order to bring
the capacitor voltage V. closer to the rated value E*. This
is clearly observed in Fig. 6(a). Finally, at ¢t = 23s, the
@ ~ —w droop function is enabled and the reactive power
drops since the system frequency is lower than the rated value.
This verifies the capability of the controller to operate in both
the set mode and the droop mode. The steady-state response
of the system is shown in Fig. 6(c).

To verify the analysis presented in Section III, the responses
of the controller states w, w, and J, J, as shown in Fig. 7(a)
and 7(b), respectively. The phase planes of w, wg and 9, dg4
verify that the controller states are restricted on the upper semi-
ellipse of Wy and Ay, respectively, during the whole operation.

B. Operation under grid faults

To further validate the current-limiting control performance,
two different cases of grid voltage sags were investigated while
the inverter remains in the droop mode.

At first, the grid voltage drops rapidly from 110V to 90V
and the fault is cleared after 9s. During the fault, the current
tries to increase but is eventually limited according to the
current-limiting property of the controller, as shown in Fig.
8(a) and 8(b). Based on (27) and the percentage of the voltage
drop (p = 990 % 100% = 18.2%), the maximum RMS
current would be 0.81817,,,, = 1.64 A. From Fig. 8(a), it is
clear that the current is limited at around 1.4 A, slightly lower
than the limit due to the reasons mentioned in the previous
subsection. Fig. 8(b) indicates the drop of the grid voltage
and the capacitor voltage and the smooth increase of the
current. When the fault is cleared, the system returns to its
initial operation after a short transient (Fig. 8(a) and 8(c)).
This transient is caused due to the fact that the controller state
w, which represents the main part of the virtual resistance, is
regulated at w,,;, for the duration of the fault. Then, when
the grid voltage rapidly increases, the current will increase
due to the small resistance w,,;, but it never violates the
limit as rigorously proven in the theory. This is clearly shown
in the time response of the controller states w and w, in
Fig. 9(a). Nevertheless, the inverter voltage is immediately
restored close to the rated value after a fault clearance, as
required by the Grid Code [41]. Since the frequency of the
grid remains constant and (28) is not violated according to
the given (QQs.; = 50 Var and the droop control, the reactive
power is regulated at the same value during the fault (Fig.
8(a)), which is achieved from the performance of the controller
states 6 and d, (Fig. 9(b)). The controller state trajectories
remain again on the desired upper ellipses on the w — w, and
0 — d4 planes.

In the second scenario, the grid voltage drops rapidly from
110V to 55V (50% voltage sag) and returns to its original
value after 9s (Fig. 10(a)). In this case, the inverter current
reduces since it is limited below 1 A and the real power drops
during the fault to protect the system. This is shown in Fig.
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10(b). As in the previous grid fault scenario, when the fault is
cleared, the system returns to its initial operation after a short
transient (Fig. 10(c)). Some oscillations, which are caused
by the slow response of the PLL and the dynamics of the
LC'L filter, appear in the inverter current and capacitor voltage
during the fault and during its clearance since for simplicity
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the controller (25) was used instead of its initial form (6).
However, this transient only lasts for less than a half cycle with
limited amplitude, which is acceptable in practice. A difference
between this and the previous fault scenario is that during the
fault and the current limitation (28), the droop control in the
reactive power can no longer be accomplished with the given

Qset = 50 Var. This means that the controller states ¢ and J,
also decrease and converge to lower values that correspond to
a lower reactive power that guarantees (28). This is shown in
the time response of the controller states in Fig. 11(b). Finally,
both pairs w, w, and d, J, remain on the ellipses as imposed
by the theory.

VI. CONCLUSIONS

A nonlinear droop controller with a current-limiting prop-
erty has been proposed for single-phase grid-connected invert-
ers. In addition to achieving the desired droop functions with a
tight regulation of the output voltage close to the rated value or
accurate real and reactive power regulation in the set mode,
the proposed controller is able to limit the inverter current
under normal or faulty grid conditions. Based on the nonlinear
dynamics of the system and using input-to-state stability
theory, detailed stability analysis of the control system is
provided. The desired performance of the proposed controller
have been verified with extensive experimental results.

It has been noticed that during the fault, the proposed
controller shows some oscillations due to the PLL dynamics
and also the current is limited to a value lower than the
given maximum value because of the grid voltage drop. Future
research will focus on the investigation of controller design
and stability without a PLL, on the comparison with control
methods equipped with nested loops and also on the control
design to fully utilize the capability of the inverter in terms of
the maximum current and power.
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