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Abstract—In this paper, a current-limiting droop controller
with nonlinear dynamics is proposed for the stand-alone opera-
tion of single-phase inverters. The proposed controller regulates
the voltage and frequency of the load depending on the real
and reactive power demand, as required in modern ac micro-
grids. The dynamic performance of inverters equipped with the
proposed control scheme is investigated under different load
conditions (linear and non-linear loads) and their current-limiting
property is analytically proven to hold at all times using nonlinear
ultimate boundedness theory. Then, the closed-loop stability of
a single-phase inverter operating in island mode is proven for
the first time using both a resistive and a constant power load.
The desired controller performance is experimentally validated
on a testbed consisting of a single-phase inverter connected to a
linear (resistive) and a nonlinear (diode rectifier) load, where the
ability of the proposed controller to operate in the droop control
mode while maintaining the desired current limitation is proven
under various load changes.

Index Terms—Nonlinear control, single-phase inverter, current
limitation, stability analysis

I. INTRODUCTION

he decrease in fossil fuel reserves and associated environ-

mental degradation has led to a significant increase of
the renewable energy sources (RES) integration into the main
grid in the last decades. This has subsequently increased the
number of inverter interfaced units in the power network, since
inverters represent the interface devices for RES. However, the
inclusion of renewable based distributed generation (DG) units
has affected the power flow and system stability, leading to a
70% reduction of the system strength of the UK grid within
the next 20 years, as reported by National Grid’s forecast
[1]. Thus, advanced control techniques for the power inverter-
interfaced DG units are required to ensure a reliable and stable
operation of the power grid at all times.

Among the various methods proposed in literature to sup-
port the grid voltage and frequency [2]{4], droop control is the
most commonly used control strategy for inverter-interfaced
DG units since ancillary services can be provided to the
grid without the need of communication between the different
DG units [5]-[6]. Several modifications in the droop control
structure and dynamics have been proposed in the literature to
improve the performance of the conventional droop controller
by changing the droop coefficients or introducing different
output impedances [7]-[9].

The stable operation of these control methods has been
investigated based mainly on the small-signal model of the
system and using root-locus analysis, which is valid for a
given set of the system parameters. In stand-alone invert-
ers or islanded microgrid applications, stability analysis has
been conducted by considering linear load dynamics [10]-
[11]. However, different types of loads, e.g. constant power
loads (CPLs), have been shown to yield instability. Recently,
several researchers have investigated the stability of inverters
feeding a CPL depending on the ac microgrid architecture
[12] or using Popov’s criterion [13]. However, the stability
of droop-controlled inverters connected to a CPL requires
further investigation due to the inherent nonlinear structure
and dynamics of the droop control scheme.

In addition, a crucial current-limiting property needs to be
integrated along with the droop functions to ensure safe and
reliable operation of every inverter unit. This will ensure that
the inverter current will remain below a specified safe limit
during normal and faulty grid conditions. To achieve this,
external limiters or saturation units can be utilized to maintain
the inverter current within safe range [14]-[16]. However, this
can lead to oscillations and possible instability after the satu-
ration limit is reached. Alternatively, low-voltage ride through
structures can be utilized to ensure limited current injection
during grid faults [17]. Moreover, additional protection devices
[18] or adaptive relay algorithms [19] can be employed to
protect the system from overcurrent conditions. These methods
lack from rigorous stability proof and involve an external
circuit in addition to the controller. To overcome this issue via
the control design, a current-limiting droop controller has been
proposed in [6] for grid-connected inverters, which maintains
the inverter current below a maximum limit at all times.
However, the same structure cannot be applied to an inverter
operating in island mode under different load scenarios (e.g.
CPL), which can result from a failure of main power grid due
to an unexpected disturbance or fault [20]-[22].

In this paper, a new nonlinear current-limiting droop control
method is proposed for a single-phase inverter operating in
island mode. The inverter is considered to be connected to
generic load (linear/nonlinear) via an LC filter. Initially, based
on the nonlinear structure of the proposed controller and using
ultimate boundedness theory, it is proven that the inverter
current will never exceed a specified limit independently of the
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Fig. 1. A single-phase inverter in island mode.

load connected at its output. Then, the closed-loop stability of
the system is investigated for two different cases: 1) a resistive
and ii) a constant power load. It is shown that any equilibrium
point within the bounded operating range is asymptotically sta-
ble for an inverter equipped with the proposed current-limiting
droop control; thus paving the way for proving stability in
future microgrids. Several experimental results are presented
to validate the performance of the proposed controller and
its current-limiting property under varying load conditions for
both a linear and a non-linear load. Compared to [6], where
an inverter connected to a stiff grid is considered and system
stability is not proven, in this paper, the desired operation
and the asymptotic stability and current-limiting properties of
a stand alone current-limiting droop controlled inverter, are
shown for first time.

The rest of the paper is organized as follows: The dynamic
model of a single-phase inverter operating in island mode and
the proposed current-limiting droop controller are provided in
Section II. The current-limiting property and the asymptotic
stability of the closed-loop system are analytically proven for
both a resistive and constant power load in Section III. Then,
experimental results are presented and explained in Section IV
to verify the desired performance of the proposed controller
on a real inverter setup. Finally, some conclusions are drawn
in Section V.

II. CONTROLLER DESIGN

The system under consideration is an inverter unit in island
mode, as shown in Fig. 1. It consists of a single-phase
inverter connected to a generic load via an LC filter. The
LC filter’s inductance and capacitance are denoted by L
and C respectively. Whereas, r represents the small parasitic
resistance of the inductance. The inverter output voltage and
current are v and ¢; while v, is the capacitor voltage and ¢y,
is the load current.

The dynamics of this system are given as:

L% = —rit+v—u (D
dve o
C dt = 1—1r, (2)

where the controller input is considered as the inverter voltage
v. Inspired by the current-limiting droop control structure
presented in [6] for grid-connected inverters where a bounded
variable virtual resistance is used, in this paper, the control

scheme is extended to match the application of inverters in
island mode as follows:

v =1, +V2E*sin0 — wi 3)

where E* is the rated RMS value of the load voltage, while
0 is the inverter phase and w is a varying virtual resistance
which are obtained from the following expressions:

= — cy(K(E* = V,) — nP)w] )
iy = SO (gt ) —np)
(w=wn)® ®
— kw(A’w?n +U1q — 1>wq
0 = w* +mQ, 6)

where w, is an additional controller state, ¢y, Wm, Awp,
k., and K, are positive constant quantities, V. is the RMS
capacitor (load) voltage, P and () represent the average active
and reactive power delivered by the inverter. In addition, n
are m are the droop coefficients and w* corresponds to the
rated value of angular frequency. Since 0 = w, where w is the
frequency of the inverter, it is desired at the steady state to
have

nP

. = B — —
Ve K. (7
w = w'4+mQ, (8)

which represent the droop expressions of an inverter with
resistive output impedance in island mode. As it has been
shown in [6], by selecting the initial conditions wg = w,,
and wgo = 1 for the controller states, the varying virtual
resistance w is always positive and bounded in the range
W € [Wmin, Wmaz] > 0, Where Wpin = Wy — Awyy, > 0
and Wy = W, + Aw,, > 0. For more details, the reader
is referred to [6]. This concept of boundedness has also been
investigated in [23]-[24].
III. STABILITY ANALYSIS

A. Current-Limiting Property

In order to analyze the current-limiting property of the
inverter in island mode, the controller proposed in (3) is

substituted into the plant dynamics given by (1). Then, the
closed-loop current dynamics become

di

L2 = —(r 4 w)i+ V2E* sin 6. €)

For the analysis, the energy stored in the inductor can be
considered as a candidate Lyapunov function

1
V= §Li2. (10)

By taking the time derivative of V' and cosidering that w €
[Winin, Wmaz] > 0 holds true from the proposed controller
dynamics, it yields that

V =—(r+w)i®+V2E*isin
—(r 4 Wonin) | 7 > +V2E* ||| sind | .

IN



The above inequality reveals that V < —r | i |2 if
Winin | 12> V2E* ||

or

V2E*

li]> .

Wmin

(1)

Since 7| i |? is a continuous positive definite function, then
from Theorem 4.18 [25], there exists a class K L function /3
and for every initial state i(0), there is 7' > 0 such that the
solution of inverter current i(¢) satisfies

(0| < BLi(0).0), vo<t<T
it < 22 yisT

As a result, the solution of the inverter current ¢(¢) is uniformly
ultimately bounded and therefore if at £ = 0 it holds true that
. V2E*
1i(0) < )

Wmin

then 7= 0 and the solution ¢(¢) will remain below the same
value for all future time, i.e.

V2E*

Wmin

() |< , V0. (12)

Now, if w5, Which is a controller parameter, is chosen as
E*

Wmin =
I
max

13)

where [, is the maximum RMS value of the inverter current
(positive constant), then by substituting (13) in (12), it yields
V2E*

Ex

Imaa

li(t) |< Vt>0

(14)

or

li(t) |< V2Inaz, Yt>0. (15)

Considering that i(t) = V21 sin ¢, where I and ¢ are the RMS
value and phase angle of the inverter current, respectively, then
since (15) holds true for all ¢ > 0, there is

I(t) < Ipag, Vt>0. (16)

The above inequality shows that the desired current-limiting
property is maintained by the proposed controller for any
inverter operating in island mode without depending on the
load characteristics or the filter parameters. Hence, the current-
limitation is guaranteed for any load, i.e. linear or nonlinear,
and even under faulty load conditions (short circuits or faults),
which is a unique characteristic of the proposed design.

B. Asymptotic Stability

Although the current-limiting property of the inverter is
guaranteed by the previous analysis, the asymptotic conver-
gence to the desired equilibrium is yet to be proven. To
proceed with the stability analysis, two different load cases
are considered: i) a resistive and ii) a constant power load.

I

Load

Fig. 2. Alternative circuit for single-phase inverter connected to a generic
load in island mode.
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1) Resistive Load: When a resistive load is considered at
the output of the inverter, the closed-loop system dynamics are
obtained by considering that i;, = 5 and applying (3) into
(1)-(2) as:

L% = —ri+V2E*sin0 — wi (17)
dv,. L Ve
= ;L 1
C 7 -2 (18)

in addition to the controller dynamics (4)-(6). Since the
average values of the real power P and the reactive power
@ are required in the controller dynamics, these can be
obtained using the phasor quantities of the capacitor voltage
V. and the inverter current I. It should be noted that different
time scales are considered for the voltage and frequency
dynamics as in [26], and thus frequency can be considered
as constant to investigate system stability through phasors
modeling. Since the inverter frequency w = € is given from
the static expression (6), then the closed-loop system dynamics
can be alternatively represented by a coupled circuit as shown
in Fig. 2, where w is varying according to (4)-(5). Hence, for
the stability analysis, the dynamics of w and w, are needed
to be investigated where V. and P are written as functions
of w and wg. To proceed with the analysis, the input voltage
of the closed-loop system shown in Fig. 2 is considered as
reference, i.e. E*Z0. Then the phasor inverter current I can
be calculated as:

E* X
= — tan~1( L )

= Z 19)
V(I +w)? + (Xp)?
while the phasor capacitor voltage V. results in:
E*

Ve= 1 1

VIFuP T PR+ 7
1, XL 4, R
Z—tan™! —tan™ ' (—).
an!(-55) — tan ! (57)

The real power P is calculated as P = Re{V.I*} and results
after some calculations is the following expression:

_ E*Q
(0 + w2+ (X0)2)\ /()2 + (5)

where X; and X are the reactances of the LC filter’s
inductance and capacitance respectively. By substituting the
RMS value V. of capacitive voltage, which is the magnitude
of the phasor V. given by (20), and real power P from (21)
into the controller dynamics (4) and (5), it results in:

- cos(tanfl( Xﬂ )) 21)



E*
w = — Cw Ke E* —
[ ( (r+w)2+ (X1)2 (,§)2+(§c)2)
_ nk*? cos(tarfl(ﬁ))}w2
[+ w)2+(XL)?] (%)2+(L)2 Xe ’
+(— 2)

Cw(w —wm)wg
} (23)

(22)

Wy =
q 2
Awz,

ufe-
W

nE*Q
— COS tan

[(r+w)2+(X1)2] [(£)2 + ()2

_ 2
_kw(wwg_l)wq

Aw2,
which shows that the controller states form a non-linear system
of form

&= f(x)

where x = [w wq]T is a state vector.

Since it has been proven that the solution of the nonlinear
system (24) is bounded with w € [Wyin, Wmas] and w, €
[0, 1] (for details see [6]), then consider any equilibrium point
(We, Wq, ) Where we € (Winin, Wmae) > 0 and w,, € (0, 1] for
which the droop expressions (7) and (8) are satisfied. Then the
Jacobian matrix of the closed-loop system defined by (22)-(23)
has the following two eigenvalues:

(24)

K (r 4+ we)

M= _Cw((r+we>2+(XL)2Vce 25

2n(r + we) P)w2 25
(r+we)2+ (Xp)2 ¢) 2

Ao = — 2k,w? (26)

qe’

where V.. and P, are the values of RMS capacitor voltage
and the real power at the equilibrium w = w,. Since w, > 0
and all parameters K., X., X, r, n, R and E* are positive
constants, then the RMS value of capacitive voltage V. and
real power P are guaranteed to be positive. Therefore, \; < 0
as ¢, is a positive constant. Moreover, Ao < 0 since k,, is a
positive constant and wg. € (0, 1]. Hence all the eigenvalues
of the Jacobian matrix have strictly negative real parts and
every equilibrium point (we,w,,) of the closed-loop system
defined in the bounded range is proven to be asymptotically
stable.

2) Constant Power Load: In this case, the load connected
to a single-phase inverter is considered to be a constant power
load, i.e. the load draws a constant power P;, > 0 at all times,
which means that the plant dynamics are now given as:

Ld% = —ridtv—u, 27)
dvc . PL

C S ——1 28

dt ! Ve (28)

The closed-loop stability of this system is established in a
similar manner as in the case of resistive load. The eigenvalues
of the Jacobian matrix, for the case of constant power load,
at the equilibrium point are given as:

TABLE I
SYSTEM AND CONTROLLER PARAMETERS

Parameters Values Parameters | Values
L 7 mH Imaz 2A
C 11 uF Imin 0.1 A
E* 40V K. 10
w* 27 x 50 rad/s kw 1000
1 1 E*? .
)\1 = cwwqe X K [( (T + w ) 2)
2 Vee I\ ((r 4+ we)2 + (X1)?)
E* (rtwe) (29)
+ ((rwe)2+x3) H
E*2 2 p2
\/(((T+we)2+(XL)2) B 47%)
Ao = — 2kywl,. (30)

Similar to the analysis of the case with a resistive load, both
eigenvalues of the Jacobian matrix have negative real parts,
proving the asymptotic stability of any equilibrium point in
the bounded range. However, in order for the equilibrium point
(we, Wy, ) to exist in the range where w. € (Wimin, Wmaz) > 0,
the expression inside the square root in (29) should be positive,

ie.
E*Q 2 P2
] —4-L >0
(r+we)?+ X7 X2
Since the above inequality should hold for all w. €
(Wiin, Wmaz) > 0, then:

E*QXC
2P

Winaz < - X2 —r (31)
Inequality (31) provides guidance on the selection of the con-
troller parameter w,,q,. Combined with the selection of w,,y,
from (13), the control parameters w,, and Aw,, are defined
from Wm = (wmaw +wmin)/2 and AU]m - (w'rmw:_wmin)/z
When P, is unknown, w,,q, can be selected according to
the minimum current [,,;, flowing through the LC filter as
Wmaz = E*/Imzn

IV. EXPERIMENTAL RESULTS

In order to validate the performance of the proposed current-
limiting droop controller, experiments were carried out on a
S,=220 VA single-phase inverter operating in island mode
for different load conditions. The single-phase inverter is
powered by a 100 V DC and operated at a switching fre-
quency of 15kHz. The controller was implemented on the
TI F28M35H52C1 microcontroller with a sampling frequency
of 4 kHz. The system and controller parameters are shown
in Table I. The desired voltage drop ratio and frequency
boost ratio are chosen as 5% and 1% respectively. This
results in the droop coefficients as n = 0.056K.E*/S,, and

= 0.01w*/S,,. Moreover, w,, is calculated as W,
where Wimin and Wi,qe are evaluated as IE—* and i;,
respectively. The inverter is tested for both a linear (resistive)
load and a non-linear (diode rectifier) load.
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A. Linear Load

In this case, the single-phase inverter is connected to a
resistive load. Initially, it is operated at a load of 50 €2 and
then the load changes to 33 (). The transient response of the
inverter during load change is shown in Fig. 3. The controller
successfully regulates the load voltage close to rated voltage of
40 V due to the droop expression after the sudden load change,
as can be seen in Fig. 3. During the transient, the inverter
current increases gradually in response to the load increase.
Thus, load voltage drops at first and then rises back to its
desired value. Since load and inverter current has increased,
the active power also rises following the load change. Whereas,
the reactive power returns close to its initial value after a short
transient as load voltage returns to close its nominal value.
This is clearly depicted at the upper half of Fig. 3.

In order to test the controller performance and its current-
limiting property under higher load power demand, the inverter
is tested under a sudden load change from 50 Q2 to 12 €2. The
transient response of the inverter during this load change is
shown in Fig. 4. As can be seen, the load voltage is regulated to
its rated value prior to load change. However, the load voltage
is seen to drop from its rated value for a load of 12 . This
is due to the fact that such an increase in load demands an
inverter current higher than I,,,, to achieve the droop control
regulation. Hence, the controller limits the inverter current to
a value lower than I,,,,, as theoretically proven in the paper.
As seen in Fig. 4, the RMS value of inverter current is limited
to around 1.7 A. This value is slightly lower than the specified
maximum of 2 A due to the non-zero parasitic resistance of
the filter inductance; however the current still remains below
the desired value. Moreover, the real and reactive power also
decrease following the load change since the load voltage
drops due to the loading effect, seen clearly in Fig. 4.

B. Non-linear Load

In the second scenario, the performance of the proposed
controller is validated for a non-linear load by connecting the
single-phase inverter to a resistive load via a diode bridge

flR i ]
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Fig. 4. Transient response under linear load change from 50 €2 to 12 Q.
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rectifier. This setup is initially operated at a load of 100 €2
and then the load is switched to 32 ). The response of the
inverter during this transition is shown in Fig. 5. As seen in the
figure, the controller regulates the load voltage slightly below
the rated value of 40 V defined by the term @ as expected
by the droop controller both before and after the load change.
The active power increases due to the decrease in the load
resistance as seen in Fig. 5. The reactive power also slightly
changes due to the fact that the inverter current is not purely
sinusoidal for the non-linear load case. Note that the reactive
power is calculated using the inverter and not the load current.

Later, the load is suddenly changed to a value of 25 Q
from 100 €2 and the response during this transition is shown
in Fig. 6. Similar to the case of the linear load, the load
voltage is regulated to its desired value before the change
of load. However, after the change of the load resistance,
the load voltage is seen to be lower than its rated value.
This is due to inverter current being limited to lower than
Imae and hence protecting the inverter from high currents
that can damage the device, by automatically sacrificing the
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droop control regulation. This demonstrates the ability of
the proposed controller to limit the inverter current within
specified range for any type of linear or non-linear load.

V. CONCLUSION

In this paper, a droop controller with current-limiting
property has been proposed for the stand-alone single-phase
inverter operation. The proposed controller was able to achieve
the desired real and reactive power droop functions with tight
load voltage regulation. Moreover, the closed-loop stability of
the system under consideration was proven for both linear and
non-linear loads, including the constant power load case. Ad-
ditionally, it has been demonstrated that controller maintains
the inverter current within a specified range at all times. The
performance of the controller and its current-limiting property
were verified by a set of experimental results.
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