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ABSTRACT

The secondary control is applied in islanded Microgrids (MGs), after the primary control, in order to restore the
voltages and frequency to specified values. Although existing power flow methods can accurately calculate the
power flow of primary and tertiary control of islanded MGs, they present considerable limitations in the
modelling of secondary control. The main challenge is that secondary controllers consist of integral parts, which
under communication failures, could integrate functions with different integral histories, and thus, can imply
non-uniform power production of distributed generators (DGs). This paper proposes a power flow method for
calculating, accurately, the steady-state of secondary control in islanded MGs. The method has four distinct
features: a) generalized implementation in several communication strategies e.g., centralized, decentralized,
consensus, distributed averaging, b) precise simulation of communication links and proportional-integral (PI)
controllers, c¢) low computation time, and d) accurate three-phase network representation. Simulations were
executed to validate the proposed method and highlight the importance of modelling, precisely, the secondary

control in islanded MGs.

1. Introduction

Microgrids (MGs) are small scale networks consisting of controllable
components that can operate in grid-connected or islanded mode. In
islanded operation, the control objectives of a MG are performed by a
hierarchical control scheme consisting of three layers: primary, sec-
ondary and tertiary [1].

1.1. Motivation and Challenges of Modelling the Secondary Control Layer

Accurate steady-state modelling of the three layers is crucial for the
planning, design, operation, state estimation, supervision, contingency
and stability analysis of islanded MGs. The modelling of the primary
layer has been sufficiently investigated last years through three-phase
[2-5] and single-phase power flow algorithms [6-13]. The tertiary
layer usually outputs the optimal droop parameters (e.g., droop gains) to
be applied in the primary layer [1], and therefore, primary power flow
algorithms are sufficient for modelling the steady-state of tertiary layer,
as well.

On the opposite, the secondary layer implements integral controllers
(usually proportional-integral (PI) controllers) to eliminate the
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frequency and voltage deviations caused by the primary layer. The
steady-state modelling of the secondary layer poses particular chal-
lenges, mainly, due to the following reasons: a) the integral parts of
secondary controllers can (under certain circumstances like communi-
cation failures) affect the power production of DGs, due to the different
integral histories, and b) the communication strategy (e.g., centralized,
decentralized, consensus, distributed averaging) can significantly affect
the steady state condition of an islanded MG. Unfortunately, the power
flow algorithms of primary layer e.g. [2-13] are not adequate to model
the action of secondary controllers, because they ignore both the inte-
gral parts and the communication strategy. Therefore, the development
of new power flow algorithms, which will simulate, accurately, the
steady state of secondary control is deemed necessary.

1.2. Literature Review and Contribution of the Paper

Last years, the research community has made efforts to develop ac-
curate and efficient power flow approaches to calculate the steady-state
of islanded MGs, considering their particular characteristics such as the
absence of a slack bus, the droop curves of DGs, the variation of fre-
quency etc. For instance, authors in [6-13] propose single-phase power
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flow algorithms, while in [2-5], the power flow is solved, considering
the network’s unbalances.

Although the aforementioned methods can effectively simulate the
steady-state of the primary and tertiary control, they cannot accurately
model the secondary control, for the reasons referred in Section 1.1.
Thus, the steady state modelling of secondary layer remains a totally
unexplored topic. To the best of our knowledge, only three research
works exist that consider the action of secondary controllers [18,26,27].
However, all of them present considerable limitations.

In [18], a single-phase Newton Raphson (NR)-based power flow
approach was proposed that incorporates the action of secondary con-
trollers. However, the method is only applicable in the centralized and
not in decentralized, distributed averaging and consensus control.
Moreover, it ignores possible communication failures between the DGs,
the unbalance of the network, the pinning and operational modes of
DGs, which can all lead to considerable inaccuracies under some cir-
cumstances. Finally, the inversion (or LU refactorization) of the Jaco-
bian matrix increases significantly the computational time, when
applied in large MGs (e.g > 1000 Buses).

In [26-27], authors propose a backward forward sweep (BFS) and a
NR power flow method, respectively. Nevertheless, they consider only
the secondary voltage controllers and not the frequency controllers,
which can significantly affect the accuracy of the simulation. Moreover,
the pinning and communication between the DGs were completely
neglected. Furthermore, both papers use single-phase formulation
neglecting the MG unbalances. Finally, BFS method presents consider-
able limitations in highly (or weakly) meshed MGs, while NR has a long
computation time in case of large Jacobian matrices.

To overcome the limitations of existing literature, this paper, pre-
sents a power flow approach with the following distinct features:

— It considers the accurate response of secondary frequency and
voltage controllers. Thus, the steady state of the microgrid after the
stabilization of secondary control is precisely computed.

— It considers, accurately, the communication links between the DGs,
which enables, for first time, the calculation of power flow in case of
communication failures between the DGs, cyberattacks, denial-of-
services etc. Simulations in Sections 6 and 7 indicate that commu-
nication failures can significantly deteriorate the power sharing of
DGs.

— It has generalized implementation in several control strategies e.g.,
centralized, decentralized, consensus, distributed averaging. Simu-
lations indicate that the adopted control strategy can greatly affect
the steady state of the MG and should be accurately considered.

— It presents low computation time, even in very large MGs.

— It considers, accurately, the 3-phase representation and the unbal-
ance of the MG as well as the variety of operational modes of DGs e.
g., balanced current, balanced voltages etc.

This paper is structured as follows: The hierarchical architecture is
explained in Section 2. A generalized non-linear equation is proposed in
Section 3, representing the most basic frequency and voltage control
strategies. Section 4 quotes a simple example, while Section 5 proposes a
generic method to compute the steady state of secondary controller.
Simulation results are presented in Sections 6 and 7. Finally, Section 8
concludes the paper.

2. Hierarchical control of islanded microgrids

The three control layers of islanded MGs are shortly explained below:
2.1. Primary control

The primary layer has the fastest reaction and it is responsible to

maintain frequency stability and balance between power generation and
consumption. The primary control of DG i is mathematically expressed

International Journal of Electrical Power and Energy Systems 153 (2023) 109295

Load 1 DG 1
DG 2
Load 2 DG3
Fig. 1. 6-Bus islanded MG with two loads and 3 DGs.
by the following droop equations [2]:
Wi = Orep(i) — Kp(i)"Patp) + p(i) €y
Vi = Viertyy = Koty Qe + g @

where Wi, Dref(i)s KP(i)J PG(i): Vi, Vref(i): KQ(i) and Qg(w are the angular
frequency measured by DG i, reference angular frequency of DG i, fre-
quency droop gain, positive sequence active power output, positive
sequence voltage magnitude, reference voltage, voltage droop gain, and
positive sequence reactive power output of DG i, respectively. Addi-
tionally, u,; and uy;) are the output signals of the secondary frequency
and voltage controller, respectively.

Ideally, u,;) should be equal for all DGs, so that their droop equations
are equally displaced, ensuring a desired active power sharing between
the DGs. However, under certain circumstances such as communication
failures, the integral part of PI controllers of some DGs may imply
different integral histories. As a consequence, u,; may differ in some
DGs, deteriorating their power sharing.

2.2. Secondary Control

The objective of secondary layer is to eliminate the frequency and
voltage deviations resulted from the primary layer. More specifically,
the secondary controllers update the terms u,(; and ug; in (1) and (2) in
order to restore the frequency and voltage of DGs to the desired values.
There are several control schemes for the secondary layer, the most
important of which are explained in Section 3. The reaction time of
secondary layer is slower than primary but faster than tertiary [28].

2.3. Tertiary Control

The tertiary control has the slowest reaction time (in the order of
several minutes or even hours), and therefore, it does not require
demanding communication infrastructure. It performs power and en-
ergy management, system optimization, economic dispatch etc. [28].
Practically, it calculates, periodically, the optimal parameters Kp;, Ko(i),
fref(i)s Vreri) of (1)=(2) in order to achieve an optimization objective, e.g.,
lowest generation cost.
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Fig. 2. Communication graphs of 6-Bus Microgrid. Top-left (a): Decentralized control, Top-right (b): Centralized control, Bottom-left (c): Distributed Averaging

control, Bottom-right (d): Consensus control.
3. Generalized equation for secondary control

Secondary control strategies are categorized depending on their
communication infrastructure and their control algorithms [14]. In
Section 3.1, the basic control strategies of secondary layer are explained.
All the basic strategies are mathematically summarized in one general-
ized equation in Section 3.2.

3.1. Formulation of the Basic Secondary Control Strategies

To facilitate the explanation, let us firstly assume the islanded MG of
Fig. 1, consisting of three DGs.

3.1.1. Decentralized control

The decentralized communication scheme of the MG of Fig. 1 is
depicted in Fig. 2a [15-17]. The DGs do not communicate with each
other and their control is performed using only local measurements.
Despite its simplicity, this control strategy is not recommended, because
it performs uncontrollable power sharing between the DGs, as will be
shown in Section 6. In decentralized control, the correction terms u,;
and u,; of droop equations (1) and (2) are calculated from (3) and (4), ¥V
ie{1,2,3} [17].

Up(iy = K5 (@serty — 03) + K- / (@yertiy — @1) 3

q.pro(i)

ugiy = Koo (Veerty = Vi) + Kl / Vet = Vi) 4

where Kg Kgaln Kgaln Kgain

p.pro(i) ~ p,int(i q.pro(i) q.int(i)
tegral (int) gains of the frequency (p) and voltage (q) controller of DG i.
sy and Vg are the desirable frequency and voltage that the
controller attempts to reach. w; and V; are the frequency and voltage
measured, locally, from the controller of DG i.

are the proportional (pro) and in-

3.1.2. Centralized Control
It is a kind of one-to-all communication structure, as shown in Fig. 2b
[14,18]. A microgrid central controller (MGCC) measures the voltage

and frequency in a specific point of the network (usually at the
connection point of MGCC) and restores them using a single PI
controller. The correction terms up; and ug; in (1) and (2) are calcu-
lated from (5) and (6) Vi € {1,2,3} [14,18] [19, Fig. 3]:

Up(iy = Kppm (a)ﬂ’t

Oycee) + KE“,’Ji / (0501 — Opcec) 5)

Ug(i) = Kgl;,l;ln (Vser — Viugee) +K§ ,:: /(V\'et — Vimaee) (6)

where K547, K&, Kpro» K&, are the proportional and integral gains of
MGCC. wpmcec and Vygee are the angular frequency and voltage
measured by the MGCC. ws; and V., are the desirable frequency and
voltage values of MGCC. It is shown from (5)—(6) that all DGs receive the
same Uy, Uy values from the MGCC, and thus, they shift, equally, their
droop equations preserving a desired power sharing, depending on their
size and cost.

As an example, Fig. 3 depicts the action of centralized secondary
controller on the droop curves of DGs. Before the load rise, the system
has been stabilized at the nominal frequency (50 Hz), as shown in
Fig. 3a. The power is shared from the DGs according to their droop gains,
which are usually computed by the tertiary control, considering the size
and fuel cost of DGs. In this example, Kp(;) < Kp(2) < Kp(3), and thus, DG
1 undertakes a higher load. After a load rise (AP.), primary control
instantaneously acts to force DGs undertake equally the extra load,
while the frequency deviates from the nominal value (46 Hz), as shown
in Fig. 3b. After some seconds, secondary control is activated, by shifting
equally the three curves by u,; V DG i, as shown in Fig. 3c. In this way,
the frequency is restored, while the desired power sharing between the

. P P, P
DGs is preserved, namely }%ﬁ’ = Pgi’ = Pg:z However, in case that the
)

communication link between MGCC and DG 1 is out of service (e.g., due
to a damage or cyberattack etc.), the command () is not sent to DG 1
(namely up;) = 0), and thus, the load rise is covered only by DG 2 and
DG 3, as shown in Fig. 3c. In that case, the load sharing of DGs is
completely lost since Pr/g(o) > Pllg ).
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Fig. 3. Centralized secondary control of 6-Bus network: From top to bottom: a)
before the load rise, b) after the load rise and before the activation of secondary
control, b) after the activation of secondary control without communication
failures, c) after the activation of secondary control with an outage of link
between DG 1 and MGCC.

3.1.3. Distributed Averaging Control

It is a kind of all-to-all communication structure, as shown in Fig. 2¢
[19,20]. Each DG measures its local frequency, voltage and reactive
power and send (receives) them to (from) all the other DGs. The DGs
average the received signals and restore them using their own local PI
controllers. The mathematical equations of u,; and uy;) of each DG are
expressed by (7) and (8) Vi € {1,2,3} [19 20].
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(Calculate the initial angles (6;,-,,] of DG voltages, using the)
power flow of references [2]-[13]. Then update 4;, in {40)

.

( Update A, \, Sens, Cyof equation (40). Then, update the
powers of DGs using equation (40)

:

Calculate the power flow of islanded AC MG using the
powers of (40)

!

.

o

~"Has the
algorithm
onverged?

Qutput the results
and exit

Fig. 4. Flowchart of the proposed approach.

Fig. 5. Islanded IEEE 8500-Node network with 7 DGs.

Up(iy = Kﬁ;ffo(i)'(wm - Lﬁ,’) + K;’z;",(,‘)' /(wset - CD,») )

HUq(i) =Ky (Veer = Vi) +K§?Z(i)' /(Vset - Vi)ngfo(i)'(Qi - QG(!‘))

v,pro(i)

) _ (8)
+ K / (01— Q6»)

where @;,V;,Q; are the averaged values of frequency, voltage and
reactive power, respectively, received by all DGs and are expressed as

N, N, N,
g, by, S Y,
i=1 M1 L i=1 ‘i . i=1 <G(i) :
o Vi = Q = Ny where Ny, is the total

number of DGs. w;, Vi, Qg are respectively the angular frequency,

follows: @w; =
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@4 e://f//»

Fig. 6. Communication graph of islanded IEEE 8500-Node network.

voltage and reactive power of DG i. More details are provided in [19,
Fig. 5].

3.1.4. Consensus Control

In the consensus control, DGs communicate only with some neigh-
boring DGs and not with all DGs, as is the case of distributed averaging
[21-25]. It is a type of neighbor-to-neighbor communication with a
structure shown in Fig. 2d.

The consensus equations can be linear [21-25,33] or non-linear
[29]. Nevertheless, in this paper, only the linear consensus is consid-
ered, while the non-linear is left for future research. In consensus algo-
rithms, the frequency controller performs, simultaneously, frequency
restoration and active power sharing between the DGs [22, Fig. 6], while
voltage controller executes voltage restoration or reactive power
sharing.

Two of the most basic linear consensus control schemes are the
models of Bidram et. Al [22] and Simpson et. Al [24]. Although other
linear equations have been presented in the literature, e.g.,
[21,23,25,32-36], they are variations of these two basic models. Below,
the consensus frequency and voltage controllers of Bidram [22] and
Simpson [24] are presented, in two different sub-sections.

3.1.4.1. Consensus controller of Bidram [22]. The block diagram of
Bidram’s frequency controller is depicted in [22, Fig. 6]. It performs,
simultaneously, frequency regulation and equal active power sharing
and it is mathematically expressed by (9) Vi € {1,2,3}.

Table 1

International Journal of Electrical Power and Energy Systems 153 (2023) 109295

Nyg Nag

=K '/(é’i‘(w.\er —w)+ Y ay (0 — o) + Zldj( = Oref()
J=

=1
+ Kpj)-Pag) + Oreriy — KeiyPogi) ) )

©)

The value of g; indicates the access of DG i to the desirable frequency
(wser). If g = 0, DG i does not have access to this information. The value
of a; and d; depends on the connectivity between DG i and j. More
specifically, if DG i communicates directly (through a wired or wireless
link) with DG j, then dy, a; # 0, otherwise they are both zeros [22]. Kp;),
Ka(i)> Ps(i)> Qai) are the primary droop gains and powers of DGs (see eq.
(1) and (2)).

The Bidram’s voltage controller regulates the voltage at the desired
value (V). The mathematical expression is shown in (10) Vi €
{1,2,3}. If DG i has access to the reference value h; # 0, otherwise it is
zero. If DG i communicates directly with DG j, then c; # 0, otherwise it is

zero. K& = and K"

o inti) qne(i) Ar€ the integral gains of the frequency and

voltage controller, respectively.
Nag
wio =K [ (m( st = Vi) + 3 e (¥ - V) (10)

3.1.4.2. Consensus controller of Simpson [24]. The mathematical
expression of Simpson’s frequency controller is quoted in (11) Vi €
{1,2,3}. g; determines the access of DG i to the desired frequency (@se).
f; depends on the connectivity between DG i and j. If DG i communicates
directly with DG j, then g; # 0, otherwise it is zero.

Nag

Up(i) = Kﬁ,aiﬁlm'/(gx (@ser — 1) + Zﬁr] Up(j) — Up(i) )) an

Jj=1

The Simpson’s voltage controller is expressed by (12) V i € {1,2,3}.
Simpson examines 2 cases for the voltage controller, by varying the h;
and ry values, depending on weather the controller performs voltage
regulation (h; # 0, r; = 0) or optimal reactive power sharing (h; = 0,
ri # 0). For more details, please refer to [24, Section 4.3].
Nyg
i (e

Vi) + > ri (KoyQap)

=1

— Ko Qati) ) )

12)

Vectors and Matrices of the Generalized Equation (16) of Frequency Controller for all Control Strategies.

Decentralized Centralized Distributed Averaging Consensus Bidram [22] Consensus Simpson [24]
g=[1 1 1] g=[1 1 1] g=[1 1 1] g=[1 1 1]* g=[1 1 1]*
[0 0 O 2/3 1/3 1/3 [1 1 0] [0 0 0]
a = a=|-1 -1 0 a 1/3 2/3 1/3 a=|1 21 a=|0 0 0
-1 0 -1 1/3 1/3 2/3 10 1 1] |10 0 0]
[0 0 0]
000
|10 0 0]
[0 0 0] [0 0 O [0 0 0] [1 1 0]
p = =10 00 =10 0 0 p=10 00 p=11 21
L0 0 0] 10 0 O 10 0 0] 10 1 1]
[0 0 0]
0 0 O
L0 0 0]
[0 0 0] [0 0 O [1 1 0] [0 0 0]
d = d=1]0 0 0 d=1{0 0 0 d=1]1 21 d=]|0 0 0
|10 0 0] 10 0 O 10 1 1] 10 0 0]
[0 0 0]
000
|10 0 0]

*All DGs are assumed pinned namely they have access to reference values. In case that a DG is unpinned, the corresponding element is zero.
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Table 2
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Vectors and Matrices of the Generalized Equation (14) of Voltage Controller for all Control Strategies.

Decentralized Centralized Distributed Averaging Consensus - Bidram [22] Consensus - Simpson [24] **
Case 1 Case 2
(reactive power sharing) (voltage regulation)
h=[1 1 1] h=[1 1 1] h=[1 1 1] h=[1 1 1] h=[0 0 0] h=[1 1 1]~
fo o o 2/3 1/3 1/3 110 [0 0 0] [0 0 0]
¢ = c=|-1 -1 o0 c=-|1/3 2/3 1/3 =|1 21 c=]0 00 c=|0 0 0
-1 0 -1 1/3 1/3 2/3 10 1 1] 10 0 0] 10 0 0]
[0 0 0]
000
|10 0 0]
[0 0 O 2/3 1/3 1/3 [0 0 0] [1 1 0] [0 0 0]
r= r=|0 0 0 r=1,1/3 2/3 1/3 =|0 0 0 r=|1 21 r=|0 0 0
10 0 0 1/3 1/3 2/3 L0 0 0] 10 1 1] L0 0 0]
[0 0 0]
000
10 0 0]

*All DGs are assumed pinned namely they have access to reference values. In case that a DG is unpinned, the corresponding element is zero.
**Simpson proposes 2 different cases, with different objectives, for the secondary voltage controller (refer [24, Section 4.3]).

3.2. Proposed generalized formulation representing all secondary control
strategies

Equations (3), (5), (7), (9) and (11) can be written in a compact and
generalized form, as shown in (13). Similarly, equations (4), (6), (8),
(10), (12) can be expressed through the generalized form of (14). The
values of g, ay, By, dyj, hi, cj, Ty are selected depending on the control
mode e.g decentralized, centralized, distributed averaging, consensus
etc. Note that the proportional part of controllers is not expressed in
(13)-(14) since, after the restoration, the proportional term of PI
controller is nullified.

For example, let us assume the network of Fig. 1, which can be
controlled in one of the modes of Fig. 2. Depending on the control mode,
the secondary frequency and voltage controller can be mathematically
expressed from (13) and (14), respectively, using the g;, a;, By, djj, h;, cij,
ry of Tables 1 and 2. It is clarified that a; is the element that is located in
the i™ row and jth column of a matrix of Table 1. Similarly, for the other
matrices.

The right-hand side of (13) contains the terms uy ), ug), which are
replaced by u,;) = w; —wref(s) +Kpi)-Pg) (based on (1)-(2)), deriving
equation (15). After a simple reformation, equation (15) is simplified to
(16), which is the generalized equation of secondary frequency
controller, including all the basic control schemes, e.g., decentralized,
consensus etc.

Nag Nug
Up(i) _Kﬁ‘:;'; ,)~/<g, (ser — @1) + Zav Wj — Zﬂ,, Up(j)
Jj=
Nag

— Up(i) Z dt/

— Wreg(j) + Kp(j)Paj) + @resiy — Ky Pagiy ) )

13)
Table 3
Steady State Results of Primary Control of 6-Bus MG.
Reference [3] Simulink
Frequency (Hz) 49.8974 49.8974
Voltage DG 1 (V) 227.5605 227.5605
Voltage DG 2 (V) 227.9016 227.9016
Voltage DG 3 (V) 224.7220 224.7220
Voltage angle DG 1 (rads) (61in) 0.7854 —*
Voltage angle DG 2 (rads) (52in) 0.7846 —*
Voltage angle DG 3 (rads) (53in) 0.7760 —*
Active/Reactive power DG 1 (kW/kVar) 51.3/12.2 51.3/12.2
Active/Reactive power DG 2 (kW/kVar) 51.3/10.5 51.3/10.5
Active/Reactive power DG 3 (kW/kVar) 51.3/26.4 51.3/26.4

*Simulink is a time-domain tool and does not compute voltage angles.

Nag Nyg
Kj{;:; /(hl ( set(i ZCU Vj V Zr‘:f'(KQ(f)'QG(j)
- KQ QG(I ) >
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Nag

Kﬁ% '/(gf‘(wsez —w;)+ Zai/"(w.f

J=1

Nag

Z ﬂ ij )j = Wref(j)
Nag
Z dz/ — Wref(j)

+ Kp(j)*Pe(j) — @i + @reriy — Kpiiy P

+ Kpj-Pag) + Oresi) — KetPogi) ) )
(15)
Nag
Up(i) :Kii::(i) / (gi'(wyel —w;)+ Z (aij +ﬁ,]) . (a)j —(Ui) )
=

ain
+ g

pint(i
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N,I}'
<Z(ﬂ,, +dy) (= @rer) +Ke)Po) +@rery — Kt 'Pcm))

j=1

16)
4. A Simple Example in the 6-Bus Network

Here, a simple example is quoted to explain how the steady state of
secondary control is computed, using the 6-Bus network of Fig. 1 with
the parameters of Table 5. Only decentralized control is assumed here,
while the generic method, with generalized implementation in all con-
trol strategies, is quoted in the next section.

As a first step, the power flow of the primary control is computed
using a conventional algorithm, e.g., [2-13]. The results are depicted in
Table 3. As shown, in primary control, the voltage and frequency of DGs
deviate from the desired 50 Hz and 230 V values.

When decentralized secondary control is activated, equations (1)-(4)
are combined to derive (17)—(18) Vi € {1,2,3}. After the stabilization of
secondary controller, the frequency and voltage have been restored to
their desired values, according to (19)-(20).

Wi = Wref(i) p.pro(i)

— Koy oy + K5 (@) — ) + K / Oy — ) Vi
€ {1,2,3}

a7
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Vi = Vi) = Kot Qo) + Koy (Veerty = Vi) + K- / Vet = Vi)~ Vi

q.pro(i)

e {1,2,3}
18)
O = Opef(i) = Dger(s) = 27050 rads/s Vi e {1,2,3} (19)
Vi = Vier() = Vserti) Vi e {1,2,3} (20)

Combining (17)-(20), equations (21)-(22) are derived. Furthermore,
the non-linear power flow equations of the 6-bus network are expressed
in a compact form in (23). Equation system (21)—(23) expresses, math-
ematically, the steady state of decentralized secondary control. To the
best of our knowledge, existing algorithms are not able to solve this
system due to two difficulties: First, non-linear solvers, e.g., implicit
Zgus [2,3], Newton-Trust-Region [4], NR [5] etc., do not solve integrals.
Second, w; in (21) is not a power flow variable, making the system
underdetermined (less equations than variables).

Kog-Pagy = K50 - / (O — @) Vi e {1,2,3) @1
KouQa = Ky / (Ve = V) Vi € {123} (22
f(Vi,.., V6,81, ..., 06, ..., s Ps,Qy5.,0) =0 (23)

To overcome these difficulties, (22) is linearized in (24), replacing
the integral with the term oo that practically denotes an infinite number,
e.g., 10'0. Physically, (24) forces Qq(;) to get a proper value so that
Vset(i) = V.

Koy Qai) Kj‘j;", o700 (Viertiy — Vi) vie {1,2,3} (24)

The integral of (21) is linearized using the equation proposed in [18,
section 3.1]: f(wmo-) — a)j) =38 —6; V j = {1, 2, 3}, where 5, is the
initial (in) voltage angle of DG j, before the action of secondary control.
This value is given in Table 3. §; is the voltage angle after the stabili-
zation of secondary control. A physical explanation of [ (wserwj) =
8jin —6; is given in Appendix A. With this equation, two objectives are
achieved: First, the integral is eliminated, and second, w; is converted to
a power flow variable (§;), making the system (21)-(23) solvable.

Applying the aforementioned linearizations, equation system (21)-

(23) is modified to (25)-(27), which can be easily solved using con-
ventional non-linear solvers. The results are shown in Table 4, assuming

ain amn
Kfzmt _K(glmt(l

an+ + Kgam
Orgy=@1 | [Keay 0 0 ] [Paq (Pt g Kyl
W) =02 | —| 0 Ky O |-|Popy | =| —(an+5u) Ko
Oref(3) — 03 0 0 Kpz)| [Psp

(ﬁll Jrdll) Kﬁi: 7(/}12+d12) K,fl::: (.513 +d13) Kgdm

piint(1

— | =B +dar)- Kgam( 2 (Botdn) Koo —(Br+d)- Kgam

pLint piint(2)

—(B31+ds1)- Kj?:;(x —(Bx+dx)- K§7ﬁ3< 3 (Prztdss)- Kjd,,',':

—(an+ppn) Kgm”
(an+Pn+82): K,f‘fﬁs —(ax+p) K]

—(asi +53) Ki?;’; —(an+b3): Kﬁf:
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Kp(j)-Po) = Kf;'“,;’;(/ (8 —81) vj e {1,2,3} (25)
KQ(i)'Qg( Kg{:;nt (Vm(,') — Vi) Vi € {17273} (26)
f(Vi,s V6,01, 0,86, 0, Pry s P, Q0 Q) = 0 27)

5. Proposed Generalized Steady-State Calculation of Secondary
Control

The proposed approach is described in this section, which has a
general implementation in all control strategies regardless the number
of buses and DGs. Specifically, in Section 5.1, a short overview of the
applied primary power flow algorithm is given. The proposed modelling
approach of secondary control is described in Section 5.2, while Section
5.3 quotes a flowchart.

5.1. Power Flow algorithm

A power flow algorithm is needed to compute the steady state of
primary control and angles &ji, Vj € Ng; (Ngg is the number of DGs), as
explained in Section 4. The algorithm of [3] is applied here, although
other algorithms can be used as well, e.g., [2,4-13]. Nevertheless, the
methods of [2-13] are only applicable for simulating the primary (and
tertiary) control of islanded MGs, and not the secondary. The reason is
that they compute the DG powers, from the droop equations (1)-(2),
assuming that u,;) = u,; = 0, ignoring the action of secondary control.
In the next subsection, a generalized formulation is proposed to update
the powers of DGs, considering the action of secondary controllers.

5.2. DG Powers of Secondary Control

The equation that calculates the positive-sequence active power of
DGs is quoted in sub-section 5.2.1 and the reactive power in 5.2.2. Both
equations are written in a unified mathematical form in sub-section
5.2.3. For the sake of clarity, the analysis below concerns the MG of
Fig. 1, but it can be easily extended to larger MGs as well.

5.2.1. Calculation of DG active power

Substituting the generalized equation (16) into the droop equation
(1), equation system (28) is obtained for the secondary frequency con-
trol of the examined 6-bus MG. In (28), ay, f;j, dj, &, are given in Table 1,
depending on the applied control strategy e.g decentralized, centralized,
etc.

ain @] — Wye,
—(ais+h3): ijr /( : %

. /((uz—w.\(,,)

gain
(a33 P33 +83) K s /(a)3 —Wer)

puint(1

P, mr( )

(28)

/(wref y—Kp(1)-Pa))
pint(2) | /(w“‘f _KP(Z) PG )
/(wr(f —Kp@3) PG(3))
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cain Kcain Keain
Drr(t) — Oy Koy O 0 Pou) (an + P +81) Ky  —(ai2+ Br) K —(ai3 + B13) Ky ity 5 — Sii
Org2) —@s | = | O Kppy O Pooy | = | —(a+5) Kooy (an + P+ &) Kiimn)  —(an + Br3) Kiimiy || 62— 82in | — 10"
Wyef(3) — D 0 0 K P, in ain ain 83 — O3
of(3) — Wyt P(3) 63) —(az + B5,) K,f”m, 3 —(axn + ) K,f,n, (ass + P33 + 83)- K,fun 5 3 — O3in
KLain K Ko
By +du) Ky —Br+di) K — (i +du) K, rer(1) — Ke(yPar)
—(Boy + 1)K, (P ) K =By +da3) Koy |+ | @res2) — Keo)-Pora)
ain Wrer(3) — Kp(3) P
—(B5 +da1)- Kpgmt — (B, + d32)- ijm) (B + da3)- K;W of (3) P(3)"Fa3)
(29)

Equation (28) includes two integrated vectors that introduce non-
linearities. The first integral, e.g., [(wj —ws:) V j € {1,2,3} is linear-
ized using the equation [(w; —@s:) = & —51in, where &, is the angle of
the positive-sequence voltage of DG i, while 6,4, is the initial angle of DG
i, before the action of secondary control.

The second non-linear vector, e.g., [ (w,ef(j) —Kp(j)-Pg(j) ), is linearized
by penalizing it with a very large number, e.g., 10'°. In this way, the
function inside the integral is forced to zero while its influence on the
droop equation is preserved. After the linearization, the non-linear
system (28) is modified to the linear system (29).

Writing (29) in a more compact form, (30) is obtained:

[Qrr — Qy] — K,Pg = ABG-|A — A;,] — 10"-BD-[Q,; — K,,-Pg] (30)

where Q,ef = [wref Wref(2)  Wref(3) }T: Qy = [wst Wgt wst]T; Pg =
[Pc) Pe) Po ] A=1[56 6 8], Aw = [61n Sun 3]
g is the restored steady state frequency, after the action of secondary
control, namely 50 Hz. The matrix K, is the square matrix of the left-
hand side of (29). ABG and BD are the first and second square

matrices of the right-hand side of (29). By reforming (30), equation (31)

is obtained.

ABG-A = ABG-Ay, + [Qy — Qu +10"-BD-Q,;] —[10"-BD-K,+K,]-Pg
31

Equation (31) relates the positive-sequence voltage angles (A) with

Viertt) = Vi = Koy Qo) + Ko
Vi) — V2 — Koy Qo2 kS
Vigs) = Vs = Ko Qo) + K

3 3 1
'/(hl'(Vm<1> Vi) e (V- i)+ Z,Jl.f'(Kan)'Qm — KomQu) ) )
3 3
Ky /(hz'(vxel(Z) ~V2) + Z,.:]sz"(‘/f - V2) + Zj:]"Zj'(KQ(/’)'Q(H — Ko)-Qp) ) ) =
3 3
-/(hsl(Vm@) Vi) + Z].ZICS]‘(Vj - V) + Zj:1r3j‘ (KQw'Qm — Ko;3):Q) ) )

the active powers (Pg) of DGs. P and A are also constrained from the
power flow equations since the active powers P affect (physically) the
angles A of DGs. The objective is to find the vectors Ps and A, which
satisfy, simultaneously, both the power flow equations and (31). To do
that, we introduce into (31) the variables dA and dPg, which denote
respectively the required variations of A and P so that both the power
flow equations and (31) are fulfilled. Introducing dA and dPg into (31),
equation (32) is finally derived. Equation (32) is solved (in sub-section

5.2.3) by using sensitivities relating dA and dPg, e.g., dA = (;%‘GdPG,
based on the power flow equations.
ABG-[A+dA] = ABG-A, + [Qyp — Qu + 10"°-BD-Q,y ] 32)

- [10"-BD-K,+K,|- [P +dPg]

5.2.2. Calculation of DG reactive power

Substituting the generalized equation (14) into the droop equation
(2), equation system (33) is obtained for the secondary voltage control of
the 6-bus MG. In (33), cj, 1y, h;, are given in Table 2, depending on the
applied control strategy. Equation (33) includes one non-linear integral
term, which is linearized, by penalizing the integrated function with a
very large number, e.g., 10'°, in a similar sense as previously. Practi-
cally, [f(x) is substituted with 10'°-f(x), where f(x) is the integrated
function. After the linearization, the non-linear system (33) is modified
to the linear (34).

(33)

[N eNe]
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1 10"-K550 - (en + ) —10"-KE50  cnn —10"0-K450 1 -c13 v,
—10"0-K¥50 5 e 1+ 10"0-K550 ) - (c + o) —10"0-K50 )23 v,
amn amn amn V
—10"-K&5" 5 -ca —10"-KE5 5 cx 1+ 10"-KE50 4 -(c33 + ha) 3
amn 10 an amn 10 amn
K +K5m1 -10 'KQ(])"']] K;’mt '1010'KQ(2)"']2 Kz!]gmt -10 ‘KQ(})'I’]} QG(] v 1) ;m, hl set(1)
amn amn 10 amn 10 E ammn
= - _ijx 10"-Ko(1y 721 +K§mt 10 -Kp()r K{fmt 10 -Kp3)723 Qo) | + | Ve | +10" ,f,m “hyVser(2) 34
ain 110 ain 1010 Qa3 Ve (3) gain
—Kg (3 -10‘0-KQ<1)-r31 —ij, 10 Ko@) ra Ko +Kjtm 10 Ko@) r3s K313 Vser3)
(38) is written as follows in (39).
Writing (34) in a more compact form, (35) is obtained:
A;-Sens- —ap B A g dPe | o 39)
CH-V = —KR-Q;+Vyy+HV (35) ! dQ lo-v Tl |
h Ve vi v Vel Qe Qo Qo T ) Vi — It is noted that the elements of Sens matrix are calculated in a perturb
where V = [Vi V2 V3], Q¢ =[Qan 62 6@ | 5 Vig = and observe way, by observing the angle (dA) and voltage (dV) varia-
[Vigr) Veer)  Vief(a) ] CH is the square matrix at the left-hand side tions, after the injection of small perturbation powers (dPg, dQ). Due to

of (34), KR is the square matrix at the right-hand side of (34), while
T
HV = 1010 [Kg‘”" K K& o ha Vs } .

q.int(1 q.int(2)” q.int(3
Finally, (36) is derived from (35), in a similar sense as (32), where dV
and dQ; are the required variation of voltage and reactive power of DGs
so that both (35) and power flow equations are satisfied.

1 Vser(1) ha-Viey2)

CH-[V+dV] = —KR'[Qg +dQg| + Ve + HV (36)
5.2.3. Unified equation of DG powers
Equation systems (32) and (36) are unified in a single system, as

shown in (37).

[ABG 0 } {dA] 7{ABG 0 } {A,«,,—A} {M,l 0] [dPG}
0 CH||dv] | 0 CH -v 0 KR| |dQ;
M,
+
{HV + Vi — KR-QG]
37)
where M, = 10'°-BD-K,+K, and M, = Qp —Qy +

10%°-BD-Q,,; —[10'°-BD-K,+K, | -Pg
Equation system (37) can be written in a more compact form as

follows:
dA A, — A dPg
Ay =AM —By- g C 38
f{d"} f{ —V} f{dQc%f ©8
ABG O M, O M,
here Af = Br= . =
where 4y { 0 CH} g { 0 KR]’Cf [HV+V,ef—KR-QG
OA OA
o . ) 0Pg 00 )
Considering the sensitivity matrix Sens = , equation
ov oV
oPg 00
Table 4
Steady State Results of Decentralized Secondary Control of 6-Bus MG.
Proposed Simulink
Frequency (Hz) 50 50
Voltage DG 1 (V) 230 230
Voltage DG 1 (V) 230 230
Voltage DG 1 (V) 230 230
Voltage angle DG 1 (rads) 0.6248 -
Voltage angle DG 2 (rads) 0.6286 -
Voltage angle DG 3 (rads) 0.5896 -
Active/Reactive power DG 1 (kW) 51.1 +5.7j 51.1 +5.7j
Active/Reactive power DG 2 (kW) 49.7-17.4j 49.7-17.4j
Active/Reactive power DG 3 (kW) 59.4 + 62.6j 59.4 + 62.6j

space limitation, an extensive analysis about the elements of Sens is not
possible here. More details are provided in [30, Section 3.2].

From (39), equation (40) is finally derived, which calculates the
required variation of DG powers so that the steady state of secondary
controllers and power flow constraints are satisfied. Note that in (40),
the vectors A,V and matrices Sens,Cy are updated in each power flow
iteration, based on the results of the last power flow iteration, while
matrices Ay, By are constant.

{ } _ (Af.Sens+Bf)*‘.(Af,{Ai,,_;A} +Cf)

5.3. Flowchart of the Proposed Approach

dPG

a0, ¢

A flowchart of the proposed modelling approach is given in Fig. 4,
consisting of one initialization step and two repetitive steps.

6. Validation of the Proposed Approach

The results of the proposed method are validated here against the
dynamic results of Simulink, using the 6-Bus MG of Fig. 1.

6.1. Description of the Network

The parameters of the examined 6-Bus MG are shown in Table 5. It is
an unbalanced MG with constant impedance loads. All DGs have the
same capacity and primary droop parameters’. In the next sub-sections,
several scenarios are investigated, for all communication strategies, to
highlight the accuracy and benefits of proposed method.

6.2. Results of decentralized strategy

The graph of decentralized control of the examined 6-Bus MG is
shown in Fig. 2a. Two scenarios are investigated:

e Scenario 1: The integral gains of the PI controllers in (3) and (4) are
set KEn = KE 4 vie (1,2,3).

e Scenario 2: The integral gains of the PI controllers in (3) and (4) are
set Kg“"‘ = Kg“’" =05 Vvie{1,2,3}.

p.int(i q,int(i

! The same DG parameters were used for the sake of simplicity. A more
complex case study is provided in the supplementary file.
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Table 5
Parameters of 6-Bus AC Microgrid.
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Table 7
Centralized Control: Powers of DGs (in kW, kVar).

Resistance of the lines 0.5 Ohm/km

DG 1 DG 2 DG 3
Self-Reactance of the lines 0.6 mH/km Scenario 1 52.4+12.5j 52.4+10.7 52.4 +26.8j
Mutual-Reactance of the lines 0.1 mH/km 52.4+12.5j 52.4 +10.7j 52.4 +26.8j
Line lengths 0.1 km Scenario 2 78.1 +2.2j 0+31.2j 78.1 +16.3j
Unbalanced Load 1 (phase A), (phase (2 Ohm // 0.02H), (3 Ohm // 0.03H), (4 78.1 +2.2j 0+31.2j 78.1 +16.3j
B), (phase C) Ohm /7 0.04H), Scenario 3| 78.1+22j 0+31.2j 78.1+ 16.3]
Unbalanced Load 2 (phase A), (phase (1 Ohm // 0.01H), (2 Ohm // 0.02H), (2 78.1 +2.2j 0+31.2] 78.1 +16.3]

B), (phase C)
Droop gain Kp(; (i = 1, 2, 3)
Droop gain Kq;) (i =1, 2, 3)

Ohm // 0.02H),
21-2:10°° (rad-s™
210 (V/VAR)

/W)

Reference V(i = 1, 2, 3) 230V
Reference wyef) (i = 1, 2, 3) 21-50 rads/s
DG Capacity 100 kVA
Grounding resistances 25 Ohm

It is noted that the proportional gains do not affect the steady state
results, because after the restoration, the proportional term is nullified.
In both scenarios, the voltage and frequency are restored to 230 V and
50 Hz, respectively. The powers of DGs after the action of secondary
controller, are depicted in Table 6, for the two scenarios, using the
proposed method (with black) and Simulink (with red).

As shown, in both scenarios, the results of the proposed method are
identical with those of Simulink, confirming its accuracy. Moreover, the
powers of DGs differ due to the different dynamic histories of integrated
functions (o — ;). Specifically, although g is the same
Vi€ {1,2,3}, w; is dynamically varied, unequally for the three DGs,
during the response of secondary controller, yielding different integrals.

6.3. Results of Centralized Strategy

The communication graph of centralized control is shown in Fig. 2b.
It is assumed that the MGCC measures the frequency and voltage at the
connection point of DG 1. Three scenarios are investigated:

e Scenario 1: There are no communication failures . The integral gain of
MGCC is K" = g — 4,

p,int q,int
e Scenario 2: The communication link between the MGCC and DG 2 is
out of service. It is noted that a communication link can be failed due
to several reasons such as a physical damage or a protective

disconnection of a corrupted link after a cyberattack [31, Section 4].
The integral gain of MGCC is Kﬁf{i" =K& — 4,

q,int

e Scenario 3: The communication link between the MGCC and DG 2 is
I<gam Kg(lll’l —

out of service. The integral gain of MGCC is K ;;, int

It is noted that due to the disconnection of the link in scenarios 2 and
3, the matrices g, a, h, ¢ of Tables 1 and 2 should be suitably reformed to
model the link outage. More specifically, the elements of the 2nd row of
matrices a, ¢ and the 2nd element of g,k should be nullified.

As shown in Table 7, the results of the proposed approach are
identical with those of Simulink. Moreover, after the communication
outage, the active and the reactive power of DGs have been completely
changed and the equal power sharing has been lost.

Table 6
Decentralized Control: Powers of DGs* (in kW, kVar).
DG 1 DG2 DG 3
Scenario 1 S51.1+5.7) 49.7 - 17.4j 59.4+ 62.6j
51.1+5.7j 49.7 - 17.4j 59.4 + 62.6]
Scenario 2 53.3-0.49j 53.2-26.9j 55.0 + 78.9j
53.3-0.49j 53.2-26.9j 55.0 + 78.9j

*The positive sign of powers denotes power production. Red numbers denote the
results of Simulink.

10

6.4. Results of Distributed Averaging Strategy

The communication graph of distributed averaging control is shown
in Fig. 2¢c. Two scenarios are investigated:

e Scenario 1: There are no communication failures . The integral gains
ain ain .
of the three DGs are Kﬁmt = Kfmt =4 Vvie{1,2,3}.
e Scenario 2: The communication of DG 1 is failed, thus, the DG links

1-2 and 1-3 are out of service. The integral gains of DGs are Kg’"" =

p.int(i)
Kg‘"" =4 Vie{1,2,3}.

q,int(i

To model the communication failures of links 1-2 and 1-3, the

matrices a,c,r of Tables 1 and 2 are modified, as follows: @ =¢ = —r =
0 0 0
—|10 1/2 1/2]. Again, the results of the proposed approach shown

0 1/2 1/2
in Table 8 coincide completely with Simulink. Moreover, the links’
outage in scenario 2 deteriorates the power sharing of DGs.

6.5. Results of Consensus Strategy

The communication graph of consensus control is shown in Fig. 2d.
Due to space limitation, only the two cases of Simpson’s method [24] are
investigated. Specifically, case 1 performs equal DG reactive power
sharing, while case 2 voltage regulation. The frequency controller is the
same for both cases.

Five scenarios are investigated:

Scenario 1: The voltage controller operates in voltage regulation
mode (case 2 of [24]). There are no communication failures. The
integral gains of DGs are Kﬁal;"t Kﬁa;‘[ =4 Vie{1,2,3} AllDGs
are assumed pinned, namely g =[1 1 1].

Scenario 2: The voltage controller operates in reactive power sharing
mode (case 1 of [24]). There are no communication failures . The
K& = Koy =4 Vi€ {1,2,3}. All DGs are
assumed pinned, namelyg =[1 1 1].

Scenario 3: The voltage controller operates in reactive power sharing
mode (case 1 of [24]). Communication link 1-2 is out of service,
while K% Kg‘"" =4 Vie{l,2,3}. Due to the communica-

p.int(i) q.int(i)
tion failure, the matrices ,r of Tables 1, 2 need to be modified
accordingly. All DGs are assumed pinned.
Scenario 4: The voltage controller operates in reactive power sharing
mode (case 1 of [24]). Communication link 1-2 is out of service,

integral gains are

Table 8
Distributed Averaging: Powers of DGs (in kW, kVar).
DG 1 DG 2 DG 3
Scenario 1 | 52.8+ 16.8 528+ 16.8] | 52.8+ 168
52.8+16.8; 52.8 +16.8j 52.8 +16.8
Scenario 2 50.5-2.3j 54.1 +26.4j 54.1 +26.4j
50.5 - 2.3j 54.1+26.4j 54.1 +26.4j
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Table 9
Consensus Control: Powers of DGs (in kW, kVar).
DG 1 DG 2 DG 3
Scenario 1 54.0 -2.3j 54.0 —29.0j 54.0 + 82.8j
54.0 -2.3] 540-29.0) | 54.0+82.8]
Scenario 2 51.3+16.3j 51.3+16.3j 51.3+16.3j
51.3+16.3 513+163) | 51.3+16.3]
Scenario 3| 51.5+11.8j 51.2 +18.6 51.2+18.6
51.5+11.8) 512+18.6) | 51.2+18.6]
Scenario 4 167 —44.5j 0+48.8j 0+48.8j
167 — 44.5] 0 +48.8 0+ 48.8
Scenario 5 0 +40.6j 78.4 + 4.6 78.4 + 4.6
0 +40.6j 78.4 + 4.6j 78.4 + 4.6]
while Kil‘n"t = Kf;alln"t =4 Vie{1,2,3}. Only DG 1 is assumed

pinned (g =[1 0 O]).
e Scenario 5: The voltage controller operates in reactive power sharing
mode (case 1 of [24]). Communication link 1-2 is out of service,

while K‘gam = Kgam =4 Vic{1,2,3}. Only DG 2 is assumed

p.int(i q,int(i

pinned (g = [0 1 0])

The results are shown in Table 9, where the accuracy of the proposed
approach is again confirmed against Simulink. Several observations can
be made from Table 9: a) the control mode of voltage controller can
significantly affect the steady state of secondary control, as shown from
the differences of scenario 1 and 2, b) a communication failure de-
teriorates the power sharing between the DGs in consensus schemes, as
follows from the differences in scenarios 2 and 3, c) the pinning of DGs
can affect their power production, in case of communication failures, as
shown from the differences in scenarios 3, 4 and 5. Moreover, in scenario
4 the DG 1 may exceeds its maximum capacity, which can affect the
stability of the MG.

7. Simulations in the IEEE 8500-Node Network

To test the scalability of the proposed method, simulations are
executed in a modified islanded version of the IEEE 8500-node network
[37], consisting of 7 DGs, as shown in Fig. 5.
7.1. Description of the Network

The data of the MG are referred in Table 10. The DGs operate in
consensus control, using the method of Bidram [22]. The communica-
tion graph between the DGs is shown in Fig. 6.
7.2. Investigated Scenarios

Four scenarios are investigated:

e Scenario 1: There are no communication failures. DG 1, 3, 7 are

Kgﬂli’l

pinned. The integral gains of secondary controllers are b inti)

Table 10
Data of the 8500-Node Network.

Line Lengths

Resistance of the lines
Reactance of the lines

Active power load of each phase

Given in [37]
Given in [37]
Given in [37]
Given in [37]

Total active power load 10.7 MW [37]
Power factor of each phase 0.97 inductive
Phase-to-neutral nominal voltage 7.2kV

Droop gain Kp( (i = 1,2,3,4,5,6,7) 2110 (rad-s~1/W)
Droop gain Kq; (i = 1,2,3,4,5,6,7) 1-10* (V/VAR)
Reference Vi) (i = 1,2,3,4,5,6,7) 7.2kV

Reference wy;) (i = 1,2,3,4,5,6,7) 27-50 rads/s
Grounding resistances 25 Ohm
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Kgﬂlﬂ

qinti) = =2 Vie{l,2,3,4,5,6,7}. The corresponding matrices a, d,
h,c.g of Tables 1, 2 for the communication graph of Fig. 6 are as

follows:

2 1 0 1 0 0 0
1 2 1 0 0 0 0
o 1 1 0 0 0 0
a=d=c=|1 0 0 2 1 0 0
o 0o o 1 3 1 1
0o 0 o0 0 1 1 0
Lo o o o 1 0 1|
h=g=[10 10 0 0 1]

e Scenario 2: The link connecting DGs 4 and 5 is out of service. DG 1, 3,

Kgam _

7 are pinned. The integral gains of DG controllers are ' int(i)

Kgalln"t =2 Vie{l,2,3,4,5,6,7}. Due to the communication fail-
ure, the 4th and 5th rows of the matrices a,d, ¢ should be modified
accordingly:

2 1 0 1 0 0 0
1 2 1 0 0 0 0
o 1 1 0 0 0 0
a=d=c=| 1 0 0 1 0 0 0
o 0 o0 0o 2 1 1
o 0 0 0 1 1 0

Lo 0o o 0o 1 0 1 |

e Scenario 3: The link connecting DGs 4 and 5 is out of service. The DG

1, 3, 7 are pinned. The integral gains of the DG controllers are
K =K, =10 Vi€ {1,2,3,4,56,7}.
e Scenario 4: The link connecting DGs 4 and 5 is out of service. The DG

1, 3 are pinned. The integral gains of the DG controllers are Kg“'" =

p,int(i)
Kgall;‘[ =10 Vi€ {1,2,3,4,5,6,7}. Since in this scenario DG 7 is
unpinned, the matricesh =g =[(1 0 1 0 0 0 O]

The power of DGs for the four examined scenarios are depicted in
Table 11, from which the following deductions are derived:

e A comparison between scenarios 1 and 2 indicate that a communi-
cation failure can affect, seriously, the power sharing between the
DGs.

e A rise in the integral gain of secondary controller influences the
steady-state condition of the MG, as shown from the differences
between scenarios 2 and 3.

Table 11
Power of DGs (MW, MVAR)* Using the Proposed Approach.
Scenario 1 Scenario 2 Scenario 3 Scenario 4

DG 1 1.61 + 1.91j 1.87 + 2.23j 1.76 + 2.10j 3.37 + 3.75§
DG 2 1.61 + 0.92j 1.87 + 0.93j 1.76 + 0.92j 3.37 + 1.28j
DG 3 1.61 — 1.78j 1.87 — 2.31j 1.76 — 2.09j 3.37 — 4.85j
DG 4 1.61 — 0.02j 1.87 — 0.14j 1.76 — 0.09j 3.37 + 1.31j
DG 5 1.61 + 3.39j 1.31 + 2.83j 1.44 + 3.06 0.00 — 1.56j
DG 6 1.61 — 1.19j 1.31 — 0.64j 1.44 — 0.87j 0.00 + 2.24j
DG 7 1.61 — 0.23j 1.31 + 0.14j 1.44 — 0.01j 0.00 + 2.05j

*The positive sign of powers denotes power production.
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Table 12
Power of DGs (MW, MVAR) Using the Conventional Power Flow of [2-5].
Scenario 1 Scenario 2 Scenario 3 Scenario 4
DG 1 1.61 + 1.91j 1.61 + 1.91j 1.61 + 1.91j 1.61 + 1.91j
DG 2 1.61 + 0.92j 1.61 + 0.92 1.61 + 0.92j 1.61 + 0.92
DG 3 1.61 — 1.78j 1.61 — 1.78j 1.61 — 1.78j 1.61 — 1.78j
DG 4 1.61 — 0.02j 1.61 — 0.02j 1.61 — 0.02j 1.61 — 0.02j
DG 5 1.61 + 3.39j 1.61 + 3.39j 1.61 + 3.39j 1.61 + 3.39j
DG 6 1.61 — 1.19j 1.61 — 1.19j 1.61 —1.19j 1.61 —1.19j
DG 7 1.61 — 0.23j 1.61 — 0.23j 1.61 — 0.23j 1.61 — 0.23j
7600+ 10 12 14 16 18 20 22 24 26
74004 .
7200
7000
< 6800
Z —DG1
P 6600 ——DG2
Q6400+ —DG3
2 ] ——DG4
g 6200 DG 5
6000 —_DGe
5800 —DG7
5600
0 4 8 12 16 20 24 28 32 36 40

Iteration Number

Fig. 7. Convergence of the positive-sequence voltages of DGs for scenario 4 of
IEEE 8500-node network.

o The pinning of DGs can lead to significant deviations in the active
power sharing between the DGs, after a communication failure, as
highlighted from the different results of scenarios 3 and 4.

It is clearly highlighted that a communication failure can affect,
significantly, the secondary control of an islanded MG. The steady-state
condition of secondary control depends on several factors such as the
control mode (e.g centralized, decentralized, distributed averaging,
consensus etc.), the pinning of DGs, the integral gains of PI controllers,
the position of failed communication link etc. The proposed approach
considers all these factors, and thus, it can constitute an accurate tool for
modelling the steady-state of secondary control in islanded MGs.

In contrast, as shown in Table 12, conventional power flow methods
[2-5] present the same results in all scenarios, since they consider (1)-
(2), assuming always that u,; = ug; =0 Vie {1,2,3,4,5,6,7}. As a
result, they can model precisely only scenario 1, where the power
sharing depends only on the droop parameters (Kp(;). On the opposite,
in case of communication failures, such as scenarios 2, 3, 4, the methods
of [2-5] present considerable inaccuracies. Finally, the methods of
[6-13] are not applicable here, due to their inability to handle

Appendix A
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unbalanced networks.

Regarding the computation time, the proposed approach converges
in around 40 iterations with an accuracy of 10" pu, when applied in the
IEEE 8500-Node network. Since every iteration requires around 0.2 sec,
the total computation time of the method is around 8 s. Considering the
large size and the precise mathematical representation (3-phase) of the
MG, this time is reasonable.

Finally, the convergence speed of the proposed approach, for sce-
nario 4, is illustrated in Fig. 7. As shown, the convergence is adequate.
Another important thing to note is that DGs 5, 6 and 7 do not restore
their voltage to 7200 V, because in scenario 4, these DGs have lost the
access to the reference voltage (7200 V) since they are unpinned and the
communication link 4-5 is out of service.

8. Conclusion and Future Research

This paper proposes a three-phase steady-state modelling approach
for simulating the secondary control of unbalanced islanded microgrids.
It is generic and can be applied in all control schemes, e.g., decentral-
ized, centralized, distributed averaging, consensus. It presents low
computation time with high accuracy since it considers all the crucial
factors that can affect the steady-state condition of secondary control
such as communication links, proportional and integral gains of sec-
ondary controllers, pinning of DGs. Although the paper addresses an
important gap in the modelling of islanded microgrids, there are still
open issues that cannot be fully addressed in a single publication. For
instance, the proposed method is applicable only when the input of
secondary PI controllers is a linear function such as decentralized,
centralized, distributed averaging, linear consensus etc. In case of non-
linear controllers, such as [29, Egs. (28), (35)], new modelling
methods need to be invented and left for future research.
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Fig. 8a shows the voltage vectors of DGs, during the primary control of 6-bus network of Fig. 1. The reference frame and voltage vectors are all
(synchronously) rotated with 49.8974 Hz (see Table 3). The voltage angles of DGs are 1in, S2in, 53in With respect to the reference frame.

After the activation of secondary control, the reference frame is rotated with 50 Hz (@ ;) = 50Hz V i € {1,2,3}) and voltage vectors gradually
increase their rotational speed through the PI controller to reach 50 Hz. During the period between the activation and stabilization of secondary
controller, the rotational speed of voltage vectors differs from that of reference frame (namely w; # 50 Hz Vi € {1,2,3}), and thus, voltage angles
are shifted from their initial values e.g., §; # 6, V i € {1,2,3}, according to (41).

/(wser(j) - wj) = 6jin _5j v] = {172~3}

12

(41)
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Voltage Vector DG 1

Voltage Vector DG 2

') w2

Voltage Vector DG 3

3

Rotational frequency
primary control (49.8974 Hz)

a3

Voltage Vector DG 2

Reference frame

P,

) w1 Voltage Vector DG 1
‘3 w3

Voltage Vector DG 3

02

Rotational frequency
secondary control (50 Hz)

Reference frame

Fig. 8. From top to bottom: Reference frame and voltage vectors of DGs in a) primary, b) secondary control.
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