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In this manuscript, a repetitive control approach for the reduced switch seven-level cascaded inverter
(RSCI) is proposed for active and reactive power control with enhanced power quality standard for a solar
PV-battery based microgrid. The proposed repetitive control approach is applied for the RSCI and the per-
formance is tested on a grid-connected microgrid integrated with photovoltaic (PV) and battery energy
sources. To capture maximum power, a control strategy based on incremental conductance method
(I&C) is adapted for optimal maximum power point tracking (MPPT) operation. The battery energy stor-
age system in both charging and discharging mode of operation is controlled by repetitive controlled
based RSCI as a support to PV for better power management. To show the feasibility and robustness in
operation of the proposed approach, a variable irradiance input to the PV unit is considered. To justify
the practical applicability of the proposed approach and to satisfy IEEE-1547 power quality constraints,
a LCL filter is selected to minimize the harmonic distortion in the grid side current levels. The improved
performance of the proposed technique is justified by presenting comparative simulation results with
respect to three-level neutral point clamped inverter (NPC) with proportional integral (PI) controller.
By using MATLAB software, the validity of the proposed approach is studied by simulation under constant
and varying irradiance condition.
� 2018 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In the energy generation sector, due to the pollution and energy
crisis in the world, distributed generation has been merged as a
solution with advanced semiconductor based power electronic
devices and smart grid technology [1–3]. Even though the distribu-
tion generation (DG) system plays an important role in the power
system, it has also come with the challenges to look forward and
find out an optimal solution for control and protection [4–6]. PV
system gives more attractive features for which it is widely
accepted and widely implemented in various power sectors of dif-
ferent countries. Specific to a distribution system, PV is chosen in
renewable energy sectors because it permits small power genera-
tors for installation purpose and gives low or medium voltage
levels [7,14].

In real-time applications of PV-battery based microgrid, single-
stage and two-stage inverters are used by voltage source based
advanced power electronic devices for power conversion system.
In two-stage conversion system, one converter is used to change
pulsating DC to constant DC and the other converter is used to
change constant DC to AC for better power quality and efficiency
[15]. To execute the single stage conversion system, a multilevel
inverter is preferable to implement instead of conventional voltage
source inverter (VSI), as it gives more voltage levels with minimize
voltage error and harmonics [16]. In renewable energy sectors to
enhance the power generation capability and reliability of power
management under varying environmental depended input, the
MPPT control is needed to implement. There are many methods
are suitable for uniform and varying irradiance condition [17,18].
The incremental conductance method is widely used for inverter
control to generate maximum power to the grid or to the load.
The attractive feature behind its preference is improved results
in most condition and easy to implement in a digital controller.

Various multi-level inverter (MLI) topologies are suggested by
the various researcher based on three-level Neutral point clamped
inverter (NPC), Flying capacitor inverter (FCI) and Cascaded inver-
ter (CI) [20,26]. However, the major limitation to be focused on a
better solution of these types of inverters is the requirement of a
large number of power electronic switches, capacitors, and diodes.
Furthermore, with the increase in the voltage levels, the number of
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Fig. 2. Equivalent circuit of single diode PV cell.
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components is also increased. It is necessary to focus on the config-
uration and the control aspects of the integrated converter during
the design stage to find solutions for simple design, cost effective-
ness, better power control and power quality issues.

The PI controllers are widely used in real-time applications due
to its simple design structure and cost-effectiveness. However,
these controller performances depend on their gain parameters.
Due to use of constant gain parameters, these controllers fail to
show their optimum performance with a change in the system
and input variations under different operating conditions. To
enhance the controller performance and to overcome the associ-
ated limitations of PI controllers various suggestions are proposed
by various authors such as fuzzy tuned PI controller, adaptive PI
controller, self tuned PI controller and evolutionary optimized PI
controller etc. [27–29]. Other possibility is to use different control
strategy for the controller. In addition to power control, it is also
necessary for the inverter control to eliminate the THD. In this
aspect the repetitive control (RC) can track or eliminate periodic
signals in an effective way, particularly in case of closed loop sys-
tem application. RC based controller is effective to track or elimi-
nate any periodic signals including any order harmonics due to
its superior error cancelation characteristics [30–36]. RC controller
application has been extensively investigated for multi-level inver-
ter in this study. The LCL filter is used to further reduce harmonic
distortion at the inverter side (AC) voltage and current, and also to
act as a protection for its capability to suppress any sudden change
in voltage due to harmonics [37,38].

One of the major concerns of PV-battery based microgrid sys-
tems is their unpredictable, non-linear and fluctuating nature.
Due to extensive use of power electronic devices, power quality
issues degrade the operational performance of the system. The
urgent requirements of high power consuming industrial sectors
need a medium to high voltage distribution system with better
power management, voltage and frequency control. Grid connected
renewable energy systems accompanied by battery energy storage,
appropriate filter, and proper inverter control to overcome all these
above mentioned issues. This paper is concerned with the designed
and study of a grid connected three phase solar PV system inte-
grated with battery storage, LCL filter, and reduced switch seven-
level cascaded inverter (RSCI). The feasibility of the proposed sys-
tem is obtained under fixed and varying irradiance condition. The
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Fig. 1. Block diagram of the control system
proposed control approach based on repetitive control and incre-
mental conductance (IC) has the capability of regulatingMPPT, har-
monic elimination, better power control, and battery charging and
discharging conditions. The proposed approach is verified and
results indicate a better power flow control with enhanced power
quality, increased efficiency, and reliability. The major contribu-
tions of this paper inline to its objectives are as follows:

� To design a repetitive controller for power control regulation.
� To design a RSCI for energy storage based PV microgrid.
� To integrate MPPT technique with different irradiance condition
to extract maximum available energy.

� To ensure the harmonic levels within the IEEE-1547 standard
for better power quality improvement.

The rest part of the manuscript is coordinated as follows. Sec-
tion 2 presents the modeling of the photovoltaic system and
reduced switch seven-level cascaded inverter (RSCI). The design
of LCL filter is also presented in this section. Control of MPPT, vec-
tor selections, d-q current and battery conditions along with repet-
itive control are described in Section 3. In Section 4 simulation
results under various operating conditions are demonstrated and
analyzed to justify the applicability of the proposed approach in
the real-time application. Section 5 concludes the manuscript
mentioning the output analysis and findings of this work.

2. Modeling

The test system comprised of PV-battery based microgrid with
grid support RSCI inverter control is considered for verifying the
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proposed approach. Fig. 1 shows the whole system along with the
other associated component such as LCL filter, PV battery storage,
and the controller in a block diagram form of representation.

2.1. Modeling of photovoltaic system

The equivalent circuit of a single diode model of a PV cell con-
sists of a light generated photo current (Iph), a diode (Dp), parallel
resistor (Rp) and a series resistor (Rs) is illustrated in Fig. 2.

For an ideal PV cell, the total current (I) is computed as [3,4]:

I ¼ Iph � Io e
qV

NsakTw

� �
� 1

 !
� V þ IRs

Rp
ð1Þ

where ‘Id’ denotes the diode current of the PV cell and represented
as:

Id ¼ Io e
qV

aKTwð Þ � 1
� �

ð2Þ

where Io is the cell saturation dark current (A), q is the charge of the
electron (C), K is the Boltzmann constant (J/K), Tw is the working
temperature of the cell (K), and ‘a’ is known as the ideality factor
(eV) of the system. For fixed temperature and solar irradiation con-
dition, the voltage and current relationship of the PV cell is com-
puted as [5–7]:

The photo current ‘Iph’ also depends upon the solar irradiance
and the working temperature, and can be calculated as:

Iph ¼ Gw

Gref
ðIsc þ KiðTw � Tref ÞÞ ð3Þ

where Ns is known as number of series connected PV cell, Tref is the
reference temperature of the cell (K), Ki is the cell short circuit cur-
rent temperature coefficient (A/K), Isc is the short circuit current of
Fig. 3. P-V characteristics curves operated at different irradiance condition conditi

Fig. 4. P-V characteristics curves operated at different temperature conditions
the cell (A), Gref and Gw are the reference irradiance and working
irradiance conditions (W/m2) respectively. The cell saturation cur-
rent (Io) depends upon the cell temperature and represented as
[8–10]:

Io ¼ Ion
Tw

Tref

� �3

exp
q
aK

Eg;Tref

Tref
� Eg;Tw

Tw

� �� �
ð4Þ

where Ion is the reverse saturation current of the cell at a reference
temperature (K) and solar irradiance (W/m2). Eg;Tw is the material
band gap (eV) of the PV cell. Eg;Tw exhibits small temperature depen-
dence and computed as [8–10]:

Eg;Tw ¼ Eg;Tref � ½1� 0:0002677ðTw � Tref Þ� ð5Þ
where Eg;Tref is 1.121 eV for silicon cell.

Due to implicit and non linear nature of the above equations; it
is difficult to reach an analytic solution for the PV model parame-
ters at a constant temperature and irradiance. The photocurrent
(Iph) is higher than the cell saturation current (Io) and so the small
diode and leakage current are neglected under short circuit condi-
ons. (a) Power (W) vs. Voltage (V) curve (b) Current (A) vs. Voltage (V) curve.

. (a) Power (W) vs. Voltage (V) curve (b) Current (A) vs. Voltage (V) curve.
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tions. The short circuit current (Isc) is nearly equal to the light gen-
erated photo current and represented as:
Iph ¼ Isc ð6Þ
For open circuit condition, the open circuit voltage (Voc) is calcu-

lated by assuming the output current as zero. By neglecting the
parallel leakage current (Ip), the reverse saturation current (Ion) at
a reference temperature can be computed as [11,12]:
Ion ¼ Isc

exp qVoc
NsaKTw

� �
� 1

ð7Þ

To validate the PV model, its performance characteristics power
(W) vs voltage (Voc) and voltage (Voc) vs current (Iph) test results
under different irradiance and temperature (Tact) conditions are
demonstrated in Figs. 3 and 4 respectively [13,14].
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Fig. 7. Operational equivalent circuit diagram of seven-level inverter
2.2. Modeling of a reduced switch seven-level cascaded inverter (RSCI)

RSCI contains a full bridge three-phase inverter and a capacitor
selection circuit connected in cascade. The inverter operates in
both upper half cycle (+ve) and lower half cycle (�ve). The power
electronic switches and diodes are assumed to be ideal, when the
voltages across two capacitors are constant and equal to Vdc

3 and
2Vdc
3 respectively [23,24]. As the output current comes from the gen-

eration side (PV) is in phase with grid voltage, the output current of
the inverter side (RSCI) are also in phase with the voltage of the
grid. The operation of the inverter is broadly divided into 8 modes
of operation: 4 modes belong to upper half cycle (+ve) and another
4 modes belong to lower half cycle (�ve). Fig. 5 demonstrated the
circuit diagram of the two-phase RSCI [25].

The Operational equivalent circuit diagram of seven-level inver-
ter for upper half cycle of (a) case 1, (b) case 2, (c) case 3, and (d)
case 4 are illustrated in Fig. 6.
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For upper half cycle (+ve):
Case1-In this operational case as shown in Fig. 6(a), both the S1

and S2 switch are OFF, so that the capacitor C1 discharge the cur-
rent through D1 and the diode is short at the same time. The output
voltage of the capacitor is Vdc

3 . During this operation, the power
electronic switch T1 and T4 of the voltage source inverter are ON
condition. At that time, RSCI output voltage is equal to the capac-
itor selection output voltage, which indicates that RSCI output volt-
age is Vdc

3 .
Case2-In this operational case as shown in Fig. 6(b), the switch

S1 is OFF and S2 is ON condition, so the capacitor C2 has discharged
the current through S2 and D2, at that time S2 and D2 are short. Due
to this condition, the capacitor output voltage is 2Vdc

3 . Here, also the
switch T1 and T4 are ON condition at the same time as in the pre-
vious case. Therefore, RSCI output voltage is 2Vdc

3 .
Case3-In this operational case as shown in Fig. 6(c), the switch

S1 is ON condition. Due to the S1 is ON, the D2 is reverse biased. The
switch S2 cannot oppose the current flow as it is ON condition dur-
ing that period. To avoid the switching of S2, the switch may be ON
or OFF. In this case, the capacitor C1 and C2 are discharged at the
same time and gives the output voltage Vdc. As in the previous case,
the switch T1 and T4 are ON during this time.

Case4-In this operational case as shown in Fig. 6(d), both the
switch S1 and S2 are OFF condition, and the capacitor output volt-
age is Vdc

3 . In this case as T4 is ON, therefore the positive output cur-
rent of the RSCI passes through the filter inductor. To do a
continuous conduction of filter inductor (Lf) current, the anti-
parallel diode of the switch T2 is needed to be ON condition. At that
time RSCI voltage is zero.

After studying the above cases, the RSCI output voltage pro-
duced in upper half cycles are Vdc

3 , 2Vdc
3 , Vdc and zero respectively.

Like the upper half cycle (+ve), in the lower half cycle (�ve) also
the output voltage of RSCI is same but has opposite sign. The Oper-
GRID
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Fig. 8. Circuit diagram of three phase RSCI.

Table 1
For upper half cycle (+ve): (3 phase) switching states.

S1 S2 T1 T3 T5

✘ ✘ U ✘ ✘

✘ U U ✘ ✘

U ✘ U ✘ ✘

✘ ✘ ✘ ✘ ✘

Table 2
For lower half cycle (�ve): (3 phase) switching states.

S1 S2 T1 T3 T5

✘ ✘ ✘ U U

✘ U ✘ U U

U ✘ ✘ U U

✘ ✘ ✘ ✘ U

*‘U’ and ‘✘’ represents the switch ON and OFF condition respectively.
ational equivalent circuit diagram of seven-level inverter for lower
half cycle of (e) case 5, (f) case 6, (g) case 7, and (h) case 8 are illus-
trated in Fig. 7.

In the lower half cycle, the operation of the RSCI also further
divided into 4 cases. By comparing Figs. 6 and 7 the capacitor selec-
tion circuit is same for both of the half cycle and one difference is
instead of T1 and T4, T2 and T3 are on condition for three cases 5, 6
and 7. The last 8th case T2 is on, and for a continuous conduction of
the inductor current, the anti parallel diode of the switch T4 is on.
After completing both the cycle, the inverter gives seven voltage
levels like: � Vdc

3 , � 2Vdc
3 , �Vdc , and zero respectively.

The conduction of switches at RSCI is controlled by space vector
pulse width modulation (SVPWM) technique [21,22]. The three-
level inverter operates like a two-level inverter. As illustrated in
Fig. 5, this design contains one voltage source inverter and two
other switches named as S1 and S2 used to operate the VSI. In addi-
tion to that, other two capacitors and diodes are also used. Fig. 8
demonstrates the circuit diagram of the three-phase RSCI by add-
ing two extra switches (T5, T6). The switches are conducted by
varying the conduction angle. Tables 1 and 2 contain all the switch-
ing states sequentially for both upper and lower half cycles.

According to the utility side requirement, RSCI must be
switched into two levels. In order to increase the filter current,
one of the voltage levels is higher than the utility voltage and in
order to decrease the filter current, another voltage level is lower
than the utility voltage. In the above way, the output current of
RSCI can be controlled to trace the reference current.

2.3. Design of LCL filter

To mitigate the harmonics produced by the inverter and nonlin-
ear loads, LCL filter is designed according to the system require-
ment [37,38].

Apply KVL to the equivalent circuit diagram of LCL filter as illus-
trated in Fig. 9 [37]:
T4 T6 T2 Vout(+)

✘ U U Vdc
3

✘ U U 2Vdc
3

✘ U U Vdc

✘ ✘ U Zero

T4 T6 T2 Vout(�)

U ✘ ✘ Vdc
3

U ✘ ✘ 2Vdc
3

U ✘ ✘ Vdc

✘ ✘ ✘ Zero

AC AC

L1

Vinv

Rs

L2

Cs

Vgrid

Fig. 9. Circuit diagram of LCL filter.
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Vinv ¼ Vgrid þ L
dIinv
dt

¼ Vgrid þ L
dIgrid
dt

ð8Þ

Igrid ¼ 1
L

Z
ðVref

inv � VgridÞdt þ 1
L

Z
ðVh

invÞdt ð9Þ

Ihgrid ¼
1
L

Z
�2ðsgnIinvÞ tdVdc

Tsw
ð10Þ

where Igrid, I
h
grid, td, and Tsw denote grid current (A), grid harmonic

current (A), delay time (s), and switching time (s) respectively.
The design parameters L1, L2, Rs and Cs of LCL filters are computed
by line to line inverter output voltage (VLL) in ‘V’, phase to phase
voltage (Vph) in ‘V’, rated active power (Pr) in ‘W’, dc link voltage
(Vdc) in ‘V’, grid frequency (Fgrid) in ‘Hz’, switching frequency (Fsw)
in ‘Hz’, resonant frequency (Fres), and the grid angular frequency
(xgrid). By taking the above parameters, the base impedance (Zb)
and capacitance (Cb) are calculated as:

Zb ¼ V2
LL

Pr
ð11Þ

Cb ¼ 1
xgridZb

ð12Þ
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Fig. 12. Block diagram of controlle
The capacitor size (Cs) is calculated in terms of base capacitance
as:

Cs ¼ 0:01=ð0:05� CbÞ ð13Þ
Here in Eq. (14), for designing the filter capacitor, the power fac-

tor variation of the grid is assumed within 5%. The maximum cur-
rent ripple ðDIL;maxÞ at RSCI is expressed as:

DIL;max ¼ 2Vdc

3L1
ð1�mÞm� Tsw ð14Þ

where L1, and m denote the inverter side filter, and modulation
index of SVPWM respectively.

Considering the value of m as 0.5, the maximum current ripple
can be computed referring to Eq. (14) as:

DIL;max ¼ Vdc

6FswL1
ð15Þ

To get the maximum ripple current, a 10% ripple of the rated
current is taken into consideration for calculation of L1.

DIL;max ¼ 0:1Imax ð16Þ
Imax ¼ Pr

ffiffiffi
2

p

3Vph
ð17Þ
L1 ¼ Vdc

6FswDIL;max
ð18Þ

The LCL filter is designed to reduce the expected current ripple
to 20% and considering that the‘L2’ is determined in terms of the
desired attenuation factor ‘Ka’ as follows:

L2 ¼
ffiffiffiffi
1
K2
a

q
þ 1

Csx2
sw

ð19Þ

To prevent the system from resonance condition, the resistor
‘Rs’ is combined with the capacitor and also responsible for reduc-
tion of ripple on the switching frequency. The ‘Rs’ value is com-
puted as:

Rs ¼ 1
3xresCs

ð20Þ

where xres ¼
ffiffiffiffiffiffiffiffiffiffi
L1þL2
L1L2Cs

q

Q(s)+ +

E(s)
sTpe L(s)

Z(s)

Fig. 13. Block diagram of RC controller.

d loop by using RC controller.



Table 3
System parameters.

Solar system data (1000 W/m2, 25 + 273 K)

Characteristic Specifications

Typical max power (Pmax) 210.1 W
Voltage at max power (Vmax) 37.5 V
Current at max power (Imax) 5.602 A
Short-circuit current (Isc) 6.04 A
Open circuit current (Voc) 44 V
Series resistance(Rs) 0.221 O
Parallel resistance(Rp) 415.405 O
Boltzmann constant(K) 1.38065 * 10�23 J/K
Charge of electron (q) 1.602 * 10�11 C
Material band gap (Eg,ref) for silicon cell 1.12 eV
ideality factor (a) 1.3 eV
Temperature coefficient of short-circuit current (Ki) 0.0032 A/K

LCL filter data

Characteristic Specifications

Line to line inverter output voltage (VLL) 143.66 V
Phase to phase voltage (Vph) 117.3 V
Rated active power (Pr) 558 W
Switching frequency (Fsw) 40 * 103 Hz

Battery data

Characteristic Specifications

Battery voltage (Vbat) 60 V
Battery inductor (LBat) 5 mH
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3. Control techniques

In this section, various control strategies incorporated in the
present study are presented. For extracting the optimum power,
an MPPT control algorithm based on IC method is adapted. A feed-
back control strategy based on d-q axis composition is also imple-
mented for battery power management to enhance the efficiency
and control of the system. Furthermore, a repetitive control strat-
Fig. 14. Voltage of a three level inverter (NPC).

Fig. 15. (a) Output current of NPC inv
egy is applied with an objective to eliminate the harmonic distor-
tion in space vector pulse width modulation.

3.1. Incremental conductance (IC) based MPPT algorithm

By comparing the PV array impedance with inverter effective
impedance reflected across the array terminal, the maximum
power point (MPP) is traced in the IC method. An iterative
approach is followed through choosing an optimal value of the
increment factor or duty cycle ‘M’ [17]. Fig. 10 demonstrates the
slope diagram of the IC method. For the IC method, the slope of
the PV array power characteristics is followed and it is based on
the concept that the slope of the PV array power curve is zero at
the point of maximum power, positive for values of output power
smaller than MPP and negative for the value of output power
greater than MPP [18,19].

The algorithm is formulated, by differentiating the PV output
power with respect to voltage and making it zero according to
the condition to achieve MPP.

dp
dV

¼ d
dV

ðVIÞ ¼ I þ V
dI
dV

¼ 0 ð21Þ

The above equation leads to approximately,

) dI
dV

ffi DI
DV

¼ � Im
Vm

ð22Þ

where, ‘Im’ and ‘Vm’ indicate the current and voltage at MPP. This
indicates the operating point position can be evaluated, whether
it is far or near to MPP. So judiciously calculating the increment
‘M’, the operating point can be approached to MPP. Mathematically,
the whole process at voltage source region and current source
region can be represented as follows:

dI
dV

< � I
V
) M ¼ M þ DM ðLeft side MPPÞ ð23Þ

dI
dV

> � I
V
) M ¼ M � DM ðRight side MPPÞ ð24Þ

At MPP;
dI
dV

¼ � I
V
) M ¼ M ð25Þ
3.2. Control of battery energy management

By the network supervisory block as illustrated in Fig. 1, the
desired active and reactive power generation for the utility sector
erter (b) Output current of grid.



Fig. 16. THD calculation of inverter side current.
Fig. 19. THD calculation of inverter side current.
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is regulated by the proposed inverter (RSCI) control. The above
conditions will be attained by considering the solar parameters,
grid parameters and the battery parameters. Using Park’s transfor-
mation, the active power (p) in ‘W’ and reactive power (q) in ‘VAR’
can be expressed in terms of d-q axis voltage and current compo-
nents [1].

p ¼ VsdId þ VsqIq ð26Þ

q ¼ VsqId � VsdIq ð27Þ
where ‘Vsd’ and ‘Vsq’ represent the d-q axis grid voltages (V); ‘id’ and
‘iq’ represent the corresponding inverter current (A) in the d-q axis.
The corresponding d and q axis inverter current can be derived in
terms of desired active and reactive power (p⁄ and q⁄) using Eqs.
(26), (27) as follows:

id ¼ p�Vsd � q�Vsq

V2
sd þ V2

sq

ð28Þ

iq ¼ q�Vsd � p�Vsq

V2
sd þ V2

sq

ð29Þ

The inverter desired voltage vector is computed by applying
decoupled control strategy and implemented through a RC con-
troller. The battery operates in two modes of operation for trans-
forming a specified amount of power. In charging mode, the
battery will receive the power from the PV’s available surplus
Fig. 17. THD calculation of grid side current.

Fig. 18. (a) Output current of inver
energy. In the discharging mode of operation, it supports the PV
system when unable to supply the required power. The battery
function in this study plays a role of auxiliary support to enhance
the reliability and efficiency of PV operation by utilizing the sur-
plus power during the deficiency.

The proposed battery energy control management of the test
system is illustrated in Fig. 1. In this control topology the battery
will absorb power when an excess amount of power is available
in the grid and similarly supply power when the grid cannot sup-
port the desired power. The calculated reference voltage vector is
further used to determine the appropriate sector in the vector dia-
gram. The shortest vector is needed to be rightly chosen by the rel-
ative errors of capacitor voltages as in Eqs. (30), (31).

eVCa ¼ V�
Ca � VCa

VCa
ð30Þ
eVCb ¼ V�
Cb � VCb

VCb
ð31Þ

where VCa

�
and VCb

�
denote the desired capacitor voltage (V), VCa and

VCb denote the actual capacitor voltage (V) across the capacitor ‘Ca’
and ‘Cb’ respectively [23].

The shortest vector selection through this approach as
explained above are used to determine the selection of capacitor
to be in charging mode or in discharging mode of operation. The
decision to select the right short vector mostly depends on the rel-
ative short vector, relative errors of capacitor voltages and their
importance on the control system behavior. Taking this idea a deci-
sion function ‘E’ is formulated as follows:
ter (b) Output current of grid.

Fig. 20. THD calculation of grid side current.



Fig. 21. By fixed irradiance: (a) active power (b) reactive power (c) PV output voltage (d) charging and discharging of battery (e) output current of inverter (f) output current
of grid.
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E ¼ K1eVCa � K2eVCb ð32Þ
Each relative errors of the capacitor voltage are combined with

the gains ‘K1’ and ‘K2’ values to determine the decision function.
The associated gains ‘K1’ and ‘K2’ values are decided such a way
that the corresponding relative error of the capacitor voltage
allows better control of the chosen capacitor voltage. The corre-
sponding values of ‘K1’ and ‘K2’ need to have the same reference
voltage to balance the capacitor voltage. However, in this applica-
tion, it is suggested to use different K1 and K2 values completely
dependent on their desired capacitor voltages in case of the unbal-
anced capacitor voltage applications. The photovoltaic system is
controlled by the IC method and ‘Ca’ voltage is controlled to permit
the battery charging and discharging by using the Eqs. (33) and
(34).

V�
Ca ¼ Vbat ð33Þ

Vref � VCa ¼ V�
Cb ð34Þ

In every time step, the selections of short vectors depend upon
the polarity of ‘E’. In case of positive sign of ‘E’ in any time step, the
corresponding short vector selection can charge ‘Ca’ or discharge
‘Cb’ according to the equations. Similarly, in case of negative sign
of ‘E’, the corresponding short vector selection can charge ‘Cb’ or
discharging ‘Ca’ during that time step.

According to the proposed control system as illustrated in Fig. 1,
by using the desired voltage vector and the corresponding actual
timing of the applied voltages, the desired active power (p⁄) and
Fig. 22. THD calculation of

Fig. 23. THD calculation
reactive power (q⁄) are produced by the RSCI. Furthermore, an
attempt has been made on the generation side by MPPT control
to achieve robust control of VCb (K2 	 K1) with reference value of
(V�

dc � VCa). Along with that VCa is flexibly controlled with the bat-
tery voltage reference value ‘Vbat’ [29].

The proper short voltage vector can be determined to imple-
ment the requested voltage vector by using the decision function
‘E’ along with the given reference values. Through the optimal
MPPT control, the system can generate maximum available power
(Ppv). In addition to that by generating the desired voltage vector in
grid side, it is possible to meet the desired power (p⁄) at the grid.
The proposed control system also automatically controls VCa, such
that the excess power is supplied to the battery and during the
power deficit the power absorbs from the battery storage.

In the proposed system the battery inductor is used for
smoothen the battery current, mainly during the disturbance con-
ditions. For the operation, a wide range of the inductor value can be
chosen, but decreasing the inductor value will increase the over-
shoot of the battery and also this value totally depends on the
capacitor value and the fluctuation of the voltage. The size and cost
point of view, the value of the inductor is chosen as 5 mH.
3.3. Repetitive controller

The repetitive control (RC) strategy on frequency domain is pre-
sented here. It is designed and analyzed based on discrete time
Fourier transforms in Z domain [30,31]. The block diagram repre-
inverter side current.

of grid side current.
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sentation of closed-loop feedback controller of RSCI is illustrated in
Fig. 11. Disturbances generated by any means like non-linear loads,
fluctuation in power system and nonlinear delay time, generates
some lower order harmonics in the practical system. By using con-
ventional LC and LCL filter, it is not sufficient to eliminate the lower
order harmonics that tend to inject high THD in the output
waveforms

To minimize the lower order harmonics and getting better out-
put voltage on the grid side, it is necessary to design an appropriate
controller. The state space model representation of the system can
be represented as:

YðsÞ ¼ GðsÞ � UðsÞ þ DðsÞ ð35Þ
UðsÞ ¼ CðsÞ � RðsÞ � YðsÞ ð36Þ
As shown in Fig. 12, where R(s) is the reference input signal, C(s)

is the controller, G(s) is the inverter, D(s) is the disturbance, and Y
(s) is the output of the closed loop system. The tracking error E0(s)
of the closed loop system due to the control input U(s) and D(s) is
given by:

E0ðsÞ ¼ RðsÞ � DðsÞ
1þ CðsÞGðsÞ ð37Þ

The Fig. 12 shows the RC controller implementation with the
closed loop system model. The tracking error is modified further
by the RC controller before feeding to the main system controller.
Fig. 13 demonstrates the topology of RC controller. The filter ‘L(s)’
act as a learning filter to compensate the transfer as seen by RC
controller. The function of the ‘Q(s)’ filter is used to minimize the
error between ‘L(s)’ and error in the real system [32–36].
Fig. 24. By fixed irradiance: (a) phase to phase voltage of inverter (b) phase voltag
Furthermore, ‘Q(s)’ try to limit the frequency within the speci-
fied boundary of the RC controller. The phase delay of ‘Q(s)’ can
be compensated by adjusting the time delay e�STp of the periodic
signal generator. The function of RC controller in case of the peri-
odic signal is to generate the output frequencies with multiple of
integer and periodic frequency as kxp. The time period Tp can be
computed as:

Tp ¼ 2P
xp

ð38Þ

The closed loop transfer function can be represented as:

HðsÞ ¼ CðsÞGðsÞ
1þ CðsÞGðsÞ ð39Þ

Similarly to represent the tracking error ‘E(s)’ of the RC con-
troller in terms of the tracking error ‘E0(s)’ of the original system
without RC can be expressed as:

EðsÞ ¼ E0ðSÞ � 1� QðsÞe�STp

1� ð½1� LðsÞ� � QðsÞe�STp Þ ð40Þ
4. Results

A simulation model is built in MATLAB to test and validate the
effectiveness of the proposed approach. Comparative results are
presented and analyzed under fixed and variable irradiance condi-
tion among three-level neutral point clamped (NPC) inverter with
PI controller and RSCI with the repetitive controller. The simulated
parameter of the proposed system is illustrated in Table 3.
e of inv due to mid point (c) Filtered phase voltage of inverter w.r.t midpoint.



Fig. 25. By varying the irradiance: (a) active power (b) PV output voltage (c) charging and discharging of battery (d) inverter output current (e) output current of grid (f)
phase-a grid voltage and current.
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4.1. Case1: Three-level neutral point clamped (NPC) inverter with PI
controller

4.1.1. Fixed irradiance condition
The NPC MLI topology to generate the required voltage level, it

comprised with four power electronic switches and two clamping
diodes in one leg and so totally it contains 12 switches, 6 clamping
diodes, and two capacitors [10,11]. Considering this topology with
PI controller, the system generates the required inverter output
current and grid current. Fig. 14 demonstrates the positive, nega-
tive and zero sequence voltage components adapting this
approach.

The output current at inverter and grid side bus are illustrated
in Fig. 15. This result in Fig. 15(a) in case of inverter current indi-
cates harmonic distortions and that have been removed by the
integrated LCL filter as shown in Fig. 15(b). Figs. 16,17 shows the
harmonic assessment for the inverter current for four cycles at
50 Hz fundamental frequency through Fast Fourier Transform
(FFT) analysis. The 5.38% THD is too high according to the IEEE
1541 standard and so it needs a further improvement for real-
time implementation particularly for PV based microgrid. The
use of LCL filter plays a vital role in improving the above power
quality issues by reducing the THD level from 5.38% to 0.48% as
shown in Fig. 17 (Fig. 16).

4.1.2. Varying irradiance condition
The performance of the LCL filter is tested for the same system

under varying irradiance condition. Fig. 18 shows the simulation
Fig. 26. THD calculation of

Table 4
Inverter current harmonic current analysis between three-level and seven-level inverter (

Inverter harmonic current analysis (Fixed irradiance)

FFT analysis reports of three-level inverter with PI controller

Total harmonic distortion (THD) = 5.38%

Order of Harmonics Frequency (HZ) % of harmonics Angle in degree

0 0 0.03 90
1 50 100 0
2 100 0.73 79.9
3 150 0.46 267.8
4 200 0.11 242.2
5 250 0.48 0
6 300 0.25 39.8
7 350 0.35 29.7
8 400 0.58 167.5
9 450 0.14 0
10 500 0.14 51.6
11 550 0.21 34.2
12 600 0.25 222.2
13 650 0.50 204.0
14 700 0.68 122.1
15 750 0.60 94.2
results of the grid side and inverter side current. The results from
Fig. 18(a) clearly indicate the harmonic distortion in case of inver-
ter current due to the presence of nonlinearity in the inverter.
However, the effectiveness of using LCL filter to reduce harmonics
level for the above power quality issue is reflected in the grid side
current as illustrated in Fig. 18(b). This analysis has been con-
firmed by calculating THD level in the inverter side current by
using the FFT technique for 4 cycles at 50 Hz fundamental fre-
quency. Figs. 19 and 20 indicate a high reduction of THD value
from 5.68% to 0.18% by implementing the LCL filter. From the find-
ings of the above results, the limitation like a need of LCL filters to
generate three level voltage and that to the design of MLI with
more number of switches for the operation are reflected. This moti-
vates to design the reduced switch MLI with less dependency on
integrated filter model, by taking the above limitations in the pro-
posed approach.

4.2. Case2: CSIR with repetitive controller

4.2.1. Fixed irradiance condition:
Fig. 21 shows the time variation of active power, reactive

power, PV output voltage, and output current of the inverter, an
output current of the grid, and charging and discharging of battery
current. In the system there are three PV units are connected in
series to make a PV module. In this study, it is assumed that the
irradiation will produce Iph = 5.6 A in the rated PV system and pro-
ducing the voltage output is 117.3Vdc and the current output is
given 4.75 A. Finally, the total active power of 558 W is generated,
Inverter side current.

Fixed irradiance).

FFT analysis reports of seven-level inverter with RC controller

Total harmonic distortion (THD) = 0.46%

Order of Harmonics Frequency (HZ) % of harmonics Angle in degree

0 0 0.11 90
1 50 100 0.1
2 100 0.20 59.2
3 150 0.29 39.8
4 200 0.17 16.6
5 250 0.11 40.3
6 300 0.13 0
7 350 0.12 0
8 400 0.08 0
9 450 0.05 0
10 500 0.05 0
11 550 0.03 0
12 600 0.03 262.2
13 650 0.03 235.5
14 700 0.02 240.4
15 750 0.01 257.7



Table 5
Inverter current harmonic current analysis between three-level and seven-level inverter (Varying irradiance).

Inverter harmonics current analysis (Changing irradiance)

FFT analysis reports of three-level inverter with PI controller FFT analysis reports of seven-level inverter with RC controller

Total harmonic distortion (THD) = 5.68% Total harmonic distortion (THD) = 0.18%

Order of Harmonics Frequency (HZ) % of harmonics Angle in degree Order of Harmonics Frequency (HZ) % of harmonics Angle in degree

0 0 0.08 270 0 0 0 270
1 50 100 0 1 50 100 0
2 100 0.69 75.8 2 100 0.03 180.2
3 150 0.61 258.4 3 150 0.11 51.5
4 200 0.29 244.1 4 200 0.01 180.7
5 250 0.45 8.8 5 250 0.13 138.7
6 300 0.24 76.5 6 300 0.01 182.3
7 350 0.31 80.2 7 350 0.02 58.6
8 400 0.74 158.1 8 400 0.01 182.4
9 450 0.21 0 9 450 0.03 143.7
10 500 0.16 105.6 10 500 0 183.2
11 550 0.08 0 11 550 0.01 66.5
12 600 0.24 234.3 12 600 0 183.2
13 650 0.56 217.9 13 650 0.01 148.0
14 700 0.53 142.2 14 700 0 185.2
15 750 0.67 98.0 15 750 0 74.1
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which varies initially in the range of 662 W to 445 W up to time
interval t = 40 ms as shown in Fig. 21(a). Fig. 21(b) similarly indi-
cates the reactive power variation and shows the initial variation
of reactive power transmitted to the grid from zero to 250 VAR
during a time interval t = 100 ms. Due to the presence of capacitor,
the system is able to generate the requested reactive power. Fig. 21
(c) shows the output dc voltage variation of the PV module. A bat-
tery energy management is essential to improve the efficiency and
reliability in case of a PV based microgrid. The control strategy and
planning are to be implemented to charge the battery during the
peak period and discharge the battery energy to meet the deficit
of power. The time variation of battery power utilization is shown
in Fig. 21(d). During the battery discharging operation the current
rating reaches 1.9 A during the time interval 0–40 ms and during
charging condition the current reaches �1.9 A during the time
interval 40 ms–100 ms.

The effectiveness of the proposed approach is illustrated in
Fig. 21(e–f) in terms of minimization of harmonics and transfers
the system characteristics almost to a linear behavior. This indi-
cates the less dependency on LCL filter as compared to case-1
three-level NPC inverter. The FFT analysis clearly indicates this
by showing a reduced level of THD of 0.46% that to without the
use of LCL filter as illustrated in Fig. 22. However, in Fig. 23a further
enhanced performance is achieved by the use of LCL filter with
THD level grid side current to 0.22%. The integration of LCL filter
is considered in the proposed approach due to its system protec-
tion benefit under sudden change of voltage.

Fig. 24 shows the time variation of phase to phase voltage of
inverter, phase voltage of inverter due to midpoint, and filtered
phase voltage of inverter with respect to midpoint. The proposed
RC controller based RSCI generates more voltage level as compare
to the three-level neutral clamped inverter, illustrated in Fig. 24(a
and b). The filtered phase voltage of proposed inverter with respect
to midpoint is illustrated in Fig. 24(c) with minimal harmonic
distortion.
4.2.2. Varying irradiance condition
It is assumed that by changing the solar irradiation, the PVmod-

ule will produce the short circuit current as 4.2 A, 3.5 A, and 5 A
with a time interval of 0 s, 0.04 s, and 0.1 s respectively. The output
voltages of the PV modules are 114.5Vdc, 113.2Vdc, and 116.04Vdc,
and the corresponding currents 3.7 A, 3.2 A, and 4.4 A are achieved
respectively. The corresponding power of the system is obtained as
362.24 W, 423.65 W, and 510.52 W respectively and the average
power is computed as 481.52 W. In this simulation study the range
of active power is found to be within the range of 480 W to 482 W
as illustrated in Fig. 25(a) and that meets the requisite power need
to supply to grid. Fig. 25(b and c) shows the PV output dc voltage
and the corresponding battery charging and discharging condition
through battery current variation respectively. This indicates the
battery energy management according to the integrated PV gener-
ation. If PV generation operates below the rated power to be sup-
plied to the grid or during faulted operating condition, then the
battery discharges to compensate the deficit power. Fig. 25(d)
shows the inverter output current and Fig. 25(e) shows the grid
side current with lower THD. Fig. 25(f) shows a single phase volt-
age and current in p.u conduction of the grid and its in-phase con-
dition indicates zero reactive power at all time. The Fig. 26 shows
THD level of the inverter side current by using FFT. The results
clearly indicate a minimized harmonics level with THD value as
0.18% by using the proposed technique.

4.3. Case-3: Harmonic analysis

Table 4 presents inverter harmonic current analysis between
three-level and proposed seven-level inverter under fixed irradi-
ance condition. Similarly Table 5 shows the inverter harmonic cur-
rent analysis between three-level and proposed seven-level
inverter under varying irradiance condition. The THD value
through FFT analysis for the proposed approach is 0.46% and
0.18% in case of fixed and varying irradiance condition on compar-
ison to conventional three-level inverter as 5.38% and 5.68%
respectively. The results indicate the existence of better power
quality for the test system through the implementation of pro-
posed approach.

5. Conclusion

This paper suggests a multilevel inverter based on RSCI for
energy storage based PV microgrid system. In addition to that, an
MPPT technique based on incremental conductance algorithm is
applied to extract maximum available energy with fixed and differ-
ent irradiance condition. To improve the performance further, a
repetitive control strategy is implemented instead of PI controller
along with RSCI. To ensure its possibility of real-time application,
the harmonic levels are computed by finding THD value through
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FFT analysis and found to be well within the IEEE-1547 standard.
The integration of LCL filter is investigated for further improve-
ment of power quality; even though the proposed approach gives
a satisfactory result. Furthermore, the effectiveness of the battery
to enhance the overall system performance is investigated through
the proposed controller. The simulation results indicate the better
performance of the proposed inverter topology and control strat-
egy on compare to NPC inverter with PI controller in terms of bet-
ter voltage level, reduce switches, negligible steady-state error and
minimized harmonic level.
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