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A B S T R A C T   

This paper presents a comprehensive small signal analysis of two types of battery energy storage systems (BESSs), 
including a voltage-controlled BESS (V-BESS) and a current-controlled BESS (C-BESS). This study also introduces 
dynamic models for integrating these two BESS configurations within a DC microgrid context. Through small 
signal analysis and participation factor analysis, this study investigates the interplay between the BESS and the 
DC microgrid and the internal interactions within the BESS. Subsequently, pivotal modeling parameters are 
discerned, and their impacts on system dynamics due to variations are unveiled through a sensitivity analysis. 
These results were verified through real-time software-in-the-loop simulations using an OPAL-RT 5707XH. 
Furthermore, this paper proposes dynamic models for both V-BESS and C-BESS integrated with a DC microgrid 
that can capture the dominant behavior of BESSs in a DC microgrid with relatively low computation demands. 
Potential applications of this study not only include providing a reference for modeling BESSs in a DC microgrid 
but also providing a guideline during the design and operation stages of a BESS in a DC microgrid. Finally, due to 
their modularity and scalability, the proposed dynamic models can be easily applied to the design and testing of 
BESS controllers.   

1. Introduction 

Due to the high penetration of renewable energy sources, battery 
energy storage systems (BESSs) are expected to play a pivotal role in 
future power systems. The production of renewable energy sources, such 
as photovoltaic and wind energy, has spatial–temporal uncertainty 
which can be addressed by incorporating an energy storage system in the 
power system [1]. The recent technological advancements and cost 
reduction in batteries have made the BESS a promising choice due to 
their obvious advances, such as high energy density, low self-discharge, 
and various application scenarios [2]. In the case of a power system, the 
capacity of the BESS can range from the megawatt level [3] to the 
household power level [4], and the applications of the BESS include 
complementing renewable energy sources [5], maintaining voltage 
stability [6], and providing frequency regulation [7]. However, the 
implementation of the BESS may also cause new challenges in the sys-
tem dynamics, particularly stability issues due to its low inertia 
characteristics. 

A proper BESS dynamic model is essential for studying the impact of 
BESS on power system dynamics [8], designing BESS controller 

parameters [9], and designing protection systems [10]. Moreover, an 
accurate and computationally efficient BESS model can facilitate new 
digital applications, such as digital twins and real-time simulations. 
Although nearly 25 % of publications in the field of energy digital twins 
are related to energy storage systems, the high computation cost of a 
complex model remains a critical issue [11]. Therefore, modeling BESSs 
applied to power systems is an enduring research topic [8,12–18]. Dy-
namic modeling of a BESS, which focuses on the stability study in large- 
scale power systems, was first proposed in [12]. This BESS dynamic 
model was applied to increase the damping of synchronous generator 
torsional oscillations. In contrast to the six-pulse converter examined in 
[8], [12] and [13] investigated a pulse-width modulated three-phase 
full-bridge voltage source converter in conjunction with a bi- 
directional buck-boost converter. Additionally, [8] discussed the sta-
bility impact of the battery bank configuration, BESS internal resistance, 
and BESS internal voltage in large-scale grids. The BESS modeling for the 
AC microgrid dynamic study, including comparative model studies with 
different levels of detail, can be found in [14]. In the article [19], the 
battery bank and its DC/DC converter were modeled as an ideal voltage 
source. There seems to be currently no consensus on the appropriate 
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model to be used for a BESS. Other applications of grid-level BESS dy-
namic models have also been investigated, such as inhomogeneous 
degradation [15], transmission systems [16], and grid fault analysis 
[17]. However, with new developments in power systems, emerging 
application environments have raised new requirements for the BESS 
dynamic modeling [20,21]. 

Few studies have covered a suitable BESS dynamic model for the DC 
microgrid dynamic study despite the increasing attention and wide ap-
plications of DC microgrids due to their advantages, such as high effi-
ciency, larger capacity, and simple structure [22]. However, a DC 
microgrid has also faced stability challenges, such as low damping and 
negative impedance [23,24]. Some researchers [25–27] have endeav-
ored to explore the stability of DC microgrid. In [25], the study inves-
tigated the interactions among different bus ports in a bipolar DC 
microgrid. DC microgrids may also have multiple parallel converters, 
among which interactions were investigated by the researchers in [26]. 
However, the authors in [26] overlooked the impact of sources con-
nected to the converters. The stability impact of a hybrid source, con-
sisting of a supercapacitor and a PV system on a DC microgrid, was 
explored in [27]. However, for studying the system dynamics of a BESS 
in a DC microgrid, the interaction mechanism between the BESS and the 
DC microgrid, as well as within the BESS, has not been clearly investi-
gated as summarized in Table 1. When studying the dynamic behavior 
and impact of a BESS placed in a power system, in addition to the BESS 
itself, the rest of the system connected to it is also required to be 
considered [28]. Otherwise, it may lead researchers to build redundant, 
overly complex, or overly simplified models. At the battery cell level, 
researchers have primarily focused on modeling the interaction within 
battery cells [29]. Conversely, researchers have commonly utilized a 
constant voltage source at the power system level to represent the bat-
tery bank [8]. However, a crucial bridge between these two research 
areas currently seems to lack in selecting an appropriate battery bank 
model for the dynamic study of DC microgrids. 

These problems make it challenging to select an appropriate BESS 
model for the DC microgrid dynamic study. A detailed model that cap-
tures all the essential information of BESS can provide accurate results, 
while it may be computationally expensive and unsuitable for promot-
ing residential and small-scale applications [15]. In contrast, an overly 
simplified model may fail to capture critical information, leading to poor 
performance of the controller and protection system [17]. To suitably 
model the dynamic behavior of a BESS in a DC microgrid, it is crucial to 
identify which components are critical for the dynamic study and to 
understand the effect of their parameter variations. This model has 

significant implications for the dynamic modeling of BESS in both the 
design and operation stages, as it allows for consideration of the 
necessary components during the design stage and the parameter vari-
ations affected due to the aging during the operation stage. 

To address these challenges, this paper aims to study the interaction 
mechanism of a BESS in a DC microgrid and propose suitable BESS 
models that can capture the dominant behavior with relatively low 
computation demands. The main contributions of this study are:  

• This paper presents a small signal analysis and a sensitivity analysis 
for two types of BESSs in a DC microgrid, with the inherent capacity 
to regulate their bus voltage, output reference current, or power. The 
interaction mechanism between the BESS and the DC microgrid, as 
well as within the BESS, is delved.  

• This study identifies critical components necessary for the dynamic 
study of a BESS in a DC microgrid and assesses the effect of param-
eter variations. The conducted analysis not only serves as a reference 
for researchers considering necessary components in their models 
but also helps designers in adjusting parameters during the design 
stage to improve system dynamic performance.  

• This study proposes new dynamic models for both types of BESS for 
the DC microgrid dynamic study, which can capture the dominant 
behavior of BESSs while requiring relatively low computation de-
mands. The proposed models can be easily applied to the design and 
testing of BESS controllers due to their modularity and scalability.  

• This study bridges the gap between battery cell and power system 
level research by selecting an appropriate battery bank model for the 
dynamic analysis of DC microgrids. This paper finds that the battery 
bank model only needs to consider the internal resistance and open- 
circuit voltage, which can reduce computational complexity without 
significantly affecting the accuracy of the results. 

The paper is structured as follows: Section 2 describes fully detailed 
BESS models for both types, including every individual component. 
Section 3 reveals critical components for the dynamic study and the 
impact of their parameter variations through small signal analysis and 
sensitivity analysis, which will be further verified through real-time 
software-in-the-loop simulations in Section 4. Section 4 presents the 
proposed models compared with the detailed electromagnetic models 
explained in Section 2. Finally, Section 5 summarizes the paper with the 
main contributions and implications of the research. 

Table 1 
Summary of comparison in previous works.  

Ref. Inclusion of small 
signal analysis 

Inclusion of 
sensitivity analysis 

Research object Target system Limitation of the study 

[8] Yes Yes BESS BESS connected to the point of common 
coupling. 

Did not consider the connected system such as a 
microgrid 

[12] Yes No BESS Power system with a generator and an 
infinite bus 

Modelled the battery bank as a 1st-order 
Thevenin model 

[13] No No ESS WSCC 9-bus test system Modelled the battery bank as the Shepherd model 
[14] Yes No BESS Modified version CIGRE benchmark AC 

microgrid 
Did not provide a comprehensive small signal 
analysis 

[15] No No Battery cell Battery pack Employed a 1st-order Thevenin model to 
describe transient behaviors 

[16] No No BESS Connect to the WSCC 9-bus system through 
a transformer 

Only studied the impact of battery internal 
resistance and battery voltage 

[17] No No BESS A 120 kV/60 Hz transmission system Studied the behaviors of BESS under faults 
[19] No No Synchronous 

Generator 
A 480Y/277 V AC microgrid Modelled the battery bank and DC/DC converter 

as a simple voltage source 
[25] Yes Yes DC microgrid A bipolar DC microgrid with PV and ESS Studied the stability interactions among three 

bus ports 
[26] Yes Yes Parallel converters A DC microgrid with a resistive load and a 

constant power load 
Studied the interaction between converters 

[27] Yes Yes Supercapacitor and 
PV 

A multi-bus DC microgrid which is 
operating in an islanding mode 

Investigated the effects of the system parameters 
on the stability  
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2. System modeling 

2.1. Overview 

This section presents a comprehensive modeling approach for BESSs 
integrated into a DC microgrid. It includes accurate models for a battery 
bank, a bidirectional converter, controllers, and a generic DC microgrid. 
The proposed model also includes a bidirectional buck-boost converter 
(BBBC) and its controllers, commonly used in BESS applications. The 
proposed modeling approach ensures that all components are fully 
described, providing a comprehensive and accurate representation of a 
BESS in a DC microgrid. The modeling approach presented in this sec-
tion serves as the foundation for the analysis and evaluation of the 
system in the following sections. This section also presents the com-
parison of different modeling methods to ensure the accuracy and 
suitability of the battery bank model. 

2.2. Battery bank modeling 

In this subsection, several equivalent circuit models (ECMs) of the 
battery cell are compared to find the battery model with the best per-
formance. ECMs are widely applied in electrical research due to their 
ability to describe the current–voltage characteristics of the battery cell. 
The internal resistance model, different orders of the Thevenin models 
[30], the partnership for a new generation vehicles capacitance (PNGV) 
model [31], and the saft capacitance model [31] are representative and 
popular among the ECMs. Based on the model comparisons, one can 
determine the most accurate model to ensure the precision of our battery 
bank model. 

Parameters of all models in this study were determined using the 
least squares method and datasets from CALCE Battery Research Group 
[32,33]. To standardize the identification process and improve the ac-
curacy, the capacitor, which represents the energy storage in the battery 
cell and provides the open-circuit-voltage (OCVcell), was replaced by a 
controllable ideal DC voltage source of which voltage is determined by a 
SoC(State-of-Charge)-OCVcell look-up table. Two types of battery cells 
were studied, including A123 18,650 cell (i.e., LiFePO4 battery) and 
Samsung INR 18650-20R cell (i.e., a Li-NiMnCoO2 battery). The pa-
rameters were identified using the dynamical stress testing (DST) 
dataset and tested using the US06 driving schedule and the federal 
driving urban driving schedule (FUDS) datasets provided by the CALCE 
Battery Research Group [32,33]. The mean square error (MSE) results of 
different ECMs are listed in Table 2. Based on the testing results, it can be 
concluded that the 2nd-order Thevenin model is the most accurate in 
describing the electrical characteristics of both types of battery cells. 

The 2nd-order Thevenin model comprises a controllable ideal DC 
voltage source of which voltage is determined by the SoC-OCVcell look- 
up table in series with an internal resistance Rb,cell and two resis-
tance–capacitance pairs (RC pairs), as illustrated in Fig. 1. The param-
eters of the Thevenin model are the functions of temperature, SoC, State 
of Health (SoH). However, in the transient studies analyzed at the time 
scale order of seconds, the variations of these parameters over short 
durations can be disregarded [34–36]. Due to a self-discharge rate 
typically not exceeding 5 % per month in a battery cell, its impact can 
also be considered inconsequential, posing no risk of unacceptable er-
rors [30]. Therefore, the dynamic behavior of a battery cell can be 
described as follows: 
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

diR1,cell

dt
= −

1
R1,cellC1,cell

iR1,cell +
1

R1,cellC1,cell
iL,cell

diR2,cell

dt
= −

1
R2,cellC2,cell

iR2,cell +
1

R2,cellC2,cell
iL,cell

vb,cell = OCVcell − iL,cellRb,cell − iR1,cellR1,cell − iR2,cellR2,cell

(1) 

where iR1,cell and iR2,cell are the current flow through the resistance R1, 

cell and the resistance R2,cell respectively, vb,cell is the terminal voltage of 
the battery cell, iL,cell is the current flow through the resistance Rb,cell. 
From (1), it can be recognized that the current iL,cell equals the current 
iR1,cell and the current iR2,cell when the battery cell is working at a steady 
state. Furthermore, when the battery cell is experiencing a transient 
process, the time back to the steady state depends on the time constant 
τ1 = R1,cellC1,cell and τ2 = R2,cellC2,cell. By using a big cell model [8], if the 
battery bank includes m cells connected in series and n cells connected in 
parallel, the battery bank can be modeled by 
⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

diR1

dt
= −

1
R1C1

iR1 +
1

R1C1
iL

diR2

dt
= −

1
R2C2

iR2 +
1

R2C2
iL

vb = OCV − iLRb − iR1R1 − iR2R2

(2) 

where the OCV = m × OCVcell, R1 = m/n × R1,cell, R2 = m/n × R2,cell, 
C1 = n/m × C1,cell, C2 = n/m × C2,cell, and Rb = m/n × Rb,cell. From (2), it 
can be seen that the dynamic time constants τ1 and τ2 of the battery bank 
are the same as those of a single battery cell. 

2.3. Converter and its controller modeling 

The BBBC and its controllers are responsible for connecting the 
battery bank to the DC microgrid. The schematic diagram of the BBBC 
and its controllers studied in this paper is depicted in Fig. 2. BESS ap-
plications can be divided into two types in a DC microgrid. The first type 
uses a controller that aims to support the voltage stability of the DC bus 
and ensure power balance [37]. The second type employs a controller 
that makes the BESS a constant current source/load or constant power 

Table 2 
The performance of various ECMs.  

ECMs A123 18,650 cell (LiFePO4) Samsung INR 18650-20R 
cell (Li-NiMnCoO2) 

MSE of 
US06 

MSE of 
FUDS 

MSE of 
US06 

MSE of 
FUDS 

Internal resistance 
model 

104.99 ×
10-5 

110.80 ×
10-5 

33.61 ×
10-5 

49.67 ×
10-5 

1st-order Thevenin 
model 

9.15 × 10-5 17.14 × 10- 

5 
17.32 ×
10-5 

17.57 ×
10-5 

2nd-order Thevenin 
model 

7.94 × 10-5 8.87 × 10-5 6.62 × 10- 

5 
5.40 × 10-5 

PNGV model 24.80 × 10- 

5 
47.32 × 10- 

5 
6.74 × 10- 

5 
10.42 ×
10-5 

Modified saft-RC 
model 

10.43 × 10- 

5 
18.43 × 10- 

5 
11.14 ×
10-5 

19.10 ×
10-5  

Fig. 1. 2nd–order Thevenin model of a battery cell [30].  
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source/load [38]. To study the dynamics of BESS, this paper proposes 
two generic controllers that can be respectively used in these two types 
of BESS. As illustrated in Fig. 2, the voltage controller uses a reference 
voltage, while the current controller uses a reference current or refer-
ence power. The reference values for both controllers can be generated 
by upper-level controllers. The voltage-controlled BESS (V-BESS) has a 
voltage controller to ensure voltage stability and power balance. The 
current-controlled BESS (C-BESS) has a current controller and provides a 
constant current or power source/load. 

Depending on the operational requirements of the DC microgrid, the 
BBBC can operate in either the buck mode or the boost mode. When the 
DC microgrid requires the BESS to export power, the BBBC runs in the 
boost mode. In this mode, the buck switch is always turned off, while the 
boost switch is controlled by the modulation signal from the PWM. The 
battery bank is discharged during the boost mode. Conversely, if the DC 
microgrid needs the BESS to absorb excess power, the BBBC will operate 
in the buck mode. Here, the boost switch is always in the open state, 
while the buck switch is controlled by the modulation signal, and the 
battery bank is in the charging mode. If the duty cycle d is determinate, 
the battery discharging current iL and the voltage vdc at Cdclink can be 
described by the following equation: 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

diL
dt

=
1
Lf

(vb − iLRf − dvdc)

dvdc

dt
=

1
Cdclink

(diL − idc)

(3) 

where Lf is the inductance of the filter that should be chosen by 
considering the current ripple [14], Rf is the parasitic resistance of the 

filter, and idc is the current flowing out from the converter. The calcu-
lation method of the duty cycle received from the BBBC controller de-
pends on the operation mode of the BESS. In the boost mode, a duty 
cycle equals (1-dv1) or (1-dc1), while a duty cycle is equal to dv2 or dc2 in 
the buck mode. When the voltage controller works in the boost mode, 
the duty cycle dv1 can be calculated as follows: 
⎧
⎪⎨

⎪⎩

dxv1

dt
= vref − idckd − vdc

dv1 = kp,v1(vref − idckd − vdc) + ki,v1xv1

(4) 

where xv1 is the state variable of the boost PI controller, kp,v1 and ki,v1 

Fig. 2. (a) Voltage controller for a bidirectional buck-boost converter; (b) Current controller for a bidirectional buck-boost converter.  

k

Fig. 3. Operational modes of the BESS with the proposed controllers.  
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are parameters of the boost PI controller, and kd is the droop resistance 
used for droop control in the microgrid. Similarly, when the voltage 
controller operates in the buck mode, the duty cycle dv2 can be calcu-
lated as follows: 
⎧
⎪⎨

⎪⎩

dxv2

dt
= vref − idckd − vdc

dv2 = −
[
kp,v2(vref − idckd − vdc) + ki,v2xv2

]
(5) 

where xv2 is the state variable of the buck PI controller, kp,v2and ki,v2 
are parameters of the buck PI controller. In the case of a current 
controller, as shown in Fig. 3, the operation mode depends on the value 
of the reference current. The current controller operates in the boost 
mode if the reference current is positive and in the buck mode if not. 
Similar to the voltage controller, the duty cycle of the current controller, 
dc1 and dc2, can be calculated as follows: 
⎧
⎪⎨

⎪⎩

dxc1

dt
= iref − idc

dc1 = kp,c1(iref − idc) + ki,c1xc1

(6)  

⎧
⎪⎨

⎪⎩

dxc2

dt
= iref − idc

dc2 = −
[
kp,c2(iref − idc) + ki,c2xc2

]
(7) 

where xc1 and xc2 are the state variables of the boost PI controller and 
the buck PI controller, respectively. The reference current can be input 
directly or can be obtained by inputting the reference power and 
calculating iref = Pref/vdc as shown in the dotted line portion of Fig. 2. 

2.4. DC microgrid modeling 

To study the dynamic behavior of the BESS in a common context, a 
generic DC microgrid modeling method, as proposed in [39], is used. For 
dynamic analysis, source components in DC microgrids are categorized 
into two types: the constant-power-and-resistive component and the 
voltage-controlled component. The constant-power-and-resistive 
component can be used to represent constant power sources, constant 
power loads, and constant resistive loads. The voltage-controlled 
component can be used to represent sources with voltage controllers. 
Additionally, a mathematical model for delivery lines in DC microgrids 

is also derived, which can be expressed as: 

diij
dx

=
1

lenijLl
(vi − vj − iijlenijRl) (8) 

where lenij is the length of the delivery line connecting buses i and j, iij 
is the current flow through the delivery line, and vi and vj are voltages at 
bus i and bus j, respectively. Ll and Rl are the unit inductance and the unit 
resistance of the delivery line, respectively. The detailed modeling 
process of other components can be found in the literature [39]. 

3. Small signal analysis 

3.1. Methodology 

The small signal analysis is a powerful tool for obtaining information 
on the stability and dynamics of a system around an operation point 
[40]. Eigenvalues or modes of a dynamic system are key results derived 
from a small signal analysis. The location of the eigenvalues obtained 
from the small signal model can indicate whether the system is stable at 
the operation point. Specifically, if at least one eigenvalue lies in the 
right half of the complex plane, the system is unstable. The imaginary 
and real parts of the eigenvalues provide additional information on the 
oscillation frequency and convergence speed of the system after expe-
riencing a small disturbance, respectively. Furthermore, the participa-
tion factor is another result that can be obtained from the small signal 
analysis, which describes the relationship between modes and state 
variables in the small signal model. In the context of BESS, the identi-
fication of essential components for dominant modes is facilitated by 
determining the state variables associated with the highest participation 
factors for those modes. 

To derive the small signal model of the studied system, the Taylor 
series linearization [41] is used. Firstly, it is required to introduce small 
signal disturbances to both the state variables and the algebraic vari-
ables of each component model, including (2), (3), (4), (5), (6), (7), and 
(8) as well as the constant-power-and-resistive component and the 
voltage-controlled component models. 
{
x = X+ x̃
u = U+ ũ (9) 

After substituting (9) into each component model mentioned above, 

Fig. 4. The constructed small signal model of the studied system.  
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the steady-state and high-order terms in their Taylor series can be 
eliminated to obtain the small signal state space model. 

x̃ = Ax̃+Bũ (10) 

where matrix A is the system matrix, and matrix B is the input ma-
trix. The constructed small signal model of the system is illustrated in the 
Fig. 4, where each box represents a sub-component of the system. In 
addition to the state variables of each sub-component, the input and 
output variables between different sub-components are also specified in 
the diagram. The state set of the entire studied system is x  = [iR1, iR2, iL, 
vdc, xv/xc, iij, vi, ici, vci]. External inputs into the investigated system are 
only the current from the main grid iui and the battery bank open-circuit 
voltage OCV. Other input variables in each sub-component are output 
variables from another sub-components within the system, as shown in 
the Fig. 4. This small-signal model is easily implementable in various 
simulation software or programming languages; in this study, the 
MATLAB software was used. To get eigenvalues of the studied system 
matrix A, the following equation can be solved. 

det(A − λI) = 0 (11) 

where A is an n × n matrix, λ is an n × 1 eigenvalue vector. If there is 
a positive eigenvalue, the system will diverge if the system suffers a 
disturbance. In addition, even if there is no positive eigenvalue, the 
system dynamic response can be approximated by a superposition of n 
modes. However, the convergence time constant of some modes may be 
too small or too large to be relevant for the dynamic research timescale, 
so only some domain modes should be selected for eigenvalue analysis. 
The relationship between the kth mode and hth state variable can be 
represented by the participation factor phk. For obtaining participation 

factors, the right eigenvector ϕk and left eigenvector ψk need to be 
calculated as 
{
Aϕk = λkϕk
ψkA = λkψk

(12) 

where the right eigenvector ϕk is an n × 1 vector while the left 
eigenvector ψk is a 1 × n vector. Then, the participation factor of the kth 

mode and hth state variable is 

phk = ϕhkψkh (13)  

3.2. Eigenvalues and participation factors analysis 

Based on the models proposed in Section 2 and the methodology 
described in Section 3.1, small signal models of a DC microgrid equipped 
with BESSs were developed in the MATLAB/Simulink platform to 
explore the effects of the BESS on DC microgrid stability and dynamics. 
To facilitate this analysis, a modified generic DC microgrid with four 
buses at a rated voltage of 300 V was employed. The structure and pa-
rameters of the system were referenced from the configuration described 
in papers [39] and [42], with modifications made to better align with 
the research focus of this paper. The system structure is depicted in 
Fig. 5, and the default system parameters are listed in Table 3. Each bus 
is connected to a voltage-controlled source and a constant power load. 
Power interaction with the main grid only occurs at bus 1. Depending on 
research scenarios, the voltage-controlled source or constant power load 
at bus 3 was replaced with a V-BESS or a C-BESS. The eigenvalues of the 
studied system under five distinct scenarios were calculated, namely: (1) 
Without any BESS, (2) With a V-BESS in boost mode, (3) With a V-BESS 
in buck mode, (4) With a C-BESS in boost mode, and (5) With a C-BESS 
in buck mode. In the scenarios 3 and 4, P3 was set at 4 kW. The resulting 
eigenvalues are summarized in Table 4, and their corresponding 
participation factors are presented in Fig. 6. 

Compared to the initial DC microgrid without any BESS, four new 
eigenvalues are introduced to the system due to the introduction of V- 
BESS and C-BESS. In scenario 1, system eigenvalues can be readily 
classified into three classifications: (1) Non-oscillation modes with small 
real parts (λ1~4), (2) High-frequency oscillation modes (λ5~12), and (3) 
Non-oscillation modes with real parts greater than − 500 (λ13~16). Ac-
cording to the participation factor analysis results depicted in Fig. 6, the 
biggest participation factors of modes λ1~4 are state variables v1 ~ v4, 
regulated by voltage-controlled sources at each bus. Hence, the primary 
contributing components for modes λ1~4 are the voltage-controlled 
sources at each bus. Considering that the main participation factors 
for high-frequency modes λ5~12 are the currents and voltages of constant 
power loads, it follows that constant power loads constitute the main 
contributing components for modes λ5~12. The main participation fac-
tors for modes λ13~16 are the currents on delivery lines. Thus, the pri-
mary contributing components for these modes are the delivery lines in 
the DC microgrid. The V-BESS at bus 3 introduces an oscillating mode 

Fig. 5. Investigated DC microgrid integrated with a BESS.  

Table 3 
Default parameters of the studied system.  

Parameter Value Parameter Value Parameter Value Parameter Value 

Vrated (V)  300.0000 l1 (H) 0.0002 P2 (kW)  − 3.0000 R2,cell (Ω)  0.0492 
cG1 (F)  0.0010 l2 (H) 0.0002 P3 (kW)  − 4.0000 Rb,cell (Ω)  0.1975 
cG2 (F)  0.0030 l3 (H) 0.0002 P4 (kW)  − 3.0000 Lf (H)  0.0033 
cG3 (F)  0.0030 l4 (H) 0.0002 Ll (H/km)  0.5480 Rf (Ω)  0.0835 
cG4 (F)  0.0060 c1 (F) 0.0002 Rl (Ω/km)  0.0990 Cdclink (F)  0.0200 
k1 (Ω)  0.0500 c2 (F) 0.0002 len12  2.0000 kp,v1  0.0150 
k2 (Ω)  0.0500 c3 (F) 0.0003 len23  4.0000 ki,v1  0.0900 
k3 (Ω)  0.0500 c4 (F) 0.0003 len34  3.0000 kp,v2  0.1000 
k4 (Ω)  0.0500 r1 (Ω) ∞ len41  1.0000 ki,v2  0.6000 
rp1 (Ω)  0.0400 r2 (Ω) ∞ OCVcell (V)  3.3000 kp,c1  0.0030 
rp2 (Ω)  0.0400 r3 (Ω) ∞ τ1,cell (s)  25.8897 ki,c1  0.0500 
rp3 (Ω)  0.0400 r4 (Ω) ∞ R1,cell (Ω)  0.0254 kp,c2  0.0030 
rp4 (Ω)  0.0400 P1 (kW) − 4.0000 τ2,cell (s)  4931.6000 ki,c2  0.0500  

R. Lin and S. Bae                                                                                                                                                                                                                               



International Journal of Electrical Power and Energy Systems 160 (2024) 110109

7

(λ17,18) and three additional non-oscillating modes (λ19, λ20, and λ21). On 
the other hand, the C-BESS does not introduce the λ17,18 mode but 
instead introduces a new non-oscillation mode λ22 with a time constant 
of approximately 0.003 s. 

The effects of the BESS on the dynamic behavior and stability of a DC 
microgrid are mainly reflected in mode λ15 and modes λ17,18 to λ22. Due 
to the relatively high participation factors of vdc and iL associated with 
mode λ15, the delivery line has a complex interaction with the DC bus 
capacitor and the filter inductor within the BESS. The dominant oscil-
lation mode in a DC microgrid with a V-BESS is λ17,18. The introduction 
of mode λ19 is attributed to the BESS controllers, given its significant 
participation factors associated with the state variable x of the 
controller. Mode λ19 is characterized by a time constant ranging 
approximately from 0.05 s to 0.25 s. In addition, the mode λ22 is 
exclusively induced by the C-BESS. According to the participation factor 
analysis, both mode λ17,18 and mode λ22 have relative high participation 
factors of vdc, iL, and delivery line current. Therefore, these two modes 
are affected not only by the DC bus capacitor and the filter inductor in 
the BESS but also by the delivery lines. Although modes λ20 and λ21 are 
also introduced by the BESS, their time constants depend only on the 
time constants of the battery bank RC pairs. Moreover, the time con-
stants of modes λ20 and λ21 are over the time scale of system dynamic 
research. In summary, the interaction within the BESS occurs primarily 

between the DC bus capacitor and the filter inductor, while the delivery 
line is the main component with which the BESS interacts in the DC 
microgrid. Notably, the number of eigenvalues remains unchanged in 
boost mode and buck mode, regardless of whether it is a V-BESS or C- 
BESS. Consequently, the following study in this section will focus on 
analyzing the BESSs in boost mode. 

3.3. Sensitivity analysis 

This subsection aims to analyze the effect of system parameter var-
iations on eigenvalue modes in consideration of converter configuration, 
controller parameters, battery bank configuration, and delivery line 
length. By examining the primary state variables identified earlier, the 
sensitivity analysis can determine the critical system parameters 
affecting BESS dynamic modeling. The sensitivity analysis can not only 
guide the design of an appropriate BESS in a DC microgrid but also 
reflect the parameter variations impact due to aging during the opera-
tion stage. In each eigenvalue locus in the sensitivity analysis, only one 
parameter changes while other system parameters remain at their 
default setting. In the following, this study uses the analysis of the V- 
BESS to illustrate the sensitivity analysis, while the sensitivity analysis 
results of the C-BESS are presented in Appendix I, following a similar 
process as the V-BESS case. The difference between the boost mode and 

Table 4 
Eigenvalues of five studied scenarios.  

Eigenvalue Without any BESS With a V-BESS in boost mode With a V-BESS in buck mode With a C-BESS in boost mode With a C-BESS in buck mode 

λ1 − 19617.5119 − 19617.5119 − 19617.5119 − 19617.5119 − 19617.5119 
λ2 − 6448.1811 − 6426.7098 − 6426.7112 − 6426.7114 − 6426.7103 
λ3 − 6397.9453   − 760.5173 − 762.0896 
λ4 − 3085.8512 − 3086.7525 − 3086.7572 − 3086.7859 − 3086.7840 
λ5,6 − 110.1512 ± 5015.9511 − 110.1512 ± 5015.9511 − 110.1886 ± 5015.9537 − 110.1886 ± 5015.9537 − 110.1512 ± 5015.9511 
λ7,8 − 100.2083 ± 5054.4023 − 100.2083 ± 5054.4036 − 100.2672 ± 5054.4075 − 100.2671 ± 5054.4075 − 100.2083 ± 5054.4036 
λ9,10 − 121.2285 ± 4131.0737 − 25.9575 ± 4131.0737 − 172.0743 ± 4113.3053   
λ11,12 − 97.6658 ± 4140.5309 − 97.6756 ± 4140.5333 − 97.7202 ± 4140.5358 − 97.7199 ± 4140.5359 − 97.6754 ± 4140.5329 
λ13 − 267.4952 − 267.3181 − 267.3176 − 267.4237 − 267.3818 
λ14 − 180.6569 − 180.6569 − 180.6569 − 180.6569 − 180.6569 
λ15 − 250.1336 − 169.1988 − 267.3176 − 248.3995 − 244.9604 
λ16 − 432.1540 − 424.8606 − 424.7571 − 442.9208 − 442.2814 
λ17,18  − 38.5240 ± 338.7695 − 49.8401 ± 344.5634   
λ19  − 4.4350 − 4.4546 − 13.4391 − 13.5352 
λ20  − 0.0386 − 0.0386 − 0.0386 − 0.0387 
λ21  − 2.2025 × 10-4 − 2.0301 × 10-4 − 2.0242 × 10-4 − 2.0310 × 10-4 

λ22    − 338.1419 − 326.9819  

Fig. 6. Participation factors of the system eigenvalues.  
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the buck mode is reflected by changing the load at bus 3. 
The parameters of the BBBC studied here are the DC bus capacitance 

Cdclink, the filter inductance Lf and its parasitic resistance Rf. Cdclink and Lf 
are commonly selected based on the demand for ripple limitation on 
both sides of the BBBC, while the value of Rf is determined by the 
manufacturing technology and aging status of the filter inductor. Results 
of the sensitivity analysis of these three parameters are shown from 
Fig. 7 (a) to (c). An increase in Cdclink capacity from 0.001 to 0.9 causes a 
decrease in the oscillation frequency of mode λ17,18 from 216.7032 Hz to 
5.3172 Hz while the damping ratio increases initially and then de-
creases. A small Cdclink capacity results in a positive damping ratio, 
leading to system instability. The damping ratio reaches its largest value 
when the Cdclink capacity is 0.03F. In the case of Lchopf, an increase to 80 
mH causes non-oscillation modes λ15 and λ19 to become an oscillation 
mode with a low damping ratio and a small frequency. As shown in 
Fig. 7 (c), when the Rf varies within 0.1, the impact on the transient 
behavior of the system is negligible, while the increase of the Rf with a 
step size of 0.1 can increase the damping ratio of the system. Therefore, 
when selecting Cdclink and Lf capacity, the transient behavior of the 
system should also be considered in addition to the ripple to obtain a 
better performance. However, it is not recommended to increase system 

damping by increasing Rf due to its inefficiency. 
In the boost mode of the V-BESS, a conventional PI controller is 

employed, which has two parameters: kp,v1 and ki,v1. The eigenvalue loci 
of these two parameters are illustrated in Fig. 7 (f) and Fig. 7 (e), 
respectively. The controller parameter kp,v1 has a significant impact on 
system stability. When the value of the controller parameter kp,v1 is 
approximately 0.07, the eigenvalue λ17,18 moves across the imaginary 
axis to the right half-panel, leading to system instability. For ki,v1, the 
damping ratio of mode λ17,18 is reduced when the value is increased. 
Therefore, it is crucial to carefully select a suitable value for kp,v1 to 
maintain system stability. 

The battery bank configuration parameters include the values of RC 
pairs, cell connection within the battery bank, and the OCVcell. Sensi-
tivity analysis results for RC pair values and cell connection are pre-
sented in Fig. 7 (f) to (h), while OCVcell is not shown here due to its 
insignificant effect. The mode λ20 is only affected by R1,cell and C1,cell, 
while the mode λ21 is only affected by R2,cell and C2,cell. Furthermore, it 
was observed that the amplitude decay time-constant of mode λ20 is 
equal to the time-constant of the RC pair 1 (|σ20| = R1,cellC1,cell) and the 
amplitude decay time constant of mode λ21 is equal to the time-constant 
of the RC pair 2 (|σ21| = R2,cellC2,cell). Therefore, increasing R1,cell, C1,cell, 

Fig. 7. Eigenvalue loci of system parameter variations (V-BESS): (a) DC bus capacitance Cdclink, (b) Filter inductance Lf; (c) Filter resistance Rf; (d) Controller 
parameter kp, v1, (e) Controller parameter ki, v1, (f) Battery bank RC pair 1, (g) Battery bank RC pair 2, (h) Cells connection number m and n, (i) Delivery line 34 
length len34. 
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R2,cell, and C2,cell can move eigenvalue λ20 or eigenvalue λ21 to the right, 
but this will never cause system instability. To study the effect of cell 
connection within the battery bank, the total number of cells was kept 
constant at 10800, and then the number of cells in series m and the 
number of cells in parallel n were gradually increased and decreased 
from m = 12 and n = 900 to m = 900 and n = 12. Within a reasonable 
range, the frequency and damping ratio of the mode λ17,18 increase when 
the number of cells in series m increases. Therefore, when designing the 
cell connection, increasing the number of series connections m can 
improve the performance of system dynamic response and stability. 

The participation analysis revealed that the BESS interacts with the 
delivery line, prompting a closer examination of the line length. The 
participation analysis revealed that the BESS interacts with the delivery 
line, prompting a closer examination of the line’s length. As the sensi-
tivity analysis result illustrated in Fig. 7 (i), it can be seen that the longer 
the delivery line len34 is, the lower damping ratio of the complex mode 
λ17,18 has. On the other hand, when the length of line 34 is smaller or 
equal to 0.1 km, the eigenvalue λ4 and λ16 forms an oscillation mode 
with a high frequency of over 74.8408 Hz. 

The eigenvalue analysis shows that the number of modes in the 
system remains the same when the BESS changes between the buck 
mode and boost mode. The eigenvalue locus in Fig. 8 reveals that the 
change of operation modes only affects the location of eigenvalues but 
not the number. Furthermore, whether in buck mode or boost mode, the 
eigenvalue locus exhibits a consistent tendency towards changes when 
there is an increase or decrease in power P3. Specifically, as P3 gradually 
increases from -9 kW to 9 kW, both the high-frequency oscillation mode 
λ9,10 and the low-frequency oscillation mode λ17,18 move to the left. It is 

worth noting that a high load at bus 3 can cause the system to become 
unstable due to the divergent high-frequency oscillation, while the high 
charging power of the BESS does not have a similar limitation. 

4. Real-time software-in-the-loop simulation results and 
discussions 

A real-time software-in-the-loop simulation model, as illustrated in 
Fig. 9, was employed to validate both small signal and sensitivity ana-
lyses. Furthermore, this paper proposes suitable models of V-BESS and 
C-BESS in a DC microgrid for dynamic studies. These models are 
compared through the real-time software-in-the-loop simulation. A fully 
detailed electromagnetic model is firstly developed in the MATLB 2021b 
platform. The investigated DC microgrid configuration remains consis-
tent with Fig. 5 and Table 3. Both its electromagnetic characteristics and 
switching dynamics are also considered. The simulation model is 
transferred to C code through the RT-Lab tool and executes on a real- 
time simulator, OPAL RT 5707XH, with a time step of ten micro-
second. During the real-time simulation, the host computer sends real- 
time control signals, such as disturbances, to the OPAL RT 5707XH 
through the RT-Lab interface. Subsequently, the OPAL RT 5707XH 
returns the output results to the host computer. During these commu-
nication processes, a unit time delay is considered. 

4.1. Validation of the small signal analysis and sensitivity analysis 

Seven cases were designed to examine the results of previous ana-
lyses. The first case aims to compare the dynamic behaviors of a DC 
microgrid without any BESS, a DC microgrid with a V-BESS, and a DC 
microgrid with a C-BESS. cases 2 ~ 7 were designed to test the effect of 
Cdclink, Lf, kp,v1, cell connection, line length len34, and P3 in a DC 
microgrid equipped with a V-BESS. Except for the case of kp,v1 and P3, all 

Fig. 8. Eigenvalue locus of P3.  

Fig. 9. Real-time simulation environment with OPAL-RT 5707XH.  

Table 5 
The designing of studied cases.  

Studied 
cases 

Comparison Disturbance Result 

Case 1 No BESS, V-BESS, 
and C-BESS 

A step load change at 0.5 s 
from − 4 kW to − 6 kW 

Fig. 10 (a) 

Case 2 Different Cdclink 

values 
A step load change at 0.5 s 
from − 4 kW to − 6 kW 

Fig. 10 (b) 

Case 3 Different Lf values A step load change at 0.5 s 
from − 4 kW to − 6 kW 

Fig. 10 (c) and  
Fig. 11 

Case 4 Different kp,v1 

values 
kp,v1: 0.01 → 0.05 → 0.1 Fig. 10 (d) 

Case 5 Different cell 
connections 

A step load change at 0.5 s 
from − 4 kW to − 6 kW 

Fig. 10 (e) 

Case 6 Different line 
lengths 

A step load change at 0.5 s 
from − 4 kW to − 6 kW 

Fig. 10 (f) 

Case 7 Different P3 values P3: 8 kW → 3 kW → -3 kW 
→ -8 kW 

Fig. 12 (a) and  
Fig. 12 (b)  
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other cases introduced a disturbance at 0.5 s, which increased the P3 
from − 4 kW to − 6 kW. In the case of kp,v1, other parameters remained 
constant while the kp,v1 was increased from 0.01 to 0.05 and then to 0.1. 
In the case of P3, the P3 was first decreased from 8 kW to 3 kW, then 
further decreased to − 3 kW, causing the BESS to transition from a 
charging status to a discharging status. Finally, the P3 was further 
decreased from − 3 kW to − 8 kW. A summary of designed cases is listed 
in Table 5. 

The experiment result of case 1 is shown in Fig. 10 (a). In this 
experiment, the voltage-controlled source and the constant power load 
at bus 3 were replaced with a V-BESS and a C-BESS, respectively. From 
Fig. 10 (a), it can be seen that the oscillation frequency of the DC 
microgrid without BESS is around 648 Hz, indicating that the dominant 
oscillation mode is λ9,10. However, due to their low damping ratio, it can 
also be found that non-oscillation modes play important roles in the DC 
microgrid without a BESS. In comparison, the DC microgrid equipped 
with a V-BESS displayed a low-frequency mode at 37 Hz due to the 
introduced mode λ17,18. In the case of the DC microgrid equipped with a 
C-BESS, because there is no introduced oscillation mode, the dominant 
mode is still the non-oscillation mode with a longer response time. These 
findings demonstrate that the presence of a BESS in a DC microgrid has a 
significant impact on the dynamic behaviors of the system. Therefore, 
the BESS modeling should be considered for an accurate analysis. 

The goal of case 2 is to verify the impact of Cdclink capacitance on the 
dynamic behaviors of the system. The result presented in Fig. 10 (b) 
demonstrates that increasing the Cdclink capacitance leads to an increase 
in the frequency of the dominant oscillation mode. In this scenario, the 
Cdclink capacitance increased from 0.02F to 0.05F, then to 0.1F. In the 
small signal analysis, it was observed that the system with a 0.02F Cdclink 
exhibited the smallest real part value of the eigenvalue λ17,18, which is 
reflected in the real-time simulation as the fastest convergence speed. As 
the capacity of the Cdclink increases from 0.02F to 0.1F, the oscillation 
frequency in the real-time simulation also decreases gradually from 37 
Hz to 14 Hz. This decrease in frequency is consistent with the eigenvalue 
analysis, where the imaginary part of the dominant eigenvalues de-
creases gradually. The findings from this scenario suggest that selecting 
an appropriate Cdclink capacitance is crucial for improving the transient 

performance of the system. 
The result of case 3 confirms that increasing the Lf capacity from 

0.003H to 0.07H can increase the convergence speed with little impact 
on the oscillation frequency. This finding is consistent with the small 
signal analysis, which shows that the dominant oscillation mode λ17,18 
moves to the left but not up and down. However, this increase in 
convergence speed comes at the cost of an amplified overshoot response 
due to the rapid shift of the non-oscillation mode λ15 to the right. An 
additional experiment was conducted with an Lf of 0.2H to verify that a 
large capacity of Lf will change the non-oscillation modes λ15 and λ19 to a 
low-frequency oscillation mode. As shown in Fig. 11, the new oscillation 
mode has a relatively low frequency of around 0.43 Hz. Therefore, for 
better performance, one should choose a proper capacity of Lf, consid-
ered the convergence speed and overshoot comprehensively. 

Case 4 is one of the critical cases in the small signal analysis. The 
increase in kp,v1 can cause the system eigenvalues λ17,18 cross the 

Fig. 10. Bus 3 voltage on different scenarios: (a) Scenario 1, (b) Scenario of Cdclink, (c) Scenario of Lf; (d) Scenario of kp,v1, (e) Scenario of cells connection, (f) Scenario 
of len34. 

Fig. 11. Experiment result of a V-BESS equipped with a 0.2H Lf.  
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imaginary axis. This will cause the system from stable to unstable or 
oscillatory. Therefore, in the case 4, the stability of the system was tested 
with different values of kp,v1, namely 0.01, 0.05, and 0.1. The controller 
parameter kp,v1 was increased from 0.01 to 0.05 at 15 s, and then further 
increased to 0.1 at 20 s. Fig. 10 (d) presents a consistent result with Fig. 7 
(d), indicating that the system becomes unstable as kp,v1 increases to 0.1. 
kp,v1 determines the strength of the proportional action in response to 
the error between the reference voltage and the actual voltage. Excessive 
responses can induce oscillatory behavior, as the controller may produce 
an unregulated overshooting correction. Therefore, using an more 
appropriate kp,v1 can enhance the stability of the system. Real-time ex-
periments were conducted to investigate the impact of parameters such 
as ki,v1. However, the results for Rf, OCVcell, and RC-pairs parameters are 
not presented herein due to their negligible effects. 

In case 5, the effect of the cell connection structure on the system’s 
dynamic behaviors was investigated. The experiment involved 
increasing the number of cells in series m from 40 to 80 in increments of 
20 while decreasing the number of cells in parallel n from 270 to 135 to 
maintain a constant total number of battery cells. The results of scenario 
5 are shown in Fig. 10 (e). As the number of cells in series m increases, 
the frequency of the dominant oscillation mode of the system increases 
slightly from 34 Hz to 35 Hz and then to 37 Hz. The damping ratio has 
significantly increased, and the system with a larger m will converge 

Fig. 12. Experiment results of changing the P3: (a) Bus 3 voltage, (b) Exporting 
currents of the BESS and the constant-power-resistive component at bus 3. 

Fig. 13. Block diagram of the proposed dynamic models: (a) V-BESS model in a DC microgrid; (b) C-BESS model in a DC microgrid.  
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more quickly. These experimental findings are also consistent with the 
small signal analysis results. As shown in Fig. 7 (h), increasing the 
number of series m moves the eigenvalue λ17,18 to the upper right. From 
the perspective of the battery bank port, changing the number of cells in 
series and parallel will change the port voltage, current, and the 
equivalent series resistance value without changing the recovery time 
constant of the port. 

Real-time simulations also demonstrated the critical importance of 
considering the delivery line model in the dynamic analysis of a DC 
microgrid that is equipped with a BESS. In the case 6, the delivery line 
connecting the bus 3 and the bus 4 was increased from 0.1 km to 1 km 
and then to 5 km. The result shown in Fig. 10 (f) indicates that when the 
line length is as short as 0.1 km, the dominant mode of the system is the 
high-frequency oscillation mode. However, when the length of the de-
livery line is increased to 1 km, the dominant mode of the system be-
comes the mode λ17,18. Further increasing the length of the delivery line 
to 5 km results in a decrease in the oscillation frequency of the system 
from 54 Hz to 32 Hz, and the damping ratio also decreases. These 
findings verify that although the oscillation mode λ17,18 is introduced by 
the V-BESS, it is also sensitive to the delivery line and, therefore, should 
be considered in the dynamic study. 

Case 7 was designed to test the effect of P3 on the system. Because the 
case 7 is the other critical case identified from the small signal analysis. 
P3 was changed during the system operation to study the system sta-
bility. When P3 is positive, the constant-power-resistive component at 
bus 3 acts as a constant power source, while it behaves as a constant load 
when P3 is negative. The result is consistent with the eigenvalue locus 
shown in Fig. 8. The increasing loads can reduce stability margins of the 
system and increase the system susceptibility to the small signal in-
stabilities. The system finally becomes unstable when the V-BESS is 
expected to export excessive power. As depicted in Fig. 12, the system 

becomes unstable when the load at bus 3 increases from − 3 kW to − 8 
kW at 15 s. Moreover, the instability in this case can only be alleviated 
by reducing the load, because other parameters have little influence on 
λ9,10. At 10 s, a voltage drop occurs at bus 3 due to the converter 
switching from the buck mode to the boost mode. It is worth noting that 
due to the droop control method employed in this DC microgrid, idc is 
not always complementary to icprc3. In summary, there is a significant 
limit to the V-BESS’s discharging power compared to its charging power. 

4.2. Proposed models 

This subsection proposes suitable models of the V-BESS and the C- 
BESS in a DC microgrid for the dynamic study, which can capture the 
dominant behavior of BESSs while needing relatively low computational 
demands. To facilitate the easy application of BESS models to the dy-
namic study in a DC microgrid, this study proposes the frequency- 
domain models in Fig. 13. After comprehensive consideration of small 
signal analysis results and real-time simulation verification, this study 
proposes dynamic models which consist of three parts: the battery bank 
and converter, the controller, and the rest of the DC microgrid. In the 
battery bank and converter part of V-BESS, the effect of Cdclink, inductor 
filter, and cell series connection are considered, while in the C-BESS, the 
effect of Cdclink is considered in the voltage control component. In both of 
V-BESS and C-BESS, this study neglects the dynamics of the RC pairs in 
the system-level study and considers the voltage drop caused by the 
battery bank resistance and the filter resistance together. In the 
controller part, the PWM generator is omitted, and then the controller is 
directly connected to the converter through the duty cycle d. Moreover, 
for studies related to controller design and performance tests, this part of 
the model can be effortlessly replaced with the desired controller. As the 
significant effect of the delivery lines, they are considered in the rest of 

Fig. 14. Comparison of the detailed electromagnetic model and the proposed V-BESS model: (a) Load demand at bus 3 changes from − 4 kw to − 2 kw; (b) Load 
demand at bus 3 changes from − 2 kw to − 4 kw; (c) Source power at bus 3 changes from 4 kw to 2 kw; (d) Source power at bus 3 changes from 2 kw to 4 kw. 
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the DC microgrid part. The voltages of other buses connected to the bus 
where the BESS is located are represented by v1 to vk. 

The proposed models were developed in MATLAB Simulink to 
compare their performance against the detailed electromagnetic model 
built in this section. Four scenarios were designed for each dynamic 
model to conduct a complete comparison. For a V-BESS in a DC micro-
grid, the first two scenarios are that the V-BESS works in the discharging 
mode while load demand at the bus 3 changes from − 4 kw to − 2 kw and 
from − 2 kw to − 4 kw, respectively. In the latter two scenarios, the V- 
BESS works in the charging mode while source power at bus 3 changes 
from 4 kw to 2 kw and from 2 kw to 4 kw, respectively. Results of the V- 
BESS are shown in Fig. 14 (a). For a C-BESS in a DC microgrid, the 
variable that was changed is the reference power of the C-BESS. In 
contrast, the values that were changed in the four scenarios remain 
consistent with those in the case of V-BESS. Results of C-BESS are shown 
in Fig. 15. The models proposed in this paper can capture the main 
dynamical behaviors of BESSs, particularly the maximum overshoot and 
convergence time of the transient process. Compared to the detailed 
electromagnetic model, the proposed model can significantly reduce the 
computational demand and modeling difficulty needed for its applica-
tion. Using the same real-time computing device as for the detailed 
electromagnetic models, the minimum step size is 1.5 microseconds. The 
proposed models can reduce computational requirements by approxi-
mately 85 % without losing critical system information. 

5. Conclusions 

This paper presented the interaction mechanism of a V-BESS or a C- 
BESS in a DC microgrid through comprehensive small signal and 
sensitivity analyses. Through the eigenvalue and participation factors 

analyses, this study found that the interaction within the BESS occurs 
primarily between the DC bus capacitor and the filter inductor, while the 
delivery line is the main component with which the BESS interacts in the 
DC microgrid. This study also identified critical component parameters: 
the DC bus capacitance Cdclink, the filter inductance Lf, controller pa-
rameters, the delivery line length, and cell connection within the battery 
bank. The effects of parameter variations were also analyzed through 
sensitivity analysis, and the results were verified through real-time 
software-in-the-loop simulations using an OPAL RT 5707XH. In addi-
tion, this paper demonstrated that for studying the dynamic behaviors of 
a BESS in a DC microgrid, the battery bank model only needs to consider 
the internal resistance and open-circuit voltage, rather than a full 2nd- 
order Thevenin model. The analysis results provided valuable insight 
and guidelines for BESS design and operation in a DC microgrid. 

This paper also proposed dynamic models for both V-BESS and C- 
BESS integrated with a DC microgrid, capturing dominant behaviors 
with relatively low computation demands. Based on the results of small 
signal and sensitivity analyses, the models include all critical variables 
and parameters and, therefore, have great accuracy compared to the 
detailed electromagnetic model in all possible operation modes, 
particularly the transient process’s maximum overshoot and conver-
gence time. However, the computation cost can be reduced by approx-
imately 85 % compared to the detailed electromagnetic model. 
Moreover, the proposed models have strong application extensibility 
due to their sub-modularity. While this study focused on particular DC 
microgrids and controllers, the examination of more intricate control 
loops and grid systems is reserved for subsequent research endeavors. To 
evaluate its controller, one can replace its sub-module in the model. For 
comparing BESS performance in diverse DC microgrid environments, 
one can only modify the relevant microgrid section in the model. The 

Fig. 15. Comparison of the detailed electromagnetic model and the proposed C-BESS model: (a) Reference power of the C-BESS changes from − 4 kw to − 2 kw, (b) 
Reference power of the C-BESS changes from − 2 kw to − 4 kw, (c) Reference power of the C-BESS changes from 4 kw to 2 kw; (d) Reference power of the C-BESS 
changes from 2 kw to 4 kw. 
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proposed models are also suitable for digital twin applications and real- 
time simulations due to their high precision and low computational 
requirements. 
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Appendix A. . Sensitivity analysis results of C-BESS 

The sensitivity analysis results of a C-BESS in a DC microgrid are shown in Fig. A1. Additionally, the eigenvalue loci of the RC-pairs are the same as 
those of a V-BESS in a DC microgrid, and the eigenvalue locus of P3 is omitted here due to its insignificant effect.

Fig. A1. Eigenvalue loci of system parameter variations (C-BESS): (a) DC bus capacitance Cdclink, (b) Filter inductance Lf; (c) Filter resistance Rf; (d) Controller 
parameter kp, c1, (e) Controller parameter ki, c1, (f) Cells connection number m and n, (g) Delivery line 34 length len34. 
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