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Small-scale islanded microgrid technology has the potential to utilize renewable sources for electrification in extreme areas where
conventional transmission of power is difficult. But due to the absence of a utility grid in the islanded operation, voltage and
frequency control becomes the major concern. Instead of using a centralized large battery storage system, electric vehicle- (EV-)
based distributed energy storage may provide a dynamic and much cheaper energy storage solution for small-scale systems in the
long run. The only issue is to effectively manage the dynamics of EV penetration for achieving the overall control in the islanded
system. To address the same issue, this paper proposes a novel segregation-based inverter control structure for an islanded
microgrid while employing EVs as an energy storage system, thus eliminating the need for centralized storage. The designed
integrated control structure simultaneously attends to the voltage and frequency regulation need of the system, overcoming the
issue of control lag, along with energy storage and management aspects in the microgrid operation for controlling the power flow
under various practical scenarios. Extensive experimental studies are performed in MATLAB/SIMULINK environment, which
indicates that the proposed integrated control structure gives a satisfactory performance under various scenarios encompassing
load variation, renewable energy uncertainties, and EV dynamics in comparison with conventional control schemes employed in

the islanded microgrid.

1. Introduction

The major problem with renewable energy sources (RES) is
their intermittent and unpredictable nature. So to utilize
RES, a large and complex control is required. For electri-
fication of remote rural areas, the islanded system is es-
sentially required [1-4]. RES-based microgrid (MG) requires
a power electronics-based converter in the system; thus, it
may adversely affect the overall power quality of the system.
Further, any islanded MG itself suffers from the lack of
system inertia because RES are integrated through power
electronic controllers, which gets manifested into issues in
frequency regulation [5-7]. Having an integrated DC bus in
the system may improve this issue a little bit.

The proper functioning of an MG includes complete
control of the system under load variations, system

disturbances, profile variation, connection or disconnection
status of the RES, proper energy storage and management
(ESM) in the system, voltage maintenance, frequency reg-
ulation, and also ensuring good power quality. Thus, energy
storage is used in MG [8, 9]. The use of electric vehicles
(EVs) in MG for ESM is a promising area of research because
of its fast charging and discharging capabilities. The bidi-
rectional power flow in EV is called vehicle-to-grid (V2G)
for discharging operation and grid-to-vehicle (G2V) for
charging operation of the vehicle [10, 11].

The inverter control is essential in MG for its proper
functioning and operation [12, 13]. However, the reported
work in [12, 13] does not consider the integration of RES and
EVs. As the system starts including more and more intrinsic
mechanisms and also approaches towards more practical
scenarios, conventional control starts failing to operate.
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To overcome this, various papers have investigated the
functioning of MG with RES [5, 14-17], energy storage
systems [18-20], some advanced ESM strategies designed
with dynamic programming [21] and use of EVs in charging
stations and V2G design [22-29]. A few works are reported
in advanced inverter control structures like adaptive droop
control [10, 30], proportional-integral (PI) controller [4],
fuzzy logic [20, 31, 32], model predictive controllers [33] for
MG control, and so on. In [31, 34-38], nonconventional
optimization algorithms, genetic algorithms, butterfly op-
timization, and so on are applied to tune the controllers.
These control techniques are effective and adaptive; how-
ever, they require a lot of iterative computational memory
which may create hurdles in real-time operation and are
prone to be stuck at local optimum [39, 40]. This can
generate an unintentional control lag that may hinder the
controller from working at its global optimum operation.

With this background, the main problem, which is
considered in this research, is to make the MG independent
from centralized storage, external inertia support, and its
control being free from the iterative computation. Most of
the reported literature considers grid support or large-
battery storage system (LBSS) [18, 30, 33] support for sta-
bilizing the system. Some of the works consider only uni-
directional power flow for EV charging stations [23-27, 29].
Reheat turbine system support and approximated solar and
EV models are considered in [31] without including their
intrinsic characteristics. None of these works has explored a
standalone MG system with renewable generation and EV
integration without the support of a power grid, LBSS, and
turbine systems. Also, the nonlinearity of converters in-
terfacing RES and EVs is avoided in most of the studies just
by replacement from a first-order transfer function [39-41]
to avoid certain complexities. This became the motivation
for this work to include the same in the study.

A novel self-adaptive segregation-based inverter control
(SBIC) with a dynamic band margin- (DBM-) based hys-
teresis controller, which uses the voltage signals for gen-
erating pulse width modulation (PWM) signals, is designed.
Controller derives its adaptive features, through the segre-
gation of its dynamic and fundamental components, of
feedback. The main advantage of using SBIC is that it oc-
cupies very little memory, produces no control lag due to
coordination delay, and is neither prone to be stuck at local
optimum as the controller is not driven from an iterative
algorithm or member function-based strategy. A propor-
tional-resonant (PR) controller is used for high speed and
improved steady-state performance. Also, bidirectional
converters are designed for EV charging and discharging
with small modifications controlled from an ESM scheme.

The major research contributions of this paper are as
follows:

(i) Voltage and frequency regulation of islanded
microgrid through EVs (using as energy storage)
without any LBSS or external inertia support.

(ii) A novel, self-adaptive discrete sample coordinated
SBIC scheme to overcome the problem of control

lag which occurs due to complex computational
techniques.

(iii) Consideration of intrinsic mechanisms and non-
linear characteristics of converters interfacing RES
and EVs in the study.

(iv) Seamless coordination among proposed SBIC
module, converter interfaced renewable generation
and EV control module, and ESM module.

The outline of this paper is as follows. Section 2 discusses
the detailed description of MG system modeling used for
problem formulation. Section 3 consists of a detailed dis-
cussion over the proposed inverter control strategy and ESM
strategy. Section 4 shows the simulation results and dis-
cussion over considered case scenarios. Finally, Section 5
provides conclusions.

2. System Modeling

The schematic of islanded MG system is shown in Figure 1.
MG consists of a DC bus, integrated with RES, and an AC
bus which is connected to the load. An inverter filter in-
terface is used to connect both buses. The inverter used is a
grid forming voltage source inverter, for isolated MG op-
erations. EV modules are integrated at both DC and AC
buses. The proposed main inverter controller and ESM al-
gorithm module are shown with input and output signals for
overall control and proper functioning of MG.

2.1. Renewable Generation Integration. RES (solar and wind)
are integrated into the DC bus of the microgrid. Mathe-
matical modeling and respective control mechanisms of
solar and wind plants, connected to the DC bus, are detailed
in this section.

2.1.1. Solar Plant. The solar power plant is integrated into
the DC bus of a microgrid by the means of a boost converter
that is being controlled by the incremental conductance
maximum power point tracking (IC-MPPT) control algo-
rithm. For dynamic modeling of PV array, a panel of 10
series modules and 47 parallel strings is chosen. Mathe-
matical modeling of solar PV characteristics is reported in
[5, 17].

Mathematically, IC-MPPT can be described in both
discrete sample systems (DSS) and continuous differential
systems (CDS), as shown in (1)-(7).

P(j)=P@j+1)=P(j),P(j)=V;*I (1)
Y P(j)=V,*I,-V *I =0, (2)
j=1
n k n
YP(j)=Y P+ Y P(j)=0, (3)
j=1 j=1 j=k+1



International Transactions on Electrical Energy Systems

vDC V1 (abci 11 (abc)
D({BUS ACBUS
Solar MPPT algorithn V (abc), I (abc) »| Switching
Plant —DC Power—p & Boost » : P Circuit
converter SUB Al,C BUS N
| @- ------
1
AC sid Inverter| . f]:l(t:L
Wind DDMT I )
Plant  [AC power | control rectifirer . Dxnam{c
- —|Residential Voltage and measurement
Load current -=h
! 1
! 1
VSI Gate Driver : @ ® :
> i l
Vehicle |¢—]| Bi-directional Switching and I§olaF10n 2 ! f EV X |
N R Circuit ! 1 1
systems DC-DC conv. Circuit § I Switqlhing Signals |
! 1 I 1
1
L E | I I I
. ) z ! v T
- 1 ¢ | |CONTROLLER
DC Side EV Module ' 5 s M (ESM)
— I DCB 1 A nergy Storage Management
SOC [ _9 _lis_vi)fa_ge_ _________________ Algorithm
measurement| _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ e
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2.1.2. Wind Plant. The permanent magnet synchronous
generator (PMSG) based wind power plant is integrated into
the DC bus with the help of differential drive mass train
(DDMT) control [15] and with an uncontrolled rectifier
circuit. Mathematical modeling of the wind power plant is
reported in [31]. DDMT control is a gearbox-based shaft
speed control, a schematic diagram of which is shown in
Figure 2. Mathematical modeling is shown in (8)-(11).

P=wrT,=wT,, (8)
2Ht(:1—c: =T, -T, (9)
w%s dj;“ =w-w, (10)
n=&%+qﬁf (11)

FIGURE 2: Schematic diagram of DDMT control.
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FiGUure 3: Schematic of bidirectional DC-DC converter with
control.

2.2. Electric Vehicle (EV) Integration. In MG operation, EV
modules are utilized as flexible loads for ESM and power
flow maintenance and regulation of MG system via V2G and
G2V operations [42]. During these operations, EV converter
modules are in operation; hence, the design process focuses
on the same. Converter and its control design affect the V2G
and G2V process for both DC and AC sides of the MG. Some
advanced converter designs are described in [27, 43].

2.2.1. Converter Design for DC Side EV System. DC side EV
system modules are integrated into the DC bus of the MG
with the help of a common bidirectional DC« DC
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FIGURE 5: Schematic design of proposed SBIC-based main inverter controller.

converter, where V2G is a discharging, closed-loop boost
operation control and G2V is a charging, closed-loop buck
operation control, with internal current control, schematic
design of which is shown in Figure 3.

The closed-loop control is described in (13)-(14). Voltage
relations for V2G and G2V operations are given in (15)-(16).
In (12), PI controller in discrete domain is denoted as PI.

PI[z] =k, + ;Tl
(12)
PI[n] = (%){PI (2] « 2" '}dz,
D, [n] = PI[n]®(PI[n]®{V . - V,} —i), (13)
D, [n] = PI[n]®(PI[n]®{Vpc e - Va} - 1), (14)
257 Yi); (15)
V,=D,V,. (16)

2.2.2. Converter Design for AC Side EV System. AC side EV
modules are integrated into the AC bus of MG with the help
of a modified bidirectional AC <> DC converter design in-
cluding a circulating current protection circuit within the
converter. V2G discharging operation is carried out with
DC — AC conversion and G2V charging operation is
carried out with AC — DC conversion. This AC — DC
conversion requires an uncontrolled AC — DC rectifier
witha DC — DC buck converter connected in a cascaded
manner. The schematic design of the proposed AC < DC
bidirectional converter with its control is shown in Figure 4.
Circulating current protection circuit logic is given in
(17)-(20).

S, =1(on)VI, =0, (17)
S; = 0(off)VI, #0, (18)
S, = 1(on)VI; =0, (19)
S, = 0(off)VI, #0. (20)

PI controllers are the same as in (12).
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The command or switching signals, for connection or
disconnection of both DC side EV systems and AC side EV
systems, are generated by the ESM scheme, which is dis-
cussed in Section 3.

3. Proposed Control Strategy

This section describes the following:

(a) Proposed novel SBIC structure for the main inverter
interfacing the DC and AC bus of MG.

(b) ESM scheme for meeting the energy requirements to
ensure the proper functioning of MG.

(c¢) Coordination among SBIC module, ESM scheme, and
control module of renewable generation and EVs.

3.1. Main Inverter Controller. The proposed controller is
shown in Figure 5. Inputs, given to the controller, are DC
bus voltage and system frequency reference. Feedback
voltage and current signals are also being supplied. PWM
pulses are taken as output signals. As there is no external
inertia support of power grid, LBSS, or turbine system in the
MG system (Figure 1), it is essential to have a robust and self-
adaptive controller design to ensure the proper functioning
of MG under any kind of disturbances and with high
penetration of converter interfaced RES and EV systems.

To ensure the same, dynamic segregation and dynamic
band margin (DBM) generation blocks are introduced in the
controller, which modifies the feedback signals before
injecting them into the inner current controller (ICC) and
hysteresis band PWM blocks. The novel segregation feature,
which segregates the fundamental component from feed-
back, makes the controller robust and the DBM makes the
controller self-adaptive.

A delay element is introduced in the controller for ef-
fective coordination and to avoid control lag. PR controller
is used for improving the steady-state performance and
space vector frame transformation is used to reduce the
complexity of the control structure.

A schematic of the PR controller [44] is shown in
Figure 6, which is used for DC bus voltage control and the
output of the PR controller is supplied to ICC as referenced-
axis current i and reference g-axis current is taken as i* = 0.
The transfer function of the PR controller is given in (21),
while i is expressed in (23).

koa+k
PR[z] = g ,PR[n] = <1,){PR[z] «2"'de,
a+ w] 2nj
(21)
a- ZTQ (22)
i7[n) = PR{n]&(Vperer = Vi )- (23)
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Q ﬁ
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FIGURE 7: Schematic diagram of dynamic segregation block.

Fundamental components of feedback signals, before
injecting into ICC and MG system model, are segregated,
through digital filter operations, as shown in Figure 7. This
segregation is used to achieve coordination among high
bandwidth PR controller output signals, low bandwidth
feedback signals, and dynamics of high bandwidth PI
controller, same as (12), used in ICC.

For any given signal G, this can be expressed as

G =G(F)+G(D). (24)

The digital filter model used to segregate the funda-
mental G(F) is as follows.

Consider a discrete form of signal G as G[n], which is
formulated as (25).

2nn 6mn
~(N . .
Gln] = yoe "™ + y, * sm(W + 61> + Yy sm(W + 03),

(25)
n n
ei(n/N)z 1——+—2——3+"' N (26)
N 2N° 6N
2nn
k=N
Yie = y1cos 0, @7
Y1 =Yy 8in 6,
Using (27),
yy * sin(zﬂ + 61> = y,#[sin(k,)cos 6, + cos(k,)sin 6]
N (28)

= y1esin(k,) + yis cos (k,).
Substituting (26) and (28) in (25) yields
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(1

2 3

n n n

Glnl =y 1-— 4 — -
[n] y°( N 2N? 6N3)

29
+ Yic sin (kn) + Y15 COS (kn) ( )

+ y5.8in(3k,) + ys, cos(3k,),
2 3
n n n )
)i

__+ — —
N 2N? 6N?
(30)

TaBLE 1: System parameters.

Parameter Value
Vet 600V
50Hz

.‘;ACL—L 400V

i 48.5Hz

min

S 51.5Hz
Vmin 570 V
Vinax 630V
faw 50 kHz
Sref 1000 W/m?
Tref 25°C
Voc—boost 363V
Choost 3.267 mF
Lboost 1.43 mH
P solar—rated 100 kW
p wind-rated 30 kW
Uyind 12m/s
H, 4
K 0.3
D, 1
SOCnin 40%
SOChax 95%
L 500 uH
c 100 uF
R 0.02Q)

Having n=1,2,3,...,N samples, yo, V10> Vi V3er Vs
are computed from the following matrix.

Gl[1] ji sin(k;) cos(k;) sin(3k;) cos(3k;) Yo
G[2] jo» sin(k,) cos(k,) sin(3k,) cos(3k,) e
= Vis
G[N] jn sin(ky) cos(ky) sin(3ky) cos(3ky) Jae
3s

(31)

Inversing the matrix, we get

Yo i, sin(k;) cos(k,) sin(3k,) cos(3k) 7' G[1]
Jie j, sin(k,) cos(k,) sin(3k,) cos(3k,) GI[2]
Yis | =
Y3 . . .

jn sin(ky) cos(ky) sin(3ky) cos(3ky) G[N]
V3s

(32)
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Voltage variation with RES integration
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FiGure 10: Voltage profiles. (a) DC bus voltage robustness of MG with solar plant integration. (b) DC bus voltage sensitivity of MG with
both solar and wind plants. (c) Three-phase AC bus voltage of MG with solar and wind plant integrated.

From (32), the functions G (F)[n] and G(D)[n] can be

computed as follows.

G(F)[n] = x[n]sin (2% + a)

=x[n] *

x[n]cos (6) = x.[n],

x[n]sin (8) = x,[n],

G(F)[n] = x.[n]sin (%) + x, [n]cos (

2nn

sin <2%)cos(6) + cos(%)sin(é)],

(33)

(34)

(35)

(36)

x,[n] = (37)

G(D)[n] = G[n] - G(F)[n]. (38)

Thus, same as the above equations, feedback voltages and
current signals can be segregated as given in (39)-(41) and
will be supplied wherever necessary.

Vﬂbc = Vabc (F) + Vabc (D)) (39)
iabc = ‘abc (F) + iabc (D)> (40)
il = il (F) +il,,. (D). (41)

Modeling of ICC is given in (44)-(45) through frame
transformation as given in (42)-(43).
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FiGure 11: Load frequency robustness waveforms (a) shows complete time scale, (b) zoom version of (a) From t=0.36s to 0.47s,

(c) zoom version of (a) From t=0.61s to 0.71s.

igg 0 (F) = [T [igse (F)], (42)
igq0(F) =iy (F)+ ji,(F), j=v-1, (43)
V;(F) = PI[n]e{i;[n] —i; (F)}, (44)
V: (F) = -PI[nlei, (F), i} =0. (45)

Reference inputs V; and V7, generated from ICC, are
supplied to the MG system model which represents the LCL
filter modeling as given in (48)-(50).

ildq 0 (F) = [T] [ilabc (F)]’ (46)

1490 (F) = i1, (F) + jil, (F), (47)
d

CV#(F) =iy (F) - i1, (F) + 0,CV; (F),

CdVd(F) _ (358

dt &

v, (F) | ) .
C =zq(F)—11q(F)—w0CVd(F),
dt (49)
Cqu (F) -
dt 7

For linear control with the fundamental component, the
system satisfies the relation given in (50).

Va(F) V,(F) T
alf) 7T, (50)
E, E, C(z-1)
In the AC frame, the output of the MG system V., ¢ 45, is
given in (52).
Ed+qu =Edq0’ (51)
Vref,abc = [T]71 [Edq O]' (52)

Actual feedback V ;. and reference V ¢ ;.. are supplied
to a hysteresis controller through a delay element of 5
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Ficure 12: Control under continuous solar irradiation linear variation. (a) The power output at AC bus with wind plant (at base speed 12 m/s)
also connected to MG. (b) The variation in AC bus three-phase currents waveforms. (c) Robustness in DC bus voltage waveform.

samples to synchronize the DBM, denoted as h(t), with
feedback signals and eliminate the control lag.

Dynamic band margin (DBM) is generated using
feedback voltage dynamic component (anything other than
a fundamental component in the signal) as evaluated in (53).

(D) =V ape = Vape (F). (53)

abc

Consecutive 5 samples of V ;. (D) are used to generate
an autovarying DBM. This varying DBM makes the hys-
teresis band self-changing, which makes the hysteresis
controller self-adaptive. For any discrete function f[n]
sam,{ f [n]} represents the consecutive 5 samples as given in

sam,{f[nl} ={f[n-4], f[n-3], fln-2], f[n-1], fn]}.
(54)
Considering f[n] =V . (D), DBM can be calculated as
follows.
h(t) [max{sam { abc (D)}} mm{sam { abc (D)}}]

(55)

With the above calculation, the hysteresis band will
range from V ¢ . — h(t) to V ¢y + h(t). The schematic
diagram of the used hysteresis band-based PWM generation
technique is shown in Figure 8. The detailed working of a
conventional current hysteresis controller is well known as
given in [45, 46].

3.2. Energy Storage Management (ESM) Scheme. The flow-
chart for the algorithm used in the ESM scheme, for
command or signal generation for connection or discon-
nection of both EV systems, is given in Figure 9. ESM
scheme is designed for twenty-four hours of the day. It is
assumed that two separate fleets of EVs are present on the
DC and AC sides, for 24 hours of the day, for energy
management in the microgrid. Under the normal operating
condition, wherein the supply from RES can meet the system
demand, given in (69), both EV systems remain discon-
nected; otherwise, connection and disconnection take place
according to the scheme to regulate the system parameters.
The inputs given to the algorithm are Py, Py, SOC input
for both the EV modules, P;, V-, AC bus voltage and
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Load Demand variation control
800 T T T T T T T

700 r -

600 - .
500 | ‘—B— 4

400 1 1 ] 1 1 1 ] \
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
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Power/phase (W)

— Supplied Active Power
—— Load demand/phase

()

A

(c)

FiGure 13: Load side power demand variations. (a) Active power per phase demand and supplied power per phase in watt. (b) Reactive
power supplied/phase in VAR. (c) Three-phase AC bus currents during power demand variation.

currents, reference inputs SOC,_;, and SOC,_,, and SOC (%) = 100 * Charge present at a given time in Ah
S mins fmax> Vinin> andV oy Vi Rated charge of a vehicle batteryin Ah )’
SOC for every vehicle SOC,, present in any of EV (59)
modules must satisfy
SOC, ., <SOC, < SOC,,... (56) As an indicative parameter of EV modules, the average

SOC for overall modules SOCgy pc and SOCgy z¢ can be
While the connection with MG the power supplied or  calculated as follows.

taken by DC and AC EV systems are Pgypc and Ppy ac 11 SOC,, (%)

which are given, respectively, as follows: SOCgy pc (%) = Z — (60)
. ' "
i=1
nl
Pevoc = ) P, (57) "2 SOC,, (%)
i=1 iv
SOC %) =) ———. 61
ev,ac (%) ; " (61)
n2
Py ac = Z Py. (58) Combined RES power can be written as Pg,y, given as
i=1
Pgyw = Ppy + Py, (62)

At any time, SOC (in percentage) of any vehicle can be
calculated as Power flow management is given in (63)-(66).
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FIGURE 14: (a) Active power at the load bus. (b) Reactive power at the load bus. (c) Three-phase AC bus currents.
Case 1. Pgy > Py (charging) Pgy = Ppy + P,y = P, (69)

Day time Pgy; — P; = Py pes (63)
Night time Py — P} = Pyy sc- (64)
Case 2. Pgy <Py (discharging)
Day time Pgyy + Ppy pc = Py, (65)
Night time Py + Ppy ac = Py (66)

DC bus voltage and frequency of AC bus f,- must
satisty the following conditions.
Vomin <Vpc <V (67)

max’

fmin<fAC<fmax'

The normal operating condition of MG when no EV

system will be connected is given in (69) along with (67),
(68).

(68)

Extreme positive or negative case scenarios of extremely
low load demand (need of generation curtailment/feed-in
management) or requirement of load shedding are not
considered during this study and thus not included in the
ESM scheme.

3.3. Coordination among SBIC Module, ESM Scheme, and
Control Module of Renewable Generation and EVs

(i) Control logic, used in renewable generation con-
verters, is for extracting the maximum amount of
power from solar and wind plants having nonlinear
characteristics.

(ii) Controllogic, used in EV bidirectional converters, is
to maintain power flow in the right direction using
the constant voltage charging method and also
eliminate the risk of circulating current in the
converters. Switching of EV modules (connection
and disconnection from MG) is decided by the ESM
scheme through digital switching signals.
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Under unbalanced three phase load conditions
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FIGURE 15: (a) AC bus three-phase voltages. (b) AC bus three-phase currents. (c) Active power for each phase.

(iii) ESM scheme only decides on switching of EV
modules (from conditions specified in Section 3.2).
EV control regulated the power flow direction but
along with the fact that stabilization of MG pa-
rameters to their reference values is also essential
which is being governed by the SBIC module.

(iv) First of all, renewable control deals with extracting
maximum power which is continuously varying
which triggers the ESM scheme to decide for
connection or disconnection of EV modules. Si-
multaneously, SBIC control tries to stabilize the MG
system. Thus, overall coordination is established
among all the control modules employed in the
system.

4. Simulation Results and Discussions

The proposed MG system as shown in Figure 1 is modeled in
the MATLAB/SIMULINK platform. Data for load demand
variation, RES profile variation are created by authors
themselves. The system parameters used for simulation are
shown in Table 1.

For analyzing the performance of the controller and
ESM scheme, various case scenarios have been taken, which
are given below.

4.1. Controller Performance and Sensitivity Analysis. To
validate the performance and robustness/sensitivity of the
controller under disturbances of the MG system, some cases
have been considered without ESM scheme and EV inte-
gration, while maintaining the power balance between
generation and demand.

4.1.1. Voltage Control with RES Integration. The solar plant
is integrated with the DC bus of microgrid and the voltage of
the DC bus remains well within permissible limits due to the
controller as shown in Figure 10(a). When the wind plant is
integrated with already having a solar plant on the DC bus,
the voltage becomes more stable because of wind plant
inertia aiding to DC bus of MG as shown in Figure 10(b).
Three-phase AC bus voltage is shown in Figure 10(c) with
solar and wind plant integrated to DC bus of MG.

4.1.2. Frequency Regulation and Robustness under Switching
of RES. In the isolated microgrid, initially, both RES (solar and
wind) modules are connected to the DC bus of MG. Att=0.4s,
wind plant is disconnected; again at t=0.613s, wind plant is
connected to the DC bus of MG, and then at t=0.653 s, solar
plant is disconnected from the MG. The variation in the fre-
quency due to these switching is shown in Figure 11. The
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FiGure 16: Failure of conventional control and comparison with proposed control while RES connections and disconnections. Till £=0.2s,
only solar plant is supplying 100 kW of power at 600 V DC bus reference voltage; at t = 0.2 s, wind plant is connected, and supplied power rises
to 130kW, at t=0.4s, solar plant disconnected and again connected at t=0.45s. (a) Active power. (b) Reactive power. (c) DC bus voltage.

controller is effective in maintaining the frequency within the =~ the MG was contributed by the solar plant and disconnection
permissible limits specified. Variations after t=0.653 s are high ~ of the same leads to higher fluctuations; however, due to the
relative to that of t=0.4s because the major power supply to ~ proposed controller, frequency is regulated.
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Renewable Power, Load Demand, DC side EV supply
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FIGURE 17: Twelve hours, daytime simulation with DC side EV module. (a) Solar and wind power generation with wind plant connect and
disconnect, load power demand, and power from DC side EV module. (b) Average SOC indication parameter in percentage for DC side EV
module. (c) Switching signal from ESM algorithm for DC side EV module.

4.1.3. Control and Robustness of MG System under RES
Profile Variation. The solar irradiation is decreased linearly
from 1 kW/m?” to complete disconnection level from = 0.4 to
0.7 s. Further, the plant is connected back and solar irradiation
is linearly increased from 0 to 1kW/m” at t=0.8s to 1s.
Temperature is kept at a reference value of 25°C. The wind
plant, working at a base wind speed of 12 m/s is connected to
the MG. From t= 0.7 s to 0.8 s, only wind plant power of 30 kW
is available at AC bus. The controller is effective in maintaining
the sinusoidal nature of the three-phase AC bus currents and
keeps the DC bus voltage within permissible limits during the
variations as shown in Figure 12.

4.1.4. Control and Robustness of MG with Load Power De-
mand Variation. The load active power, as well as reactive
power demand, is varied step-wise at t=0.4s, 0.8s, 1.2,
1.6s, and 2.0 s to check the inverter capability to sustain the
load demand variation. Active power per phase demand and
supplied power by the inverter, supplied reactive power per

phase by inverter, and three-phase AC bus current wave-
forms are shown in Figure 13. The controller is effectively
supplying switching signals to the inverter for sustaining
disturbances.

4.1.5. Control and Robustness of MG under RES Profile
Variation and Switching. Active and reactive power control
is validated with large and sudden variation in wind profile
and also with disconnection of wind plant completely. As
shown in Figure 14, solar irradiation and temperature in this
case are kept constant at 700 kW/m? and 25°C, respectively.
Till £=0.663s, wind speed was hovering between 12 m/s to
15 m/s and the total generation was from 103 kW to 105 kW.
After t=0.663s, wind speed suddenly drops down to 0 to
1 m/s and generation falls to 72 kW to 73 kW at £ = 0.68 s; the
wind plant is disconnected from the DC bus; thus, only solar
generation of 70 kW is left. For these variations, active power
profile is shown in Figure 14(a), reactive power profile is
hovering around 0kVAR as the load used in this case is
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FiGure 18: Twelve-hour nighttime simulation with AC side EV module. (a) Solar and wind power generation with solar plant disconnect,
load power demand, and power from AC side EV module. (b) Average SOC indication parameter in percentage for AC side EV module.

(c) Switching signal from ESM algorithm for AC side EV module.

purely resistive. Small fluctuations are there in the reactive
power profile (Figure 14(b)) due to the filter circuit and
other converters elements present in the system. Three-
phase AC bus currents are shown in Figure 14(c) for the
same variation.

4.1.6. Controller Robustness under Unbalanced Loading
Condition. Due to the self-adaptive nature of the proposed
controller, it can work with three-phase unbalanced loading
conditions, and on switching extra random load, it can
supply power to the system. Since unbalanced loads voltage
and current magnitude of every phase are not identical but
are having sinusoidal nature and on increasing the load at
t=0.25s, only three-phase current rises and voltage mag-
nitudes remain at the same level.

Initially load demand of phases A, B, and C is 10.7kW,
10.5kW, and 9.3 kW, respectively. At t=0.25s, another load
is switched on which increases the load demand of phases A,
B, and C to 21 kW, 18 kW, and 15 kW, respectively. For these
variations, the three-phase AC bus voltage is shown in

Figure 15(a), three-phase AC bus currents are shown in
Figure 15(b), and the active power of each phase is shown in
Figure 15(c).

4.1.7. Comparison with the Conventional Control Technique.
While applying conventional control [4, 5, 9] in the pro-
posed model with solar and wind plant connection and
disconnection, conventional control (CC) fails to converge
as reported in Figure 16. In conventional control, the DC bus
voltage control is generally separated from inverter control;
thus, on switching the generation plants such large spikes
appear in the results while in proposed control, the control
of DC bus voltage is integrated with inverter controller; thus,
it can withstand the disturbances as shown in Figure 16(c).
Controller, having self-adaptive nature due to the virtue of
dynamic band margin, is also able to control active and
reactive power while conventional control shows a very poor
response as can be seen in Figures 16(a) and 16(b). Even for
wind plant connection, a permanent voltage dip appears in
the system with conventional control while in the proposed
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control strategy MG system can withstand all kinds of RES
connections and disconnections.

4.2. Performance with Energy Storage Management (ESM)
Scheme. The effectiveness of the proposed ESM scheme has
been tested through a few cases to check its ability to stabilize
the system under switching instructions provided by the
ESM algorithm and to check on any control lag due to the
ESM strategy. Phasor-based simulation is performed in this
case.

4.2.1. Twelve-Hour Daytime Simulation with DC Side Electric
Vehicle (EV) Modules. Continuously varying RES data is
considered with wind plant connection and disconnection
and varying load power demands are taken with daytime
consideration, and DC side EV modules, as per the ESM
algorithm. DC side EV module is connected with 120 ve-
hicles with a 500 Ah rating and charging voltage of 240 V.
Results for the twelve-hour daytime (4 am to 4 pm=50000 s)
simulation have been shown in Figure 17. RES power
generation with wind plant connection and disconnection,
power demand by the load, power supplied or taken by the
EV modules is shown in Figure 17(a). Negative values of
power indicate that EVs are charging and zero power in-
dicates the disconnection of the EV module. The indication
parameter of the average SOC of the module (59) is shown in
Figure 17(b). It can be easily seen SOC of EV modules is well
within the range specified. A negative slope indicates that the
EV module is discharging, the positive slope for charging,
and no slope for isolation. The switching signal from the
ESM algorithm is shown in Figure 17(c). Value 1 specifies
connection and 0 specifies disconnection. The proposed
control technique is in good coordination with the ESM
scheme.

4.2.2. Twelve-Hour Nighttime Simulation with AC Side
Electric Vehicle (EV) Module. While considering nighttime
(4p.m. to 4a.m.=45000s) simulation solar plant discon-
nection is considered, and continuously varying generation
and load demand are considered. AC side EV modules are
integrated and controlled with the ESM algorithm. In the EV
module, 210 vehicles are considered with a 500 Ah rating and
charging voltage of 240V. The complete formulation is
shown in Figure 18. RG power output, solar disconnection,
wind generation decrement, load demand which is dy-
namically supplied by both RES and EV module, and power
flow from AC side EV modules are shown in Figure 18(a).
The average SOC indication parameter which shows isola-
tion or discharging is shown in Figure 18(b). The average
SOC of the overall module is well within specified limits
during the nighttime. Switching signals for connection or
disconnection of AC side EV module from ESM scheme are
shown in Figure 18(c). Value 1 specifies connection and 0
specifies disconnection. The proposed control technique is
in good coordination with the ESM scheme without any
control lag.
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5. Conclusion

In this article, a control scheme for an islanded microgrid,
which is independent of centralized storage, external
inertia support, and relying only on distributed EV-based
storage for ESM, is proposed. The proposed control
scheme is free from iterative computational algorithms;
thus, it occupies relatively less memory, produces no
control lag, and is free from being stuck at local optimum
operation. Intrinsic mechanisms and nonlinearities of
interfacing power electronic converters are also consid-
ered in the system while designing the control as shown in
Section 2.2.

The proposed scheme incorporates a novel self-adaptive
discrete sample type segregation-based inverter control
structure, which generates dynamic band margin, integrated
with a voltage hysteresis controller and a proportional-
resonant controller. The proposed scheme establishes a
proper orchestration among the main control module, ESM
module, and RES, EV's converter control module as given in
Section 4.2. The proposed controller is robust against load
variation, unbalanced loading, renewable energy uncer-
tainties, and RES switching as shown in Section 4.1. This
scheme, while RES switching, shows way better performance
than conventional PI controller, as can be seen in Figure 16.
The system retains its performance intact in the whole range
from rated solar irradiation to plant completely cut off from
the system and also from rated wind speed to wind plant
cutoff from microgrid thus highly robust against input
parameter variation as shown during sensitivity analysis in
Figures 12 and 14.

As a future directive, a small hydro and fuel cell-based
renewable generation can be integrated to test the coordi-
nation between the control scheme and ESM module (a
complex and advanced design will be required) under
multiple power generation modules for optimized power
flow in the system.

Nomenclature

(1) Solar plant

Jis J2» Jat Thermal and irradiation constants
P(j),P(j), V. 1;: Power difference, power, voltage, and
current at jth sample

Total number of samples, the sample of
maximum power, and sample count
Solar boost converter inductance and
capacitance

Solar output power

Open-circuit solar panel voltage or input
of boost converter

fowt Switching frequency of boost converter

(2) Wind plant

H,,K,,D,: Inertia constant, shaft stiffness, and damping
coeflicient

Base electrical speed and shaft twist angle
Angular velocity of wind turbine and permanent
magnet synchronous generator

n, k, j:

Lboost’ Cboost:

P

Voc—boost:

solar—rated*

wes’ Hsﬂ:
W, W,
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T,,T,:

m> s*

torque

Wind mechanical torque and generator shaft

(3) DC and AC side electric vehicle system

Vv

VDC,ref:
D,,D,:
Vi,V

ev,ref?>

Reference voltages of electric vehicle module
and DC bus of microgrid

The duty cycle for buck and boost operation
Measured voltages of electric vehicle module

and DC bus of microgrid

S$1,S,:

Switching signals for protection switches of

DC-AC and AC-DC conversion circuits
iI: Measured currents of electric vehicle module
and DC bus of microgrid

(4) Control parameters
kp, ki, k,:

idq 0> ildq 0> qu 0> Vldq 0

T.,Z:

s>

igrigrilgnily, Vo Vi Vg Vg

abc,dq 0:

Vabc (F)’ Vlabc (F)>
iabc (F)’ ilabc (F)’
qu 0 (F)> Vldq 0 (F))
idq 0 (F), ildq 0 (F)
(17, [T]™":

Vubc (D)’ Vlabc (D)’
iabc (D)’ ilabc (D)’
qu 0 (D)’ Vldq 0 (D)’
idq 0 (D), ildq 0 (D)
wy, f

iy (F),i, (F),il, (F),
i1, (F), V4 (F),V,(F),
V1,(F),V1,(F):

VDC:
Ed’ Eq’ Edq 0> Vref,abc:

Ve V1

abe> abc*

h(t):

Labe> llabc:

Proportional, integral, and
resonant constants
Feedback currents and
voltages of sub-AC bus and
AC bus in dq 0 frame
Sample time of the system
and Z-transform parameter
in the discrete domain
Feedback currents and
voltages of sub-AC bus and
AC bus in d-axis and g-axis
of dq Oframe

Three-phase AC frame and
rotational time-invariant
DC frame

Fundamental components
of feedback voltages and
currents in abc and dq 0
frame:

Transformation matrices
from abc to dq 0 frame and
dq 0 to abc frame
Dynamic components of
feedback voltages and
currents in abc and dq 0
frame

Reference angular
frequency and given
nominal frequency
Fundamental components
of currents and voltages in
d-axis and g-axis of dgq 0
frame

Feedback DC bus voltage
Output voltages of
microgrid system model in
d-axis, g-axis, in dq 0 frame,
and abc frame

Feedback voltages of sub-
AC bus and AC bus in abc
frame

Dynamic band margin of
hysteresis controller

sam,V ;. (D):

L,C:

Vaci-rt

17

Feedback currents of sub-
AC bus and AC bus in abc
frame

Array of five samples of
V ape (D) from (n —4)th
sample to current nth
sample

LCL filter inductance and
capacitance

Nominal RMS line to line
AC bus voltage

(5) Energy storage management scheme parameters

Vi V.

min?

fac

max"*

Pgy pe> Pevoact

fmin’ fmax'

Minimum and maximum permissible
limits of DC bus voltage

Measured frequency of AC bus of
microgrid

Net power supplied or consumed by DC
and AC side vehicle system modules
Minimum and maximum permissible
limits of AC bus frequency

Py Power of ith vehicle attached either of DC
or AC side vehicle module

Py, Py, P;: Instantaneous power of the solar plant,
wind plant, and load demand

SOC,in» Minimum and maximum permissible

SOC, ! limits of vehicle state of charge

Py Instantaneous power of solar and wind
plant

SOC,y: Measured state of charge for ith vehicle

SOCgy pes State of charge indication parameters for

SOCgy ac: DC and AC side vehicle module.
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