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Abstract— The electric spring is modern technology certified to be effective in stabilizing smart grid with substantial participation of 

intermittent renewable energy sources and enabling load demand to follow power generation. The unclear change from output voltage control of 

a reactive power controller presents the electric spring new aspects convenient for future smart grid applications. In this project, the effects of 

such unclear control change are highlighted, and the advantage of the electric springs in reducing energy storage requirements in power grid is 

theoretically shown and practically shown. In an experimental set up of a 90 kVA power grid. Traditional statcom and static var compensation 

technologies used for only reactive power compensation as well as random power variation in non-critical loads. These are such profitable 

features of electric spring enables non-critical loads with embedded electric springs to be adaptive to future power grid. Accordingly, the load 

demand can follow energy precaution, power generation and hence energy storage requirements can be reduced. 
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I. INTRODUCTION 

The prevailing control example of power systems is to 

catalyze power to meet the load demand, Because of 

increasing use of alternating renewable energy sources, 

identified or unidentified to the utility companies, it is not 

possible to determine the immediate total power generation in 

real time. In order to get balance of power supply and demand, 

which is necessary factor for power system stability, the 

control example for future smart grid has to be shifted to ―load 

demand following power generation‖ . 

The scientific principle, the operating modes, the 

limitations, and the practical realization of the electric springs 

are reported. It is found  that such new concept has vast 

potential in stabilizing future power systems with substantial 

penetration of intermittent renewable energy sources. This 

concept will demonstrate  in a practical power system setup 

fed by an ac power source with a fluctuating wind energy 

source. The electric spring is initiate to be effective in 

regulating the mains voltage despite the fluctuation caused by 

the intermittent nature of wind power. Electric springs 

entrenched can be turned into a new generation of smart loads, 

their power demand following the power generation profile. 

Electric springs, when distributed over the power grid, will 

present a new form of power system stability solution that is 

independent of information and communication technology. 

II. LITERATURE REVIEW 

      Various load demand management methods have 

previously been suggested.. Some examples comprise load 

scheduling [5]–[7], use of energy storage as a buffer [8], 

electricity pricing [9]–[11], direct control or on-off control of 

smart loads [12]–[14], etc.  

   However, most of these methods are appropriate for load 

demand management in the time frame of hours and are not 

suitable for instantaneous energy balance in real time. Energy 

storage is most likely the most useful means for immediate 

energy balancing [8]. In order to operate with fast transient, 

energy storage elements such as battery banks are installed 

with parallel connected super-capacitors which can absorb 

current at a earlier rate than chemical batteries [15]. Though, 

energy storage elements such as batteries are costly and 

disposed batteries are major sources of pollutants. Although 

they are considered to be necessary elements in future smart 

grid [15], it would be preferable to decrease their size for cost 

and environmental reasons. 

In this project, an examination is conducted to 

examine the use of electric springs in reducing energy storage 

elements in future smart grid.  

The electric spring idea [16], [17] was recently 

offered as a new smart grid technology for regulating the 

mains voltage of power grid with considerable irregular 

renewable power and for getting the new control example of 

load demand following power generation.  Output voltage 

control used by traditional series reactive power compensators 

by changing from the output voltage control to the input 

voltage control for a reactive power controller, electric springs 

exhibit characteristics different from traditional devices such 

as series reactive power controller. The effects of this slight 

change of control modality and the interactions between the 

electric springs and energy storage in a power grid, which 

have not been before addressed, are emphasized with practical 

tests in this project. Statcom, Static Var Compensation, and 

UPFC technologies offers only reactive power compensation 

[21]–[26], but electric springs offers reactive power 

compensation, as well as automatic load variation in non-

critical loads (with electric springs embedded). This useful 

feature provides the possibility of reducing energy storage 

requirements in future smart grid. This important point is first 

theoretically proved and then practically demonstrated in a 10 

kVA experimental smart grid setup. 
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III. BASIC PRINCIPLES OF ELECTRIC SPRINGS 
 

      Electric springs are reactive power controllers with input 

voltage control instead of the traditional output voltage control 

used in series reactive power compensators. System operation 

details can be found in [17]. In this section, the basic 

principles of electric springs are summarized so as to help 

readers’ understanding of the power flow analysis and the 

effects of the electric springs on reducing energy storage 

requirements in smart grid. 

 

 
 

Fig. 1.  ―Output voltage control‖ of a series reactive power compensator. 

 

      Fig. 2 shows the installation of a single-phase electric 

spring connected in series with a non-critical load. The electric 

spring includes a power inverter with a dc bulk capacitor on 

the dc side and an inductive-capacitive (LC) filter on the ac 

side of the power inverter (Fig. 3). The four freewheeling 

diodes of the power inverter act like a diode rectifier which 

rectifies the ac voltage into a dc one  across the bulk 

capacitor. In the power inverter to produce a controllable ac 

voltage  across the filter capacitor the pulse-width-

modulation switching method is adopted. The output voltage 

of the electric spring is controllable ac voltage. To pure 

reactive power control, the electric spring voltage and the 

current vector must be perpendicular. The input voltage 

control loop described in Fig. 2 is designed to produce  

dynamically with the purposed of regulating the ac mains 

voltage to a reference value. 

The electric spring vector equation is:  

 

 

(1) 
        Assuming that a certain time-varying power generation  

 , which may comprise of a base power profile (generated 

by an ac generator) and an discontinuous renewable power 

profile, is fed to the distribution line in Fig. 2, the power 

balance equation can be expressed as 

 

 

 

(2) 

 Where  and  are the resistance and power consumption 

of the non-critical load respectively; and   and   are the 

resistance and power consumption of the critical load 

respectively;  and  are the root- mean-square values of the 

ac mains and electric spring voltage respectively. 

 

 
 

Fig. 2. Arrangement of an electric spring connected in series with a non-

critical load (using the ―input voltage control‖) [18]. 
 

 

 
 

 

Fig. 3.  Power inverter used as a reactive power controller. 
 

   Renewable energy sources can be wind and solar energy 

sources. Non-critical loads refer to electric equipment and 

appliances that can be subject to a fairly large variation of the 

mains voltage. Examples include electric heaters, refrigerators 

and lighting systems. Critical loads refer to electric loads that 

require a well-regulated mains voltage, such as life-supporting 

medical equipment and computer controlled equipment. 

   Equation (2) indicates that, if the electric spring can 

regulate  ,  should be constant and  should follow the 

time-varying profile of the discontinuous power generation as 

shown in Fig. 4. 

 

 

 

Let the rated power of the non-critical load when the 

electric spring is not activated (i.e., ) be: 

Where   is at its nominal rated value. 

Let the real power of the non-critical load power under the 

control of electric spring (i.e., ) be 

 

(4) 

 

It is clear from (3) and (4) that: 

Fig. 4.  Power profiles of non-critical load       and critical load        when 
 

the mains voltage 
 

is regulated by the reactive power controller [17]. 
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(5) 

 

Equation (4) and (5) reveal the fact that the electric spring can 

vary the non-critical load power so that the load demand 

follows the power generation. 

 

VI. PROPOSED WORK 

Now consider a general power grid consisting of an ac 

generator,a renewable power source,energy storage, non-

critical loads set and critical loads set as shown in Fig. 5. The 

power flow diagram is shown in Fig. 6  

The power from the energy storage may be positive or 

negative depending on whether the storage device is 

discharging or charging. 

The power balance equation of the power grid in Fig. 6 can 

be expressed as: 

(6) 

 

 
 

Fig. 5.  Schematic of a power grid. 
 

 

 

 

 

 

 

 

 

 
 

 

 
Fig. 6.  Power flow diagram. 
  

Where  is the power generated by the ac generator,  is 

the renewable power, and  is the power from the energy 

storage.  is positive when the battery is discharging and 

negative when it is charging.  
 Re-arranging (6) with the storage power as the subject of 

the equation, 

 
(7) 

 

     Without the electric spring, the energy storage requirement 

for a duration of  is: 

 

 
 
 

 

(8) 

 

    With the electric spring, the energy storage requirement for 

the same duration is: 

 
 
 

 

(9)  
 

The difference of the energy storage requirements with and 

without the electric spring can be obtained by subtracting (8) 

from (9), resulting in: 
 

 

 

 

 

 

 

 

 

 

 
Fig. 7. Experimental setup based on the 90 kVA Smart Grid Hardware 

Simulation System at the Maurice Hancock Smart Energy Laboratory. 

 

 

(10) 

 

In view of (5), 

 

(11) 

 

so, 

 

(12) 

 

Equation (12) shows that the use of the electric spring can the-

oretically reduces the energy storage requirements in the 

power grid. 

V. CONCLUSION 
 

In this paper, the differences between the output voltage 

control and the input voltage control of a reactive power 

controller are highlighted. While energy storage is an efficient 

but costly means to balance power supply and demand, an 

investigation is presented to show that electric springs can 

reduce energy storage requirements in a power grid. Electric 

springs permit the non-critical load power to vary with the 

renewable energy profile. By reducing the immediate power 

inequality of power supply and demand, electric springs 
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permit the non-critical load demand profile to follow the 

power generation profile and reduce the energy storage 

requirements in power grid. This significant point has been 

theoretically proved and will practically confirm in an 

experimental setup. Due to the beneficial features such as 

enabling the load demand to follow the power generation, the 

reduction of energy storage requirements, the reactive power 

compensation for voltage regulation, and the possibility of 

both active and reactive power control [28], electric springs 

open a door to distributed stability control for future smart grid 

with substantial penetration of intermittent renewable energy 

sources. 

REFERENCES 

[1] D. Westermann and A. John, ―Demand matching wind power 
gen-eration with wide-area measurement and demand-side 
management,‖ IEEE Trans. Energy Convers., vol. 22, no. 1 , 
pp. 145–149, 2007.  

[2] P. Palensky and D. Dietrich, ―Demand side management: 
Demand re-sponse, intelligent energy systems, and smart 
loads,‖ IEEE Trans. Ind. Inform., vol. 7 , no. 3 , pp. 381–388, 
2011.  

[3] P. Varaiya, F. Wu, and J. Bialek, ―Smart operation of smart 
grid: Risk-limiting dispatch,‖ Proc. IEEE, vol. 99, no. 1 , pp. 
40–57, 2011.  

[4] I. Koutsopoulos and L. Tassiulas, ―Challenges in demand 

load control for the smart grid,‖ IEEE Netw., vol. 25, no. 5 , 

pp. 16–21, 2011.   
[5] A. Mohsenian-Rad, V. W. S. Wong, J. Jatskevich, R. 

Schober, and A. Leon-Garcia, ―Autonomous demand-side 
management based on game-theoretic energy consumption 
scheduling for the future smart grid,‖ IEEE Trans. Smart 
Grid, vol. 1 , no. 3 , pp. 320–331, 2011.  

[6] M. Parvania and M. Fotuhi-Firuzabad, ―Demand response 
scheduling by stochastic SCUC,‖ IEEE Trans. Smart Grid, 
vol. 1 , no. 1 , pp. 89–98, 2010.  

[7] M. Pedrasa, T. D. Spooner, and I. F. MacGill, ―Scheduling of 
demand side resources using binary particle swarm 
optimization,‖ IEEE Trans. Power Syst., vol. 24, no. 3 , pp. 
1173–1181, 2009.  

[8] P. Kienzle and G. Andersson, ―Valuing investments in multi-
energy conversion, storage, and demand-side management 
systems under un-certainty,‖ IEEE Trans. Sustainable 
Energy, vol. 2 , no. 2 , pp. 194–202, 2011.  

[9] A. J. Conejo, J. M. Morales, and L. Baringo, ―Real-time 

demand re-sponse model,‖ IEEE Trans. Smart Grid, vol. 1 , 
no. 3 , pp. 236–242, 2010.  

[10] A.-H. Mohsenian-Rad and A. Leon-Garcia, ―Optimal 

residential load control with price prediction in real-time 

electricity pricing environ-ments,‖ IEEE Trans. Smart Grid, 

vol. 1 , no. 2 , pp. 120–133, 2010. 1288 

[11] A. J. Roscoe and G. Ault, ―Supporting high penetrations of 
renewable generation via implementation of real-time 
electricity pricing and de-mand response,‖ IET Renewable 
Power Gener., vol. 4 , no. 4 , pp. 369–382, 2010.  

[12] S. C. Lee, S. J. Kim, and S. H. Kim, ―Demand side 
management with air conditioner loads based on the queuing 
system model,‖ IEEE Trans. Power Syst., vol. 26, no. 2 , pp. 
661–668, 2011.  

[13] A. Brooks, E. Lu, D. Reicher, C. Spirakis, and B. Weihl, 
―Demand dispatch,‖ IEEE Power Energy Mag., vol. 8 , no. 3 
, pp. 20–29, 2010.  

[14] S. Y. R. Hui, C. K. Lee, and F. F. Wu, ―Power control circuit 
and method for stabilizing a power supply,‖ PCT Patent 
Application 61/389,489, Oct. 4, 2010.  

[15] S. Y. R. Hui, C. K. Lee, and F. F. Wu, ―Electric springs — a 
new smart grid technology,‖ IEEE Trans. Smart Grid, vol. 3, 
no. 3, pp. 1552–1561, Sep. 2012.  

[16] H. Fujita, Y. Watanabe, and H. Akagi, ―Control and analysis 
of a uni-fied power flow controller,‖ IEEE Trans. Power 
Electron., vol. 14, no. 6 , pp. 1021–1027, 1999.  

[17] K. Sen and E. J. Stacey, ―UPFC-unified power flow 

controller: theory, modeling, and applications,‖ IEEE Trans. 

Power Del., vol. 13, no. 4 ,   
pp. 1453–1460, 1998.  

[18] S. Kannan, S. Jayaram, and M. Salama, ―Real and reactive 
power coor-dination for a unified power low controller ,‖ 
IEEE Trans. Power Syst., vol. 19, no. 3 , pp. 1454–1461, 
2004.  

[19] Y. Kim, J. S. Kim, and S. H. Ko, ―Three-phase three-wire 

series active power filter, which compensates for harmonics 

and reactive power,‖ IEE Proc.—Elect. Power Appl., vol. 

151, no. 3 , pp. 276–282, 2004.   
[20] C. K. Lee and S. Y. R. Hui, ―A design methodology for smart 

LED lighting systems driven by weakly-regulated power 
grids,‖ IEEE Trans. Smart Grid, vol. 2 , no. 3 , pp. 548–554, 
Sep. 2011.  

[21] S. C. Tan, C. K. Lee, and S. Y. R. Hui, ―General steady-state 
anal-ysis and control principle of electric springs with active 
and reactive power compensations,‖ IEEE Trans. Power 
Electron., vol. 28, no. 8, 3958–3969, Aug. 2013

 

http://www.ijritcc.org/

