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Abstract—1In this paper, a novel decentralized control structure
is proposed to compensate voltage and frequency deviations of
an ac microgrid (MG) with higher bandwidth compared to the
conventional control structure with no need for a communication
network. This approach is realized by firstly employing finite
control set model predictive control of voltage source converter
at the primary control level. Then, an adaptive droop control is
presented to keep the voltage and frequency of the MG stable
in steady state and serve as a secondary level of hierarchical
control. Therefore, the MG voltage and frequency are restored
to the nominal value with a decentralized communication-
free control structure. Simulation results verify the accurate
frequency and voltage restoration as well as fast power-sharing
during the transient and steady-state performance with no need
for communication infrastructure.

Index Terms—Adaptive droop, frequency control, power shar-
ing, microgrid, model predictive control.

I. INTRODUCTION

Control objective of a microgrid (MG) is accomplished by
utilizing a hierarchical control structure to set the system
voltage and frequency on the desired value. Hierarchical
control architecture comprises primary, secondary and finally
tertiary control level. These control layers differ in terms
of bandwidth, dynamic response time and the communica-
tion infrastructure requirements. The first layer controls the
frequency and voltage locally with the highest bandwidth.
Primary control should be able to react very fast and keep
the voltage and frequency stable during the load changes.
Conventional primary control loop compensates for voltage
and frequency deviations in order of several seconds [1], [2].
In this hierarchical structure, the secondary controller should
be designed to compensate for the steady state errors caused
by primary control level. Obviously, the secondary control
level should be implemented with lower bandwidth compared
to the inner primary level in order to avoid the undesired
interactions of control loops. Optimal operation of distributed
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generations (DGs), plug in/out of each unit and long term
operation issues such as economic dispatch are determined in
the tertiary control level which also called global controller
[31-[6].

It worth to note that, the primary control level is generally
distributed, while tertiary control is a centralized control level.
However, secondary control level is introduced in the literature
to be operated in centralized [7]-[9], distributed [10]-[13]
and totally decentralized manner [14]-[17]. In the centralized
structure, in order to achieve comprehensive controllability,
each DG sends the required data (frequency and voltage
amplitude) to a central controller (MGCC), then, MGCC sends
a compensatory signal to each DG to change its droop set-
point and compensate for frequency and voltage deviations.
The main advantage of this structure is the strong observability
and controllability of the whole system. However, in the
centralized structure, the secondary control performance is
highly depended on the communication network and cen-
tral controller. Therefore, any failure in the communication
network or MGCC degrade the performance of secondary
control and decrease the system reliability [8], [18]. In order
to overcome the aforementioned problem distributed control
framework has been presented [12], [19]. This structure uses
the advanced communication algorithms such as (consensus,
peer to peer and Open FMB) for sharing the required data
with minimum bandwidth. Secondary control is implemented
locally like the primary control level, and communication link
at the upper level share the required data among DGs. This
approach enhances the reliability of the system by minimizing
the transmitted data, hence, decreasing the dependency to the
communication link and also the central controller. However,
this coordinated performance make the system more complex
to design, while the communication network is still needed.
The fully decentralized control architecture of secondary con-
trol is based on the local measurement and estimation. In this



structure, secondary control is implemented locally, and by
using the individual local states and estimating the neighbour
variables, provide the adjustment signal for primary control.
In this paper, a novel decentralized control structure based on
the adaptive droop control is proposed. The major contribution
of this paper is as follows:

1) By applying advanced control structure at the primary
control level and also decentralized adjusting the droop set
point, higher bandwidth operation of the MG is achieved.
Thus, the MG frequency and voltage are compensated much
faster than conventional methods presented in the literature.

2) Compared to the conventional control structures, the
proposed decentralized approach enhances the MG reliability
by employing a communication-free structure and lack of
communication network failures.

II. CONVENTIONAL CONTROL STRUCTURE

Power electronic based MG consists of several paralleled
grid supporting VSCs, which exchange power with ac bus
and regulate the MG voltage and frequency. In order to
have a comprehensive controllablity, a hierarchical control
structure is employed. Local primary control in the lowest
level regulates the output voltage of the converter, while the
upper level secondary control compensates for voltage and
frequency deviations in steady state.

A. Primary control level

Local voltage and frequency regulation, as well as active
and reactive power sharing among DGs are carried out in the
primary control level. The independent inner control loops and
also droop control compose the infrastructure of the primary
control level.

1) Inner loops: Conventionally, current and voltage con-
trol loops are utilized in primary control level to stabilize
the output voltage and frequency of the VSCs. Proportional
resonant controllers in «f frame and proportional integral
(PI) controllers in dq frame are mostly used in inner control
loops. However, in order to avoid undesirable interaction in
the control structure, outer loops should be designed in lower
bandwidth compared to the inner loops. More details about
inner voltage and current loops are addressed in [18]

As an alternative solution, single loop primary control
methods such as finite control set MPC (FCS-MPC) or robust
control methods by stabilizing the current and voltage of the
VSC in a cost function is presented in [20].

The main idea of these control structure is to substitute
both inner voltage and current control loops with a predictive
based single controller. In this control structure, an applicable
gating signal can be selected based on the system model and
predefined cost function minimization.

Considering a simple two level three phase VSC, with three
main gating signals. Its voltage output can be controlled by
choosing the appropriate switching configuration, shown in
Table 1.

Switching states of the two-level tree-phase VSC can be
achieved by three binary gating signals ie. S,, S, and

TABLE 1. TWO LEVEL THREE PHASE VSC SWITCHING STATES.

Voltage vector v; Sa | Sy | Se
To =0 0 0 0
2
61 = gvdc 1 0 0
1 V3
v2 = gvdc + ]?ﬂdc 1 1 0
V3

1
53:_7Udc+jivdc 0 1 0

% 3

Vg4 = *g'Udc 0 1 1
1 3

65:*§”Udc*j§vdc 0 0 1

| V3

36 = 3Vde —J 5" Vde 1 0 1

v7 =0 1 1 1

Sc. By applying the complex Clarke transformation, eight
(23) switching configuration are possible. The corresponding
voltage vectors v; in the complex « — /3 frame are shown in
Table I. The FCS-MPC control strategy is based on the output
voltage prediction and adapts appropriate input signals so that
the output voltage follows the reference voltage trajectory.
Therefore, the CF is the error between the predicted output
voltage and reference voltage. Then, the corresponding input
vector with minimum CF is applied to the VSC. One of the
main merits of this control strategy is that by adapting the CF
all required constraints can be achieved. Thus, in this paper
three terms are added to the CF. 1) Current constraint. 2)
Switching effort. 3) Voltage derivative error. The third term
is added to decrease the total harmonic distortion (THD) [20].
Therefore, the overall CF can be formulated as follows:

COF [0 (i) |*+&im (i) + CoSW2(3)) + Gay (1)

66(7;) = 57‘ (7’) - 66(7;)7 (2)
oL i i (0[S dmas

ol {oo, O e’

SW (i) = Ju(i) — u(i —1)], )
G, = Cﬁ}(t) 7dif(t) o
T\ ar a )

(Cpwresvis—ifa +ioa)+(Crwresvia—1isp +iop)”

)

Where v (i) represents the output prediction error, v} ()
is the reference voltage and v.(i) is the predicted output
voltage. Furthermore, £;;,, (i) represents the current constraint,
SW (i) is switching effort with a weighting factor ¢,, and
G4 exposes the derivative error. The reference voltage is
determined through droop control and virtual impedance in
the upper level.



Z11 Z£0; AC MG bus

C) — Si1=P1+j0,
O ZuLdr  S=Prj0;

Z £ 0;

C ) _ Si=P+jOi

V<0

Fig. 1. Simplified model of VSCs connected to ac MG bus with loads.
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Fig. 2. Droop control diagram for the inductive output impedance in
a MG.

2) Droop control and virtual impedance: Power control
and active/reactive power sharing in the primary control level
can be achieved by utilizing a droop control strategy. The
foundation of VSC-based MG is illustrated in Fig. 1. The
equation that defines the principles of power exchange (active
and reactive) between the VSC and ac bus is as follows:

VuaVid0 —6;  VZ 40
Vil = =7 - M= ©6)
L; L;

i

By neglecting the high-frequency harmonics, VSC behaves
as an ac source with an amplitude of V; and power angle of §;,
while MG bus voltage is Varg 40 and connection impedance
is Z1,,£0;. Thus, the exchanged active and reactive power can
be obtained as:

‘ 2
p_ VaaVi cos(0 — ;) — Viiag cos(6), @)
i ZLi
. 2
Q= Y26V o — 5,y - Y16 i), ®)
L; 2,

It can be demonstrated from (7) and (8) that power ex-
change relies on both voltage and power angle of VSC. To
control the power by those variables independently, virtual
impedance concept is commonly used [21]. By applying
virtual impedance, the output impedance, seen by the VSC,
can be enforced to be either purely inductive or resistive. If the
output impedance is considered as a purely inductive (6; = 90)
or purely resistive (6; = 0) and also the phase difference
between VSC voltage vector and MG bus voltage is assumed

small enough to state that cos(d) = 1, and sin(d) = 4, then
(7) and (8) can be simplified to:

VueVi
p— YMG

9;
A . . .
VeV — V2 for inductive output impedance,
@= Z
L;
©))
Vs
P = (Vi = Vire)
*‘%\46‘% w; for resistive output impedance.
@="%,
Li S

(10)

Thus, in such a system active and reactive power exchange

can be controlled independently, based on the droop control

characteristics, which are shown in Fig. 2 and formulated as
follows:

Wref = Wnom — DPP
V;"ef = Vnom -

for inductive output impedance,
Do@

(In

Wref = Wnom + D o .
{ ref nom Q@ for resistive output impedance.

V;”ef = Vnom - DPP

12)
where w;..y and V,..s refer to reference frequency and voltage
amplitude respectively, whereas, Wy, o, and V., are nominal
frequency and voltage amplitude of VSC at no load, corre-
spondingly. At upper level, secondary control is required to
compensate for frequency and voltage deviations in steady
state. Conventionally, secondary control comprises a central
controller (MGCC) and low bandwidth communication in-
frastructure. The MG voltage amplitude and frequency are
compared with a reference value and then compensatory
signals are sent to each DG through the communication link.
The main drawback of the conventional secondary control
structure is that any failure in communication link or MGCC
leads to the collapse in secondary control level and maybe
instability in the voltage or frequency of the MG.

III. PROPOSED ADAPTIVE DROOP CONTROL

In order to overcome the aforementioned challenge, a new
distributed control structure is proposed. In this structure, an
adaptive control term is added to droop control in order to
compensate for steady state errors. Fig. 3(a) demonstrates
the conventional cascaded primary and secondary control as
well as the required communication infrastructure. Compared
to the conventional architecture, Fig. 3(b) shows the pro-
posed communication-free control structure. This approach is
realized by adjusting the local droop characteristic of each
VSC. This adaptive droop configuration can be formulated as
follows:

_dof
Wref = Wnom +DQQ +DQ%, (13)
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. dPf
V;'ef = Vnom _DPP_Dpia

7 (14)

where, Dp and ﬁQ are the adaptive gains, and % and ‘%f
are the additional derivative terms of ) and P through a low
pass filter, respectively. Thus, in order to have an acceptable
time scale separation between the droop characteristic and
adaptive term of active and reactive power the low pas filter

with cutoff frequency wy can be applied as follows:

pf=_" (15)
S+ wy
f_ Wy 1
Q sty (16)

It worth to note that the resistive virtual impedance is imple-
mented in the system. Although inductive virtual impedance is
utilized in several studies, since resistive impedance value does
not rely on the frequency, hence, has no effect on nonlinear
load, its better to employ resistive impedance in the MG.
Therefore, virtual impedance enforces the output impedance,
seen by the VSC, to be purely resistive ((8; = 0)).

The small signal equivalent around the operating point can
be obtained as follows:

TABLE II. TEST SYSTEM PARAMETERS USED IN SIMULATIONS.

Parameter Symbol Value
DC Voltage Vie 520 V
Nominal voltage amplitude Viom 200 V
Nominal frequency frnom 50 Hz
LC filter Lf, Cf Lf = 24 mH, Cf =
15 pF
Sampling time Ts 25 pus
Droop coefficients Dy, D, D, =0.005V/W, D; =
0.002 rad/sVar
Line impedance Ry, L; R, = 01 2, L; =
2.4 mH
Virtual resistance Ry 2
AP(s) = ——%2 Ay,
G(1+D1)G17)S+D17Gp rom (17)
D
(1+D,Gp)s+DpGo AVwue,
AQ(s) = - o Aw
C?QGQS'F(H'DQGQ) reom (18)
Q
+ DqGqs+(1+DqGq) Awma,

where G, and G can be obtained from (10). As it can be
seen from (17) and (18), the eigenvalue of the system around
operating point can be achieved as follows:

APy = LFGP, (19)
1+ D,G,
-(1+D
AQo = ~(1+DyGy) (20)
Dqu

Consequently, by adjusting Dp and DQ the desired dynamic
performance of the system is achieved which after a transient
not only keeps the power sharing, but also, the steady state
errors of the frequency and voltage will be eliminated. Though,
small oscillation in the steady state may be increased, due to
derivative characteristics of the adaptive droop, but accurate
adjusting of this term mitigates this drawback. MG network
parameters and the linearization point should be considered
in adaptive control law (13) to adjust of the adaptive terms
accurately.

IV. SIMULATION RESULTS

In order to study the performance of the proposed control
methodology, an autonomous MG is considered. The case
study model is comprised of two VSCs connected to the
common AC bus through dedicated LC filter and the power
lines. The rated voltage and frequency are 200 V and 50 Hz,
respectively. Other control and electrical parameters of the
underlying case study are tabulated in details in Table II.

Performance of the proposed distributed control structure
is evaluated under a frequency load change at t=30 ms in
comparison with the conventional droop control. Figure 4(a)
and (b) shows the active and reactive power sharing between
two VSCs. As can be seen, after the load change at t=30 ms the
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Fig. 4. Validation of the proposed control strategy under a load change. (a) Active power sharing between two VSCs. (b) Reactive power
sharing between two VSCs. (c) Frequency restoration during a load change. (d) Voltage regulation performance.

active and reactive power output of the VSCs follow the load
change accurately with super fast dynamic response. Worthing
to note that the conventional cascaded control structure shares
the power in the order of several seconds, while the proposed
FCS-MPC based control structure shares the power in the
order of 10 mili-seconds (see Fig. 16 in [19]). Figure 4 (c) and
(d) shows a comprehensive comparison between the proposed
adaptive droop control and conventional droop control. As can
be seen from the Figure 4 (c) the conventional droop control
has an steady state error, and a secondary controller is required
to adjust the droop characteristics. However, the proposed
adaptive droop compensates for the frequency deviation error
caused by conventional droop with no need to the secondary
control or communication network. Figure 4 (d) also shows
the voltage compensation with the proposed adaptive droop
implementation. Figure 4 also shows the supplementary term
of adaptive droop control has no effect on the steady state
performance of the MG. Therefore, based on the simulation
results, the MG frequency and voltage maintained stable
without any communication network infrastructure.

V. CONCLUSION

This paper proposed a communication-free control structure
for the voltage and frequency restoration of the MG. An
FCS-MPC is deployed at the primary control level of the
hierarchical control structure to keep the frequency and voltage
of the MG stable. Then, at the upper-level droop control and
resistive virtual impedance is employed to share the power
accurately and satisfy the control low. Finally, a new term of
power derivative is supplemented to droop controller to adjust
the droop characteristic and compensate for the voltage and
frequency deviations in steady state. Simulation results for an

autonomous MG showed that by applying the proposed control
structure, not only the power sharing is carried on faster than
the state of the arts, but also the MG frequency and voltage
are restored with no need to communication infrastructure.
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