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Abstract

The microgrid (MG) is an emerging technology for supplying energy from renewable energy sources (RES). Due to their
intermittent nature, RES require an inverter and smooth operation control system when integrated into an MG. Conventional
droop control is commonly used in microgrid control but cannot achieve adequate power-sharing when output impedances
of inverters are different; thus, enhancing its performance is required. This paper’s main objective is to design a finite control

set model predictive control (FSC-MPC) based arctan droop control and evaluate its performance against the conventional
droop control strategy. The proposed control technique guarantees a strong transient response when there is a dynamic load
change during MG operation. The results showed that the proposed control strategy ensures proportionate power-sharing of]
paralleled voltage source inverters with unequal line impedances than the traditional droop controller, which can vary.
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1. Introduction

Distributed generation (DG) is increasing in many parts of the
world. DG’s high penetration to the electric network gives
rise to the microgrid (MG) concept. It is defined as a cluster
of DG units, such as (solar photovoltaics, mini generators,
power cells, wind turbines, fuel cell systems), electric storage
units, and loads [1]. The integration of Res to the microgrid
requires a voltage source inverter (VSI) and its associated
controls for better operation. A microgrid can be grid-
connected or in an islanded mode of operation [2].

When the microgrid satisfies the electricity demand utilizing
the primary grid, it is called the grid-connected mode. When
its local generation provides the demand, it is called islanded
or autonomous mode. In grid-connected mode, a controller’s
main objective is to meet the energy demand. Its main aim is
to provide frequency, voltage control, and ensuring energy
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support in islanded mode. When there are no synchronous
generators for balancing demand and supply for island
service, the inverter must provide these controls, mainly
frequency control. DGs boost service efficiency and
eliminates the cost of generation growth planning. It expands
the probability of islanding microgrid sources in charge of
local power generators’ quality factors, which is impossible
for traditional controlled power production [3].

The VSIs need to have adequate control for different DGs’
proper operation in a microgrid to generate the same
frequency. Monteiro et al. [4] proposed an enhanced voltage
control using a pulse width modulation with a multi-loop
control method to control electric vehicle operating as an
uninterruptible power supply (UPS) in a smart home. The
purpose was to supply a sinusoidal voltage for linear and
nonlinear electric loads. Guerrero et al. [5] demonstrated that
the incorporation of linear cascaded control could hamper
droop control’s efficacy.

Some researchers proposed centralized control using
communication links. Nonetheless, it is expensive to use
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them in remote areas with a considerable distance between
VSIs. Decentralized controls are being studied to overcome
the drawbacks of the communication control links. The droop
control strategy gained popularity and is widely used in
microgrids control because it does not require any
communication link and is simple to implement. Droop
controls assure power equitability for DG units in a microgrid
network. However, they showed some limitations like
inadequacy in reactive power-sharing and poor voltage
regulation.

2. Literature review

Tayab et al. [6] made a detailed analysis of the latest droop
studies, introduced and explained the control strategy, and
revealed that it is difficult to adjust a common control
technique for all purposes or boost the limitation of modern
droop control by one modification. They demonstrated that
frequency stability and appropriate active power-sharing are
ensured by conventional droop control; however, it causes
reactive power-sharing errors. Many researchers have done
extensive research on droop control and its derivatives to
prove its adequate control of VSIs. Manjunath et al. [7] noted
that using the arctan frequency droop method reduces the
steady-state frequency variance and raises the settling time.
Margoum et al. [8] used droop control and virtual impedance
loops as the primary control for adequate power-sharing
between two parallel-connected VSIs; along with the
secondary control loops, the control strategy can clear the
magnitude and frequency deviations caused by the primary
control.

The quadratic droop controller was proposed in [9], a
modified version of traditional droop to control voltage and
frequency in islanded VSIs based microgrid; the controller’s
power-sharing features showed that the controller
interpolates between low-gain and high-gain power-sharing.
Hennane et al. [10] proposed an improved droop control
method that considers synchronization and power-sharing of
different DGs in various PCC islanded microgrids. At the
same time, the real features of the line feeders are considered
in the control design. Chen et al. [11] proposed a control
strategy that consisted of FSC-MPC with a capacitor current
estimator for voltage reference tracking and virtual resistance
droop control for power-sharing.

Bouzid et al. [12] also proposed a new droop control based
on a decoupled trigonometric saturated (DTS) controller to
ensure the power-sharing in a meshed parallel inverter
system. FCS-MPC was used by [13] as a control method
based on explicit tracking of the derivative’s reference
voltage to regulate the voltage at a common bus; this method
also used a simple droop controller for power-sharing among
the VSIs. Babqi et al. [14] used MPC as a primary control,
droop control as a secondary control; both were used to
regulate the output voltage and frequency of each DG-based
VSI in an autonomous microgrid. Tayab et al. [15] proposed
a modified traditional droop control strategy where the
derivative term in the active power loop was added to the
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conventional droop to improve the transient response and
decrease the frequency deviation. The proportional-integral
(PI) term and the root mean square value of VSI output
voltage in the reactive power loop were added to the
traditional droop that reduces the effects of the line
impedance disparity and attains precise reactive power-
sharing among parallel-connected VSIs and restricts the
voltage deviation.

To the best of the author’s knowledge and based on the
literature cited above, none have designed the MPC-based
arctan droop control strategy and its comparative evaluation
with the conventional droop control method. In this paper, a
control strategy was designed to control the paralleled VSIs
to assure the MG’s proper control. Therefore, the MPC-based
arctan droop controller with virtual impedance is used to
ensure voltage and frequency stabilization; moreover, the
power equitability among the microsources is confirmed.
Each part of this hybrid control strategy provides adequate
energy management and MG operation. Thus, it includes the
virtual impedance to balance lines impedance. The arctan
droop control method used in the proposed control technique
eliminates the droop slope of constant frequency and replaces
it with an algorithm based on the arctan function. Enforcing
this arctan-based power profile, the microgrid operator will
guarantee that the microgrid operating frequency is still
within preset limits [16]. For its excellent transient
performance, the FCS-MPC strategy is used to boost voltage
reference tracking performance and reduce complexity
compared to the traditional cascaded linear control method,
which uses a multi-loop control scheme [11]. This paper
shows the MPC-based arctan droop control method’s
effectiveness in tracking the voltage reference and
continuously keeping the preset limits’ frequency versus
conventional droop control strategies where the voltage and
frequency may vary.

The paper is arranged as follows: a brief literature review
is given in section 2; the alternating current (AC) microgrid
structure is presented in Section 3. Section 4 sets out the
proposed control methods and parameters critical indicators
for a better control strategy for parallel-connected VSIs in a
microgrid. Results and discussions are presented in Section 5,
and, finally, Section 6 summarizes the conclusions.

3. Description of the system

Figure 1 displays an AC microgrid. It is composed of two DG
units connected in parallel via VSI. As the DGs are usually
attached to the energy storage system (ESS) to ensure a
reliable supply chain, it is assumed that the inputs of the VSIs
are direct current (DC) [17]. The load power is shared via a
standard AC bus. It is possible to connect such microgrids to
the primary grid or to operate in an autonomous mode. Droop
control is generally used because it procures sufficient power-
sharing capability between different modules, as the control
is done locally.
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Figure 1. Microgrid-based VSils in islanded mode [11]

During this research, the authors analyze MPC-based arctan
droop control’s performance evaluation and compare it to
traditional droop control for VSIs based microgrid. The
comparison takes into consideration reactive and active
power sharing errors, voltage deviations, and frequency
deviations.

4. Methods

4.1. Voltage and current loop control

The arrangement of microgrid (MG) used in this paper is seen
in Figure 2. This MG is composed of two DGs. Each DG is
assumed to have a battery attached to it to provide constant
DC voltage. DGs are connected to the load employing LC
filters and output impedances. It is assumed that the MG
operates in an autonomous mode. The specifications for the
microgrid are summarized in Table 1.
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Figure 2. VSI system in an MG

The specification of each VSI and the inner loop
controllers for the voltage and frequency droop controller is
shown in Figure 3, where:

Ll; : Filter inductor
Rl : The series resistance of the filter inductor
C¢: Filter capacitor
Ry : Line output resistance
Ly : Line output inductance
V¢ : Capacitor voltage
I : Output current

D EA

The primary role of inner control loops at the low control
level of current and voltage is to determine the DG units’
operating state. This level customarily guaranteed operating
conditions like system stability and fast response.

The internal loop output produces the switching signals in
VSI.

By using dq transformations, the current and voltage
dynamics are expressed as follows:

dl ,,
E;:LQ( WdJ—amQ%AJWR+%f
dl
zg=L@( ”mj—mUﬂ#+%£+K#
dv
1, =C; ( ’ dtj —oC ¥, )

av.,
qu:C]( ‘”dtj—a)Cdef

Lyp+1e=1,

I,+1.=1,

The output current and voltage control are obtained by
utilizing feedback/feedforward controls with a PI controller
for zero steady-state error, minimizing current error with a
fast dynamic response, and maintaining the system stable.
The voltage and current controllers with PI controller are
expressed as:

K. *
E, = (sz‘ + %j(ldf _Idf')_wcfqu' +Vy
© (2)
E, =(Kpl,+ K)(] —qu)—a)cfldquf
K. .
1, =[va+ K )(Vd/.—nf.)—wcf.Vq,. +1,
(3)
K. .
1, = (va + %)(Vq/ _qu')_a)Cdef +1,

4.2 Traditional droop control strategy

For correct load demand sharing, the voltage and frequency
droop is used, so physical communication between DGs is not
required in this method. Equations (4) and (5) describe the
injected active power (P;) and reactive power (Q;) delivered
by a distributed generator, the voltage E to the terminal V via
Z, impedance (Figure 4):

2
P = EV, cosé—V—" cosﬁ+ﬂsin5sin6’ 4
Y4 Z V4

o 0 o
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)

6 is the difference in phase between supply and supply
terminal, commonly known as power angle, and Z, = R} +
JXy-

: - R: Lr PeC i
TR : .
abe - Vd, abe _» ldp
dq |-»Vay dqg |-#lqr
Vi =]
Vo —— .
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Figure 3. Local controls of the DG
Ez8 Z,.8 Vié EV V2 V
. — Q,=—cos6——~—/(E-V) (10)
Line impedance L X X X
Inverter pcC P+ ]QL L L L
B i vV By differentiating equations (9) and (10), we get,
OP, OP, _EV
—=— 5 nd —= (11)
OE X, o5 X
Figure 4. Single DG supplying a load P v P
9, _ d 9, _ 0 (12)

When using conventional droop control, it is assumed to have
inductive dominant lines, thus (6 = 90°) and we can express
the line impedance as,

X, =o,(L,+L,)
where w, represents the fundamental angular frequency,

P, =VIcost9=XLEVsin5

L

(EVcosé' VZ)

(6)

()

Q, =VIsinf = (8)
X,
where cos 6 and § represent the power factor and power angle
respectively, for small power angle § = 0 and sind = § ,
whereas cosd = 1. The later assumptions help us to write
equations (7) and (8) as:
E V.
P, =—-sind=— 5

L L

2 EAI

©)

=——.an
oE X, 05
The Equations (9), (10), (11), and (12) show clearly that P ~

0 and Q ~ E. and the traditional droop control method with
inductive dominated lines will take the form:

=1 —m,(P-P)
E=E,-n (0-0Q')

where P* and Q" are real and reactive nominal power
respectively,

fn and E; are the reference frequency and voltage,
respectively,

P and Q are the supplied active and reactive power
respectively,

f and E are actual frequency and voltage respectively,

m,, and n, are the proportional frequency and droop voltage
coefficients, respectively.

(13)
(14)

EAI Endorsed Transactions on

4 Energy Web

07 2021 - 09 2021 | Volume 8 | Issue 35 | e13



Evaluation of MPC-based arctan droop control strategy in autonomous microgrid

4.3. The proposed MPC-based arctan droop The reference voltage is now expressed by the equation
control method below:

This control strategy utilizes modified droop control. Instead Vs ef Var oop Vay (19)
of using linear droop control, it uses the arctan function in P/f  where L, is a virtual inductance; a)c/ (s+w.) represents
droop control with virtual impedance in the case of inductive ¢
dominated MG for primary control of frequency, voltage and
reduce the impedance line mismatch for adequate power-
sharing. The control strategy also replaces the inner control
(Voltage and current control loops) with FCS-MPC as a
secondary control for lowering the deviations of the voltage
and frequency from their nominal values. The latter one also
chooses the proper optimum switching to select the optimum
voltage. Figure 5 shows all the control procedure for the MG.
The arctan droop control equation is given by:

low pass filter; and R, represents virtual resistance.

The inputs of FSC-MPC are the output from reference
voltage after the introduction of the virtual impedance loop,
the measured filter current, and measured capacitor filter
voltage, as shown in Figure 6. The block diagram of the FCS-
MPC in conjunction with the arctan droop control algorithm
for a three-phase inverter with an output LC filter,
considering a one prediction step N = 1, is shown in Figure 7.
The control scheme at sampling time k is described step by
step as follows:

a
_ _px g, ( ( P_p )) 1. Measure the value of the output voltage v, (k), the
/ f””’” T clan{ p ref (15) filter current if(k) and output current i,(k) at
sampling time k.
— %

Viroop = Vnom —n, (Q _Qref) (16) 2. Detect reference voltage v,.r(k) obtained from
where wy,,, is nominal frequency, V,,,, is the nominal arctan droop COHHQI with virtual impedance

voltage, P is reference active power, Qp.fis reference (equation 19) and dc-link voltage Vg,

3. Predict the value of the output voltage at the next
sampling instant v.(k + 1) for all the possible
voltage vectors that the inverter generates.

The seven predictions obtained for v.(k + 1) are
compared with the reference voltage vyf(k)
(obtained in step 2) using a cost function g, as shown

reactive power, iy is inductor filter current, v, = v, is the
output voltage, i, is output current, v, is output voltage
reference droop with virtual impedance, and Vg0, denotes 4.
the droop voltage. a,, is constant for controlling the bounds,
my, is the droop coefficient, p is a constant for controlling the

concavity. . _ _ ) ) in Figure 7.
~ The following equations, respectively, give the virtual 5. The voltage vector V, that minimizes this function is
impedance and its voltage drop equation: then chosen and its corresponding switching state is

_ CSLV applied at the next sampling instant.
z,= Rv +— (17) 6. Wait until sampling time k+1 and turn back to step
S+, 1.
— 7 %
V, =1, 2, (18)
2L —VSI , . .
DG L; lo,abc Vg abe Rline Lline

i
| Y YL . B
vie [ TS NN
YL s i
| 3
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)

Figure 5. MPC-based arctan droop control method
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Figure 6. FSC-MPC control diagram
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Figure 7. FSC-MPC in conjunction with arctan droop control algorithm
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4.4. Comparative evaluation criteria

The comparative evaluation considers criteria like checking
the power ratio if they are compatible with microsource
output concerning load supplied, evaluating reactive and
active power sharing errors caused by the feeders’
mismatched output impedances. When there is a difference in
voltage source inverters’ output impedance, voltage
deviations and frequency fluctuations occur. The power
errors caused by this effect are analyzed.

Reactive and active power errors are evaluated as follows:

P —-P
q”:vi?;—Lx10096 (20)

e :%xmo%

i

@n

where
P;': The active power supplied by the i" inverter in case of
active power-sharing with exact proportion to the ratings
Q; : The reactive power supplied by the i*" inverter in case of
reactive power-sharing with exact proportion to the ratings
P;: Measured active power supplied by the it" inverter
Q;: Measured reactive power supplied by the i*" inverter

The active and reactive power sharing ratios are calculated as
follows:

m _b_ _m _ B,
m, R my, b

(22)
LR O VR /%

g O,

n, 0

where
m,n : are active and reactive power droop coefficients
respectively
P, Q : Active and reactive power delivered by microsources
in active and reactive power sharing with exact power ratio
and droop coefficients.

5. Results and discussions

In this part, two DGs based inverter are connected in parallel
to supply a linear load through different impedance lines, as
depicted in Figure 8. The MPC-based droop control strategy’s
performance to regulate inverters for voltage and frequency
stabilization in a microgrid is compared to the traditional
droop control strategy. Only an islanded mode is considered
for this analysis. Apart from the steady-state analysis, the
sudden load change is introduced for the transient analysis
during the studied system’s operation. In the normal
operation mode, all parallel inverters and load 1 are always
connected to PCC. At time 0.4s, load 2 is connected to PCC.
Again the load 2 is disconnected from the grid at time 0.8 s.
Table I. summarizes the data used in this paper.

D EA

Z4 PCC Load 1
] 1
Zs Load 2
e — o —— J_-

Figure 8. Microgrid with paralleled DGs and loads [18]

5.1. Comparative evaluation of MPC-based
arctan droop controller (proposed) versus
conventional droop control

The comparative evaluation of the control strategies is
shown in Figures 9-12. Figure 9 shows the frequency
variation by using two different control methodologies. The
results showed that frequency is much more controlled using
the proposed control strategy where the variation range was
49.98-49.99 Hz compared to 49.92- 49.96 Hz for the
conventional droop control. In all scenarios, it takes 0.025 s
for the frequency to stabilize for the proposed control scheme,
whereas for the traditional droop control method, the time to
stabilize is 0.1 s, as shown in Figure 9. The voltage deviations
between the two inverters when using the conventional
control strategy and the proposed control strategy were
compared. Figure 10 shows the voltage variations for both
methods. At times 0-0.4s, 0.4-0.8s, and 0.8-1.2 s, the voltage
deviations were 1.3V, 2.7V, and 1.3V, respectively, when
using the conventional droop. On the other hand, the voltage
deviations during the same events were 0.003V, 0.005V, and
0.003V when using the proposed control method. This large
voltage deviation in conventional droop control causes
unequal reactive power-sharing. The voltage stabilization
time is 0.05s in all events when the proposed control strategy
is used, compared to 0.1s for the traditional droop control
scheme, as observed in Figure 10. The proposed method
demonstrated very low deviations between the inverters
compared to the conventional droop control method. This
better performance of the proposed method for voltage and
frequency control is due to the fictitious impedance loop’s
insertion, which removes the impedance disparities between
the inverters and the MPC method to track the reference
voltage. The output voltage and frequency for the inverters
remained in the allowable range of variation according to
IEEE 1547-2018 standards using both methods.

The active and reactive power sharing comparisons of the
two methods are explained in Figures 11-12. The results
showed that for the proposed control strategy, the active
power-sharing ratio is P1:P2=1:1, which means that the DGs
share the load at 50% each. In traditional droop control, the
DG1 and DG2 supply the load at the active power-sharing
ratio of P1:P2=1:1, which is 49.8% and 49.8% of the load’s
total active power, respectively, as shown in Figure 11. Figure
12 highlights the reactive power-sharing comparisons
between the studied control strategies.
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Table 1. System test data

Parameter Value
DC bus voltage 850V
Nominal bus frequency 50 Hz
Nominal voltage 400 V

Line impedance, DG1
Line impedance, DG2
Load 1

Load 2

Droop coefficients, DG1
Droop coefficients, DG2

Sampling time
Bounds control coeficient

Virtual impedance

30.25 mH, 0.0805 Q
48.4 mH, 0.1288 Q
6000W, 1500VAr
6000W, 1500VAr

p1 =8.75e =5V /W ,ng = 25e — 4 rad/sVAr

p, =8.75e =5V /W ,ng, = 25e — 4 rad/sVAr

Ts =30us

apl = apz =1

R, = 0.0483 Q, L,, = 18.15mH

The allowable frequency range of variation 50 Hz +/-1%

The allowable voltage range of variation

Pmax, Qmax

Filter

Inner loops PI coefficients for conventional

droop control

400 V +/- 5%

8kW, 6kVAr
Lf=3e-3H, Cf=15uF
Kpi=0.15,Kii=1.5
Kpv=20, Kiv=1000

Inverter switching frequency

SkHz

It has been found that the proportionate reactive power-
sharing using the proposed control strategy is achieved, and
both DG units share the load approximatively at a percentage
of 50% each. It is not the same case in traditional droop
control, where DG1 delivered 66.33%, and DG2 supplied
33.64% of the total reactive power of the load.

This better performance of the proposed method for
power-sharing is explained by its capability to reduce the
effect of line impedance mismatch among the DG units based
inverters, tracking the reference voltage that boosts
proportionate power-sharing among DGs in the microgrid.
The analysis is also done on the comparative evaluation of
reactive and active power errors. The results revealed that the
proposed control method’s performance is superior to the
conventional droop control because the proposed control
strategy presented low power errors over the traditional droop
control. The comparisons are summarized in Table 2.

D EA

Table 2. Performance comparison of studied control
strategies based on power errors

Control

method ep1(%)  €p2(%)

eql (%) qu (%)

Conventiona
1 droop 4.85 4.82
control

MPC-based
arctan droop
control
(proposed)

0.05 -0.03

-24.27 34.33

-0.05 0.033
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6. Conclusion

Parallel connected inverters must keep the same voltage and
output impedances to ensure active and reactive power-
sharing. Unequal output impedances of VSIs leads to
disproportionate reactive power-sharing and poor voltage
regulation when conventional droop control is used. The
proposed MPC-based arctan droop control overcomes these
drawbacks and has been found to give reduced settling and
response times relative to conventional droop control
methods. The results showed that proportionate power-
sharing of DG units with unequal line impedance is ensured
when the proposed strategy is utilized, in contrast to the
traditional droop controller, which can vary. The findings
showed that the proposed MPC-based arctan droop control
had improved control over voltage and frequency.

Future work will focus on implementing the two-step
prediction FSC-MPC with arctan droop control and
evaluating its effect on voltage and frequency control in
VSIs-based microgrids. The proposed control technique will
be extended to cater for microgrids with a higher degree of
control and a broad microgrid-benchmark.

Acknowledgments

This research was supported by the Pan African University,
Institute for Basic Sciences, Technology and Innovation in
the form of postgraduate student research funding

Frequency variation
T

50.5 T T T T
f1/MPC-based arctan droop control
= f2/MPC-based arctan droop control
==f1/Conventional droop control
i ‘f2/Conventional droop control
Z
g s
T o - - o - - - - == = — e e
[ ———— e — . =
g- k- - — - o
e
w
49.5 1 | 1 | |
0 0.2 04 0.6 0.8 1 1.2
Time [s]

Figure 9. Comparative evaluation for frequency using proposed method versus conventional droop control

Voltage variation

400

399

T

I
== \/1/MPC-based arctan droop control
== \V2/MPC-based arctan droop control
=—=\/1/Conventional droop control
=V2/Conventional droop control

=398 -
Q s
- .
% 397 - =
>
396 -
395 1
394 - I I | | I .
0 0.2 0.4 0.6 0.8 1 1.2
Time [s]

2 EA

EAI Endorsed Transactions on
Energy Web
07 2021 - 09 2021 | Volume 8 | Issue 35 | e13



J.D.D. lyakaremye, G.N. Nyakoe and C.W. Wekesa

Figure 10. Comparative evaluation for voltage using proposed method versus conventional droop control
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Figure 11. Active power-sharing using the proposed control strategy versus conventional droop control
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Figure 12. Reactive power-sharing using the proposed control strategy versus conventional droop control
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