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Abstract: 

Outages due to voltage instability have been increasing considerably in recent years. Resulted in enormous economic losses and 

caused significant social impacts Voltage stability has become one of the most important topics in power system security estimat ion. 

System voltage instability often happens in the case of a lack of reactive compensations and accompanies a transition of generators 

from the Generat ion mode to the load mode. To provide the power backup for electric springs for active power contribution bat tery 

systems are employed. But the charging of these batteries at right time is an important step which can be done by employing a  small 

medium power wind turbine. Moreover, high react ive power demand makes it more challenging due to the limitation of reactive 

capability of the wind generating system. The use of ‘Electric Springs’ is a novel way of distributed voltage control while 

simultaneously achieving effective demand-side management through modulation of noncritical loads in response to the fluctuations 

in intermittent renewable energy sources (e.g. wind). However, to show the effectiveness of such electric springs when installed  in  

large numbers across the power system, there is a need to develop simple and yet accurate simulation models for these electric springs 

which can be incorporated in large-scale power system simulation studies. This paper describes the dynamic simulation approach for 

electric springs merged with wind turbine which is appropriate for voltage and frequency control studies at the powe r system level. 
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I .INTRODUCTION: 

 

For the safe operation  of  power  system  there  should  be  

balance  between  generation  and  load.  Frequency control 

plays important role in maintaining balance between generation 

and load. Frequency control maintains the frequency of power. 

System tightly around its nominal value when demand or supply 

fluctuates.  Three levels of frequency control (i.e. primary 

frequency control, secondary frequency control and tertiary 

frequency control) are generally used to maintain the balance 

between generation and load. Three levels differ as per their 

time of response to a fluctuation and the methodology adopted 

to realize the fundamental operating philosophy of maintaining 

reliability and overall economy. This paper deals with primary 

frequency control on demand side. Frequency control on 

demand side is generally done by switching off/one of loads 

which is known as demand side management (DSM). The loads 

supplied through adjustable speed drives have constant power 

characteristics over large voltage range.  The voltage control 

within allowable limits can be done based on optimization of 

reactive power consumption.  It is possible to control active 

power consumption by controlling supplying voltage for certain 

type of loads like electric heating, lighting, small motors with no 

installing problems (e.g.  Fans, ovens, dishwashers, and dryers). 

So, without interrupting such loads frequency control is done by 

implementing smart load (SL) configuration.  

 

 

 

II. ELECTRIC SPRING (ES) CONCEPT 

 

Voltage control in LV and MV distribution networks and 

demand-side management (DSM) have traditionally been treated 

and tackled separately. Voltage control is usually achieved by 

control devices discussed in the previous section. Demand-side 

management on the other hand is employed in a more d istributed 

fashion (often at the appliance level) and is predicated on 

intelligence or communication facility in the appliance. 

Alternatively, an integrated approach to voltage control and 

aggregated demand action could be achieved by separating the 

loads into critical loads requiring constant voltage and un-

interrupted supply and non-critical, impedance-type loads. At 

times of generation shortfall or network constraint, the voltage 

of the non-critical loads is reduced while (and hence the power) 

across the NC load to be controlled. Thus, a SL ensures a tightly 

regulated voltage across the other sensitive loads connected to 

the mains, while varying its own power consumption and thus, 

contribute to system frequency control. In fact, both the mains 

voltage and frequency can be simultaneously regulated if the 

magnitude and phase angle (with respect to the current) of the 

voltage injected by the compensator is controlled. However, 

injection of voltage at any arbitrary phase angle other than ±90◦ 

would require exchange of active power and hence an additional 

storage element or a back-to- back converter arrangement.  
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Figure.1. S mart load configuration 

 

Generally the frequency control with respect to demand is done by 

changing  speed  governor,  which  is  known  as secondary control 

which takes 30 seconds to 15 minutes to restore the frequency. 

Primary frequency control gives quick restoration of  the  

frequency  which  takes  0  to  30seconds after  disturbance  of  

balance  between  generation  and  demand. Thus, a smart load 

configuration is introduced to get quick control of frequency. A 

smart load consists of a voltage compensator, critical load, non-

critical (NC) load and controller as shown in Fig.  This system can 

be connected at the distribution level.  That is low voltage 

(LV)/medium voltage (MV) feeders.  the compensator used in 

smart load is a electric spring. 

 

III. OPERATIONS AND LIMITATIONS OF ELS ECTRIC 

SPRINGS  

The dissipative load is termed as a non critical load because it can 

be operated at an ac voltage supply with some degree of voltage 

fluctuation. Examples of non critical loads includes electric water 

heaters, refrigerators and lightning systems. generally the electric 

load is represented as inductor in series with resistor. The other 

critical load requires a well-regulated mains voltage. Connecting 

electric spring voltage and power at the crit ical load remains 

constant. Electric spring should provide a function of damping 

oscillations. ES on ly processes the reactive power and 

compensation voltage vector v is perpendicular to the load current 

I.the Va can be controlled either 90 degrees lagging or leading to 

the I. Therefore it generates either inductive or capacitive reactive 

power to the power system. only the ES is a new smart grid device 

that can alter both active power and reactive power. Electrical 

spring is a special form of reactive power controller. Electric 

spring act like a voltage suspension spring to maintain the constant 

mains voltage. when the non crit ical load voltage reaches 220V,the 

electric spring voltage drops to zero. The non critical load voltage 

Vo is reduced when the electric spring generates positive voltage 

to support the mains voltage. The consequencial variation of Vo  

provides an automatic mechanis m to the shape of load demand. 

after the electric spring is activated the non critical load demand 

P1 varies with the wind power profile while demand of other load 

P2 remains essentially the same.  

 

 
Figure.2.  simulation circuit of electric spring  

 

Under frequency 

 
Figure.3.Supply frequency at s mart load 

 

 
 

Figure.4.Voltage injected by compensator/ ES  
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    Figure.5.Active power (s mart load) 

 

 
Figure.6. Reactive power consumed Q_ES  

 

Over Frequency 

 

 
Figure.7. Supply frequency (NL) 

 

 
Figure.8. Current across mart load I_SL 

 

IV. S MART LOAD WITH REACTIVE POWER 

COMPENSATION (SQL) 

 

By controlling the compensator injected voltage  (VES) and  the  

voltage  across  the  non-critical  load  (VNC),  power  

consumption  of  total  load  at  the  point  of  connection,  is  

controlled.  In  this  paper,  the  type  of  loads  used  is  of 

resistive-inductive  (R-L) nature. The compensator used here  is  

a  STATCOM  which  has  two  compensating  modes  i.e. 

capacitive  and  inductive  compensations  where  the  phase  

angle is +/- 900 . The phasor diagrams for the smart load with 

the compensations are shown in Figure. 

 

 
 

 
Figure.9. Phasor diagrams of compensation modes of 

STATCOM 

From  the  phasor  diagrams,  the  relation  between compensator  

voltage,  non-critical  load  voltage  and  mains voltage can be 

expressed as Eq. 1 

 
The positive and negative corresponds inductive and capacitive 

modes respectively. Since one  can  need to provide  voltage 

support from the compensator,  V ES  in  terms  of mains  

current  and  voltage  is  expressed  as  Eq.  2 and Eq.  3 for  

inductive and capacitive compensation modes respectively 

 

 
 

Compensation modes used to depend upon the change in 

frequency. Frequency is directly related with active power 
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consumption.  The capacit ive compensation 

reduces active power consumption. 

 

V. CONTROL LOOP FOR THE FREQUENCY 

REGULATIONOFS MART LOAD 

 

An ideal phase-lock-loop (PLL) was assumed for frequency 

measurement. Any difference ( f ) between the reference (fref) 

and measured (fm) frequency is filtered through a dead band 

(±0.01 Hz) and mult iplied by a droop gain D = (0.215/PSL0) to 

calculate the required change in  active power ( PSL)con-sumed 

by the SL about its nominal value (PSL0). The value of PSL is 

limited based on the maximum and minimum pos -sible values 

calculated from the supply voltage (VC), and the NC load 

impedance (ZNC ∠ φNC). The active power to be con-sumed by 

the SL at a given instant (PSL) is obtained by adding up the 

nominal power (PSL0) and the desired change ( PSL). As the 

compensator exchanges only reactive power, the cur-rent (I) 

through the SL is obtained by calculating square root of PSL 

divided by RNC. The current magnitude is limited based on the 

acceptable limits (VNC−max − VNC−min) on the voltage across 

the NC load using its impedance (ZNC). From I, the magnitude 

of the injected voltage (VES) can be derived using (3) and (5). 

The phase angle of the injected volt-age (θES) would be set 

according to the sign of f as shown in Fig. 5. Capacit ive 

compensation (θES = −90◦) reduces PSL while an inductive 

compensation (θES = +90◦) is more effec-tive in increasing PSL 

as explained earlier in Sect ion II-B. An additional benefit is that 

inductive (capacitive) compensation decreases (increases) the 

supply/mains voltage slightly which would result in  decrease 

(increase) in power consumption of other voltage-dependent 

loads connected to the mains which helps the frequency 

regulation further. 

 

 
Figure.10. control loop for frequency regulation of a smart 

load 

 

5(a) TOPOLOGY FOR POWER QUALITY 

IMPROVEMENT 

 

The Electric spring based current control voltage source inverter 

injects the current into the grid in such a way that the source 

current are harmonic free and their phase-angle with respect to 

source voltage has a desired value.  The injected  current  will  

cancel  out  the reactive part and harmonic part of the load and 

induction  generator  current,  thus  it  improves  the  power 

factor  and  the  power  quality.  To accomplish these goals, the 

grid voltages  are  sensed  and  are  synchronized in generating 

the current command  for the inverter. The proposed grid 

connected system is  implemented for power quality 

improvement at point of common coupling (PCC),The  grid  

connected  system consists  of wind  energy  generation  system  

with Electric spring.  

 

A. Wind Energy Generating System 

 

In this configuration, wind generations are based on constant 

speed topologies with pitch control turbine. The induction 

generator  is  used  in  the  proposed scheme because of its 

simplicity, it does not require a separate field circuit, it can 

accept constant and variable  loads,  and  has  natural  protection  

against  short circuit. The available power of wind energy 

system is presented as 

 

 
 

Where is the air density and  is the 

area swept out by turbine blade,   is the wind speed in 

mtr/s. It is not possible to extract all kinetic energy of wind, thus 

it extract a fract ion of power in wind, called power coefficient 

Cp of the wind turbine. 

 
Where Cp is the power coefficient, depends on type and 

operating condition of wind turbine. This coefficient can be 

express as a Function of tip speed ratio and pitch angle.  The 

mechanical power produce by wind turbine is given as 

 
Where R is the radius of the blade (m).  

 

5(b). SIMULATION MODEL  

 

The practical evaluation of smart load is evaluated by 

incorporating it in an IEEE 37 node test feeder. This feeder is an 

actual feeder in California, with a 4.8 kV operating voltage. It is 

characterized by delta configured, all line segments are 

underground, substation voltage regulation is two single-phase 

open-delta regulators, spot loads, and very unbalanced. This 

circuit configuration is fairly uncommon. Simulation of the 

IEEE 37 bus system feeder with smart load is done in MATLAB 

(Matrix Laboratory)/Simulink platform. The equivalent single 

line d iagram of the total system is shown in Figure.                              

It is a three-phase medium voltage radial d istribution system 

with both single phase and unbalanced three phase loads. There 

are 37 static loads with a mix of constant impedance (Z), 

constant current (I), and constant power (P) i.e., ZIP 

characteristics. About 50% of these loads are considered as 

noncritical [27] and assumed to be of purely impedance type 

while the other loads (connected to the supply/mains) are 

represented by the ZIP model. The location of SLs is the same as 

the location of original loads in the standard system. The actual 

percentage of the voltage dependent NC load is the key to the 

effectiveness of SLs. Also, the limits of voltage variations 
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allowable across different loads would differ widely which 

affects the above percentage. In order to have comparison of the 

proposed technique with load control by variation of the supply 

voltage, model of a standard electric spring was developed as a 

current source capable of injecting inductive or capacitive 

reactive power in the system, in  case of a under-/over-frequency 

event. To have a fair comparison with SLQs, distributed electric 

springs were considered to be connected in parallel with all SLs.  

 

 
 

VI.WIND TURBINE MERGED TO AN ELECTRIC 

SPRING 

 

Time domain simulat ions have been carried out in MATLAB 

SIMULINK using a time step of 20 μs. Frequency disturbances 

were created by applying 15% step changes in the equivalent 

source power reference. Simulat ion results at bus 738 are shown 

here separately for under and over-frequency events. It is a bus 

close to the far end of the distribution system. So, the voltage 

regulation at this bus is relatively poor compared to the buses 

close to the upstream system. A s mall increase in voltage is 

observed for a reduction in the supply frequency. This is due to 

decrease in network reactance with a decrease in the frequency. 

Similarly, an increase in frequency results in a slight decrease in 

voltage due to an increase in network reactance. There are no 

frequency dependant loads in the standard IEEE 37 test feeder.  

In both cases the SL ensures much improved frequency 

regulation compared to a normal load (i.e., a NC load without a 

series compensator/ES). The mains volt-age regulation turns out 

to be slightly worse but still staying well within the acceptable 

(5%) limits. In this case, the compensator is required to inject 

about 10% of the rated voltage while the variation in voltage 

across the NC load is limited to ±10%. This transient voltage 

variation will not cause perceive-able change in the performance 

of NC loads like heating, lighting (especially, LED lighting), 

and small motors with no stalling problems (e.g., fans, ovens, 

dish washers, dryers). With normal loads (red traces), the mains 

voltage would increase (decrease) in the under- (over-) 

frequency case which aggravates the situation resulting in the 

poor frequency regulation. 

 

 
 

The change in active/reactive power of the SL and the reactive 

compensation required is shown. The system frequency 

decreases demand is greater than generation. Primary frequency 

control is faster control which re -establish a balance between 

generation and demand within the synchronous area at a 

frequency different from the nominal value within 0 to 30 secs 

after disturbance of the balance between generation and demand. 

By using smart load instead of normal load, the frequency 

deviation is less. The system frequency increases when demand 

is less than generation. Supply frequency variation of normal 

load and smart load for increasing mode. 

 

VII. SIMULATION RES ULTS  

 

 
 Figure.11. frequency at normal load  
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Figure. 12. Frequency at smart load 

 

Figure.13.  reactive power at electric s pring 

 

 
Figure.14. reactive power at smart load 

 

VIII.CONCLUS ION 

 

Frequency control in a power system is an important aspect for 

safe operation of power system. Frequency control can be done 

at both generation and load side. Generation side frequency 

control takes longer time i.e. 30 seconds to 15 minutes. In order 

to support the frequency in short time, demand side control is 

chosen i.e. primary frequency control. Demand side control 

(DSM) is generally used for frequency control on load side, but 

some loads with constant power characteristics cannot be 

disturbed. In this paper, smart load concept is used to control 

load power consumption through voltage variation using shunt 

reactive compensation device like Electric Spring. The effect of 

smart load on frequency regulation of mains is evaluated by 

simulating IEEE 37 node test feeder using MATLAB/Simulink. 

The results show that the frequency variation according to over 

frequency and under frequency events. Wind turbine employed 

with electric spring provide power backup for electric springs. 

But the charging of these batteries at right time is an important 

step. The variation of parameters active power, reactive power, 

voltage, current across normal load and smart load with merged 

wind turbine got efficiency results.  
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