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Abstract—Conventional droop control methods cannot
achieve accurate proportional reactive power sharing, due
to the mismatch of components, system disturbances, etc.
In this paper, an uncertainty and disturbance estimator
(UDE)-based robust droop controller is proposed to ad-
dress these problems. As a result, the model nonlinearity
and uncertainty (e.g., power angle and uncertain output
impedance) and system disturbances (e.g., variations of
output impedance, load change, and fluctuating dc-link volt-
age) can be estimated and compensated. Experimental re-
sults from a single-phase system with two inverters are
provided to demonstrate the effectiveness of the proposed
strategy. In order to further demonstrate the advantage and
flexibility of the proposed UDE-based control strategy, simu-
lation results from a three-phase system with two inverters
are presented with comparison to a robust droop control
strategy reported.

Index Terms—Droop control, inverters in parallel opera-
tion, proportional load sharing, robust droop control, uncer-
tainty and disturbance estimator (UDE).

I. INTRODUCTION

R ENEWABLE energies and distributed generations, such as
wind energy, solar energy, and wave and tidal energy, are

growing fast nowadays. Normally, power inverters are adopted
in these applications to interface with the utility grid or the
microgrid. However, with the growing capacity of renewable
energies, such as megawatt-level wind turbines, and large-scale
solar farms, the power electronic devices face big challenges
with the needs of high current and high power. Then, several
power inverters are required in parallel operation due to the cur-
rent limitation or cost limitation of power electronic devices.
Another reason for the need of parallel operation of inverters
is to provide system redundancy and high reliability from the
requirements of critical customers [1]. Power sharing based on
droop characteristics is widely used in parallel operation of
inverters [2]–[4]. Also, sharing the load among distributed gen-
erations is popular for the operation of an islanded microgrid
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[5]–[8]. One major advantage of the droop control is that no
external communication mechanism is needed [9], which gives
significant flexibility without the interdependence of the local
controllers for the balance between power generations and the
demands [5]. Another advantage is that the system inherits the
“plug and play” feature without changing the control strate-
gies of parallel units [6], [10]. However, the conventional droop
control is not able to achieve accurate reactive power sharing
among parallel units due to the mismatched output impedance
[1], [9], [11]–[13] and presents poor transient performance [5],
[6]. Also, system disturbances, e.g., large or fast change of the
load [5], [6], variations of output impedance [13], [14], and fluc-
tuating dc-link voltage [15], [16], often affect the power sharing
performance.

The virtual impedance is a widely used approach to improve
power sharing performance among parallel-operated inverters
[9], [17]. Adding a virtual inductor and estimating the effect of
the line impedance are proposed in [10] to improve the sharing
performance via changing the droop coefficients. The complex
virtual impedance is designed in [11] to minimize the funda-
mental and harmonic circulating currents. The communication
and adaptive virtual impedance are combined to enhance the ac-
curacy of reactive power sharing, and the time delay problem in
communication is improved in [18]. An accurate power sharing
is realized by regulating the virtual impedance at fundamental
positive sequence, fundamental negative sequence, and har-
monic frequencies in [19]. However, virtual-impedance-based
methods cannot guarantee voltage regulation [7], and the power
sharing performance is affected by the variations of the output
filter components [13], [14]. With the introduction of virtual
impedance, the output voltages of inverters are sensitive to the
harmonic currents [20], and the selection of virtual impedance
is analyzed in [20]. Many other methods for sharing the load
are proposed, e.g., injecting a harmonic voltage according to
the output harmonic current is used for improving the total
harmonic current sharing, and power sharing is achieved as
well in [21]. A small-signal injection method is proposed in
[22] to improve the accuracy of the reactive power sharing. A
Q–V dot droop control method is proposed in [23] to improve
the accuracy of reactive power sharing following the idea of
changing the droop coefficients. A virtual flux droop method by
drooping the virtual flux instead of the voltage is proposed in
[24] to achieve real power and reactive power sharing with low
frequency deviation. The voltage droop strategy is redesigned to
deal with the mismatched output impedance for power sharing
in [25] and [26]. Especially, the robust droop controller (RDC)
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proposed in [25] introduces an integrator to enhance the robust-
ness of droop control against numerical errors, disturbances,
noises, feeder impedance, parameter drifts, and component
mismatches with accurate proportional load sharing, which has
recently been proven to be universal for inverters having an
output impedance angle within (− π

2 , π
2 ) rad [27].

It is worth noting that the hierarchical droop control is another
method and trend to cope with the disadvantages of conventional
droop control through communication among parallel-operated
inverters [5], [6], [9], [12]. In hierarchical control methods, e.g.,
in [28] and [29], the primary control is droop control method,
and voltage and frequency deviations are compensated by the
secondary control through communication. However, hierarchi-
cal droop control also has its own drawbacks, such as cost
of communication [6], [25], reliability, location, and slow re-
sponses [6], [25], [30].

In this paper, a new droop control strategy based on the uncer-
tainty and disturbance estimator (UDE) method is developed for
parallel-operated inverters to achieve accurate proportional load
sharing, particularly for reactive power sharing. Compared with
other estimator-based controls for distributed generations, such
as linear state estimation [31], Kalman-filter-based state estima-
tion [32], and estimator-based voltage-predictive control [33],
this UDE-based robust droop control uses a filter to estimate
the system uncertainty and disturbances and compensate them
for accurate power sharing among parallel-operated inverters.
The UDE control algorithm, which is proposed in [34], has been
successfully applied to a class of nonaffine nonlinear systems
[35], variable-speed wind turbine control [36], and many other
applications [37]–[39] in recent years. In this paper, for reactive
power sharing, the reactive power dynamics is developed from
the equation of power delivering passed through a low-pass fil-
ter. The load voltage is fed back to generate the reactive power
reference for the design of the UDE-based controller, which
helps achieve accurate sharing control of reactive power. With
the adoption of the UDE-based control method, the reactive
power sharing can be achieved in the presence of model nonlin-
earity and uncertainty (e.g., power angle and uncertain output
impedance) and system disturbances (e.g., variations of output
impedance, load change, and fluctuating dc-link voltage). For
real power sharing, the conventional droop control method is
adopted for the frequency regulation, as it can achieve accurate
proportional real power sharing [1], [10], [13]. The effective-
ness of the proposed control method is demonstrated through
experimental studies on an experimental test rig, which con-
sists of two parallel-operated power inverters from Texas In-
struments (TI). Also, the comparison with the RDC proposed in
[25] is made in a three-phase simulation platform to show the
advantages and flexibilities of the proposed UDE-based robust
droop control.

The rest of this paper is organized as follows. Section II
describes the limitation of the conventional droop control. In
Section III, the UDE-based robust droop control is proposed.
The effectiveness of the proposed approach is demonstrated
through experimental validation in Section IV. A comparison
with the RDC is conducted in Section V, with concluding re-
marks made in Section VI.

Fig. 1. Conventional droop control scheme.

II. LIMITATION OF CONVENTIONAL DROOP CONTROL

When a single inverter E∠δ delivers power to the grid Vo∠0◦

through an impedance Zo∠θ, the real power P and the reactive
power Q received by the grid Vo∠0◦ are shown in [1] as

P =
(

EVo

Zo
cos δ − V 2

o

Zo

)
cos θ +

EVo

Zo
sin δ sin θ (1)

Q =
(

EVo

Zo
cos δ − V 2

o

Zo

)
sin θ − EVo

Zo
sin δ cos θ (2)

where δ is the phase difference between the inverter and the grid,
often called the power angle. Usually, the output impedance of
an inverter is mostly inductive with θ ≈ 90◦. The power delivery
equations (1) and (2) are reduced as

P =
EVo

Zo
sin δ (3)

Q =
EVo

Zo
cos δ − V 2

o

Zo
. (4)

For the conventional droop control [40], the power angle δ is
assumed to be small. Then

Ei = E∗ − niQi (5)

ωi = ω∗ − miPi (6)

where Ei is the voltage set point, ωi is the frequency set point,
E∗ is the rated voltage, and ω∗ is the rated frequency. ni and mi

are the droop coefficients, which are related to the capacity of
inverters and usually defined by the requirement of customers.
The block diagram of this conventional droop control is shown
in Fig. 1.

The limitations of conventional droop control with mis-
matched output impedance are pointed out in [1]. For example,
in order to hold the proportional reactive power sharing

niQi = njQj (7)

all parallel-operated inverters should have the same per-unit
output impedance in the steady state

Zoi

ni
=

Zoj

nj
(8)

where i and j represent all parallel units. This is a very strict
condition for the inverter design, requiring careful matching of
components, for conventional droop control. Moreover, the out-
put impedance of an inverter always drifts in different conditions
[13], [14], such as inductance change with magnetic saturation
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Fig. 2. Proposed UDE-based robust droop control scheme.

caused by high current and resistance change by high temper-
ature. Other disadvantages of conventional droop control, such
as poor transient performance and bad voltage regulation, can
be found in [1], [5], and [6].

In addition, for the conventional droop control (5), (6), it is
worth noting that the nonlinearity in (1) and (2) of power de-
livering is approximately linearized based on the assumption
that the output impedance of the inverter is purely inductive
and the power angle is small. As mentioned before, the system
disturbances, e.g., the change of the load, variations of output
impedance, and fluctuating dc-link voltage, will affect the shar-
ing performance of parallel-operated inverters. Is it possible to
develop a control strategy that does not rely on these assump-
tions but can cope with these effects?

III. UDE-BASED ROBUST DROOP CONTROL

In this paper, a new droop control scheme is proposed based
on the UDE method [34] for parallel-operated inverters. Its
structure is shown in Fig. 2. For the reactive power sharing,
the UDE-based method is adopted to deal with the nonlinearity,
uncertainty, and system disturbances. For the real power shar-
ing, the conventional droop control method is adopted with the
small change of adding a low-pass filter.

A. Reactive Power Sharing

1) Modeling of the Reactive Power Channel: In
practice, in order to remove the ripples and high-frequency
noises in the calculated real power and reactive power, low-pass
filters are commonly adopted when calculating the real power
and the reactive power. Here, an additional low-pass filter Gqi(s)
is added to facilitate the controller design. Its bandwidth could
be high if the bandwidth of the power calculation is narrow
enough. With Gqi(s) = 1

1+τq i s
, where τqi is the time constant,

the reactive power from (2) can be rewritten as

Qi = L−1
{

1
1 + τqis

}
∗

(
EiVo

Zoi
− V 2

o

Zoi
+ dqi

)

or

Q̇i =
EiVo

τqiZoi
− V 2

o

τqiZoi
+

dqi

τqi
− Qi

τqi
(9)

where “∗” is the convolution operator, L−1 means the inverse
Laplace transformation, and

dqi =
EiVo

Zoi
(cos δ sin θ − 1) − V 2

o

Zoi
(sin θ − 1)

−EiVo

Zoi
sin δ cos θ

represents the nonlinearities and uncertainties from both the
power angle and the output impedance. Then, the reactive power
dynamics can be expressed as

Q̇i =
Vo

τqiZoi
Ei − V 2

o

τqiZoi
+ �qi (10)

where

�qi =
dqi − Qi

τqi
(11)

represents the lumped uncertain term.
2) Controller Design for Reactive Power Sharing:

With the reactive power dynamics developed in (10), a reactive
power control is developed for reactive power sharing, with the
control objective that the output reactive power Qi asymptoti-
cally tracks the reactive power reference Qri , as shown in Fig. 2.
In other words, the tracking error

eqi = Qri − Qi (12)

satisfies the desired dynamic equation

ėq i = −Kqieqi (13)

where Kqi > 0 is a constant error feedback gain.
Combining (10), (12), and (13), Ei needs to satisfy

Ei =
τqiZoi

Vo

(
Q̇ri +

V 2
o

τqiZoi
+ Kqieqi −�qi

)
. (14)

According to the system dynamics in (10), the uncertain term
�qi defined in (11) can be represented as

�qi = Q̇i − Vo

τqiZoi
Ei +

V 2
o

τqiZoi
.

Following the procedures provided in [34],�qi can be estimated
as

�̂qi = L−1 {Gf i(s)} ∗ �qi

= L−1 {Gf i(s)} ∗
(

Q̇i − Vo

τqiZoi
Ei +

V 2
o

τqiZoi

)

(15)

where Gf i(s) is a strictly proper stable filter with the appropriate
bandwidth. Replacing �qi with �̂qi in (14) results in

Ei =
τqiZoi

Vo

[
Q̇ri +

V 2
o

τqiZoi
+ Kqieqi

−L−1 {Gf i(s)} ∗
(

Q̇i − Vo

τqiZoi
Ei +

V 2
o

τqiZoi

)]
.
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Then, the UDE-based robust droop control for reactive power
sharing can be formulated as

Ei = Vo +
τqiZoi

Vo

[
L−1

{
1

1 − Gf i(s)

}
∗ (Q̇ri + Kqieqi)

−L−1
{

sGf i(s)
1 − Gf i(s)

}
∗ Qi

]
. (16)

Here, Vo appears in the denominator in (16). In practice, when
Vo is very small, it would cause a very large Ei and the system
might become unstable. This problem can be avoided by setting
a minimum value for Vo or replacing Vo in the denominator with
the rated voltage.

3) Generation of the Reactive Power Reference: In
the aforementioned controller design, the reactive power refer-
ence Qri is needed. Instead of drooping the voltage set point
Ei , the load voltage Vo should be drooped [7], [25], [26]. This
idea can be applied to change the voltage droop in (5) as

Vo = E∗ − niQri.

Then, the reactive power reference can be generated as

Qri =
E∗ − Vo

ni
(17)

as shown in Fig. 2, where Vo is the root-mean-square (RMS)
value of the instantaneous voltage vo .

It is worth noting that the similar idea of load voltage feed-
back is adopted in [25] and [26] for improving the conventional
droop control, via directly redesigning the voltage droop strat-
egy. However, here, the feedback of load voltage is used to
generate the reactive power reference, which is different from
[25] and [26]. With the introduction of load voltage feedback,
good regulation of the voltage amplitude can be achieved for
the inverters, as validated in Section IV.

B. Stability Analysis

Consider the following Lyapunov function candidate:

VQ (t) =
∑

n2
i Q

2
i

where i =1, 2, ..., N . N is the total number of parallel-operated
inverters. Taking the derivative of VQ (t) along with the reactive
power dynamics (10) and the UDE-based robust droop control
law (16), and combining (12), (15), and (17) lead to

V̇Q (t) =
∑

2n2
i QiQ̇i

=
∑

2n2
i Qi

(
Q̇ri + Kqieqi + �qi − �̂qi

)

= −
∑

2Kqin
2
i Q

2
i +

∑
2n2

i Qi

(
− V̇o

ni
+

KqiE
∗

ni

−KqiVo

ni
+ L−1 {1 − Gf i(s)} ∗ �qi

)
.

Fig. 3. Invariant set for the stability analysis of two inverters operated
in parallel.

By applying Young’s inequality

V̇Q (t) ≤ −
∑

(2Kqi − 4) n2
i Q

2
i

+
∑

n2
i

[(
V̇o

ni

)2

+
(

KqiE
∗

ni

)2

+
(

KqiVo

ni

)2

+
(
L−1 {1 − Gf i(s)} ∗ �qi

)2
]

≤ −
∑

(2Kqi − 4) n2
i Q

2
i

+
∑[(

V̇o

)2
+ (KqiE

∗)2 + (KqiVo)
2 + (ni�qi)

2
]

= −
∑

(2Kqi − 4) n2
i Q

2
i + ζ (18)

where ζ =
∑

[(V̇o)2 + (KqiE
∗)2 + (KqiVo)2 + (ni�qi)2 ] is

a continuous function of Q1 , Q2 , ..., QN . On any ΩQ ={
(n1Q1 , n2Q2 , . . . , nN QN ) | VQ (t) =

∑
n2

i Q
2
i < q2

}
with

q > 0, ζ has an upper bound p > 0, which is a function of q. So

V̇Q (t) ≤ −cVQ (t) + p (19)

where c = min{2Kqi − 4} > 0. If Kqi is chosen such that
c > p

q 2 , then V̇Q (t) < 0 when VQ (t) ≥ q2 . In other words, the
set ΩQ is an invariant set. Thus, VQ (t) < q2 for all t > 0 if
VQ (0) =

∑
n2

i Q
2
i (0) ≤ q2 . An illustration of the set ΩQ with

two parallel-operated inverter units is shown in Fig. 3. There-
fore, for any Qi(0), there exist a Kqi > 0 and a q > 0 such that
VQ (t) < q2 or |Qi(t)| < q

ni
. In other words, Qi(t) is bounded

for all t ≥ 0. Furthermore, Vo and Ei are bounded and currents
i1 and i2 are bounded too.

In order to analyze the reactive power tracking error eqi of the
inverter i, consider the following Lyapunov function candidate:

Vei(t) =
1
2
e2
qi .
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By differentiating Vei(t) with respect to time t, along with the
UDE-based control law (16), and combining (15), there is

V̇ei(t) = eqi ėqi

= −Kqie
2
qi − eqi

(
L−1 {1 − Gf i(s)} ∗ �qi

)
= −Kqie

2
qi − eqi�̃qi (20)

where �̃qi = L−1 {1 − Gf i(s)} ∗ �qi is the estimation error
of the uncertain term. By applying Young’s inequality to (20),
there is

V̇ei(t) ≤ −Kqie
2
qi +

(
1
2
e2
qi +

1
2
�̃2

qi

)

= −
(

Kqi − 1
2

)
e2
qi +

1
2
�̃2

qi

≤ −c1Vei(t) + c2 (21)

where c1 = 2Kqi − 1 and c2 = 1
2 maxt �̃2

qi . Then, solving (21)
gives

0 ≤ Vei(t) ≤ Vei(0)e−c1 t +
c2

c1
(1 − e−c1 t). (22)

When t → ∞, Vei(t) = 1
2 e2

qi(t) is bounded by c2
c1

=
maxt �̃2

q i

4Kq i −2 .

In other words, eqi(∞) <
maxt |�̃q i |√

2Kq i −1
. It can be reduced by in-

creasing the error feedback gain Kqi and designing the UDE fil-
ter Gf i(s) to reduce the maximum estimation error maxt |�̃qi |.
If the estimation error �̃qi converges to zero, then the reactive
power tracking error eqi converges to zero too.

C. Performance Analysis of Reactive Power Sharing

With the estimation of uncertain term (15) used in the UDE-
based robust droop control (16), the error dynamics (13) of the
inverter i becomes

ėq i = −Kqieqi −
(
�qi − �̂qi

)

= −Kqieqi − L−1 {1 − Gf i(s)} ∗ �qi .

Taking the Laplace transformation

sEqi(s) = −KqiEqi(s) − �qi(s) [1 − Gf i(s)]

where Eqi(s) and �qi(s) are the Laplace transforms of eqi and
�qi , respectively. Then

Eqi(s) = −�qi(s) [1 − Gf i(s)]
s + Kqi

. (23)

As discussed before, the uncertain term �qi is bounded. So

lim
s→0

s · �qi(s) < ∞.

If the filter Gf i(s) is strictly proper and stable with Gf i(0) = 1,
then by applying the final value theorem to (23)

lim
t→∞ eqi = lim

s→0
s · Eqi(s)

= −lim
s→0

s · �qi(s) [1 − Gf i(s)]
s + Kqi

= 0.

Moreover, with the zero reactive power tracking error eqi = 0,
there is

Qi = Qri =
E∗ − V0

ni
.

As a result, the condition for accurate reactive power sharing

niQi = njQj = E∗ − V0

is satisfied because both E∗ and Vo are the same for all par-
allel units. This condition is not affected by the uncertainty in
the output impedance, so accurate reactive power sharing can be
achieved even when the per-unit output impedance of the invert-
ers is not the same. The uncertainties/variations in the output
impedance (e.g., caused by parasitic resistance and filter capac-
itor, by high current, or by high temperature) can be lumped
into the uncertain term �qi in (11), which can then be estimated
and compensated by the UDE-based control law (16). The load
change will affect the power angle, but it can be lumped into
the uncertain term �qi in (11), and be compensated. As a re-
sult, this UDE-based robust droop control (16) can also handle
the disturbance of load change and achieve automatic power
balance between the load and inverter units. Furthermore, the
variations of the dc-link voltage also can be treated as external
disturbances and handled by the proposed method.

Compared with the conventional droop control (5), this UDE-
based robust droop control (16) introduces some extra control
parameters, error feedback gain in (13) and the UDE filter in
(15), to enhance the transient performance of reactive power
sharing for parallel-operated inverters. In practice, an additional
current loop, e.g., in [37], [41], and [42], and an additional volt-
age loop, e.g., in [1] and [43], with virtual impedance design
can be added into the controller output vri in Fig. 2 with other
purposes, such as improving the voltage quality with less dis-
tortion in the output voltage [1], [43], particularly for nonlinear
loads, and current protection [1]. In this paper, the impedance
deviation of designing virtual impedance can be lumped into
the uncertain term �qi in (11) and, then, estimated and com-
pensated by the proposed UDE-based control law (16). Hence,
the additional current and voltage loops do not affect the power
sharing performance of the proposed method. Since this paper
focuses on the robust droop control with uncertainty compen-
sation and disturbance rejection, the virtual impedance design
with the voltage loop is not included. The detailed design of
the additional voltage and current loops can be found in [1, Ch.
8], with extensive experimental results available in [1, Ch. 20]
for various linear and nonlinear loads. The case with a virtual
resistor through a current loop is validated in Section IV.

It is worth noting that this method uses local voltage mea-
surement vo to generate reactive power reference in (17). The
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same load voltage Vo should be held for accurate reactive power
sharing among all parallel units. So, this method is suitable for
the conditions with small line impedance, such as power shar-
ing for uninterruptible power supply in data centers, megawatt-
level wind turbines, or large-scale solar farms. When the line
impedance is not negligible, a separate measurement wire can be
connected between the inverter terminal and the load terminal to
measure the load voltage[25], which provides accurate measure-
ment of the commonVo that is not affected by the line impedance.
In this case, the uncertainties/variations in the line impedance
can be lumped into uncertain term �qi in (11), which can
be estimated and compensated by the proposed UDE-based
control law (16). If the line impedance cannot be neglected
and separate measurement of the load voltage is not appli-
cable, such as in distributed microgrids, the sharing accuracy
will be affected by the line impedances. How to address this
problem without involving communication needs some further
investigation.

D. Real Power Sharing

The conventional droop control (6) is able to achieve accurate
real power sharing [25] when the line impedance is negligible,
so no major change is needed, apart from adding the first-order
low-pass filter

Gpi(s) =
1

τpis + 1
.

The frequency regulation in (6) can be rewritten as

miPi = ω∗ − ωi.

When the system is in the steady state, all parallel-operated
inverters are working under the same frequency [10], [13]. Then

miPi = mjPj

is easily achieved with the same ωi for all parallel units, which
guarantees accurate real power sharing.

IV. EXPERIMENTAL VALIDATION

A. Experimental Setup

To verify the effectiveness of the UDE-based robust droop
control, a test rig with two single-phase parallel-operated invert-
ers, TI TMDSHV1PHINVKITs, as shown in Fig. 4(a), is built
up. The circuit diagram is shown in Fig. 4(b), where both invert-
ers are powered by two isolated dc sources. The load consists of
a resistor RL1 = 40 Ω in parallel with two 45-μF capacitors CL1
and CL2 . The capacitor CL2 is initially bypassed by a switch
CB2. Inverter I is connected to the load directly and Inverter II
is connected to the load via a switch CB1. In order to synchro-
nize Inverter II to Inverter I, the load voltage vo2 is measured by
Inverter II. The parameters of the inverters are given in Table I.
Here, the output impedance of inverter includes the parasitic re-
sistance. As mentioned before, the effect of resistance can also
be lumped into the uncertain term �qi (11) and be compensated
in the controller design. The pulse width modulation (PWM)
frequency for power electronic devices is set as 19.2 kHz for

Fig. 4. Experimental test rig. (a) Setup. (b) Circuit diagram.

TABLE I
INVERTER PARAMETERS

Parameters Values Parameters Values

L1 3.5 mH Nominal VDC 200 V
R1 0.6 Ω Rated frequency 60 Hz
C1 5 μF Rated voltage 110 Vrms

CDC1 560 μF - -

both inverters. Both inverters are controlled through the TI con-
trolCARD with TI F28M35H52C1 microcontroller (MCU). The
measurements and embedded control algorithms are running in
the TI MCU. The signals inside the controller, together with the
measurements, are sent out through the MCU serial communi-
cation port to a desktop for plotting. The load voltage and output
currents of both inverters are recorded with an oscilloscope to
demonstrate the power sharing performance.

The load voltage voi and the output current ii are measured
and sent back to the TI MCU, as shown in Fig. 4(b). The real
power Pi and the reactive power Qi are calculated by taking the
average of the instantaneous power over a period Ti = 2π

ωi
as

Pi =
1
Ti

∫ t+Ti

t

voi(τ)ii(τ)dτ, Qi =
1
Ti

∫ t+Ti

t

vodi(τ)ii(τ)dτ

where vodi is voi delayed by π
2 rad. This is equivalent to passing

the instantaneous values voi(t)ii(t) and vodi(t)ii(t) through the
hold filter 1−e−T i s

Ti s
[44], which embeds a low-pass filter effect

with a cutoff frequency of 2/Ti

2π = ωi

2π 2 ≈ 15.9 Hz. This is much

lower than the cutoff frequency of Gpi and Gqi , i.e., 1/0.0005
2π =

318 Hz, and the grid frequency 60 Hz.

B. Selection of Control Parameters

It is worth noting that the UDE-based control law (16) in-
cludes a derivative term Q̇ri . According to [45], a low-pass
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TABLE II
CONTROL PARAMETERS FOR (24)

Parameters Values Parameters Values

τq 1 , τq 2 0.0005 s Kq 1 , Kq 2 100
τp 1 , τp 2 0.0005 s τ1 , τ2 0.004 s
τr 1 , τr 2 0.0005 s - -

filter can be introduced to approximate Q̇ri numerically as

Q̃ri = L−1
{

1
1 + τris

}
∗ Qri

from which there is

τri
˙̃Qri + Q̃ri = Qri.

With the approximation of Q̇ri by ˙̃Qri , the final control law for
implementation is derived as

Ei = Vo +
τqiZoi

Vo

[
L−1

{
1

1 − Gf i(s)

}

∗
(

Qri − Q̃ri

τri
+ Kqieqi

)

−L−1
{

sGf i(s)
1 − Gf i(s)

}
∗ Qi

]
. (24)

In practice, this control law (24) should be simplified to avoid
any unstable pole-zero cancellation and then converted into the
discrete-time domain for implementation in the TI MCU. Again,
the Vo in the denominator should be bounded by a value large
enough or be replaced with the rated voltage.

In this paper, the cutoff frequency of the filters Gqi(s) and
Gpi(s) should be small enough in order not to cause any prob-
lems in implementation. The cutoff frequency of the low-pass
filters to approximate Q̇ri can be chosen the same value as
Gqi(s) and Gpi(s). 1

Kq i
is a time constant for the step response

of the desired tracking error dynamics (13). The UDE filter
Gf i(s) is chosen as a first-order low-pass filter Gf i(s) = 1

1+τi s
with the time constant τi so that the bandwidth is wide enough
to cover the spectrum of �qi in (11) and to achieve fast system
response. The control parameters for the control law (24) with
Gf i(s) = 1

1+τi s
are shown in Table II.

The capacities of the two inverters are assumed as 0.5 and 0.25
kVA, and the droop coefficients are chosen as n1 = 0.022 and
n2 = 0.044, and m1 = 0.0004π and m2 = 0.0008π. Hence, it
is expected that P1 = 2P2 and Q1 = 2Q2 . The Zoi in the control
law (24) implemented is chosen as the nominal value in Table I.
Although the same model of inverters with the same nominal
output impedance is used, the sharing ratio of 2:1 corresponding
to different power capacities is set.

C. System Performance

1) Case 1: Nominal Case: Initially, the load is con-
nected to Inverter I only, with switch CB1 OFF and switch

Fig. 5. Nominal experimental results for power sharing performance.
(a) Real power. (b) Inverter frequency. (c) Reactive power. (d) RMS volt-
age. (e) AC voltage vo . (f) Spectrum of vo . (g) AC currents. (h) Spectrum
of currents.

CB2 ON. Inverter II is connected to the load at t = 2 s by
turning switch CB1 ON. At t = 6 s, Inverter II is disconnected.

The system response curves with the proposed UDE-based
robust droop control (16) and (6) are shown in Fig. 5. Initially,
only Inverter I is connected to the load. The frequency drop is
shown in Fig. 5(b) due to the effect of positive real power, as
shown in Fig. 5(a). The voltage drop, as shown in Fig. 5(d), is
high in the single-inverter mode, and the negative drop direc-
tion is due to the effect of negative reactive power, as shown in
Fig. 5(c), with the capacitive load. At t = 2 s, switch CB1 is
turned ON, and Inverter II is connected to the load. The load
voltage vo2 is measured by Inverter II for voltage synchroniza-
tion with the zero-crossing method [1]. Some small spikes can
be seen in both the real power and the reactive power at the con-
necting moment, as the voltages on both sides of switch CB1
have little differences before connection. Both the real power
and the reactive power achieve 2:1 sharing very quickly (within
about 0.5 s) after t = 2 s. It shows that the UDE-based robust
droop control can achieve good power sharing performance with
the fast response. With Inverter II connected to the load, the volt-
age drop is smaller than that in the single-inverter mode, and the
output voltage is closer to the rated voltage. So, the UDE-based
robust droop control has the good voltage regulation capability.
The frequencies of both parallel-operated inverters are the same
in the steady state, and the frequency drop is also smaller in
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TABLE III
STEADY POWER SHARING PERFORMANCES

Parameters Values

Inverter I average apparent power (VA) 197.5 − 194.1j
Inverter II average apparent power (VA) 98.6 − 97.5j

P sharing error 3 (P 1 −2 P 2 )
2 (P 1 + P 2 ) × 100% 0.15%

Q sharing error 3 (Q 1 −2 Q 2 )
2 (Q 1 + Q 2 ) × 100% 0.46%

the parallel-operation mode. At t = 6 s, Inverter II is discon-
nected, and the reactive power and voltage, the real power, and
the frequency of Inverter I are back to the initial state. The ac
voltage at about t = 4 s is shown in Fig. 5(e). The spectrum of
this recorded voltage is shown in Fig. 5(f), with the total har-
monic distortion (THD) of 1.54%. The ac currents are shown
in Fig. 5(g), where the current sharing reflects both real power
sharing and reactive power sharing well. The spectra of both
recorded currents are shown in Fig. 5(h), with THDs of 4.05%
and 4.12%, respectively. It can be seen that the major harmonics
are of the third order, the fifth order, and the seventh order. The
steady-state power sharing performance is shown in Table III.
According to the formulas proposed in [1] to calculate the shar-
ing errors, the sharing errors for the real power and the reactive
power are 0.15% and 0.46%, respectively, which indicates that
the UDE-based robust droop control can achieve very accurate
power sharing.

2) Case 2: Disturbance Rejection: In this case, two
disturbances are considered: change of the output impedance
and change of the load. Initially, the load is connected to Inverter
I only, with switch CB1 OFF and switch CB2 ON. Inverter II is
connected to the load at t = 2 s by turning switch CB1 ON. At
t = 6 s, a virtual output impedance Rv1 = 2 Ω with feedback
current is added in Inverter I. This virtual output impedance
mimics the disturbance from the variation of output impedance.
At t = 10 s, switch CB2 is turned OFF to change the capacitive
load from 45 to 22.5 μF. At t = 14 s, Inverter II is disconnected.

The system responses are shown in Fig. 6. After t = 6 s,
there is a negative spike in the real power of Inverter I, as
the increase of output impedance reduces the power output of
inverter I, and the real power of inverter II has a positive spike
correspondingly, as shown in Fig. 6(a). The frequency responses
are shown in Fig. 6(b). Both the real power and the frequency
settle down quickly within 0.4 s, and the real power still keeps
2:1 sharing. The reactive power of both inverters only has very
small spikes and still keeps the sharing ratio very well, as shown
in Fig. 6(c). Also, the reactive power shown in Fig. 6(c) tracks
the reactive power reference shown in Fig. 6(e) well. The output
voltage has small drop and goes back quickly, as shown in
Fig. 6(d). The modulation index of Inverter I increases after
adding the virtual output impedance, as shown in Fig. 6(f),
while the modulation index of Inverter II remains more or less
the same. After t = 10 s, the real power and the frequency
almost remain unchanged, as shown in Figs. 6(a) and 6(b), as
the resistive load keeps the same. The reactive powers converge
to new steady-state values in a very short time (within 0.4 s), and

Fig. 6. Transient experimental results with disturbances rejection.
(a) Real power. (b) Inverter frequency. (c) Reactive power. (d) RMS

voltage. (e) Reactive power reference. (f) Modulation index (
√

2E i
V DC

).

the sharing ratio can still maintain at 2:1, as shown in Fig. 6(c).
In Fig. 6(d), the output voltage goes down with lower reactive
power output. The modulation indexes of both inverters drop a
little. At t = 14 s, Inverter II is disconnected, and the real power
and the frequency of Inverter I are almost back to the initial state,
while the reactive power is about half of the initial value due
to the half capacitive load. The voltage is lower than the initial
value due to the lower reactive power output. The modulation
index of Inverter I is much bigger than its initial value, due to the
added virtual output impedance with a high output current. The
experimental results indicate that the UDE-based robust droop
control can effectively reject the disturbance from variations of
the output impedance and has good robustness against the load
change.

V. COMPARISON WITH THE RDC

To further demonstrate the advantage and flexibility of the
proposed UDE-based robust droop control, the UDE filter is
redesigned to handle periodical disturbances, e.g., those caused
by fluctuating dc-link voltages, or three-phase unbalanced loads.
Its performance is compared with the RDC proposed in [25],
because the RDC is able to regulate the voltage and has good per-
formance and robustness against different kinds of uncertainties
and disturbances.

In this case, a three-phase simulation platform with two in-
verters, as shown in Fig. 7, is built in MATLAB/Simulink/
SimPowerSystems. Inverter I is powered by a normal dc source
with VDC = 600 V and Inverter II is powered by a single-phase
ac source (380 Vrms, 50 Hz) with a diode rectifier with an LC fil-
ter LDC = 100 μH, CDC2 = 800 μF. The inverter parameters are
L2 = 4.4 mH, R2 = 1.0 Ω, and C2 = 10 μF [46], [47]. The load
is a three-phase RL load with RL2 = 12 Ω and LL = 47 mH.
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Fig. 7. Three-phase simulation platform.

The dc-link voltage of the capacitor CDC2 fluctuates at 100 Hz
due to the single-phase rectifier. The rated phase voltage is still
110 Vrms and 60 Hz in this three-phase system.

The UDE filter Gf 1 for Inverter I is still chosen as a first-order
low-pass filter with Gf 1(s) = 1

1+τ1 s , while Gf 2 for Inverter II
is designed as

Gf 2(s) = 1 −
(

1 − 1
1 + τ2s

) (
1 −

ω0
Qq 2

s

s2 + ω0
Qq 2

s + ω2
0
· SW

)

(25)
where 1

1+τ2 s is a first-order filter to handle step responses or step

disturbances, and
ω 0

Q q 2
s

s2 + ω 0
Q q 2

s+ω 2
0

is a second-order bandpass filter

based on the internal model principle (IMP) [48]–[50] to handle
the sinusoidal disturbance with the frequency ω0 . SW = {0, 1}
is a digital switch to switch ON/OFF the filter design with IMP,
according to different application scenarios. When SW = 0, the
Gf 2(s) is a first-order low-pass filter.

Three controllers are studied in this case: UDE-based control
(16) with Gf 2(s) in (25) and SW = 1 (UDE with IMP), UDE-
based control (16) with Gf 2(s) in (25) and SW = 0 (UDE
without IMP), and RDC in [25]. For UDE-based control with
IMP, the parameters are set as ω0 = 200π and Qq2 = 0.2 to
deal with 100-Hz periodical fluctuations in the dc-link voltage.
For the RDC in [25], the parameter Ke is set as 30. The droop
coefficients are chosen as n1 = 0.0022 and n2 = 0.0044, and
m1 = 0.00004π and m2 = 0.00008π. Other control parameters
are the same as those in the experimental case, as shown in
Table II. Here, the real power Pi and the reactive power Qi are
calculated via the instantaneous power in a three-phase system.

The simulation results from the three controllers are shown
in Fig. 8. The three methods have similar transient performance
when Inverter II is connected to the system with CBs ON.
Both the real power and the reactive power settle down quickly
within about 0.25 s. The UDE-based control with IMP has better
performance than the UDE without IMP and RDC to handle
the disturbance of 100-Hz periodical fluctuation in the dc-link
voltage, with much smaller fluctuations of both the real power
and the reactive power in both inverters, as shown in Fig. 8.
The RMS of the steady-state power sharing errors (during 2–3
s) are only 2.6% for the real power and 1.0% for the reactive
power with the UDE-based control with IMP, which are much
smaller than that of the UDE without IMP, 14.3% for the real
power and 11.1% for the reactive power, and that of RDC, 14.0%
for the real power and 10.3% for the reactive power, as shown
in Table IV. The related power sharing errors are plotted in
Fig. 9 within 2.5–2.6 s. Therefore, the UDE-based control is very

Fig. 8. Comparison of three control methods with both real power (left
column) and reactive power (right column). (a), (b) UDE with IMP. (c), (d)
UDE without IMP. (e), (f) RDC.

TABLE IV
RMS OF STEADY-STATE POWER SHARING ERROR (2–3 S).

Controllers UDE with IMP UDE without IMP RDC

P sharing error 2.6% 14.3% 14.0%
Q sharing error 1.0% 11.1% 10.3%

Fig. 9. Power sharing errors of three methods (a) of real power and
(b) of reactive power.

flexible in designing the filter according to different application
scenarios. The UDE-based robust droop control with IMP has
better performance than the RDC proposed in [25] in handling
periodical disturbances.

VI. CONCLUSION

In this paper, an UDE-based robust droop control was pro-
posed for accurate proportional load sharing among parallel-
operated inverters. For the reactive power sharing, the UDE-
based droop method was adopted to deal with the model nonlin-
earity and uncertainty (e.g., power angle and uncertain output
impedance) and system disturbances (e.g., variations of output
impedance, load change, and fluctuating dc-link voltage). For
the real power sharing, the conventional droop method was ap-
plied with the small change of adding a low-pass filter. The
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theoretical analysis for power sharing was investigated. The ef-
fectiveness of the proposed UDE-based robust droop control
was validated by both simulation studies and experimental val-
idation.
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