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Abstract—Highly reliable and flexible control is required for
distributed generation (DG) to efficiently connect to the grid.
Smart inverters play a key role in the control and integration
of DG into the power grid and provide advanced functional-
ities. In this paper, an energy-based single-phase voltage-source
smart inverter (SPV-SSI) of 5 kVA is designed and analyzed in
detail. SPV-SSI is capable of supplying the power to local load
and the utility load up to the rated capacity of the inverter, in-
jecting the power into the grid, storing the energy in lead-acid
battery bank, controlling the voltage at the point of common
coupling (PCC) during voltage sags or faults, and making deci-
sions on real-time pricing information obtained from the utility
grid through advanced metering. The complete design of smart
inverter in dq frame, bi-directional DC-DC buck-boost convert-
er, IEEE standard 1547 based islanding and recloser, and static
synchronous compensator (STATCOM) functionalities is pre-
sented in this paper. Moreover, adaptive controllers, i.e., fuzzy
proportional-integral (F-PI) controller and fuzzy-sliding mode
controller (F-SMC) are designed. The performances of F-PI con-
troller and F-SMC are superior, stable, and robust compared
with those of conventionally tuned PI controllers for voltage
control loop (islanded mode) and current control loop (grid-con-
nected mode).

Index Terms—Distributed generation (DG), inverter, convert-
er, fuzzy-sliding mode controller (F-SMC), fuzzy proportional-
integral (F-PI) controller.

1. INTRODUCTION

ECLINING fossil fuel resources and worldwide envi-
ronmental problems deepen the urgency of transitioning
in the direction of sustainable energy resources [1]. In the
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last few decades, the installation of solar photovoltaic (PV)
energy is flourishing at a fast rate among various renewable
energy sources (RESs). As a result, global installation capaci-
ty of SPV approaches 405 GW. It is forecasted that in 2020,
the installation capacity of PV (772 GW) will exceed that of
wind energy (735 GW) [2]. Recently, advance grid function-
alities (AGFs) are added into the standard of distributed gen-
eration units (DGUs) which are connected to the power grid
due to the progressing penetration of DG. The aim of these
functionalities is to support the power grid during fluctua-
tions and faults. Some examples of AGFs anticipated by the
modified standard are reactive power generation, low- or
high-voltage ride through capability, and low- or high-fre-
quency ride through capability [3].

Smart inverters (SIs) play a key role in the control and in-
tegration of DG to the power grid [4]. Apart from its main
function of DC power conversion to AC power, it has multi-
ple functions including frequency control, fault ride through,
ramp-rate control, active power control, power factor control
and voltage regulation, etc. Currently, different countries
demonstrate real distribution and transmission systems to mo-
tivate their rapid deployment [5].

Single-phase voltage-SIs (SPV-SIs) are widely used in
DGU owing to its promising features of bi-directional ener-
gy flow competency, low-current harmonics, and high-power
factor [6]. To efficiently inject the generated power from the
PV, various researches have concentrated on grid-tied invert-
ers. The topics include controller design, control strategies,
and inverter topologies, etc. [7]. Various controllers are scru-
tinized in order to control transient-state and steady-state per-
formances of grid-connected PVs, i.e., sliding mode control-
ler (SMC) [8], proportional-resonant (PR) controller [9],
deadbeat controller [10], hysteresis controller [11], repetitive
controller, and grid voltage feedforward based proportional-
integral (PI) controller [12]. Furthermore, neural networks,
adaptive controller, artificial intelligence methods based on
fuzzy logic, and neuro-fuzzy are also proposed in [13]-[16].
Similarly, in terms of transient response and steady-state er-
ror, the preferences and drawbacks of these strategies have
been designed in literature.

The Smart Grid Initiative (SGI) has been approved as an
official policy by the US government to modernize the pow-
er grid. The motive of SGI is to boost up the integration of
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RESs into the power grid, the installation of advanced tech-
nologies, real-time electricity pricing and metering [17]. The
design of power electronics based SIs is one of the main
goal of SGI.

In this paper, SGI based SPV-source smart inverter (SPV-
SSI) is designed and analyzed with combined capability as
follows: supplying the power to local load; injecting the
power into the power grid; supplying the power to the utility
load up to the nominal capacity of the inverter; storing the
energy in lead-acid battery bank; controlling the voltage at
the point of common coupling (PCC) during voltage faults/
sags; and decision making on real-time pricing information
acquired from the utility grid via advanced metering. Addi-
tionally, fuzzy PI (F-PI) controller and F-SMC are designed
to overcome the deficiencies of the conventionally-tuned PI
controller. The F-PI controller integrates the advantages of a
traditional PI and fuzzy logic controller (FLC). It exhibits
faster and better dynamic response, easy implementation,
less updated parameters, and zero steady-state error [14]. In
F-SMC, two nonlinear control techniques such as F-PI and
SMC are combined in a single controller. F-PI minimizes
the chattering under the steady-state conditions. The tran-
sient state error is reduced by SMC, offering a fast dynamic
response and system stability [12]. SMC is also insensitive
to parameter uncertainties and load disturbances.

The contributions of this paper are listed as follows.

1) dg implementation of the SI and 7/4 delay based sin-
gle-phase phase lock loop (PLL) structure.

2) Design of voltage control loop for stand-alone opera-
tion and current control loop for grid-connected operation.

3) Efficient design of bi-directional DC-DC buck-boost
converter (BDC-DCBBC), static synchronous compensator
(STATCOM) capability, and IEEE standard 1547 based is-
landing and re-closer functionalities.

4) Design of robust and adaptive controllers, i.e., F-PI con-
troller and F-SMC for voltage and current control loops.

5) Comparative analysis of designed controllers with tradi-
tionally-tuned PI controllers under various conditions.

6) Effectively operating SI in stand-alone mode, grid-con-
nected mode, and various submodes in each supermode.

The remainder of this paper is organized as follows. Sec-
tion II presents the mathematical modelling of inverter and
the design of control loops. System description along with
smart functionalities are elaborated in Section III. Section IV
describes the design controllers. Performances are evaluated
in Section V. Finally, Section VI concludes the paper.

II. MATHEMATICAL MODELLING

A. Single-phase Inverter dq Implementation

The control is designed in the dg-rotating reference frame.
Two orthogonal components with virtual g-axis are created
from single-phase quantities. Two methods are used to ob-
tain the virtual component, i.e., delaying the real component
by 1/4 of its own period or derivating the fundamental sig-
nal [17]. The derivative method is presented by (1)-(4).

The required output signal of the inverter is presented as:
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x,(t)=A4, cos(wt +¢) )

where x, is the required output signal of the inverter; 4, is
the signal amplitude; o is the fundamental frequency of out-
put voltage; and ¢ is the phase angle of the initial system.

2

where x, is the first derivative of the output equation; and x
is the variable (current or voltage).

x,=A4,sin(wt +¢)

d
X;= axa ®

A3)
where 4, is the amplitude of imaginary system. After taking
the derivative of x,(7), 4, becomes:
Ay=—od, @)
In this paper, delaying the real component by 1/4 of its
own period is used in order to acquire the imaginary system.
T/4 delay based single-phase PLL structure is shown in Fig.
1, where V,, V,, V,, V, are the voltage of a, f, d, q axes, re-
spectively; and w, is the initial fundamental frequency of
output voltage. For aff — dg transformation, (5) is used as:

e o]
+Vd_ @
[0] @y

¢, Absolute

)

:

T/4 delay f

Fig. 1. 7/4 delay based single-phase PLL structure.

B. Voltage and Current Control Loops

The inverter operates in voltage control loop and current
control loop. The structure of designed current and voltage
control is presented in Fig. 2 [17]. The voltage control loop
is for a stand-alone inverter and the current control loop is
for a grid-connected inverter. The detailed description of the
inverter is discussed in Section III. In this paper, we only fo-
cus on control loop implementation. The information of
phase angle and frequency is supplied by PLL [12]. The si-
nusoidal pulse width modulation (SPWM) modulator refer-
ences are generated by PI controllers.

A ref = \/WQ2 (6)
by =atan(z) ™)

where 4, is the sinusoidal amplitude; ¢,,, is the phase angle
references; and D and Q are the corresponding values of d-
axis and g-axis, respectively. V,,, is set to be 1 and V,,, is
set to be 0 as reference voltage. The current references /,,,
and [, are calculated from active and reactive reference
power, i.e., P, and Q,, using (5) and (8) to (10) for the cur-
rent loop. The calculated currents are compared with the out-
put line currents which are previously converted to dg refer-
ence frame. By applying PI controller, the error is mini-
mized in order to generate required sinusoidal reference for
SPWM modulator.
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Fig. 2. Structure of designed current and voltage control.
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where 4, is the reference current amplitude; 7, is the sinu-

soidal value of reference current; ¢, is the phase angle of
reference current; P,, and Q,, are the active and reactive
components of the power, respectively; and V,,; is the local
load voltage. From PLL of voltage V,,,, the angle wt is ac-
quired at the LCL filter output.

III. SYSTEM DESCRIPTION AND SMART FUNCTIONALITIES
SPV-SSI has the capacity of 5 kVA, the operation voltage of

frame

120 V, and the frequency of 60 Hz. All nominal parameters are
listed in Table I. The inverter operates in dual control loops,
and the proposed model of SPV-SSI is shown in Fig. 3. The
voltage control loop is used for stand-alone operation and the
current control loop is used for grid-connected operation [17].

TABLE I
SYSTEM SPECIFICATION

Parameter Value
Capacity 5 kVA

DC-link voltage V,, 350 V
Full-bridge converter voltage 120 V
Nominal frequency 60 Hz
Filter inductor L, 300 pH
Filter capacitor C 13.6 uF
Filter inductor L, 300 pH

{Boost converter| | Inverter Protection| |Islanding and
‘ 3L—boost = : 351 2 g}: 'LCL filter' Primary Secondary | breaker reclosure R
Sun i | o ALK ! VSl load VSI load Grid load | Grid |
L, | Co—t | | L | | |
irradiance | e B b2 = ’Eﬁﬁ—TjJr |
PV L SWEL Ly 1c ‘ : : [Load| | o
array | | LT :S s4 - T 1 F~ \E}f —
Temperature — 1 N . K[} ”””””””””
’ ) ' " Control scheme ' STATCOM function
LT i 1 Py
| Bi-directional buck-boost | | Current controller — 0y
: SWI ‘ ! R
+' L r ! PWM (out). Voltage controller | | Va
SR S £ | : 7
Battery | ! ﬁ SW2 c
1 21
bank |_ | FC i !
| 0 [
Voltage control L | Current control
loop loop
Fig. 3. Proposed model of SPV-SSI.

The dg frame with a virtual g-axis is used for the imple-
mentation of the entire control. The phase information to the
control loops is supplied by PLL. Four PI controllers are
used for the voltage and the current controllers, i.e., two PI
controllers for ¥, and ¥, and two for /, and . The input to
the inverter is supplied by PV panels with a rated voltage of

192 V and a steady-state voltage of 350 V. The DC-link volt-
age is maintained at 350 V by the DC-DC boost converter.
As presented in Fig. 3, BDC-DCBBC is also connected with
lead-acid battery storage of 24 Ah cell and a nominal volt-
age of 192 V. The battery design is taken from [18], and the
advantages of the storage system are: when the system is in
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islanded mode, the stored energy can be used to supply local
loads, sell the electricity when the price is high, and store
cheap energy. Additionally, each block of the model is imple-
mented as follows.

A. BDC-DCBBC

The charging and discharging of the battery system are
controlled by BDC-DCBBC, whose specification is given in
Table II.

TABLE 11
NOMINAL PARAMETERS OF BDC-DCBBC

Parameter Value

Power P 5 kW
Switching frequency f;, 15 kHz
Battery voltage V, 192V
DC-link voltage V,, 350V
Inductor resistance 7, 0.02 Q
Battery bank resistance 7, 02 Q
C, and C, resistance 7. 0.05 Q

When SW1 is ON, the converter is in buck mode and the
battery is charging. And for boost mode, SW2 is ON and the
battery is discharging. For the operation in buck mode, the
average current method based current control loop is de-
signed. The K factor-based voltage control loop is designed
for boost operation [17]. The nominal inductor current /, for
the buck-boost is calculated as:

2 (1)

The value of the inductor is designed by (12). L limits the
DC-link ripple current to 50% of /,.

ViV = V)
_ B d B (12)
fV,.x05x%1,
0.51,
(13)

1T 87 %x0.001x ¥,

Similarly, the boost capacitor C, is designed in (14). The
DC-link ripple voltage is limited to 0.1% of V.
o POV y
2 £x0.001x V) (14
1) Current Control Loop
For the current control loop of BDC-DCBBC, the type 2
controller of buck-boost converter is used whose transfer
function is G,(s) [17] and is given as:

Adaptive PI controller
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K,(s+w,)

G (s)= s(s+wp)

(15)

where K, is the DC gain of type 2 controller; w,=w, VK,
wgc 1s the zero-crossing gain frequency, and K is the constant
designed from boost phase advance; and @, = @ / VK.
2) Voltage Control Loop
The transfer function of small-signal dynamic boost model
is given by the following equation [17].
-1.3x10"s*+0.225s+3.5%x 10*
Ty (8)= 16
8= 1055 + 13% 10 25 4472 (16)

For voltage control loop of BDC-DCBBC, the type 2 con-
troller is used whose transfer function is G, (s) [17] and is:

K,(s+w,)(s+w,)
S(s+wp)s+wp)

G;(s)= (17)

where K is the type 3 DC gain.

B. STATCOM, Islanding and Recloser Capability

As confirmed in [5], [19], to regulate the reactive power
by individual DG system (SPV), it can also be used to offer
voltage support at low-voltage distribution. STATCOM is a
power electronics based voltage-source converter that works
either as a sink or source of reactive power. To control the
voltage at PCC, the reactive power should be injected into
the AC grid. Therefore, the inverter in DG systems must be
connected with STATCOM. In order to inject reactive power
for voltage compensation, the voltage sag at the grid side is
calculated from the nominal voltage magnitude and grid volt-
age magnitude. The sag voltage is kept null by the PI com-
pensator. Based on IEEE standard 1547, it is capable for the
converter to connect and island to (and from) the grid island-
ing and recloser functionalities.

IV. CONTROLLER DESIGN

A. Design of F-PI Controller

The proportional gain K, and integral gain K, of simple PI
control are constant. The PI controller fails to work effective-
ly when an external or internal disturbance occurs in the sys-
tem. Therefore, the gains require the adaptation according to
the error e(f) to enhance the performance of the PI control
scheme. In this paper, fuzzy rules (FRs) are used to update
the PI gains.

The design of the F-PI controller is illustrated in Fig. 4
[20]. FRs are simple if-then statements, which generates the
conclusion based on conditions in [12], [20]. For controlling
the output of the controller, the following FRs are used as
shown in Table III.

Interface

FLC

Fuzzification mechanism De-fuzzification
Absolute

Fig. 4. Design of F-PI controller.
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TABLE III
FRs
If-then rules Input membershlp Output merpbershlp
function function
Ne- If Th Linguisti Linguisti
en Inguistic Inguistic
‘e(t)| (K,.K) term Range term Range
1 Large  Large Large [0.7, 1.0] Large [0.7, 1.0]
2 Small  Small Small [0.3, 0.8] Small [0.3, 0.8]
3 Zero Zero Zero [0, 0.2] Zero [0, 0.2]

The membership function used in fuzzification and defuzz-
ification steps is triangular membership function (TMF) to
map crisp/real input into fuzzy output and vice versa. TMF
is given as:

0 x<a,x>b
o a<x<m
wi(x)=9m-a - (18)
b—
b—:; m<x<b

where a is the lower limit; b is the upper limit; and m is the
peak value of TMF. In addition, a<m<b. Mathematically,
the output of a simple PI controller is represented as:

Adaptive PI controller
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Y =K,e(0)+K, [e(r)ds

I, (19)

In the above equation, the output of the current controller
for grid-connected mode is 7, and that of the voltage con-
troller for islanded mode is V.

In the F-PI controller, by using FR, the PI gains are updat-
ed in order to minimize the errors. Equation (20) presents
the output equation of the designed fuzzy controller.

,
T"":FlKle(t)JerKzfe(t)dt
de

q

(20)

where K, and K, are the learning rate gains for K, and K, re-
spectively; and F, and F, are the outputs of the fuzzy con-
troller for K, and K|, respectively. Figure 4 demonstrates the
implementation of the output equation.

B. Design of F-SMC

In F-SMC, two adaptive nonlinear approaches are used to
update the designed controller, i. e., F-PI controller and
SMC. F-SMC has the dominant features of F-PI controller
and SMC [20]. The transient-state error is minimized by
SMC. Thus, the quick dynamic response is ensured and the
system stability is enhanced. In steady state, the chattering
reduced by F-PI controller and F-SMC is presented in Fig. 5.

. . mechanism
Fuzzification

! || Interface

De-fuzzification

FLC

ldq qu
—

x |
—
— o+
+ |
X L | !
s . | Control
Integrator | law

Output

Fig. 5. Chattering reduced by F-PI controller and F-SMC.

FRs are used to update gains K, and K; for sliding surface
(SS). Besides, SS updated by F-PI controller control law is
designed. The control law is based on a continuous smooth
approximation [12], [20]. SMC error and its derivative will
always be directed towards SS. The error and its derivative
define SS S(¢) as:

S(t)=é(t)+Ae(r) 21
where A is the bandwidth dependent and an arbitrary con-
stant. Besides, Ae(¢) is defined as:

Je(t)=F K e(1)+ F,K, [e(t)dt (22)

The F-PI controller is used to update the value of Ae(r).
The control law for SS based on a discontinuous function is:

dq

V,
T:—Usgn (S)

dq

(23)

where U is the bulky positive constant; and sgn(S)= U when
S>0 and sgn(S)=—U when S<0. PWM control signals are
employed in the electrical system and the discontinuous con-
trol law (23) causes the oscillation. Alternatively, a continu-
ous smooth estimation based control law is designed which

minimizes the chattering phenomena and is presented in (24).

qu S
—=-Usat(c;¢e)=| -U— >0,6~0 24
1, sat(o;¢) [ |S+J e>0,¢ (24)

q

where Usat(o;¢)=U when (0;¢)>0 and Usat(o;e)=-U
when (o;¢)<0. In addition, the constants of both controllers
are presented in Table I'V.

TABLE IV
CONTROL SCHEME CONSTANT

Voltage control loop Current control loop

Control strategy

Parameter Value Parameter Value
K 0.20 K 0.70

PI r r
K; 45.00 K, 150.00
K, 2.00 K, 0.50

F-PI

K, 130.00 K, 0.75
K, 2.50 K, 2.00
F-SMC K, 350.00 K, 270.00
€ 0.55 € 0.50
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V. RESULTS AND DISCUSSIONS

In this section, all the possible premises of the operation
of the designed SPV-SSI are discussed and described along
with the validation of three case studies. The test bench is
discussed in Section III. Based on the smart functionalities, the
designed inverter operates in two modes: supermode and sub-
mode. The supermode is further categorized into stand-alone
M, and grid-connected M, according to the compliance with
IEEE standard 1547. M, is further divided into three submodes
m,, m,, my (M,m,, M,m,, M,m,) depending on P,, and Z,,,
where P,,, is equal to total input power (PV panels plus battery
bank) and Z,,, is equal to total load (primary VSI plus second-
ary VSI loads). In mode M m,, P,, is less than Z,,, the de-
mand is greater than the supply. In such case, the prioritization
of loads occurs. Secondary VSI load is disconnected and the
inverter supplies power to the other primary load. The remain-
ing (excess) power is stored in the battery. As presented in Ta-
ble V, mode M,m, is simple. In mode M, m;,, the inverter either
supplies or stores the energy if required.

TABLE V
STAND-ALONE MODES

Mode Functionality

M,m, P, <Z,, then supply to primary L and the remaining power for
battery bank

Mm, P, >Z,, then supply to Z  and excess power for battery bank

M,m,; P,,=Z,,, then supply to load or prioritization for later use

In mode M,, the inverter operates in the following sub-
modes M,m,, M,m,, and M,m, depending on active and re-
active power trading for economic consideration of spot-pric-
ing P, and Z,,. The economic consideration variables are
the price of selling active power P, the price of selling reac-
tive power O, and a threshold value of electricity unit price

from the power grid. The submodes are explained in Table VI.

TABLE VI
GRID-CONNECTED MODES

Mode Functionality
Mom Qs> Py, then the inverter is controlled to supply voltage support
2 compensation to the grid
Q4 <Pg, then the inverter is controlled to bring the reactive pow-
M,m, er reference to null and deliver real power to local loads Z,,,
and the excess to battery bank or grid
Grid electricity price is less than marginal cost of electricity
Power is supplied by the grid and P, is stored in the battery
for later use
Mym;,

Grid electricity price is more than marginal cost of electricity,
then Z,,, is supplied by P,,,. The remaining energy is stored

in battery or sold to the grid

In mode M,m,, Q;> Py and the inverter offers voltage sup-
port compensation to the power grid. In mode M,m,, Oy <P
and the inverter supplies real power to Z,,, and sets the refer-
ence of reactive power to zero. Extra active power is stored
in a battery bank or sold to the power grid. Mode M,m, is
based on the options of using inverter power against purchas-

ing the power from the power grid in case of non-availabili-

1391

ty of DG power.

A. Mode M m,

In this mode, primary VSI and secondary VSI loads are 4
kW and 2 kW, respectively. The panel power is set to be 3
kW while the battery power is set to be 2 kW. At 0.3 s, the
inverter operates in grid-connected mode and after 0.3 s, the
grid is disconnected due to a fault in the grid. In stand-alone
mode, the PV panels are unable to supply the power to the
load, thus the battery in the boost mode is also active to sup-
ply the power to the load.

Figure 6 presents the active and reactive power at the in-
verter and grid sides. Since the total load is 6 kW, 5 kW is
supplied by an inverter (3 kW from the PV panels and 2 kW
from the battery) and 1 kW from the power grid.

4.5 !
;4.0{@ !
13 1

5
1 0.310.320.33

P, (kW)
S T e~

0, (kvar)
3

'
[\S]

35
1

P},) id (kw)
oS =

'
—_
L

5]
1

Qgrid (kvar)
l

L L L y

0.1 0.2 0.3 0.4 0.5 0.6
t(s)
— PI; — F-PI; — F-SMC

1
—_

(=)

Fig. 6. Active and reactive power at inverter and grid sides in mode M m,.

In addition, the reactive power is set to be 0. As the pow-
er grid is disconnected, the load is 6 kW and the inverter
can supply a maximum 5 kW. Therefore, the secondary load
(2 kW) is disconnected and the inverter supplies to the pri-
mary load (3 kW from panels and 1 kW from the battery).
Furthermore, the responses of F-PI controller and F-SMC
are robust, faster, and have less chattering compared with PI
controller. Besides, more sensitivity is noticed for disturbanc-
es of PI controller system.

The voltage and current at the inverter and grid sides for
PI controller, F-PI controller, and F-SMC are depicted in
Fig. 7. The voltage and current of the inverter at 0.3 s is 1 p.u.,
specifying that the active power at the inverter side is 5 kW
(2 kW from the battery bank and 3 kW from the PV panels).
The voltage at the grid side is 1 p.u., but the current at the
grid side is 0.2 p.u., signifying that the power at the grid
side is 1 kW. After 0.3 s, the power grid is disconnected and
the current approaches to 0. The current at inverter side is
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0.8 as the secondary load is disconnected. Compared with F-
PI controller and F-SMC, at the inverter side, the current and
voltage take some time to be in phase initially as well as at 0.3
s when the power grid is disconnected. Similarly, at the grid
side, when the power grid is disconnected, the grid voltage in-
creases to 1.2 p.u. by using PI controller, and it is in the limit
by using F-PI controller and F-SMC.
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Fig. 7. Voltage and current at inverter and grid sides for PI controller, F-PI

controller, and F-SMC in mode M,m,.

B. Mode M,m,

In mode M,m,, Q,> P, and the inverter offers voltage sup-
port compensation to the power grid. Both the inverter
loads, i.e., primary and secondary loads are set to be 1 kW.
A voltage sag is introduced from | s to 1.7 s. By utilizing
the STATCOM capability of the inverter, the voltage at the
grid side is 1 p.u.. The active and reactive power at the in-
verter and grid sides for mode M,m, are presented in Fig. 8.
At t=1 s, the active power at the inverter side is 5 kW,
while the active power at the grid side is —3 kW as 2 kW is
used by the inverter load. During voltage sag from 1 s to 1.7
s, active and reactive power at the grid side are 4.2 kW and
2.7 kvar, respectively. Besides, the active and reactive power
at the grid side are —2.2 kW and -2.7 kvar, respectively.
This means that the power grid is purchasing active power
as well as reactive power from the inverter, which supplies
reactive power to compensate the voltage sag. When the sag
is cleared, the original values are retained. Additionally, volt-
age and current at the inverter and grid sides for PI control-
ler, F-PI controller, and F-SMC are presented in Fig. 9. At =
1 s, both the current and voltage at the inverter side are 1 p.u.
while the voltage at the grid side is 1 p.u. and the current is
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0.6 p.u.. During the voltage sag, the current and voltage at
the inverter side are 1 p.u. with 32.4° of phase difference.
The zoom part clearly shows that the response of designed
controllers is stable, faster and robust compared with that of
the PI controller. The PI controller is sensitive to sudden
variation; whereas F-SMC is insensitive to sudden distur-
bances; and F-PI controller is less sensitivity. The designed
controllers are faster, robust, and efficient.
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Fig. 8. Active and reactive power at inverter and grid sides in mode M,m,.
C. Mode M,m;,

Mode M,m;, is based on the options of using inverter power
against purchasing power from the power grid in the event of
DG power availability. In this case, the primary and secondary
loads of the inverter are set to be 3 kW and 2 kW, respectively.
The set marginal preference MCP (2 $/kW) is greater than the
real-time grid electricity price P, (1 $/kW). The active power
of the power grid is bought to feed the primary and secondary
loads as well as charge the battery bank. The buck mode
switch is ON for the bi-directional boost converter. Figure 10
presents the active and reactive power at the inverter and grid
sides. The active power of the inverter is —5 kW, indicating
that the inverter is purchasing the power because it is cheaper.

The PI controller exhibits large variation, slower response,
long settling time, and high chattering compared with those
of designed F-PI controller and F-SMC.
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Fig. 9. Voltage and current at inverter and grid sides for PI, F-PI, and F-
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The reactive power demands of the inverter load are set to
be 0. The active power at the grid side is 8 kW, indicating
that the grid is selling the active power. In addition, the re-
sponses of F-PI controller and F-SMC are robust and faster.

VI. CONCLUSION

In this paper, energy-based 5 kVA SPV-SSI is successfully
designed, analyzed, and validated. The designed inverter not
only injects active and reactive power but also provides volt-
age support at PCC during voltage sags/swells. In addition,
it also stores surplus energy in lead-acid battery bank and ef-
ficiently decides whether to sell or purchase the power to or
from the grid based on real-time information through ad-
vanced metering. Moreover, a complete design of SI in dg
frame, BDC-DCBBC, IEEE standard 1547 based islanding
and recloser, and STATCOM functionalities is also dis-
cussed. The simulation results for different cases are veri-
fied. The performances of F-PI controller and F-SMC are su-
perior, stable, and robust compared with those of convention-
ally tuned PI controllers both for voltage control loop and
current control loop. The dynamic and steady-state perfor-
mances of the SPV-SSI are enhanced by designed control-
lers, and the power increases to a great extent. The quality
of the voltage and current at the grid side is also refined. Be-
sides, the proposed controller is less sensitive to sudden dis-
turbances, and it exhibits fast dynamic response, low-voltage
dips, less oscillations and chattering, and fault-tolerant capa-
bility compared with those of the fine-tuned PI controller.
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