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Abstract — This paper presents a tool for small-signal stability
analysis of low-voltage DC network. This tool includes both modal
analysis and impedance-based method, providing complementary
insights into the small-signal stability problem in both time
and frequency domains, like stability margin, oscillation modes,
and participation factors. This tool covers different commonly
used DC-DC converters with closed-loop controllers, such as the
boost and the buck DC-DC. Some typical case studies are presen-
ted to illustrate the capability and suitability for research purposes.
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1. INTRODUCTION

Recently, the small-signal stability issue has become increa-
singly common in low-voltage direct current (LVDC) micro-
grids (MGs) and is drawing growing attention from researchers,
equipment manufacturers, and system operators. This instability
is characterized by the growing oscillations of state variables,
like the DC bus voltage, when the system is subjected to "small"
perturbations, such as a slight load variation. These undesired
oscillations can significantly degrade the power quality and re-
sult in overvoltage, which is harmful to devices connected to the
DC bus.

A small-signal stability analysis is necessary for evaluating
and understanding the root causes of oscillation risks. Indeed,
in a complex LVDC MG, there are multiple state variables, and
each of them may have a different contribution to the instability.
Understanding the relative participation of these state variables
to specific oscillatory modes is essential for operators to figure
out solutions to enhance the system stability.

However, conducting a thorough small-signal stability analy-
sis is not a trivial task due to the limited available tools, espe-
cially for LVDC MGs. The traditional solution is to use the com-
mercial software, e.g., Simulink. It follows an "all-in-one" phi-
losophy and is generally well-tested and user-friendly. Besides,
it is powerful enough to conduct time-domain simulation; the-
refore, the user can easily visualize oscillation waveforms when
instability occurs. However, this kind of software is "closed",
i.e., users do not have the right to get access to the state va-
riables. Consequently, adding user-defined algorithms, such as
modal analysis, is difficult.

Recently, open-source research tools developed in high-level
scientific languages such as MATLAB and Python have be-
come increasingly preferred. Among them, MatPower [1] and
pandapower [2] are two typical open-source and freely down-
loadable tools. However, both of them are designed for AC
steady-state analysis, like the power flow study, without a small-
signal stability analysis toolbox. To handle this problem, re-
searchers have developed specific tools for stability analysis,
such as G2ELin [3], SimplusGT [4], and PSAT [5]. They are
open-source MATLAB-based tools that facilitate dynamic ana-

lysis and time-domain simulation of power system with a high
penetration of inverter-based resources. For instance, G2ELin
includes modal analysis toolboxes, and SimplusGT supports
impedance-based root-cause analysis. These tools are prima-
rily designed for AC power systems and do not provide detai-
led modeling of DC networks, particularly DC-DC converters
and cables. For high-voltage direct current (HVDC) transmis-
sion systems, open-source tools such as the Z-tool [6] have been
developed. The Z-tool is a Python-based implementation for
frequency-domain analysis of electrical energy hubs, with core
functionalities including admittance characterization and small-
signal stability assessment. Table | presents a comparison of va-
rious tools based on their functionalities for small-signal stabi-
lity analysis. The comparison criteria include the programming
language used, the type of stability analysis tools offered, and
their applicability to AC or DC power systems.

However, to the best of the authors’ knowledge, no compa-
rable tools have been developed specifically for LVDC appli-
cations. In fact, LVDC networks are promising candidates for
future power supply systems for applications such as data cen-
ters, which accounted for roughly 1.5% of global electricity
consumption in 2024 and these facilities will use twice as much
energy by 2030 - driven by artificial intelligence [8]. Further-
more, DC microgrids can also be applied in rural areas, such
as in countries in Africa where access to reliable and affordable
electricity is challenging [9, 10].

For the above consideration, this paper presents a Matlab-
based tool aiming at providing a small-signal stability analysis
solution especially for LVDC MG. This tool has three main fea-
tures :

— Special attention is given to the modelling of DC elements
commonly used in LVDC applications, such as the DC-
DC converter under different control modes, DC cables
and DC loads.

— Modal analysis algorithm is integrated, which provides
toolboxes like eigenvalues, mode shapes, participation
factors and parameter sensitivity.

— Impedance-based method for frequency-domain stability
analysis of multi-converter systems.

2. MODELS AND ALGORITHMS
2.1.  Network topology definition

Three types of data matrices are used to store the information
of the network topology. The choice of these data matrices is
analogous to the design philosophy of some open-source soft-
ware, like Matpower [1].

The three data matrices are :

— bus matrix : contains the DC bus data. The first column in-
dicates the bus number and the second gives the bus type.



TABLEAU 1. A comparison of different open-source software for power system stability analysis
(The symbol v indicates that the function is supported, while X denotes that it is not supported.)

Name Language Power flow Time-domain simulation Modal analysis Impedance method Power system
MatPower [1] Matlab v X X X AC/DC
PandaPower [2] Python v X X X AC/DC
G2ELin [3] Matlab v v v X AC
SimplusGT [4] Matlab v v v v AC
PSAT [5] Matlab v v v X AC/DC
Z-tool [6] Python v v X v HVDC
ANEDS [7] Python v v v X AC/DC
This paper Matlab v v v v LVDC
Until now, there are in total 6 bus types '. / \

TABLEAU 2. Bus Data Format (MPC . bus) ClOSECHOOp dynamic

Column Description  Unit Ug x = f(x,ug, u, p) Ps Yg

1 Bus number integer lobal inout lobal

i tput
> Bus type integer g P Output function global outpu
Yg = g(xp)

— branch matrix : describes how DC buses are interconnec-
ted with each other by lines. Line parameters, such as re-
sistance, inductance, distance are taken into account.

TABLEAU 3. Branch Data Format (MPC .branch)

Column Description Unit
1 From bus integer
2 To bus integer
3 Line resistance 2
4 Line inductance H
5 Line distance m
— generation  matrix contains all the genera-

tion/consumption information of each bus. For the
generation bus, information such as the bus reference
voltage and droop coefficient is provided. For the
consumption bus, information such as load power, load
resistance, or load current is provided, depending on the
load type.

2.2.  Individual element

An individual element refers to an electrical apparatus that
either connects to a single DC bus (e.g., a DC-DC source/load
converter) or interconnects multiple DC buses (e.g., a cable). An
individual element is represented by the general block shown in
Fig.1.

1. type 1 constant power source, type 2 V-I droop controlled source, type 3
V-P droop controlled source, type 4 constant power load, type 5 constant current
load, type 6 constant resistance load.

TABLEAU 4. Generation Data Format (MPC . gen)

Column Description Unit

1 Bus number integer
2 Generation/consumption power W

3 Bus type integer
4 Droop coefficient Q

5 Reference voltage v

6 Load resistance Q

6 Load current A

. J

Model for one element

FIG. 1. The representation of the individual element

In fact, each individual element has one global input u, and
one global output 74, both of which are electrical variables, ei-
ther voltage or current. If the global input is voltage, then, the
global output is automatically current, and vice versa. This de-
sign consideration ensures physical causality.

The local input vector u; refers to the control reference of the
closed-loop controlled equipment, for example, the reference
voltage, current or power of the DC-DC converter. Passive com-
ponents, such as DC cables, do not have a local input.

The vector p represents the physical parameters of the
element, such as inductance, capacitance, resistance. For the
closed-loop controlled system, p also contains the controller pa-
rameters.

The dynamic behaviour of the individual element is described
by the differential equations f. For instance, the cable’s dyna-
mic is represented by a first-order RL equivalent. As for closed-
loop controlled equipment, such as DC-DC converters, these
differential equations contain both the controller and the passive
components (inductance/capacitance) dynamic behaviour.

An algebraic equation g describes the relationship between
the global output y, and the state variables & and parameters p.

For example, the cable is represented by this modeling me-
thod, as shown in Fig.2.

2.3.  Construct the whole system by interconnecting the indi-
vidual element

In a complex LVDC MG, there are generally several kinds
of individual elements, e.g., multiple source converters supply
electrical power to loads by the cables.

In fact, all these individual elements are associated with each
other, i.e., the global input of one element is the combination
of the global outputs of other elements, based on the network
topology information. This can be calculated from bus data
(MPC.bus) and the branch data (MPC.branch). This pro-
cess is automatically completed by the self-developped function
makeCbus. A whole system model is then constructed, with
state variables, local inputs, and parameters formed by com-
bining those of the individual elements. Indeed, the global in-
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global input global output

Model for the DC cable
FIG. 2. The representation of the DC cable

put/output of each individual element no longer exists in the
whole system, as it operates as a closed-loop. Consequently, the
entire MG is represented by the following nonlinear differential
equations :

Tior = f(wtota UtonPtot) (D

Yot = 9 (xtota Uiot, ptot) 2)

where i, Uy, Pt are the state variables, local inputs, para-
meters of the whole system.

24. Time-domain simulation

Equation | represents the dynamic behavior of the entire net-
work, which can be solved using various numerical integration
methods. In this work, the classical Runge—Kutta method is em-
ployed. The objective of conducting time-domain simulation is
twofold : 1) help users visualize and analyze the oscillation wa-
veforms if the system is poorly damped and a specific mode is
excited. 2) obtain the steady-state values &q,. In fact, i, can
be obtained by simulating the system over a sufficient time span
and observing when the response reaches equilibrium point.

2.5.  System linearization around the operating point.

Around the given operating point, the dynamic of the non-
linear whole system can be represented in a linear state-space
formulation as follows

Ao = Aot Aior + Brot Aot 3)

AYior = Crot A% ior + Dot Atheor “)

where A;,; is the control matrix of size n, X n,, By is the
input matrix of size n, X n,, Ci. is the output matrix of size
ny X ng and Dy, is the feedforward matrix of size n, X n,,.
Their analytical expressions can be obtained by linearizing eq.1
around the operating point. This process can be simply achieved
by the Matlab function jacobian. For instance, A;,; is obtai-
ned by computing the Jacobian matrix of symbolic function f
with respect to state variable xy, given as

of dg

2L By =~ Cioy =
) tot ) tot
0o 0% ot

dg
0o
(5
The matrices’ numerical values A¢oto, Btoto, Crotos Dioto
are obtained by substituting the x; with the steady-state values
Ttot, Obtained from the time-domain simulation.

,Dtot =

2.6.  Modal analysis

Modal analysis tools provide useful insights on how the dif-
ferent states interact with each, as well as the sensitivity of the
modes to the system parameters. Such insights are very useful
to understand the root cause of instabilities.

aineni] Ml Network [ [Ewvmentn]
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FIG. 3. Network equipment representation

2.6.1.

The state matrix, A¢ot0, provides information on the stability
characteristics of the system. The stability of the system at the
corresponding operating point is determined by computing the
eigenvalues of the state matrix Aot [11]. The eigenvalues can
be computed by solving the following equation

det(Atoto — )\I) =0 (6)

Eigenvalue analysis

The characteristic equation is obtained by expanding the deter-
minant in eq.6. The n roots of this characteristic equation re-
present the eigenvector A = [Aq, ..., A,]. An eigenvalue A is ei-
ther a real number or a pair of conjugate complex values. When
A is a conjugate complex, it refers to an oscillatory mode, its
imaginary part defines the oscillation frequency, and the real
part governs the damping. In general, a mode ) is a global small-
signal stability indicator, meaning that its is a property of the
whole system including all apparatus and the network.

2.6.2.
The right eigenvector ¢ of size n X n is defined as

Asotod = dig(N)p @)

where dig(\) is the square diagonal matrix with the elements of
vector A\ on the main diagonal. Similarly, the left eigenvector v
of size n X n satisfies

P! Agoro = P dig(N) (8)

The left and right eigenvectors are multiplied by each other pro-
ducing a dimensionless matrix called the "participation matrix"
P, and the element p;; = 1);;¢;; is called participation factor
which quantifies how much the i*" state variable contributes to
the j** mode, and vice versa. It is very useful to help identify
which states are dominant in a particular oscillation.

State participation factor

2.6.3.

Other tools related to modal analysis, such as mode shape
analysis, parameter sensitivity analysis are also included. Due
to the limited scope of this paper, they are not discussed further.

Other tools

2.7.  Impedance-based method

Unlike modal analysis, which is a time-domain-based analy-
sis method, the impedance-based method provides frequency-
domain insight, making it intuitive to assess resonances and in-
teraction modes. Besides, impedance models can be derived or
measured for each equipment; therefore, a decentralized stabi-
lity analysis can be conducted without requiring a global state-
space model.

When applying the impedance-based method, the whole po-
wer network modelling is separated into two parts : network
and equipment, as presented in Fig.3. The network is compo-
sed of DC cables, and its topology is defined by the spatial
arrangement of the buses and the distances between them. Its
dynamic behavior is represented by the nodal admittance ma-
trix Y, et, which can be derived from the branch data provided



in MPC.branch. The equipment includes all pieces of equip-
ment, typically DC-DC converters, connected to the network’s
buses. The dynamic behavior of each piece of equipment is cha-
racterized by its corresponding output impedance, and together
they form the output impedance matrix Z 4, which is diagonal.

Zy 0 0
Za=109 . 0 )
0o 0 Z

n

From the small-signal point of view, the network and the equip-
ment form a negative feedback system, as shown in Fig.4. The

v i

Ynet

Z,

FIG. 4. Feedback representation of the network and equipment system

whole system’s dynamic is represented by Y, s, referred to as
the whole system admittance matrix, and defined as :

= (I + YoeZa) You (10)

S| S0

Kys =

By using the Matlab function feedback (), Ysys can be ea-
sily obtained. The elements of Y, are all transfer functions
or impedance spectra, sharing a common set of poles which are
identical to the eigenvalues obtained from modal analysis using
the state-space model, as discussed in section 2.6.1. In fact, the
diagonal element of Y,y have a clear physical meaning. Taking
the first diagonal element Y411 at bus-1 as an example, it is the
inverse of the impedance of local equipment is series with the
impedance of the grid seen from bus-1 [12, 13], i.e.,

Ysysll - (ZAI + Znetl)_l (11)

This implies the possibility of using Y, for evaluating the sys-
tem’s stability at different locations corresponding to the global
oscillatory mode.

3. TOOL VALIDATION

The developed tool is validated through three case studies.
First, we provide a detailed discussion on its application to a
simple 2-bus system, covering system construction, modal ana-
lysis, and the impedance-based method. Subsequently, we de-
monstrate how the tool can be applied to more complex multi-
converter systems.

3.1.  Casel : 2 bus system

To ensure the fundamental nature of the instability is not obs-
cured by system complexity, we begin our analysis with a simple
2-bus system. This system comprises a DC-DC boost converter,
a DC cable, and a DC-DC buck converter operating as a constant
power load, as shown in Fig.5. The topology representation of
such system is presented in Fig.6. Parameters related to the sys-
tem and controller are summarized in Tab.5.

According to the whole system construction principle presen-
ted in subsection 2.3, the eletrical system in Fig.5 can be repre-
sented in Fig.7. Indeed, such a 2-bus system consists in total
three individual elements : the DC cable, Boost DC-DC conver-
ter and buck DC-DC converter.

Boost converter (DC source) DC cable Buck converter (Constant power load)

L
e e YN

Vpus —— C1 Vfitter —— Crilter vy ——Cha Rioad

52,82 Jil.; va
d: 2 e = Vare

Buck closed loop controller

input + output
- &
s 1w

The structure of the PI controller G,,

FIG. 5. Circuit diagram and controller of the 2-bus LVDC system
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d L, X, Vbusre.

Boost closed loop controller

The topology of the DC grid

B load 7
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FIG. 6. Topology of the 2-bus LVDC system

3.1.1. DC cable
For the DC cable, its dynamic f;ne is given as :

diline
dt

:fline(xline; Ug_line, pline)
. (12)
(Ubus — Ufilter — ZlineRline)

Lline

where, the global input is Uy jine = Vpus — Vfiiter, the global
output is Yy tine = iiine, the state variable is Tiine = [iiine] €
R?, the line parameter Prine = [Riines Liine)-

3.1.2.

For the boost converter, the closed-loop system’s dynamics
Froost are described by the following :

DC-DC boost converter

dir(t)  in(t) — (1 — dp) vpus(?)
dt L,

dvopus(t) (1 —d1)ir(t) — dtine(t)

dt &
dteyr (T
Ttl() = Kiwl (vbusref - Ubus(t))
duci t .
T;() = Ki,, (Kpcvl ('Ubusref — Ubus (t)) + Ucvl(t) - 11@))

13)
where the duty cycle d; is

dl - Gcil (chl (Ubusref — Ubus (t)) - 'Ll(t)) (14’)

Gein = Kp,,, + % and Gev1 = Kp,,, + % are the PI cur-
rent and voltage controllers, V41 ¢ 18 the reference DC bus vol-
tage. where u¢,1 (t) and w1 (t) are output of the voltage control-
ler’s integral part and the output of the current controller’s inte-
gral part, respectively. The global input is Uy poost = —%1ine



TABLEAU 5. Circuit and controller parameters
Controller parameters Circuit parameters

K,.,=0.1235 Vin=24 V
K;.,,=210.78 Rioad=6 Q2
K,.,,=0.3791 L1=2200 ;H
K, =148.18 C1=500uF
K,,,,=0.1221 Riine=0.087 Q
K; ., =221.644 Liine=3318 uH

Kpcv2 =02159 szlter=500 /‘LF
K;,,,=49.8139 L5=2200 puH
V2refa vbusref=24,48 \" 0222200 ﬂF

and the global output is ¥4 poost = Vpus. The state variable vec-
10T iS Thoost = [i1, Vbus, Uevl, Uei1] € RE, the boost parameter
Pboost = [Vin, L1, C1, Kp,.\ s Kioyy, Kp.oy» Ki,,, | and the local
mput 1S Ul_poost = Vbusref-

3.1.3.  DC-DC buck converter

Buck converter’s modeling is similar to that of the boost
converter, and the closed-loop system’s dynamics fpqck are

dv ilter . .
Cfilter% = ijine — daia(t)
dig(t
Lo ;i ) _ dyVpus (t) — va(t)
d’UQ (t) . V2 (t)
C =ig(t) — ——
2 dt 22( ) Rload
d’u,cvg (t)
- Ki.,, (Varef — v2(t))
duci (t) .
o = Kiciy (Kpey (arey = 02(1)) + tiewn(t) — ia(t)
(15)
where the duty cyle d» is given as
da =tciz(t) + Kp, o (Kp,,s (Vares — v2(t)) (16)

+ Ucv2 (t) — i3 (t))

The voltage and current controllers

are given as

K., K;
ch2 = Kpm,g + ;uz s GciZ = Kpm-g + Tu? ucv2(t> and
uci2(t) are the output of the voltage controller’s integral part and
the output of the current controller’s integral part. The global in-
putis g pyuck = iine and the global outputis ¥y puck = Vriiters
Touck = [Vritter(t),12(t), v2(t), ucva(t), Ucia(t)] €
R?, the buck parameter Dbuck =
[Cfilt.erv L2.7 C27 Rload7 KPm‘Q ’ Kimgv Kpcv2’ Kicvg] and the
local input is u;_pyck = V2rey-

3.14.

According to the topology of the 2-bus system, we can obtain
that the global input of the DC cable is given by the difference
between the global outputs of the boost and buck converters,i.e.,
Ug_line = Ubus — Ufilter = Yg_boost — Yg_buck- Simultaneously,
the global input of the buck converter corresponds to the global
output of the cable, i.e., Uy buck = Yq_tine, While the global
input of the boost converter is the negative of the cable’s global
output, i.e., Uy poost = —¥Yg_line- Fig.7 depicts the construction
process of the whole system, which is completed automatically
in the tool.

Construct the whole system

3.1.5.

Fig. 8 shows the location of the system’s eigenvalues obtai-
ned from the modal analysis with the zoomed-in view of the
low-frequency region. The dashed green and red lines represent

Modal analysis

DC cable

Closed-loop dynamic

Xcabte = f cavte (Xcabler Ug cavies U1 cables Peabte) _
Y.cavte = liine

Output function

Yg_cavte = Jeavte(Xcables Peavie)

DC-DC Boost Converter

_ Shoost = o005t (Xboastrily_boost Ui boost: Pooost)
Yg.boost = Vbus Uy boost

Output function

Yg_boost = Jvoost (Xboosts Pboost)

DC-DC Buck Converter

Yo_buck = Vritcer

Output function

Yo buck = Gouck Xpuckr Pouck)

FIG. 7. The whole system construction process of the 2-bus system
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FIG. 8. Eigenvalue analysis

the boundaries where the eigenvalues have damping ratios of
¢ = 0.7 and ¢ = 0.05, respectively. It can be seen that the oscil-
latory mode (A7,g) associated with the boost voltage controller
is located near the ( = 0.05 damping ratio boundary, indicating
that this mode is poorly damped.

According to the participation factor analysis, the top three
state variables contributing to this poorly oscillatory mode are
Ucw1, Vbuss Ufilter> indicating that this mode is associated with
the voltage control loop of the boost converter, as shown in
Fig.9. Therefore, it is possible to improve the stability by ap-
propriately tunning the voltage loop parameters.

3.1.6.

The bode diagram of Y11, which is the first diagonal ele-
ment of the whole-system admittance matrix is presented in
Fig.10. Two resonant peaks appear in the bode plot, each repre-
senting an oscillation mode in the system. The peak at around
20Hz arises from the poorly damped oscillatory mode related to
the voltage loop of the boost converter (A7 g in Fig.8). The high-
frequency peak, observed around 5000Hz, is attributed to the
interaction between the converters’ capacitances and the cable

Impedance-based method

o 9 o =
oW = tn
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FIG. 9. Participation factor analysis of the oscillatory mode A7 g
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FIG. 11. Topology of the base system : a 4-bus symmetric LVDC system

inductance (C'y, Ly;ne, C2), this oscillatory mode corresponds to
A1,2 in Fig.8.

3.2.  Case 2 : 4 bus system

By extending the 2-bus system with two additional conver-
ters, a 4-bus system is formed, as shown in Fig.11. It consists
of two identical areas connected through a cable. Each area
includes one source converters (DC-DC boost converters with
V-1 droop control) and one constant power load (DC-DC buck
converter), and the sources and load are interconnected by DC
cable.

Fig.12 shows the location of system’s eigenvalues obtained
from the modal analysis toolbox. One can observe that the ei-
genvalues are distributed symmetrically, and all the eigenvalues
are located at the left-half plane (LHP) of the complex plane,
indicating that the system is stable.

3.3.  Case study 3 : 10 bus system

The tool’s applicability to analyze networks with complex to-
pologies has also been tested, for example, a network with 10
bus and its eigenvalue analysis is shown in Fig.13

1 «10* Eigenvalue analysis of the 4 bus system
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FIG. 12. The location of eigenvalues in nominal condition
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FIG. 13. DC network with 10 bus and its eigenvalue analysis

4. CONCLUSION

This paper presents a small-signal stability analysis tool spe-
cialized for Low Voltage DC (LVDC) network applications.
The tool’s design principle, including the individual components
modelling and the whole system construction are presented in
detail. The tool’s effectiveness is validated by several case stu-
dies, ranging from simple to complex LVDC topologies. On the
one hand, modal analysis provides a global aspect of the whole
system’s oscillatory modes in time-domain and helps identify
states that contribute to specific oscillatory mode. On the other
hand, the impedance-based method provides a local aspect of
the frequency-domain information on specific buses. More func-
tions, like eigenvalue decomposition and advanced parameter
sensitivity, will be integrated.
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