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Abstract—In this paper, a real time model of the microgrid
with an energy storage system has been implemented in RT-
Lab. Coordinated control of the battery storage system with a
PV system is simulated. To be more realistic, hardware-in-the-
loop (HIL) testbed has been implemented with a real battery
cell (3.2-V, 40-Ahr) connected to the real-time simulation model
of the microgrid. A programmable current source (Magna) and
programmable load (Bk 8500) have been used to create charging
and discharging paths between the energy storage unit and the
RT-LAB.

Index Terms—Real-Time Simulator (RT-LAB), Hardware-in-
the-loop (HIL), Battery.

I. INTRODUCTION

Modern day microgrid is a combination of different kinds
of distributed energy sources, power electronic devices, local
loads and energy storage systems. A microgrid can be con-
nected to the grid and work on Grid-Connected mode, or it can
operate by its own in the autonomous mode (islanded mode)
[1], [2]. With the increasing demand on clean energy these
days, more and more renewable distributed energy sources are
connected to microgrids which leads to complex operation.
This complexity is related to high penetration of renewable
sources, disconnections, reconnections, and weather condition.
Hence detailed study and pre-planning need to be done before
implementing real microgrid systems. Offline simulations and
real-time simulations are two such techniques which can be
applied to study and simulate complex microgrid operation.

Most of the existing research on microgrids are limited
to the off-line simulations [3], [4]. For example , in [3], an
energy management algorithm is proposed and tested in grid
connected and islanded operating modes of the microgrid.

There are drawbacks regarding off-line simulations: simu-
lation speed will be very slow when the model is complicated
and limits of computer memory do not allow simulation to
run a long period. In contrast with off-line simulation, the
real-time simulation platforms have the advantages of real-
time simulation speed, ability of HIL simulations and online
parameter adjustment. These features can not only improve
the simulation speed, but also bring efficiency and precision
to models as well as results [5].

HIL simulation is an emerging method for advanced ex-
periments in power system analysis. None of the analytical
and experimental models can have the same accuracy as a
real system. However, a test bed consisting of only physical
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systems is very expensive. Therefore, only for the important
modules, physical devices will be used. The other modules of
the testbed will be modeled in software. The physical system
and the software simulation have to be interconnected. In the
literature, research papers have been dedicated to HIL studies
in the power system field [6]-[9]. In [9], a hybrid energy
system consisting of a fuel cell and a battery storage system
is simulated by HIL. The fuel cell and electric machines
are simulated in MATLAB/Simulink while the battery storage
system is a physical device.

Studies are needed to verify the performance of the bat-
tery system in microgrids. Specifically, battery degradation
studies can be handled through HIL simulations in forms
of capacity loss, impedance rise (power fade) and potential
change. The rate of capacity loss of a battery depends on the
charging/discharging conditions, depth of discharge (DOD),
magnitude of current, load profiles and temperature [10]-[12].

In order to perform above tasks, a complicated microgrid
system has to be implemented in a real-time simulator. Hence,
a microgrid composed of different renewable energy sources
such as wind farm and PV system, as well as a battery
energy storage system, a plug-in electric vehicle (PEV) and
an induction machine (IM) load have been built in RT-LAB
simulators at USF Smart Grid Research Lab. These devices
have convenient I/O ports for digital, analog, and encoded
signals with flexible definitions of ports. A real battery system
is then connected to the RT-LAB to form a HIL system. Case
studies have been conducted to examine the performance of
battery system.

The rest of the paper is organized as follows. In Section II
the system configuration, simulation model of the microgrid
and HIL setup are described. RT-lab simulation results of two
case studies are presented in Section III. In the first case, effect
of charging and discharging of the batteries has been studied.
In the second case, coordinated control of a battery and a
PV system is implemented and studied. The HIL simulation
results are described in Section IV. Section V concludes the

paper.

II. SYSTEM TOPOLOGY

The microgrid is a relatively small power system consisting
of several different components. In Fig. 1, the microgrid is
connected with the main grid via a transformer. Two renewable
energy resources are included in the microgrid: a PV array and
a wind farm (PMSG). An energy storage device is used to store
the excess power generated by renewable energy resources
or compensate the microgrid if more active power is needed.



An electric vehicle model is also included to represent the
increasing penetration of electric vehicles. The customer load
is modeled as an induction machine and a nonlinear power
electronics load.
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Fig. 1. Microgrid topology.

The microgrid studied in this project consists of six com-
ponents which is shown in Fig. 1. The microgrid is built in
RT-LAB Systems where all power electronic converters are
modeled in details. The battery station consists of two groups
connected in series. Each group has an equivalent open circuit
dc voltage at 4.1 kV. The maximum active power capability
is IMW for each group, and the energy capacity is IMWh,
which means the whole battery station could inject 2MW
active power to the microgrid for 1 hour.

The PV array consists of many small PV panels, which
could build up an open-circuit dc voltage to 2 kV for the whole
array. The short-circuit dc current under nominal insolation
level is set to 1 kA. The PV array is connected to a dc/dc
converter, which is controlled by Maximum Power Point
Tracking (MPPT) algorithm. A dc/ac inverter connects the
dc/dc converter to the microgrid.

The PMSG is connected to the microgrid via a 20 km
transmission line. The stator of the PMSG is connected to
a three-phase rectifier and then a three-phase inverter is used
to convert the dc voltage back to ac voltage. Between the
rectifier and inverter, a dc/dc converter is used to regulate the
electric power generated by the wind turbine. Table I lists the
parameters of each component in the microgrid.

TABLE 1
SIMULATION SYSTEM PARAMETERS.

Quantity [ Value

ac grid voltage 69kV (L-L RMS)

Induction machine ratings 2.4kV, 1.6MW
PEV battery ratings 0.375kV, 53kWhr

Battery ratings 8.2kV, 2MWhr

PV ratings 2kV, 2MVA

PMSG ratings 0.73kV, 2MVA

Load ratings 1000hm+500mH

A. Modification of System Topology to Apply HIL Simulation
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Fig. 2. HIL testbed setup.

In order to implement HIL, a real battery cell (3.2-V, 40-
Ahr)is used. As the voltage and size of the battery system in
the computer simulation model is 8.2 kV and 2 MWhr, two
scaling factors equal to 2560 and 6 are applied to adjust the
voltage and the current, respectively. As illustrated in Fig. 2,
the battery is modeled as a controllable voltage source in the
Simulink model. RT-Lab is the platform used for real time
running of the Simulink model and communication with the
hardware. The voltage source control signal is the scaled value
of voltage measured from the real battery system, which is
provided as an analog signal to the RT-Lab. The value of
current flowing through the battery in the Simulink model
defines how much current must be applied to the real battery.
Then it will be scaled down and fed into the a programmable
current source (Magna) through analog output ports of RT-
Lab. Magna will capture the analog output from RT-LAB,
then inject this current in order to charge the batteries. For
discharging the batteries, a programable load, BK 8500, has
been employed which will sink the battery current. Fig. 3
depicts the configuration designed for Hardware-in-the-Loop
simulation of the battery system at USF Smart Grid Power
Systems Lab.
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Fig. 3. Hardware-in-the-loop simulation of the battery system.

B. Battery inverter Control

Before describing the HIL simulations it has to be men-
tioned that the battery inverter has been enhanced with dif-
ferent controllers for different purposes in the system. Three
control modes are considered for the battery: power control,
dc-link voltage control and voltage/frequency control [13].
The former two modes can be used when the microgrid



is grid-connected. The third control mode is applied when
the microgrid is at its autonomous mode and there is no
synchronous generator.

The control system of a VSC for a battery consists of
two loops: inner current control loop and outer control loop.
The outer control loop can be either active power control
loop or dc-link voltage control loop when the microgrid is
grid-connected. When the battery is supplying a stand alone
microgrid, the outer control loop will be switched to ac voltage
and frequency control [13], [14].
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Fig. 4. Control of the battery inverter.

The decoupled current control is shown in Fig. 4. As it can
be observed, the abe variables will be transformed into the
synchronous reference frame. The d and ¢ axis components
of the current flowing between the AC system and the battery
inverter are used for controlling the inverter. The d axis is used
to control the DC voltage or active power which in this study
is set to active power control. The ¢ axis is used for voltage
regulation of reactive power support which in this study is not
going to be used and it has been set to zero.

In addition to the control strategy presented in Fig. 4, an
upper level control scheme should be included to monitor
SOC' and protect the batteries. Fig. 5 shows the upper level
control scheme, as long as the SOC is greater than minimal
allowable value and less than maximum allowable value, the
battery would continue operating at PQ mode. Otherwise, it
should be disconnected, power balance will be kept by grid
power transfer.

S0C,,, < SOC < SOC,

Max

Continue
P-Q Mode

Require
Power From Grid

End

Fig. 5. Upper level control considering SOC.

C. Coordinated Control of Battery and PV

In the microgrid, the battery and PV are designed to
be controlled in a coordinated matter. The total power of
battery and PV combined system is designed to inject 1 MW
to the microgrid. The PV power varies with environmental
conditions, such as irradiation level. When the irradiance is
high, the PV panel generates power more than 1 MW, the
extra power will be stored into the battery. When the irradiance
is low which makes the PV panel generate power less than 1
MW, the remaining power will be supplied by the battery. That
control scheme can ensure the total active power injected to
the microgrid is always 1 MW ensuring smooth power profile
in the microgrid by compensating the intermittence nature of
PV power. Such coordination considering battery SOC limits
is shown in Fig. 6.
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Fig. 6. Coordinated control of a battery and a PV.

III. SIMULATION RESULTS FOR BATTERY PERFORMANCE
IN MICROGRID

A. Base Case

In this case, the performance of the battery energy storage
with P — @ control mode is validated. The battery should
be able to respond to the reference active power changes and
follow the reference signal perfectly. Simulation result for this
case is illustrated in Fig. 7.
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Fig. 7. Reference active power change for a battery connected to the microgrid

As it can be seen, charging and discharging processes
are considered by changing the sign of the reference power
command. Negative sign indicates charging of the batteries
and positive sign indicates discharging the batteries. As it is
illustrated, the battery control system can follow the reference
power signal, which verifies the effectiveness of designed
control loop.



B. Performance of PV and Battery

As discussed in the previous chapter, the battery and
PV are designed to control the grid power to be fixed
at 1 MW. Simulation results for this case is illustrated
in Fig. 8. The dashed line is the total power which is
derived by summation of PV power and Battery power.
During the simulation, the irradiation level varies which
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Fig. 8. Coordinated control of battery and PV.

makes the output power of PV panel to change. Because
of the coordinated controller, the battery output power
changes automatically to compensate the power change
at PV site. The total power is always kept at IMW with
small oscillation when irradiation level changes. Due to the
sudden irradiance decrease after 1 Hour, the PV power will
fall down from 0.35 MW to —0.5 MW, in this condition the
battery is discharged quickly to support the grid power. As
it can be seen, the battery power will increase from 0.65
MW to 1.5 immediately to compensate the grid power.

C. Simulation Results Considering SOC limits

As it was discussed in previous chapter, whenever the SOC
limit is kept within the predefined limits, the coordinated
control is achieved. If the SOC is greater than SOC);4, or
less than SOC);y,, the battery will be disconnected and extra
power will be supported by thegrid. At this situation, the
coordination can not be achieved anymore. Fig. 9 shows that
at 0.45 second, the SOC is greater than the SOC}4, = 0.908
and the battery is disconnected from the system. The battery
will remain disconnected till the PV power is less than 1 MW.
It is observed that at 0.57 second, the PV power is less than
1 MW and battery is now started to be discharged. This will
decrease the SOC and keep SOC between limits.

IV. HIL EXPERIMENTS RESULTS

The HIL setup consists of RT-Lab, a physical battery cell,
a Magna source and a BK programmable load.

Fig. 10 illustrates the voltage and current profiles of the
single cell battery during a charging and discharging process.
A simple charge discharge profile has been implemented as
the first case to study the degradation of batteries. Fig. 10
presents 60 hours of data collected through RT-LAB with HIL
setup. In order to charge and discharge at a full rated capacity
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Fig. 9. Coordinated control of battery and PV considering SOC limits.
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Fig. 10. Measured voltage and current profiles of a single battery cell.

of the battery (40 Ahrs), the upper bound for the charging
process has been selected as 3.58 Volt and the lower bound
for discharging process has been selected as 3.1 Volt. Fig.
11 presents the charging and discharging process in a more
detailed manner.

The roundtrip efficiency of the battery can be calculated by
referring to the energy graph which is presented in Fig. 12.
The stored energy during charging process is 138.26 VAh and
released energy during discharging is 130.36 VAh resulting
94.3 % roundtrip efficiency at the current operating point.
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Fig. 11. Voltage and current profiles of a battery cell.
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Fig. 12. Energy profile of the battery cell.
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Fig. 13. Battery cell voltage profile for calculation of internal resistance

Voltage profile presented in Fig. 13 can be utilized to cal-
culate the internal resistance of a battery cell. The discharging
of the battery can be represented by the equivalent circuit
presented in Fig. 14. Hence the internal resistance can be
calculated using,

Voc - Vdischarge

Rint = (D

Idischarge
Here Igischarge is set as 10 A. According to Fig. 13 V. is
3.35 V and Vgischarge is 3.282 V. Hence internal resistance
can be derived as 6.8 m{2.

V. CONCLUSION

In this paper, how to setup an HIL testbed for a microgrid
with a battery energy storage system is described. A HIL
testbed has been created to connect RT-LAB with a real battery
cell to test the performance of the battery. The performance
of the battery system in P-Q control mode is tested in real-
time simulations. Furthermore, a coordinated control strategy
is designed and implemented for battery and PV. The coordi-
nated control ensures that the total power of battery and PV
always is kept constant regardless of the weather condition.
A full capacity battery charge and discharging experiment is

\/discharge V

Fig. 14. Resistance calculation circuit.

conducted in the HIL testbed to obtain 60-hour data. The
experiments demonstrate the capability of the HIL testbed.
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