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Abstract-Due to the inherent limitations of the Traditional Droop
Controller (TDC), an enhanced droop controller, known as
Robust Droop Controller (RDC) has been proposed in previous
works. However, this controller cannot compensate for the error
in measured frequency, which can potentially contribute to the
errors in proper reactive power-sharing as well as degrade
frequency regulation. This paper introduces an Arctan-Based
Robust Droop Controller (ABRDC) that modifies the RDC for L-
inverter to address this issue. The controller, rather than utilizing
a linear function, utilizes an arctan-based function for
power/frequency droop control. Various simulations were
performed in Matlab/Simulink to test the performance of the
proposed ABRDC. The results showed that it successfully reduces
the frequency error, resulting in improved frequency regulation
as well as adequate reactive load power-sharing. The
comparative study showed that the ABRDC scheme is more
effective than the RDC scheme.

Keywords-parallel-operated inverters; robust droop control;
arctan-based function; load power-sharing; frequency and voltage
regulation

1. INTRODUCTION

Economic, environmental, and political concerns have
increased the attention in Green Energy Generation (GES). The
Micro-Grid (MG) concept eases the introduction of GES.
Furthermore, it enhances the reliability of distribution
networks, minimizes carbon dioxide (CO,) emissions,
transmission losses, etc.. An MG consists of Distributed
Generation (DG) sources, storage devices, and loads [1-3].
Power inverters are typically utilized as the link for DG
sources, Green Energy Sources (GESs), and storage devices in
an MG [4]. They are frequently connected in parallel to
increase system reliability and performance and provide high
power at a low cost. A vital challenge for parallel-operated
inverters in MGs is how to obtain accurate power-sharing
amongst them while retaining tight regulation of the MG
frequency and voltage magnitude [5]. Droop control is a
technique that is often utilized in traditional energy generation
systems [6-8]. Its benefit is that there is no requirement for an
external communication system between the inverters [5].

(TDC)
inverters

When using the Traditional Droop Control
technique, the
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operated in parallel ought to have the same per-unit impedance
to distribute the load in proportion to their power ratings [9].
The droop controllers ought to produce the same voltage set-
point for the inverters as well. In practice, these requirements
are challenging to satisfy, resulting in proportionate load
power-sharing errors. For this reason, a new approach called
Robust Droop Control (RDC) strategy for R-inverters was
presented [5] for achieving precise load power-sharing without
fulfilling the above two conditions and reducing the voltage
drop due to the load droop impact. The method only addressed
the power-sharing errors caused by the errors in measuring load
voltages. However, this method uses the linear function on the
power-frequency droop. The droop based-linear function has a
common limitation, the associated output range scaling factor
does not affect system dynamics and steady-state condition
[10]. If the frequency of the system is calculated using the
droop controller based on this linear function, then it can
deviate significantly from the nominal value [10, 11]. This
results in high frequency errors which can potentially
contribute to power-sharing errors, thus leading to inaccuracy
in power-sharing amongst parallel operated-inverters and poor
frequency regulation.

This work intends to modify the RDC for the L-inverter.
Rather than using a linear-based function, it utilizes an arctan
based function in power/frequency droop. The idea of using an
arctan-based function for the power-frequency droop profile
was first presented in [12]. Implementing this arctan-based
function offers natural frequency bounds, and enhances the
MG's inverter small-signal stability. Thus, incorporating an
arctan function into RDC forms a controller that can provide
accurate load power-sharing while stabilizing the frequency
and PCC voltage regulations at their reference values in the
MG of parallel-operated inverters.

A. Limitations of Traditional Droop Control

The form of a droop controller can vary depending on the
inverter’s output impedance [13-15]. In this work, an inverter
of inductive output impedance is considered. Thus, the
traditional droop controller is [16]:

{Wx =Wn_axpx

Ex = En _ﬂxQx (1)
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where P, and Q, are the amount of real and reactive power l“’n
delivered to the bus-bar from each inverter respectively, w,, and 6, [T] W At P, i
w, are the nominal and output frequencies of the x" inverter, Vietx s b Pand
E, is the nominatll} Yoltage, E, is the RMS value of the reference v OE o _ — Caf;:‘,,,?m v
voltage of the x™ inverter V,,, and B, and a, are the voltage s + 1Bx |
and frequency droop coefficients respectively. Figure 1 L
illustrates the TDC diagram. _
+
- H
1 Wx a t_ Px i
v ®: EI ) o - Fig. 2. Robust droop control diagram.
e . °] Pand Q
V| & 1 QO | Calculated | v, II.  THE PROPOSED DROOP CONTROL STRATEGY
" .
]E,, A. Design of the Proposed Droop Controller

Fig. 1. Traditional droop control diagram.

When the MG is equipped with the TDC in a steady-state
condition, the two inverters work at the same frequency, i.e.
w; = w, and the relationship in (2) is satisfied. This ensures
the active power-sharing accuracy for L-inverters [17] (or
reactive power-sharing accuracy for R- inverters [5]).

a, P =a,P, (2)

In addition, the proportional reactive power for the L-
inverters can be achieved when the relationship in (4) is
satisfied. However, because of the presence of noise,
disturbances, errors, and line impedance mismatches in the
MG, the expressions in (3) are practically hard to satisfy [17].

E,=E,
{ﬁ _b O
Xo1  Xoz

B. Limitations of Robust Droop Control

Due to the inherent restrictions when utilizing the TDC for
the MG-based inverters, the RDC was proposed in [5] to
improve the accuracy of load power-sharing and voltage
regulation. As presented in Figure 2, the RDC of the L-inverter
is:

Wy = Wn — axPx (4)

Ex = H-(En - VO) - ﬁxQx (5)

where u and V; are an amplifier and the RMS measured value
of the output voltage v,. At the steady-state condition, (5)
becomes:

ﬁxQx = H-(En - VO) (6)

As long as p is the same, the right part of (6) is always the
same for all parallel-operated inverters [4]. Thus:

B,Q, = constant (7)

which ensures accurate reactive power-sharing without using
the same E,. Therefore, the accuracy of reactive power-sharing
is no longer dependent on the output impedance of the inverter
and is also resistant to disturbances and errors [4]. However,
this method did not compensate for the frequency errors,
potentially contributing to load-sharing errors and degradation
of frequency regulation.

The proposed Arctan-Based Robust Droop Control
(ABRDC) strategy adopts the structure of RDC for L-inverter
[5] and utilizes an arctan-based function in power frequency
droop control rather than the linear function [18]. This
controller gains the benefits of the two methods. This means
that the RDC is responsible for eliminating the effect of line
impedance mismatches, noise, disturbances, and sharing errors
caused by the errors in measuring the load voltage, whereas the
arctan-based droop control is responsible for removing the
frequency error since a MG-based inverter equipped with
arctan droop controller provides naturally frequency boundaries
[10, 12]. As a result, the proposed controller is able to provide
accurate load power-sharing while ensuring a tight voltage and
frequency regulation. Therefore, the P/f of the proposed droop
controller is based on the arctan function, and can be expressed
as:

fo=fo— %” * arctan (p(Px - Pref)) (®)

or, as:

w, = w, — 2¢, * arctan (p(Px - Pref)) ©)

The Q/E of the proposed droop controller is based on the
RDC methodology and it can be expressed as:

Ex = H-(En - VO) - ﬁxQx (10)

where ¢, is the multiplier, p is the coefficient, P, is the actual
power reference which is always equal to zero in the islanded
MG, and the other parameters have already been specified.
Referring to (9) and (10), the proposed droop control diagram
is illustrated in Figure 3.

The arctan-based function is inherently constrained in the
frequency domain from ( fr + C?p) to ( fr— %”) Hz, which is one
of the benefits of this method [12]. The multiplier ¢, is mostly
set to be 1 to keep the frequency within the limits of 50+0.5H.
Additionally, changing the multiplier directly affects the
frequency variation boundaries due to the arctan function. As
illustrated in Figure 4, as the arctan bounding multiplier
increases, the frequency variation increases [19]. Furthermore,
the coefficient p is used to control the concavity (and
inherently over the gradient). The variation in real power may
be imposed due to this coefficient, as shown in Figure 5 [19].
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Fig. 4.
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Fig. 3. Proposed droop control diagram.
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Fig. 5. The impact of variation of the arctan droop coefficient p [19].
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The output voltage of the x™ inverter can be expressed as:
— g _bx
VO _En HEnEn (11)

which can be kept within the predetermined range through
selecting a big value of u. The proposed control strategy has
excellent voltage regulation capability in addition to accurate
power-sharing and excellent frequency regulation capability.
Figure 6 presents the schematic diagram of the proposed droop
controller in MG of one DG unit. Real (P) and reactive (Q)
power are computed utilizing the dq transformation for the 3¢
current and voltage quantities. Based on the computed power
flux, the frequency is controlled using the arctan droop control
algorithm, whereas the voltage is controlled using the RDC.
The inverter's current and voltage outputs are stabilized
utilising a cascaded system of the outer voltage and inner
current control loops [19, 20]. A Proportional Integral (PI)
controller is deployed to reduce the current error with quicker
dynamic response and to ensure zero steady-state error [16, 21-
23]. It is also utilized to force the calculated q-axis voltage
component to be zero and the calculated d-axis voltage
component to be equal to the reference value [20].

B. Performance Comparison Criteria of Droop Control
Strategies

1) Power-Sharing Ratio Criterion

The load power-sharing ratio criterion is generally used to
compare the capability of different droop control
methodologies. If the relationship between the power and the
droop coefficients of any two DGs in (12) is accomplished,
proportionate  power-sharing  between parallel-operated
inverters is acquired.

a1 _ P _ _ax _ Pxs1
a; Py Ayt Py
Eoa s
B2 Q1 Bx+1 Qx

Load/Grid filter side

[®]
O
- Uf . T
i Lt
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Fig. 6.
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Schematic diagram of the proposed droop control in one DG unit MG.
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2) Power-Sharing Ratio Criterion

Apart from the load power-sharing ratio criterion, the load
power-sharing error is also used to analyze and evaluate the
capability of droop control techniques. Low error values
represent the ability of the control strategy to reduce the load
power-sharing imbalances between the inverters, while large
values represent a higher imbalance of load power-sharing
among the inverters operated in parallel. The real and reactive
load power-sharing errors are assessed based on (13):

€px = 25X 100

L 13

=& %, 100 (2

X

€qx

where e, and e, are the active and reactive load power-
sharing errors of the x™ inverter in percentage respectively, P;
and Q: are the active and reactive power supplied by the x™
inverter when the active and reactive power-sharing is in exact
proportion to their ratings, and P, and Q, are the measured real
and reactive power supplied by the x™ inverter.

III.  SIMULATED RESULTS AND DISCUSSION

A. Simulation Setup

The performance of the developed droop control strategy is
evaluated in a MG-based inverter. All models were created
using the Matlab/Simulink toolbox. Figures 7-8 depict the
Simulink model of the proposed droop controller in a stand-
alone MG oftwo parallel-operated inverters and all submodels.
Table 1 shows the system parameters used during the
simulations. Table II summarizes the investigated scenarios.

TABLE L. SYSTEM PARAMETERS

Parameter Value
Nominal voltage E, =400 V
DC bus voltage Ve =850V
Nominal frequency fn =50Hz

Inverter switching time Ts inverter =5 KHz

Loadl Qu =3e3Var, Py = 6e3W

Load2 Q. = 3e3 Var, P, = 6e3 W

Line, impedance R, =0.7Q,L,; =0.005H

Line, impedance R, =0.8Q,L,, =0.006 H

Cry = Cpp = 2.5¢7*F,

Filter Lpy =Ly, = 2¢73H

Voltage and frequency droop
coefficients

B = B, = 2.5e75V/Var
a; = a, = 6.25e 5 rad/SW

Arctan bounding multiplier Cp1 = Gpz = 1 HZ/W

Arctan droop coefficient py =p, = 1le”®rad/S.W.

Amplifier W= py, =2

K, = 0.15, K;; = 1.5,

Inner loops PI coefficients K,, = 20, K;, = 1000.

TABLE IL OPERATION SCENARIOS
Time (s) Operation
0-6 Two DGs unit powers the load.
6-12 Load 2 is added to the system
12-18 Load 2 is removed from the system

B. Frequency and Voltage Stability Analysis
Figures 9-10 present the frequency and PCC voltage

stability when the ABRDC technique is adopted. It can be seen
that the ABRDC can maintain the frequency and output PCC
voltage during the steady-state condition to their reference
values of SOHZ and 400V. At the time =6s, load 2 was added
to the system and the frequency and output PCC voltage
dropped from 50 to 49.99HZ and from 400V to 396.10V
respectively. At =12s, load 2 was disconnected from the
system and frequency and PCC voltage were reset to their
previous values. As observed, the ABRDC technique can retain
the voltage and frequency at their reference values during the
steady-state condition. It can also keep the voltage and
frequency deviations within the allowed range according to
IEEE1547-2018 standards (the allowable range for frequency
and voltage variation are £1% and +5% of the given reference
values respectively) when a load change is added to the system.

Multiply6
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%} pren ﬁ Vo
(@ Sm— abc to dd
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(&D)
abct 4 "
abc (o da5 =3 )
(b) Igf2
>3
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abe 1o dg6 e
Varz
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Fig. 7.

SIMULINK submodel of : (a) P&Q calculated, (b) abc to dqo
transformation, (c) proposed droop controller, (d) cascade control loop.
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SIMULINK model of the proposed droop controller in a stand-alone MG of two parallel-operated inverters.

C. Active and Reactive Power-Sharing Analysis

The load power-sharing capability of the ABRDC in an MG
of two parallel-operated inverters is also analyzed in this study.
As depicted in Figures 11-12, during the steady-state condition,
the active and reactive load powers were correctly shared with
ratios of o, a=P;:P=3¢’W:3¢’W and f,:8=1:1=0,:0~15¢’
Var:1.5¢* Var respectively. Load 2 was introduced to the
system at =6-12s to verify the controller's performance as the
load in the MG increases. The inverters kept distributing the
active and reactive load power in a proportional manner, where
the ratios were a;:a,=P,:P;=6¢’W:6¢’W for the real power and
Br:p=1:1=0,:0-3e’Var:3e’'Var for the reactive power. At
=12-18s, load 2 was disconnected from the system, the active
and reactive power were also appro?riatel;/ distributed, and the
ratios were o;0,=1:1=P;:P;=3¢’W:3e’W and f;:f,=1:1
=0,:0,=1.5¢’Var:1.5¢’Var respectively. As seen, the ABRDC
technique satisfies the conditions of the load power-sharing in
all scenarios, thus it ensures accurate power-sharing.

Fig. 8.
Frequency variation
50.5
0
— -_n
g' L
1=
49.5
2 4 6 8 10 12 14 16 18
Time (S)
Fig. 9. Frequency variation for inverters using the proposed droop
controller.
Output Voltage at PCC
400 o
= 300
3
=
¢ 200
B
g
100
0
0 2 4 6 8 10 12 14 16 18
Time (S)
Fig. 10.  Voltage regulation at PCC using the proposed droop controller.
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Fig. 11.  The real power-sharing amongst two inverters operated in parallel
utilizing the proposed controller.
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Fig. 12.  The reactive power-sharing amongst two inverters operated in
parallel utilizing the proposed controller.

D. Comparative Study Analysis between the Proposed and
Robust Droop Control Techniques

To validate the proposed droop control methodology,
comparative analysis of the ABRDC and RDC methodologies
based on the frequency variation for the inverter, voltage
regulation at PCC, and the active and reactive load power-
sharing amongst the inverters operating in parallel was
performed. The frequency variation comparison of the two
controllers is presented in Figure 13. As seen, during the
steady-state condition at /=0-6s, the ABRDC technique can
retain the frequency at the reference value of SOHZ, whereas it
drops to 49.81HZ for the RDC. In Figure 14, the voltage
regulation at PCC when utilising ABRDC and RDC techniques
is compared. Both ABRDC and RDC techniques could regulate
the output voltage at PCC to the reference value of 400V. At
t=6-12s, load 2 was added to the system. The frequency
decreases from 50 to 49.99HZ for ABRDC and from 49.81 to
49.63HZ for RDC. The output voltage at PCC drops to 396.1V
for both ABRDC and RDC techniques. When the load 2 is
removed from the system, the frequency is restored to SOHZ
for the ABRDC technique, while for the RDC technique it was
reset to its previous value. Again, the output voltage at PCC
was also restored to its reference value for both ABRDC and
RDC techniques. In brief, the ABRDC provides better
frequency and voltage regulation of 0.02% and 0.45%,
respectively, whereas RDC has 0.36% and 0.45% respectively.
As demonstrated, the ABRDC technique reduced successfully
the frequency error, leading to improved reactive load power-
sharing.

The active power-sharing comparison between ABRDC
and RDC is presented in Figure 15. It is noted that for all
techniques, the real power-sharing ratio is P;:P,>=1:1, which
means each inverter delivers 50% of the total real power of the
load in both cases. The reactive power-sharing comparison is
seen in Figure 16. The reactive load power-sharing when
utilizing the ABRDC technique is enhanced, where VSI,
supplied 49.98%, and VSI, delivered 49.98% of the total
reactive power of the load, whereas adopting RDC technique it
is 52.48% and 47.52%. This enhancement in reactive load

power-sharing when utilizing the proposed controller is due to
its capability to reduce the system's frequency error.

Frequency variation

o
Fd
o

50

Frequency (HZ)

'S
©
2

0 2 4 6 12 14 16 18

8 10
Time (S)
Fig. 13.  Comparative analysis of the frequency variation for ABRDC and

RDC techniques.
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= Vpec/Proposcd droop controllcr
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300 pe "

200

Vpee (Volt)
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0 2 4 6 12 14 16 18

8 Time (S)‘I 0

Fig. 14.  Comparative analysis of the voltage regulation at PCC using
ABRDC and RDC techniques.
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Fig. 15.  Comparative analysis of the real power-sharing using ABRDC and
RDC techniques.

Reactive power output

Reactive power (Var)

12 14 16 18
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Fig. 16.  Comparative analysis of the reactive power-sharing using ABRDC
and RDC techniques.

TABLE III. POWER ERRORS

Active and reactive load power-
sharing errors

Control strategy | ep;(%) | epa(%) | €01(%)| e (%)
ABRDC 0.04 0.09 0.64 0.76
RDC 0.05 0.10 -2.51 4.12

Based on the power-sharing error criterion, a comparative
study was performed to assess and analyze the capability and
effectiveness of the proposed ABRDC and the RDC. It is noted
that the proposed droop controller minimizes power-sharing
errors when compared to the RDC, resulting in improved
power-sharing. Table III presents the active and reactive load
power-sharing errors for the two strategies.
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IV. CONCLUSION

This paper proposes the arctan-based robust droop
controller (ABRDC) to provide tight frequency and voltage
regulations as well as accurate load power-sharing amongst
inverters operated in parallel. The proposed controller modifies
the structure of the RDC for L-inverters. Rather than using a
linear function, it utilizes an arctan based function in
power/frequency droop control. This means that the proposed
controller gains the benefits of both controllers. The RDC is
responsible for mitigating the impact of line impedance
mismatches and for reducing the power-sharing errors due to
the errors in the measured load voltage. At the same time, the
arctan-based function is responsible for minimizing the
frequency errors when the load change occurs in the MG.
Through various simulations, results showed that the developed
droop controller provides accurate load power-sharing while
stabilizing the frequency and PCC voltage at the reference
values. Furthermore, a comparative study demonstrated that the
proposed droop control has more capability and effectiveness
than the RDC strategy.
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