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Abstract: In the present trend, the power system is facing the problem of effective loss minimization which is to be addressed
through appropriate control techniques. However, it is evident from the survey on the distribution networks that not much of
effort has been put to improvise the throughput affecting factors like Voltage regulation, Loss Management, Power Factor,
Frequency control etc., The primary focus of the work proposed is to regulate the voltage across the critical and non-critical
loads through demand side management. In the pervasive approach STATCOMs, SVCs, UPFC have been efficient towards
achieving the voltage control, in addition to this the inclusion of Electric Springs has been a significant development which has
better throughput in terms of voltage control. Comparative analysis of the regulation of voltage for various loads has provided
standard set of results which can be used to balance the load losses in the distribution network. With this approach of modelling
electric springs which will account for the demand side management in distribution network integrated with renewable energy
sources. The simulation results in comparison with the experimental results clearly indicate the efficacy of employing electric
springs in distribution system thereby increasing the throughput.
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L. INTRODUCTION

Across the globe creating the sustainable environment, by increasing the dependency for power on Renewable Energy Sources
(RES) such as wind , solar etc. [1]. With abundance of high rise buildings, Singapore plans to implement large-scale solar test beds
in 30 precincts, and reduce its energy intensity (per dollar GDP) by 35% from 2005 levels by 2030[2, 3]. USA also plans to increase
share of renewable energy to 20% by 2020 [4]. Unpredictable and intermittent nature of RES along with their expected high
penetration in grids and microgrids may pose problems of voltage instability.

A new concept of Electric Spring (ES) was introduced in[5, 6] to provide dynamic voltage regulation. A paradigm shift in reactive
power compensation was implemented with “input-feedback and input voltage control” compared to the traditional aspect of
“output-feedback and output voltage control”. It was demonstrated in [7] that the energy storage requirements were reduced in
former scheme in comparison to the latter. The authors also proposed embedding of ES in existing non-critical loads, such as
electric heaters, so as to develop smart loads to dynamically regulate power to critical loads. With buildings using around 40% of
total electricity in many countries and to reduce their energy footprint, they seem a logical focus point to incorporate electric springs
[8, 9]. As air conditioning accounts for 50% of energy usage in a building, the central air conditioning system can be used as a non-
critical load for a whole commercial building. To augment the existing research, an Electric Spring implemented through a full
bridge pulse width modulation (PWM) based inverter is proposed and explained in Section Ill. Further, it is tested on MATLAB®
Simulink platform and demonstrated how an ES can help in shaping reactive and active power and provide instantaneous voltage
support in Section IV. The ES is attached to a substantial single non-critical load, like central air-conditioning system, so to create
smart load which follow renewable power generation. Such a system can be attached directly to existing facilities without
encroaching on costumer comfort.

Il. PRINCIPLE OF DEMAND SIDE MANAGEMENT
A. Hooke’s Law in the Mechanical Domain
The Hooke’s law published in 1660 provides the relationships of the force and displacement as follows:
= - kx (1)

where F is the force vector, k is the spring constant and x is the displacement vector. The potential energy (PE) stored in the
mechanical spring is:

PE = * kx® (2)
Mechanical springs have been employed for daily applications such as suspension systems in beds and vehicles for providing
mechanical support and absorbing mechanical vibrations. The array of many individual mechanical springs under a bed is a highly
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robust support system, because the overall system is highly stable even if some individual springs fail. Such concept can be adopted
in taming the intermittent nature of wind and solar power generation in future power grid.

B. Hooke’s Law in the Electric Domain — Electric Spring
An ES is analogous to a mechanical spring that it can be used to (i) provide electric voltage support, (ii) store electric energy and
(iii) stabilize system operation [15][16]. Analogous to (1), the basic physical relationship of the electric spring is expressed as:
q=-"Cva 3)

where q is the electric charge stored in a capacitor with capacitance C, va is the electric potential difference across the capacitor and
ic is the current flowing into the capacitor. The energy storage capability of the ES can be seen from the potential electric energy
stored in the capacitor:

PE=1/2*C*v,? (4)

IILLPRACTICAL IMPLEMENTATION AND CHARACTERISTICS OF ELECTRIC SPRING
In electrical engineering term, this electric spring is a special form of reactive power controller. In the last two decades, power
electronics based reactive power controllers (RPC) have been developed in power industry to control power flow in high voltage
transmission lines [8]-[17] and for dimming lighting systems [18], [19]. Their simplified control schematics are illustrated in Fig.
2(a) and 1(b), respectively. In these applications [8]-[19] of series RPC, the input of the RPC is always vs and the output vo is
regulated to a constant level (i.e., a traditional “output-feedback and output-voltage control” of is adopted). It is important to note
that the electric spring differentiates itself from previous use of RPC with the adoption of an “input-feedback and input-voltage
control” as shown in Fig. 2(c). By regulating the input voltage vs and letting the output voltage vo to fluctuate dynamically (i.e., a
new input-voltage control), such RPC would: i) provide the voltage support as an electric spring and ii) simultaneously shape the
load power to follow the available power generated by renewable energy source. Such subtle change in the control strategy of a
RPC from output control to input control offers new features and functions for power and voltage control [26]. This new discovery
provides the opportunity to apply the electric spring for balancing the instantaneous power of the load demand and the generated
power [20], [21] for future smart grids with substantial renewable energy sources.
For a load that can be divided into two parts: a noncritical load
Zjand a critical load Z, , as in Fig.1. By connecting an electric spring in series with the noncritical load, we can ensure that the
voltage and power at the critical load to remain constant when the line voltage feeding the load fluctuates. Such an arrangement of
load will be called “smart load.” The aim of the electric spring in the application example of Fig. 1 is to restore vs to the nominal
value of the mains voltage vs_ref at the location of the device installation. Let Pin be the dynamically-changing input power. The
general power balance equation for the system in Fig. 4 is

4 te] e “ - Ve & "
Pi = Zl) Foe (2Z,) + ( o ) Re(Z2)
iy =y |+ S
()
Where vo and vs are the root-mean-square values of the noncritical load voltage and the ac mains voltage, respectively; Re(Z) is the
real part of that represents the resistive element R. Z1 is the impedance of the “noncritical” load and is the impedance of the

“critical” load.

Power — electrically powered by dynamically changing wind power
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Fig.1. Schematic of the experimental setup with an electric spring connected in series with a resistive-inductive load .
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for output voltage support in transmission ( vo regulated) [9]-[15]. (b) simplified control schematic of series reactive power
compensator as a central dimming systems (vo regulated) [18], [19]. (c) Simplified control schematic of series reactive power
compensator as an electric spring ( regulated).

The vector equation for the electric spring is

Vo = Vg Va-
(6)

Equation (5) shows that, if the mains voltage is regulated by the electric spring at the nominal valuevs_ref , the second power term
should remain constant for the critical load. If the power generated cannot meet the full power for both P1 and P2, the input-voltage
control of the electric spring will generate a voltage vector vato keep vsregulated atvs_ref. From (6), the voltage vector across will
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be reduced and so the power consumption of Z1 will also be reduced. Therefore, if the electric spring performs well, P2 for the
critical load should remain constant as expected and P1 for the noncritical load should follow the power generation profile.

IV. PRACTICAL EVALUATION

In order to practically evaluate the performance and operating modes of the proposed electric springs, 3 different experiments have
been set up at the Maurice Hancock Smart Energy Laboratory at Imperial College. a) The first test is to power the electric spring
with its series-connected electric load using a standard ac power source so that the performance of each operating mode can be
examined. The electric spring voltage and current are measured under the three operating modes. b) The second test is to program
the electric spring with power reduction function and test it in the setup of Fig. 1. An unstable power source is created in the form of
a wind power simulator, which is formed by generating electric power by a power inverter following a prerecorded wind speed
profile and a base power profile of the ac generator. The purpose is to check the voltage support capability of the electric springs
and also the relationship of the intermittent renewable power (from the wind power simulator) and the load consumptions in the
noncritical and critical loads. c) The last test is to check the performance of the electric spring in a power system.

$
Electric spring :
.
: ; |
de Y Vi
S i LYY\ v 1 Synchronization Compensation -
P Inverter : Network Controller +
\A / 'C :
L :
Vs ref
; Sinusoidal eg 20V
fb PWM magnitude
Generator
Y i,
Yo R, )
Electric load Other electric
under control loads

Fig.3. The experimental setup for the electric spring (with control block diagram).

A. Operation of an Electric Spring as a Novel Smart-GridDevice

Fig. 3 shows the practical setup of the first test. Using the input voltage control method, the voltage error is fed to a compensation
controller which generates the magnitude control signal for the sinusoidal PWM generator. Via a synchronization network, a phase
control signal is also fed to the sinusoidal PWM generator, which in turn provides the gating signals for the power inverter. The
PWM voltage output of the inverter is filtered by the low-pass LC filter so that the electric spring voltage is sinusoidal. The phase
control signal ensures that the electric spring current is either leading or lagging the electric spring voltage by 90. The test
conditions are Vs=220V (50Hz), R1=51.4Q. When the electric spring (ES) is operated near the neutral position, the measured
waveforms of the mains voltage(vs) , noncritical load voltage(vo) , the ES voltage(va) , and the ES current (same as the noncritical
load current) are recorded and shown in Fig. 4. In this case, vo is essentially equal to vs as the va is only 4 V rms for a 220 V mains.
Fig. 5 shows the corresponding waveforms when the ES is operated in the capacitive mode. It can be observed that the ES current
leads ES voltage. Here negative reactive power is provided by the ES and vo is smaller than vs. Then the ES is operated in the
inductive mode and the corresponding waveforms are shown in Fig. 6. It can be seen that the ES current can be controlled to lag the
ES voltage. Under the inductive mode, the ES injects positive reactive power into the system to provide voltage support.
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Fig. 4. Measured steady-state electric spring waveforms under “neutral”
mode. Va=4.5 Vac, Qes=17.5 Var
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Fig. 5.Measured steady-state electric spring waveforms under “capacitive”mode.Va=97.9Vac,Qes=-349.9Var.
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Fig. 6. Measured steady-state electric spring waveforms under * inductive”’mode. Va=94.3Vac,Qes=348.9Var.

B. Test of Electric Spring in a Power System With Intermittent Renewable Power Injection

A smart load unit comprising a combination of resistors (representing water heaters) has been setup. Two power sources separated
by a transmission network box are used in this test. The experimental setup is shown in Fig. 7. An ac voltage source (provided by a
90 kVA sinusoidal PWM power inverter) and an intermittent renewable voltage source (provided by a 10 kVA power inverter) are
used together to simulate the situation when intermittent renewable power becomes a substantial portion of the total power
generation. In order to simulate the wind power generation, a recorded wind profile is used for the power inverter to generate the
wind power. Since the electric spring is tested in the distribution network the choice of the line impedance to resistance (X/R) ratio
should reflect the value used for distribution cables. For distribution lines, the typical ratio of reactance and resistance (X/R) is
typically in the range from 2 to 8 [28]. It should be noted that the cables under consideration are those used in the overhead cables
linking houses from one to the other in streets (e.g in the distribution network of the residential area in Australia). For a modest 150
A (240 V) overhead distribution copper cable, a typical phase size of 500 should be chosen. According to [29], copper cable with a
phase size of 500 has a line impedance of 0.1020Q2 and resistance of 0.0348Q per 1000ft. The X/R ratio is about 4.87 (which is
within the typical range of 2 to 8 for a distribution cable). In this test, the two transmission network boxes have X/R ratios of 7.5 and
3.8 respectively. These ratios are within the typical range for distribution cables in [28]. A prerecorded wind profile of 12 min (720
s) is fed to a power inverter to generate a weakly regulated ac mains voltage pattern in the bus bar. Both the smart load and the
critical load are connected across the power lines. The same 12-min wind-driven voltage pattern was repeated from 720 s to 1440 s.
The electric spring of the smart load is deactivated in the first voltage pattern by closing the bypass switch and then activated in the

second pattern with open.
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Fig. 7. Schematic of a practical implementation of an electric spring in series with an electric load Z1
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Fig. 8. Measured root-mean-square values of the critical load (mains) voltage , noncritical load load voltage vo and electric spring
voltage va before and after the electric spring is activated.
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Fig. 9.Measured power of the critical load and smart load.

Fig. 8 shows the measurements of the (scalar) rms values of the critical load (mains) voltage vo , the noncritical load voltage and the
voltage of the electric spring va before and after the electric spring is activated. Before the electric spring takes action in the first
half of the test, the mains voltage fluctuates in the region below and above the rated value of 220 V. Because the bypass switch is
closed when the electric spring is deactivated, the noncritical load voltage vo overlaps with the unstable mains voltage vs in the first
voltage pattern generated by the wind power simulator. However, it can be seen that, when the electric spring is activated in the
repeated voltage pattern in the second half of the test, the mains voltage can be successfully regulated to 220 V. The bouncing action
of the electric spring voltage can be seen from Fig. 9. It is noted that the noncritical load voltage vo is reduced when the electric
spring generates positive or negative voltage to regulate the mains voltage. The consequential variation of vo provides an automatic
noncritical load power shedding and generates reactive power to follow the dynamic changes of the wind power profile. This effect
can be observed from the practical power measurements of the smart load unit in Fig. 18. After the electric spring is activated, the
load demand of the noncritical load is shed and the reactive power is generated to follow the unstable mains voltage whilst the
demand of critical loads remains essentially the same. This result demonstrates the effectiveness of the electric spring in both
voltage regulation and shaping the load demand to follow the

wind power. These measurements confirm the scientific theory and the effectiveness of the electric spring in regulating the mains
voltage of an unstable power system and in balancing the wind power and the load power dynamically.

V. CONCLUSION

The Hooke’s law on mechanical springs has been developed into an electric spring concept with new scientific applications

for modern society. The scientific principles, operating modes

and limits of the electric spring are explained. An electric spring has been practically tested for both voltage support and
suppression, and for shaping load demand (of about 2.5 kW) to follow the fluctuating wind power profile in a 10 k\VA power system
fed by an ac power source and a wind power simulator. The electric springs can be incorporated into many existing noncritical
electric loads such as water heaters and road lighting systems [26] to form a new generation of smart loads that are adaptive to the
power grid. If many noncritical loads are equipped with such electric springs and distributed over the power grid, these electric
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springs will provide a highly reliable and effective solution for distributed energy storage, voltage regulation and damping functions
for future power systems. Such stability measures are also independent

of information and communication technology (ICT).

This discovery based on the three-century-old Hooke’s law offers a practical solution to the new control paradigm that the load
demand should follow the power generation in future power grid with substantial renewable energy sources. Unlike traditional
reactive power compensation methods, electric springs offer both reactive power compensation and real power variation in the
noncritical loads. With many countries determined to de-carbonize electric power generation for reducing global warming by
increasing renewable energy up to 20% of the total electrical power output by 2020 [22]-[25], electric spring is a novel concept that
enables human society to use renewable energy as nature provides. The Hooke’s law developed in the 17th century has laid down
the foundation for stability control of renewable power systems in the 21st century.
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