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Abstract — In this project Fuzzy based Direct Current Vector Control for Control of Parallel inverters
in Islanded Micro grid is presented. In micro grid islanding operating conditions, distributed generation
(DG) units are usually connected through inverters to an ac distribution system. Traditionally, active and
reactive power sharing between parallel inverters based on droop control method is considered as a high
priority for operating an islanded micro grid. An issue in droop control of parallel inverters in the
islanding mode is the voltage drop associated with reactive power sharing within a micro grid. However,
maintaining micro grid voltage stability while sharing active power between parallel inverters should be
the primary objective for a micro grid. Fuzzy logic controllers are the one to sense the output
continuously and correct the output at the instant if any disturbance occurred. To mitigate the harmonics
and to reduce the total harmonic distortion Fuzzy controller is used. The droop-DCVC controlled units
provide active power sharing among parallel inverters and at the same time maintain micro grid voltage
level by injecting the needed reactive power that is determined automatically from the droop-DCVC
controllers. The Proposed system is made connection with PV source and MLI fed Induction motor. The
performance of system was evaluated through MATLAB/SIMULINK software.

Index Terms — Microgrid, Distribution Generation, Droop control, Reactive power sharing.

1.INTRODUCTION

Any time a micro grid is implemented in an
electrical distribution system, it must be well
planned to avoid problems. For micro grids to
work properly, a switch must open and the DER
must be able to carry the load on the islanded
section. This includes maintaining suitable
voltage and frequency levels for all islanded
loads. Depending on the switch technology,
momentary interruptions may occur during
transfer from grid-parallel to islanded mode. If
power is lost, the DER assigned to provide

power to the intentional island should be able to
restart and pick up the island load after the
switch has opened. Power flow analysis of
island scenarios should be performed to ensure
that proper voltage regulation is maintained and
establish that the DER can handle inrush
currents from large loads. The DER must be
able to load- follow during islanded operation
and sense if a fault current has occurred
downstream of the switch location. When power
is restored on the utility side, the switch must
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not close unless the utility and islanded portions
are in synchronism. This requires measuring the
voltage on both sides of the switch to allow
synchronization of the island and the
utility.Islanded operation can be considered as
one of the most attractive features of a
microgrid, since it ensures service continuity in
the event of a grid interruption . When islanded,
distributed generation (DG) units must be able
to cooperatively regulate the voltage and
frequency, and maintain the generation/load
power balance  within the microgrid.
Accordingly, droop control concepts have been
widely adopted in to provide decentralized
power sharing control without relying on
communications. Moreover, communications
can be used, in addition to droop control, as a
noncritical element in a higher control layer
known as secondary control to enhance the
performance of the islanded microgrid without
reducing the system reliability.

A microgrid (MG) reflects a new way of
designing and building future smart grids. A
microgrid can be described as a cluster of loads,
Distributed Generation (DG) units and Energy
Storage  Systems  (ESSs) operated in
coordination to reliably supply electricity and
connected to the host power system at the
distribution level at the Point of Common
Coupling (PCC). It 1s expected that the
development of MGs has the potential to bring a
number of benefits into the electric power
system Micro grids have received increasing
attention as a means of integrating distributed
generation such as combined heat and power
(CHP) into the electricity network. Usually
described as confined clusters of loads, storage
devices and small generators (< 500 kW), these
autonomous networks connect as single entities
to the public distribution grid. The low-voltage
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non-50/60-Hz power output of many forms of
small-scale distributed generation—including
wind turbines, fuel cells, reciprocating gas
engines, and energy storage—means that power-
electronic converter interfaces are required.
While such low-inertia interfaces tend to make
micro grids sensitive to disturbances, they
enable flexible operation of the connected
generators

In recent years, in order to solve the power
shortage and environmental pollution problems
using traditional fossil fuels, the development
and the use of solar, wind and other polluting
renewable energy is increasingly subject to
people's attention. Power electronics rapid
development for distributed power supply, has
opened up a new path for the renewable energy.
With multiple distributed generation units in
microgrid can be operated in grid or islanded
mode. In islanding mode utilizing multiple
distributed power inverter parallel way to
achieve high capacity and redundant power
supply, can greatly improve the reliability of the
power supply system([2].

II. DROOP CONTROL IN ISLANDING
MODE

A. Droop Control Method

Assuming a DG unit is connected to a common
bus through a transmission line with impedance
Z = + R JjX as
shown by Fig.1 [13], in which the common bus
voltage is taken as the reference. The apparent
power S delivering to the bus from the DG
equals:

S=P+jQ=(Ecp)I" (1)

where P and Q are active and reactive powers
delivering to the bus from the DG, respectively,
and [ is the current flowing through the
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transmission line from the DG unit to the bus,
which is given by:

_Ezp-V20

I
Z,0

(2)

where E and V are the magnitude of the inverter

output voltage and common bus voltage,

respectively, ¢ is inverter output voltage’s phase

angle,H:Tan'l()QR) is the line impedance’s

phase, and Z is the line impedance magnitude.
—  R+jX

I
V20°

—
Eze S=P+jQ

Fig. 1. DG unit connected to AC bus

After some mathematical manipulation, the
active and reactive powers are defined as
below [13]:

2

EV V
P=——cos(f8—-¢)——-cos8
z ¢ zZ 3)

Q:ﬂsin(ﬁ—ga)—V—zsinB
z z @)
According to Egs.(3) and (4) ,it is oblivious that
output archive and reactive powers of the
inverter unit are strongly dependent on line
impedance . if the line is inductive dominant
i.e. =90°ZE X, inverters outputs active and
reactive powers are expressed as (5)and (6);

EV .
P = ~ Sine )

Q=3(Ecosp—V) (©6)

From Egs. (5) and (6), it could be concluded
that for a small phase angle of the inverter
output voltage (i.e.
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sing , cos ¢ = 1), the active power is influenced
by the phase angle while the reactive power is
dependent on voltage magnitude difference
between the inverter output voltage and the
common bus voltage [3]. Thus, similar to a
synchronous generator behavior in power
systems, the frequency of the DG should drop
when its active power increases and the voltage
amplitude of the DG should drop when its
reactive power increases [13].

The governing equations of the droop method
for wireless control of parallel inverters are
expressed as [14], [6]:

w=w,—k,P (6)
E=E,—kgQ (7

Where wo and E, are the reference angular
frequency and amplitude of inverter output
voltage, respectively, and k , kg are called droop
coefficients. Egs. (7), (8) are depicted in Fig. 2,
graphically.

@) ¥

E = FEo — kgQ

(b) Q
Fig.2.(a) P - w, (b) Q —-E

B. Power Sharing between Parallel Inverter
Units Based on Their Droop Characteristics

Assume two inverter units with equal capacity
are connected to a common bus through
different lines as shown
by Fig. 3. If line impedances are inductive
dominant and equal (6 =900 , 71 = Z, = X)
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[13], then, active and reactive powers normally
are shared equally between the two units [3].
However, if the impedances of the inductive
dominant lines are different ( Z1 *+75 ),
reactive power could not be hared equally
although active power sharing would not be
affected [15]. This issue could be proved
mathematically. Assuming that the set point for
the first unit is (wI, PI) and for the second unit
is (w2, P2), then, the frequency-active power
droop equations are as below:

Wy = Wy — ka)1P1 (®)
Wy = Wo — ka)ZPZ ©)

where droop coefficients should be equal, if the
two units have equal capacity, i.e..kw1=kwr=Kew.

According to the droop characteristics, when the
load changes, the active power would be shared
between the two units in a new steady state
frequency w;= wr= ws3. As a result, the active
powers are shared equally between the two units
(for units with equal capacity):

w; —wy =ky(P,—P) ;PL=P,
(10)

Z26,
B\ ]

Exy2¢;

g»or

Fig. 3. Two inverter units connected to
common bus

However, from reactive power sharing point of
view, we have

V20° Z20, i :

www.ljiemr.org

E;=E, —k;Q, (11)

E,=E, —k;0Q, (12)
E,=Z,1,+V (13)
E,=Z,1,+V (14)

Combining Egs. (12)-(15) results in:

Zyly — Z11; = kg(Q1 — Q2) (15)

When Z1 and Z2 are not equal, trying to share
the reactive power equally between the two
parallel inverters would cause a contradiction
because the left side of equality cannot be zero.
Considering the droop characteristics and Eq.
(16), thus, reactive powers cannot be shared
equally. Consequently, one of the biggest issues
associated with the conventional droop control
method is reactive power sharing between DG
units which are located at the different place of
the micro grid with different distance to a
common bus or buses.

Similarly, for a resistive dominant line, i.e. 8 =
00 and Z = R it can be derived that reactive
power

could be shared equally between equal capacity
units, but sharing active power equally between
the two parallel
inverters would cause a contradiction. There is
also another case where lines impedance is
resistive-inductive. In this case active and
reactive power control using the traditional
droop method would be more difficult and
complicated .

All the above issues present a significant
challenge for the conventional droop only
control strategies. To overcome the challenge,
we propose a mechanism to combine
conventional droop control technique with a
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direct-current vector control technique as shown
in the following sections.

III. DIRECT CURRENT VECTOR

CONTROL

A.LC-Filter Based Converter Model in dq
Reference Frame
Fig. 4 shows a converter connected to the point
of common coupling (PCC) through an LC filter
on its output
side. The relation between inverter output
voltage and the PCC voltage in dgq reference
frame is:

Va, ig d (ig —i
:R 1 L _ 1 L ( Q1)
<VCI1> f<iCI1>+ fdt iCI1 T ’ i—dl
%
(u)
Va

where vd and vg are the PCC voltage in dg

(A7)

reference frame, vy and v,; are inverter output
voltage in dq reference frame, Ry and Ly are
resistance and inductance of the LC-filter
inductor, and w is the PCC voltage angular

frequency.

Re Lr i Ve fa Vo

Vai 1
| AT e &
A1 Vhi It f
Vie T _‘ —I\/V\,—IWY\—p—r )

Vi ler

Y- AN s

Fig. 4. Voltage source converter connected to
the PCC through LC filter

Also based on Norton’s theorem, the current
balance equation over the LC-filter capacitor in
dq reference frame is:

www.ljiemr.org

() = (@) + eae () + e (V)
a8)

where C is the LC-filter capacitance. The space
vector representation of Egs. (17) and (18) are
(19) and (20),
respectively:

. d . .
qui = Rf qul + Lf a ldql +]0)Lf ldql + qu

(19)

idql = CEqu +_](I)C qu + idq

(20)

In the PCC voltage oriented frame, the d-axis
voltage would be constant and the q-axis
voltage would be zero [12], [17]; therefore, the
instantaneous active and
delivered to the PCC are

reactive  powers

P(t) = Vdid + vqiq = vdid (21)
q(t) = vgiq — vgig = —Vgliq (22)

In the steady state condition, the derivative
terms in the Egs. (19) and (20) would be zero,
therefore:

qui = Rf idql +](1)Lf idql + qu (23)
idql = j(l)C. qu + idq (24)

where Vi, 1ig, Vagi and 14, stand for the steady-
state space vectors of PCC voltage, grid current,
converter output voltage, and LC-filter inductor
current in dq reference frame. Neglecting the
voltage drop on R, , the steady state current
injecting to the PCC from the converter would
be:
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gy 2z
aq JX1L Xc XL X,  Xc

Where X ;=L f and X ¢ =1 /wC thus the
active and reactive powers delivered to the
PCC are:
VqiV
bl )

Qac = Wa (Vai —va)) /X, + (v3)/X.
27)

B. Direct-Current Vector Control

The DCVC for a LC-filter based converter is
based on Egs. (21) and (22), that is active power
and reactive power are directly controlled
according to d- and g-axis current flowing to the
PCC, respectively. Fig. 5 shows the block
diagram for the DCVC in which the output of d-
or g-axis current controller is a current signal.
These current signals are used as tuning currents
and the controller input error signals would
guide the controllers to adjust the tuning
currents during dynamic control process [18].
As it could be seen from Fig. 5, the d- and ¢-
axis tuning currents iy and i'q outputted from the
current-loop controllers are transferred to the d-
and g¢-axis voltage to control voltage source
converter. Rearranging the space vector Egs.
(19) and (20) in terms of
tuning-current signals will result in:

. a . . .
qul' = Rfldql + Lf Eldql +](,I.)Lf ldql + 'qu
(28)

. d . .
lggn = Cavdq + jwc. vgq +igq
(29)
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Substituting (29) in (28), the d- and g-axis
converter output voltage for steady state
conditions could be shown by:

Vg = Reig — wlsig + v4(1 — w?Lsc)

(30)

Vgi = Rylg + wlfig + vgRrwc

€19

As it is obvious from (34)and (35) decoupling
terms are appeared in d-axis and g-axis voltages

.the whole stricter of the DCVC IS shown in
fig.5, where Req=R¢,Leg=L;,

Veqg = v4(1 — w?Lgc) And veq = vaRrwC .

Fig. 5. DCVC system block diagram

C. Control Under Converter’s Physical
Constraints

In practice, the voltage source converter (VSC)
should operate under rated power and PWM
saturation limits. To satisfy such conditions, the
design strategy of the DCVC [17] is to control
the VSC by maintaining the effectiveness of the
PCC active power control as the first priority
while meeting the PCC reactive power control
demand as much as possible when the VSC
reaches its rated power or PWM saturation limit.
This is expressed as:

Minimize:

|Qac - Q;cl
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Subject to:
2 2
. / . ’Udi + vy
Pac = Pac, lczi + 15 < Lratea » T
< Vac
2V2

The requirement is implemented in the
following way. To prevent the converter from
exceeding the rated current, (32) is employed if
the amplitude of the reference current generated
by the outer control loop exceeds the rated
current limit. According (19) and (20), this
represents a strategy of keeping the d-axis
current reference iy unchanged so as to maintain
active power or dc-link voltage control
effectiveness while modifying the g-axis current
reference i,* to satisfy the reactive power or ac
system bus voltage control demand as much as
possible [12]. If |vdql| generated by the current
control loops exceeds the PWM saturation limit,
v' 4 and V*q] are modified by (32). According to
(26) and (27), this represents a strategy of
keeping the g-axis voltage
reference v*q] unchanged so as to maintain the
dc-link voltage or active power control
effectiveness while modifying the d axis voltage
reference v*dl to meet the reactive power control
demand as much as possible.

() ()

(32)

W . o - nl
f{f‘_m:u' =15 Iq_nen' =sign ("q ) ’

L . - - 2 e 32 * e
Vu‘r‘_nm = sign ( Va ) " (v:.ft,ll'_ml)i ) = ( I"’qr‘ ] 2 an'_rrmr = vqu' (33)

IV. APPLYING DCVC AND DROOP
CONTROL METHODS TO PARALLEL
INVERTERS
In islanding mode, it is necessary to establish
the common bus voltage and simultaneously

www.ljiemr.org

providing the demanded active and reactive
powers. Conventionally, frequency-droop and
voltage-droop control strategies without using
vector control mechanism were used to share
real and reactive powers among two or more
DG units. However, this would cause not only a
challenge of reactive power sharing but also a
bad power quality to the microgrid. With
DCVC, it is possible to integrate vector and
droop control together for control of parallel
inverters with improved power quality and
voltage reliability. However, DCVC requires
that at least one inverter or DG unit within the
microgrid must operate as a grid-forming unit.

A. Grid-Forming Inverter

A grid-forming unit is assigned to regulate the
voltage at the PCC, dominantly set the system
frequency, and provide a reference to other
vector controlled inverters. The unit should be
adequately large and have adequate reserve
capacity to supply the power balance. Its
function is similar to a traditional slack bus
generator and is a necessary component for
operation of other vector controlled
inverters.Fig. 6 shows the control structure for a
grid-forming inverter. The active and reactive
powers are calculated based on the measured
three-phase voltage and current at the PCC, and
then are used to generate frequency and
amplitude signals for control of the grid-forming
converter through the conventional droop
method as shown in Egs. (7) and (8). The
frequency and amplitude from the active and
reactive power droop controllers together
formulate the three-phase reference control
voltage which is used to drive the PWM to
control the converter.
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AC Bus

Pt o | Vac=Esind

i ;
1 Vi
Pand Q) Reforence | - o
Caleulation ; Voltage : 'ﬁ'
rl

Fig. 6. Control structure of grid-forming
inverter

B. DCVC Controlled Inverter

The DCVC controlled inverters combine the
DCVC with droop control as shown by Fig. 7,
which consists of an
external droop control loop, an active power and
PCC bus voltage control loop, and an inner
current control loop. At the external loop, the
droop control is only applied to the PCC active
power control. The power reference generated
by the droop control mechanism is passed to the
active power and PCC bus voltage control loop.
At this loop, the DCVC control strategy is
operated by maintaining the effectiveness of the
PCC active power control as the first priority
while meeting the PCC bus voltage control
demand as much as possible as explained in
Section III-C. Therefore, the reactive generation
of the converter is determined by the PCC bus
voltage controller with the consideration of the
physical constraints of the converter, which
overcomes the challenge of achieving reactive
power droop control among parallel inverters as
explained in Section II and helps to improve
micro grid voltage.

Fig. 7. Control diagram for DCVC
controlled inverters

www.ljiemr.org

C. Overall System Structure

Fig. 8 shows the overall structure of two parallel
units in islanded mode. The active and reactive
power balances at PCC are P=PI/+P2 and
Q0=0Q1+Q2 where Pj and Qj are the active and
reactive power of jth unit, respectively. If the
active power droop coefficients for both units
are the same, the active power should be shared
equally between the two units. The reactive
power of the second unit, the DCVC controlled
unit, is regulated automatically by its bus
voltage controller until the bus voltage is
maintained at the nominal value or until the
rated power or PWM saturation limit of the
converter is reached. The rest of the reactive
power demand will be met by the first unit
through the droop control mechanism. If the
demanded active power at the PCC increases,
the MG frequency will drop and the active
power of both units will be increased according
to their droop characteristics and at the same
time the reactive power of the two units will be
readjusted.

. Veo
Z1=R1+jX1 PCC

UNIT#1

+ Lt LOAD
FILTER

UNIT#2
+ 2 —
FILTER

Fig. 8. Overall structure for parallel units in
islanded mode

VINTRODUCTION TO FUZZY LOGIC
CONTROLLER
L. A. Zadeh presented the first paper on fuzzy
set theory in 1965. Since then, a new language
was developed to describe the fuzzy properties
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of reality, which are very difficult and sometime
even impossible to be described using
conventional methods. Fuzzy set theory has
been widely used in the control area with some
application to dc-to-dc converter system. A
simple fuzzy logic control is built up by a group
of rules based on the human knowledge of
system behavior. Matlab/Simulink simulation
model is built to study the dynamic behavior of
dc-to-dc converter and performance of proposed
controllers. Furthermore, design of fuzzy logic
controller can provide desirable both small
signal and large signal dynamic performance at
same time, which is not possible with linear
control technique. Thus, fuzzy logic controller
has been potential ability to improve the
robustness of dc-to-dc converters. The basic
scheme of a fuzzy logic controller is shown in
Fig 5 and consists of four principal components
such as: a fuzzification interface, which
converts input data into suitable linguistic
values; a knowledge base, which consists of a
data base with the necessary linguistic
definitions and the control rule set; a decision-
making logic which, simulating a human
decision process, infer the fuzzy control action
from the knowledge of the control rules and
linguistic variable definitions; a de-fuzzification
interface which yields non fuzzy control action
from an inferred fuzzy control action [10].

Fizzy contoler

Reference input || 2
nrl 7
—|d

Taqpruts Cratputs

url L

Process

Fig.4. General Structure of the fuzzy logic
controller on closed-loop system
The fuzzy control systems are based on expert
knowledge that converts the human linguistic
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concepts into an automatic control strategy
without any complicated mathematical model
[10]. Simulation is performed in buck converter
to verify the proposed fuzzy logic controllers.

FLC ENOWLEDGE BASE

Rulz Base | Clata Bnse

I Fuzzy wia)

FUZZIFXATION | N MAKING g DEFUZZIFICATION

Real
¥, :

n ¥ [C-Le ¥
CONVERTER ‘I"

Fig.5. Block diagram of the Fuzzy Logic
Controller (FLC) for dc-dc converters

defii=sik|ak-11 Input &k}

Errar Amp lifiar

A. Fuzzy Logic Membership Functions:

The dc-dc converter is a nonlinear function of
the duty cycle because of the small signal model
and its control method was applied to the
control of boost converters. Fuzzy controllers do
not require an exact mathematical model.
Instead, they are designed based on general
knowledge of the plant. Fuzzy controllers are
designed to adapt to varying operating points.
Fuzzy Logic Controller is designed to control
the output of boost dc-dc converter using
Mamdani style fuzzy inference system. Two
input variables, error (e) and change of error
(de) are used in this fuzzy logic system. The
single output variable (u) is duty cycle of PWM
output.

FIS Variahles Membership function plots  PICt points: 131
P

[Uls] NS Z PS

Mo w A
r US <\/< %

o n n h n = m— n
-1 08 06 04 -02 0 02 04 06 08 1
input variakle "errar”

Fig. 6. The Membership Function plots of error
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FIS Variables Membership function picts  Plot points: 191

H [z} 0 PS P

ﬂ
@ | 0s

change'rror

0 T 1 n n \ T T n T
-1 08 06 04 02 0 0.2 04 0g 0.8 1
input variable "change rror"

Fig.7. The Membership Function plots of
change error

FIS Variables Membership function plots  PIot points 161

- m ME MB Z0 PS FB
*

efror duty'am

0s
changaerror

0 I L I I L n L n L
-1 -0 06 04 02 o 0.2 04 g 08 1
output variable "duty atio”

Fig.8. the Membership Function plots of duty
ratio

B. Fuzzy Logic Rules:

The objective of this dissertation is to control
the output voltage of the boost converter. The
error and change of error of the output voltage
will be the inputs of fuzzy logic controller.
These 2 inputs are divided into five groups; NB:
Negative Big, NS: Negative Small, ZO: Zero
Area, PS: Positive small and PB: Positive Big
and its parameter [10]. These fuzzy control rules
for error and change of error can be referred in
the table that is shown in Table I as per below:
Table I
Table rules for error and change of error

e |[NB|NS|ZO | PS | PB

NB [NB |NB | NB | NS | ZO
NS |NB |NB | NS |ZO | PS
ZO |NB |NS|ZO | PS | PB
PS |NS |ZO | PS | PB | PB
PB|ZO | PS | PB | PB | PB

www.ljiemr.org

V. SIMULATION AND RESULTS
ANALYSIS
A microgrid with two parallel inverter units and
two major loads were built by using MATLAB /
SIMULINK. Each inverter is connected to its
PCC bus through an LC filter. Two units are
considered to have different capacities which
are connected through transmission lines having
different impedances to the loads. Then, diverse
microgrid operation scenario were studied and
evaluated.

Fig.9.Matlab/simulink model with Droop and
DCVC controlled Inverter.

Fig.10. Active and Reactive Powers at unit 1.
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Fig.16. THD of Source Current with Fuzzy

ml\ 1 Control.

Time(sec)

Fig.12. Frequency.
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Fig.17. Matlab/simulink model of proposed
system with PV source fed Induction Motor.

Fig.14.Three Phase Voltages. Fig.18.Five level line-line Voltages.
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Fig.19. Current, speed and Torque of Induction
Fig.15.THD of source current with PI Control. motor.
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Fig.21. Matlab/simulink Model of PV system.

VI. CONCLUSIONS
In conclusion it is strongly confirmed that the
developed droop control method and a new
direct current vector control technique are used
for controlling parallel inverters interfaced with
DG units in Microgrid Islanded mode. In this
paper we developed a droop control method for
a control of parallel inverter in microgrid and
also analyzed the problems associated with
droop based control for parallel DG units in
Islanded Microgrid. The advantage of the
developed topology has the ease to determine
reactive power sharing of parallel inverters even
under complex transmission line conditions,
Improves Power quality and enhanced
Microgrid voltage stability, reliable Microgrid
operation beyond inverter physical system
constraints. The developed topology is
simulated in Matlab/simulink software and the
performance is analyzed using both PI and
Fuzzy controllers. . Also the proposed droop
and DCVC for control of parallel inverter with

www.ljiemr.org

PV system fed Induction motor is simulated and
the Performance of the overall system is studied.
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