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Abstract: With conventional droop control, the droop relationship between the voltage and reactive
power is not purely linear because of the filter reactance. This paper focuses on the theoretical
analysis to account for this characteristic and presents a precise power flow method for conventional
droop control. The proposed method is universal, which can handle not only conventional droop
control, but also other control strategies, such as robust droop control, constant power control, and
constant voltage—frequency control. It can also handle frequency-dependent active and reactive power
loads and is adapted for islanded and grid-connected systems. The proposed method extends the
applicability of conventional power flow methods to microgrids so that the framework of the method
is generic; any conventional power flow algorithm can be adapted to this framework. Compared
with the time-domain simulation method, the proposed method is accurate, simple, and easy to
implement for industrial applications.

Keywords: conventional droop control; inverter; microgrids; power flow

1. Introduction

Small autonomous regional power systems can offer increased reliability and efficiency
and can aid in the integration of renewable energy and other forms of distributed gener-
ation (DG) [1,2]. Many forms of DG such as fuel cells, photovoltaic systems, and micro
turbines are interfaced with the network through power electronic inverters [3]. These
interface devices make the sources more flexible in operation and control when compared
with conventional electrical machines. The inverter includes four parts: voltage conversion,
power electronic switching devices, LC/LCL filter circuits, and control strategy. Currently,
the main control strategy is to simulate the external characteristics of the traditional syn-
chronous generator. In the early stages, a proportional-integral (PI) controller was used
to put the inverter into constant PQ/PV/Vf mode. In recent years, to adapt to the more
complex operating environment of a microgrid, several control strategies have emerged
that can participate in the management of the system frequency and voltage regulation.
These include conventional droop control, robust droop control, the virtual synchronous
generator (VSG), and various improved control algorithms, shown in Table 1. Research in
the field of inverters has significantly promoted the development of microgrids.

Power flow studies are essential for the planning and design of future power system
expansion. In addition, power flow studies play an important role in state analysis, stability
evaluation, and optimal management [4]. In the microgrid, power flow calculation is
related to the control strategies of inverters. The DGs need to be equivalent to a node type
that matches the inverter control strategy.

In Table 1, when inverters adopt control strategy I-III, DGs are equivalent to the PQ,
Vi, and PV node types of traditional power flow calculation. It is the same as the traditional
power flow calculation both in modeling and algorithm.
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Table 1. Control strategies of inverters and characteristics.

Number Control Strategies Characteristic
I Constant PQ control Both the P and Q units contain mtegr.ator.s; w,d,v, are
generated separately; P and Q are maintained constant
I Constant V f control Both the V and f umts. COI}tam integrators, and V and f are
maintained constant
I Constant PV control Both the Pand V umts. cor}tam integrators, and V and f are
maintained constant
v Robust droop control Both the P —w and Q — V units contam‘ mt'egre'ltors, which
improves the average power distribution
\% Conventional droop Only the P — w unit contains integrators

control

When inverters adopt control strategy IV, that is robust droop control [5], DGs cannot
be made equivalent to conventional node types because, as a result of robust droop control,
the active and reactive power output depend on the terminal voltage and system frequency.
Thus, conventional power flow methods cannot be applied to an islanded microgrid [6,7].
In robust droop control, both P — w and Q — V droop are linear. Several new methods
have been studied to solve the power flow problem for robust droop control. Reference [8]
developed a three-phase power flow algorithm for islanded microgrids, in which some
DG units are controlled by their droop characteristics. The problem is formulated as a
set of nonlinear equations, and a Newton trust region method is used to solve the power
flow problem. In [9], the droop relationships between the voltage and reactive power are
included in the load flow equations, and particle swarm optimization is used to analyze
the power flow. The proposed schemes are accurate, but complex. In [10], the Newton—
Raphson (NR) algorithms are combined with the droop characteristic of the DG to solve
the power flow problem. In [11], a universal power flow algorithm is proposed to handle
the active control strategies of the DGs, including isochronous control, droop control, and
constant power control. In [12], an iterative procedure based on a mathematical formulation
of conventional power flow is introduced to calculate the equilibrium operating point in
the islanded microgrids, and the slack bus voltage is determined through a binary search
method, which may increase the number of iterations in some cases. In [13], by considering
the virtual impedance in the microgrid, the proposed methods obtain more accurate
calculation results for the power flow analyses. In [14], an advanced Newton approach is
developed to assess power sharing and voltage regulation. It incorporates droop control
and various secondary control modes into a modified Jacobian matrix, so convergence
relies on the selection of good initial values.

The backward/forward sweep (BFS) algorithm has been proven to be fast and efficient
for both radial and weakly meshed distribution networks, because of the absence of the
complex Jacobian matrix and its inverse [15]. Reference [16] proposes a method based
on a BFS algorithm to solve the power flow problem in AC droop-regulated microgrids,
and this represents the first derivative-free algorithm to solve droop control power flows in
islanded microgrids. However, the reactive powers supplied by the DGs are only dependent
on their droop coefficient, and local voltages are ignored. A modified BFS algorithm is
presented in [17], in which the DG reactive powers are made to rely not only on their droop
coefficients, but also on local voltages; however, conflicting updates issued by the voltage
give convergence problems.

When inverters adopt control strategy V, that is the conventional droop control [18],
considering the effects of the filter reactance, Q — V is not a simple linear droop relationship
that is determined by the droop parameters, reactance parameters, and operating state.
If the filter reactance is ignored, the above literature [8-17] for robust droop control is also
suitable for conventional droop control. However, in low-voltage microgrids, the filter
reactance is many times higher than the circuit reactance and, so, cannot be ignored.
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The details of why reactance cannot be ignored are given in Appendix A. Therefore, as a
result, the existing methods cannot accurately calculate the power flow solution under the
conventional droop control scheme.

In addition, it usually contains DGs of different control strategies in the microgrid;
the power flow calculation model should be universal, which is applicable to various
types of control strategies. However, the existing methods are mainly aimed at robust
droop control [9,10,12-14,16,17]. Reference [11] is able to be applied to all kinds of control
strategies, but only focused on frequency-active power control of DGs.

Thirdly, the existing algorithms mainly make modifications to the specified conven-
tional power flow method [8-11,13,14,16,17], so that the algorithm framework is not generic.
In order to facilitate industrial application, the algorithm should be generic, that is it is not
limited to a specified conventional power flow calculation method.

To overcome the aforementioned problems, this paper proposes a method to analyze
the power flow for microgrids. Its main contributions are as follows:

1.  The paper describes a new power flow method, which is able to deliver accurate
results for conventional droop control in low-voltage microgrids, e.g., the marine
microgrid. The method takes into account the filter reactance, which cannot be
ignored in the low-voltage grid. With modeling the filter reactance in the power
flow formulation, the calculation accuracy is improved compared with those using
traditional methods.

2. The proposed algorithm is universal for power flow in microgrids. It can handle
islanded and grid-connected systems and can adapt to various DG control strate-
gies, including conventional droop control, robust droop control, constant power
control, and constant Vf control. It also can handle frequency-dependent active and
reactive loads.

3.  The framework of a general power flow method for the microgrid is presented to
reduce the difficulty and the complexity of program development. The proposed
algorithm takes the conventional power flow algorithm and expands it to adapt to the
droop characteristics through two iterative loops; it is easy to implement.

The comparison between the proposed method and several existing approaches is
shown in Table 2.

Table 2. Comparison between power flow approaches.

MNR Method [10] Ref.[11] Ref.[12] Ref.[13] DBFS Method [16] Proposed Method

Different control strategies
Generic algorithm
framework
Considering filter reactance
Various network
configuration of microgrids
Grid-connected
Islanded

No Yes No No No Yes
No No No No No Yes
No No No No No Yes
Yes Yes Yes Yes No Yes
No Yes no No No Yes
Yes Yes Yes Yes Yes Yes

2. Control Strategy of Conventional Droop Control
2.1. Structure of Inverter in Microgrids

Figure 1 shows an inverter connected to a microgrid bus that includes a power electron-
ics unit, LC filter unit, control unit, and line impedance unit [19], where V. is the capacitor
voltage, i is the inductance current on the inverter side, Z;;,, is the line impedance, and
vy is the pulse width modulation signal of the inverter. The frequency, voltage amplitude,
output power, and other information are obtained by measuring V. and i;, and modulated
waves v, are generated by various control strategies to finish the power control.
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Figure 1. Inverter structure of microgrids.

2.2. Conventional Droop Control

Droop control is a control strategy that simulates the external characteristics of a
synchronous generator set, in which frequency and voltage are regulated by the relation-
ship between frequency and active power and voltage and reactive power. Since droop
control was proposed, many ways to implement it have been available. Figure 2 shows
a conventional droop control block [20]. Reactive-voltage droop control does not contain
integrators, and the following equations represent the droop operation of the inverter.

i =E" —ni(Qi — Qrer,i) ey
wi = w* —m;i(P; — Pref,i) 2)

where E* and w™ are the voltage reference value and angular frequency reference value,
respectively, P; and Q; are the active and reactive powers generated by the DG, respectively,
Pref,i and Qe i are the active and reactive power reference value, respectively, and m; and
n; are the frequency and voltage droop coefficients, respectively.

Figure 2 shows that the modulation wave v, is controlled based on a linear droop
relationship to participate in the system’s voltage and frequency modulation. However,
Figure 1 shows that an LC filter is at the inverter outlet. Because the reactance of the filter
is much higher than the reactance of the line in the low-voltage microgrid system, the effect
of the filter reactance on the power flow cannot be ignored. The steady state is shown in
Figure 3.

bqk Qref,i
E + ) - Ue
! — n L + -
Power
< o n B Calculation l'l
. <+ <
S+wr _
P

ref i

Figure 2. Conventional droop control.

E ;
O—NW\—‘ I

Figure 3. Filter structure.
The reactive power output by the inverter is:

Ve|Xi(E;cosd — V) — E;Rsiné
Q; = XL (E . Cz : ] ©)
R? + X7
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Considering that the resistance R of the filter is very low, it can be ignored, and because
the phase angle difference between the two ends of the reactance is small, it can be assumed
to be zero. From (1) and (3), the voltage V. can be expressed as [21]:

E* —ni(Qi — Queri) \/[”i(Qi — Qrefi) = E*J* = 4(Qi — Qreri) X1

- 4

v 2 > @)
The derivation of the voltage to reactive power is

dve — ni ni[n;(Q; — Qrefi) — E*] —2X1 5

Q2 210~ Queps) — P 4(Q — Qup )X

From (5), the terminal voltage V. and reactive power Q; do not have a simple linear

droop relationship, because they are affected by the filter reactance X;. If X; = 0, then
ave _ .
o = i

3. The Proposed Method

To reduce the difficulty of program development, this paper extends the conventional
power flow calculation method to solve new problems. Reference [16] iteratively updates
the frequency and voltage through two nested loops to reflect the robust droop control
characteristics, which is easy to implement. This paper also adopted this idea; the difference
is that the filter is taken into account in conventional droop control and the method
framework is universal.

The proposed algorithm includes four parts: setting the initial conditions, conventional
power flow calculation, frequency update, and bus voltage update with filter reactance.

3.1. Initial Conditions’ Setting

First, the virtual slack bus, which can be selected randomly in microgrid buses, should
be selected to emulate the upstream utility grid. The iterative procedures adjust the voltage
of the virtual slack bus and grid frequency to show the islanded operation of the DG.
The frequency f was initialized to its nominal value. The active power P; and reactive
power Q; of the DG were initialized to their reference values P,.r; and Q,f,, and all the
bus voltages were set to 1.0. As a variety of control strategies of inverters may be contained
in a microgrid, the droop coefficients and filter reactance depend on the control strategies of
the inverter. For conventional droop control, the droop coefficients m, n and filter reactance
X1, were set to given values. For robust droop control, X; was set to zero. For constant
power control, m and n were set to zeros.

3.2. Conventional Power Flow Calculation

The framework of the algorithm is generic, not limited to a specified conventional
power flow method. The BFS method, the NR method, and others are all applicable. Owing
to the radial structure of most microgrids and the simple calculation involved in the BFS
method, a matrix-based BFS was adopted in this paper. The basic steps are as follow [22]:

Step 1: Calculate the bus injection current Iy,

. p_P P PR i\
Illzus _ ( [ Li Vle QLz) (6)

where Pr; and Qy; are the load power, which are frequency-dependent and can be expressed
as follows

Ppi= (Clif;%u + coifpu + c3i) Prin )
QLi= (dlif;%u +doifpu +d3i)Qrin 8)
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Step 2: Calculate the branch current Iy,
Iyrancn = BIBC - Ipys )

where BIBC is the transformation matrix from the bus injection current to the branch
current containing the elements 0 and 1. For a radial system of n buses, the BIBC matrix is
an upper triangular matrix with dimensionsn —1 x n — 1.

Step 3: Calculate the bus voltage:

Vus = Vb — BCBV - Ipranch (10)

where Vg, is the slack bus voltage. The BCBV matrix is the transformation matrix to
calculate the voltage difference between the slack bus and other buses from the branch
currents. The elements of BCBV are impedances. Given a system of n buses, the resulting
BCBV matrix will be of dimensions n — 1 x n — 1. Refer to [23] for the specific process.
The power carried by the virtual slack bus is calculated after the convergence of the
BFS method.

Py, + jQsp = Vip - Y Isp™ — (Pesp +jQask) + (Prsp + jQLsp) (11)

where ) I, represents all the branch currents connected to the slack bus, Pgg, + jQgsp is the
virtual slack bus generation power (if the virtual slack bus is not a DG bus, Pggp + jQgsp = 0),
and Prg, + jQpgp is the virtual slack bus load power.

3.3. Frequency Update

If | Psp| > € (e is the predefined tolerance), Py, will be allocated to all DG units to make
the virtual slack bus carry zero power. The mathematical expression is given by (12), while
according to the droop characteristic, the power allocated to each DG satisfies (13).

Ng
Y AP, =Py (12)

i=1
mlAPl == mNgAPNg (13)
P10 = =1 1 AP, (14)

The power allocated to each DG can be obtained from (12) and (13), and f can be
updated from (2). The active power and frequency are updated iteratively until | Py, | < e.
Refer to the frequency update loop in Figure 4 for the specific iterative process.

3.4. Bus Voltage Update Considering Filter

When the frequency update terminates, the voltage is no longer the initial value, and
the reactive power of the DG should also change according to the droop characteristic.

The inverter terminal voltage V, and reactive power Q do not show the linear droop
characteristic that is shown between the filter left side voltage E and reactive power Q. E is
calculated from the bus voltage V of the DG as follows:

Ei=Vi+ 1 jXy (15)

The reactive power of the DG can be calculated by substituting (15) into (1). The power
flow is calculated again, and if the reactive power carried by the virtual slack bus |Qgp| > ¢,
as with the frequency update, it indicates that the voltage solution has not reached the
steady state, so Qg should be allocated to all DG units.

Ng1

i; EAEi = Qsb (16)
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Unlike with the frequency, the voltages, E;, at each inverter bus are different. This
difference is mainly caused by the line impedance. However, the voltage deviation AE; is
not significant. Therefore, assuming that the voltage deviation for each DG is equal to the
voltage deviation at the slack bus, it can be expressed as follows:

AE; =AEy=------ = AEN, = AV, (17)

The voltage deviation AV, of the slack bus can be approximated by substituting (17)
into (16).
The slack bus voltage is updated as:

V) = v, =D — Ay, (18)

Subsequently, the voltage of the DG is updated by the power flow calculation for the
next iteration.

3.5. Processing Flow of the Proposed Method

The specific process of the proposed method is shown in Figure 4, which summarizes
the steps in the method.

( Start )

Initial conditions setting

/_L)(r iis constant DX

conventional power
flow e%wlysis

':f:::r_yN Update fand F;,
by ()(12)-(14)

conventional power
flow analysis

,///“ —_ N__|Update V,
‘Qb‘ggo = by 16)18)

\

Figure 4. Flowchart of the proposed algorithm.

After the initial parameters are given, the control strategies of the DG and setting
corresponding parameters m, n, X, are checked. Next, the conventional power flow calcu-
lation is carried out to check whether the active power taken up by the DGs is balanced
with the load power. If not, the system frequency is updated according to the DG control
characteristics. Finally, the reactive power of the DGs is calculated according to the new
voltage, and the power flow calculation is carried out again to check whether the reactive
power taken up by the DGs is balanced with the load power. If not, the voltages are updated
according to the DGs’ control characteristics. The convergence conditions of frequency
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update may be violated because frequency updates are not decoupled from voltage updates.
For instance, voltage updates lead to changes in power losses in the line, and then, the
active power distribution of the network is changed. Therefore, two nested loops of voltage
and frequency are adopted to ensure that the frequency and voltage converge.

4. Generalization of the Proposed Method
4.1. Applicability to the Conventional Power Flow Algorithm

As shown in Figure 4, the conventional power flow algorithm is extended and modified
through inner and outer loops to reflect the droop characteristic of the DG. The proposed
method is not limited to the specific conventional power flow method; therefore, the pro-
posed framework is generic, and any conventional power flow algorithm, including NR,
current injection, and other methods, can be adapted to this framework.

4.2. Applicability to the Inverter Control Strategies

Although the algorithm is designed for conventional droop control, it can be applied
to other control strategies. The explanation is as follows:

(1) Robust droop control:

When the DG inverters have robust droop control strategies, the inverter terminal
voltage V; and reactive power Q have a linear droop relationship. This characteristic can be
expressed by setting reactance X to zero in the proposed algorithm. The inverter terminal
voltage V, and reactive power Q have a linear droop relationship.

(2) Constant PQ control:

When the DG inverters have constant PQ control strategies, the frequency and voltage
droop coefficients m; and n; are set as infinite. The power deviation is:

apgi =, 806 =5 19)

Then, the deviations in the active power and reactive power are zero, and P and Q
are constant.

(3) Constant Vf control:

When the inverter has a constant Vf control strategy, the inverter is connected to the
main grid, which acts as the slack bus in the system, while the other DG inverters usually
have a constant PQ strategy. In this case, the inverter is selected as the virtual slack bus.

5. Numerical Validation

The 33-bus test system with five DGs shown in Figure 5 was adopted to validate
the proposed algorithm [16]. The DG nominal power and droop coefficients are shown
in Table 3. In the following scenarios, load coefficients c¢j; = dy; = 0.2, cp; = dp; = 0.3
and c3; = d3; = 0.5 for all loads. We selected bus 1 randomly to be the virtual slack bus.
The power flow results of the proposed method (PM) were compared with those obtained
by time-domain simulation (TDS).

5.1. Islanded Grid with Conventional Droop Inverters

In this scenario, all the DG inverters operate in conventional droop mode. The filter
reactance for all inverters is X = 1.5 [24,25]. The voltage magnitudes and power of the
PM and TDS are listed, respectively, in Tables 3 and 4, and the tables show that the voltage
magnitude and DG power are very close to the acceptable error limits. The results obtained
by the PM match the results obtained from the TDS; the system frequency is equal to 0.9297,
which is the same as in the TDS. Owing to the proposed algorithm taking into account the
influence of reactance by Formulas (15)—(17), the accurate power flow results are obtained.
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Figure 5. The 33-bus test system under study.

Figure 6 and Table 4 also list the results based on the MBFS algorithm [17]. The re-
actance X was ignored in this method. It can be seen that the method of ignoring the
reactance converges to the same active power and frequency results with the TDS. However,
compared with the TDS, the absolute voltage error maximum was 0.0041 and the relative er-
ror maximum was 0.41%, and the reactive power results had errors as well, which indicates
that the error was the result of ignoring the reactance. The inherent approximation can
result in significant errors depending on the values of reactance X . The proposed method
provides a more accurate approach to solve the power flow for conventional droop.

Table 3. Control parameters of DG.

Droop Coefficient
Pref (pu) Qref (pu)
mj n;
DG1 0.9 0.9 0.05 0.05
DG2 0.9 0.9 1 1
DG3 0.9 0.9 0.1 0.1
DG4 0.9 0.9 1 1
DG5 0.9 0.9 0.2 0.2
Table 4. Power and frequency for conventional droop control.
PM TDS MBFS
P Q P Q P Q
DG1 2.3061 0.8524 2.306 0.8523 2.306 0.8533
DG2 0.9703 0.9023 0.97 0.9022 0.9703 0.9026
DG3 1.603 0.8335 1.6034 0.8337 1.603 0.8332
DG4 0.9703 0.9016 0.97 0.9015 0.9703 0.9018
DG5 1.2515 0.9117 1.2511 0.9116 1.2515 0.9133
PM TDS X1, omitted

0.9297 0.9297 0.9297
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Figure 6. Voltage results for conventional droop control.

5.2. Impact of Filter Reactance Xy

In the previous subsection, the method of ignoring the reactance and the proposed
method yielded different results. Even though the results were different, the error was
small. In this scenario, the load power changes from 50% to 150%, that is the power carried
by the DGs gradually increases, and other conditions are the same as 5.1. The relative
voltage error maximum of the proposed method and the MBFS method in which the
reactance is ignored are shown in Figure 7; it can be seen that the errors caused by ignoring
the reactance increase with the increase of the DG power output. This increase in error is
due to the increase in filter current. For the method of ignoring the reactance, when the
reactive power carried by the DG increases by AQ);, the inverter terminal voltage can be
expressed as

Viomitted — E* _ n;AQ; (20)

The accurate voltage result obtained by the proposed algorithm should be:

V"™ = E* —miAQ; — jIXL (21)

It can be seen from (20) and (21) that, in addition to the reactance value, the voltage
error is also proportional to the filter current. When the power carried by the DG increases,
the current flowing through the filter increases, then the voltage error increases.

0.9

08

Relative percentage errors(%)
o o o o o o
N w = (&) o ~
\
N
\
.

o

0 2 1 L L 1 1 L L 1 L
50 60 70 80 9 100 110 120 130 140 150
Load percentage(%)

Figure 7. Relationship between voltage error and DG power.

5.3. Islanded Grid with Various Control Strategies

In this scenario, DG1 and DG2 operate in conventional droop mode, DG3 and DG4
operate in robust droop mode, X3 = X14 = 0, and DG5 operates in constant PQ mode,
ms = n5 = oo. The other conditions are the same as in 5.1. The results are listed in Table 5,
which shows that the results obtained by the proposed method match the results obtained
by the TDS. Because DGS5 is under constant power control and does not participate in droop
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sharing, the other four DGs have to carry more load power, and the system frequency is
0.9201, which is reduced compared with Table 4.

Table 5. Power flow results for 5.3 and 5.4.

Case of 5.3 Case of 5.4
Bus
PM TDS PM TDS
1 1.0002 1.0002 1 1
2 0.9994 0.9994 0.997 0.997
3 0.9966 0.9966 0.9829 0.9829
4 0.9957 0.9957 0.9755 0.9755
5 0.995 0.995 0.9681 0.9681
6 0.9939 0.9939 0.9497 0.9497
7 0.9935 0.9935 0.9462 0.9462
8 0.9937 0.9937 0.9413 0.9413
9 0.9956 0.9956 0.9351 0.9351
10 0.9981 0.9981 0.9292 0.9292
11 0.9986 0.9986 0.9284 0.9284
12 0.9996 0.9996 0.9269 0.9269
13 1.0051 1.0051 0.9208 0.9208
14 1.0036 1.0036 0.9185 0.9185
15 1.0019 1.0019 0.9171 0.9171
16 1.0008 1.0008 0.9157 0.9157
17 0.999 0.999 0.9137 0.9137
18 0.9987 0.9986 0.9133 0.9132
19 0.9989 0.9989 0.9965 0.9965
20 0.9955 0.9955 0.9929 0.9929
21 0.9948 0.9948 0.9922 0.9921
22 0.9942 0.9941 0.9916 0.9916
23 0.9956 0.9956 0.9794 0.9794
24 0.9942 0.9942 0.9727 0.9727
25 0.9959 0.9959 0.9694 0.9694
26 0.9931 0.9931 0.9477 0.9477
27 0.9921 0.9921 0.9452 0.9452
28 0.9877 0.9877 0.9337 0.9337
29 0.9848 0.9847 0.9255 0.9255
30 0.9839 0.9839 0.922 0.922
31 0.9857 0.9857 0.9178 0.9177
32 0.9868 0.9868 0.9169 0.9169
33 0.989 0.989 0.9166 0.9166
f PM TDS PM TDS
0.9201 0.9201 1 1
5.4. Vf Mode

In this scenario, the droop coefficients of DG1 were set to zero, i.e.,, m; = n; = 0,
which means that DG1 can alter its power according to the load required with Af = AV = 0.
The droop coefficients of the other DGs were set to infinity to keep their power constant;
the other conditions were the same as in 5.1. The results are compared with those ob-
tained by the TDS in Table 5. The load power is 7.43 + j4.6; the generated power is
4 x (0.9 + j0.9) = 3.6 + j3.6; the residual power is 3.83 + j1; the line losses are all carried
by DG1. The bus voltages of DG2 — DG5 dropping below the nominal value is not because
they are carrying residual load power; it is simply a network characteristic.

5.5. Load and Generation Variations

In this section, the proposed power flow method is conducted on a 38-bus system.
The single-line diagram and the line impedance data are the same as in [26]. Slight modifi-
cations were made on the generation locations to distribute the DG units more uniformly,
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and DG1-DG5 were connected to nodes 8, 29, 12, 22, and 1 respectively. The initial control
parameters of the five DG units are shown in Table 6.

Table 6. Control parameters of the DG in the 38-bus system.

DG# Bus# m; n; X1
1 34 0.0045 0.0362 0.03
2 35 0.0015 0.0725 0.03
3 36 0.0023 0.0217 0.03
4 37 0.0023 0.1087 0.03
5 38 0.0008 0.0217 0.03

Firstly, the voltage responses with load and generation variations were evaluated.
The load power was gradually increased to 1.1-1.4-times the original value, and the node
voltage profiles are shown in Figure 8; it can be observed that the node voltage decreases in
correspondence with the increasing of the load power. This indicates that as the DGs are
burdened with more reactive power, the voltage decreases due to droop control.

voltage

] 5 10 15 20 25 30 35 40
node

Figure 8. Voltage profiles with load variations.

5.6. Convergence Characteristics

As shown in Figure 4, the inner and outer loop usually occupy little memory, so
the speed and memory of the algorithm depend mainly on the conventional power flow
algorithm. For example, if the BFS method is adopted, the algorithm has a high calculation
speed and requires less memory; if the NR method is adopted, due to the inverse matrix, the
convergence speed will be lower than that of BFS. In addition, a reasonable estimate of the
frequency and voltage deviation can accelerate the convergence. We can obtain a reasonable
estimate if we neglect the power loss. Therefore, the initial value of the frequency deviation
can be approximated as follows:

Y Pi— Y Pgi

Af _ i€Load 1iEG (22)

. mj
ieG

Similarly, a reasonable estimate of the deviation of the virtual slack bus voltage can be
obtained as

Y Qui— X Qai
AV = i€Load 1zeG (23)
L5
i€G

The convergence characteristic of the proposed method is studied for the system with
38 buses. A performance comparison was made with several existing methods using the
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same solver, as shown in Table 7. For the sake of fairness, all simulations were executed in
a PC 64-bit Intel Core i5, 4 GB RAM.

Table 7. Comparison of convergence characteristics.

Proposed Method (NR) Proposed Method (BES) MNR [10] DBFS [16]
Execution time (s) 0.54 0.3 0.41 0.26
Iteration times 5 5 7 4

It is shown that, although the proposed method takes into account the effect of the
filter and can adapt to various control strategies, the computational time of the algorithm is
comparable with other existing methods.

6. Conclusions

Considering the unique characteristics of conventional droop control inverters, this
paper presents a novel method to calculate the power flow for conventional droop control
DGs. The proposed method was compared using TDS, and the results showed that the
proposed method can provide accurate results. Furthermore, the proposed method is
universal and can handle DGs with various control strategies, including conventional
droop, robust droop, constant power, and constant Vf. This method can also handle
frequency-dependent active and reactive loads. The proposed method provides simple and
accurate modifications to the conventional power flow method, and the framework of the
method is generic, making it an attractive tool for power flow analysis in microgrids with
different DG operating modes.
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Appendix A

The filter inductance and capacitance parameters of the inverter commonly used in
low-voltage microgrid system are shown in Table A1 [24,25]:

Table Al. Filter parameters in low-voltage microgrid.

Active Power of DC Voltage (V) AC Phase Inductance of Capacitance of
Inverter (kW) & Voltage (V) Filter (mH) Filter (uF)
3 200 60 1 50
3 400 230 1.2 45
20 200 120 1.686 30
100 1200 400 2.5 100

According to the structure and parameters of the European fifth benchmark micro-
grid [22], the resistance and reactance of the average line length are given as follows.
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Table A2. Typical line parameters in low-voltage microgrid.

Count Voltage Average Line Average Resistance ~ Average Reactance
4 ) Length (km) (©Q /km) (©Q /km)
European 400 0.332 0.59 0.21

Tables A1l and A2 show that the reactance of the filter is much larger than the
impedance of the transmission line; therefore, the reactance of the filter should be consid-
ered in the power flow calculation.
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