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Abstract—This paper proposes a generic steady-state modeling and
power-flow analysis approach for droop- and isochronously-
controlled microgrids. The proposed framework adopts symmetrical
sequence component models, rather than phase-coordinate models, of
microgrid elements. Such approach immensely reduces the power-
flow execution time, as it breaks down the system model into
independent equation sets with considerably reduced sizes. To render
the proposed approach practical and generic, it integrates different
types and control schemes of distributed generation (DG), including
synchronous generator-based DG (SGDG) and electronically-
interfaced DG (EIDG) units. Furthermore, it incorporates unbalanced
loads and feeders, transformer connections, different load
characteristics and configurations, as well as microgrid droop
features. A novel power-flow algorithm based on a modified Newton-
Raphson (NR) method is proposed to solve for the microgrid steady-
state voltage magnitudes, angles, and frequency. The accuracy of the
models and algorithm is verified through comparison with detailed
time-domain simulations in MATALB/Simulink. Additionally, the
proposed approach is shown to outperform the reported Newton-
Trust Region (NTR) approach in generality, accuracy, and
performance. Two case studies, incorporating IEEE 123-node test
microgrid, are further performed to examine the effectiveness of the
proposed approach in solving complicated droop-controlled
microgrids, and to examine the behavior of droop-controlled DGs in
isochronous microgrids.

Index Terms— Distributed generation, droop control, isochronous,
microgrids, power flow, unbalanced conditions.

NOMENCLATURE
Acronyms:
DG Distributed Generation
EIDG Electronically-Interfaced Distributed Generation
ESS Energy Storage System
NR Newton Raphson
NTR Newton-Trust Region
RER Renewable Energy Resource
SGDG Synchronous Generator-based Distributed
Generation
VSC Voltage Source Converter
Symbols:
[Bg]’-’c Shunt admittance matrix (3%X3) of a feeder
connecting nodes i and j in phase coordinated
[Ziajbc Series impedance matrix (3x3) of a feeder

connecting nodes i and j in phase coordinated
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Sequence component to phase coordinate
transformation matrix (3x3)

Shunt admittance matrix (3%3) of a feeder
connecting nodes i and j in sequence components
Series admittance matrix (3X3) of a feeder
connecting nodes i and j in sequence components
Sequence component voltage at nodes i and j,
respectively. x € {0,1,2}

Sequence component shunt admittance current due
to a feeder connecting nodes i and ;. x € {0,1,2}
Sequence component series admittance current due
to a feeder connecting nodes i and ;. x € {0,1,2}
Shunt admittance decoupling current due to a feeder
connecting nodes i and . x € {0,1,2}

Series admittance decoupling current due to a
feeder connecting nodes i and ;. x € {0,1,2}
Combined series and shunt decoupling currents due
to a feeder connecting nodes i and ;. x € {0,1,2}
Positive-sequence decoupling active and reactive
powers, respectively, at node i due to a feeder
connecting nodes i and j

Number of microgrid nodes.

Zero-sequence Y-bus matrix (NXN)
Positive-sequence Y-bus matrix (NXN)
Negative-sequence Y-bus matrix (NXN)

DG’s zero- and negative-sequence admittances,

respectively

SGDG’s phase resistance

SGDG’s neutral resistance and reactance,
respectively

SGDG’s unsaturated direct and quadrature axis sub-
transient reactances, respectively

DG’s positive-sequence active and reactive powers,
respectively, at node i

DG’s no-load angular frequency

DG/Microgrid’s angular frequency

DG’s positive-sequence no-load voltage magnitude
DG’s active and reactive power droop gains,
respectively

DG’s maximum active and reactive powers,
respectively

DG’s maximum and minimum angular frequencies,
respectively

DG’s maximum and minimum positive-sequence
output voltage magnitudes, respectively
Transformer sequence component voltages at the
delta- and Y-connected sides, respectively

x € {0,1,2}

Transformer sequence component currents at the
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delta- and Y-connected sides, respectively
x € {0,1,2}

2

generators (DGs) close to load centers, as implied in microgrid
concept, potentially reduces power loss in the transmission stage,

Yse Transformer short-circuit admittance and increases the cultivation of local renewable energy resources
Pgi s,  Grid-tied DG’s specified active and reactive (RERs) and energy storage systems (ESSs). Microgrids also
Qisp  Powers, respectively provid.e a new rf:lial?ility dimens'ionv by allowing autqnomogs

Visp  (Gridtied DG's specified voltage magnitude ot 12, and i salted mode due 10 nck o access 1o ulk pover

X Jx : u . u u W
Vipli;  Load ?Eals)e Cv}oltage ?gi c}:/u;‘gznctl;respectlvely systems in remote communities [3]. The analysis of islanded and

{{a'b ’bc ca}) for Aloads isolatgd mic.rogrids is more challenging than that of grid-copnectgd

x Az T . . ones, in which voltage and frequency are regulated by a stiff grid.

P, Qf;  Load phase active and reactive powers, respectively Th his still o t d ¢ 1vsis tools that
{a,b,c} for Y loads e research is still ongoing to provide accurate analysis tools tha
{ describe microgrids’ steady-state and dynamic behaviors.

0% A0 '{ab, be,ca}  for A ?oads d . For several decades, synchronous generator-based DGs
P QL Nominal load phase active and reactive powers, (SGDGs), such as diesel and gas generator-sets, have played a vital
. {a,b,c} forY loads . o X Do

respectively x € { role in powering isolated electrical distribution networks [3].

. o , {ab, bc, ca} for Aloads Furthermore, these generators are commonly integrated to grid-

ai,Bi°  Load active and reactive power-voltage exponents, connected distribution systems to export power or to provide a
respectively x € {{a, b,c} forY loads stand-by source in case of the main grid’s outage, thus forming an

o i {ab, bc, ca} for Aloads islanded microgrid. On the other hand, the enormous benefits of
prirKgpi Load active and  reactive power-frequency advanced electronically-interfaced DGs (EIDGs), such as
constants, respectively flexibility, speed, and interfacing RERs, urge their integration into

{{a, b, c} forY loads modern distribution networks. Accordingly, both types of DGs are

{ab,bc,ca} for Aloads anticipated to coexist in microgrids [4]. Research is ongoing on the

Aw Angular frequency deviation from its nominal value dynamic behavior of networks that comprise the two types of DGs

I Sequence component line load current. x € {0,1,2} [5]. However, their steady-state performance has not been yet
P!, Qf; Load positive-sequence active and reactive powers, investigated.

respectively Power-flow analysis tools play a key role in planning and
A Loading factor operation studies of electrical power systems. At the transmission
Pffbase, Base values of the nominal load phase active and level, various power-flow algorithms have been established to

0,x reactive powers, respectively analyze balanced bulk power systems [6]. Some of these

Libase {a,b,c} forY loads algorithms have been further extended to include unbalanced

x € {{ab, bc,ca} for Aloads operation [7]. At the active distribution level, some power-flow

AjDi1, AQil Positive-sequence active and reactive power algorithms have been developed for grid-connected microgrids

mismatches, respectively, at node i with integrated DGs, where a stiff grid acts as an ideal slack bus

pl.l, Qil Injected positive-sequence active and reactive maintaining balanced voltages with fixed magnitude and frequency

powers, respectively, at node i at the source node [8]. However, this analysis does not consider the

51.1, 5].1 Positive-sequence voltage angles at nodes i and j, integration of droop-controlled DGs, which can potentially be used

respectively in grid-connected mode to allow autonomous operation of islanded

yl.lll’yi}l Positive-sequence  Y-Bus self and mutual microgrids formed after an islanding event [2]. Additionally, the

admittance magnitudes, respectively analysis does not account for unbalances at the source node in case

91.11.1’91.1].1 Positive-sequence ~ Y-Bus self and mutual the primary source is not ideal, such as in isolated SGDG-fed
admittance angles, respectively microgrids.

vl Positive-sequence voltage magnitude vector (Nx 1) Moreover, some approaches employ different strategies to

5 Positive_sequence Voltage angle vector (N_] )(]) account for minOgTidS’ droop features. Characterized by their

AP, AQ Active and reactive power mismatch vectors (NX1). load-dependent voltage magnitude and frequency, droop-controlled

[/1 Jacobian matrix (NXN) ac microgrids differ from conventional ac systems discussed above

AI,AI? Total zero- and negative-sequence decoupling in the folloyvmg aspects:.(l) droop-cont.rolled microgrids lgck a
currents, respectively, at node i due to all feeders slack bus; (ii) the microgrid’s frequency is a power-flow variable;

connected to the node and (iii) the feeder and load models are frequency-dependent.

AI°,AI>  Zero- and negative-sequence decoupling current Altogether, thesej characterist'ics complicate the power—'ﬂow
vectors (Nx 1), respectively p'rob‘lem' formulation and solution, as compared to conventional

0,12 Zero- and negative-sequence load current vectors distribution networks. In [9] apd [10], modified Newton Raphson

(Nx 1), respectively (NR) approaches.have been 1ntrodgced by p.rov1d1ng additional

VO V2  Zero- and negative-sequence voltage vectors (NX ), mismatch equations and Jacobian matr}x. elemeqts that

respectively accommodate the system’s droop characterlst.lcs. Similarly, a

[m| Variable’s magnitude forward-backward approach has been proposed in [11] for droop-

I. INTRODUCTION

controlled microgrids. Nevertheless, the application of these
methods is limited to balanced microgrids. The authors of [12]
have proposed a power-flow algorithm based on a Newton-Trust

Motivation for green, efficient, sustainable and reliable electrical
networks has led to introduction of microgrids as a viable
paradigm for power delivery [1]. The existence of distributed

Region (NTR) method to solve the unbalanced microgrid’s set of
frequency-dependent nonlinear equations in phase-coordinates.
However, the authors have not considered SGDGs in their study,
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which are challenging to model in phase-coordinates, considering
the machines’ saliency and internal impedances [8]. Furthermore,
their models ignore the influence of the interfacing transformer’s
delta/wye connection on the EIDG phase loading and voltage
unbalances. In addition to its high computational cost, this
approach does not include some aspects, such as shunt admittances
of distribution feeders and delta-connected loads that commonly
exist in distribution systems [13].

This paper proposes a generic power-flow algorithm for droop-
controlled and isochronous microgrids under unbalanced
conditions. The algorithm incorporates the sequence component
models — rather than phase coordinate models used in [12] — of all
system components, including various types of DG units with
different steady-state characteristics. The adopted models allow for
precise representations of SGDGs, as well as different
configurations and controls of EIDGs [14]. The proposed
algorithm utilizes these sequence component models to break
down the steady-state analysis into three smaller independent, yet
correlated, sub-problems. Accordingly, this method significantly
reduces the power-flow execution time with respect to NTR
methods, as it deals with a set of small matrices rather than one
large matrix representing the system as a whole.

Based on the above-identified limitations of the power-flow
approaches reported in the literature, the contribution of this work
can be summarized as follows: 1) developing a generic, accurate,
and computationally-efficient power-flow analysis approach, 2)
integrating different DG types and various aspects of droop-
controlled and isochronous unbalanced microgrids, which have not
been considered in previous studies, and 3) inspecting the
operation of droop-controlled DGs in unbalanced isochronous
microgrids.

The remainder of the paper is organized as follows: Section II
sheds lights on different operational modes of islanded and isolated
microgrids. Section III describes the steady-state sequence-
component mathematical modeling of microgrid elements. The
proposed power-flow algorithm is explained in Section I'V. Section
V attests the validity of the proposed algorithm, and section VI
investigates the introduced approach and the microgrid operation
through case studies. Finally, Section VII concludes the paper.

II. OPERATIONAL MODES OF MICROGRIDS

Numerous factors affect the operational mode of a microgrid,
among which microgrid size, availability of RERs, access to fuel,
types of loads, and various economic considerations are significant
[15]. A large DG may operate isochronously to set the microgrid’s
frequency, whereas a group of DGs with relatively similar
capacities may employ droop controllers to collaboratively set the
microgrid’s voltage and frequency. Hence, microgrids can be
categorized as droop-controlled and isochronously-controlled.

A. Droop-Controlled Microgrids

Droop controls are typically adopted to allow proportional
power sharing among generators with comparable capacities. Thus,
SGDGs could be droop-controlled at the primary level along with
other EIDGs in islanded microgrids if they have close capacities.
In this context, the microgrid’s voltage magnitude and frequency
are load-dependent. It is worth mentioning that a low-bandwidth
supervisory controller is potentially required to monitor and
regulate system variables (i.e., microgrid’s voltage magnitude and
frequency), especially if the microgrid supplies sensitive and
critical loads. However, lack of a slack bus and proportional power
sharing among the DGs eliminate system’s dependence on one

3

generator, which potentially increases the microgrid’s autonomy
and reliability. This scheme could be desirable in islanded
microgrids that normally operate in grid-connected mode.

B. Isochronously-Controlled Microgrids

In this mode, a dominant DG — typically SGDG — is operated in
isochronous mode, thereby functioning as a slack bus (i.e.,
maintaining constant frequency and voltage at its terminals
regardless of the connected load). Other DGs can inject active and
reactive powers to the microgrid while following the main SGDG’s
frequency. It is noteworthy that this case is similar to the grid-
connected mode of operation where the connection with the grid
operates as a slack bus. However, the synchronous generator
cannot keep its terminal voltages balanced under unbalanced
loading due to its internal impedances, and thus it is not considered
an ideal slack bus. Although the dominant SGDG forms the
microgrid’s voltage, other dispatchable DGs can still adopt droop
controls to sustain the microgrid operation in case of failure of the
main SGDG. The output powers of these DGs are controlled by
adjusting their droop settings, which is attainable through a higher
level secondary controller. Non-dispatchable DGs — typically
EIDGs — can inject powers to the microgrid, yet they cannot form
the microgrid voltage for proper operation if the main DG fails.
This scheme is most suitable for isolated microgrids where DGs
are to be integrated into existing gas- or diesel-powered networks.

III. MICROGRID MODELING IN SEQUENCE COMPONENTS

Unlike ac transmission systems, ac distribution networks are
predominantly unbalanced due to the networks intrinsic features,
such as the existence of single-phase DGs and loads, feeder
configurations, and single- and two-phase distribution laterals. This
imbalance imposes further challenges on microgrids’ modeling and
analysis. A symmetrical sequence component analysis is therefore
employed in this study for accurate representation of all microgrid
components under unbalanced conditions.

A. Feeder Modeling

Distribution networks typically adopt 4-wire three-phase
feeders, commonly unbalanced and untransposed, in addition to
single- and/or two-phase laterals. Thus, the impedance matrix
[Z{ljbc] between any two nodes i and j, and the shunt admittance
matrix [Bi‘,lf-’c] are asymmetrical in the phase form. The sequence

component series admittance matrix can, hence, be calculated as
vy v vy

i vy i (1)

vy v v

where 0, 1 and 2 stand for zero-, positive- and

negative-sequence components, respectively, and

[v912] = [1]" [28] " [1] =

1 1 1
[T]=]1 a* a| where a=1£120°
1 a a?

Similarly, the shunt admittance matrix can be obtained in the
sequence component frame as

00 101 02
bi,j bi,j bi‘]'
- 10 p11  pl2
[BYF?] = [T17* [BE<] [T] = |bij bij bij (2)
20 p21  p22
Since the phase matrices are asymmetrical, the sequence

component admittance matrices are not symmetric diagonal, which
implies that the three sequence components are coupled.
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Considering the series admittance matrix, given by (1), the

sequence component currents flowing through the feeder
connecting nodes 7 and j are given by
Bl P e -
=yl vt Y ||V -v 3)
2l b i sgllve-v

By introducing series admittance decoupling currents, [AI}'Z.],

defined by (4), the three sequence currents can be decoupled as
illustrated in (5).

%] [0 vi v -
Al | =yi? 0 yF||V -V 4)
LY B G |

5] [ o o [P -V [AL) s

Hl=10 yit o ||V =V +|AL . (5)

17 0 0 yFf[v-Vv? AIf

Similarly, the shunt admittance matrix, defined by (2),
introduces coupled sequence component currents injected at node i
as

191 [k b b
Li|=J|bij bij bij||Vi (6)
U L S |

The shunt injected currents can also be decoupled if shunt

decoupling currents, [AI'Z,], are introduced as

[ 01 02

ALY g 0 bjj bi;|[ve

Al | =Jj|bij O Dbij||V} (7)
AL g b7} b} 0 [LV?

Hence, the sequence currents injected due to the feeder shunt
admittance can be decoupled using (8).

10 T S VIV 725 T
7] 0 o0 bE|V A7 o,

Therefore, complete decoupling between different sequence frames

can be realized using current decoupling components, [AI}?], that

comprise both series and shunt decoupling currents, as given in (9).

AIl'o_j Alioj_se AIi(z_sh
AL | = | AL se | + | AL gn )
AlIZ; AI7 AIf o

Furthermore, since positive-sequence power-flow analysis deals
with active and reactive powers rather than currents, the positive-
sequence decoupling component is transformed from current into
power by applying

APY; +AQE; = Vi (ML)’
Finally, the decoupling current/power components
formulated in their complete forms as (11)-(13).

Consequently, three decoupled Y-bus matrices — [Y°°], [Y11],
and [Y?2] — can be constructed to formulate the three sequence

(10)

can be

ALy = [yt (it = vit) + 2 (V2 = V)] + bl Vit + v
AP + QL =V} [[Yile(ViO =V0) + yit (V2 = V)] + [ibigve +jbi1,12'Viz]]*

A = [y2 (V= Vi) + v (V0 = V)] + [ibEVy + jbZ V]

4
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Fig. 1. Schematic diagram and models of SGDG

component power-flow problems independently. It is noteworthy
that, unlike in grid-connected systems, the admittance matrices’
parameters are load-dependent in droop controlled microgrids [12].
This fact necessitates updating the admittance matrices’ elements
according to the microgrid’s frequency, which complicates the
power-flow problem.

B. DG Modeling

The physical structures of different DGs along with their various
control schemes imply different mathematical models to precisely
represent each DG type. DGs can mostly be classified into four
categories as discussed in the following subsections. Note that
other DG types can be modeled following the same approach.

1) Droop-controlled SGDG

Although various SGDGs adopt similar primary circuit
configurations, as shown in Fig. 1 (a), their models slightly vary
based on their control schemes. Assuming that the SGDG regulates
the positive sequence voltage at its terminals, the positive-sequence
DG model can be represented as depicted in Fig. 1 (d) [8].
Furthermore, the negative and zero sequence component circuits
can be modeled as shown in Figs. 1 (e) and (f), respectively, where
the circuit admittances are obtained from the generator’s datasheet
or calculated using [16]

(14)

Y[?G — [Ra +de—unsat + Xg—unsat]_l

XY umsar + Xo-
Y86 = [Ra + 3Ry + j(-- = 4 35 (19)

where R, is the armature resistance, Xg_,pnsq¢ and Xg_ypsq¢ are the
unsaturated direct and quadrature axes sub-transient reactances
respectively, and R, and X, are the neutral resistance and
reactance, respectively. Although SGDG generates balanced

(11)
(12)
(13)
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positive-sequence internal electromotive force (EMF), its terminal
voltage undergoes unbalances under unequal phase loadings. The
voltages across the negative and zero sequence admittances
represent the voltage unbalance at the terminals.

As shown in Fig. 1 (c), a droop-controlled SGDG’s output
voltage magnitude and frequency are dependent on the output
powers, as governed by the droop equations

Pg; = 3Mi (@o; — @) (16)
1
Qi = 3 (Vo — VD) (17)
where the droop gains 7; and ; are typically set as
Péniax
M= ——— (18)
' Wmax — Wmin
o
L
' Vrrllax - V-r:rLLin
In (18) and (19), P{™ and Qg'{** are the DG’s maximum active

and reactive powers, respectively, Wpax and wp, are the
microgrid’s maximum and minimum allowed frequencies,
respectively, and V1, and V.., are the DG’s maximum and
minimum positive-sequence terminal voltages, respectively. It is
essential to mention that the SGDG’s negative- and zero- sequence
admittances, YZ; and Y2, are not constant, since the DGs’
reactances are reliant on the load-dependent system frequency w.
2) Isochronously-controlled SGDG

An isochronously-controlled SGDG is able to fix the microgrid’s
frequency while regulating the voltage at its terminals to a constant
value. It can, thus, be considered a “non-ideal” slack bus. To model
this DG, the same models and droop equations presented above can
still be adopted by setting the droop gains to infinity. The SGDG’s
set-points  (i.e., wgand V) will determine the microgrid’s
frequency and the DG’s terminal voltage, as shown in Fig. 1 (b).
The SGDG’s admittances are no longer variable in this case.
3) Droop-controlled EIDG

Voltage-source converter (VSC)-based EIDGs, Fig. 2 (a), can
also implement droop controls to contribute in forming the
microgrid voltage, as depicted in Fig. 2 (b). In contrast with
SGDGs, they can suppress negative-sequence voltages at their
terminals by implementing proper control loops, which denotes
infinity negative-sequence admittance, as shown in Fig. 2 (e) [17].
However, other negative-sequence controls can also be adopted to
realize negative-sequence current sharing among EIDGs [18].
Moreover, EIDGs can incorporate different circuit configurations,
which primarily affect the DG’s zero-sequence model. DGs that
implement 3-leg VSCs do not provide a neutral current path; thus,
they are represented as open circuit in the zero-sequence frame, as
depicted in Fig. 2 (f). However, 4-leg VSCs provide a neutral wire
interfaced to the fourth leg through a filtering inductor. Therefore,
their zero-sequence circuit is modeled as a short circuit if the
VSC’s controllers maintain balanced terminal voltages, or as a
finite admittance otherwise, as shown in Fig. 2 (g). It is worth
mentioning that 3-leg VSCs are often interfaced to the 4-wire
network through delta/grounded-wye transformers. With this
configuration, the transformer’s model, given by (20), must be

5
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integrated into the EIDG’s model [19]. The previously presented
droop equations (16)-(19) are valid for all discussed configurations
of EIDGs.

4) Grid-Tied EIDG (Constant PQ/PV EIDG)

EIDGs may employ a grid-tied control scheme, which is typical
for intermittent and non-dispatchable sources. In this control
topology, the EIDG often employs a current-controlled VSC that
does not contribute to forming the grid voltage; instead, it
synchronizes to the existing grid and acts as a grid-follower (i.e.,
grid-tied) [14]. The EIDG injects controlled currents, as illustrated
in Fig. 2 (c), to follow the DG’s power or voltage references.

In the positive-sequence frame, a constant PQ EIDG is modeled
as constant active and reactive power source, given by

1 _
PG,L'_

e2))

Qi = (22)
where Pg; o, and Qg sp are the EIDG’s specified active and
reactive powers. Alternatively, a constant PV EIDG can regulate
the node voltage, rather than injecting constant reactive power, and
henceforth it can be represented by (21) and (23).

V] = Vigp 23)
Other grid-tied EIDG control schemes can also be represented by
introducing minor modifications to (21)-(22).

On the other hand, the EIDG is represented as admittances in the
zero- and negative-sequence models, as shown in Fig. 2 (g) and
(h), respectively. The zero- and negative sequence admittances can
have zero, infinite, or finite nonzero values. Such values are
dependent on the converter’s structure (i.e., 3-leg or 4-leg), output
filter configuration, and EIDG’s control scheme, as described in

§ PG,i_sp

1
§ QG,i_sp

/4] 0 0 0
h 0 Y 0
Zl_| o 0 Ve
19 0 0 0
I 0 —Y,.230 0
2 0 0 —Y,.2—30
L y_

0 0 0 "]
0 —Y,2-30 0 Va
0 0 —Y,.230]||v2
Ve 0 0 | (20)
0 Yo, o |l
0 0 Ve Iy
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[8] and [20]. It is noteworthy that although the same EIDG models
in [8] and [20] for grid-connected microgrids can be adopted in the
proposed work, the frequency dependency of the EIDGs’
admittances has to be taken into consideration in this study.

C. Load Modeling

The steady-state model of loads is primarily dependent on their
type. Loads are affected differently by voltage and frequency
deviations that typically occur in droop-controlled microgrids. The
load features are incorporated in this study through a generic static
load model that reflects the load’s dependency on voltage and
frequency [21]:

a¥
PY =B VAT 1+ KX Aw) (24)

X
0 = Q¥ IVI™ (1 + Ky dw) 25)

where P and Q] are the nominal load active and reactive powers,
a and f the active and reactive power exponents, Aw the frequency
deviation, and Kpr and K, the constants defining the load
dependency on frequency deviations [21]. The values of the power
exponents @ and f are sometimes equal, and take the values of 0,
I, or 2 for constant-power, constant-current, and constant-
impedance loads, respectively. They, however, may be assigned
different values to represent other load types if needed. On the
other hand, the values of K¢ and K, vary with the load class (i.e.,
residential, commercial, etc.) and season (i.e., summer, winter ...
etc.). At the lower power level, the load components (i.e., air
conditioner, heater, television, etc.) contribute to these values.
Further details on various load types and their dependencies on
voltage and frequency can be found in [21] and [22].

Since loads in distribution systems are typically unbalanced, the
currents of load phases must be calculated individually:
1 _ Ph— i

b Vi

{a,b,c} forY loads
{ab,bc,ca} for Aloads

The load currents can, then, be transformed into their respective
sequence components by applying

(26)

where x € {

Il?,i Il‘,l,i
IE | =117t |12, 27)
I L2,i ILC,i

The positive-sequence load active and reactive powers can,
therefore, be calculated as

PLi+ QL = VUL (28)
While (26)-(28) can directly be applied to Y-connected loads, A-
connected loads require more attention, as they encounter line
voltages. Conversions between line and phase quantities, through
(29)-(30), are necessary before substituting into (26)-(28).

VPl 11 -1 o q[Vih
Vil = [ 0 1 -1f|v (29)
vee] =10 ]y

Il 11 o -m|i
I7; =I—1 1 ol 17§ (30)
If; 0 -1 11je

IV. PROPOSED POWER-FLOW ALGORITHM

Obtaining a generic and accurate steady-state solution for droop-
controlled microgrids is cumbersome if the problem is formulated
in phase-coordinates. The decomposition into sequence

6

Data input

Per-unit conversions & initialization of
load flow variables

v

Update load values based on frequency

t: factorize th - o .
Update and fac 01:lze ¢ sequ.ence [4— and voltage deviations from nominal
component admittance matrices values

v [
Check if any DG has reached its capacity
and limit its output to the maximum
value

v 7 Y

Calculate the Jacobian and solve for
negative- and zero-sequence voltages

v
| Update load flow variables
v

Convert sequence-component bus
voltages to abc frame

Calcul q - p t currents
and positive sequence powers

Converged?

Print Results

Fig. 3. Flow chart of the proposed power-flow algorithm

components provides a more flexible and accurate alternative for
modeling different operational modes of DGs and the inherent
unbalanced feature of microgrids. In this work, the sequence
component approach is adopted to solve the power-flow of
microgrids that comprise different DG types. As illustrated in Fig.
3, the algorithm starts by acquiring the system data and applying
per unit conversions. Then, the admittance matrices are constructed
and factorized, and the load sequence component currents/powers
are calculated. Consequently, the sequence component voltages
and system frequency are solved for. The load flow variables are
then updated and the phase node voltages are calculated. To take
the DGs’ capacity limits into account, the output powers of all DGs
are evaluated at each iteration. If a DG exceeds its power limit, the
output power is fixed at the maximum value, and the DG no longer
follows the droop characteristics. The iteration is repeated until the
results converge. It is worth noting that the loads, sequence load
currents, decoupling components, and admittance matrices are
updated at each iteration, as the microgrid’s voltage magnitude and
frequency change. The remainder of this section demonstrates the
subroutines in the proposed algorithm.

A. Positive-Sequence Power-Flow

Decoupling sequence-component circuits allows independent,
yet correlated, solutions of the three subsystems. The positive
sequence power-flow problem can be solved using the well-known
NR method with some modifications. For a microgrid comprising
N buses, 2N positive-sequence mismatch equations are defined for
active and reactive powers at all buses. Assuming that all nodes
integrate a DG and a load, generic active and reactive power
mismatch equations can be formulated at an arbitrary bus i as

A:Pi1=Pé,i_PL1,i_Pi1_ Z APil_j 31
JE{N\i}

AQ! =Q5;— Qi — Qi — ) AQ (32)
JE{N\i}

where P! and Q; are the active and reactive power injections at the
bus 7, which are defined by
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Pi = VAV Ya* cos(8} — 8 - 03

(33)
jen

0F = Y VIV gt sin(s = 5 — 6} (4)
jeN

In (33) and (34), |V!| and |V}'|, and &} and &} are the positive-
sequence voltage magnitudes and angles at nodes i and j,
respectively, and Y;}' and 6/} are the magnitude and angle of the
positive-sequence Y-bus matrix element, respectively. Note that
the absence of generation and/or load at a bus translates to
substituting their powers with zeros. Considering that the
microgrid frequency is primarily dependent on the positive-
sequence power-flow, and by choosing the first bus’s angle as a
reference (i.e., 61 = 0), 2N unknowns have to be solved for: N
node voltages, the microgrid’s frequency w, and N —1 node
angles. Thus, the positive-sequence voltage magnitudes, angles,
and frequency for iteration (k+/) in terms of the variables of
iteration (k) are obtained as

IV 1) IV k) AP,
W (ke+1) =| @ —[]H%[A 1] (35)
LY, L Qi 2Nx1
(k+1) 1ynsq ) donxa
where the Jacobian matrix J is formed as
AP OAPY OAPT
_|ovt Jw 261
1= 0AQ' 0AQ' 9AQ! (36)
avt dw 061 2NX2N

Due to the microgrid’s droop characteristics, the Jacobean
matrix elements are not exactly the same as those of conventional
systems. By substituting from (12), (16), (17), (24), (25), (33), and
(34) into (31) and (32), the matrix elements are obtained as (37)-
(42). 1t is worth mentioning that for the derivatives with respect to
the microgrid’s frequency, the admittance is assumed constant, as
its change has insignificant contribution to the Jacobian elements’
values. However, the admittance variation is considered when
calculating the mismatch equations to ensure accurate results.

1 —

aA:Pl ~ _& _ Pg'l |Vi1|a’l Kpfl

Jw 3 ' ’

9AQ}
Jw

= v V| YAt sin(s} — 8} — 61
JEN\}

(39)

~ =0k V" Kopa (40)

dAP}
267
dAP}
96}

(41)

= =V |V} [v5" sin(s} - of - 63

7
0AQ}
P
i JEM\i} (42)
0AQ}
\ 65}11 = Vi |[V}!|¥i* cos (88 — &} — 6

Bars above load parameters (i.e., a, f, K, ¢, and K;¢) in (26)-(29)
denote their averaged values over the unbalanced loads at node i.
B. Negative- and Zero-Sequence Power-Flows

The negative and zero sequence voltages for the same iteration
(k+1) can be directly calculated by solving

-1
Vi = [Y(%cz-i-l)]NxN[_I% (k+1) — Algku)]le (43)
0 _[yoo 7171 0 0
Vi = [Y(k+1)]NxN[_IL (k+1) — AI(k+1)]N><1 (44)

where the decoupling current vectors AI? and AI° are constructed
by calculating the total decoupling currents at each bus i as

A= Y AR

(45)
€

AL = ZE: ALY (46)
Eay)

Furthermore, since equations (31) and (32) assume three-phase
feeders and Y-connected loads, all delta-connected loads must be
pre-processed using (29) and (30) at each iteration.

C. Comparison with the Problem Formulation of the NTR method

The NTR-based approach, reported in [12], formulates the
unbalanced power-flow problem in phase coordinates.
Accordingly, the power-flow problem comprises 6 equations at
each node to represent the active and reactive power mismatches
for the three phases, leading to a problem size of (6N X 6N).
Furthermore, the adopted NTR solution method is formulated as an
optimization algorithm to minimize the mismatch powers (ideally
to zero). Although this method demonstrates good convergence
performance in terms of robustness and number of iterations, its
computational cost is significantly high due to the problem’s large
size. On the other hand, as per (35), (43) and (44), the proposed
approach breaks the power-flow problem down into three
independent sub-problems of sizes (2N X 2N), (N X N), and (N X
N), for the decoupled positive-, negative-, and zero-sequence
subsystems, respectively. Such reduction in problem size results in
substantial decrease in computational and memory requirements of
the problem solution, even when including the decoupling
computational overhead in the proposed method [23]. Meanwhile,
the proposed approach allows parallel solution of the sub-
problems, which leads to further reduction in the algorithm’s
execution time. Additionally, the NTR method evaluates the
gradient and Hessian matrices numerically, thus adding
considerable computational burden to the algorithm; this burden
significantly escalates as the microgrid size increases. On the

(aA?}
v}

dAP}
v}

9AQ}
vl

900}
v

= —@PL V" (1 4+ Bop ) — 2V Y cos (05 = ) V| it cos (s} - 8} — 0

JE{N\i} (37)

= —|V;!|Y;j* cos(8} — 8} — 6}

- _%_ EIQii|Vi1|E_1(1 + Ky, Aw) + 2|Vt Vit sin(03Y) — Z [VYt sin(s} — &} — o}

JE{N\I} (38)

= —|V;!| ¥ sin(8} — &6} — 0}
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contrary, the Jacobian matrix elements are directly calculated
through (37)-(42) in the proposed approach, thereby resulting in
minimal computational effort. Altogether, these factors give
remarkable advantage to the proposed approach’s performance
over that of its NTR-based counterpart.

V. PERFORMANCE VALIDATION OF THE PROPOSED APPROACH

The performance of the proposed modeling and power-flow
algorithm was validated through comparison of accuracy and
computational time against time-domain simulations and a
traditional NTR-based algorithm.

A. Comparison with time-domain simulations

The power-flow algorithm was tested on a modified IEEE 13-
node test feeder [13], shown in Fig. 4. Three droop-controlled DGs
of different types, sizes, and settings, presented in Table I, were
connected to buses 650, 681, and 692. The SGDG’s ratings and
parameters can be found in [24]. Furthermore, a 2.5 MVA delta-
wye transformer interfaces the 3-leg EIDG to the 4-wire network;
its short-circuit resistance and reactance at 60 Hz are 1% and 6%,
respectively. Although the system is relatively small, it includes all
different components of distribution systems, namely,
untransposed feeders, unbalanced loads, different load connections,
distribution transformers, and single- and two-phase laterals and
loads. The microgrid’s small size allows conducting detailed time-
domain simulations for model validation.

A complete time-domain model of the test microgrid was
constructed and run in MATLAB/Simulink environment until it
converged to a steady state. The proposed algorithm, implemented
in MATLAB, was also executed to solve the same power-flow
problem. Table Il shows close agreement between the power-flow
results obtained based on the proposed models and solution
algorithm and those of the time-domain simulations. The
mismatches are smaller than 6.06 x 10™* pu, 0.13° (2.36 x
1073 rad), and 5.72 x 10~> pu for the voltage magnitude, angle,
and frequency, respectively, validating the accuracy of the
proposed method.

B. Robustness of the Proposed Approach

It is important to ensure that a power-flow algorithm is robust
and able to converge under various conditions. Therefore, the
robustness of the proposed approach was examined under light and
heavy microgrid loading conditions, which may result in over- and
under-voltages, respectively. The loads of test microgrid#1 were
multiplied by a factor 4 to change the microgrid loading, as per

8

646 633 1 Y63

611 675
652 DG#2
681
@ 3-PHline 3-leg
—#~ 2-PHline H EIDG DG#3
—— 1-PHline ¥ A
Fig. 4. Test microgrid#1: modified IEEE 13-node test feeder
TABLE |
DG RATINGS AND DROOP SETTINGS
DG# DGType n(pw) w(Pu) wo(u) Vo(pu) o SE
7 " 0 0 (Pw) _ (pu)
1 SGDG 25.2 7.56 1.00 1.00 0.504  0.630
2 4-legEIDG 18.0 5.40 1.00 1.00 0.360  0.450
3 3-legEIDG 20.0 6.00 1.00 1.00 0.400  0.500

Table Il shows the maximum and minimum observed voltages
of the microgrid under each loading condition. Furthermore, for a
power mismatch tolerance of 1.0x 107%, the table shows the
number of iterations for convergence in each case. The results
demonstrate that for the no-load condition (i.e., A =0), the
connected capacitors boost the microgrid voltage above the DG’s
set points. They also result in unbalanced microgrid operation. On
the contrary, heavy loading condition (i.e., 4 = 1.5) results in
under-voltages at some microgrid nodes. In all cases, the proposed
algorithm converges in 7 or 8 iterations, proving the proposed
approach robust under different loading and voltage conditions.

C. Performance Comparison with the NTR-based approach

To further validate the accuracy and performance of the
proposed approach, a performance comparison against the NTR
method was performed through solving the power-flow of the 25-
node microgrid in [12], which considered the integration of three
identical droop-controlled DGs. Both algorithms were executed on
a PC with a 64-bit Intel Core i7 @3.4 GHz CPU and 16 GB of
RAM. The two methods were initialized at a three-phase flat start:
the NTR method adopted a flat start in phase coordinates (i.e., all
nodes were assigned V, = 1.0£0.0° p.u., V,, = 1.0£ — 120.0° p.u.,
and V. =1.0£120.0° p.u.), while the proposed method was
initialized in symmetrical sequence components (i.e., all nodes
were assigned V° = 0.0 p.u.,, V! =1.0£0.0° p.u.,, and V? = 0.0

0,x . 10x __ 0,x . ~0,x
P +7Qui = A(Pipase +J Quibase (47) p.u.). The microgrid’s frequency was assumed to be initially 1.0
TABLE Il
POWER-FLOW RESULTS OF TEST MICROGRID #1
MATLAB/Simulink  (w = 0.98951 pu) Proposed Method ~ (w = 0.98957 pu)
Bust# Va (pu) Vy (pu) Ve (pu) Va (pu) Vy (pu) Ve (pu)
650 099212 000 0.9845 £ — 120.30 098632 12013 099202  0.00 098392 — 120.25 09866 £ 12019
632 0.9802  — 0.65 0.9709 2 —121.43 0.9765 2 119.08 0.9803 22— 0.57 0.9709 2 — 121.34 0.9765 2 119.17
633 0.9772 2 — 0.72 0.9691 2 —121.48 0.9740 « 119.08 09774 2 — 0.63 0.9690 2 — 121.38 0.9740 « 119.16
634 0.9546 2 — 1.38 0.9514 2« —121.95 0.9561 2« 118.60 09548 2 — 1.29 0.9513 2 — 121.85 0.9562 « 118.70
645 09620 £ — 121.62 097472 11910 096202 — 12152 09747 2 11919
646 0.9604 £ — 12155 097272 11915 0.9604 2 — 12160 097282 11924
671 0.9760 2 — 143 09759 £ —121.41 097632 11858 097622 — 130 097622 — 12130 097622 11870
680 0.9804 2 — 1.06 0.9791 2 —121.01 0.9804 ~ 118.98 0.9804 2 — 0.96 0.9791 2 — 120.92 0.9803  119.09
681 0.9906 2 — 29.62 0.9906 £ — 149.63 09906 2 90.37 09906 2 — 2954 0.9906 2 — 14954 0.9906 2 90.46
684 0.9740 2 — 1.46 0.9743 « 118.48 09742 2—- 132 0.9742 « 118.60
611 09724, 118.34 097232 11846
652 0.9685 2 — 1.38 096882 — 125
692 0.9760 2 — 1.43 0.9759 2 —121.41 0.9763 « 118.58 097622 — 1.30 0.9762 2 — 121.30 0.9762 « 118.70
675 0.9700 2 — 1.67 0.9781 ~ —121.58 0.9742 ~  118.60 0.97012— 154 0.9783 2 — 121.47 0.9743 2 118.70
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9
TABLE Il1
ROBUSTNESS RESULTS (TEST MICROGRID#1)
A 0 0.5 1 1.5
Max node voltage 1.0143 0.9990 0.9920 0.9852 100 110[112 113 114
Min node voltage 1.0054 0.9793 0.9513 0.9246
#iterations 8 7 8 8
TABLE IV
PERFORMANCE COMPARISON (25-NODE MICROGRID [12]) 102 103 104
Proposed Method NTR [12] 08 99 100 450
Tolerance 1.0x107® 1.0x107*2 | 1.0x107® 1.0x 1072
Solution time (ms) 75 108 3,220 3,893
# iterations 3 7 3 4 68 69 70 71

p.u for both methods. The stopping criterion was unified and
selected such that the gradient norm did not exceed the specified
tolerance value. The two approaches produce similar results if
directly-connected 4-leg EIDGs are assumed in the proposed
method. However, the NTR-based approach fails to produce
accurate results when the transformers’ effects and/or other types
of DGs are considered. The reason for this inaccuracy is neglecting
the interfacing transformers’ effects and assuming that all DG
types can maintain balanced terminal voltages. Furthermore, the
proposed algorithm demonstrates considerably improved solution
time, as shown in Table 1V, for two tolerance values. The results
prove that the proposed approach outperforms its NTR-based
counterpart not only in accuracy, but also in efficiency.

— 1-PHline

I 1
Fig. 5. Test microgrid#2: modified IEEE 123-node test feeder

VI.

The following case studies highlight the effectiveness of the
proposed algorithm in solving larger and more complex
microgrids. The modified IEEE 123-node test feeder has been
adopted to form a test microgrid by adding three DG units to nodes
149, 251, and 300, as shown in Fig. 5. While the system structure
remained the same, the two microgrid operational control modes

CASE STUDIES

TABLE V

POWER-FLOW RESULTS OF TEST MICROGRID#2

Bus# Vo (pu) Yy (pu) Ve (pu) Bus# Vo (pu) Vy (pu) Ve (pu) Bus# Vo (pu) Vy (pu) Ve (pu)

149 (0.9815 £ 0.00  |0.9861 £ —119.49|0.9868 £ 120.17 | 38 0.9752 £ -120.04 77 [0.9695 2 -1.60 |0.9747 £ -121.05(0.9738 £ 118.75
1 10.9770 2 -0.25 [0.9846 £ —119.63(0.9826 < 120.02 | 39 0.9748 £ -120.05 78 [0.9698 £ -1.62 |0.9751 £ -121.06(0.9739 £ 118.73
2 0.9844 < -119.63 40 (0.9618 2 -0.76 0.9752 £ —120.03|0.9725 £ 119.86 | 79 |0.9695 £ —1.63 |0.9752 £ -121.07|0.9739 £ 118.74
3 0.9809 £ 119.99 | 41 0.9721 £ 119.85 | 80 [0.9717 2 -1.68 [0.9766 < —121.12|0.9746 £ 118.62
4 0.9804 < 119.98 | 42 [0.9603 2 -0.80 |0.9741 £ -120.08|0.9716 < 119.82 | 81 |0.9737 £ -1.76 |0.9787 < —121.15/0.9750 < 118.51
5 0.9797 £ 119.97 | 43 0.9729 £ -120.10 82 [0.9745 2 -1.80 |0.9799 < —121.18(0.9757 £ 118.48
6 0.9790 < 119.96 | 44 [0.9592 « —0.83 |0.9734 £ -120.11|0.9708 £ 119.79 | 83 |0.9756 « -1.82 |0.9809 2 -121.21|0.9765 £ 118.43
7 10.9736 2 —0.42 |0.9836 £ —119.74|0.9803 £ 119.95 | 45 |0.9586 £ -0.84 84 0.9723 £ 118.46
8 |0.9715 2 -0.53 |0.9828 £ —119.82|0.9788 <« 119.90 | 46 |0.9582 2 -0.85 85 0.9710 < 118.43
9 [0.9700 2 -0.56 47 (0.9582 £ —0.85 |0.9724 £ —-120.14/0.9698 £ 119.74 | 86 |0.9674 £ -1.57 |0.9718 £ -121.14|0.9744 ~ 118.80
10 (0.9681 £ —0.60 48 (0.9579 £ —0.86 |0.9721 £ —120.15/0.9696 £ 119.74 | 87 |0.9668 £ -1.59 |0.9710 £ —121.24|0.9749 < 118.78
11 (0.9678 £ —0.60 49 (0.9579 £ -0.86 |0.9718 £ —120.15|0.9695 £ 119.72 | 88 |0.9667 £ —1.62
12 0.9825 £ -119.83 50 [0.9579 « —0.87 |0.9718 £ —120.14/0.9691 £ 119.71 | 89 |0.9664 £ -1.59 |0.9707 £ —121.28[0.9753 < 118.76
13 |0.9694 £ —0.65 |0.9813 £ —119.92|0.9765 £ 119.80 | 51 |0.9577 £ -0.88 [0.9719 < -120.14(0.9691 < 119.71 | 90 0.9706 £ -121.32
14 |0.9684 2 —0.59 52 |0.9676 2 —0.82 |0.9804 £ —-120.09|0.9757 £ 119.65 | 91 |0.9662 £ -1.59 |0.9704 £ -121.30[0.9754 < 118.75
15 0.9751 < 119.77 | 53 [0.9670 2 —0.89 [0.9799 £ -120.18|0.9753 £ 119.57 | 92 0.9753 £ 118.69
16 0.9741 < 119.75 | 54 [0.9668 £ —0.93 |0.9794 <« -120.23(0.9751 £ 119.52 | 93 [0.9658 £ -1.59 |0.9702 < —121.32|0.9755 £ 118.75
17 0.9746 < 119.76 | 55 [0.9666 2 —0.93 |0.9793 £ -120.24(0.9752 « 119.52 | 94 [0.9651 < -1.61
18 [0.9661 2 —0.63 |0.9789 <« —119.89(0.9746 £ 119.97 | 56 [0.9665 £ —0.93 |0.9791 < —120.25(0.9752 £ 119.52 | 95 [0.9658 £ -1.58 |0.9698 2 —121.34|0.9757 <« 118.75
19 |0.9648 2 —0.66 57 0.9669 2 -1.04 |0.9778 £ -120.38|0.9745 « 119.38 | 96 0.9695 £ -121.34
20 (0.9639 2 -0.68 58 0.9771 £ -120.39 97 [0.9697 £ -1.29 |0.9759 £ —120.74|0.9735 £ 119.05
21 [0.9676 £ —0.52 |0.9795 < —119.79(0.9755 £ 120.04 | 59 0.9768 £ -120.40 98 (0.9694 £ -1.30 |0.9757 £ —120.75|0.9734 £ 119.04
22 0.9782 £ -119.82 60 [0.9674 £ -1.29 |0.9754 £ —120.65/|0.9727 £ 119.09 | 99 [0.9697 £ -1.29 |0.9748 £ —120.76(0.9731 < 119.00
23 [0.9689 £ —0.44 |0.9804 <« —119.69(0.9761 £ 120.10 | 61 [0.9674 £ -1.29 |0.9754 2« —120.65(0.9727 £ 119.09 | 100 [0.9699 £« -1.29 |0.9748 2 —120.75|0.9727 <« 118.98
24 0.9746 < 120.07 | 610 [0.9674 2 -1.29 |0.9754 £ -120.65(0.9727 £ 119.09 | 450 [0.9699 £« -1.29 |0.9748 £ -120.75|0.9727 £ 118.98
25 [0.9701 2 -0.35 |0.9814 <« -119.59(0.9771 £ 120.18 | 62 [0.9666 £ -1.29 |0.9743 « —120.63|0.9706 £ 119.08 | 101 [0.9713 £ -1.20 |0.9767 £ —120.71|0.9744 £ 119.09
26 (0.9699 2 —0.37 0.9766 < 120.16 | 63 [0.9660 2 —1.28 |0.9734 2 —120.61|0.9696 £ 119.07 | 102 0.9729 £ 119.06
27 [0.9695 2 -0.39 0.9766 < 120.16 | 64 [0.9657 2 -1.26 |0.9716 £ —120.58/0.9674 £ 119.04 | 103 0.9714 £ 119.03
28 [0.9711 £ -0.27 |0.9820 £ —119.52(0.9781 £ 120.25 | 65 [0.9651 £ -1.27 |0.9713 £ —120.53(0.9644 £ 119.03 | 104 0.9695 £ 118.99
29 [0.9730 2 —0.12 |0.9827 <« —119.41(0.9798 £ 120.33 | 66 [0.9653 £ -1.29 |0.9715 <« —120.50(0.9629 £ 119.03 | 105 [0.9726 £ -1.10 |0.9776 2 —120.71|0.9763 <« 119.18
30 [0.9757 £ 0.06 |0.9834 £ -119.29(0.9817 £ 120.41 | 67 [0.9683 £ -1.37 |0.9754 £ -120.76(0.9728 £ 119.01 | 106 0.9764 £ -120.73

250 [0.9770 £ 0.17  |0.9838 £ —119.22|0.9831 £ 120.47 | 68 |0.9667 £ -1.40 107 0.9749 £ -120.76

251 (0.9915 £ —28.05 |0.9915 £ —148.050.9915 £ 91.95 | 69 |0.9648 £ -1.44 108 |0.9742 £ -1.00 |0.9797 £ —120.66|0.9780 £ 119.30
31 0.9760 < 120.15 | 70 [0.9635 2 -1.47 300 [0.9838 £ —0.47 [0.9838 £ —120.47|0.9838 £ 119.53
32 0.9756 < 120.14 | 71 [0.9627 2 -1.48 109 [0.9700 £ -1.08
33 (0.9682 £ —0.42 72 |0.9686 £ —1.47 |0.9744 £ —120.87|0.9725 £ 118.88 | 110 |0.9680 £ —1.12
34 0.9755 < 119.78 | 73 0.9703 < 118.84 | 111 [0.9673 2 -1.14
35 (0.9633 2 —0.72 |0.9764 < —119.98|0.9735 £ 119.91 | 74 0.9685 < 118.80 | 112 [0.9674 2 -1.13
36 |0.9624 £ -0.74 |0.9759 £ —120.03 75 0.9674 < 118.78 | 113 [0.9654 2 -1.17
37 [0.9617 2 -0.75 76 (0.9684 £ -1.53 0.9737 £ -120.97/0.9731 < 118.83 | 114 [0.9649 £ -1.18
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TABLE VI
DG OUTPUT PHASE POWERS FOR TEST MICROGRID#2

0.15 =
0.10 ° ]

DG# Node#

£y (pw)

Py (pw)

£ (pw)

Qq (pu)

Qp (pw)

Q¢ (pw

1 149
2 300
3 250
3 251

0.1042
0.0855
0.0883
0.0849

0.0817
0.0467
0.0576
0.0692

0.0902
0.0649
0.0721
0.0650

0.0390
0.0425
0.0235
0.0146

0.0310
0.0243
0.0110
0.0284

0.0448
0.0207
0.0101
0.0079

P (pu)

0.05 4
0.00 4
0.05
0.10 4

—a— P,
b P,

TABLE VII
ROBUSTNESS RESULTS (TEST MICROGRID#2)
A 0 0.5 1 1.5
Max node voltage 1.0284 1.0048 0.9915 0.9844
Min node voltage 1.0046 0.9840 0.9577 0.9308
#iterations 8 7 7 7
TABLE VIII
PERFORMANCE COMPARISON (TEST MICROGRID#2)

Proposed Method NTR [12]
Tolerance 1.0x107¢® 1.0x107*2 | 1.0x107® 1.0x 1072
Solution time (ms) 467 1,009 111,849 144,827
# iterations 3 10 3 4

(i.e., droop and isochronous) are investigated in the two following
subsections.

A. Droop-Controlled Microgrid

In this analysis, the DGs implement droop -characteristics
according to the parameters stated in Table I. The voltage
magnitudes and angles of all buses are presented in Table V and
the DGs collaboratively set the steady-state frequency w to
0.98905 pu. The results demonstrate three key aspects pertaining to
the behaviors of different types of DGs under unbalanced
operation. First, while the 4-leg EIDG with negative- and zero-
sequence voltage compensation maintains balanced voltages at its
terminals (node#300), the 3-wire EIDG cannot compensate for
zero-sequence voltages behind the interfacing transformers, as
observed at node#250. Second, the SGDG encounters unbalanced
terminal voltages (node#149) due to its internal impedances. Third,
the effect of the transformer delta-wye connection on the DG phase
loading can be concluded from the results in Table VI. It is
observed that not only the total DG active and reactive powers are
higher at the DG terminals (node#251) than those at the
microgrid’s bus (node#250) due to the transformer impedance, but
also the power unbalances among the three phases are different at
the two nodes because of the transformer delta/wye connection.
This analysis is critical, in particular, for microgrids’ loadability
studies [25], [26]. The proposed method accounts for various
system components and their different characteristics, which
ensures more accurate analysis compared to other methods.

To further investigate the robustness and performance of the
proposed approach in solving large-scale microgrids, the analysis
performed in subsections V.B and V.C were repeated for test
microgrid#2. Table VII presents the maximum and minimum
microgrid voltages as well as the number of iterations for the
algorithm to converge. Meanwhile, Table VIII compares the
proposed approach’s performance against that of the NTR method.
It is noteworthy that since the NTR approach does not model delta-
connected loads, the microgrid loads were all converted to wye-
connection, for the sake of performance comparison. As seen in
Table VIII, the performance superiority of the proposed algorithm,
in comparison with the NTR algorithm, becomes more evident
with the increase in the microgrid size. Overall, the results solidify
the previously obtained ones for test microgrid#1, and therefore
they confirm the approach’s robustness and enhanced performance
over the conventional one.

-0.15 T T T T T T T T T
0.975 0.980 0.985 0.990 0.995 1.000 1.005 1.010 1.015 1.020 1.025

(a) DG#2 phase powers

P (pu)

(b) DG active powers

0.975 0.980 0.985 0.990 0.995 1.000 1.005 1.010 1.015 1.020 1.025

@,

3!
ae
o

. Effects of changing the droop frequency set-point on active powers

0.12
0.09 4 == Q, 1
0.06 1 —=— Q,
0.03 1 —a— Q,
0.00
-0.03

Q (pw)

-0.12 1 . . . . . . : : : :
0.825 0.850 0.875 0.900 0.925 0.950 0.975 1.000 1.025 1.050 1.075 1.100

Y

(a) DG#2 phase powers

—— Qpyy == Qpgy, =b= Qpyy

Q (pu)

0.825 0.850 0.875 0.900 0.925 0.950 0.975 1.000 1.025 1.050 1.075 1.100
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(b) DG reactive powers

Fig. 7. Effects of changing the droop voltage set-point on reactive powers

B. Isochronously-Controlled Microgrid

This case studies the microgrid’s isochronous operation. The
active and reactive power ratings of SGDG (DG#1) are increased
to 4.0 and 5.0 pu, respectively, allowing it to dominate the
microgrid’s operation. Furthermore, its droop gains 1 and p are set
to infinity, resulting in tight regulation of microgrid’s frequency at
its reference value of wy = 1.00 pu. On the other hand, DG#2 and
DG#3 are droop-controlled and their droop set-points, wy and Vj,
can be adjusted to control their output powers.

To examine the effect of changing the frequency set-point on the
microgrid operation, DG#2’s frequency set-point w, was gradually
changed from 0.975 to 1.025 pu, while DG#3’s was kept constant
at 1.00 pu. Fig. 6 (a) depicts the change of the output active power
of the three phases of DG#2, while Fig 6 (b) shows the total output
power of the three DGs. Although the output power of the three-
phases are unequal due to the system unbalances, it can generally
be observed that the phase active powers proportionally increase
with the frequency set-point if set above the microgrid frequency
(i.e., wg > 1.00 pu). Furthermore, as the set-point is decreased
below the microgrid frequency (i.e., wy < 1.00 pu), the active
power reverses direction meaning that the DG absorbs power,
which can be desirable for ESSs. Moreover, as DG#2 approaches
its active power capacity in either direction (i.e., wy < 0.98 pu or
wo > 1.02 pu), the power is limited to the maximum value, which
verifies the effectiveness of the proposed algorithm in enforcing
DG limits in the solution. Note that, as illustrated in Fig. 6 (b), the
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total output active power of DG#3 is zero regardless of the set-
point of DG#2 because its set-point is fixed at the microgrid’s
frequency. However, as DG#2’s active power changes, the
isochronous DG autonomously adjusts its power to maintain
successful microgrid operation, since it acts as a non-ideal slack
bus.

Similarly, DG#2’s voltage set-point V,, was gradually changed
from 0.825 to 1.100 pu. The corresponding phase reactive powers
are plotted in Fig. 7 (a). Unlike the microgrid frequency, the
voltage is not a global variable, and thus the DG injects reactive
power at V, = 1.00 pu due to voltage drops across the feeders.
Nevertheless, the DG’s reactive power approaches zero at V, =
0.96 pu where the set-point is almost equal to the DG’s positive-
sequence terminal voltage. Below this value, DG#2 absorbs
reactive power from the microgrid. The algorithm is also capable
of limiting the DG’s reactive power as it approaches its maximum
value in either direction. The effect of changing DG#2’s voltage
set-point on other DGs is demonstrated in Fig. 7 (b). The figure
shows that, due to different deviations in bus voltages, DG#3’s
reactive power is neither zero nor constant as DG#2’s voltage set-
point is being changed. However, the significant reactive power
changes are observed in the controlled DG (i.e., DG#2) and the
isochronous SGDG, as it maintains the reactive power balance of
the microgrid.

It is worth mentioning that the results also illustrate the
algorithm’s robustness when solving isochronous microgrids, as it
converged under a wide range of DG settings. Although the
microgrid’s node voltages varied from values as low as 0.9016 p.u.
at Vy = 0.825 p.u. to values as high as 1.0093 p.u. at V, =1.10
p-u., the algorithm successfully converged under both normal and
extreme operating conditions.

VII. CONCLUSION

Steady-state analysis is crucial for planning and operation
studies of microgrids. Since microgrids can be controlled in either
droop or isochronous modes, the development of a generic,
accurate, and efficient power-flow analysis approach becomes
essential. The unbalanced nature of distribution networks and the
possibility of the coexistence of SGDGs and EIDGs entails precise
modeling of their different characteristics. In this work, a
generalized methodology based on symmetrical sequence
component analysis of microgrids was developed. The models of
different DG types were presented and integrated into the power-
flow formulation. An NR algorithm was used to solve the power-
flow problem while taking the DG droop characteristics and power
limits into consideration.

The IEEE 13-node test feeder was modified to form a droop-
controlled microgrid for model and algorithm validation. The
detailed time-domain model of the test system was built and
simulated in MATLAB/Simulink. The close match between the
results of the algorithm and time-domain simulations proves the
accuracy of the developed method. Furthermore, two case studies,
incorporating a modified IEEE 123-node test microgrid, were
introduced to examine the effectiveness of the proposed method in
analyzing more complex microgrids, and to study the operation of
droop-based DGs in isochronous microgrids. The results shed light
on the use of droop settings for 4-quadrant control of dispatchable
units in isochronous microgrids. They also show the effectiveness
of the proposed algorithm in limiting the DGs’ powers, in both
directions, as they approach their limits.

Moreover, the robustness of the proposed algorithm was tested
through changing the test microgrids’ operational conditions from
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light to heavy loading, and from droop to isochronous modes of
operation. The algorithm demonstrated rigid convergence
characteristics under the various testing conditions. Furthermore,
the algorithm showed superior performance in terms of accuracy
and execution time, when compared to the reported NTR approach.
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