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Abstract—The increasing penetration of renewable energy
sources in the grid can raise the likelihood of instability in the
power grid, e.g. small signal and voltage instability incidents. To
study the effect of BESS integration on the grid and power
system behavior, accurate battery modeling plays a key role. As
the majority of power system studies including small signal
stability analysis is carried out in the d-q axes, a precise model of
the battery in the d-q axes is necessary. The lack of parametric
based models of the battery in d-q axes makes stability analysis
more challenging especially as the contributions of batteries in
power systems are growing rapidly. In this paper, we develop an
analytical model for the battery and its inverter in d-q axes. To
validate the fidelity of the model, we simulate both the original
and the obtained d-g models and compare the simulation results.

Index Terms-- Battery energy storage system, disturbance
rejection, load frequency control, small signal stability.

1. INTRODUCTION

The growing interest of battery energy storage systems
(BESSs) in power grids highlights their significant role in
future power grids. At the transmission level of power grids,
large-scale batteries can provide load frequency control due
to their fast response. Battery integration in the power grid
can effectively reduce oscillations in frequency and tie-line
power profiles caused by small load disturbances [1]. In
general, small time constants, fast response, and their high
energy density creates a large spectrum of potential
applications for BESSs in power systems.

There exists considerable literature on different
applications of BESSs in power systems. The effects of
batteries incorporating AGC on the load frequency
regulations have been studied in [2] - [3]. Moreover, batteries
as backups for microgrids and large wind farms are studied in
[4] and [5]. In [4], it is shown that a large-scale battery energy
storage in an isolated microgrid can improve the microgrid
dynamic performance in response to the power system
dynamics. In [5], the effects of battery integration in a wind
farm is studied from the power system stability and control
point of view. Moreover, battery integration in the power
system can improve the spectral response of a large wind-
integrated power system and damp the system’s frequency
oscillations. In [6], coordinated controllers for a wind farm
and a BESS in charging mode are designed to guarantee the
nearly perfect matching of the grid spectral response to a
desired response. Large scale battery integration in the power
system also improves the transient stability of the power
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system. In [7], battery integration in the power system
enhances the transient stability during the active power
transferring process through transmission lines. In [7], it is
also shown that the transient stability performance of the
system is enhanced by suitable placement of a BESS in the
system. To analyze the effects of BESSs in power grids for all
the aforementioned applications, a precise model is required.

The dynamic model for large-scale batteries and their
integration in power grids was first proposed in [8]. In this
model, the battery was represented by a constant voltage
source parallel to a resistance and capacitor (RC) circuit. The
model was later improved and implemented in power system
studies [9]-[10]. The proposed model in [10] has been used in
research studies for load frequency control and power system
stability analysis [6], [7], [11]. However, nonlinearity is the
major disadvantage of the battery model in [10] as it
complicates the stability analysis. Moreover, in the majority
of the existing literature, BESS is studied as additional active
power source from real power and frequency variation points
of views, while the major advantage of BESS is the fact that
both its active power and power factor are adjustable and
controllable by the firing angle of the thyristors in the inverter.
Therefore, by controlling the inverter, it is possible to have
reactive power injection in the power system. As the reactive
power directly affects the voltage deviation in power systems,
unstudied reactive power flow may cause voltage instability
in the network. Hence, in power systems small signal stability
analysis, d-g models of power system components in state
space representation must be developed.

This paper describes a new modeling approach using d-g
analysis for batteries integrated with the power grid. A state
space representation of the battery energy storage model
accompanied by an inverter in the d-g axes is presented. The
inverter firing angle is considered as an input enabling the
control the battery’s power factor

The advantages of the proposed model with respect to
the other battery models [6] — [7] and [11] are: i) the
reactive power has been considered such that grid voltage
deviations can be taken into account. and ii) the state space
model of the battery has been represented in d-q structure,
which utilize the stability analysis in the power system.

The rest of the paper is organized as follows. Section II
describes the problem statement. In Section III, the battery
equations and linearized model in the d-q axes are presented.
Simulation results are shown in Section IV. Finally, Section
V presents conclusions and future study.
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II. PROBLEM STATEMENT

Small signal stability in a power system is defined as the
ability of the power system to maintain synchronism in the
presence of small disturbances such as load deviations. In this
context, since the power system is inherently a nonlinear
system, the power system model is linearized in the vicinity
of its operating point for the small signal analysis. This
enables us to apply linear system theory to the power system
even though the system is inherently nonlinear. In this regard,
all power system components can be modeled in the state
space representation as

x = Ax + Bu |
y =Cx+ Du @
A general power system structure is shown in Fig. 1. Based

on the given model, we can define the general equation of the
system as:

[Ybus]Avt = AIG e A[L e AIS + AIB (2)
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Fig. 1. Power system Structure

where, Y}, is the power system admittance matrix, Av, is the
voltage deviation in the buses and Al;, Al;, Als, and Al are
the changes in generator, load, static var compensator (SVC)
and battery current injections to the power system,
respectively.

A. Generator Model

The generator model in state space representation varies
based on the modeling approaches chosen [12]- [13]. For
instance, in [12] the generator is represented with five states
as:

Axg = [AS, Aw, AE}, AE}, AEy,|

where, § is rotor angle, w is the rotational speed, AE; and AE
are the d and ¢ axes generator internal voltages and AEfg is
the field voltage. The order of the generator model can
increase to 16 states as the generator model includes the
exciter, power system stabilizer (PSS), and turbine dynamics.
The generator differential equations after linearization are:

{Axg = [A4]Axy + [BglAV, + [EglAuc, 3)
Al; = [C4]lAx, + [Dy]AV
where AV, represents the voltage deviation in the generator

bus, Al is the generator current deviation and Au is a small
perturbation in the generator reference input variables for the

generator controllers. Note that, Alg, and AV are represented
in d-g axes as

Aqu]

Algg
Al ] and AI@ = AVdg

9= [Alqg

To be able to study the power system, all other equipment
such as loads, SVCs and batteries should be written in d — q
format. These devices are modeled in state space
representation in the following subsections.

B. Load model

Power system loads including induction motors and nonlinear
loads are modeled as

{Axl = [A]]Ax, + [B]AV, + [Ei]Augy 4
Al = [C]Ax, + [D,]AV, @

where, Ax; are the dynamic loads such as induction motor
states and Aug, are the load control inputs. AV; is the load bus
voltage deviation and Aljis the load (demand) current
deviation. For the static loads the equation will be simplified
to

AL = [D,]AV, = [V]AV, (%)

C. SVC model

Similar to the load equations, static var compensator (SVC)

in state space representation is modeled as

{Axs = [As]Axs + [Bs]AVs + [Es]Aucg 6)
Al = [Cg]Ax, + [Ds]AV;

where, Ax, are the SVC states and Au, are the SVC control

inputs. AV, and Al are the SVC bus voltage and current
deviations, respectively.

D. Battery model

To add the battery dynamics to the power system model, the
battery also should be represented as

Axy = [Ap]Axp + [Bp]AVy, + [Ep]Aucy %)
Al = [Cp]Axp + [Dp]AV)

Remarkl: Note that all equations are in d-g axes, hence:

Avq]
Avd

Al
Al = [ t Iq] and AV, = ®)

where AV represents voltages deviations in load, SVC or the
battery buses, Al is the current deviations and Au,(, is the
small perturbation in their reference input variables.

E. Network Equations

As shown in Fig. 1, generators and loads in the power system
network are interfaced to the network as current injections
This leads us to following equation

[ybusgDQ]AVQD = [Pg]Al; — [PL]AI, — [PL]ALs +
[Pp]Alg €))
Yous po 18 the network admittance matrix in d-g axes and

By (i,)) = [(1) 2] if the im generator is connected to the ju



bus, otherwise F;(i,j) = [8 g] Same interfacing matrices
are defined for P}, P,,., and Py [12]-[13].

After substituting the equations (3), (4), (5), and (7) in (9) and
simplifying, the overall system representation becomes

X = [A]X + [E]U, (10)
where

Ay = [A] + [B][P]* [Yyusp, ] ' [PIIC] (11)
[P]=[PGPLPSPB] (12)
And

[Yousno ) AVan = [PElIC61XG] + [PLIICIIX,] +
[Ps][Cs][Xs] + [Pl[Cp][Xg] (13)

A, represents the state matrix of the entire power grid, and the
stability of the system is studied based on A;.

To be able to study the effect of the battery integration on the
power system stability, we need to model the battery in the
state space model structure given in (7). Then we will be able
to add the battery model to the power system model in (9).
For this purpose, we derive the BESS current equations in d-
q axes and linearize them in the vicinity of the operating point.

III. BATTERY MODEL

Large-scale batteries are accompanied by their inverters in
power grids [10]. Figure 2 shows the equivalent circuit model
of a battery and its inverter. To extract the state space model
of the battery, we consider two cases for the charging and
discharging modes. The dynamics of the battery in the
charging mode are slightly different from the discharging
model. In the first case, we obtain the state space model of the
battery for the charging scenario. In the second case, with
slight modifications, we obtain the discharging model from
the first case.
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Fig. 2. Battery and inverter circuit model

A. Case I: Charging Mode

In the charging mode, using Kirchhoff’s voltage law, the
output voltage of the battery, Vgr, is

(14)
where, Iggs is the battery’s terminal current. The dynamic
model of the battery for the charging mode is shown in Fig. 3,
where, ay, is the inverter firing angle and v, is the bus voltage
to which the battery is connected.

Defining 4 =1+ %xco, and R = Rgg + Rpr the battery

current is

3v/6 3
Vpr = g— cos(ag) _;xcolBES

36 1 1
Ipgs = R vt cos(ag) — A_RVBOC - A_RVBI (15)
where Vg, is the battery overvoltage, and V(¢ is the battery
open circuit voltage. In the nonlinear model of the battery
represented in Fig. 3, we consider x, = [Vpoc, Vaq, @r]" as the
state vector of the battery.
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Fig. 3. Battery and inverter dynamic model in the charging mode

By linearizing (15) in the vicinity of the operating point of
AR = Qro, Vt = Vo, _‘/Bog = Vpoco» Vb1 = Vi10, and Ipgs =
I,0, the current deviation is

3vV6 36 ,

ﬁcos(aro) Av, — —r Vto sin(a,q) Aag —
1 1

17 8Vsoc = 37 AVs1

Alggs =
(16)

Moreover, using the dynamic block diagram shown in Fig.
3, we have the following state dynamics

AVBOC = é Alggs — CapRap AVpoc (17)
AV = o Alpgs = 0 AV (18)
Adg = ;f—i Aa —i Aag (19)
Now, considering

Pggs = % V¢ Ipgs cos (ag) (20)
Qpes = ? Ve Ipgs sin (ag) (21)
Ipg = TP TR @2)
Ibq _ thPBEs;tzvaBEs 23)
v = ’vﬁ + v? (24)

The final state space representation of the battery dynamics
and its inverter can be summarized as (25)-(26) in the vicinity
of its operating point. In this state space model, the states are
the deviation values of nonlinear states as Ax, =
[AVgoc, AV, Aag]™. The input reference control for the
battery is defined as Au,;, = Aa, which controls the active and
reactive output power of the battery. The outputs are active
(Alpq) and reactive (Al,q) current deviations of the battery.
Note that the voltage input signal is in d-g axes as Av =



T . .
[Avq,Avd] . Note that Av is the battery terminal voltage
deviation as a result of the battery connection to the power
grid.

AI'/BOC AVBOC
AVBl = Ab AVBl + Bb Av + EbAqu (25)
Adp Aag
Albd AVBOC
Alb ] Cb AVB]_ =+ Db Av (26)
a Aag
where
Ab =
-1 1 -1 -3v6.v49 .
(RBPCBP RlCBp) RACgp TRACBp stn (ar())
i -1 1 -3v6.v0 .
RACpq Rp1iCai RACBl) TRACp, sin (¢tro)
0 0 =
R
27)
[ 36 vgo 3V6 3Y6 van 1
TACEPVto cos (aro) TACgpVto (“ro)
Bb = 3\/?11(10 3v6. Vdo (28)
TTRACRB1V¢g s (am) TTRACB1V¢o cos (arO)J
L 0 0
[0
Ey=|2 (29)
[Tr

Finally, the terms of C,, = [Cy;;] and D, = [Dy;;] matrices (ij

representing the i*" and j** columns) are as follows
—3V6 3vV6 v,

Cp11 = ﬁcos((xro) + ﬂquo sin(aro) (30)

3v6 3V6 v,
Co1z = W;ﬁj" cos(aro) + ot sin(ar) 31
54
Cp1z = nZR/l —gz Vao- S (2ay0) — ——=Vgo.€0s (2ay0) +
3V6

W (Vboco + me) [Vdo sin (aro) + UqO cos (aro)] (32)
-3V6, 3v6

Coar = o2 €05 (aye) = - sin(atyo) (33)
-3v6 v, 3v6 .

Cp22 = szocos(aro) - nm'::o sin(ayo) (34)

Chaz = anl —77 Vao-€0s (2aro) — 2R/1 —77 Vqo-Sin (2ayo) +

3V6

. ——— (Vboco + Vp10)[Vqo- Sin (@rg) — Vgo-c0s (arg)] (35)

and

Dpyy = ZRA ———sin (2a,) + ? [vdo sin(arg) +

Va0Vq0€0S (@r0)](Vpoco + Vp1o) (36)

3v6
Dy, = ZRA cos®(apg) — RV, [qu cos(ayy) +
VaoVqoSin (ar0)](Vooco + Vb1o) (37

54 f

Dpyy = 72RA cos®(ayg) — [Vdo cos(ayy) —

VaoVqo SN (ar0)](Vpoco + Vb1o) (33)
27 3v6 ,

Dy, = TZRA sin (2aro) — TRAVE, [véosm(aro) -

Vga0Vq0 €0S(ar0)](Vpoco + Vi10) (39)

Having derived the state space model for the battery in the
charging mode, we derive a similar model for the discharging
case.

B. Second Case: Discharging Mode

To modify the charging model in Fig.3 for the discharging
mode two slight changes are required: i) changing the firing
angle to f =m — a; and ii) changing the current flow
direction. Therefore, the obtained battery voltage is

VBI - (RBT + VBS)IBES

Considering the inverse flow of the current, Iz;¢ has negative
value in the equation (14). So, (40) can be modified to

Ver = Vpoc — (40)

VBl + (RBT + VBS)IBES (41)

Ver = Vgoc —
IV. SIMULATION RESULTS

To validate the credibility of the obtained linearized model in
d-q axes, simulations were conducted to compare the behavior
against the original model. For brevity, only the results for the
charging mode are discussed. The discharging mode has the
same quality of results. In the simulation study, the following
system operating conditions were considered: v5o = 100 V,
Vigo = 692.82V, v, = 700V, and @y = 15°.

At this operating point, a small perturbation on the firing
angle of the inverter with the value of Aa = —1.97° was
considered. Figure 4 compares the results of the state vector
xp = [Vsoc) Vags ag]Tin both models. The states in the
original model are shown in blue and states of the linearized
d-q axis model are depicted with red.

All states start with the same initial conditions as both models
were in the same operating points. The slopes of deviations
are very close to each other and there are slight differences in
the final values.
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Fig. 4. Open circuit voltage of the battery



The bias errors are mainly noticeable in the steady state
because of the linearization approximation whereas the
application of this model is for transient behavior in small
signal analysis for no more than a few minutes time duration.
In the original model depicted in Fig. 3, there is no direct
access to measure the d-g axis currents of the battery.
Therefore, to validate the output signals of the obtained
model, we compute these currents by solving the following
equations for active and reactive power, which approximates
(20)-(24) as

Pgps = Viglpg + Viglpg (42)
and
Qges = Vialpqg — Viqlpa (43)

The battery current in d and g axes ( Ipq, and Ipq ) of the
original model and the linearized model are shown in Fig. 5.
The linearized model results are close to the original model,
particularly in the transient time frame that would be
employed in small signal stability studies.
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Fig. 5. Battery d axis output current
V. CONCLUSION

In this paper an analytical linearized dynamic model of a
large-scale BESS in the d-q axes is presented. The model is
expressed in the state space representation which can be easily
applied in stability studies and applications in the power
system. The lack of a parametric based model of BES in d-q
axes makes stability analysis challenging especially when the
contributions of batteries are growing rapidly in power
systems. To examine the dynamic behavior of this model, the
active and reactive power of the linearized model are
compared to those of the original model. Battery integration
to the power grid improve the stability and transient behavior
of the system. Considering the firing angle deviation as an
input for the battery model allows us to control the output
power of the battery along with its power factor. For future
work, we will evaluate the effects of the battery integration on
the power system. Also, the impact of the power factor
deviation as a control input on the small signal stability of the
power system will be studied to improve the small signal
stability of the system.
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APPENDIX
System parameters are:
X0 =0.0274 0, Cgp=52600F, Cg=1F, Rgr=
0.0167 2, Rgs = 0.013 2, Rg; = 0.001 2, Rgp = 10000 2,
Kp=1,Tp =0.0015,v,0 =790V, v, =100V, a = 15°.
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