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The Studies of Real-Time Simulation of 2 Micro-Grid with Energy Storage System
and Its Optimal Energy Management System

Yu-Chi Wu
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Pei~Wei Huang

Dept. of Electrical Engineering, National United University
Miao-Li, Taiwan, R.O.C.

Abstract

Several energy management strategies integrated info a
micro-grid system with batiery energy storage system (BESS) are
proposed in this paper to decrcase the impact from intermittent
renewable energy sources (RES} (wind power and PV) and io
increase the overall system economic benefit using a real-time
digital simulater. The mathematical models of RES are first
addressed, and then fanetions of energy management te microgrid
systems are discussed. The proposed energy management
atrategies Tor the microgrid system with RESS considers not only
the time of use rates but also several other operaiional constraints
related to BESS, and they are tested to provide optimal hourly
battery state-of-charge (SOC) through a real-time digital
simulator, elevaring the economic benefit and subsiding the
impact from intermirtent RES.

Keyword: Microgrid, Energy Management, Time of Use Rates,
Real-time Simulation.

1. Iniroduction

The emission of CO, is the key factor causing global
warming. In rtecent years, as the envirommental
considerations rise and the crisis of resource exhaustion is
recognized in the world, the application of energy sources
has already become a popular subject, and the development
of new energy sources and energy saving have already
become nonnegligible. However, as people's envirenmental
considerations rise, the cost in building large-scale
centralized power plants and transmission and distribution
lines increases continuously, and the construction is
mcreasingly difficult, so that the power companies have to
look for other solutions. In order to increase the service
efficiency of electric energy, the loss of electric energy in
the transmission process shall be reduced [1], and the
transmission loss can be redoced effectively by sefimg
distributed power generation nearby the load center [2].
Therefore, the distributed power generation microgrid
develops, the present power system network is complexer
than ever, and its running operation is more difficult.

In order to reduce the CO, emission, mosi of
distributed power sources use green energy, but the output
characteristic of green energy may be influenced by
climatic factor, resulting in intermittent powsr generation
that causes puzzles in control and protection coerdination
[3]. Take wind turbine as an example, the variance in the
wind field, such as wind direction and wind speed, makes
the oulpui power of lhe wind turbine instable. This
characteristic infiuences the power quality, especially when
the penetration rate of wind turbine power generation
increases [4-6]. In order lo guarantee the safety, economy

and high efficiency of the operation of power system, there
shall be an energy storage system Lo smooth the power
fluctation of green energy output under weather effect,
and to keep the dynamic balance between power gensration
and load to stabilize the voltage and frequency. When the
battery capacity of the equipped energy storage system is
large enough, the effect on smoothing the wind power
output fluctuation s better, but the investment cost
increases  accordingly, meaning  the  economical
requirement cannot be met in certain cases, Therefore, the
optimal control improving energy storage system
technology and economic performance becomes an
important topic of microgrid system. In order to analyze
these puzzles, there shall be a real-time simulator for power
system to analyze the stability ol new system and the
microgrid operation [7].

The real-time simulation technology for power system
is very important; however, the application of real-time
simnlation technology for power systern to microgrid and
energy mansgement system is  seldom  studied and
discussed, especially in Tatwan, Therefore, in order to
solve the influence of microgrid systern on  power
consumers and the problems in an-site testing, and to
popularize the green energy, this paper applies the
real-time simulation technology for power system to a
simulated microgrid system, simulates and analyzes the
steady-state characteristics and dynamic response by
constructing a microgrid model, and proposes encrgy
management strategics to improve the effect of infermittent
power generation of renewable energy on the power system,
so that the microgrid system can use energy more
effectively and the economic benefit of the system can be
increased.

This paper propeses using the inferaction between
asynchronous (UDP) architecture and the EMS program in
another compuier based on the digital real-time simulator
(RT-LAB) of Opal-RT Technologies (OPAL-RT) to
validate the feasibility of dynamic and static system
simulation architecture and to simulate the changes in real
dynamic and static responses of the system. The RT-LAB
is a real-time simulation system developed by Canada
OPAL-RT company, it provides real-time simulaticn of
PC-based platform high performance disiributed computing
and conirols the system software and hardware. The
RT-LAD has open architecture, it supports the models built
by Matlab/Simulink/SimPowersystems, the user can use
Simulink/SimPowerSystems as the system-level design and
the platform for simulation, however, the Simulink-based
simulation is not real-time, the operating system platform



of Microsoff is relatively difficult for real-time application,
so the QNX RTOS is used as the operating system for
implementing real-time application. QNX is a commercial
RTOS similar to Unix following POSIX specifications, its
target market is mainly embedded systems. This operating
system can be installed in PC with /O adapter card. The
user can use the Blockset provided by RT-LAB to perform
system design, development, and simulation in Simulink
visual modeling environment, and then uses the series
product Real-time Workshop (RTW) of Matlab to convert
the original model file of Simulink into ANSI-C program
code, and the program code is transmitted via network to
another (Target) computer with real-time kernel for
compilation, this real-time operation kernel is built on
QNX operating system. The compiled execution file will
be sent back to the Matlab-side computer, it can be
executed only by sending the execution file via the
software interface of RT-LAB main control to the QNX
operating platform again. In addition, the result of QNX
simulation can be sent back via network to Matlab-side
computer, observed by the scope function of Simulink, or
the parameters can be adjusted by using the module inside
Simulink.

The real-time simulation data can be transmitied in
UDP mode via the Ethernet of RT-LAB target-side
computer to another computer installed with EMS program
for interaction.

Section II of this paper will infroduce the microgrid
system architecture. Section III introduces the energy
management system for microgrid. Section IV introduces
the microgrid system simulation conditions. Section V
introduces the modified planming of microgrid energy
management system. Section VI introduces the simulation
results. Section VII discusses the conclusions.

11. Microgrid system architecture

As shown in Figure 1, the microgrid system consists
of energy storage component VRB battery, renewable
energy solar cell/wind turbine and energy management
system. The output voltage of solar power systern and wind
power generation system is increased to the same voltage
level DC BUS, this architecture can reduce the number of
converters, so as to increase the overall efficiency of the
system [8]. The constructed system model can be used to
analyze various dynamic responses and controls among
VRB battery, solar power generation and wind turbine, so
as to know the impact of using VRB battery to buffer the
intermittent power generation characteristic of solar power
generation or wind turbine on the system, as well as the
economic benefit of the energy management system to the
microgrid operation.

Microgrid system simulation:

The microgrid system model is built by using
SimPowerSystems of Matlab, Figure 2 shows the microgrid
system module structure, the microgrid system is separated
into one SM_Subsystem and three SS_Subsysiems, the
calculations are integrated for different kernels to shorten
the computing time for real-time synchronization, and the
SC_Subsystem is in charge of monitoring the microgrid
system module.
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Figure 2 Microgrid system module

III. Energy management system of microgrid:
mathematical model of economic dispatch

The power dispatching of microgrid system shall not
only determines the optimal power generation scheduling
of various decentralized power supplies, but also
coordinates the optimal energy storage and energy releasc
strategies of accumnulator and the optimal time for power
grid electricity buying and selling, the minimization of the
operating cost of overall microgrid system depends on the
cost or profit of buying electricity from or selling
electricity to the electric supply, meeting the microgrid
load requirement at the minimum cost.

The energy management system proposed in this
paper is applicable to any microgrid architecture. The
energy management system aims to minimize the cost of
electric energy of overall system by dispatching the VRB
battery SOC. Figure 3 is the schematic diagram of
microgrid system power flow. PF is the renewable energy
power (sum of solar energy power and wind power
generation power), PB is the VRB battery output power
(positive or negative), and PG is the power flowing to the



electric supply.

PG
—Q)

PL

PF
—

PV

Wind
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Figure 3 Microgrid system line diagram

The energy management system shall maintain the
required load in microgrid and the batlery SOC between
the upper and lower limits to avoid overcharge or
overdischarge to prolong the baftery [lifetime. Using the
energy management system to dispatch VRB battery SOC
can reduce the cost of microgrid system, so that the system
meets the economic benefit better, The economie dispatch
of microgrid is expressed by the mathematical model of
24-hour planning as follows.

MinF = T3, (PG)f; e8]
s

S0C = E;f:._(rs,-)nmifpsm+

506 . W= 12..,24(2)

PRy, + PG+ PB, =Pl VE=12....24 3)
SOCHR < SOC, = SOCP= wk=1,2...24 )
PEINT & PG, & POTAX =1,2,..,24 (5)

Where PGy is the power delivered from the microgrid
system to the electric supply side i time interval i, £ is
the fime of use rates function (please refer to three-phase
time of use rates imtroduced by Taiwan Power Company
[91), SOC, is the SOC value of VRB battery in time
interval }, PB; is the culpul power of VRB batiery in lime
mierval j, Tk is the efficiency of VRE batiery i tune
miterval j, PFp is the total power of renewable cnergy
power generation in time interval k, PLy is the capacity in
time interval k, SOCI™ and SOCE®™ are the lower and
apper limits of SOC of VRE batiery respectively in time
interval k, PGP and PG arc the lower and upper
limits of the power delivered from the microgrid system to
the electric supply side in time interval k. According to the
above mathematical equation of microgrid, the optimal
power dispatching of microgrid system can be obtained by
linear programming,.

Figure 4 is the schematic diagram of interconnection
between RT-LAB and EMS PC. The communication
bridge is built through network Hub, the Host and Target of

RT-LAB are connected by Ethernet for data transmission,
the RT-LAB Target is connected to EMS PC through
Ethernet UDP communication protocol to iransmit the
cxceution data of both systems, The ITost monitors the
microgrid system state. The data transmitted from RT-LAB
to EMS PC is the SOC value of the system, EMS PC
executes energy planning and works out the optimal power
dispatching according to SOC value, delivers the power
flowing to the electric supply side in each fime interval
calculated by the energy management system to the
microgrid system for comnection, forming the energy
management system for real-time monitoring of the
microgrid.

Target
1921681300

293.160.2.98

Figure 4 Real-time simulation hardware connection
structure

TV. Microgrid system simulation conditions

This paper uses I-second real-time simulated
operation of microgrid system to represent 4-minute system
operation, thus, as long as the real-time simulated
microgrid system runs 6 hours in the real-time simulation
system, the changes in the microgrid system within 24
hours can be analyzed. Although this method reduces the
simulation time, the instantaneous time of microgrid
system is short, such a simulation has slight influence on
transient response.

According to the aforesaid mathematical model of
microgrid. the power grid cost function can be set referring
to the three-phase time of use raies, as shown in Eq. (6) and
Figure 3.

fl_SS X7 DExa24
fiad = 13.7 TEx iDLy 13217 €2 <22 (6)
4,26 Mer gl i3gx !y
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4.!’»
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Figure 5 Three-phase time of use rates cost function

As there are three phases of electricity price,
including high electricity price, moderate eiectricity price

S5}



and low electricity price, integrating the renewable energy
output, the daily power generation of microgrid system can
be divided into six states, as shown in Figure 6. The energy
management system will coordinate the optimal energy
storage and energy release strategies of accumulator and
the optimal time for buying electricity from or selling
electricity to the power grid from the aforesaid conditions,
so as to reduce the microgrid system cost and to prove that
the microgrid with energy management system can
increase the economic benefit of overall system and
improve the influence of intermittent power generation of
renewable energy.
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Figure 6 Relation between renewable energy and load in
various time intervals

Experimental situation of microgrid system

The microgrid system with energy management is
shown in Figure 7, the modified OPF is executed once
according to the updated predicted value hourly.
Simulation procedure

The constructed microgrid system module is
separated into several subsystems for parallel computing to
accelerate the simulation, so that the microgrid system
implements real-time simulation calculation, the 24-hour
energy dispatching value after current time is calculated
according to the updated predicted value hourly, and
adding in weight mode referring to the planning value of
previous time interval, to correct current energy planning,
the PG commands in different time intervals are
transmitted to the microgrid system via Ethernet for
optimal power dispatching and analyzing the system
economy improvement efficiency.

B RTdab
oPF ; PG Realdime S0C4

1l
}

k
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Figure 7Modified planning calculation of energy
management system

V. Modified planning strategy for microgrid energy
management system

Hourly energy planning for microgrid system can
improve the effect of the errors in the predicted renewable
energy power generation of microgrid system or in the
predicted value of load demand, but there may be
differences in the fiture electricity selling or buying time
point planned at different time points, so that the overall
economic benefit of microgrid system is not optimal.
Figure 8 shows the modified energy planning calculation
sequence for improving this phenomenon, the PG
command value of current microgrid in each time interval
is the sum of the planning value calculated at current hour
and the value planned one or two hours ago in weight
proportional mode, the applicable equation is shown in
Figure 8. Figure 9 is the operational flowchart of modified
planning of energy management system.
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Figure $Modified planning calculation sequence chart of

energy management system

V1. Simulation results
The VRB battery is applicable to distributed power

generation for its high response speed, the intermittent
power generation of renewable energy has adverse effect
on the microgrid system, so this paper proposes using VRE
battery to absorb the renewable energy output fluctuation
and using energy management system to supply stable
power to the electric supply side or to supply the required
power for the load.

The microgrid system without energy management is
simulated, the VRB battery absorbs the fluctuation of the
renewable energy output, and provides firm power for the
load. The timing of selling electricity to or buying
electricity from the electric supply of the microgrid system
depends on the SOC value of VRB battery. In order to
avoid over-discharge and over-charge of VRB battery,
when the VRB battery SOC is lower than 20%, the electric
supply charges the VRB battery till the VRB battery SOC
exceeds 30%; on the contrary, when the VRB batiery SOC
is higher than 80%, the VRB battery is discharged till the
VRB battery SOC is lower than 70%. Two battery
capacities are considered here: 10kW-Ah and 6kW-Ah for
analyzing and discussing the effect of battery capacity on

economic benefit.
The states of the microgrid system without energy



management are shown in Figure 10. Bz plus sign
means the microgrid system buys source power from
electric supply, F,.;4 minus sign means the microgrid
sells source power to electric supply, the VRB battery of
microgrid system absorbs the fluctuation of intermittent
power generation of renewable energy, and supplies the
required power for the load. The electric supply selling and
buying timing is determined by whether the VRB battery
SOC value reaches the upper and lower limits. According
to the aforesaid waveforms of various modules of the
microgrid system. the underload is supplied by VRB
battery, the microgrid system maintains the power PG
defivered to the electric supply side at zero, till the SOC
value reaches the lower limit, the electric supply charges
the VR battery, the daily total cost of microgrid system is
NTD 0.923.
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time interval and cutrent planning value ir weight mode,
there are two weights, as shown in Eq. (7) and Eq. (8), the
plaming effect after ten times of simulation is shown in

Table 1.
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Figure 11System operation without energy management
systern in Case [ {VRB battery capacity 10kW-Ah)
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T r‘ RS ‘T'able 1Efficiency result of energy management system
e . P modified planning,
: 24 /\/ Weights 0.2 & 0.8 | oo lLE ‘et
it FE) -
-~ r v \ Mo Final 1;2‘;1 Final Total
TR ew T tmem T SOC(%) (NTD) SOC(%) | cost{NTD)
Figure 10Systerm operation without energy management ! 50.55 -2.14 48.07 2.52
system i Case [ (VRB battery capacity 6kW-Ah) 2 36.87 -4.00 48.12 -2.49
} 3 52.2% -1.90 48.10 -2.53
When the microgrid system inereases the VREB 4 52.00 -1.87 4927 -2.45
battery capacity to 10kW-Ah, as shown in Figure 11. 3 52.88 -1.79 4831 -2.41
Althongh the data show that with this capacity, the overall 6 50.58 -2.13 40.77 -3.40
cost of microgrid system on the day is zero, the baifery 7 36.88 -3.98 48.82 -2.41
SOC value is reduced at 24 hr, so that the initfal value of 8 53.61 -1.63 50.33 -2.05
SOC of the new cycle on aliemate day is low, therefore, 9 50.63 -2.12 48.67 -2.42
only increasing the VRB baitery capacity caanot keep the i{ 50.57 2.14 50.77 -2.08
overail cost of system at zero in long-term operation of the | Average 48.69 2.37 48.12 -2.48

microgrid, in order {o maximize the efficiency, the energy

management systern shall be used to determine the optimal
time for buying eleciricity from and selling eleciricity to
the power grid, and to control the VRB battery SOC valuc
instantly to make optimal power dispatching of microgrid
system meet the economic benefit better.

As mentioned above, the microgrid system cannot
supply the required energy for the lvad by increasing the
VRB battery capacity to keep the long-term expenditures of
microgrid system at zero, the energy management is
required to plan optimal power dispatching for the
microgrid systern. According 1o Section I, the established
mathematical eguation of economic dispatch of microgrid
can be solved by linear programming o obtain the optimal
power dispatching of microgrid system VRB battery.

The energy management system modified planning
calculation adds the planning value in previous one {or two}

According o Table 1, the overall economic benefit is
stable when the weights are .1, 0.3 and 0.6, and the final
residual capacity value approaches to 50% of initial, so the
weight parameters of this energy management system are
0.1, 0.3 and 0.6. Figure 12 shows the operating states of the
microgrid system in this mode, the daily overall cost
is -NTD 2.03 (income), and the VRB battery residual
capacity is 48.5%.

Battery capacity selection of energy management

‘This section discusses the selection of the energy
storage component VRB battery capacity in the micregrid
system. The battery capacity is also one of important
factors determining the cconomic benefit of microgrid and
energy management system. Section [T has introduced that
the VRB is characterized by long life and low cost




maintenance. The VRB battery capacity cost is divided into
maintenance cost and set-up cost. The maintenance cost is
approximately NTD 0.264/kWh [10-11], and the higher the
service power of VRB battery is, the higher is the
maintenance cost. The set-up cost is approximately NTD
6,600/kWh [10-11], the set-up cost determines the operable
capacity of the energy storage component VRB battery.
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Figure 12Microgrid system operating states in Case IV

We use modified energy planning method, the
influence of microgrid system with different VRB battery
capacities on the economic benefit can be worked out by
the aforesaid costs. The higher the VRB battery capacity is,
the larger is the economic benefit of microgrid system, as
shown in Figure 13 and Figure 14.
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Figure 13Relationship between battery capacity and
economic benefit of system
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‘ Figure 14Re1a£ionsh"ii5 between battery capacity and VRB
battery service power

Table 2 shows the relationship between the battery
capacity and cost of the microgrid system with energy
management system. Data 0W-Ah means the microgrid has
not been equipped with energy storage system, the system

constraint is the result of the lower limit of power delivered
to the electric supply side PGP = --1000W and the upper
limit of power delivered to the electric supply side FGZ™*
= 1000W, the total daily expenditure value with plus sign
represents the amount of expenditure, and the minus sign
represents the amount of income, as the energy
management system expects the VRB battery to absorb the
fluctuation of intermittent power generation of renewable
energy to supply stable power to the electric supply and the
power for load, therefore, most of daily average power is
consumed by VRB battery absorbing renewable energy
power fluctuation. According to Table 2, under these
conditions and limits, total daily income is negative only if
the battery capacity exceeds 14kW, take 22kW-Ah as an
example, the cost recovery period of VRB battery of the
microgrid with energy management system is estimated at

about 49 years.

Table 2Relationship between battery capacity and cost of
microgrid system

A
VRE da:‘:f;age Ax:'lag: Maintenan | Set-up cost | Total dmily
(kW-A | power mm“; ce cost (NTD expendifure
k) consunmpti (NTD) (NTD/day) | 1,000) (MTD)

on (kW)
0 1.26 1.84 0 0 1.84
6 13.22 3.04 3.49 39.6 6.53
10 [166 |-2.16 |438 |66 2.22
14 18.49 -7.45 4.88 92.4 -2.57
18 20.11 -9.94 5.31 118.8 -4.63
22 [21.96 |-12.05 |58 1452 |-625

If the limit parameters of microgrid system to electric
supply side are changed to lower limit PGIF™ = —2,000W
and upper limit PGF** = 2,000W, the result is shown in
Table 3. The total daily income is negative when the
battery capacity exceeds 14 kW, take 22kW-Ah as an
example, the cost recovery period of VRB battery of the
microgrid with energy management system is estimated at
about 20 years. Therefore, the economic benefit of energy
management system can be influenced by the battery
capacity and the grid-connected power limitations.

Table 3Relationship between battery capacity and cost of
microgrid system

VRB :a‘:]!w Average | i . i
y daily antenan | Set-up cost | Total d‘.’"y

?SW'A o F;T‘l:"g!‘day] Er;% lem

I m:kW‘f (NTD) '
0 1.26 1.84 0 0 1.84
6 24.24 2.94 6.4 39.6 934
10 25.03 -4.01 6.61 66 2.6
14 2723 | -12.19 | 719 [ 924 5
18 29.11 -19.7 7.68 118.8 -12.02
22 32.14 -26.57 8.48 1452 -18.09

VII. Conclusions

This paper mainly discusses the integration of
optimal energy management system and microgrid with
energy storage system, and uses real-time simulator to
research the dynamic response and economic benefit of the
system, the real-time simulation microgrid system can help
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the power engineers kncw the transieni response of
microgrid system and power system stability.

This paper proposes the energy management strategy
algorithm, and analyzes the influence of encrgy
management system under different battery capacity and
grid-connected power limitation conditions, as well as
considers the battery set-up cost and battery maintenance
cost and works oul the cost recovery period.

This paper uses real-time simulator to implement
real-time simulation, the microgrid system integrated with
energy management uses the energy management system to
determing the power and flow direction to the electric
supply side, so as to optimize the economic dispatch and
improve the influence of intermittent power generation of
renewable energy, so that the microgrid system can use
energy more cfficiently and the economic benefit of
mierogrid system i3 increased.
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