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Abstract— 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 
powered 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 paper 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. Importantly, battery 
storage is not necessary in the proposed design 
because the ES-associated smart-load power 
follows an appropriate consumption profile to 
compensate potential prediction errors of the PV 
power generation. Matlab/simulink simulations are 
presented in order to show the outstanding 
performance of the proposed design approach.

I. INTRODUCTION

Solar energy is clean and is abundantly 
available. Solar technologies use the sun to provide 
heat, light, electricity, etc for domestic and 
industrial applications. With the alarming rate of 
depletion of the major conventional energy 
resources such as Coal, Petroleum and Natural gas, 
coupled with the environmental degradation caused 
by the process of harnessing these energy sources, 
it has become an urgent necessity to invest in 
renewable energy resources that would power the 

future sufficiently without degrading the 
environment through green house gas emission. 
The energy potential of the sun is immense, but 
despite this unlimited solar energy resource, 
harvesting it is a challenge mainly because of the 
limited efficiency of the array cells. The best 
conversion efficiency of most commercially 
available solar cells is in the range 10- 20s%. 
Although recent breakthrough in the technology of 
solar cells shows significant improvement but the 
fact that the maximum solar cell efficiency still 
falls in the less than 20s% range shows there are 
enormous room for improvement. The goal of this 
thesis is to identify these rooms and ways to 
improving them. One of such room is array 
mounting and tracking mechanism that moves or 
positions solar array to absorbing extended solar 
irradiance for maximum power output. Another 
such room is researching different types of solar 
cells from past to present and the future trend and 
identifies the sources of losses and how to mitigate 
them. Lastly, some critical components that are 
necessary for efficient operation of solar power 
inverter system are investigated.

The high penetration of distributed PV 
power generation systems in LV-DNs inevitably 
challenges current ways where the traditional 
distribution grid is planned and operated. The 
traditional infrastructure of the power distribution 
networks is designed to accept only unidirectional 
power flow from the substation to the households. 
However, with the distributed PV power 
generations adopted in LV-DNs, there is a potential 
reversal of power flow from households to a 
substation due to the excessive PV power that may 
be generated in sunny daytime. Substantial reverse-
power flows could cause the problems of over-
voltage and grid voltage fluctuations. Such 
problems may result in incorrect operation of 
protective devices, damage of grid-tied equipment, 
reduction in system reliability and utility frequency 
stability, and even power blackouts. In summary, 
excessive voltage rise and the supply-demand 
power imbalance are two emerging problems in 
increasing deployment of distributed PV systems to 
the power distribution networks. Various solutions 
have been suggested to overcome the over-voltage 
or power imbalance problems. These solutions can 
be categorized into (i) the traditional tap-changing 
approaches, (ii) the reactive power compensation, 
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(iii) the PV power generation curtailment, (iv) the 
adoption of battery energy storage systems (BESS), 
and (v) the demand-side management.

This paper provides a DSM application 
based on electric springs (ES) to enhance the 
supply-demand power balance in a power 
distribution network. The original use of ES mainly 
focuses on grid voltage and frequency stabilization. 
In the subsequent research works, the use of ES, 
via different circuit structures, has been extended to 
achieve more sophisticated functionalities. There 
are three primary types of ES proposed, namely the 
original ES (ES-1), the ES with battery (ES-2), and 
the back-to-back ES (ES-B2B). Connected to a 
non-critical (NC) load in series, ES-1 can provide 
reactive power compensation directly and 
manipulate the active power consumption of the 
NC load indirectly. ES-2, which is built upon ES-1 
but comprises battery storage, is able to provide 
bidirectional active power flow and thereby greatly 
broadens the operating range of ES. ES-B2B 
concurrently adopts a shunt (coupling with the 
grid) and a series ES (connecting the grid and the 
NC load). In such a way, the ESB2B not only saves 
the cost of battery storage in ES-2, but also further 
expands the operating range of ES. The new 
proposal in this paper integrates a distributed PV 
power system into an ES and its associated NC 
load to form a combined PV-ES system. Same as 
the original ES, the proposed PV-ES system still 
performs the DSM by essentially adjusting the 
voltage of the NC load. But different from all of the 
mentioned ES systems, this PV-ES system forms a 
new configuration in which the PV power is 
maximally harvested and the active power 
consumption of the system is precisely controlled 
by a new power flow control method. The PV-ES 
system can be used for compensating the integrated 
PV power with intermittency and balancing supply-
demand power at the same time.

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.

Fig. 4.1. The simple power grid with a 
conventional PV system installed. (The zigzag 
arrows indicate the uncertain power generations 
while the normal arrow indicates a stable power 
consumption.)

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 
based on the forecasting, such errors cause the 
power imbalance between the supply and demand 
sides.

Fig. 2. 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 
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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. 

The complex power consumed by the ES, 
the NC load, the critical load, and the ES-
associated smart load are respectively denoted as 
Ses = Pes + jQes, Snc = Pnc + jQnc, Scl = Pcl + 
jQcl, and Ssl = Psl + jQsl (all symbols stand for 
magnitudes). For the ease of explanation in the 
subsequent analysis, the critical load is also chosen 
to be purely resistive (Qnc = Qcl = 0). There are 
two main objectives of using such PV-ES 
configuration. First, the ES should regulate the 
demand-side active power to be a desired value (a 
value determined by the upper level to maintain a 
constant power consumption for power balance, or 
to adjust the power consumption to participate in 
voltage/frequency regulation, etc.) irrespective of 
the fluctuation of the PV power generation. 
Second, the PV system and the ES should 
collaborate properly in such a way that the system 
can transfer the intermittent PV power to the grid 
without the need of battery storage. To handle the 
desired PV power delivery and to adaptively 
regulate the power consumption of the smart load 
simultaneously, two power references, (i) the ES 
active power reference (Pes_Ref) and (ii) the ES-
associated smart-load active power reference 
(Psl_Ref) are required in the proposed control 
strategy. 

Based on the assumption that the power 
loss of the power converters is ignored in the 
analysis, and the fact that the PV converter is 
linked to the ES converter as shown in Fig. 2, the 
amount of the harvested PV power (Ppv) should be 
equal to that of the ES active power delivered to 
the power grid (−Pes)1. In the proposed control 
scheme, the power consumption of the ES-
associated smart load should be adjustable 
irrespective of the PV power fluctuation. The 
operation point of ES with a given value of Psl can 
be derived based on the radial-chordal 
decomposition (RCD) method.

A. Power-Stage Design
The power-stage schematic of the 

proposed PV-ES system is shown in Fig. 3. The PV 
interfacing power converter is implemented by an 
active clamp flyback DC/DC converter, which is 
used for harvesting PV power with maximum 
power point tracking (MPPT) control and stepping 
up the PV panel voltage (Vpv) to be the DC bus 
voltage (Vbus). As shown in Fig. 3, the circuit 
components T1, Sa2, C1, and D1 form a 
conventional flyback DC/DC power converter. Ca 
and Sa1 is added to the converter as an active 

clamp circuit. In addition, D2 and C2 are added to 
form a voltage multiplier circuit, which doubles the 
voltage conversion ratio. The input voltage (Vpv) 
and input current (Ipv) of this flyback converter are 
sensed to achieve MPPT.

Fig. 3. The power-stage schematic of the proposed 
PV-ES system.

The ES is realized by a conventional half-
bridge DC/AC power converter, which composes 
Cb1, Cb2, Sb1, and Sb2. The DC bus of the ES is 
connected to the output of the PV interfacing 
power converter while the AC port of the ES is 
connected between PCC and the NC load (Znc). 
Rb1 and Rb2 are added to the power stage of the 
ES (where Rb1 = Rb2) to avoid capacitor voltage 
imbalance on Cb1 and Cb2. Real-time voltages of 
Vbus, Ves, and Vg are sensed and used for the 
purpose of feedback control. The auxiliary DC 
power supply for the DSP, sensors, and driver ICs 
are obtained from the grid AC power, of which the 
details will not be discussed.

B. Controller Design
The controller design of the PV converter and the 
ES is discussed in this section. Both the controllers 
are implemented in a single PWM. The control 
block diagram of the PV-ES system is shown in 
Fig. 4.

Fig. 4. The control scheme of the PV-ES system.

For the PV converter, the input current 
(Ipv) is regulated by a PI controller. A PV current 
reference (Ipv_Ref) is obtained from the MPPT 
algorithm. As this paper focuses on the power 
management rather than the solar power harvesting 
method, simple PV current-voltage and power-
voltage characteristics are considered (in which 
there is only one maximum power point on the PV 
power curve), and a current-based incremental 
conductance algorithm is adopted in this paper for 
the MPPT control (whose details are omitted). The 
output signal of the PI controller is used to generate 
a pair of the 20-kHz complimentary PWM signals 
(PWMa1 and PWMa2) for driving the MOSFET 
Sa1 and Sa2, respectively. The control process of 
the ES voltage controller comprises three stages, 
which are the power reference update (Stage I), the 
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ES voltage reference calculation (Stage II), and the 
ES voltage regulation (Stage III).

In Stage I, the ES active power reference, 
Pes_Ref, is generated by a PI controller. This PI 
controller is used to stabilize the DC bus voltage by 
comparing the sensed Vbus with the constant DC 
bus reference (Vbus_Ref) when the PV converter is 
operating. Stabilizing Vbus requires co-operation of 
the PV converter and ES. The fluctuation of Vbus 
indicates the power imbalance between the 
harvested PV power and the real power ES 
delivered. For example, if Vbus is higher than 
Vbus_Ref, it indicates more PV power is harvested 
than that of ES delivered into the grid, and hence 
the magnitude of Pes_Ref increases in order to 
restore Vbus. Note that when the PV converter is 
disabled and no PV power is delivered to the 
output, the ES provides purely reactive power only 
to control Psl. In this case, the DC voltage is not 
regulated to Vbus_Ref but allowed to vary 
according to the change of Ves. In practice, a θo 
leading to less reactive power shift may be 
preferred, as it conducts less transfer of reactive 
power, and reduces the output voltage of ES. These 
benefit the DC bus voltage control in Stage I, since 
the fluctuation caused by reactive power and the 
voltage-level requirement on components can be 
reduced. Choosing such a feasible operation point 
depends on the NC load itself. For instance, if the 
NC load is capacitive (ϕnc < 0), then θo is the sum 
of the angular components as indicated. In the 
condition where Znc is purely resistive, both the 
choices result in the same level of reactive power 
shift. Therefore, θo can be alternatively chosen for 
qualitative compensation using either capacitive- or 
inductive-reactive power.

III. 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:5 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:6. 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:7. 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, regardless of future cost on 
the maintenance of batteries. In contrast, the 
proposed PV-ES system can save such a cost.
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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:8. 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 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 
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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.

IV. CONCLUSION

In this paper, a PV-ES system that is 
acting as a power balancer, is adopted in power 
distribution networks that have a high penetration 
of PV power generations, to assist in grid 
stabilization. The power flow analysis and 
implementation design in single-phase power 
system ensure that the proposed PV-ES can harvest 
the fluctuating MPPT PV power without involving 
battery storage, and adaptively control the active 
power consumption of the ES-associated smart 
load simultaneously. A comparison of the proposed 
PV-ES solution with the conventional BESS 
solution and those based on previous types of ES, 
validates that the former is a relatively better 
solution with a lower installation cost. As indicated 
by the simulation and experimental results, the 
issue of a power imbalance that may be resulting 
from a PV power prediction error, can be 
alleviated. It has also been illustrated that 
satisfactory dynamic behavior of the system via 
demand-side management based on the ES-
associated smart load can be achieved.
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