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microgrids under different line
Impedances: Revisiting droop

control and virtual impedance
method

Lei Wang'*, Tiecheng Li*, Ziwei Cheng?, Xuekai Hu?, Zifan Li*,
Zhangjie Liu?, Jungao Huang? and Xiaochao Hou?*
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Classical droop control and virtual impedance methods play crucial roles in
improving the system voltage/frequency stability and autonomous power
control. Usually, these two methods are often applied as a combination to
facilitate load sharing under different line impedance among distributed
generators (DGs) in microgrids. They have been developed in two separate
concepts, but present strong similarities. In this paper, the comparison of basic
droop control and virtual impedance methods is revisited from a new analogy
perspective. By combing both of them, a unified multi-degree-of-freedom droop
control is proposed with systematic consideration of steady-state power-sharing
performance, dynamic performance, and universal applicability of complex line
impedance, which is suitable for arbitrary transmission line impedance
characteristics. Moreover, this study gives a clear mechanism analysis of virtual
inductance to facilitate the P-f & Q-V droop control in complex resistive-inductive
microgrid. Finally, the experiment results verify the feasibility of the proposed
unified droop control.

KEYWORDS

droop control, virtual impedance, AC microgrid, parallel inverters, power sharing,
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1 Introduction

Microgrids have emerged as an effective means of integrating distributed renewable
power generation units such as wind and photovoltaic power into the grid and serving as an
important supplement to future power systems (Hu et al., 2023; Yin et al., 2023). They offer
several benefits including reduced investment in existing power equipment, decreased
transmission losses, and improved power supply quality. Microgrids can be utilized in a
variety of scenarios including independent power supply systems with special requirements
such as aerospace systems and data centers, distributed renewable energy integration systems
with high penetration levels, and remote areas with weak connections to the main grid. As a
complex islanded power supply system comprising high penetration distributed sources and
loads, microgrids present significant challenges in terms of power sharing control and system
frequency/voltage stability in the off-grid mode that warrant extensive research (Lasseter and
Paigi, 2004; Hou et al.,, 2020; Liu et al.,, 2022).
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The operation control methods of the microgrids can be
classified into three main categories: 1) Centralized control
strategies based on a master-slave control structure, including
communication-based centralized control (Guo et al.,, 2022) and
master-slave control (Pei et al., 2004); 2) Hierarchical control based
on integrated intelligent management (Guerrero et al, 2010;
Guerrero et al, 2012); and 3) Peer-to-peer control strategies
based on a plug-and-play architecture, including distributed
control with communication (Bidram et al, 2014; Dou et al,
2016) and decentralized control without communication (Hou
et al, 2022). However, centralized and hierarchical control
strategies rely on high-bandwidth communication networks,
resulting in high communication costs and reduced reliability. As
such, these strategies may not be suitable for highly-reliable
microgrid systems with high penetration levels of renewable
energy sources.

Decentralized control strategies based on droop control
principles have been shown to enable peer-to-peer control
without communication in microgrids and have garnered
significant research interest. Despite its advantages, droop control
has several inherent limitations (Han et al., 2016): 1) It is heavily
dependent on the line impedance characteristics and requires
transmission lines to exhibit inductive behavior; 2) System
frequency and voltage are influenced by load power demand,
resulting in deviations in voltage frequency and amplitude; and
3) Mismatches in line impedance can lead to inconsistent output
voltage amplitudes among micro sources, preventing the
achievement of reactive power equalization.

To address the sensitivity of basic droop control to line
impedance characteristics, the virtual impedance method is
widely utilized to decouple active-reactive power P-Q and
compensate reactive-power differences among the various DGs
due to the line impedance mismatches. Several studies (Guerrero
et al, 2004; Mohamed and El-Saadany, 2008) have proposed a
control strategy that combines virtual impedance and droop
control. This approach can reshape line impedance characteristics
and thereby ensuring the feasibility and applicability of droop
control under varying line impedances. However, these studies
do not provide a detailed parameter design guideline of virtual
impedance for system stability. In remote low-voltage power
distribution areas with high line resistance, large virtual

inductance is required to meet system line inductance
requirements. This can result in excessive voltage drop and
reduced transmission capacity. To improve system stability under
complex line impedance conditions, droop control within the virtual
coordinate transformation framework has been proposed in (De
Brabandere et al., 2007; Li and Li, 2011). However, due to the use of
virtual power for droop feedback, accurate power-sharing cannot be
achieved. Then, some other power-sharing control methods have
been proposed for AC microgrids with low-voltage highly-resistive
line characteristics, including active power-amplitude (P-V) droop
and reactive power-frequency (Q-w) droop control strategies
(Tuladhar et al, 2000; Yu et al, 2010), power angle droop
(Majumder et al, 2009; Majumder et al, 2010), intelligent
algorithm-based droop control (Bevrani and Shokoohi, 2013),
and decoupling-based droop control (Wu et al, 2015; Guan
et al., 2016; Shi et al., 2022). However, there is no unified droop

control strategy that can ensure stable system operation under
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FIGURE 1
Equivalent physical circuit diagram of the grid-connected unit.

arbitrary line characteristics, achieve accurate active power
sharing among micro-sources, and realize satisfactory dynamic
performance.

To fill this gap, this paper revisits the basic droop control and
virtual impedance methods from a new analogy perspective and
proposes a unified droop control that is suitable for arbitrary
transmission line impedances. The main contributions can be
drawn as follows.

1) The P-Q coupling relationship of active and reactive power under
different line impedance characteristics is given, and the inherent
control mechanism of the virtual impedance method is revealed
as a special proportional-differential (PD)-based droop control
from a new analogy perspective.

2

~

A unified droop control with multi-degree-of-freedom is
proposed to ensure universal applicability under arbitrary
highly-inductive, complex impedance, and highly-resistive line
characteristics. The mechanism analysis of virtual inductance to
facilitate the P-f & Q-V droop control in complex resistive-
inductive microgrid is clearly presented.

W
=

By stability sensitivity and mechanism analysis, the feasibility of
the proposed unified droop control mechanism is given under
different line impedances. Key control parameters design
guideline is also provided for the application of the proposed
unified droop control in engineering practice.

The rest of this paper is organized as follows. In Section 2, the
power transmission models under different line impedances are
described. The analogy of classical droop control and virtual
Impedance is presented with a proposed untied droop control in
Section 3. System stability and control mechanism under different
line impedances are analyzed to adjust the parameters in Section 4.
In Section 5, three experimental cases are virified. Lastly, the
conclusion and future work follow in Section 6.

2 Power transmission models under
different line impedances

2.1 Equivalent model of single-unit
infinite-bus

For parallel multi-inverters of AC microgrid, each distributed
generation unit can be regarded as an equivalent voltage source node
of the system, including voltage-magnitude control and phase-
angle-vector control. And the public coupling connection point
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FIGURE 2

Schematic diagram of the power circle of the grid-connected
power electronic conversion unit.

of a multi-parallel converter can be approximated as an infinity bus
when the number of parallel modules is relatively large, thus
simplifying the system analysis and design. As shown in
Figure 1, the equivalent physical circuit diagram of a distributed
power electronic converter unit connected to a common infinity
grid-connected bus is given. From Figure 1, it can be seen that the
output current and apparent power of the distributed power
generation unit can be expressed as

N VL(p—VgL(pg vV Vy
b=y =z 0-74e,-0) O
—
S=P+jQ=U,- I, @)

In Figure 1, Vzg and V429 are the output voltage magnitude
and vector phase angle of the power conversion unit and the
common coupling bus, respectively. Z+0 is the modal magnitude
and impedance angle of the line transmission impedance. 6 =
0 represents pure resistance and 6 = n1/2 represents pure inductance.

Combining with Eqs 1, 2, the output active power and reactive
power of the distributed grid-connected power conversion unit are
expressed as

Vv, :
P—Tcos(e—S)—7c059 (3)

2

RS Vo
Q—7sm(9—6)—75m6 (4)

In Eqs 3, 4, § is the voltage phase angle difference (power angle
concept) between the grid-connected power conversion unit and the
common coupling bus, which can be expressed as

5:<p—¢g:j(w—wg)dt (5)
To further clearly visualize the coupling relationship of the

active/reactive power output from the grid-connected power
conversion unit and their variation with voltage amplitude and
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power angle, the power circle curve for power impact analysis is
de}\)/izcted in l-‘igure 2 from Eqs 3, 4, where the center of the circle is

v

. R %
(= cos 0, — sin 0)) and the radius is —* .

2.2 Simplified power model under different
line impedance characteristics

It is well known that the output line impedance characteristics of
power electronic systems are significantly different at different
voltage levels. As shown in Table 1, in the high-voltage
transmission line, the line impedance characteristics are
approximated as highly inductive (6 = 72.8°); in the medium-
voltage transmission line, the line impedance characteristics are
approximated as complex resistive-inductive impedance (6 = 50%); in
the low-voltage transmission line, the line impedance characteristics
are approximated as highly resistive (6 = 7.5°). To simplify the
subsequent theoretical analysis, the line impedance characteristics at
the three voltage levels are replaced by purely inductive, equally
resistive-inductive, and purely resistive types, respectively.

Further, from Eqs 3, 4, the simplified models of active and
reactive power under different line impedance characteristics are
given in Table 2. And a schematic diagram of the power circle under
different line impedance characteristics is drawn, as shown in
Figure 3. It is derived that under the assumed purely inductive
line (0 = 1/2), the active power output regulation basically relies on
the power angle, while the reactive power output regulation mainly
relies on the voltage magnitude difference. Under the purely resistive
line (0 = 0), the coupling of active and reactive power is just the
opposite, and the transmission of active and reactive power relies on
the voltage magnitude difference and voltage power angle,
respectively. In addition, when the resistance is comparable (6 =
1/4), the transmission of active and reactive power is affected by the
voltage power angle and voltage magnitude difference, which makes
the coupling mechanism more complicated and increases the
difficulty of the controller design. In addition, considering the
line transmission capacity under different line impedance
characteristics and the feasible power angle domain constraint
(8¢ [-m/2, m/2]), the solid line power circle curves of Figure 3
represent the feasibility interval.

3 Analogy of classical droop control
and virtual impedance: A untied droop
control

3.1 Basic principle of classical P-w/Q-V
droop control

For AC microgrids, basic P-w/Q-V droop control has become
one of the most mainstream decentralized control strategies due to
its high reliability, plug-and-play characteristics, and non-
communication self-synchronization. The basic principle is to
feedback on the locally-collected active and reactive power signals
to control the regulated output voltage frequency and amplitude
reference, respectively. In addition, the natural essence of
conventional control is to simulate the natural

droop

synchronous generator external output characteristics, so
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TABLE 1 Comparison of line impedance characteristics at different voltage levels.

Voltage rating  Resistance Inductors Resistance/inductance ratio Line impedance angle 0
~ o
Low Voltage 0.642 0.083 0.13 =75
~ o
Medium Voltage 0.161 0.190 1.18 =50
~ e}
High Voltage 0.060 0.191 3.18 =72.8

TABLE 2 Simplified power model under different line impedance characteristics.

Output line impedances Purely inductive (0 = n/2)

Purely resistive (8 = 0)

Equally resistive-inductive (6 = n/4)

: vV, . V, (Vcosd-V,) Vv, v2
— 4 —
Active power P="7sind p = LVl P="ocos(2-08) - Scos
Reactive power = Vg (Veosd-vy) = Wag VvV, . V2o
p Q= 7 Q=-—*sind Q=—*sin(§-98) - Fsin

A Voltage B
0 A ,‘ change
: ... Power angle ,”
0 A change K
. 2

[ L\ P ] A

' Ve 7 4 ' )
&g

' -5 ’; \ {VV

) ) s "= Zg S

\ / \ {7 aVoltage

4 .
™ ’ hZS i change
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N Pid .o g
. -
Seacle" ower angle
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Purely inductive (6=n/2)

FIGURE 3

Purely resistive (6=0)

Resistive-inductive (6=n/4)

Diagram of power circle unit under different line impedance characteristics. (A) Purely inductive line; (B) purely resistive line; (C) Equally resistive-

inductive line.

conventional active-frequency droop control has the global
frequency autonomous synchronization capability, which can
guarantee the exact proportional active power sharing among
multiple parallel inverters without any communication condition.
Its steady-state expressions are presented as follows.

w, = w*—mP, 0<msw (6)
pP*
Vmax_Vmi.n
V,=V*-nQ, 0<nsT (7)

InEqs 6,7, w, and V, are the voltage angular-frequency reference
and voltage magnitude reference of the individual inverter; w* and
V* are the angular frequency given and voltage magnitude given
under rated-condition; m and n represent the active-frequency
droop and reactive-voltage droop gain, respectively; P* and Q*
are the rated active power and reactive power of individual
inverter; wya, and wp, represent the maximum and minimum
values of angular frequency allowed for normal operation of the
system; Vinax and Vi, represent the maximum and minimum

Frontiers in Energy Research

values of voltage allowed for normal operation of the system.
Wmin and g,y represent the maximum and minimum values of
angular-frequency allowed for normal system operation; The
specific droop control curves are shown in Figure 4.

The overall control scheme of a single voltage-source inverter
containing droop control is shown in Figure 5. Its physical inverter
circuit is mainly composed of a source terminal, power electronic
switch, LC filter, and parallel line impedance, and its controller is
mainly divided into local signal acquisition, power calculation,
droop control loop, double voltage-current tracking closed-loop
and SPWM modulation. In particular, the droop control link
provides the voltage frequency and amplitude reference for the
voltage loop tracking control based on the locally calculated output
active power and reactive power signals. In general, the calculation
of the average active and reactive power requires first-order low-
of the instantaneous power, and the control
bandwidth is designed to be approximately (2-10) Hz. In
addition, for fast and accurate tracking of the outer-loop
voltage reference, the voltage loop control is designed to have a

pass filtering
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FIGURE 5
Overall control scheme for a single inverter with basic droop control.

medium bandwidth of approximately (400-600) Hz. Such a
bandwidth design ensures that the four control links of power,
voltage, current, and modulation loops are effectively separated in
time scale, which facilitates the overall design and dynamic
response of the inverter controller.

It is worthwhile to note that although conventional droop
control forms the basis for decentralized control of parallel
inverter systems, it still has some shortcomings of its own: 1)
Dependence on highly-inductive output impedance, presence of
active-reactive power coupling; 2) Poor dynamic adjustment; 3) Line
mismatch leading to uneven reactive power sharing.

Frontiers in Energy Research
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Droop control
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3.2 Revisiting control mechanism of virtual
impedance

For the intuitive physical concept of virtual impedance, it is
introduced to reshape the overall output impedance characteristics
of inverters. To solve the problem of line impedance mismatch
between multiple parallel inverters, the total output impedance is
flexibly adjusted to highly-inductive, highly-resistive, or complex
impedance according to the control target requirements. The virtual
impedance is analyzed on the active power-reactive power from the
theoretical and practical application perspectives. The influence of
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virtual impedance on the power dynamic decoupling ability, power
oscillation damping ability, tidal current control ability, and system
fault current limiting ability is further analyzed.

Figure 6 gives the overall control block diagram of a single
inverter containing virtual impedance. From it, the mathematical
expression of the virtual impedance is given as

(8)

In Eq. 8, Z, = R, + jX, is the virtual impedance to be shaped;

Vo =V, — 2y,

Vo = V40, is the actual output voltage of the inverter; i, represents
the actual output current of the inverter; and v, = V,26, is the
voltage phase reference given by the outer power loop of the droop
control.

As seen in Figure 6, the intuitive concept of virtual impedance is
to multiply the impedance to be virtualized with the output current
vector. And it is subtracted from the voltage loop reference in the
expectation of changing the impedance characteristics of the original
line. It is worth mentioning that the virtual impedance is mainly

Frontiers in Energy Research

ncept and real control mechanism.

used for steady-state sharing and dynamic response performance
regulation, without current dynamic filtering and real active losses,
compared to the actual physical impedance configured directly in
series at the grid-connected inverter.

From the traditional perspective based on intuitive physical
concepts, the goal of introducing the virtual impedance concept
in a multi-parallel inverter is to reshape the overall equivalent output
impedance of the inverter, as shown in detail in Figure 7, where the
equivalent output impedance contains both the constructed virtual
impedance and the actual physical line impedance. However, from
the perspective of exploring the real control connotation of virtual
impedance, its essential control law is to multiply the virtual
impedance with the output current vector and feed it back to the
internal reference of the output voltage at the front end of the voltage
loop. In other words, the control law of virtual impedance can be
studied and analyzed from a new control perspective to investigate
the effect of virtual impedance on the actual output node
characteristics of the voltage source and try to replace the current

06
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feedback with power feedback. In this way, a new outer power-loop
control law is constructed to equate the effect of the inner-loop
output impedance, providing new ideas for distributed units that
want to reshape the output impedance.

From Figure 7, the mathematical relationship between the
output power of the inverter and the virtual impedance can be
obtained as

)

P+jQ= V0L5a<4er67 - VO“SG)*

R, +jX,

Replacing the output power in Eq. 9 with the output current in
Eq. 8, the derivation yields the voltage difference and phase angle
difference triggered by the output active and reactive power on the
virtual impedance, respectively, expressed as

RP+X,
AV =V, v, = RPTXQ (10)
V,

X,P-R,
AS, =8 — 8, = 2P RQ ()
V.V,

In Egs 10, 11, since the output voltage amplitude is around the
rated voltage (within approximately 5% deviation), the steady-state
values of V, and V, can be replaced by V* for ease of analysis and
expression. Thus, the core control law of the virtual impedance is
further expressed as

{Vanr—n,P—nxQ (12)

6, =0, —-mP+m,Q

Rewrite Eq. 12 under the frequency coordinate framework

Vo=V,-nP-n,Q

dp dQ (13)
W, = Wy — X 7, + 1,
e T g
where,
X, R,
My = VA2 m, = V2
; ; (14)
X, R,
ny, = W n, = ﬁ

From Eqs 12, 13, it is derived that the virtual impedance control
law is a combination of Eq. 13 power angle droop and Eq. 12 voltage
droop control, especially finding the influence law of virtual inductor
X, and virtual resistance R, on the phase angle and voltage
amplitude regulation, respectively. Therefore, the m,, m,, n,, n,
parameters can be designed flexibly to replace the role of virtual
impedance, and have higher parameter freedom than virtual
impedance.

In addition, the establishment of this equivalent
relationship, in Eq. 13 power angle droop control, increasing
the & -P droop coefficient m, is essentially an equivalent increase
in virtual inductance, which in turn compensates for the overall
output impedance at the active control level. Thus, it can
improve active power sharing accuracy. Meanwhile, in the
voltage droop control of Eq. 12, increasing the V-Q droop
coefficient n, is essentially an equivalent increase in virtual
inductance, which in turn compensates the overall output
impedance at the reactive power control level and can
improve the reactive power sharing accuracy, and also
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illustrates the root cause of the inability to achieve accurate
sharing of voltage-reactive power droop. Moreover, in the
system stability analysis, it can also be explained from the
perspective of virtual inductance that a moderate increase in
the virtual inductance equivalent parameter m, can
appropriately improve the system dynamic response and
damping power oscillation capability, but an excessive droop
factor m, is equivalent to increasing the impedance of the
system, which will affect the power transmission capability of
the inverter and lead to an excessive steady-state power angle of
the system, which is not conducive to system stability.

In a multi-parallel inverter AC microgrid, the virtual inductor-
dominated approach is often used to satisfy the condition that the
conventional droop is dominantly inductive by Eqs 12, 13, and the
control law of the virtual inductor (R, = 0) is given here separately as

follows.

8o =6, —m,P (15)
Vo=V, -n.Q (16)

3.3 Analogy between droop control and
virtual impedance: A special PD droop
method

In order to transfer the control law of the virtual inductor from
under the phase angle coordinate to under the frequency coordinate,
Eq. 15 can be calculated by taking the differential, and the virtual
inductor is then equated to a new frequency droop.

dpP

XE (17)

W, = W, —M

In Eq. 17, w, is the nominal reference value of the angular
frequency. It follows that the virtual inductor can be understood as
an active differential type of frequency droop.

Further, when the multi-parallel inverter contains both
conventional frequency droop and virtual inductance control, a
combined droop control method is presented by combining Eqs 6,
17, 7, 16.

N dpP
Wy = W —mP—me (18)
V,=V*—(n+n)Q (19)

Eq. 18 is a frequency droop control with proportional-
differential (PD) feedback power control. In addition, from Egq.
19, the reactive-voltage droop gain #, from the virtual inductor
equivalent is superimposed on the droop coefficient of the Q-V
control, confirming the homology and equivalence of using virtual
inductor control and increasing the reactive droop gain analyzed
above. Among them, m, mainly regulates the dynamic performance
of the system, and #, dominates the stability of the system. By setting
the m, and n, parameters reasonably instead of the virtual
inductance, the combined droop control is universally applicable
under any highly-inductive, inductance-resistance, and resistance-
inductance line characteristics. At the same time, it also provides a
new idea for mapping the droop feedback control law to the physical
concept of virtual impedance.
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3.4 Proposed united multi-degree-of-
freedom droop control

The combined droop control in Eqs 18, 19 extends the general
applicability of conventional droop control under complex line
impedance and ensures autonomous frequency synchronization
and accurate active power sharing among multiple inverters.
Inspired by this, in order to simultaneously take into account the
basic control objectives of steady-state sharing performance and
dynamic response, as well as the universal applicability under
complex line impedance, this paper further proposes a united

multi-degree-of-freedom  decentralized control

method.
w | _|w|_| Hrs (s) Hqgs(s) [| P
\% v* Hpy (s) Hov(s) || Q

where Hj; (s) is the proportional-integral-derivative (PID) operator,

synchronous
(20)

expressed as
m;’j " . .

Hij(s)=mij+7+mijs; (i=P,Q; j=6,V) (21)
Compared with the combined droop control in Eqs 18, 19,
the unified multi-degree-of-freedom control framework in Eq.
20 has two significant improvements: 1) one is to use the
proportional-integral-differential (PID) operator instead of
the traditional
operator can flexibly adjust the steady-state operating effect;

proportional operator; the proportional
the integral operator can be applied to the dual-mode switching
operation of parallel and off-grid, and the differential operator
can flexibly adjust the system dynamic damping; 2) The second
is the use of feedback active-reactive coupling-matrix, which can
realize the dynamic decoupling of active and reactive power
through flexible design parameters and greatly improve the
system stability.

The multi-degree-of-freedom means that the proposed united
droop control has multi-functions with systematic consideration of
steady-state power-sharing performance, dynamic performance,
and universal applicability of complex line impedance. For the
unified multi-degree-of-freedom droop control framework, the
parameters can be flexibly selected according to different control
objectives to facilitate comprehensive and optimal design, which is
illustrated by the following examples.

1) With regard to the proportional operator, the priority is given to
the steady-state active power sharing while ensuring the
synchronization of the autonomous frequency of the system,
which is generally chosen from mgs = 0, and if the priority is
given to the exact reactive power sharing, which is generally
chosen from mpg = 0.

2) Regarding the integration operator, in order to adapt to dual-
mode operation with and without the grid, H;; s) generally
contains the integration operation (m;jqé 0 ) under grid-
connected operation in order to self-adapt to abnormal grid
changes, but under off-grid operation, the integration operator is
generally zero (m; ;= 0).

3) With respect to the differential operator, the active or reactive
power oscillations can be effectively damped by the flexible
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selection of appropriately sized differential operators mpsand
meyrespectively

'S
=

Conventional droop control applied under highly-inductive line

impedance can be seen as a special case of a united control

framework with a non-zero main diagonal and a zero anti-
diagonal feedback coupling matrix.

5) When the main diagonal is all zero and the opposite diagonal is
not zero, it can be applied to resistive lines for reactive-frequency
control and active-voltage control.

6

=

The influence law of 3*4 = 12 parameters in the feedback
coupling matrix can be studied by the participation factor and
sensitivity analysis methods, which can provide guidance for the
application of decentralized control of parallel-type inverter
networks in engineering practice.

4 Stability and mechanism analysis
under different line impedances

4.1 Stability analysis

In order to investigate the influence of control parameters on
system stability and dynamic response in the unified multi-degree-
of-freedom droop control framework of Eq. 20, this section focuses
on the small-signal stability analysis of the power outer-loop control
dynamics of the grid-connected inverter system. The steady-state
operating point of the system is denoted by capital letters as (V, V,,
6), and the small-signal disturbance terms are denoted as
(V,8,@, @4, &%, V).

First, the power transfer characteristics of Eqs 3, 4 are linearized

as follows.
p S
| = - 22
] -<l7] @
In Eq. 22, G is the gain matrix
kys k
G=|37 7 23
[kq5 Koy ] 23)
0P _VV, ) _ 0PV,
kpg—%—Tsm(@—@), kpv—W—YCOS(G—é\)
~0Q Vv, ) ~0Q vV, .
k@—ﬁ——TCOS(G—é\), kqv—w—?sm(ﬂ—é‘)
(24)

Second, considering that the active and reactive power averages
in Figure 5 are obtained after first-order low-pass filtering, the
linearized model of the unified multi-degree-of-freedom droop
control of Eq. 20 can be obtained as

(E) _ u:)* _ 1 Hps(s) Haqs(s) E (25)
\% V* s+ 1| Hpv (s) Hov(s) [[ Q

Transforming the frequency coordinate system in Eq. 25 to the

power-angle coordinate system, it is further reduced to

o)1) le]

In Eq. 26, H(s) is the feedback matrix that

(26)
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TABLE 3 Physical and control parameters of the inverter.

10.3389/fenrg.2023.1190833

Variables Value Variables Value
Rated active/reactive power 6 kW/6 kVar Q-V droop factor n n € [0,0.01]
Rated voltage reference 311 V/50 Hz P-w Droop factor m m €(0,0.002]
Allowable voltage range [280 V, 340 V] First-order filter coefficientst 7€ [0.01,0.1]
Allowable frequency range [49 Hz, 51 Hz] Line impedance parameters |Z] =2,0 € [0,7/2]

Purely inductive Equally resistive-inductive Purely resistive
50 50 50
Increases 4 Increases Increases
%n me[ 1075, 2%1073] \Q_ E‘ me[107,2%107] h E‘ me[107°,2%107]
H0rx o N v o |50
< ﬂ, & 3 g /‘L
£ 3 A E A, R 3
-50 -50 -50
-100  -80 -60 -40 -20 0 100  -80 -60 40 220 0 -100  -80 -60 -40 -20 0
Real Real Real
A1 m varying; n=5*%107; r=0.02 A2 m varying; n=5*10"; 7=0.02 A3 m varying; n=5*10"; 7=0.02
' 50 T T 50 " " T
0 Increases p) l* Increases A Increases A |
__inereases | |
-2 -2 -2
g nel0, 1¥107%] g‘ nel0, 1%1072] %» nel0, 1x107%] /gUanbe
5 () [ .gﬂo E0r * ¥ H6 * K g
£l 2 g & X 0B
g 3 g A3 g A3 Hmi=10
—_ l 2 — — ﬂ/ 2 |
* 2 ) I
-50 -50 -50 !
-100  -80 -60 -40 -20 -100  -80 -60 -40 -20 0 -100  -80 -60  -40 -20 0 10
Real Real Real
B1 n varying; m=10"; 7=0.02 B2 n varying; m=10"; 7=0.02 B3 n varying; m=10"%; 7=0.02
50 ! 50 | T 50 |
ncreases e ncreases ’"‘"‘\ ncreases
BERS FE | S
z 7&[0.01,0.1] ' z 7€[0.01,0.1] : 9 7€[0.01,0.1] ZIA
g .S g
z° 2 20
— As A — As A = A3 A _2/4
A K —
-50 1 50 50
-150 -100 -50 0 -150 -100 -50 0 -150 -100 -50 0
Real Real Real
C1 7 varying; m=10"%; i=5*10" Cc2 7 varying; m=10"; n=5*10" C3 7 varying; m=10"; n=5*10"
FIGURE 8

Root trajectory analysis under three line impedances (A) m variation; (B) n variation; (C) filtering constant  variation.

Hps(s)  Hqs(s)

s(ts+1) s(ts+1)

Hpy (s) Hqv(s)
75+ 1

H(s) = (27)

s+ 1

Coupling (22), (23) and (26), (27), the system closed-loop
transfer function can be obtained as

G

"I+ GH() (28)

@ (s)

In summary, the influence of control parameters or physical

parameters on the stability and dynamic response of the system

can be derived by analyzing the trend of the dominant pole of the

closed-loop transfer function of Eq. 28 with the variation of
parameters.
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To verify the general applicability of united droop control under
different line impedance characteristics, root trajectory tests are
conducted for systems with highly-inductive, equally resistive-
inductive, and highly-resistive line characteristics, respectively.
Thus the effects of active and reactive droop coefficients and
power filtering constants on system stability are investigated. The
specific system parameters are shown in Table 3. The specific root
trajectory result is shown in Figure 8.

The following brief conclusions can be drawn from Figure 8.

1) Under the three-types line impedance characteristics, the active
droop coefficient m has a relatively large impact on the dynamic
response of the system, when m is too small, the system is over-
damped state; when m is increased moderately, a pair of
conjugate dominant poles A; and A, will appear, in order to
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Purely inductive

Complex resistive-inductive

Purely resistive

P-@ droop control
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% | 5

Electrical

Model k

A1

Q-V droop control

P-@ droop control

P-@ droop control

Directly

[m ) m
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k k A
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A2 Q-V droop control A3 Q-V droop control
Directly Directly
— & k
pé pS

Indirectly

Indirectly

FIGURE 9

Control block diagram under different line impedances. (A) Overall small-signal block diagram; (B) decomposed active control; (C) decomposed

reactive control.

ensure a better dynamic response of the system, the conjugate

poles are generally selected as the imaginary part of the value
than the real part of the value is located in the range of

0.707-1.414; if m is increased all the time, it will appear

under-damped If m is increased all the time, the system will

be underdamped, which is not good for the dynamic response.

In the highly-inductive and equally resistive-inductive line

impedance characteristics, the reactive droop coefficient #n has

almost no effect on the system stability and dynamic response.

However, in the highly-resistive line impedance characteristics,

the system stability requires that n cannot be too small, only
when it is greater than 0.001 begins to gradually stabilize,

according to the above Eq. 14 in the virtual inductance and

droop coefficient of quantitative control relationship, can be

equated to the virtual inductance X, = nV* = 0.3 Q, confirming

the necessity of virtual inductance under highly-resistive line

characteristic.

Under the three-type line impedance characteristics, the power
filtering constant 7 varies within a certain range [0.01, 0.1] with

negligible effect on the system stability, but too large a filtering

constant, which is equivalent to a delay in the power calculation

time, is not conducive to system stability.
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The above analysis confirms the feasibility of united droop
control under different impedance characteristics, especially for
the system under highly-resistive characteristics, which can be
designed from two perspectives of mutual mapping of virtual
inductance and droop coefficient, and the reactive droop
coefficient n is reasonably selected to ensure system stability.

4.2 Mechanism analysis and turning
guidelines of control parameters

The above analysis shows that the active power droop coefficient
m and the filtering time constant 7 mainly affect the transient
response of the system, and their effects on stability can be
approximately ignored within the normal parameter range. In
addition, the reactive droop coefficient n has basically no effect
on the stability in the case of purely-inductive and purely-resistive
lines, but in the case of purely resistive, the reactive droop coefficient
n is critical and directly related to the stable operation of the system.
In order to further verify the reasonableness of the above root
trajectory analysis, this section will analyze the reason from the
perspective of the small signal control block diagram.
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TABLE 4 Power coupling characteristics based on different line impedance conditions.

Output line impedance

Purely inductive (0 = n/2)

Purely resistive (8 = 0)

Equally resistive-inductive (6 = n/4)

k ps_air % cosd ——2Lsind % sin (§ - 9)
kps._indir erZ—Vz;sin2 ) erZ—V}cos2 5 nVZ—VZ;cos2 (G-9)
ke ps_dic/k ps _indir ﬁ» 1 = f—‘; Ztan(§ - 8)/nV 4 cos (5 - &)
kqv_air Vfgcosé‘ —VZg sind %sin (G-90)
Kqv _indir m VZV;Z’ sin? 8 mvz—vﬁ’cos 25 m VZ—‘?’cos 2(5-9)
kqv_dict kqv_indir #ﬁz >1 = mﬂfg Ztan(§ - 8)/nVV 4 cos (5 - 8)
A B
Inverters e Inverter #1 L, 7
Y A
Control V"‘_L_ o ImH J_ impl'ei::m
desk _
dSpace t=1s
! i controller
i {Programmable !} pre Inverter #2
AC Source ||
Vdc_E— . Line RC Load: RL Load:
J impedance 1.5 kW, 1.5kW,
C,T22,uF -0.75 kVar +1.5kVar
Inverter #3
Vv 1mH Li
df 2 m impeltl;:nce
C_,Tzzyp
Experimental platform Main circuits
FIGURE 10
Prototype setup of the experiment. (A) Experimental platform; (B) main circuits.
————— Inverter-1 In
verter-2
. ReferenceVoltage L—+{b1 Output Voltage 5
Pl RIS , - J
3 United | 9: : L, v Line Impedance
Droop N = 1 i NN ¢
r Control 3 =N | 3mH i Zl -
i = ; S I |; G |™ | V<« Bus Voltage
L . e 7+ [ Teour s
i = Common Inverter-3
Power Load
(_ Control Loop Virtual Impedance —— VWA — |
Average . ZS
Power
T -

FIGURE 11
United Control Scheme of the three-inverter parallel system.

According to the small-signal analysis, the overall small-signal
block diagram models of the stand-alone system in the purely-
inductive, equally resistive-inductive, and purely-resistive lines are
shown in (a.1), (a.2), and (a.3) in Figure 9, respectively. As seen, the
strength of the internal coupling effect of the active-reactive control
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loop varies for different line impedance characteristics: in the
purely-inductive case, there is basically no coupling; in the
complex resistive-sensitive line and the purely resistive case, the
coupling effect is stronger. In order to clearly express the
decomposed active and reactive control in the three cases, the
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TABLE 5 Physical line parameters and control parameters of the experiment.

Line characteristics

Line impedance parameters

10.3389/fenrg.2023.1190833

Control parameters

1) Under highly-inductive Z1=03+j0.9Q; Z,
2) Under equally resistive-inductive

3) Under highly-resistive

Z1=0.6+j0.7Q; Zy = 0.5+ j0.6Q; Z3 = 0.4+ j0.5Q

Zi=1.0+j0.12Q; Z, = 0.8+ j0.1 Q; Zy = 0.6 + j0.07 Q ‘

=0.25+j0.75Q; Z3 =02+ j0.6 Q m=2x10"%n=1x10"
‘ m=2x10"n=4x10"

m=2x10"%n=6x10"3

A
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FIGURE 12

Experimental results under highly inductive line characteristics. (A) output waveforms; (B) active power; (C) reactive power; (D) frequency; (E)

voltage ampltitude.

small-signal simplified block diagrams are shown in (b.1)-(b.3) and
(c.1)-(c.3), respectively.

In the small-signal block diagram of active-power frequency
control, there are two pathways of direct and indirect coupling
effects of the power angle on the forward pathway gain of the output
active power, mathematically expressed as

1.00 1.10
Time (s)
c : . : . |L0adc!hange :
- : ; {1 0.25 kVar/div
O SRR SEUN EEERT R LR R R Femsguzvel
g b - ] IUUR DU S
é_-') 05 ..................................................
z E
&
'g @) 1
2 . S R RS R
&‘3_05 ..... TS T T SRS SR L]
(T 025/div) ; : ; , : ,
0 0.4 08 1.0 12 1.6 2
Time (s)
E |Loadchangc
T e (L)
9314 ................... EE T .....
E ..... A .....
§319 ..... .............
0310 .................... ................... .....
%‘) .......... e Eiiigs ................... .....
T>3308_....:....§ ......... P T TTIEITY M LEEEES PERRE.
T: 0.2 s/div) ] g ; ; ; .
0 0.4 0.8 1.0 12 1.6 2
Time (s)
Vv, .
kps_air = (%)dir = —Zg sin (6 — &)
n VV:
— )} v Q = 9 209 -
kpa‘mdlr_(a‘/)dirX(aQ)dirX(aa)dir_‘rs_'_l ZZ cos (6 8)
(30)

In the block diagram of reactive-power voltage magnitude

K ps_sum = Kps_dir + Kps_indir (29)  control, there are two pathways of direct and indirect coupling
effects of voltage on the gain of the forward pathway of output

where reactive power, mathematically expressed as
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FIGURE 13

Experimental results under the equally resistive-inductive line characteristics. (A) output waveforms; (B) active power; (C) reactive power; (D)

frequency; (E) voltage ampltitude.

qu_sum = qu_dir + qu_indir (31)
where
Vg .
kgv_ar = (g%)dl_r = 79s1n(9 -9)

2

A%
Z—chos2 (6-19)

= (), % 8, B =
kav _indic (66 air *\oP)air % \ov ) air s(ts + 1)

(32)

As seen in Eqs 30, 32, the forward path gain is positive due to
power indirect coupling regardless of the characteristics of the line
parameters, enhancing the ability of the system power angle to
regulate active power (3-P) and voltage to regulate reactive power
(V-Q). Thus, indirect coupling, although it may lead to coupling of
the transient response between active and reactive power of the
system, inherently facilitates the stability of the system, which in
turn ensures the applicability of conventional droop at various line
impedances.

To briefly analyze the weights of direct and indirect coupling at
different line impedances. Under the conditions of neglecting the
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system dynamic characteristics (neglecting the power filtering
characteristics) and the small power angle of the system
operation, the power coupling characteristics of the micro-source
under different line impedance conditions are given in Table 4.
Among them, since the range of power angle of the microgrid
generally operates in the interval [-7/6, 7/6], it can be considered as
follows: = tan§ = sin 4, coséd = 1.

Under the highly-inductive line, the direct coupling of both
active and reactive power control is much greater than the effect
of indirect coupling, so the system has a good decoupling
capability.

In the case of equally resistive-inductive lines, the direct and
indirect coupling of micro-sources are positive and in the same
order of magnitude, both of which are conducive to the ability of
power angle regulation of active power and voltage regulation of
reactive power to ensure that the system is always stable.

Under the purely-resistive low-voltage microgrid, the active and
reactive power control in the steady-state power angle is positive,
and the influence factor of its direct coupling is negative, which is
not conducive to the stability of the system. However, with the
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FIGURE 14
Experimental results under highly-resistive line characteristics. (A) output waveforms; (B) active power; (C) reactive power; (D) frequency; (E) voltage
ampltitude.
moderate increase of the adjustable parameter n, the indirect
. . . . n>_—— (35)
coupling will gradually dominate, and the system will tend to be 2V

stable. The critical point of the system stability is the sum of the two
forward channels is a positive number, i.e.,

kpé_sum = kpﬁ_dir + kpé_indir >0 (33)

Combining Eq. 30; Table 4, the key conditions for system
stability in the case where the line is purely-resistive are

Ztand :Z><6

n> =
Vycosé Vy

(34)

In the microgrid, since the voltage of the common bus is
approximately equal to the rated voltage V* within the allowed
deviation from the rated voltage, V, in Eq. 30 can be approximated
by V*instead. In addition, the power angle range of the microgrid
generally operates in the interval [-n/6, 7n/6], which can be
considered as: = tand = sind, cosd = 1. Thus, a more intuitive
form of Eq. 31 is
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Considering the voltage quality of the microgrid, the design principle
of the reactive power droop factor of low-voltage resistive microgrid is

Vmax_Vmin

QX’

<n< (36)

2V*

5 Experiments of proposed united
droop control under different line
impedances

In order to verify the effectiveness and feasibility of the proposed
united droop control under different line impedance characteristics, an
experimental platform of a three-inverter parallel system was built with
the physical main circuit and parameters as shown in Figure 10, which
mainly contains the DC power supply, inverter, filter, line impedance,
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and load. The control scheme of three inverters is presented in
Figure 11. The rated AC reference voltage and frequency of the
system is 312V/50 Hz. The DC-side voltage and virtual impedance
of three inverters are 400V and 0.2, respectively.

According to the different line impedance characteristics in
Table 1, this section verifies the operation of the united droop
three
(impedance angle 0 = 0.404m), complex impedance (impedance

control under line characteristics:  highly-inductive
angle 6 = 0.278n) and highly-resistive (impedance angle 6 =
0.042m), respectively, and the specific line impedance parameters
and control parameters of the three groups are shown in Table 5.
According to Figure 10, only the RC load (1.5 kW, —-0.75kVar) was
connected to the system in the initial stage of the experiment; to test
the dynamic response of the control method under load switching, a

new RL load (1.5 kW, +1.5 kVar) was cut in after t = 1s.

5.1 Under highly inductive line impedance

The experimental results under highly inductive line impedance
are given in Figure 12. The four experimental waveforms in
Figure 12A are the output currents i; ~i; and common bus
voltages uy,s of the three inverters. It is seen that the system has
high-quality output voltage and current. From Figure 12B and
Figure 12D, it is concluded that the three inverters can achieve
accurate active power sharing and frequency autonomous

load  switching.
that the global voltage

by the mismatch of the output line

synchronization before and after From

12C, E it
inconsistency is caused

Figure is  concluded
impedance values of the three inverters, so the accurate reactive
power sharing cannot be guaranteed, and the reactive power sharing
can be ensured by adjusting the reactive droop gain within the
acceptable deviation range. For the dynamic response in switching
load, the system regains a new steady state after about 5 fundamental

frequency cycles with good dynamic response capability.

5.2 Under complex resistive-inductive line
impedance

Figure 13 gives the experimental results under the resistive-inductive
equivalent line characteristics. Figure 13A shows the output currents i,
~i; and the common bus voltage up, of the three inverters. From
Figure 13B, it is concluded that the active power of the three inverters has
been in the sharing state before and after load switching, and has a good
dynamic response. And the reactive power can only be roughly
equalized, and the comparison with the results under highly-
inductive line impedance reveals that the results are basically similar
except for the different precision of steady-state reactive power sharing.
And the increased part of line resistive components basically does not
change the dynamic and steady-state performance of the system.

5.3 Under highly resistive line impedance
The experimental results of united droop control under

highly-resistive line characteristics are given in Figure 14.
Figure 14A shows the output currents i; ~i; and common bus
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voltages up,s for the three inverters. Compared with the cases
under highly-inductive and equally resistive-inductive line
impedance, the Q-V droop gain n must be a larger value to
strengthen the indirect coupling of Figure 9. The value n is given
in Table 5

Figure 14B, it is concluded that the active power of the three

according to the design guideline Eq. 36. From

inverters before and after load switching has been in the state of
equal division with a good dynamic response, and from
Figure 14C it is concluded that the reactive power has not
reached the exact equal division due to the line impedance
mismatch. Comparing with the results under highly-inductive
and equally resistive-inductive line impedance, it is found that
the active power and frequency synchronization results are
basically similar except for the different precision of steady-
state reactive power sharing, which achieves the universal
applicability of united droop control under highly-inductive,
equally resistive-inductive, and highly-resistive line impedances
ensures the frequency synchronization while giving priority to
the accurate active power sharing, and ensures the uniformity of
the control method in different applications.

6 Conclusion

This paper revisits the basic droop control and virtual
impedance methods from a new analogy perspective and
proposes a unified droop control that is suitable for arbitrary
transmission line impedances. The coupling relationship between
active power and reactive power under different line impedance
characteristics is revealed. And a unified droop control is proposed
that takes into account steady-state power-sharing performance,
dynamic performance, and universal applicability of complex line
impedance, ensuring universal applicability under arbitrary line
characteristics. Because the proposed method can achieve
autonomous frequency synchronization and accurate active
power sharing simultaneously in a decentralized manner, it has
the advantages of communication-cost saving and increased system
reliability. Finally, the experiment results verify the feasibility of the
proposed unified droop control under the characteristics of highly-
inductive, equally resistive-inductive, and highly-resistive line
impedances. For future work this revisiting study can inspire
researchers to enhance the decentralized droop methods for
multiple parallel inverters.
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