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Abstract: Energy storage and demand response are becoming an increasingly valuable solution for the
enhancement of stability and reliability of the electricity grid with high penetration of distributed energy sources
such as wind and solar. This paper proposes an intelligent energy management scheme to allow different
distributed generation sources and energy storage technologies to actively participate in demand response via the
deployed smart meter infrastructure. A Distributed Superconducting Magnetic Energy Storage (D-SMES) device
is integrated into the network to deliver instantaneous and large bursts of power to support the grid under short-
term disturbances. The proposed demand response-based energy management algorithm receives, via the smart
meter infrastructure, the information from the electricity network such as the energy cost, upper load adjustment
limit, and the State-of-Charge (SOC) of the storage system then, under very specific conditions, a decision is
formulated as a control signal for charging or discharging the storage system, aiming at minimizing the total energy
while avoiding any load shedding. The effectiveness of the proposed demand response approach for controlling
generation, storage and demand coordination and energy cost reduction is demonstrated on a sample power system

simulated in MATLAB/SimPowerSystems toolbox and evaluated under different case study scenarios.
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1. INTRODUCTION

Utility grids around the globe are experiencing a transition towards more reliable, sustainable and resilient
electricity systems. A key-enabler technology for this digital utility transformation is a two-way communication
infrastructure across the power network [1]. Many countries have already started a large-scale deployment of smart
electricity meters which offer a range of intelligent functionalities. These technologies can effectively integrate
the actions of different end-users (consumers and prosumers) in order to maintain an efficient, sustainable,
economically viable and secure electricity supply [2].

The growing demand for electricity worldwide, the environmental pressures, and the large-scale penetration
of intermittent renewable energy sources are compromising the operation of the electricity grid and creating new
technical and economic challenges for network operators [1,3]. Member States of the European Union have set
themselves ambitious targets on energy efficiency, development of renewable and alternative energy resources
and reduction of CO2 emissions [2,4].

To address these energy-climate challenges, new innovative technologies and solutions are being
developed. In this context, energy storage is set to play a key role in future electricity networks [5,6]. Grid-scale
electricity storage can offer a number of valuable ancillary services to the network and provide multiple benefits
such as grid support, balancing of variable generation from intermittent renewable energy sources and has the
ability to provide centralized or decentralized responses to the changing energy requirements Electricity storage

[7,8] has also economic advantages over the long term for both the power industry and consumers [9,10].



In Demand Response (DR) programs, consumers are offered opportunities to monitor and manage
their energy usage. DR programs encourage end-users to use green energy and adopt efficient measures
to save energy, reduce their energy bills and generate revenue by exporting their excess of generation to
the grid [8,11]. These new technologies must enable them to effectively integrate the actions of different
users, consumers, producers and prosumers, in order to maintain an efficient, sustainable, economic
and secure electricity supply [12,13,14,15].

Smart Meters (SM) allow a two-way communication between the consumer and the energy supplier and are a
vital step towards the transition to smart grids Smart Grid (SG) [16,17,18]. A Smart Meter is an advanced digital
energy meter (usually electric) which can monitor, in near-real time, consumer energy usage. It has also other
built-in intelligent functions for communicating and transmitting the information collected by different channels
(power line, Internet, telephone) [18, 19].

In the same context, enabling technologies for the successful shift towards the future SG are being developed.
Among these, energy storage is considered as a key enabling technology and is gaining momentum these recent
years [5,20]. The deployment of energy storage provides multiple benefits including frequency regulation, voltage
support and other important services to the network such as the unlocking of large-scale deployment of low-carbon
energy, as well as the replacement of thermal power stations, the ability to provide centralized or decentralized
responses for local or global constraints independence from fossil fuels, economic advantage over the long term,
as an increase in the prices of these resources and that of CO; is foreseeable [6,21,22].

The Superconducting Magnetic Energy Storage (SMES) is a very efficient energy storage device which stores
energy in the magnetic field of a superconducting coil and is connected to a grid by means of a power electronics
interface. The stored energy can be discharged into the grid when necessary [9,22]. Compared to the other energy
storage systems (ESS), SMES devices have faster response time and higher efficiency [2,21,23]. In addition, the
number of charging and discharging cycles is virtually unlimited [24]. These advantages make the SMES a
potential solution for addressing the challenges the future power grids.

Distributed SMES (D-SMES) is now a quickly emerging and promising application of the proven SMES
technology to support grid management and enhance power system level stability and reliability.

In this paper, an energy management methodology is proposed to coordinate the power flows among the
loads, the DSMES unit and the Smart Meter device. The main objectives of the proposed energy management

strategy are to enhance power quality and reliability of the electricity grid safety while optimizing energy usage

and cost.

2. CONFIGURATION AND CONTROL OF THE D-SMES UNIT

The type of SMES used in the simulation, is a distribution SMES (D-SMES) of 100 kJ, 50kW, proposed and
validated by Yunnan Electric Power Grid in China [25]. The D-SMES unit connected to the grid consists of a
superconducting coil, one set of 6-pulse bridge converter, a two-winding transformer, a 6-pulse generator, a

controller, filters and refrigeration system [26]. Figure 1 shows a diagram of the D-SMES main components.
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Figure 1 Configuration of DSMES unit

The D-SMES unit can exchange power with the grid by adjusting the delay angle a of the 6-pulse generator.
Bidirectional exchange of power controlled directly by a signal delivered from the smart meter to gives the states
of charge or discharge of D-SMES unit.

With reference to Figure 1, the rectified voltage V,, across the superconducting coil is given by the following
relationship [24]:

Vim = Eao — Xclgn (1)
Where X, is the switching reactance of the thyristors, I, is the current flowing through the superconducting coil

and , Ey, is the no-load rectified voltage which is given by:

3V3

Eqo = o Vinax cosa (2)

Where V., is the amplitude of the three-phase supply voltage of the bridge and « the firing angle of the thyristors,
we will then have for a star coupling of the transformer secondary:

Neglecting the voltage drops due to the switching reactance, the active power exchange with the network is written

as:
Pem = Vsmlsm = Eqolsm 3)
In the case of star coupling, the active power is then written in the form:
P, = E I, cosa “4)
with £, =22 v

- T
The energy exchange between the coil and the network P, is controlled by the variation of the firing angle a.
The active power modulation of the SMES unit Py, is:

Bomes = Psm + Psmo (5)

Where P, is the initial energy in coil.

And also

Psm = Fcharg * charg + Pdischarge * Sdischarg (6)
with

Pischarg < Psm < Peharg 7
And



Scharge + Sdischarge <1 (8)
Where Ppqrge is the active power charged to the D-SMES,  Pyjscnarge 1S the active power discharged from
the D-SMES, Scnarges Saischarg  are the control decision to charge or discharge for the SMES respectively. All

these values are calculated by the Energy Management System (EMS) and transmitted to the control unit of D-
SMES.

3. DESCRIPTON OF THE POWER SYSTEM MODEL

The power system model considered in this simulation study is depicted in Figure 2.
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Figure 2 Power system simulation model in MATLAB/Simulink.

The power system sample consists of three areas:

1) Area 1 represents an infinite bus consisting of a swing generator. This area is connected to the distribution
zone via a 11 kV/ 6 kV transformer, where the maximum power generated is limited to g, = 11.68
kW/min.

2) Area 2 consists of three loads: An industrial load (Load,) connected at the extremity of line L1 and two
loads (Load, Loady;).

3) Area 3 is a distribution area consisting of four transmission lines (L2, L3, L4, L5), a PV farm, a D-SMES
unit, a Microgrid and two constant loads (Load,, Loads). In the case of emergency, Load; can be shed
with a signal Sgpeqaing from the Smart Meter. This area is connected to the distribution area with

distribution transformer (6 kV/380 V).

4. ENERGY MANAGEMENT SYSTEM

Smart meters play a key role in the modernization of the power grid. They create new opportunities for a better
management, optimization and control of the power grid at all levels [27]. They allow two-way communication
between consumers and energy providers enabling a real-time monitoring of energy usage and more efficient
control of power flow and grid assets. With real time bidirectional information transfer, grid operators can easily
and optimally manage the electrical power network, and intervene quickly in the event of faults, to ensure better

quality of service and enhanced security of the grid [5,28,29].



In this study, the smart meter infrastructure is simulated as shown in Figure 3. The smart meters models
developed in MATLAB/Simulink have several functionalities such as enable/disable options, calculate power
flow, calculate power consumption and cost, switching on and off controllable devices, receive and transfer
information, etc.

The EMS receives the energy cost, storage level, energy consumption and the consumption time as state
variables, then calculate the optimal power flow, optimal cost and intelligent strategy of energy safety and fault
tolerance margins for system [3,7,30,31].

To simplify the study, we focused only on the active power flow, and we defined all power values in kW/min
for eliminate the problem of time delay related to the operation of electronic and transmission systems. Also we
estimate the power lost in the grid to Py,g; = 0.68 kW /min. The smart meter block simulation is shown in Figure

3.
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Figure 3 Smart Meter simulation block in MATLAB/Simulink.

The smart meter receives information about power generation (F;), power of all the connected loads (Pyoqq),
power generation from PV (B,,), State-Of-Charge (SOC) of the D-SMES and the Real-Time Price (RTP) of energy
(Sprice) » and calculate the new optimal state of system. The objective is to calculate the Optimal Power Flow
(OPF), for a next time period, so that all demands (P,;) are satisfied at the minimum cost (Cy¢ (t)), while satisfying
different technical constraints of the network and generators. The standard OPF problem can be defined in the
following form:

{min{ci(x)}
)

Subjectto: h(x) =0 and g(x) <0
Where C;(x) is the objective function, h(x) represents the equality constraints, g (x) represents the inequality
constraints and x is the vector of the control variables.
The objective function can be expressed in our case, as minimizing the cost of consumption of the real power

Cuc (P), while avoiding as much as possible, the shedding of loads which can written as:

T

min {Cys} = min {f CMG(t)}
0

Subject to : Sspeading = 0

forteT (10)

With:



T T
Cuc = f Cu () = f Py (6) * Sprice(t)
0 0

And ateacht € T:
PdMG =PMG+va+Psm
And:

Pye = Pen * Smoauiation

Where:
Pdy¢: the demand power of microgrid from grid.
Py the demand power of microgrid after modulation.
P.p,: the real charge profile demand power of microgrid.
Smodulation: the modulation signal value.

Notice that:

{ Smodutatio =1 if modulation enabled
Suoautation = 1 if modulation disabled

Finally,

an

(12)

(13)

(14)

T
CMG = J- (Pch(t) * SModulation(t) + va(t) + Psm(t)) * price (t) forteT (15)
0

The second equality constraint condition for Sgpeqqing can be verified by the resolution of the standard OPF

problem, described mathematically as an objective with two constraints as:

{Z Py, =ZPd,- HPoss e

PgM™" < Pg; < Pg"™*
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In our case the OPF given by:
Pg:zpdi+Ploss ieN
Pg < Pgm®*
With ateacht € T:
Pd = Piygq1 + Prc +Ppic + Pdyg + Pioaaz + Piaoas

From equations (12) and (13):
Pd = Ploadl + Pcc + Ppic + Pch * SModulation + va + Psm + Ploadz + Plaod3
With:

Progas = {Pload3 iszhedding =0
oa 0 otherwise

And the shedding signal given by:

Smeaaing = {° if Pg < Pg™*
shedding = 1 otherwise

5. SIMULATION RESULTS AND DICUSSIONS

(16)

17)

(18)

(19)

20)
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In this study, three situations are simulated and compared, to demonstrate the benefits of using the D-SMES

with intelligent control in improving the power quality, optimization of consumption and cost in a Microgrid (MG).



- Scenario 1: Simulation of the MG without using intelligent control and optimization by maintaining the
Smart meter, when the exchange of power from the MG to the Grid is not allowed and the option of
disabling load modulation.

- Scenario 2: Simulation of the MG with using intelligent control and optimization with SM, when the
exchange of power from the MG to the Grid is allowed, but the option of loads modulation is also disabled.

- Scenario 3: Simulation of the MG with using intelligent control and optimization with SM, and the option
of loads modulation is enabled.

In these simulations, we proposed the profiles of power demand in MG, the PV power output and the electrical

price consumption in the following figures 4 and 5.
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Figure 4 Demand power in MG and PV Output. Figure 5 Electrical Price Consumption.

In all cases, we have compared the decision of charge/discharge, the power exchange, the rate of charge of the
D-SMES unit and the decision of load shedding. The following figures represent the simulations results for each
case:

5.1 Simulation results for Scenario 1 (without intelligent control)

In this case, the electricity price and time of consumption are not considered and there isn’t any strategy for
power flow optimization and consumption. The MG consumes all power demand from the D-SMES unit initially
and then starts importing from the grid when the D-SMES unit totally discharged. Also, the D-SMES unit is
charged only from the PV panel, and discharges only to the MG, without intervening in overload time in grid.

—Discharge To MG
~—Charge From P !
Charge From Py Panel --Discharge To Grid.

- = Charge From Grid.

Charge
Discharge

=3
3

00 2 4 :Ja 0 o2 ou 1‘6 8 2 2 A 0 2 4 6 8 0 12 U 16
Time (hour) Time (hour)
Figure 6 Decision to Charge DSMES Unit. Figure 7 Decision to Discharge DSMES Unit.
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Figure 8 Active Power exchange of DSMES Unit. Figure 9 Stat of Charge for DSMES Unit.

With reference to Figures 6, 7, 8 and 9 it can be observed that:

From 13:00 to 13:05: the D-SMES unit discharges power for respond to overload in PV production when
Py > Ppy.

From 14:00 to 14:02: despite that the grid need power and there is excess in PV production, where the D-
SMES SOC is 30.7%, for that the SM give decision to charge the excess of the PV power production to
the D-SMES unit, without intervening in the grid level.

From 21:00 to 21:30 the power demand in grid higher than the maximum power generate, the D-SMES
SOC is 17.3% and discharge power only to the MG without intervening in the grid level.

The DSMES unit is charged to a maximum of 45.5 % at 15:00, and totally discharged at 22:02. After that,
the MG consumes the required power directly from the grid with higher price. Figure 10 give the decision

of shedding load for 24 hour of simulation:

After simulation, there are two signal of load shedding when the power demand of grid is higher than the maximum
power generation in overload time.
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Figure 10 Decision of load shedding.

5.2 Simulation results for Scenario 2 (without intelligent control and without load modulation)

In this case, by means of the bidirectional flow of power and information between the SM and the grid, the D-

SMES unit can be charged from the PV farm and also from the grid when the price is low and can support the grid

during overload. All controls decision of SM are generated by solving an optimization problem and making use of

historical profiles of power demand across two periods of the day 00:00 — 18:00 and 18:00 — 00:00.

From 00:00 to 18:00, when the PV power is available and there is no significant overload in power
consumption. During this time the SM tries to charge the D-SMES up to SOC,..; = 70% and not below
SO0Cyin = 30%, for responsive to the overload time in the second interval of consumption. Preferred to
consume from the grid with intermediate cost upper to the cost,.; = 20 MU, to consume from the

SOCyy;y, for security reasons and economics reasons.



e  From 18:00 to 00:00, time of overload consumption, no PV production exist and the consumption price
is higher, the only way to respond to the demand power consumption it’s to use all the SOC of D-SMES unit.
When the SOC is totally consumed, the MG consume from the grid with the overload price.
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Figure 11 Decision to Charge DSMES Unit. Figure 12 Decision to Discharge DSMES Unit.
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Figure 13 SOC of the D-SMES Unit. Figure 14 Decision of load shedding.
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Figure 15 (a) Active power exchange of the D-SMES Unit (b) Zoom

Based on figures 11 to 15b, notice that:

. From 00:00 to 02:00: DSMES SOC under the security value (30%), for that the MG needs the power
from the grid to ensure the demand power and the SM make DSMES unit in standby mode because the price of
energy is higher than the price-ref.

. From 02:00 to 02:10: at 02:00 the market price value of energy and the SOC of DSMES unit are under
the value ref given to the SM. This last one (SM) give decision to charge the DSMES unit to the security value

30% in the morning time.

) From 2:10 to 9:00: all demand power consumed from the grid, for security reasons, the MG can’t use the
SOC of DSMES.
. From 09:00 to 11:00: there is an excess of PV production, the SM give signal to DSMES unit to make it

in charge mode to store this excess of power. It’s the logical decision in local level as the first case of simulation

without intelligent control. But in this case, because the market price under the value ref, the SM and for economic

9



reasons, preferred to sell energy from the grid for the using in pic time at night, so it give a signal of charge to the
DSMES unit.

. At 9:20: to reach the max value of SOC, the SM continues to charge just from the PV production.

. From 11:00 to 12:00: the demand power of MG exceeds the PV production and the energy price is higher
than the benchmark, also the SOC is higher to the value security. The SM preferred in this case to consume from
the DSMES unit.

. From 12:00 to 15:00: in this time there is an excess of PV production, so the logical decision it’s to charge
the excess power in the DSMES unit. But in this time there are two overload periods, from 13:00 to 13:05 when
there is overload in MG, the SM gives signal to the DSMES unit for intervening and discharge the power to the
MG. The second overload time from 14:00 to 14:02, when the overload in the grid it means that the demand power
in grid upper to the maximum power generation, so the SM has the information about the SOC of DSMES unit
(SOC=99%), it gives a decision signal to the DSMES unit to intervening in the grid level and discharge power to
the grid. The SOC of DSMES decreased to 50% at 14:02. After the overload time, the DSMES continues to charge
the excess PV production only because the market price is upper to price ref. to get finally SOC= 64.3%.

. From 18:00 to 00:00: it’s the second interval of consumption, when the PV production does not existe,
and the SM try to use just power stored in the DSMES unit because the market price is upper to the price ref. The
DSMES unit can totally discharged in this time.

. At 18:00: the SM gives decision to DSMES unit to started discharge power to the MG until the time of
overload in grid from 21:00 to 21:30, the grid can’t respond to the demand power, and as the value of stored energy
in DSMES unit is 36.3%, the SM gives decision to discharge from the MG and also intervening in grid to ensure
the demand power without use shedding load as solution for preserve the system stability.

. At 21:26: the stored power in DSMES unit is totally consumed and the power demand in grid also upper
to the maximum power generation, so for keep the balancing power, the SM gives decision to shedding load by
eliminate Load3. When the overload finished at 21:30, load3 connected after 04 min of shedding.

. After 21:30: the stored power in DSMES unit equal to 0%. The MG consume the power demand from the

grid with high price.

5.2 Simulation results for Scenario 3 (with intelligent control and load modulation)
This case is the same case as the second one, the only deference is the optimization in consumption in time of
upper price in market, in faults or overloads times in grid. Figure 16 and figure 17 represented the modulation

signal and the demand load profile of MG after modulation.
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Figure 16 Signal of load modulation in MG. Figure 17 Load demand profile in MG.
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The modulation load is affected in the nighttime from 00:00, when the use of some devices it’s not allowed
and the demand power in MG upper to PV production. The SM preferred to optimize the power demand from the
grid. Also, the option of load modulation enabled in the case of fault or overload in grid when demand power upper
to maximum power generation. The SM chooses to decrease the demand power as first solution.

The results of simulation for case 3 in the following figures 18 to 20 b:
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Figure 20 (a) Active Power exchange of DSMES Unit. (b) Zoom.

Based on the obtained results in this case, we can see that all decision of SM is the same as in case 02, the
only deference that the system with optimization in consumption can respond to the fault in PV production from
13:00 to 13:05 when there isn’t discharge from DSMES unit to MG as the second case. And also the system can
respond to the overload time from 21:00 to 21:30, when the DSMES unit discharge to the MG and also intervening
to the grid without shedding load (figs 21 and 22).
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Figure 21 SOC of the D-SMES Unit. Figure 22 Decision of load shedding.

Table 1 summarizes the duration of load shedding for Load 3 in all scenarios.
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Table 1 Duration of load shedding.

Fault and overload Scenario 1 Scenario 2 Scenario 3
Fault in the PV farm: 13:00 to 13:05 0 min 0 min 0 min
Overload in the Grid: 14:00 to 14:02 2 min 0 min 0 min
Overload in the Grid: 21:00 to 21:30 30 min 4 min 0 min

This result showed the effectiveness of proposed algorithm maintaining by the smart meter. For the same

system and the same scenario, case 03 can preserve the power quality in system without any load shedding

decision.

6  Power consumption and cost results

In this section, we compare the evolution of power consumption and its cost for all case, figures 23 to 28

presenting the results of simulations:
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The results improve the high performance of integration DSMES unit in smart Grid, where the intelligent
management of stored power can optimize the power consumption and also economized the cost of consumption.

The following Table 02 compared the total power and cost consumption for all cases:

Table 2 Comparison of total power consumption and cost for Scenario 1, 2 and 3.

Total consumption Scenario 1 Scenario 2 Scenario 3
Power (kW) 30 30.02 11.53
Cost (MU) +1903 -1784 -2838

Greased to the exchange of power with deferent price, the MG intervening to the grid in overload time when
price of power is very expensive and charge power in lower price. For that, a very important economical advance
for the same power consumption between case 01 and case 02, the consumer paid an amount of 1903 MU for case
01, however he gains an amount of 1784 MU for case 02.

For case 03, there are less power consumption and more economic benefit, because the consumer uses the
load modulation and translate the consumption of same device to time of lower price. He gains an amount of 2838
MU.

1. Conclusion

This paper proved, through a three cases study, the usefulness of DSMES unit in smart distribution grid, where
two main advances are showed:

Firstly, the results in the Table 01, provide the advance of using intelligent control and optimization of
consumption for increased the power quality and the level of security in electrical system. It’s the key of the new
revolution for smart grid application.

Secondly, the exchange of information in multilevel in smart grid, allow to the Smart meter to use information
for get the best technical and economical solution for all consumers with high quality and low cost. Greased to the
intelligent algorithm using for ensure the best using of all devices connected to Smart meter. The results for level
of stored power in DSMES unit improve the benefit of best use of this device as showing in Table 02 for

economical advance.

Appendix

Studied System Parameters:

Simulation Parameters:

e Time simulation: T=01day (24h), (24*60), Simulation Step (1 min).
e Solver: Ode23tb, Variable step.

Area 01 :

e  Generator: Vrms = 11 kV, f= 60Hz.
e  Transformer: Yg, 11kV/6kV, 200 kVA.

Area 02 :

e Line1: 3km, 60 Hz, [ 110 ]: [0.104 0.357], [ 1110 ]: [1.048¢-3 3.483¢-3], [clc0]: [ 11.212¢-09 4.8118¢-09].

e Load CC: Constant Z: Pec= 25 kW, from 14:00 to 14:02
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e Loadpic: Constant Z : Ppic= 1 kW, from 21:00 to 21:30.
e Load 1 (Industrial Load): Constant Z : Pioadi= 10kW.
e  Transformer:Yg, 6kV /380V, 20 kVA..

Area 03 :

e Line2:3km
e Line3:0.2km
e Line4:0.2km
e Line5:0.2km
60 Hz, [r1r0]: [0.104 0.357], [ 1110 ]: [1.048e-3 3.483e-3],[ cl cO]: [ 11.212e-09 4.8118e-09]

e MG : 50 Houses, PF 0.95.

e DSMES :100 kJ /50 kW

e Load 2: Constant Z : Pia2= 0.4 kW
e Load 3: Constant Z : Pioas= 0.25 kW
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