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Abstract — This paper presents some economical and 

renewable resources those have been proven most 

effective in the journey of power for the grid. Solar 
energy which is a never ending source of energy has 
become an increasing trend of using photovoltaic 
system. The electric spring has been proven to be an 

effective and emerging technology. It reduces the 
energy storage requirement in power grid. This 
technology can also be effective in substantial 
penetration of intermittent renewable energy sources. 

Electric spring presents reactive power compensation 
as well as automatic power changes in non-critical load. 
Because of this variation there is a problem of voltage 
sag and swell in the transmission line. FACTS based 

devices are widely accepted as the most prominent 
solution for voltage sag prevention. The FACTS based 
devices like Dynamic voltage restorer (DVR) are widely 
used to reduce the power quality problem Simulation 

results of PV cell and DVR are presented to understand 
the performance of the model. It is considered to be 
most efficient and active solution. Evolutions of these 
solutions are to mitigate the high demand of 

economical and renewable resources for the power 
generation. 
 
Index Terms — Photovoltaic (PV) cell, electric spring, 

voltage mitigation, dynamic voltage restorer (DVR). 

I.  INTRODUCTION 

The most important concern in the power sector is 
the day-to-day increasing power demand as well as 
the unavailability of enough resources to mitigate the 

power demand using the economical and 
conventional energy sources. Global environment 
has created a booming interest in renewable energy 
generation system. The PV effect is the most 
important and sustainable way because solar energy 
is widely available during daylight and it is a never 
ending source of energy. Various researchers have 
been proposed several models for Matlab/Simlink in 
the literature. Salmi et al. proposed a model of PV 
cell based on a basic circuit depend on physical and 
environmental values. Tsai et al. explains a model 
with sunlight irradiance and cell temperature as 
input parameter [1] also developed a model of 

photovoltaic cell using Matlab/Simlink and this 
model is verified for the experimental purpose. 

II.  BODY OF PAPER 

A.  Photovoltaic System a renewable power generation 
device 

1.  PV cell model based on diode circuit 

The basic principle of PV cell is same as the diode 

with a pn junction. This pn junction absorbs the sun 
light; this energy is absorbed by the photon and 
transferred to electron proton system, creating 
charge carriers that are separated at the junction. 
During this process there are some losses. These 
losses are expressed by connecting two resistances 
in that circuit which is shown in Fig. 1. 

 

Figure. 1 PV cell equivalent circuit.  

In the above circuit the output voltage depends on 
the value of series resistance. PV power conversion 
efficiency is changed by changing the value of series 
resistance. The current and voltage of the PV cell 
depends the load values. The overall current and 
voltage which PV cell can provide is given below: 

 

𝐼𝑐𝑒𝑙𝑙 = 𝐼𝑟 + [𝛼 (
𝐺

𝐺𝑟
) (𝑇𝑐 − 𝑇𝑐𝑟) + (

𝐺

𝐺𝑟
− 1) 𝐼𝑠𝑐] (1) 

 

𝑉𝑐𝑒𝑙𝑙 = −𝛽(𝑇𝑐 − 𝑇𝑐𝑟)) − 𝑅𝑠∆𝐼 + 𝑉𝑟  (2) 

 

Where   ∆𝐼 = 𝐼𝑐𝑒𝑙𝑙 −   𝐼𝑟  

 G and Gr are active and the reference radiation. 

 Tc and Tcr are module temperature and 
reference temperature. 

 Isc is short circuit current. 

 α is temperature coefficient of the short circuit 

current. 

 β is temperature coefficient of the open circuit 

current. 

 Ir and Vr are the reference values taken from the 
I-V curve. 

B.  Electric Spring an energy storage device 

With the increasing use of intermittent renewable 
energy sources, it is impossible to determine the 

instantaneous total power generation in real time. In 
order to achieve balance of power supply and 
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demand, Energy storage is probably the most 
effective means for instantaneous energy balancing 
[6] [7]. Energy storage systems called as restoring 
technologies, are used to provide the electric loads 
with low voltage ride through (LVRT). For the fast 
transient energy storage elements such as battery 
banks flywheels, super-capacitors and 
superconducting magnetic energy storage (SMES) are 
installed with parallel connected super-capacitors. 
Storage element such as battery bank, SMES have 
higher cost and a source of pollution. Chi Kwan Lee 
developed a new technique in the field of storage 
system i.e. ‘Electric Spring’. This is a new smart grid 
technology for achieving the control of load demand. 

Traditional series reactive power compensators use 
output voltage control. 

Electric spring provides reactive power 
compensation as well as automatic load variation in 
the non-critical loads (with electric springs 
embedded). This advantageous feature provides the 
possibility of reducing energy storage requirements 
in future smart grid. [8] 

 

Figure 2. Series connected Electric Spring 

Fig. 2 shows a typical installation of a single-phase 
electric spring connected in series with a non-critical 
load. 

For pure reactive power control, the vector of the 
electric spring voltage and the current must be 
perpendicular. [9] 

Power consumption for the non-critical load i.e. 
resistive R1 

P1 =  
𝑉𝑠2 −𝑉𝑎2

𝑅1
   (3) 

Power consumption for the critical load i.e. resistive 

R2 

P2  =  
𝑉𝑠2

𝑅2
   (4) 

The total power  in the circuit is 

PT = P1+P2   (5) 

Where   𝑉𝑠 = rms value of the AC main 

𝑉𝑎 =  voltage of Electric Spring  

Power consumption for the non-critical load, when 

Electric Spring is not considered   (𝑉𝑎=0) 

P1max =  
𝑉𝑠2

𝑅1
   (6) 

When Electric Spring is activated 

P1es =  
𝑉𝑠2 −𝑉𝑎2

𝑅1
   (7) 

This is clear from (6) and (7) equations that 

P1max   >   P1es   (8) 

The equation (8) shows that electric spring can vary 

the non critical load power. 

 

Figure. 3 Power flow diagram 

Fig. 3 shows the power flow diagram in which the 
power from energy storage can be positive or 
negative depends on the devices charging or 
discharging. 

The power balance equation can be written as: 

𝑃 𝑔 + 𝑃𝑟 + 𝑃𝑒𝑠 = 𝑃1 + 𝑃2  (9) 

Where    Pg = power generated by AC generator 

Pr = power generated by renewable energy source 

Pes = Power from the Energy Storage.  

{(+) - when battery is discharging} 

{(-) - when battery is charging} 

𝑃 𝑒𝑠 = −𝑃𝑔 − 𝑃𝑟 + 𝑃1 + 𝑃2  (10) 

Energy Storage without Electric Spring for time 0 to 

T 

Eesmax =∫ 𝑃𝑒𝑠𝑑𝑡 = − ∫ 𝑃𝑔
𝑇

0
𝑑𝑡 − ∫ 𝑃𝑟

𝑇

0
𝑑𝑡 + ∫ 𝑃1

𝑚𝑎𝑥𝑑𝑡
𝑇

0
+

𝑇

0

∫ 𝑃2𝑑𝑡
𝑇

0
    (11) 

Energy Storage with Electric Spring for time 0 to T 

Eeses = ∫ 𝑃𝑒𝑠𝑑𝑡 =  − ∫ 𝑃𝑔
𝑇

0
𝑑𝑡 − ∫ 𝑃𝑟

𝑇

0
𝑑𝑡 + ∫ 𝑃1

𝑒𝑠𝑑𝑡
𝑇

0
+

𝑇

0

∫ 𝑃2𝑑𝑡
𝑇

0
   (12) 

Subtracting equations will be as below 

Eesmax    -   Eeses  = ∫ 𝑃1
𝑚𝑎𝑥𝑑𝑡

𝑇

0
− ∫ 𝑃1

𝑒𝑠𝑑𝑡
𝑇

0
 (13) 

From equation (13) 

∫ 𝑃1
𝑚𝑎𝑥𝑑𝑡

𝑇

0
>  ∫ 𝑃1

𝑒𝑠𝑑𝑡
𝑇

0
   (14) 

Eesmax   >  Eeses    (15) 

The equation (15) shows that the use of electric 

spring can be reduce the energy storage requirement 

in power grid. 

C.  DVR a power quality improvement device 
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Voltage sag is known as a short duration voltage 
dip which includes both voltage magnitude and 
duration. A custom power device connected in series, 
used for the prevention of sensitive load from sag 
disturbance at source location. DVR and static 
synchronous series compensator are currently used 
for voltage sag compensation in series. The basic 
principle of the DVR is to add a suitable voltage in 
series with the supply through transformer when 
voltage swell or sag is identified. Moreover DVR can 
also use for some other tasks like harmonic 
compensation and Power Factor improvement.  A 
DVR includes a series voltage source inverter and an 
output filter inverter connected with the DC link as 

shown in Fig. 4. 

 

Figure. 4 Basic structure of Dynamic Voltage Restorer 

DVR essentially connected in the distribution 
system between the supply and load. At the time of 
disturbance to avoid the load power disruption, DVR 
is used to increase the voltage on load side. This 
control approach used by DVR depends on the load 
type.  

There are two ways of DVR compensation. 

1.  Pre-dip compensation 

During fault and pre-fault situation, pre-dip 
compensation technique used to trace supply voltage 
and compensates the load voltage. In this technique 
the voltage on load can be restored ideally and it is 
determined by some external conditions like the type 
of faults and load, Moreover the introduced active 
power cannot be controlled in this technique as 
shown in Fig. 5. 

𝑆1𝐷𝑉𝑅 = 𝐼𝐿𝑉𝐷𝑉𝑟 

𝑆1𝐷𝑉𝑅= 𝐼𝐿 √𝑉𝐿
2 + 𝑉𝑆

2 − 2𝑉𝐿𝑉𝑆cos (𝜃𝐿 − 𝜃𝑆)  (16) 

𝑃1𝐷𝑉𝑅 = 𝐼𝐿(𝑉𝐿𝑐𝑜𝑠𝜃𝐿 − 𝑉𝑆𝑐𝑜𝑠𝜃𝑆)   (17) 

𝑉1𝐷𝑉𝑅 = √𝑉𝐿
2 + 𝑉𝑆

2 − 2𝑉𝐿𝑉𝑠cos (𝜃𝐿 − 𝜃𝑆) (18) 

𝜃1𝐷𝑉𝑅 =  𝑡𝑎𝑛−1 (  
𝑉𝐿𝑆𝑖𝑛 𝜃𝐿−𝑉𝑠𝑠𝑖𝑛𝜃𝑠

𝑉𝐿𝑐𝑜𝑠𝜃𝐿−𝑉𝑆𝑐𝑜𝑠𝜃𝑠
)  (19) 

 

Figure. 5  Pre-dip compensation 

3.  In-Phase Compensation (IPC) 

The in-phase compensation technique is ideal for 
minimum voltage and minimum energy operations. 
This is the widely used technique where the supply 
voltage and DVR voltage are in same phase, apart 
from pre-fault voltage and load current as shown in 
Fig. 6 

 

Figure 6. In-Phase Compensation 

The apparent and active power of DVR is: 

𝑆2𝐷𝑉𝑅 = 𝐼𝐿𝑉𝐷𝑉𝑟=𝐼𝐿(𝑉𝐿 − 𝑉𝑆)   (20) 

𝑃2𝐷𝑉𝑅 = 𝐼𝐿𝑉𝐷𝑉𝑅𝑐𝑜𝑠𝜃𝑆 = 𝐼𝐿(𝑉𝐿 − 𝑉𝑆)𝑐𝑜𝑠𝜃𝑆 (21) 

𝑉2𝐷𝑉𝑅 = 𝑉𝐿 − 𝑉𝑠   (22) 

𝜃2𝐷𝑉𝑅 = 𝜃𝑠   (23) 

III.  PROPOSED METHODOLOGY & SIMULATION RESULTS 

A.  PV cell model on Matlab/Simulink 

Fig. 7 shows a simulink simulation of the PV module 
connected to resistive load of value 4.4Ω. A reference 
radiation G of 1000 W/m2 and temperature Tc of 25 
oC were used here. Transient response of PV module, 
when connected to the resistive load is shown in Fig. 
8(a) 8(b) and 8(c). [4] Voltage and current of the load 
are settled to its steady state value. Power injected 
the load by PV module was reached to its steady 
state conditions. 

 

Figure. 7 Simulation model of PV module with a DC load 

 

Figure. 8(a) – Current 
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Figure. 8(b) – Voltage 
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Figure. 9 Three phase voltage sag 

1.  Voltage Swell 

An increase in voltage for a short duration known as 
voltage swell. The sudden disconnection of heavy 
load is the main reason of voltage swell. The 
simulation system presents a 50% voltage swell 
starts from 700 ms to 1300 ms and the total 
duration of voltage swell is 600 ms. The result of 
DVR system shows that the load voltage is found at 
1 p.u. during the whole simulation, which includes 
the voltage swell period. During the simulation it is 

found that, if voltage swell is detected, it quickly 
injects the voltage with 1800 phase shift so that the 

resultant voltage gets subtracted.  
The simulation results for voltage swell are shown in 
Fig. 10. 
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Figure. 10 Three phase voltage swell 

 

IV.  CONCLUSIONS 

In this paper, a literature review of Photovoltaic Cell 
with Simlink model, Electric Spring as an energy 
storage device, DVR for mitigating the problem of 
voltage sag are presented. These models based on 
the fundamental circuit equations. The PV cell is the 
most reliable renewable energy system with 
negligible GHG emissions. Although the cost of PV 
cell is reducing but it is still high and more work 
needs to be done on this areas to make PV energy 
more competitive among other energy resources. 
Electric Springs can be incorporated into many 
existing noncritical electric loads such as water 
heaters and road lighting systems to form a new 

generation of smart loads that are adaptive to the 
power grid. The DVR is used to introduce required 

voltage component, if there any sag observed in 
supply system. It is a very economical system to 
balance the unbalance supply voltage and keeps the 
load voltage at a constant value. Future trends of 
DVR are increasing due to low cost and high 
reliability of system. 
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