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Abstract—This paper investigates modeling and control of applications of battery energy storage systems in grid powe
a battery management system used in a microgrid for both palance at grid-connected modes are demonstrated.

grid-connected and autonomous modes. The paper has three . . .
salient contributions: 1) An aggregated battery circuit madel An ideal DC voltage source is assumed for a battery in [6]-

with the open circuit voltage as a nonlinear function of the [8]- In reality, a battery has operation limits. For examhes
state of the charge (SOC) is derived and modeled in PSCAD. SOC cannot be lower than a threshold; the Depth of Discharge

2) Closed-loop feedback control strategies of the batteryystem (DOD) may affect the life time of a battery [11]. Therefore,
are developed for the microgrid under both operation modesAt  ihere is a need to model a battery accurately and develop

the grid-connected mode, power control is employed while ahe control strategies based on the comprehensive battery Imode
autonomous mode, voltage and frequency control is employed g P y

for the battery to act as a synchronous generator by providig With battery status information collected.
voltage and frequency support. 3) An upper level SOC based Detailed battery models have been developed in the litera-
management system is also developed. Since SOC cannot bgyre |n[14], a battery model is described by partial diffetial

directly measured, an estimation scheme is derived based on . . .
power and voltage measurements from the battery. The overhl equations. [2] adopted the same model to simulate a wind

management system is demonstrated to be effective by five eas farm with a Lead-acid battery system. A Li-ion battery has
studies at different microgrid operation modes. been a suitable choice for high power application due to
Index Terms—Battery Model, State of Charge (SOC), Li-lon breakthroughs on materials [11]. Reference [15] descrébes

battery, Energy Storage Systems (ESS), Battery Management detailed Li-ion battery model with parameters and has \eetifi
System the validity through experiments. Though the battery stddin

[15] is for a low voltage level, serial and parallel connent
could make a high voltage and high power battery matrix
[. INTRODUCTION possible, which could be used in power system [16].

ICROGRID is an important technology to integrate The objective of this paper is to de\(elop control strgtegies

distributed energy resources, including wind turbinefOr @ battery system to improve operation of a microgrid. The
solar photovoltaic panels and energy storage devices saici@ntrol strategies will not only provide system requiretsen
battery [1]-[5]. A microgrid can either operate at the gri@m also take safe operation of a battery into considerafion
connected or autonomous modes [6], [7]. aggregated battery model suitable for high power appticati

At autonomous modes, voltage and frequency should B! be derived base on the cell model presented in [15]. A
supported by a microgrid itself, usually through synchiasio comprehensive model for a microgrid, with a battery system,

generators. For a microgrid without synchronous generato?n induction machine and passive I(_)ads will be built in
the system voltage and frequency would be difficult to mairll:iS_C_AD/EMTDC' _Contr_ol strate_'gles will_be developed and
tain without the support of the ac grid. One solution is to usgrified through S|mul.at|0n studies. .
a voltage source converter (VSC) interfaced energy sourced he paper is organized as follows. In Section I, the aggre-
to provide voltage and frequency control [8]. In [8]_[10]gated battery model is derive. Next, SOC-based battery man-
battery systems are employed to restore system voltage @&§¢ment system (BMS) and its components will be introduced
frequency quickly (several cycles). In practice, applimas of in Section lll. Section IV presents case studies to dematestr
battery storage system for grid frequency regulation haenb the effectiveness of the BMS. Section V concludes the paper.
deployed [11] with the maximum capacity of 20 MW.
At grid-connected modes, VSCs of battery systems can
work at power control mode. Depending on the state of Il. BATTERY MODEL
charge (SOC) of battery and active power requirement by the
microgrid, a battery may operate at either charging or dis- An accurate electrical battery cell model is represented in
charging conditions. The VSC connected between the batt¢rg] for 4.1-V, 850-mAh TCL PL-383562 Li-ion batteries.
and the microgrid regulates power flow only. In [12] and [13]n this paper, an aggregated model based on the cell model
presented in [15] will be developed. Fig 1 illustrates how
Z. Migo, L. Xu, L. Fan, and V. R. Disfani are with Depart- gerijes and parallel connections of battery cells createetyat
ment of Electrical Engineering at University of South Fiarji Tampa, branches and battery module. Note that a battery module
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Fig. 1. Aggregation of battery cells to create a battery ntedu

IIl. SOC-BASED BATTERY MANAGEMENT SYSTEM

A. Battery Branch Model The management system proposed in this paper is a hierar-

A branch is formed by connectinly battery cells in series chical control system containing three modules named SOC
together in order to increase the voltage of the batterycesinComputation Module, Battery Mode Identification System
the current flowing through the battery branch equals to th&@MIS), and Closed-Loop Feedback Controller (CLFC). The
of the battery cells due to their series connection, it isaxir function of BMIS is to determine the appropriate reference
to assume that the left part of the equivalent circuit ofdrgtt values as well as the mode in which the battery be operated
branch and battery cell are exactly the same. On the rigifinsidering SOC. Fig. 4 shows the configuration of proposed
part of equivalent circuit, it is obvious that the branchtage battery management system. The BMS receives power order
is N times greater than the voltage of a battery cell, so tt@d microgrid connection status from the upper operation
value of Voo of the branch isV times greater than that of acenter. The BMS also receives measurements from the battery
battery cell. Moreover, as the resistors and capacitorgi@f #0 compute SOC. SOC is passed to BMIS to decide if limits
battery cells are connected in series, we can replace thém vére reached and which action should be taken. The BMIS then
their equivalent values. Fig. 2 depicts the equivalentuiirc passes the decision making to the closed-loop feedbackotont
describing the model of a battery branch. system which generates PWM gate signals to the converters.

N*RT: 1 MGCC| Microgrid

N*RSeries N*RTr s
v VY ‘ Power Orders &
Islanding Status
— VBat —l

Crrs/N Cr:1/N Battery Management System

SOC Computation
Module
IBatt

- soc
v

Vsoc=SOC

Sregosiq JesY
(D08)20A =N

Battery Mode
= Identification
System

Fig. 2. Equivalent Circuit of a Battery Branch created by Neseconnected l s

Battery Cells. Closed-Loop
Feedback
Control

B. Battery Module Model

The next step for aggregation of battery cells to create a
battery module is to connedt/ battery modules in parallel in
order to increase the size of battery. In parallel connactio
of battery branches, the voltage across the battery module
is equal to the voltage of branches. On the other hand, the
current flowi_ng through the module &/ times greater than Fig. 4. Proposed BMS Configuration
the current in battery branches and battery cells. Thesefor
the Current-Controlled Current Source located in left part
of the equivalent circuit must be modified. Due to parallel )
connection of branches to create battery module, the valfésSOC Computation Module
of resistors and capacitors are changed compared to those iBOC is a measure of the amount of charge stored in a bat-
battery branch equivalent circuit. All these modificatiare tery, which can be expressed as the percentage of the gapacit
illustrated in 3. of the battery and shows energy is left in an energy storage

The model developed in this paper for the battery modusystem. The responsibility of SOC computation module is
aggregated from the battery cells has been simulated atediteso obtain the SOC based on the battery measurements. This
via PSCAD/EMTDC and the results have demonstrated teggnal is used by BMS to decide accurately about the operatio
accuracy of model represented. modes and reference signals. BMS also frequently sends the

AC Power (P&Q)




signal of SOC to Microgrid Control Center (MGCC) or in

response to its inquiry to inform it how much energy is alsead L v
stored in the battery, which enables MGCC to use this signal No_/\/;.;ndm;;)‘i ey
in its optimization procedures. An SOC computation method - v ; T~ ’ :
using coulomb counting technique is employed by the BMS. o racona /T;:;n\g?\) .
Since the charge stored in a battery is integration of theeatir st ~ Yes
injected to the battery, we have: l e
///\\\ Islanding Mode N
Q) =Q(t— 1)+ AQ(t) 1) o <sanaing? >—ves—> ol —Kigfﬁfm}\
Fref=60 Hz -
where lﬁ/ .
Pg(t) B P
AQ(t) =1Ip (t)At = Voo (t) At (2) —<8C<50Cm;1> //Islandingi:>
~ .
where Q5 (t), I(t), Pp(t) and Vpo are the charge stored 7 T
in, current and power injected to, and dc-link voltage of the Chareing ode /{\
battery module, respectively. ves Gretecond Foly Chorged?>
SOC can be derived by (3) whefzep identifies battery ) . \T
size inkWh. °
1 1 Pyt

SOC(t) = SOC(t—1) + At (3) Fig. 5. Functions of Battery Mode Identification System.

% SizeB VDC (t)

C. Closed Loop Feedback Controller (CLFC)

) ) ) ) The main objective of the Closed Loop Feedback Controller

Based on SOC and the islanding status of microgrid, BMIg to control VSC in order to achieve the goals defined by
determines the appropriate battery operation mode. Thiggys. Two different control systems realize microgrid ex-
modes of operation are defined in the BMS proposed jyctations: power control and voltage-frequency contops.
this paper; a) grid-connected discharging mode or PQ conti@-cording to BMIS output, CLFC enables either power control
mode, b) grid-connected charging mode, and c) |sland|q&)p or voltage-frequency control loop.
modelor VF cpntrol mode. As shown. in Fig. 5, in case that 1) Power Control Loop:The power control loop gets en-
the microgrid is connected to the main grid, MGCC expeclg)jeq when the battery control is in grid-connected or dnarg
the battery to follow the power orders dictated to BMS. BM§de and its duty is to regulate the active and reactive power
follows the power order as long as the SOC is greater thg(iypyt from the battery/converter to the microgrid. The CLF
its minimum limit. Otherwise, the battery must be chargegyoposed is also capable to regulate dc- and ac-link vaitage
via injecting a predetermmgd power to _the battery and Ig. 6 depicts the power control loop with the capability
mode changes to the charging mode until the SOC meetsd{Ssyjitching to ac- and dc- link voltage regulating mode.
maximum limit. In order to make sure that SOC never meefgoreover, to realize the control loops a decoupled d-q direc

100%, a function is applied to reduce the power injected¢o tQ ,rent control strategy developed in [17], [18] is utitize
battery when SOC is more than 90% (4); otherwise charging

current is equal to its predetermined value.

v,
100 — SOC (% v, l o
Icharging = Ipredefined—(o) (4) ‘; =;

B. Battery Mode Identification System

100 _
Fut . V[l(—t 1

As sudden changes in the current injected to the batteryEfPA i Wv; iV Vatpie el
likely cause damages to the battery, increasing and déngpasQ*Q%b; L : 3 eﬁfﬂu
ramp rates are considered to determine the reference values “L--72—— /LR AU .
A_fter the_ battery gets charged, the battery will go back t&i 7 o .?i .
discharging mode. On the other hand, when the microgrid ig. - N .

. . . . . . . d a.b.c
disconnected from the main grid (islanding mode), micrdgri § Te 92 et
management expects the battery to participate in voltage an @fXE . ]
frequency regulation process. In this case, BMS changes the L ] iy p i
operation mode of the battery to islanding mode as long as Ly e’ N
the SOC does not exceed its limits. Fig. 5 also illustrates

how BMS works when the microgrid is in islanding mode. As

soon as the microgrid connects again to the main grid, BM%. 6. BMS Power Control Loop.

changes the battery control mode to discharging or charging

mode according to the value of SOC. Variables in the abc system in the above circuits can be



transformed into a synchronous reference frame. The wltag IV. CASE STuDY
and current relationship is shown in (5), whergis the angu-
lar frequency of AC systemy, vg, v41, andvg; represent the
d and ¢ components of the point of common coupling (PC
voltage (%, V,, V.)and VSC output voltage{,;, Vy1, V1),

In order to investigate the responses of the behavior of
attery Management System, five case studies are conducted
rough PSCAD/EMTDC. The first two cases are designed to

respectively, and, andi, represent thel andq components make sure BMIS is capable to identify the most appropriate

of the current flowing between the AC system and the yscnode of operation as well as accurate signal references whil
the battery is fully discharged and completely chargegees
o . diy . tively. In the third case study the microgrid is disconndcte
{v‘“ = —(Ria + de7) +wsLiq +va (5) from the main grid. Battery is expected to be able to maintain
Vg1 = —(Rig + LGt) — wsLia the voltage and frequency during islanding mode even if the
. ) demand or generation of the power network changes. The
DC voltage control is based on the balance of active pow, th case study is conducted to study the capability of the

flow between the battery and the main grid as shown in ( MS during the islanding mode while microgrid demand

Apparently, the DC voltage can be regulated by the d aXhd/or generation varies. The fifth study is also designated
current through a PI controller.

to demonstrate how BMS operates when the battery gets

dvge completely discharged during islanding mode.

Ude  Vdld  Tde2 (
dt

+ide2) = vaig — —- = ——= —

Vae(C & "ol C

2) Voltage and Frequency Control LoopThe voltage- A. System Topology
frequency control loop, as illustrated in Fig. 7, is enalitethe : . - i I .
mode of islanding and regulated the AC Voltage and frequenc A microgrid consisting of a 1-MW bio-diesel machine

of Point of Common Coupling (PCC) on their nominal valueggnne(:ted to-a 210-kWh battery module is considered as

since there is no synchronous generator to do so. Despite %Hown in Fig. 8 with the power system parameters listed
y 9 : P M'rable 1 in details. The battery module is an aggregation

fact that the basic control principles used in this paper ale &0 000 pieces of 4.1-V 850-mAh TCL PL-383562 Li-
generally based on the decoupled current control repreden ' P o

in [7], [19], (5) can be rewritten as (7) in steady-state ytudon battery cells introduced in [15] and its characteristice

. . presented in Table Il. The parameters corresponding to the
of the system where the resistance R is neglected [9], [10]|'nduction generator is also shown in Table Ill. The micrdgri

is connected to a strong AC grid via a 69/13.8 kV transformer.
Var = wsLlg +Va (7) A 13.8kV distribution line based on the IEEE Standard 399-
Vo = —ws Ly 1997 [21] is also included in the model.

Pl controllers can be used to control thieand ¢ axis
components of the PCC voltage respectively. Fig. 7 defiets t pcc
frequency-voltage control loop. The PCC three-phase gelta
is measured and transformed inta@l & ¢ reference frameuy
and v,). Three-phase current flowing between the loads an
the inverter is measured and transformed;tandi,. With the
comparisons of theég voltages to their respective references,

Distribution Line

Transformer 1

Load 1

the resulting errors are sent to the Pl controllers to geeera AC
i
the required output voltage of the VSC. {Z@ L lBattery
DC
Transformer 2
V"fw - Load 2
: ‘ l
Vd.
: wgL
a 7 abc» Vabe Fig. 8. A microgrid with a battery system.

vy -
W \ TABLE |
Vq_ref POWER SYSTEM PARAMETERS

Fig. 7. BMS Voltage and Frequency Control Loop. | Quantity | Value |
AC grid voltage 69kV (L-L RMS)
. . . Transformer 1 13.8kV/69kV, 2MVA, leakage 8%pu
The frequency of the AC voltage which supplies passive Transformer 2 | 13.8kV/3.3kV, IMVA, leakage 10%p|
loads is also controlled by the VSC. An internal oscillater i Loag 1 550I|:W+550l;Var at 13.8tv
; ; ; Load 2 500kW+350kVar at 13.8kV
used to generate the andgle which is used as the input of SsibuioT e 1187, (0.052+0.0436)ohm

dq to abc transformation and ensures the frequency of output
voltage is kept at 60 Hz if PWM scheme applied [20].




TABLE Il

BATTERY CHARACTERISTICS ‘§ 1ol ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ |
2 5\/
| Quantity [ Value | =0 5 10 15 20 25 30 35 40 45
Size 210 kWh
Rated DC Voltage 8.2 kV 015 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
Number of Cells in 2000 g o1 \///
each Branch (M) 35 0.05¢ . . . . ! ; \ . ]
Number of Branches (N) 30 0 5 10 15 20 25 30 3 40 45
Maximum Charging power| 840 kW _
Increasing Ramp Rate | 210 kW/s R
Decreasing Ramp Rate | 210 kW/s T 70.27 :
Full Charge SOC 95% ORI s s \ ‘ Lo ;
Eall Discharge 3SOC 5% 0 5 10 15 20 25 30 35 40 45
=15
TABLE Il S
INDUCTION MACHINE PARAMETERS T s ‘
5 10 15 20 25 30 35 40 45
| Quantity [ Value | g
Rated RMS phase voltage 5KV 3 ool
Rated RMS phase current 66.6A T -Oj’ ‘ ‘ ‘ ‘ ‘ ‘ - -
Base angular frequency 60Hz < D 5 10 15 20 25 30 35 40 45
Stator resistance 0.066pu time(second)
First cage resistance 0.298pu
Second cage resistance 0.018pu Fig. 9. Case Study 1: (a) SOC, (b}oc, (c) actual (solid) and reference
Stator unsaturated leakage reactarjced.046pu (dashed) active power delivered to microgrid, (d) reacpieever delivered to
Unsaturated magnetizing reactande 3.86pu microgrid, (e) battery DC power output.
Rotor unsaturated mutual reactande 0.122pu
Second cage unsaturated reactanfe0.105pu
Polar moment of inertia 1.0s < o1
Mechanical damping 0.0001pu 3 of
T -01p ‘
0 5 10 15 20 25 30 35 40 45
. s 8 . . . . . . . .
B. Grid-Connected Mode = 7,5,\/——',
ke
- . . > 7r 1
In order to evaluate the capability of the BMS in identifying 265 TR
operation modes, two case studies are designed. In these cas _
studies, the battery is ordered to deliver active and reacti £
power as much as 500 kW and 1 MVar to the microgrid, £ '
respeCtiVGIY- c 0'90 5 10 15 20 25 30 35 20 45
1) Case Study 1- Discharging to Chargingiccording to ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
the Fig 9, the simulation starts when the SOC of the battery 2 7027 o ]
is 13%. SOC meets its minimum limit (5%) at= 25.53 sec. S -04f ‘ ‘ ‘ ‘ ‘ ‘ N—
Consequently, BMIS turns the operation mode from discharg- © 5 10 15 20 25 30 35 40 45
ing mode to charging mode in order to prevent the battery _ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
against Depth of Discharge damages. BMIS also changes the & :83: . ]
operation mode from discharging mode to charging mode and ® _j; ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
the active power reference toward predefined charging power o ey ® 0 ®

(840 kW) respect to the decreasing ramp rate (210 kW/s).

After 7 seconds, the reference power becomes constant &igd10. Case Study 1: (a) battery DC Current, (b) DC Voltagiek] (c)
the battery absorbs 840 kW active power from the microgri©C AC Veltage, (d) current d-axis, (€) current g-axis.

An increase in SOC demonstrates that the battery is getting
charged. Fig 9 also illustrates that the S|mulat!on resullts eration mode to discharging mode. It also changes theeacti
exactly matches the computed SOC. The reactive power out

0
{ . .
of the battery is regulated on the ordered value (1 MVar) agfg ;veecroiréiser _Il?%/eargl);:lgg :oﬁgeptglr;“:‘(l)ﬁl:)?scr;ﬁZ Sp%(\)/vlé\:vo?gg:
the DC power output follows the variations of AC active power :

delivered to the microgrid. Fig.10 presents the outputemirr Er:\)ﬂd\;;ed by BMIS, and keeps the reactive power output at
and voltage of the battery, the PCC voltage and dheaxis '

currents from the converter.

2) Case Study 2:n this case study, transition from theC: Autonomous Mode

charging mode to the discharging mode is examined. Fig. 11In the next three case studies, the capabilities of the BMS
presents the simulation results. At the starting time, €% is examined in islanding mode. When the microgrid is dis-
equal to 90.18%. After 44.72 seconds, as soon as the battesypnected from the main grid, BMIS is expected to change
charge exceeds 95% of its full capacity, BMIS changes tliee battery operation mode to islanding mode in order for the
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Fig. 11. Case Study 2: (a) SOC, (b) power order, (c) activegpatelivered
to microgrid, (d) reactive power delivered to microgrid.
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CLFC to regulate frequency and AC voltage of the microgri&{)gv;/;rz-0 utcpﬁeoftt‘:%y ga:f;g/”d('g)g érggsyi%;: /(:2 ”\:é‘ftrgggfe;%(:’éigg‘ée
BMS is also expected to provide a smooth transition from thgwer output of the battery.
grid connected mode to the islanding mode.

1) Case Study 3In this case study, the microgrid is discon-
nected from the main grid. The battery is almost completely

charged. Transients are observed during the transiticioger

1
e
o

(a) Torque(pu)

Fig. 12 illustrates how the microgrid frequency is regutate 0 2 4 6 8 10 12
back to 60 Hz within less than one second. The mechanical 3 104 -
torque of the induction generator is fixed and it is under dpee g’ 1.02 J”
control. Therefore, the battery is required to provide powe 2 /

balance for the isolated system. It is shown that the battery 0 2 ¢ e 8 0 2
increases its output power from 0 kW to 600 kW. The PCC

voltage experiences a 0.25-pu drop once the islanding Inappe %0.5— la ]
according to Fig. 12. Afterward, battery operation adjumt t C o . : . . - -
AC voltage to 1 pu in less than one second by injecting 2 MW
reactive power to the microgrid. Fig. 13 presents the befavi §oos o ——
of the induction generator. The mechanical speed comes back & .2 ‘

s -1t

to 1.013 pu within 5 seconds while the torque takes 10 seconds
to settle back to -0.8 pu. Note there is no change in steady- time(second)
state power output from the induction generator. ) _ _ o
2) Case Study 4This case study examines how resilient thf%. 13, Case Stucy & nduciep generatr behar duh enng
battery-integrated microgrid is to respond a loss in gei@Ta of the IG, (d) reactive power output of the IG
or demand during islanding operation. Load 1 which absorbs
active and reactive powers equal to 550 kW and 550 kVar is
disconnected from the microgrid at 30th second of simutatidts minimum limit after2.5 seconds. At this point, the battery
and reconnects after 10 seconds. Fig. 14 presents the visitdisconnected from the microgrid and its active and reacti
age and frequency of the microgrid during these events ap@wer changes to zero. As illustrated in Fig. 15, since there
demonstrates that BMS is capable to balance power in a gigdno source to regulate the voltage and frequency of the
using voltage/frequency control. As expected, the active amicrogrid, the voltage collapses. Fig. 16 demonstratetsttiea
reactive power outputs of the battery reduce by approxilpaténechanical torque of induction generator as well as its/acti
600 kW and 600 kVar to adjust the frequency and AC voltagand reactive power fall down to zero after some fluctuations
3) Case Study 5in this case study, it is assumed that théue to dynamic characteristics of the induction machine.
islanding operation of the battery has taken such a long time
that the SOC is reaching its minimum limit. In this situation V. CONCLUSION
the BMS is expected to disconnect the battery from theln order to increase the reliability of a microgrid, it is
microgrid to prevent the battery from serious DOD damagdseneficial to use Energy Storage Systems. Batteries, as the
The simulation starts from SOC equal 3% which meets most common types of ESS, must be controlled by a smart
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Fig. 14. Case Study 4: Load loss in the islanding mode: (ayagid
frequency, (b) active power output of battery, (c) AC voltagf PCC, (d)

reactive power output of battery.
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Fig. 15. Case Study 5: Minimum SOC limit reached in the islagdnode:
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battery.
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Fig. 16. Case 5: Minimum SOC limit reached in the islandingdmo
Induction generator behavior: (a) mechanical torque, (Bfmanical speed,
(c) active power output, (d) reactive power output.

APPENDIX
TABLE IV
Pl CONTROLLERPARAMETERS OFFIG. 6
Kp | Ki
P control loop 2 10
Q control loop 2 10
DC voltage control loop| 1 20
AC voltage control loop| 1 20
Id control loop 1.5 ] 100
Iq control loop 1.5 ] 100

TABLE V
Pl CONTROLLERPARAMETERS OFFIG. 7
Kp | Ki
Vd control loop | 3 2
Vq control loop | 3 10
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