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Power distribution system is a highly critical infrastructure for modern power grid. In recent years, with the 

large scale integration of intermittent renewable energy generation which causes instability in the power 

grid, the power quality problems in distribution system have earned widespread attention. Electric spring 

(ES), a new smart grid technology, has earlier been used for providing voltage and power stability in a 

weakly regulated/stand-alone renewable energy source power grid. It has been proposed as a demand-side 

management technique to provide voltage and power regulation. Electric springs (ES) have been proposed as 

a demand-response technology for improving the stability and power quality of emerging power systems with 

high penetration of intermittent renewable energy sources (RES). Existing ES applications mainly involve the 

regulations of grid voltage and utility frequency.  

This project reports a power control and balancing technique for a new integrated configuration of ES and 

photovoltaic (PV) system, and discusses its possible use to achieve dynamic supply-demand balance in 

power distribution networks. The proposed system enables delivery of maximally-harvested PV power to the 

grid via the ES, and concurrently controls the active power consumption of its ES-associated smart load so as 

to achieve supply-demand power balance of the overall system in real time. In this project, it was shown that 

it has good low-voltage ride through ability for system disturbance or unexpected fault. There is also low 

impact to the utility system in comparison with active detection methods. However, a fuzzy logic control and 

a more accurate restrain region threshold need to be developed in order to enhance this potential technology 

for use within future high-penetration networks. Matlab/simulink simulations are presented in order to show 

the outstanding performance of the proposed design approach. 
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I. INTRODUCTION 

For a well over a century, the electrical power 

grid has made remarkable contributions to serve 

the global economic growth and improve the 

convenience of human life. The present power grid 

has been shaped in a radical structure consisting 

of four cascading physical elements(generation 

system, transmission system, distribution system, 
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and electrical loads).The key constraints of the 

conventional Electrical  power system are easy to 

identify. It is a highly coupled entity where the four 

components of the grid are dependent on each 

other to guarantee a stable, secure, and efficient 

power delivery to the end-users. Failures in any 

component would cause cascading malfunction of 

the whole system. The power grid virtually shows 

no capability of self-healing or fault precaution and 

is vulnerable to dramatic natural disasters. 

Large-capacity generators are the primary source 

of electricity and the key component of system 

regulation. The supply of the electricity must be 

varied to meet the minute-to-minute changes in 

demand. The power system has to be built with 

sufficient capacity to meet the peak demand and 

safety considerations. 

Power quality can be defined as any power 

problem faced in the frequency, current or 

voltage deviation which leads to mal-operation of 

the customers equipment. It has been always 

difficult to maintain the quality of electric power 

so as to keep it within the acceptable limits. 

Mainly the use of power electronics devices that 

acts as the nonlinear load is responsible for the 

degradation in the power quality. Poor power 

quality results in various problems in the 

distribution systems like higher power losses, 

harmonics, sag and swells in the voltage, poor 

distortion and displacement factor. The recent 

developments in communications, digital 

electronics, and control system have rapidly 

increased the number of sensitive loads that 

require ideal sinusoidal supply voltage for their 

proper operation. So it became necessary to 

include some sort of compensation in order to 

meet limits proposed by standards. Here Various 

FACTS devices available to improve power 

quality those are DVR, SSSC, STATCOM, UPQC 

etc…, 

RENEWABLE Energy Sources (RESs) like solar 

and wind are indispensable components for a 

sustainable micro grid of the future. However, 

their intermittent and unpredictable nature 

poses an issue of power and voltage instability in 

the grid. Various methods have been proposed 

both at the source-side and load-side to mitigate 

this intermittency. Demand Side Management 

(DSM) has been used actively as a method to 

attenuate the effects of renewable energy source 

intermittency. Various methods such as direct 

load control, load scheduling, energy storage etc. 

are used to implement the DSM. However, they 

cannot beused in real-time like load scheduling 

or might be intrusive to customer like direct load 

control. A new approach to DSM namely, Electric 

Spring (ES) was introduced by Rui et al. in which 

is able to provide voltage and power stability in 

real-time. The authors in utilized only reactive 

power compensation to provide voltage support 

in real- time and load shedding for non-critical 

loads. 

In future micro grids with substantial 

distributed renewable energy sources, it is 

desired that we look at power factor correction as 

a DSM issue. Buildings are going to be 

quintessential elements in such future micro 

grids.They have great potential to implement the 

concept of ES as illustrated in through various 

non-critical loads such as electric heaters, 

air-conditioners, and refrigerators. The concept 

of ES can be extended further to improve the 

power factor in a renewable energy powered 

micro grid.  

II. SYSTEM MODELING 

 A schematic of a PV system connected to the 

point of common coupling (PCC) is shown in Fig. 1. 

The power grid is represented as a power source Vs 

including a distribution line Zs on the supply side. 

A load R1 and a PV system as shown in Fig.1 are 

considered on the demand side. Vg denotes the 

voltage RMS magnitude of PCC. The PV system is 

made up of a PV panel array, and an interfacing 

power inverter that converts and transfers the 

harvested renewable power (Ppv) to the power grid. 

The load R1, consuming a real power P1, 

represents the power consumption on the demand 

side. The PV power generation at the demand side 

is predicted as Ppv_Ref, and hence an expected 

supply-side power reference is estimated (Pg_Ref = 

P1 − Ppv_Ref). Due to the uncertainty of the PV 

power generation, the PV power prediction is a 

great concern for the operators of the energy 

management in electricity networks with high 

integration of PV power. Accurate forecasting 

based on real-time measurements and records is 

helpful for operators to reduce the impact of the 

variability of PV power on the grid, and to improve 

the grid reliability. However, such kinds of 

forecasting are easily influenced by the external 

conditions (such as the weather, temperature, and 

presence of dust). Therefore, the intermittent 

nature of PV generation still leaves inevitable errors 

between the predicted power (Ppv_Ref) and actual 

power (Ppv). Since the supply-side reference is 
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based on the forecasting, such errors cause the 

power imbalance between the supply and demand 

sides. 

 
Fig.1.A simplified diagram of the PV-ES system. 

 

 As a supply-demand power balancer, the 

proposed PV-ES system, as shown in Fig. 2, 

consists of a PV panel array, a PV converter, an ES, 

and an NC load. In the usual PV harvesting 

process, the DC power output of the PV converter 

forms the DC voltage for the ES. The equivalent 

impedance of the NC load is denoted as Znc. The 

remaining loads (not including Znc) in this power 

grid can be combined into a single critical load 

denoted as Zcl. In this paper, we assume a heating 

or cooling system, which is purely resistive, as the 

NC load. With the characteristics of (i) being readily 

available throughout the 24-hour timeframe, (ii) 

having a great storage inertia in for buffering 

voltage fluctuation, and (iii) being a widespread 

appliance commonly available in most of the 

buildings, such thermal loads are ideal NC 

candidates for ES applications.  

In the fundamental working principles and 

practical implementation of the first generation 

of ES (i.e. ES-1) with capacitive storage have 

been reported. By working under inductive and 

capacitive mode, ES-1 is capable of regulating 

the mains voltage to its nominal value in the 

presence of intermittent power injected into the 

power grid. With input voltage control, ES can 

work with non- critical loads that have high 

tolerance of voltage fluctuation (e.g. with 

operating voltage range from 180 V to 265 V for a 

nominal mains voltage of 220 V). Examples of 

the non-critical loads are thermal loads such as 

ice-thermal storage systems, electric water 

heater systems, air-conditioning systems and 

some public lighting systems. The first version of 

ES provides only reactive power compensation 

for mains voltage regulation and simultaneously 

varies the non-critical load power so as to 

achieve automatic power balancing within the 

power capability of the ES and its associated 

non-critical load. 

The second versions of ES (i.e. ES-2) are 

replacing capacitors with batteries on DC link. 

This arrangement allows ES-2 to work in eight 

different operating modes and to provide both 

active and reactive power compensation. It also 

enables ES-2 to perform extra tasks such as 

power factor correction and load compensation. 

The first and second versions of ES are 

illustrated in (a) and (b), respectively. Note that 

these two versions of ES are connected in series 

with their respective non- critical loads. 

The active suspension concept can also be 

incorporated into the input control of grid- 

connected bidirectional power converters for 

reducing voltage and frequency instability in the 

power grid. Such approach can be considered as 

the third version of ES (i.e. ES-3) that does not 

need a series non-critical load. The use of ES for 

reducing system instability and reducing energy 

storage requirement in power grid with 

substantial penetration of intermittent 

renewable power has been demonstrated 

previously. 

The first two versions of ES are connected in 

series with noncritical loads (series-type ES) to 

form smart loads that are adaptive to the 

availability of power generation, with the first 

version (ES-1) handling only reactive power and 

the second version (ES-2) handling both active 

and reactive power. The third version of ES 

(ES-3) can be incorporated into any bidirectional 

grid- connected ac– dc power converters 

(shunt-type ES) without association to any 

noncritical load. 

It can be seen that beyond a certain point, 

increasing the ES voltage will result in a decrease 

in reactive power magnitude due to decrease of the 

current. Hence, it is essential to impose a limit on 

the output of the fuzzy logic controller which 

determines the ES voltage magnitude, so that the 

voltage injected by the ES does not go beyond the 

maximum reactive power (magnitude) point on the 

curves shown in Fig. 

Because of above features control scheme is 

always treats as backbone to get desire 

functionality. In present days optimization 

techniques (intelligent controllers) are playing 

vital role to operate power electronic converter 

circuits (especially to decide switching 

operation). To manage hybrid power generations 

require at least two control schemes in closed 
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loop manners. Some of new supervisory control 

strategies are discussed briefly in this section. 

To determine the appropriate amount of tip 

requires mapping inputs to the appropriate 

outputs. Between the input and the output, the 

preceding figure shows a black box that 

cancontain any number of things: fuzzy systems, 

linear systems, expert systems, neural 

networks, differential equations, interpolated 

multidimensional lookup tables, or even a 

spiritual advisor, just to name a few of the 

possible options. Clearly the list could go on 

andon. 

Fuzzy inference is a method that interprets the 

values in the input vector and, based on user 

defined rules, assigns values to the output 

vector. Using the GUI editors and viewers in the 

Fuzzy Logic Toolbox, you can build the rules set, 

define the membership functions, and analyze 

the behavior of a fuzzy inference system (FIS). 

The following editors and viewers are provided. 

III. SIMULATION CIRCUITS 

 

 
Fig 2: simulation block diagram of electrical spring  

ES-1(Normal electrical spring) 

 

 
Fig 3: simulation block diagram of electrical spring 

ES-2(electrical spring with battery) 

 

 
Fig 4: simulation block diagram of electrical spring 

ES-B2B(Back to back electrical spring) 

IV. DESIGN OF A FUZZYCONTROLLER 

The Fuzzy control is a methodology to represent 

and implement a (smart) human‟s knowledge 

about how to control a system. A fuzzy controller 

is shown in Figure.11. The fuzzy controller has 

several components: 

 A rule base that determines on how to 

perform control 

 Fuzzification that transforms the numeric 

inputs so that the inference mechanisms can 

understand. 

 The inference mechanism uses information 

about the current inputs and decides the 

rules that are suitable in the current 

situation and can form conclusion about 

system input. 

 Defuzzification is opposite of Fuzzification 

which converts the conclusions reached by 

inference mechanism into numeric input for 

the plant. 

 

 

Fig.5 Fuzzy Control System 

Fuzzy logic is a form of logic that is the extension of 

Boolean logic, which incorporates partial values of 

truth. Instead of sentences being "completely 

true" or "completely false," they are assigned a 

value that represents their degree of truth. In 

fuzzy systems, values are indicated by a number 

(called a truth value) in the range from 0 to 1, 

where 0.0 represents absolute false and 1.0 

represents absolute truth. Fuzzification is the 
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generalization of any theory from discrete to 

continuous. Fuzzy logic is important to artificial 

intelligence because they allow computers to 

answer „to a certain degree‟ as opposed to in one 

extreme or the other. In this sense, computers are 

allowed to think more 'human- like' since almost 

nothing in our perception is extreme, but is true 

only to a certain degree. 

 

Table1:IF-THEN rules for fuzzy inference 

The fuzzy rule base can be read as follows 

IF  e(t) is NB and  ∆e(t) is NB  THEN u(t) is NB  IF 

e(t) is <negative big> and ∆e(t) is <negative 

big>THEN u(t) is <negativebig> 

 

 

Proposed circuit of simulink model with FLC: 

 

 

V. SIMULATION RESULTS 

 In this section, the proposed control 

methodology is first applied to a PV-ES system for a 

period of 0.4 s that is compressed from a 1s record. 

Secondly, the proposed PVES system is compared 

with the conventional PV plus BESS (PV+BESS) 

solution, and that of the three different existing 

versions of ES. 

 

CASE-A: POWER PROFILES 

 
 

fig.(a) 

 

 
 

fig(b) 

Fig:6 The power profiles. (a) The predicted PV 

power (Ppv_Ref) and the actual PV power (Ppv). (b) 

The predicted demand-side active power (Pg_Ref) 

reference for the PV-ES system. 

 

The power profiles of the predicted and actual 

harvested PV power (Ppv_Ref and Ppv) used in the 

simulation are plotted as shown in Fig. 5a. The 

predicted profile of this PV power is forecasted 

using moving average method based on the data of 

the solar irradiance. Though the demand side 

power reference in practice can be predicted based 

on various information and objectives, a simple 

reference for demonstration is calculated by the net 

amount of the demand side power. To highlight the 

power flow control of the PV-ES with fluctuating PV 

power, Zcl and Znc are simplified as constant 

during the simulation period. Hence, the Pg_Ref 

according to shown in Fig.5b. Such profiles are 

then compressed into a period of 1 s for simulation. 

CASE-B: PV-ES SYSTEM IN THE FIRST STAGE 

 

 
fig(a) 

 
fig(b) 
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fig(c) 

 

 
fig(d) 

Fig:7. Simulation results of the PV-ES system in 

the first stage. (a) The active power delivered by the 

ES (−Pes). (b) The predicted demand-side active 

power (Pg_Ref) and the actual demand-side active 

power (Pg). (c) The ES reactive power (Qes). (d) The 

NC load power (Pnc). 

 

 The simulation results in the first stage are 

shown in Fig.6. The demand-side power is 

maintained at the nominal value between the 

periods of t = 0 s to 0.4 s and t = 0.6 s to 1 s, when 

the PV-ES system is deactivated due to the absence 

of solar energy. Figure 6a shows the time-varying 

profile of the active power that is delivered to the 

power grid by the ES (−Pes). Considering the 

aforementioned assumption of a lossless converter, 

the waveform of −Pes is exactly of the same shape 

as that of the actual harvest PV power in Fig. 5a 

(indicated by the dotted line), which is as expected. 

In Fig. 6b, the predicted demand-side active power 

reference (Pg_Ref) and the actual simulated 

demand-side active power (Pg) are plotted together 

for comparison. The results in Fig. 6b indicate that 

Pg can be controlled by the PV-ES and it follows 

precisely the predicted reference. The active power 

consumption of the NC load in the PV-ES 

configuration is plotted in Fig. 6c to illustrate that 

the NC load is indeed operating to compensate the 

prediction error of the PV power. Clearly, the NC 

load power is adaptively adjusted closely below and 

above the nominal power (160 W). In addition, the 

reactive power transferred by the ES is plotted as 

shown in Fig. 6d. The negative polarity shows that 

the ES reactive power is capacitive. By setting the 

reference of Pg_Ref, the reactive power of ES can be 

made either inductive or capacitive. Here, we 

arbitrarily choose the capacitive reactive power. 

 

CASE-C: PV+BESS SYSTEM FOR COMPARISON 

 

 
fig(a) 

 

 
fig(b) 

Fig:8.Simulation results of the PV+BESS system 

for comparison. (a) The active power delivered by 

the BESS. (b) The actual demand-side active power 

controlled by the PV+BESS systems. 

          In the second stage, to compare with the 

proposed PV-ES system, the conventional ESS and 

three existing ES systems as solutions for 

fluctuation issue of PV power are tested under the 

same simulation configuration.  In the 

conventional PV+BESS, which is capable of 

compensating the real power fluctuation by 

bi-directional power flow, is integrated with the PV 

inverter either via the DC bus or the PCC. The 

simulation results of the PV+BESS system are 

shown in Fig. 7. As shown in Fig. 7a, the ESS 

directly compensated the error between the 

predicted and the actual PV power (depicted in Fig. 

5a). Hence, the demand-side power is controlled 

precisely to follow the reference, as shown in 

Fig.7b. Although the solution of PV+BESS is 

straightforward and effective in compensating 

power fluctuation, the installation of BESS is 

costly. The estimated average cost of BESS 

installation for commercial scale is $2,338 

USD/kW. For instance, if the maximum prediction 

error is limited to ±20% of the nominal PV power, a 

PV system in the scale of 5 kW would require 

additional $2,338 USD for the installation of BESS, 
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regardless of future cost on the maintenance of 

batteries. In contrast, the proposed PV-ES system 

can save such a cost. 

 

CASE-D: THREE TYPES OF ES SYSTEMS (ES-1, 

ES-2, AND ES-B2B) FOR COMPARISON 

 
fig(a) 

 
fig(b) 

 
fig(c) 

 
fig(d) 

Fig:9. Simulation results of the three types of ES 

systems (ES-1, ES-2, and ES-B2B) for comparison. 

(a) The active power delivered by the ES systems. 

(b) The actual demand-side active power controlled 

by the ES systems. (c) The reactive power 

consumed by the ES systems. (d) The NC load 

power in the ES systems. 

For comparisons, the objectives of the other 

three ES systems are set the same as the PV-ES 

system as a power balancer. Moreover, ES-2 and 

ES-B2B are preset to regulate the power factor of 

the smart loads at 0.9. This is a unique function of 

ES-2 and ES-B2B, which is in contrast to the 

proposed PV-ES system, since they can be 

configured to control the active and reactive power 

consumption simultaneously. Fig. 8 shows the 

simulation results of three ES systems during the 

period. As observed from Fig. 8a, the active power 

delivered by ES-1 is almost zero as it can only 

provide reactive compensation. Fig. 8b shows the 

demand-side active power consumption under the 

regulation of the ES systems. The profiles of ES-2 

and ESB2B illustrates that both these ES are 

capable of tracking the reference as well as the 

PV-ES. However, the profile of ES-1 contains 

obvious deviations, which is attributed to the 

limitation of ES-1. The reason is, with a purely 

resistive NC load, by providing reactive power, the 

ES-1 can only decrease (but not increase) the 

active power consumption of the smart load from 

the nominal value. Therefore, when the actual PV 

power is more than the predicted value, the smart 

load associated with ES-1 cannot consume 

additional power to compensate the deviation. This 

is also confirmed by the corresponding NC load 

consumption and ES reactive power as indicated in 

Fig. 8c and Fig. 8d, respectively. As a result, ES-1 

cannot achieve the same objective of the proposed 

PV-ES. Although ES-2 can provide (i) precise active 

power consumption control of the smart load as 

well as the PV-ES and (ii) controllable reactive 

power compensation which is better than the 

PV-ES, the operation requires real power from its 

battery storage. As shown in Fig. 8a, ES-2 requires 

around 38 W for this 160-W NC load and the 

maximum-50-W PV generation. Additionally, as 

shown in Fig. 8c, the operation of smart load 

associated with ES-2 sacrifices the NC load 

severely. Here, the power of NC load is 198 W at the 

static state (for power factor regulation) and 

reaches 224 W during the dynamic state (for both 

the active power and power factor regulation). In 

conclusion, while ES-2 can achieve the same 

objective as that of the proposed PV-ES, this comes 

at the expense of a higher cost and poorer 

performance of the NC load. By contrast, ES-B2B 

performs the best among the three ES systems in 

the study. With the same precise active power 

control of the smart load, the power delivered by 

the series part of ES-B2B, which is shown in Fig. 

8a, comes from the grid itself via the shunt ES. 

According to the power flow of ES-B2B in operation 

possesses a broader range and higher effectiveness 
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in regulating the power consumption than that of 

ES-2. As depicted in Fig. 8a and Fig. 8d, the 

active/reactive power through ES-B2B is smaller 

than that of ES-2. Also, the power fluctuation of NC 

load is controlled at the same level as that of 

PV-ES. In other words, ES-B2B performs as well as 

the proposed PV-ES as a power balancer. However, 

the implementation cost of ES-B2B is much higher 

than that of PVES. While the proposed PV-ES 

provides a compact configuration including both 

the PV converter and the ES inverter, the ES-B2B 

system requires a back-to-back converter 

(combined with a shunt and a series ES 

converters), an isolation transformer, and an 

individual PV inverter. To summarize, in terms of 

stabilizing the demand-side power that is 

influenced by the fluctuating PV power, the 

proposed PV-ES system performs as well as, if not 

better than, the other options currently available. 

However, the low implementation cost of its 

converter circuit and its battery-free configuration 

makes it much more competitive as a practical 

solution. If deployed in a power system with 

existing ESS, diesel generators and load control 

strategies, the PV-ES will further benefit the 

system: (i) PV-ES will be compatible with common 

load control strategies as it provides continuous 

power flow adjustment as a smart load; (ii) PV-ES 

may help to reduce the requirement of the rating 

power of ESS and diesel generators, as it mitigates 

the power fluctuation of PV power. 

 Among proposed ES circuits, the ES-B2B should 

be the most prominent candidate in fulfilling this 

task, since the shunt and series inverters are both 

able to generate reactive power. The research can 

commence from the study of control technique with 

the use of a single ES-B2B and then escalate to the 

investigation of the joint performance of large-scale 

distributed ES-B2Bs. The application of fuzzy logic 

controller on the regulation of distributed ESs is a 

central approach which requires one-way 

communication for the broadcast of the control 

command to individual components. 

 
Fig:10. The power profiles of The predicted PV 

power (Ppv_Ref) and the actual PV power (Ppv). 

 

 
 

 
 

 
Fig:11.Simulation results of the PV-ES system in 

the first stage. (a) The active power delivered by the 

ES (−Pes). (b) The ES reactive power (Qes). (c) The 

NC load power (Pnc). 
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Fig:12. Simulation results of the three types of ES 

systems (ES-1, ES-2, and ES-B2B) for comparison. 

(a) The active power delivered by the ES systems. 

(b) The reactive power consumed by the ES 

systems. (c) The NC load power in the ES systems. 

 

VI. CONCLUSION 

 Conventional method are only used for stable 

the voltage and power which. And these methods 

are used in inconstancy generation like solar wind. 

Which are connected to micro grids. Further in this 

paper, by the implementation of the proposed 

improvised control scheme it was demonstrated 

that the improvised Electric Spring (a) maintained 

line voltage to reference voltage of 230 Volt, (b) 

maintained constant power to the critical load, and 

(c) improved overall power factor of the system 

compared to the conventional ES. Also, the 

proposed „input-voltage-input-current‟ control 

scheme is compared to the conventional „input 

voltage‟ control. It was shown, through simulation 

and power quality improvement can be achieved. 

The simulation was done using MATLAB/Simulink 

software. It was also shown that the improvised 

control scheme has merit over the conventional ES 

with only reactive power injection. Also, it is 

proposed that electric spring could be embedded in 

future home appliances. If many non-critical loads 

in the buildings are equipped with ES, they could 

provide a reliable and effective solution to voltage 

and power stability and instant power factor 

correction in a renewable energy powered micro 

grids. It would be a unique demand side 

management (DSM) solution which could be 

implemented without any reliance on information 

and communication technologies. 
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