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Abstract- This paper brought out the interest of eliminating a dc-dc converter stage in a two stage power conversion system to 
reduce the complexity, size and cost. The problem of the paper is formulated from the observations made by the existing 
literature, which have very less scope about the elimination of dc-dc converter stage in power conversion system.It is proposed 
and evaluated by implementing the combinations of the proportional Integral and sliding mode controllers to evaluate the grid 
side parameters such as grid voltage and current, real power, reactive power, power factor and dc link voltage settling time for 
standard atmospheric condition and changing atmospheric condition. Existing inverter topologies have the drawbacks in the 
terms of number of levels to reduce the harmonics and dc link voltage maintenace for the disturbances caused at grid side and 
source side. The proposed system is analysed by implementing a three phase seven level diode clamped multilevel inverter. A 
multiloop controller is designed as the inner loop controls the power factor and the outerloop track the maximum power from 
photovoltaic syatem. This paper finally arrives at a conclusion about the stastical and simulated results of the proposed system 
by using MATLAB/SIMULINK.  

Keywords- Photovoltaic System; Seven Level Diode Clamped Inverter; Proportional Integral, Sliding Mode Controller; 
Standard Atmospheric Condition; Changing Atmospheric Condition. 
Nomenclature: 

Nll Number of cells in parallel 𝑅 Line Resistance  
Nsl Number of cells in series 𝐿 Line Inductance 
IDS Saturation Current 	𝛾% Switching States 
vpv PV array output voltage in volts/dc 

link voltage 
𝑙  Level of the inverter 

ipv PV array output current in amps SΨ Sliding Surface 
𝐼() Light generating current source  𝑃+	 Apparent Power 
𝐼,+ Shunt diode current in amps 𝑃-	 Real Power 
𝑅./ Series Resistance in ohms PQ Reactive Power 
𝑅.0 Shunt Resistance in ohms 𝑖2  ,𝑖3  Direct and Quadrature Currents 
𝑢% Phase voltages 𝑠𝑔𝑛 Sigmoid Function 
 𝑖% Line currents 𝑣2 ,𝑣3 Control Vectors 
𝑒:% Grid voltages T Time 
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1. Introduction 

Increasing energy requirements in industrial applications, 
solar energy is one of the most commonly used forms in 
renewable energy. Owing to the rapid growth of solar cell 
technology, performance and reliability have been enhanced 
in recent years. Solar and wind energy, unlike fossil fuels, are 
inexhaustible and clean sources of energy in nature[1-3]. 
Photovoltaic (PV) applications are now categorized into two 
types: First, standalone applications need energy storage by 
the battery bank and are used for low-power applications such 
as residential applications. Second, a PV network with a grid 
connection where full power is extracted and injected into the 
grid and the power factor stays nearly unity, even as 
environment varies. On the other side, solar energy relies 
heavily on various environmental influences, mainly solar 
radiation and atmospheric temperature[4-6]. Current and 
voltage of the PV array are the function of solar irradiation and 
cell temperature. PV Current varies with radiation, and the 
evolution of the temperature follows PV voltage[36]. A power 
electronic circuit is acts as an interface between PV panels and 
utility grid and is necessary to transfer the maximum power[7- 
8]. 

There are two technologies used in energy handling for 
power transfer from a Photovoltaic (PV) module to the grid: 
(i) a two-stage power conversion in which the grid is linked 
into the PV system via a dc-dc converter to boost the voltage 
working on Maximum Power Point Tracker (MPPT)  and a 
DC-AC Power Factor Correction (PFC) and conversion 
device, and (ii) Single-stage power transfer with direct DC-
AC conversion, where it can act as both operations like to 
Maximum Power Point (MPP) and PFC[9-10]. A voltage 
control loop is used to control the dc link voltage, for this a 
PV terminal voltage is required. To model the MPPT [34-35] 
a PV voltage and currents are needed in single stage grid 
connected PV system. A single stage grid connected PV 
system enhances the system efficiency by eliminating the dc-
dc converter. It is also enhances the voltage and current profile  
under the different operating conditions at source side and grid 
side[11-12].    

The grid-connected PV system proposes a single-stage 
power conversion to reduce circuit complexity and power loss. 
A power converter as a conventional Seven-level Diode 
Clamped Multi-Level Inverter (SDC-MLI) topology is 
proposed and used for an interfacing device in between PV 
and grid-connected system[13-15]. 

The inverters are generally classified as three types based 
on the mode of operation. Stand-alone, Grid connected and 
Bimodal inverters. Stand-alone inverters are also called as off-
grid inverters, these are used to convert dc voltage of PV 
system in to ac and it supplies stable voltage and frequency to 
the load. Grid connected inverters are further classified as the 
central inverter, string inverter, multi string inverter and 
module integrated inverters. These are discussed in the 
reference of [31].Bimodal inverters are very expensive and 
these are used in less often. 

The PV system has nonlinear electrical behavior due to 
changes in solar irradiation and the temperature and disturbs 
the smooth working of the inverter operation. However, there 

are different types of linear controllers such as proportional 
integral controller, predictive controller, hysteresis controller 
etc. In [16-17], the performance of these controllers on 
nonlinear PV systems should not give the satisfactory 
response at all operating points as well for the continuous 
changes in atmospheric conditions. Nevertheless, it provides 
adequate service at a series of operating points, since the 
system is linearized at a balance stage[18-20]. The limits of 
linear controllers are overcome through the introduction of 
non-linear controllers for non-linear PV systems to operate 
under all working conditions and atmospheric conditions. A 
model predictive based nonlinear PID controller stated in [21- 
23] . A Lyapunov-based controller is included in [24-25] for 
grid-connected PV inverter, and The law on adaptation is 
included in order to improve robustness.  

In order to satisfy the following criteria, a proportional 
integral- Sliding Modes Controller (PI-SMC) is introduced, 
one to control and derive the maximum power from the PV 
system and secondly for PFC to provide a grid voltage, and 
the currents are spaced in order to achieve a Unity PF[16],[32]. 

This paper mainly focuses on, 

• In order to reduce the size of the filter and resonance 
problems, a diode clamped multilevel inverter of 
seven level is proposed and evaluated. 

• A comparative analysis is carried out by 
implementing the following controller combinations 
of PI-SMC. 

• Evaluation of proposed system is done by 
considering Standard Atmospheric Conditions and 
Changing Atmospheric Condition. 

• It is also considered and evaluated about the 
performance while occurrence of fault at grid side. 

• Statically it is proved that combination of sliding 
mode controller and proportional integral at inner 
and outer loops are outstanding.     

2. Power System Configuration and Modeling: 

Power system configuration split into different sections as 
a PV panel, SDC-MLI with dc link capacitor and the electrical 
grid. PV system interfaced with SDC-MLI, a small passive 
filter connected at the Inverter output to handle the harmonics 
and connected to the grid, as shown in Fig.1. The operation of 
SDC-MLI discussed in [29] with Phase Disposition 
Multicarrier based Pulse Width Modulation (PDMC-PWM).  

In diode clamped multilevel inverter, for the generation of 
multilevel output voltage it employs (l-1)*(l-2) clamping 
diodes and (l-1) dc link capacitors connected. The three phase 
SDC-MLI as shown in Fig.1., it represents the 30 numbers of 
clamping diodes and 6 numbers of dc link capacitors are 
connected for splitting of dc link voltage vpv into vpv /6 to 
generate the required output voltage. In SDC-MLI, can be 
synthesized by taking the neutral point N as a reference, for 
phase voltage VAN = +vpv/2 is obtained by conducting a 
positive group of switch Sa1-Sa6, for +vpv/3, the switches Sa2-
Sa6 from positive group and Sa1' from negative group. The 
switching states and phase voltage levels for leg A are 
illustrated in Table 1 and is considered from [29]. In which ‘1’ 



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH  
K.Rajasekhara Reddy et al., Vol.10, No.4, December, 2020 

 1676 

stands for switch is on and “0” for switch off. The required 
components for SDC-MLI is illustrated in [29].  

2.1. PV System Configuration: 

 There are several models in various literature, such as the 
single diode, double diode and three diode model and so on, 
which illustrate the nonlinear behavior of the PV system. 
Among these, a single model diode and double model diode 
are usually used because they are easily analyzed and 
implemented as well as a minor error with respect to the 
characteristics of solar PV cells[37]. In this paper, a 
mathematical equation for modeling of single model diode is 
preferred and is taken from[3], [27]. In order to meet the 
maximum power in the PV system, an Incremental 
Conductance method[34] is used as a MPPT and is addressed 
[26-27].  

	𝑖;< = 	𝑁??𝐼() − 𝑁??𝐼,+ A𝑒
BC

DED
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2.2. Power System Modeling: 

 When design in power system model, consider a grid side 
of the three-phase inverter and can be written in terms of 
voltages and current with passive filters elements as[24-25], 

𝑢% = 𝑅𝑖% + 𝐿
2T[
2\
+ 𝑒:%,			𝑤ℎ𝑒𝑟𝑒,𝑚 = 𝑎, 𝑏, 𝑐 (2) 

Where, 𝑢% are the phase voltages,  𝑖% are the currents flowing 
into the grid, 𝑒:%	are the grid voltages, 𝑅 are the line 
resistance and  𝐿 are the line inductance. 
 Equation (2) can be expressed as,  
 2T[
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= 	− -

(
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(
+ f[

(
          (3) 

Equation (3) is discussed in reference [5],[7] 
 The phase voltage 𝑢% [30] can be expressed in terms of 
input switching states	𝛾% for SDC-MLI, then, 
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Where, 𝑙 = level of the inverter 
 From the equation (3) & (4), 
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The dc link voltage 𝑣;<	from the model is expressed 
as[5],[7],[33] 

𝑣;<̇ = 	
k
~
𝑖;< −

k
~
(𝛾�𝑖� + 𝛾�𝑖� + 𝛾~𝑖~)   (6) 

Equation (5) & (6) are nonlinear and time varying models, 
these are transform into time invariant model by using 𝑎𝑑𝑐 −
𝑑𝑞0 transformation. 

Therefore,  
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Equation (7) is used to design control input vectors for SMC 
[7].

Fig.1. Single stage seven level diode clamped MLI with grid interfaced PV system [26] 
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Table 1. Switching states of leg A for SDC-MLI [26] 

Switching 
function for 

Leg ‘A’ 
Switching State Output 

Sa 

(Sa1, Sa2, Sa3, Sa4, Sa5, Sa6=1 and Sa1’, Sa2’, Sa3’, Sa4’, Sa5’, Sa6’=0) +Vpv 

(Sa1’, Sa2, Sa3, Sa4, Sa5, Sa6=1 and Sa1, Sa2’, Sa3’, Sa4’, Sa5’, Sa6’=0) +2Vpv/3 

(Sa1’, Sa2’, Sa3, Sa4, Sa5, Sa6=1 and Sa1, Sa2, Sa3’, Sa4’, Sa5’, Sa6’=0) +Vpv/3 

(Sa1’, Sa2’, Sa3’, Sa4, Sa5, Sa6=1 and Sa1, Sa2, Sa3, Sa4’, Sa5’, Sa6’=0) 0 

(Sa1’, Sa2’, Sa3’, Sa4’, Sa5, Sa6=1 and Sa1, Sa2, Sa3, Sa4, Sa5’, Sa6’=0) -Vpv/3 

(Sa1’, Sa2’, Sa3’, Sa4’, Sa5’, Sa6=1 and Sa1, Sa2, Sa3, Sa4, Sa5, Sa6’=0) -2Vpv/3 

(Sa1’, Sa2’, Sa3’, Sa4’, Sa5’, Sa6’=1 and Sa1, Sa2, Sa3, Sa4, Sa5, Sa6=0) -Vpv 

 

3. Designing of sliding mode controller: 

 Sliding Mode Controller (SMC) is used to get excellent 
performance, robustness and fast dynamic response under the 
external disturbances and significant variations in system 
parameters. The sliding mode can be described as a state 
trajectory evolution of a system that contains the specified 
hyper plane (switching surface) with a stable dynamics of a 
state space. In the design of SMC have to carry two steps, the 
primary step is to design a sliding surface such that it satisfies 
the sliding motion in precise design specifications, i.e., the 
dynamic behavior of the system is configured by the sliding 
surface (SΨ). Secondly, the establishment of an appropriate 
control law that directs the closed loop system to the sliding 
surface to handle the uncertainties, including external 
disruption, nonlinearity and model parameter uncertainties. 
The non-linear SMC mathematical model can be represented 
by the following equation[17-18], 
 

𝑥̇(𝑡) = 𝑓(𝑥, 𝑡) + 𝑔k(𝑥, 𝑡)𝑣(𝑡)   (8) 
𝑦	(𝑡) = 𝑐(𝑥, 𝑡)	     (9) 

Where, 𝑡 is the time (ϵ ℝ), 𝑥	ϵ	ℝ�	is the state vector,𝑦 and  𝑣 
are the output and input variables and  𝑓 and 𝑔 are the vector 
fields. It is assume [28] that the input variable 𝑣(𝑥, 𝑡) 
experiences a discontinuity on the surface (𝑆�	(𝑥, 𝑡) = 0), then 
[35], 

𝑣(𝑥, 𝑡) = �	𝑣
I(𝑥, 𝑡)									𝑖𝑠	𝑆�	(𝑥, 𝑡) > 0				
𝑣m(𝑥, 𝑡)								𝑖𝑠	𝑆�	(𝑥, 𝑡) < 0	   (10) 

 When the system is in sliding mode, the standardized 
sliding surface can be described as follows [35]: 

𝑆�	(𝑥, 𝑡) = 0		𝑎𝑛𝑑		𝑆�̇	(𝑥, 𝑡) 	= 0, ∀𝑡	 ≥ 𝑡� (11) 
 

Where, 𝑡� is time reached for sliding mode (SΨ) 
 Substituting equation (8) in equation (11), then, 
 
𝑆�̇	(𝑥, 𝑡) = 	

�+�
��
	 𝑥̇ = 	 �+�

��
[𝑓(𝑥, 𝑡) + 𝑔(𝑥, 𝑡)𝑣(𝑡)] = 0   (12) 

 
 The control inputs 𝑣(𝑡)	can be expressed as [22],  

𝑣(𝑡) =	− P��+�
��
� 	𝑔(𝑥, 𝑡)W

mk
P�+�
��
	[𝑓(𝑥, 𝑡)]W  (13) 

 Substitute equation (13) in equation (8), then the system 
dynamics on the sliding surface is, 

𝑥̇(𝑡) = A𝐼 − 	𝑔(𝑥, 𝑡) P��+�
��
� 	𝑔(𝑥, 𝑡)W

mk
�+�
��
O 𝑓(𝑥, 𝑡)  (14) 

 Once the dynamics of the system is fixed, then define the 
control law for the state trajectory on the sliding surface and 
is described by [21], 

𝑣 = 	−𝑉𝑠𝑔𝑛(𝑆�)     (15) 

Where, V is constant positive value and 𝑠𝑔𝑛 is sigmoid 
function. 

 The PV system connected to the grid supplies the 
maximum power in the grid, so the complex power supplied 
is expressed as, 

𝑃+	 = 	𝑃-	 + 𝑗𝑃�      (16)  

Where, 𝑃+	, 𝑃-	and PQ are is an apparent power, real power and 
reactive power. 

 The 𝑃-	and PQ  are expressed by using Park 
Transformation[18] 

Therefore,  

          		𝑃-	 = 	
i
�
	S𝑒:2𝑖2 + 𝑒:3𝑖3U	                      

𝑃�	 = 	
i
�
	S𝑒:3𝑖2 − 𝑒:2𝑖3U             (17) 

Where,	𝑒:2 and 𝑒:3 are the grid voltage component along with 
d and q-axis and 𝑖2  ,𝑖3 are the direct and quadrature 
component of the currents. From the equation (17), the 𝑃-	and 
PQ are depends on both d and q-axis quantities, so independent 
control of 𝑃-	and PQ are complex. Assume that, the grid 
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voltage component 𝑒:2 is made zero, then 𝑃-	and PQ 
expressed as, 

       𝑃-	 = 	
i
�
	S𝑒:3𝑖3U	   

           𝑃�	 = 	
i
�
	S𝑒:3𝑖2U        (18) 

 The sliding surface defined by using current dynamic 
error (𝑒�	=	𝑖2

 /¡ −	 𝑖2). However, we can also add an integral 
terms to improve the performance accuracy as shown equation 
(19), 

 Generally[35], 

 𝑆�¢ = 	 𝑒� + 𝑐T ∫ 𝑒�. 𝑑𝑡	       (19) 

𝑤ℎ𝑒𝑟𝑒, 𝑗 = 𝑑, 𝑞	𝑎𝑛𝑑	𝑖 = 1,2,3…  

 From equation (19), the sliding surface for inner current 
loop is expressed as[21], 

§
𝑆�¨ = 	 𝑖2

 /¡ −	𝑖2 + 𝑐k ∫ S𝑖2
 /¡ − 𝑖2U𝑑𝑡
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 /¡ − 𝑖3U𝑑𝑡
\
�

   (20) 

 The 𝑖2
 /¡  and 𝑖3

 /¡  are the reference proportions of d-and 
q-axis and are expressed as, 
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𝑖2
 /¡ = 	�
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 /¡ = 	 �

i

ªK
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      (21) 

 Assume that the reactive power reference PQ is zero 
when at unity PF, therefore the equation (21) becomes,   

®
𝑖2
 /¡ = 	0		

𝑖3
 /¡ = 	 �

i

ªK
¬L­

f�

      (22) 

The control vectors 𝑣2 and 𝑣3 can be composed for 
SMC for grid connected PV system as [21], 

𝑣� = 	𝑣�/3f +	𝑣��?, 𝑤ℎ𝑒𝑟𝑒, 𝑗 = 𝑑, 𝑞	  (23) 

Where 𝑣�/3fthe equivalent control input that extracts the 
system behavior on the sliding surface and 𝑣��? are the 
nonlinear inputs that drive the state to the sliding surface and 
retain the state on the sliding surface with system parametric 
uncertainties.  

 Therefore, the control input vectors, based on equation 
(23), for SMC for three phase grid connected PV system is 
expressed as[21], 

�
𝑣2
𝑣3� =	 n

𝑅𝑖2 + 𝜔𝐿𝑖3 + 𝑒:2 + 𝑐k𝐿S𝑖2
 /¡ − 𝑖2U

𝑅𝑖3 − 𝜔𝐿𝑖2 + 𝑒:3 + 𝑐�𝐿S𝑖3
 /¡ − 𝑖3U

p +

P𝑉k𝑠𝑔𝑛
(𝑆�¨)

𝑉�𝑠𝑔𝑛(𝑆�¨)
W  (24) 

Where,  

 �
𝑣2/3f
𝑣3/3f � = 	 n

𝑅𝑖2 + 𝜔𝐿𝑖3 + 𝑒:2 + 𝑐k𝐿S𝑖2
 /¡ − 𝑖2U

𝑅𝑖3 − 𝜔𝐿𝑖2 + 𝑒:3 + 𝑐�𝐿S𝑖3
 /¡ − 𝑖3U

p	 ;	 

�
𝑣2�?
𝑣3�?� = 	 P

𝑉k𝑠𝑔𝑛(𝑆�¨)
𝑉�𝑠𝑔𝑛(𝑆�¨)

W                                 (25) 

4. Results and discussion: 

 In PV integrated power system, stability is an essential 
factor if any change in irradiation and temperature, so, 
maintenance of constant DC input voltage for SDC-MLI is 
needed even any changes in operating characteristics of the 
plant. The conventional Proportional Integral-Proportional 
Integral (PI-PI) controller operating with fixed parameters but 
can’t ensure the stability with these parameters in a system, 
even though the robust nonlinear input-output partial feedback 
controller [27] improve the power quality but it has few 
limitations while in designing. Hence, PI-SMC is proposed in 
this paper, and it will enhance the system stability at all 
operating conditions. The complete operating structure of the 
PI-SMC based SDC-MLI single stage grid-connected PV 
system, as shown in Fig.2. In this system, it is necessary to 
design two control loops one is to track the maximum power 
point is called voltage control loop, and second loop for 
maintain the unity power factor for better power quality is 
called current control loop, is designed using equation (24). In 
Fig.2. PI-SMC is arranged as follows, PI controller  used as an 
outer loop and SMC is placed in an inner loop and same is 
comapred with conventional PI (outer loop)-PI (inner loop) 
controller combination. The performance of PI-SMC is 
validated by comparing PI-PI controller in simulation results 
and numerical values. In ac side, the output voltages and 
currents with linear elements are transforms into 𝑎𝑑𝑐 − 𝑑𝑞0 
for analysis of control law and then re-tranform into 𝑑𝑞0 −
𝑎𝑏𝑐 and is used to generate pulses by taking a PDMC-PWM 
methodology for SDC-MLI to maintain system stability.

  
Fig. 2. Operational structure of the SSGCPV system 

 A PV system comprises 20 connected modules in series 
and 20 module in parallel each produces 38.05V, 5.15A rated 
voltage and current in a string. The dc link voltage of 761 V 
and current is 103A. Therefore PV system output power is ≈80 
KW. The SDC-MLI circuit having 6 dc link capacitors each 
of 3300 µF, line resistance of 0.01 Ω and ac side inductance is 
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5 mH. The grid is operating at a potency of 660V at 50Hz 
frequency. The following PV panel specifications are 
considered, data from TN-72-5M195[33], the maximum panel 
output power is 195W, the voltage at maximum power 
38.05V, current at maximum power 5.15 A, the open circuit 
(OC) voltage 43.5 V and short circuit current (SC) is 5.36 A. 

 The function of the PV system is monitored on the basis 
of the I-V and P-V characteristics, under different 
environmental conditions, like irradiation and temperature. 
The solar pinnacle radiation is 1000W / m2, and the standard 
temperature test condition (STTC) is 250C. The I-V and P-V 
characteristics are displayed at different irradiations and 
temperatures as shown in Fig .3 and Fig .4. 

 
(a) 

 
(b) 

Fig. 3.(a). I-V and (b) P-V Characteristics of PV at distinct 
irradiations. 

The observations made on the I-V and P-V characteristics 
at distinct operating conditions as changing irradiation and 
temperature on PV system. I-V and P-V characteristics at 
changing irradiation as shown in the Fig 3. To study the PV 
system working ability a distinct irradiations are applied. The 
standardized testing irradiation of PV system is 1000 W/m2 , 
at which the obtained output current, voltage and power are 
the rated values. If any variation of irradiation such as 800 
W/m2 , 500 W/m2 and 250 W/m2  the output current , voltage 
and power are decreased. 

  
(a) 

 
(b) 

Fig. 4. (a). I-V and (b) P-V Characteristics of PV at distinct 
temperatures 

 The working ability of PV system at different 
temperatures as shown in the Fig.4. The standard working 
temperature of the PV system is 250C at which the obtained 
output current, voltage and power are rated values as shown 
in the I-V and P-V characteristics of Fig.4. If applied 
temperature is more than that of 250C the output current is 
increased, voltage is decreased and maximum power is not 
attained its rated value. 

 The PI-SMC controller's performance is analyzed and 
compared with the PI-PI, not shown, on Single-stage Grid 
connected Seven-level Diode clamped Photovoltaic 
(SGSDPV) system with the following cases:  

4.1. Performance with standard atmospheric condition (SAC): 

In SGSDPV system may not produce the required output 
voltage and current in open loop system and are also deviated 
from its nominal values even in closed loop system without 
using a controller because of external disturbances and 
nonlinearity of the system. The linear PI-PI controller  may 
not give the desired expectations in operation due to the non-
linear characteristics of the PV system. The SMC is a 
nonlinear controller and will provide effective outcome to 
reduce the uncertainties on the system, which will improve the 
system performance.The PI-SMC is designed and performed 
as a robustness to deliver the maximum power into the grid 
and dynamically responds from uncertainties and external 
disturbances. In this case, the system is simulated under SAC, 
the comparative observations for PI-PI and PI-SMC are 
presented in simulation results and numerical table as shown 
in Fig.5 and Table.2. The following observations are recorded 
under SAC as grid voltage and current, real power, reactive 
power, power factor and dc-link voltage settling time. 
 At SAC, the nominal values of solar radiation (1000 
W/m2) and temperature (250 C) are applied, as seen in Fig.5. 
In Fig.5 (a) shows the dc link voltage of 761 V obtained for 
both the cases but settling time is distinct to each other as 
shown in Table 2. Fig.5(b) & (c) displays grid voltage and 
current for PI-SMC and PI-PI, the grid current for PI-SMC is 
nearly in phase with voltage, but deviated in PI-PI. The power 
factor of PI-SMC and PI-PI based SGSDPV system is 0.9999 
and 0.9854 as shown in Fig.5(f)., and also observe the real and 
reactive power variation of the system as shown in Fig.5(d) & 
(e).   
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Fig. 5. Controllers comparision results under SAC (a) dc link 
voltage (b) grid voltage and current for PI-SMC (c) grid 
voltage and current for PI-PI (d) real power (e) reactive 

power (f) power factor 

4.2. Performance with Changing Atmospheric Condition 
(CAC):  

The irradiation and temperature at the input of the PV 
system are constant at SAC, but in practice, the input 
parameters of the PV system have been changed because of 
change in atmospheric condition. Equation (24) shows the 
control inputs of SMC is designed based on the external 
disturbances, uncertainties and nonlinearity of the system. It 
is necessary to transfer the maximum power into the grid-
connected PV system and keep up the power factor near by 
the unity even in CAC. In CAC, the solar irradiation is 
changed from 100% to 70% at 0.5 sec to 0.85 sec and 
controller’s comparison results are displayed on Fig.6. 

 In Fig. 6 (a) shows the dc-link voltage under the variation 
of irradiation from 0.5 sec to 0.85 sec, it is observed that the 
PI-SMC controller gave the best performance over the 
conventional PI-PI. The grid voltage and current waveforms 
for PI-SMC and PI-PI as shown in the Fig. 6(b) & (c), during 
the radiation change, the PI- SMC performs stable operation 
but the linear PI-PI makes the operation unstable.The designed 
controller maintains operation of the system as unity  power 
factor as shown in Fig.6 (f) and real and reactive power s are 
stabilized after CAC as shown in Fig. (6) (d) & (e).  The 
recorded observations of SAC and CAC as shown in Table 2. 
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(d) 

 
(e) 

 
(f) 

Fig. 6. Controllers comparision results under CAC (a) dc link 
voltage (b) grid voltage and current for PI-SMC (c) grid 
voltage and current for PI-PI (d) real power (e) reactive 

power (f) power factor. 

 From Table.2, it is noted that the PI-SMC gave the robust 
operation by comparing the PI-PI. In CAC, the variation of 

irradiation is applied from 0.5 seconds to 0.85 seconds in total 
running time. The dc link voltage settling time, in the above 
table, displayed after irradiation is recovered, i.e., at 0.85 sec. 
When radiation is recovered, the DC link voltage is stabilized 
within 0.4 second, it is why PI-SMC performs as a robust 
controller as compared with PI-PI. 

In Fig.5 and Fig.6, the comparison analysis is done in 
the form of simulation and numerical in between PI-SMC and 
PI-PI. Results of PI-SMC shown better performance 
quantitatively in terms of  

Ø Dc link voltage settling time is improved by 25% 
and 45% at SAC and CAC. 

Ø Grid current is improved under CAC by 6.3% 
Ø Reactive power is decreased up to 59.16% 
Ø Power factor is improved by 1.63% 

4.3. Performance with Three Phase Short Circuit Fault 
Analysis: 

A three phase fault create the disruption in a power 
system. In this study, the performance of the controllers are 
estimated by applying  a symmetrical fault at the grid side.  

A fault is occured at  0.5 sec and cleared at 0.85 sec. The 
grid voltage during the fault is zero and under this fault current 
rises as shown in Fig.7 (b) and (c).  After the fault clearance, 
the PI-SMC controller quickly reacts and current is settled at 
0.85 sec, but in PI-PI controller will give unstable operation 
even after stipulated fault time and current is settled at 1.2 sec, 
as shown in Fig.7 (c). The real power is unstable during the 
fault because of three phase voltage is collapse and stabilized 
after fault clearence of 0.85 sec, as shown in Fig. 7(d). The PI-
SMC maintain the power factor as near by unity before and 
after the fault as shown in Fig.7(f), but in PI-PI, there is a 
phase difference existing between them. The reactive power 
and dc link voltage variations, as shown in Fig.7. (a) & (e).     

 
 

Table 2. Numerical observations of PI-PI and PI-SMC at SAC and CAC conditions 

Operating 
Conditions 

Grid Voltage 
(V) & Current 

(A) (RMS 
Values) 

Real Power 
(W) 

Reactive 
Power 
(VAR) 

Apparent 
Power (VA) Power Factor 

DC link voltage 
settling time 

PI-
PI 

PI-
SMC PI-PI 

PI-
SMC PI-PI 

PI-
SMC PI-PI 

PI-
SMC PI-PI 

PI-
SMC PI-PI 

PI-
SMC 

SAC 
660 
& 79 

660 & 
79 51940 52070 1408 575 51960 52070 0.9854 0.9999 0.8sec 0.6sec 

CAC 

660 
& 

226*, 
74** 

660 & 
56*, 
79** 

50410 52100 6543 434 50830 52100 0.9843 0.9999 0.55sec 0.4sec 

* During the irradiation changing period i.e. 0.5 sec to 0.85 sec 
** During the total running period 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Fig. 7. Controllers comparision results under three phase 
short circuit fault (a) dc link voltage (b) grid voltage and 

current for SMC (c) grid voltage and current for PI (d) real 
power (e) reactive power (f) power factor 

5. Conclusion: 

 The performance of single stage grid connected 
photovoltaic system with seven level diode clamped inverter 
is investigated through simulation with different combinations 
of controllers as proportional integral-proportional integral 
and proportional integral-sliding mode controller under the 
multiple scenarios’s. The achievement of the proposed 
proportional integral-sliding mode controller effectively 
enhanced the dynamic stability of the system perfomance 
under the standard atmospheric condition, changing 
atmospheric condition and three phase fault occurrence. The 
simulation results shown the robustness of the proposed 
controller, reduces the settling time of the dc-link voltage 
which intern provides better power balance in between the 
photovoltaic system and grid. The results also shown the 
enhancement of the grid current, which is in phase with 
voltage to maintain nearer the unity power factor, it also 
reduces the reactive power. Furthermore, incremental 
conductance algorithm is added advantage for maximum 
power point tracking, because it provides a reference voltage 
to maintain power synchronization between the photovoltaic 
system and the grid. 
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