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Abstract: DC microgrids (DC MGs) offer advantages such as efficiency, control, cost, reliability, and
size compared to AC MGs. However, they often operate with numerous constant power loads (CPLs),
exhibiting a negative incremental impedance characteristic that can lead to instability. This instability
weakens stability boundaries and reduces system damping, especially when dealing with pulsed
power loads (PPLs) on electric aircraft, ships, and cars. Linear controllers may not ensure stability
across various operations, causing voltage dips and potential system instability. To secure DC/DC
converter functionality and comply with impedance specifications, it is crucial to consider minor
loop gain in control strategies and stabilization techniques. Employing diverse methods to decrease
minor loop gain in DC/DC converters is essential. A comprehensive evaluation, including strengths,
weaknesses, opportunities, and threats (SWOT) analysis, is conducted to assess control strategies,
stabilization techniques, and stability standards for different DC/DC converters, identifying SWOT.

Keywords: DC MGs; virtual impedance; control strategies; stabilization techniques; stability analysis;
converters

1. Introduction

Power electronic systems have seen widespread adoption in recent years, which
has been driven by the integration of DC interfaces into conventional AC power system
networks. These systems facilitate bidirectional power conversion between DC and AC
and are typically positioned between source and load circuits. Additionally, they play a
role in enhancing the reliability and stability of distributed energy resources (DERs).

Power electronic converters are categorized into four types: rectifiers, inverters, chop-
pers, and cycloconverters, each with distinct characteristics and applications [1,2]. These
converters exhibit higher efficiency, faster dynamics, and smaller physical sizes compared to
mechanical systems with similar power ratings. However, effective control and stabilization
are essential, since certain loads can induce instability in converter-based grids.

The power electronics market is expected to grow from USD 43.3 billion in 2022 to
exceed USD 94.21 billion by 2032 [2-4]. A number of industries are developing applications
for DC/DC converters in DC microgrids (MGs), which consist of two systems—one of
them acting as the master and the other as the slave—that use linear droop control with
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supervisory control and data acquisition (SCADA) [3]. The increased use of power elec-
tronics in consumer electronics and power-generating industries is anticipated to drive
market demand.

DC MGs commonly rely on traditional converters like buck, boost, and buck/boost
noninverting buck/boost converters and different topologies as they are described in
Section 2 [4]. However, specific applications necessitate interfacing DC/DC converters
with significant step-up or step-down ratios, making multi-level converters essential. Con-
cerning control, DC/DC converters in DC MGs face two primary challenges [5]. The first
challenge is related to instability caused by constant power loads (CPLs) with tightly regu-
lated power electronics loads. CPLs exhibit I-V characteristics corresponding to negative
incremental impedance [4,5]. The reduction in stability margin in the interaction between
feeders and CPLs, attributed to negative incremental impedance, often leads to instability
and decreased system damping [6].

The negative incremental impedance of CPLs consistently remains negative, as de-
picted in Figure 1, even though the impedance’s instantaneous value is always positive,
as shown in Figure 1. This negative incremental impedance feature could deteriorate
system performance, potentially leading to underdamped or unstable oscillations when the
system’s CPL and a source converter are coupled in a cascade. Furthermore, the voltage
exponentially decreases, while the current increases exponentially. Different control strate-
gies, including virtual capacitors, virtual impedance, pole positioning techniques, and loop
cancellation approaches, have been employed to stabilize DC/DC converters supplying
CPLs and PPLs [7].

Vepi A Pepi = Vepilepr = Constant
R. = AchI _ chl
AVC}JI $ e AIcpl Icpl
I«’ >

Figure 1. Negative incremental impedance behavior due to CPLs.

Linear controllers, relying on small signal models, are limited to ensuring small signal
stability solely at the operating point, as the nonlinearity of CPLs hinders their effectiveness
beyond that point. In the presence of large signals, these strategies may become ineffective,
leading to system instability. To stabilize the system from the perspective of large-signal
response, advanced control techniques need exploration. The second issue is the pulsed
power load (PPL) problem, impacting MGs similarly to electric airplanes, ships (classifi-
cation and characteristics of ships are not reviewed in this research), and cars [6,8]. PPLs
consume a significant amount of energy quickly and can potentially shift the MG far from
the stationary operating point due to their high-power characteristics. Traditional linear
control approaches are incapable of ensuring system stability over wider operating ranges,
possibly resulting in significant voltage sags and system instability.

Power filter-based control, adaptive current voltage control, and limit-based voltage
control are some of the technical PPLs-related approaches that researchers have developed
and described in [7]. However, even though faster dynamics, system stabilization, and
optimal performance can be achieved by advanced control technologies, existing linear
control methods are unable to do so. To stabilize the system in a large-signal sense,
advanced control strategies will need to address the aforementioned challenges posed by
DC/DC converters to ensure system stability.
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Various factors influence the selection of MG control topology, including control
layers, communication topology, and the type of loads [9]. MG control schemes can be
classified into four groups based on the type of controller [10], location, structure, and
communication link [11]. These systems are centralized, decentralized, distributed, and
hierarchical [12]. Many studies recommend hierarchical control as a solution to challenges
arising from integrating distributed energy resources into MGs and coordinating MGs in a
cluster [13]. This approach involves multiple control tiers, enhancing the flexibility and
efficiency of the MG [14]. The control system has three levels: primary, secondary, and
tertiary. They regulate DC microgrids that consist of various distributed energy resources.
The red cables indicate positive polarity, and the blue cables indicate negative polarity, as
shown in Figure 2. Each task is performed at the designated level with communication
between them to achieve overall objectives [9].

Tertiary
control

The tasks of power flow control voltage and current
compensation are carried out at secondary control
level.The time frame is about 100ms.

Primary control

DC MGs are composed by different DERs such as
solar,wind,fuel cell ,Battery or PV.

Figure 2. Hierarchical control of DC MGs.

However, challenges arise, particularly concerning the type of loads, as DC MGs
can supply various loads such as CPLs, resistive loads, and PPLs, significantly affecting
network stability. Technical losses mitigation is not considered at the secondary level, as
power flow depends on distance, influencing the voltage at the sending and receiving ends
of a transmission line [13]. Voltage and current are controlled at the primary level using
different controllers, ensuring stability criteria are met. Another concern is the need for
new grid codes for converter-based grids, requiring further development [15].

The future network will be dominated by numerous DERs due to various government
initiatives. Integrating DERs will necessitate involvement from technologies like power
electronics, communication topology, fault monitoring, and the predictive maintenance
of MGs. Hence, a comprehensive review paper is needed to encompass DC MG control
strategies and stabilization techniques along with challenges, opportunities, and prospects.

This review paper critically examines the existing literature, pinpointing outstanding
and emerging trends requiring attention. The contribution of this review paper is sum-
marized as follows: it provides a comprehensive review of various control strategies and
stabilization techniques for DC MGs, covering the advantages, disadvantages, challenges,
and limitations of each method. It also explores future trends addressing issues related to
negative incremental impedance and power imbalance. Detailed recommendations and
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prospects are provided, incorporating the strengths, weaknesses, opportunities, and threats
(SWOT) analysis [16].

1.1. Investigated Topologies for DC/DC Converters and Most Usable Types

DC/DC converters, featuring various topologies, play a crucial role in aligning volt-
age levels, managing power, and facilitating efficient energy transfer within electronic
systems [17]. They enable the assimilation of diverse power sources, offer galvanic isola-
tion, and contribute to the creation of compact and lightweight designs [15]. These DC/DC
converters are indispensable components in renewable energy systems, battery charging,
and the customization of power solutions to meet unique application requirements.

The classification of DC/DC converters includes single input and single output (SISO)
configurations along with their respective applications [4,5]. Additionally, multiple input
and multiple output (MIMO) setups are detailed, outlining their applications [6-8,18-20].
Further, single input and multiple output (SIMO) configurations are explored along with
their applications in [9,10,17,21,22]. The multiple input and single output (MISO) converters
is also covered, providing detailed insights into their applications [11-14].

1.2. Typical Ratings of DC Microgrids

The requirements for DC MGs are currently in the early stages of development.
Fortunately, specific values for various purposes are provided, suchas 5V, 12V, 48 V,
380-400 V [23], and 1500 V [24,25]. Additional insights into their application domains,
advantages, shortcomings, and current standards can be found in [23,26].

2. Control Strategies for DC/DC Converters in DC MGs Applications

DC/DC converters are gaining increased importance for effectively integrating various
types of DERs, such as wind energy conversion systems, solar power plants, energy storage,
fuel cells, and for supplying different loads like CPLs, PPLs, and resistive loads. In
Figure 3, a DC MG is illustrated with different DERs, including a fuel cell, battery energy
storage, photovoltaics (PVs), and wind with doubly fed induction generators (DFIG) and
converters connected through a DC bus line. DERs must comply with grid integration rules,
encompassing fault ride-through capability (FRTC), voltage stabilization, and excessive
energy management.

PV PANEL
DC-DC CONVERTER

AC-DC CONVERTER DC-DC CONVERTER

AC LOADS

DC-AC CONVERTER

DC-DC CONVERTER

BATTERY STACK

Figure 3. DC MG with CPLs and PPLs.
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Furthermore, Figure 3 illustrates the DC MG supplying CPLs and PPLs, generating
instability that can be mitigated through the development of controllers and prototypes.
Please note in Figure 3, red cables represent the positive polarity in direct current (DC)
while green cables represent the negative polarity. On the other hand, red, yellow, and
blue cables indicate that the load is powered by three cables (two phases, one neutral) and
yellow is a phase in alternating current (AC). Figure 4 summarizes control strategies and
stabilization techniques for DC MGs, addressing stability issues associated with negative
incremental impedance. It depicts the impact of CPLs and PPLs and how they can be
managed. It is important to note that Figure 4 is based on the authors” understanding and
analysis of various control strategies and stabilization techniques for DC MGs without
using any specific resource or reference [26].

Poor stability and increases
losses and reducing the

effeciency
Constant power Stabilization techniques
loads(CPLs)

It creates an oscillation
Applying virtual impedance
Brayton-Moser's mixed potential theory
Passive damping technique

Poorly damped system

Active damping technique

Proposed control strategies and

P . q stabilization techniques to overcome .
SRl the cffects of CPLs and PPLs ot
current ripples

Predictive control

Sliding mode control
Backstepping control

Artificial intelligence based control
Passivity based control

Poor stability and
introduce EMI

Synergetic control

Linear,nonlinear and piecewise linear droop control

’—P

Pulsed power
loads(PPLs)

Efficiency and energy
losses

Current spikes and voltage

fluctuations

Dynamic response
challenges and reduce the
—> reliability of the system

Figure 4. Proposed diagram for control strategies and stabilization techniques.

Several advanced control strategies for DC MGs aim to mitigate the effects of negative
incremental impedance [27,28]. These strategies include Model Predictive Control (MPC),
Backstepping Control, Sliding Mode Control (SMC), Passivity-Based Control (PBC), Artifi-
cial Intelligence-based Control, Linear Droop Control, Nonlinear Droop Control, Piecewise
Linear Droop Control, and Synergetic Control. Table 1 summarizes the advantages, disad-
vantages, working principles, applications, and practical cases of each control strategy and
provides a corresponding discussion.
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Table 1. Summary of relevant control strategies for DC/DC converters in DC MGs applications.

Control
Methods

Advantages

Disadvantages

Working Principles

Application

Practical Cases

Limitations

MPC

Optimizing transient performance
with constraints, incorporating
multiple goals and constraints

with rapid dynamics. Achieving
accurate tracking through
estimation-dependent methods.

High computation burden. Recent

advancements in hardware and
software have reduced the cost
and improved the speed and
reliability of real-time computing
for MPC [29].

MPC optimizes control by
minimizing a cost function within
a selected control horizon,
employing a forecasting
perspective [30]. It operates in a
real-time feedback loop,
incorporating voltage and current
limitations to enhance voltage
regulation, power flow
management, reliability, and
efficiency in DC MGs with
variable loads [31,32].

MPC is highly beneficial for power
converter and motor drive systems
supplying CPLs and PPLs. It is
typically implemented in discrete
time, considering controllability
and observability to some extent.
MPC excels in stability analysis for
large signals [32].

Optimizing energy integration for
charging stations, coordinating
power flow in smart grids and

microgrid clusters, and managing

energy storage systems [33]. Buck
converters supply constant power
loads, validated for effectiveness
and robustness using Chroma
63802 and DC-programmable
loads [34,35].

The DC MG, comprising numerous
DERs, lacks consideration for
cascaded converters. Fuzzy logic,
effective in managing nonlinearities,
faces drawbacks as a single
algorithm. A hybridization approach
may be recommended to maximize
benefits and mitigate individual
algorithm limitations. Additionally,
it remains unclear from the authors’
work whether the method is
applicable for MIMO control in
DC MGs.

BSC

Fast dynamics, simple
implementation, and stability for
large signals. Achieving precise
tracking through methods reliant
on estimating disturbances and
model uncertainties of the CPLs.

Transforming the model into a
linear form using the nonlinear
disturbance observer technique
can be challenging, especially in
systems with multiple converters
and CPLs [36].

BSC decomposes the system into
interconnected subsystems,
utilizing Lyapunov function, and
analyzes stability with the
Lyapunov stability
criterion [35,37].

Cascaded and individual DC/DC
converters efficiently power
continuous loads and are effective
in large signal stability
analysis [38].

Backstepping is employed in
power electronic systems to
regulate converters, enhancing
efficiency and device reliability by
accurately controlling voltage and
current in power systems [39].

Backstepping controllers excel in
large signal stability, while many
stability criteria focus on
small-signal stability. However, the
nature of DERs is often overlooked,
despite their diverse properties such
as fault ride-through capability (FRT)
for wind with DFIG, energy excess
management, and DC link stability.

SMC

Fast dynamics response, simple
circuit implementation, and large
signal stability analysis
characterize SMC. In contrast,
MPC, backstepping, and PBC
necessitate a combination of
estimation techniques for accurate
tracking, making SMC a simpler
alternative that does not require
an observer.

Chattering issues arise from
switching frequency variation. A
current sensor connected in series
with the output filter capacitor is

necessary for current
measurement.

SMC, a nonlinear controller, excels
at high switching frequencies,
ensuring precise control over

system state trajectories toward a

specified surface in the state space
known as the sliding manifold

[40,41].

DC/DC converters are well-suited
for parallel-connected systems,
electrical motor control, signal

reconstruction, mechanical
systems, and magnetic bearings
[40]. They are recommended for
large signal stability analysis and
applicable to both linear and
nonlinear systems

SMC has been experimentally
validated for the buck converter. It
is applicable to Z-source
converters for output voltage
regulation, and stability has been
analyzed using the Lyapunov
stability method [41].
Furthermore, it is suitable for
step-up and step-down converters
supplying CPLs [42].

The dynamic behavior of cascaded
converters has not been studied to
verify its applicability, as it has been
modified by various authors based
on the state of the art [42]. Some
researchers neglected the
management of excess output for
DERs, and the controller’s
effectiveness and competitiveness
were not assessed under conditions
involving CPLs or PPLs.

PBC

Passivity-based control’s main
advantage lies in maintaining
constant passivity across all
interconnected systems, ensuring
passivity once all subsystems
achieve it.

Detailed model knowledge is
essential. Changing operating
points imposes strict constraints
on model accuracy and
tracking error.

PBC utilizes passivity principles to
regulate system output variables
with stability analysis conducted

through Lyapunov stability
criteria [43,44].

Significant for multi-converter
systems [43], suitable for DC/DC
boost converters supplying CPLs
[45,46], and applicable for stability

analysis of DC MGs with CPLs

[43,45]. Feasible for the buck

converter, DC/DC converter,
on-board distribution system, and
more electric aircraft (MEA) facing
CPLs with known power values.

Parallel-connected buck
converters supplying CPLs
demonstrate controller
effectiveness and robustness,
experimentally verified with
MATLAB and dSPACE DS1103
[46]. PBC extensively applied to
bidirectional converters for electric
drives and aircraft applications,
validated experimentally using
myrio FPGA [47].

Authors discussed PBC’s pros and
cons, but uncertainty was not
addressed. Effectiveness and

competitiveness against PI
controllers are presented, yet the
impact of the DC link on the system
is ignored. Limitations of classical
PD & PI are not mentioned; however,
this controller is not feasible for
microgrids with DERs and unknown
CPL values.
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Table 1. Cont.

Control
Methods

Advantages

Disadvantages

Working Principles

Application

Practical Cases

Limitations

SC

SC exhibits superior current
sharing accuracy and voltage
performance compared to

feedback linearization control [48].

SC utilizes invariant manifolds in
the system’s state space to
eliminate steady-state errors
between loops and completely
removes chattering issues [49].

Tuning issues, limited practical
cases, computation demands and
possibility of having errors when

the model is complex.

It is a nonlinear control method
based on a state-space approach
and the working principle is
similar to SMC, but it has a good
ability of mitigating the chattering
phenomenon compared to
SMC [41,50].

To control the paralleled
buck-converters with CPLs,
buck-boost converters for charge
control of EVs [51-53].

If it is applied to DC/DC
converters, it can be
experimentally tested by using
FPGA& LTC 2325-24 and current
sensors [49].

The effects of loads variation (light
loads, medium loads, and heavy
loads) were not discussed.

(AI)-based

They can be combined with others
and form hybrid algorithms.
Fast dynamics.

No need for model information.

Complex method and no stability
guarantee in general—would not
work for larger grids due to
the complexity.

Al-based control has an ability of
learning from data, prediction,
adaptability, fault detection and
correction [54].

It is very relevant for DC MGs
supplying CPLs [55] and
PPLs [56].

For a hybrid AC/DC microgrid
feeding CPLs, an intelligent
controller based on neural
networks is recommended [57].

DC/DC converters connected in
parallel or series with CPLs and
nonlinear loads. It is applicable to
5G telecom loads [58] and can be
tested experimentally by using
OPAL-RT 5600 for HIL. It can be
verified experimentally by using a
microcontroller (ATSAM3XSE)
when applied to DC/DC
converters [59].

Complex in designing the system.
Several changes are required.
Most of the authors did not mention
the drawbacks of each method,
either fuzzy or neural network.
It requires overcoming these
challenges by using the
hybridization method where more
than two algorithms can be
combined to compensate for
each other.

Droop control

Highly useful for transforming a
nonlinear model into a standard
linear form [60]. However, not
applicable to all nonlinear systems;
straightforward and
recommended for stabilizing
DC/DC power converters
supplying CPLs [61].

Linear droop control is not feasible
when the operating is not fixed
and when the system is supplying
a heavy load [60].

Linear droop control proposed for
voltage regulation and current
sharing accuracy at fixed
operating points. Nonlinear droop
control applicable to systems
supplying heavy and medium
loads [62,63].

To electrify transportation, both
power electronics-based DC
distribution networks and the
integration of numerous power
electronic loads are
required [64,65].

It can be verified experimentally
by using dSPACE and OPAL-RT
5600 when applied to DC/DC
converters with loads.

The limitation of linear droop and
nonlinear droop control can be
mitigated by using a piecewise linear
droop control as a bridge between
linear droop control and nonlinear
droop control.
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2.1. Model Predictive Control (MPC)

An effective method for significantly improving tracking performance is Model Predic-
tive Control (MPC), which is classified as one of the nonlinear control strategies currently
applied in DC/DC converters [66]. This approach has garnered considerable attention
in power converters and motor drive systems [67,68]. In MPC, achieving high-precision
tracking relies on having an accurate and effective system model, which is a challenge
persistently hinderd by system disturbances and uncertainties in model parameter realiza-
tion [61,66].

MPC operates with the present state of the system as its starting point [67]. The control
input at the next discrete timestep is determined through optimization over a finite time
horizon [9,20,24,69].

By resolving the optimization equation in a receding horizon, the basic idea of MPC
could be stated as follows:

min/ = Y 0 { (Il () =y @)1 + ) —u@ = 1)) } M)
Subject to
gx(D),u(l)<0,l=k+1,k+2,....k+N (2)
x(k+1) = Ax(k) + Bu(k) 3)
y(k) = Cx(k) 4)

The system model, represented by Equations (1)—(4) with state vector x, input vector
u, and output vector y, specifies the constraints on state and vector control. Discrete-time
MPC utilizes Equation (1), while continuous-time MPC operates on a continuous-time
model defined by a distinct equation. Nonetheless, both discrete and continuous-time MPC
follow the same basic principle [68].

T
minj = [ (lyr (t+7) = y(t+ DG+ ult + T )de ©)
Subject to
gx(t+1),u(t+1)) <0 (6)
x = Ax+ Bu (7)
y=Cx ®)

where Equation (5) denotes the cost function for continuous-time MPC in the receding
horizon, while Equation (6) delineates the constraints on the state and control vectors.
Equations (7) and (8) represent a linear dynamic model, where x is the state vector of
dimension n. A, B and C are matrices. The control input is represented by u(t + 7) at a
future time ¢t + 7,7 > 0 [70]. The process and guidelines for designing new algorithms
based on MPC are depicted and detailed in [26,27,66].

2.2. Backstepping Control (BSC)

The backstepping control (BSC) method is relatively new in nonlinear control theory.
It is a nonlinear control approach that allows for the sequential and systematic construction
of stabilizing Lyapunov functions through backstepping. Unlike other methods, it is less
restrictive, as it does not necessitate a linear model for the controlled system [36,66]. The
application of this nonlinear control scheme is driven by the system’s inherent nonlinearity.
In the presence of these nonlinearities, the control law provided by backstepping yields a
reliable and accurate output [71,72]. A key advantage of this method lies in its ability to
handle uncertainties, load disturbances, and input variations effectively.

The BSC method is particularly suitable for large signal stabilization through the recur-
sive Lyapunov design process [73]. This involves creating an observer to ensure accurate
tracking even in the presence of disturbances and uncertainties. A noteworthy distinction
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between BSC and MPC is the BSC method’s ability to estimate model uncertainties and
constant power load (CPL) disturbances [31,32].

DC/DC converters are commonly modeled as second-order systems. Therefore, the
design of second-order systems using backstepping is briefly discussed. The nonlinear
system under consideration is presented in Equations (9) and (10).

x=f(x)+g(x)u; f(0) =0, )
y =h(x), (10)

where x = [x1,X2,...,X,]; and u is the command or system input, /i(x) is an analytical
function of x, and y stands for the output of the system; f and g represent the infinitely dif-
ferentiable vectors [74]. After applying feedback linearization theory to analyze the system
under various output functions, the closed-loop system is stabilized using backstepping
sliding mode control.

2.3. Sliding Mode Controller (SMC)

This Sliding Mode Control (SMC) strategy has demonstrated positive effects on load
and input voltage variations while maintaining dynamic responsiveness, at least com-
parable to conventional current control strategies [75]. Research findings indicate that
DC MGs supplying shipboard power systems are vulnerable to instability due to incre-
mental impedance created by the presence of CPLs linked to the DC bus, as illustrated
in Figure 5 [34,35]. According to studies in the literature, the closed-loop control system
exhibits appealing features, including resistance to shocks and low sensitivity to parameter
fluctuations when the sliding mode is enforced [38,40,76].

Main DC bus

PV PANEL {
DC-DC
III o
{f AC LOADS
DC-AC

WIND TURBINE [ .

AC-DC DC-DC /\J

DC-DC

I DC-loads

BATTERY STACK

Figure 5. DC MGs supplied shipboard.
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A drawback of the standard SMC is the switching frequency variation, which could
complicate filter construction and worsen noise levels. To address this, fixed switching
frequency methods are recommended, involving the calculation of a duty ratio based
on an SMC block and its application to pulse width modulation (PWM). After the SMC
block selects the appropriate control signal for PWM-based SMC, a PWM block should be
integrated into the control diagram to trigger the converter’s gate [77].

Advanced SMC proves to be more resistant to system uncertainties and less prone
to instabilities during the steady-state period compared to traditional SMC. The fixed
switching frequency SMC is further enhanced by the development of digital SMC, ensuring
current-limiting capabilities. Research suggests that PWM-based SMC utilizes a nonlinear
switching function to address instability caused by negative incremental impedance in
DC/DC MGs supplying mixed loads [39,78]. The scientific analysis encompasses several
breakthroughs in DC/DC converters, one notable example being the exploration of PWM
with SMC for boost converters [79]. The research demonstrates how this control system
can be easily implemented using simple analogy circuits [80].

The primary challenge lies in designing a precise output feedback controller for
linear time-invariant systems with a focus on optimizing passivity in both continuous and
discrete time. A novel approach involves leveraging SMC in a mechanical system defined
by simple port Hamiltonian systems [81]. Through this, the analysis unveils a unique
category of controllers rooted in passivity, exhibiting properties that mirror those of sliding
mode controllers.

Therefore, Figure 5 represents DC MGs composed of different DERs and supplying a
shipboard load. However, the shipboard load causes power imbalance, since it is considered
as PPL due to its intrinsic characteristics [82]. The color lines in Figure 5 are the same
representation as in Figure 3.

The fundamental concept of SMC is to construct a specific sliding manifold in its
control law, directing the sliding surface of the state variables toward a selected operating
point. The switching function, employed by the control law for a single-switch DC/DC
converter, is represented in Equation (11) as follows:

u= %(1 +sign(S)) (11)

where u stands for the logic state of the converter’s power switch and S is the instantaneous
sliding surface. Moreover, it can be modified when a second-order controller is involved,
and the equation can be expressed in Equation (12) as follows:

S = w1x1 + apXp + azxz + agxy = ]Tx (12)

where JT = [ajaoazay); a1ao03, and ay represent the sliding coefficients.
Meanwhile, x1, x2, and x4 stand for the desired state feedback variables to be managed.
A manifold (sliding plane) is obtained if the sliding surface is enforced to be equal to
zero (S =0).

2.4. Passivity-Based Control (PBC)

The research findings suggest that Proportional-Based Control (PBC) is a nonlinear
control method that offers simplicity, efficiency, effectiveness, and ease of use. For ensuring
the stability of DC/DC converters powering CPLs, Proportional Derivative (PD) controllers
are utilized [76]. Consequently, PBC is recommended for a buck converter with CPLs, but
the impact of adding resistors in series, parallel, or cascade with inductors and capacitors
(LCC) has not been discussed [83]. Additionally, it is demonstrated that the equilibrium
point is only locally stable because duty ratio values greater than unity are mathematically
not representable [84]. A Proportional Integral Derivative (PID) controller is required for
controlling and stabilizing the loops based on PBC, and its gains can be adjusted manually
or online, relying on filter calculation methods [43,48].
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Furthermore, PBC and an adaptive interconnection with a PID controller are recom-
mended to ensure passivity in boost and buck converters supplying CPLs, given their
significant effectiveness in mitigating voltage variations and reducing the effects of damp-
ing [44,45]. PBC is a nonlinear control approach based on the concept of energy conser-
vation, meaning that the energy supplied should be equal to the sum of energy stored
and dissipated [85]. If the system is passive, its energy balance can be expressed through
Equation (13), considering the energy supplied, stored, and dissipated, as follows:

L uT®y@©)dt = [, Z7R,(DZdt+H (Z(1)) — H(Z(0))

(13)
Energy supplied, energy dissipated, and energy stored.

where & (t)y stands for energy supplied, # (2) represents the energy stored, Z"R;(z) stands
for energy dissipated, u € R is an input and y € R” stands for output of the system.

2.5. Artificial Intelligence-Based Control (Al)

Fuzzy logic, artificial neural networks [77,86], artificial bee swarm algorithm, adaptive
neural-fuzzy inference systems, fuzzy clustering, and heuristics have been employed to
stabilize DC MGs [87]. These methods do not require an accurate model representation,
and the variables of artificial intelligence (AI) can be tuned online. The system’s impedance
is determined by the operating point, which may exhibit different profiles if modified. In
some cases, the advanced controllers described previously may be insufficient to address
this challenge.

When the operating point lacks fixation, linear droop regulation imposes some limita-
tions on load sharing and current sharing, which is particularly exacerbated by time-varying
cable resistances. To mitigate these drawbacks, our work proposes a distinctive approach
by integrating Al-based methods with other controllers in the islanded electric aircraft
(MEA) Electric Power Systems (EPS) DC MG. This novel design maximizes shared power
and adjusts voltage on the bus using unique adjustment factors [64,88].

In addressing challenges within DC MGs, such as supplying CPLs with negative
incremental impedance, the utilization of backstepping control with Artificial Neural
Networks (ANNSs) proves effective. The adaptability of ANNs, being trainable, enables the
controller to adjust to various MG changes and uncertainties without reliance on a fixed
operating point. This adaptive strategy enhances control efficacy in dynamic microgrid
settings [89].

2.6. Synergetic Control (5C)

The synergetic control (SC) approach is a nonlinear method based on concepts from
nonlinear dynamic dissipative systems. SC and SMC share a control methodology involving
the design of a linear manifold to guide the system’s states toward the desired stable
point. The advantages of the synergetic control system described here include finite-time
convergence, resistance to variable fluctuations, and the absence of stuttering issues [90].

SC is particularly suitable for systems operating with nonlinearities and uncertainties,
finding application in robotics, aircraft, chemical processes, mechatronics, and renewable
energy. It excels in situations requiring fast convergence, resilience to variable modifications,
and avoidance of chattering issues. Practical examples of applying synergetic control
include achieving accurate motion in robotics, enhancing stability in aeronautical structures,
optimizing chemical processes, improving mechatronics performance, and optimizing
energy systems. In general, synergetic control provides a comprehensive solution for
a wide range of dynamic systems, offering stability, fast integration, and robustness in
various use cases.

2.7. Linear, Nonlinear and Piecewise Linear Droop Controllers

Linear controllers are recommended for DC/DC converter applications in DC MGs
when the operating point is assumed to be constant, which is a condition seldom found
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when disturbances are ignored [91]. However, relying on such a system is not practical
because the system’s parameters are subject to change due to various causes [60]. The
nonlinear droop controller takes into account load sharing, voltage regulation, efficiency,
and stability, and its analysis can be performed using tools like bode diagrams, Nyquist
plots, and root locus [92,93].

Nevertheless, a piecewise linear droop control (PLDC) is proposed to achieve optimal
and balanced performance for both voltage regulation and current sharing in DC MG [94].
This approach acts as a bridge between linear droop controllers and nonlinear droop
controllers, allowing for the derivation of polynomial droop controllers from linear ones.
Additionally, the performance and robustness vary when the system is supplying light
loads, medium loads, and heavy loads [57,58,60].

3. Stability Analysis of DC/DC Converters in DC MGs Applications

Ensuring the dynamic stability of DC MGs is essential for enhancing their safety and
reliability. To improve the system’s robustness and dynamic performance, it is crucial to
implement control strategies and stabilization methods that align with stability criteria,
ensuring system stability and meeting impedance specifications. Specifically, adherence to
the Nyquist stability criterion is crucial with a focus on the minor loop gain. When dealing
with a grid with interconnected converters, applying the Nyquist stability criterion across
the interconnection becomes necessary [95].

Moreover, the negative incremental impedances resulting from the presence of both
CPLs and PPLs create a power imbalance. The rapid energy consumption in a short
time can potentially degrade the stability and reliability of DC/DC converters in DC
MG applications, consisting of numerous interconnected feedback-controlled switching
converters. Consequently, stability analysis for these systems is a crucial design element.
This article reviews various stability criteria and provides a table summarizing the benefits
and drawbacks of each stability criterion [59,60,96]. The various stability criteria developed
so far are listed and schematically shown in Figure 6, the Middlebrook criterion and other
stability criteria, considered as its extensions, are described in [56,57].

A
Ly,

GM &PM criteria

}\ Unit circle

[ -

ESAC criteric)/’-

Middlebrook criterion

1

GM
Opposing argument criterion

Figure 6. Some stability criteria boundaries.

3.1. The Middlebrook Criterion

Middlebrook was the first to recognize that specific pairings of the output and in-
put impedances of successive subsystems could lead to instability, resembling a negative
incremental impedance oscillator. In practical applications, network components, espe-
cially power electronic converters and their input filters, may embody these successive
subsystems [63,97]. It was accordingly suggested that the output impedances Zj of the
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filters should be significantly lower than their input impedance Z; across frequency ranges
(boundaries), i.e., | Zo|| < ||Z;|| or equivalently || Tyl = H%’H < 1. Ty stands for the

minor loop gain of the system and || Zy|| < ||Z;]| is considered one of stability requirements,
and it is shown in Figure 7.

I Iinz Ioutz

m1 _+.
P

e by = Vout1 V|G = -

“ - VZ‘

Zout1 Zinz

Figure 7. Interconnection of two stable independent systems.

Adhering to this design principle not only maintains system stability but also provides
an additional advantage of dynamic decoupling between the converter and its input
filter. The stability of the system relies primarily on the ratio between output impedance
and input impedance, which are represented by G; and G, (refer to Figure 7) as stable
transfer functions.

The Nyquist stability criterion can be employed to analyze the system'’s stability based
on mathematical modeling and a state-space model. The developed matrix must satisfy
the Nyquist requirements, as illustrated in Figure 8, the areas that include the (-1, j0)
point are restricted by ensuring that the contour of Ty g stays outside certain restricted
areas, implying that system stability can be guaranteed. Design criteria and formulations
can be specified based on how the forbidden regions are defined. Figure 7 represents the
interconnection of two stable independent systems, and their stability can be analyzed via
Equations (14) and (15).

V4
Tymic= Zoiutl (14)
outy
1
Gien = GlGZm (15)

Figure 8 illustrates two graphs: a blue graph indicating a stable system and a red graph
representing an unstable system in the presence of a disturbance. These graphs are plotted
using the quantity N, which signifies the number of encirclements. A positive N denotes
anticlockwise encirclement of the point (—1,0), while a negative N suggests clockwise
encirclement of the same point. In this context, Z represents the number of closed-loop
poles in the right-half plane (RHP), while P indicates the number of open-loop poles in the
same plane. These conditions are essential for satisfying the Nyquist stability criterion.
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Nyquist Diagram
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Figure 8. Nyquist plot showing stable system versus unstable system.

3.2. Gain Margin and Phase Margin Criterion (GMPM)

One limitation of the Middlebrook stability criterion is its tendency to advocate larger
filter components than necessary for stability. Consequently, researchers have proposed
alternative criteria to mitigate Middlebrook’s conservatism and reduce the size of filter
components. To address these concerns, the gain margin and phase margin criteria have
been incorporated to overcome these challenges. This involves maintaining the required
minimum gain and phase margins within a specific frequency range | | Zgl | >> | | Z;1 | to
adhere to the Nyquist criterion.

The Middlebrook Extra Theorem (EET) can be employed to analyze the effects of the
input filter on the system. However, it is crucial to emphasize that information regarding
both magnitude and phase margins is essential. It is possible for to appear positive while
the system remains unstable. This phenomenon can be observed using the SISO tool
available in MATLAB R2023b [63,68,96,97].

3.3. The Opposing Argument Criterion

The earlier stability criteria are suitable for systems with a single connected load.
However, the opposing argument criterion proves more powerful as it can be applied to
systems with both linear and nonlinear loads. To assess the stability of the system using the
opposing argument criterion, the T g for each load subsystem must be determined and
then aggregated to obtain equivalent Ty gains [96,97]. Figure 8 illustrates a system with
n loads. The stability of DC/DC converters connected in parallel or in series is determined
by the impedances of each load with the total load impedances calculated by adding
together each of the n individual load impedances in parallel, as expressed through the
combination of all n individual impedances, i.e., Zi, = Zin1///Zina2// .../ / Zinm or using
the Y-parameter model and G-parameter model to analyze the impact of impedances on
the system [98]. The system, represented in Figure 8, can have an equivalent minor-loop
gain (Gyrc) calculated by aggregating the individual Ty ¢ gains for each load, which are
determined as Equation (16) as follows:

2y 1 1 1 1
G G——Z()( + + +...+ ) (16)
MC ™ Za Zimt Zing  Zina Zinm

Equation (16) represents the equivalent minor loop gain of each load in Figure 8. The
minor loop gain can be determined by considering the ratio between output impedance
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and input impedance, and vice versa, if | Z;,| < |Zout| Or |Ziy| > |Zout| [99], and it can be
calculated considering the transfer function of the system.

3.4. Energy Source Analysis Consortium (ESAC) Criterion

When multiple subsystems are interconnected, and their components are arranged in
various patterns (which can differ for a given type of subsystem due to the connections
and types of transmission lines), the stability requirement becomes especially relevant.
Inconsistencies in these configurations could influence the outcome of the system’s stability
study. The ESAC criterion utilizes a three-dimensional representation in the admittance
space, incorporating frequency, phase, and magnitude. By examining the subsystem
impedance and forbidden region, this criterion can determine the input load impedance of
a system for a particular frequency range. Then, as long as the load admittance space does
not fall within a prohibited area, system stability can be guaranteed [63,96].

Because it allows for the specification of both gain and phase margins and occupies
less space in the s-plane than the Magnitude and Phase Margin (GMPM) criterion, as
illustrated in Figure 8, the ESAC criterion is akin to the GMPM criterion. Additionally, as
depicted in Figure 8, the forbidden region comprises two-line segments that start at infinity
with parallel negative real axes and end at the unit circle’s perimeter [100]. Two additional
line segments begin at the unit circle and end at s = &3, connecting these two segments.
The ESAC criterion has the advantage of further opening up the s-plane, reducing artificial
conservativeness even more [100].

3.5. Three-Step Impedance Criterion (TSIC)
The three-step impedance criteria involve the following steps:

1.  Replacement of Downstream Subsystems: Initially, the downstream subsystems are
substituted with mapped pure impedances using mathematical transformations [74,96].

2. Impedance Measurement: The output impedances of the upstream subsystem ZJ'(s)
and the input impedance of the downstream subsystem Zl’fn (s) are used to calculate
the equivalent impedance (denoted as qu) of the entire network [74,96].

3. System stability analysis: After determining the transfer function between the output
voltage and the input voltage, and the Ty ¢ provided in Equation (17), the stability
of the system is analyzed as follows:

TMLG(extd) = Z(I)J<S) [Zinl(s) a G;(S)] (17)

where Gy g (extd), ZL(s), ZL (s) and Z;,(s) represent the extended minor-loop gain,
the input impedances of the downstream n subsystems, and the output impedance of
the upstream subsystem connected to downstream n subsystems, respectively [101].
(The input subsystems are interconnected with output subsystems through a single
bus bar arrangement and PWM for switching operations.) The Gy g (extd) Nyquist
plot is employed to determine the stability condition. Specifically, if the extended
minor-loop gain Nyquist plot does not encircle the point (—1, 0), the system is sta-
ble [63,74,96].

3.6. u-Sensitivity Criterion
The p-sensitivity stability analysis considers crucial factors such as linear fractional
transformation (LFT), structured singular value y, skewed-structured singular value (v),
and sensitivity [102]. The u-sensitivity-based stability analysis follows these steps:
(a) Obtain a symbolically linearized model of the system at the equilibrium point. If the
system matrix contains nonlinearities, replace them with their approximate polyno-
mial form before creating an LFT-based model.
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(b) Compute sensitivities. The upper LFT represents the transfer function from signals
describing all uncertainties in the system’s outputs and inputs, while the lower LFT
represents the transfer function from signals when closing the lower loop [68,70].

The u sensitivity criterion is applicable to the DC/DC converter supplying CPLs
and a Proportional Integral (PI) controller with a filter (LC). This method provides a more
comprehensive and direct insight into the impact of system components on stability analysis
compared to certain stability criteria [96,103].

3.7. Phase-Plane Analysis

The solutions of the system are typically visualized through phase-plane analysis,
providing insights into how the system dynamics evolve over time [70,103]. This method
can be utilized to examine the closed-loop behavior of converters supplying CPLs. While
it does not provide a specific solution to the differential equations describing a system’s
behavior [104], the phase-plane analysis method is suitable for large signal stability analysis.
For DC/DC converters supplying CPLs, voltage and current loops should be incorporated
to enhance system stability. The use of a Proportional, Integral and Derivative (PID)
controller will also yield a steady-state inaccuracy between the reference and tracking
signals [105].

3.8. Bifurcation Analysis

Bifurcation analysis is a powerful tool for studying the steady-state nonlinear dynamics
of systems with bifurcations occurring in both continuous and discrete systems. The
stability analysis of DC/DC converters supplying CPLs can be identified by searching
for Hopf bifurcation points based on Jacobian matrices [106]. Therefore, the system’s
stability is examined by considering the eigenvalues and numerically computing bifurcation
parameters. Consequently, the filter parameters and power loads should be considered, as
they can impact system stability [107]. This information can be effectively used by system
designers to ensure the stability of the actual system [108].

3.9. Kalman—Yakubovich—Popov Lemma Stability Criterion

The Kalman-Yakubovich-Popov (KYP) lemma stability criterion develops a limited
frequency KYP lemma for singular fractional systems (SFOSS), derives a bounded real
lemma in the Loo-norm, and creates a controller to improve the Loo performance index of
SFOSS within certain frequency ranges [109]. Moreover, the KYP has been identified as
one of the stability criteria to analyze nonlinear systems when applied to CPLs [110]. The
system becomes stable when it satisfies the KYP stability criterion, as described in [111,112].

3.10. Lyapunov Stability Criterion

Selecting a Lyapunov function to characterize system energy constitutes the Lyapunov
stability requirement for DC/DC converters in DC MGs. The Lyapunov stability criterion
is employed to assess the system’s stability, observing whether energy flows converge to
a minimum or remain bounded. Control measures are then developed based on these
assessments to enhance stability [113]. This criterion evaluates both transient and steady-
state stability, ensuring reliable operation under changing conditions. In essence, it provides
a mathematical foundation for DC MG stability analysis and control development [76,79].
The state-space representation of DC/DC converters, leading to a matrix, allows for Lya-
punov stability analysis to assess stability [50]. This analysis is also applicable to grid-tied
synchronization, focusing on boundedness [51].

4. Stabilization Techniques for DC/DC Converters in DC MGs

Mitigating the detrimental effects of CPLs and PPLs requires effective system damping
through modifications at the feeder side, source level (by adding a circuit in series or paral-
lel), or load level. This can be achieved through hardware modifications or adjustments to
the control loops. As outlined in [114], DC MGs with CPLs typically consist of three stages:



Energies 2024, 17, 669

17 of 28

source, filter, and load. The source stage includes power converters for voltage regulation,
the filter stage employs filters to ensure CPL stability and shape voltage waveforms, and
the load stage involves load converters connected to various loads. Stabilization methods
for DG MG can be developed by addressing each stage individually [82,83].

From a communication perspective, source-side stabilization can be categorized into
centralized approaches (including damping techniques, SMC, MPC, etc.) [115], decentral-
ized mode (with droop control being one of the applicable controllers) [116], and distributed
mode (involving communication topology between primary, secondary, and tertiary levels
of control systems) [52]. The negative effects of CPLs and PPLs can reduce the stability and
efficiency of the system and can be mitigated by using different stabilization techniques [53].

Stabilization techniques are reviewed based on their advantages, disadvantages, ap-
plications, determination methods, and limitations, and these are summarized in Table 2.

It provides a summary of these stabilization techniques along with the identified
research gaps for each method. The investigated stabilization techniques include applying
virtual impedance to cancel out the negative incremental impedance caused by CPLs and
power imbalances caused by PPLs [111,117] employing model prediction to neutralize
negative incremental impedance [15,76,87], utilizing feedback control to mitigate the effects
of CPLs [6,62]. We also consider Brayton—-Moser’s mixed potential theory, using passive
and active damping techniques.

A summary of stability criteria, encompassing advantages, disadvantages, applica-
tions, and discussions, is presented in Table 3.

4.1. Virtual Impedance Construction for CPLs

Power oscillations are a prevalent issue in DC MGs because of the negative incremen-
tal impedance caused by CPLs [65]. Figure 9 represents a simplified schematized DC/DC
converter with DC bus nominal voltage value v,,,,,, L, symbolizes the CPL line inductance;
meanwhile, r, is a source droop coefficient and r is a line resistor equivalent, Ry, is the equiv-
alent load resistance, the CPL side equivalent capacitance is C,q, the capacitor voltage is Veq,
the output current is icpy, the power is Py, the CPL equivalent resistance is Rcpr, and the
CPL current is icpr. The equivalent impedance could be written in Equations (18) and (19)
as follows:

g+ 1+ Les
7. TdTT T LS 18
S a252+a15+a0 ( )
where
ap =1+ (rd"'r)(R%k_'— RC1PL)
a1 = Cog(rg +1) + Le(l%dc + ﬁ) (19)
ap = Ceque
V el
Repr—-poot
7 . SYYY
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I

Figure 9. Illustrates the equivalent circuit representing the DC/DC converter providing power
to CPLs.
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Table 2. A summary of the stabilization techniques to cancel out negative incremental impedance characteristics for DC MGs.

Major Techniques

Advantages

Disadvantages

Application

Determination Method

Limitations

Applying virtual impedance method
for CPLs [83,84,89,118]

Enhances system damping, provides
robustness, eliminates DC bus voltage
oscillation, improves power quality,
mitigates instability in GFM and DC
MGs. Unaffected by physical
conditions, increases system stability,
and enhances
power-sharing efficiency.

Closed-loop bandwidth limitation.
Voltage regulation cannot be
relied upon.

Appropriate for smart inverters in
weak grids, useful for DC and AC
microgrids (MGs) with modified
control loops. Introduces
impedance-forming modules (IFMs)
for high-bandwidth virtual
impedance in grid-connected
converters. Suitable for GFM inverters
during unbalanced grid faults,
intervening in frequency and voltage
regulation. Pertinent for cascaded
DC/DC converters.

Nyquist stability criterion
Lyapunov stability criterion
Hurwitz stability criterion

Voltage drops in individual
micro-sources are unmentioned due
to voltage loop modification. The
nature of each DER is not considered.
The characteristics of transmission
lines are not addressed, impacting
controller and power-sharing strategy
selection. Black-box impedance
prediction is infeasible under
varying conditions.

Robust stability framework [119,120]

Applicable for solving convex
optimization problems, as its
complexity does not increase with the
number of buses in MGs.
Demonstrates effectiveness and
non-conservativeness, verifiable
through software.

Infeasible for nonlinear systems with

polytypic uncertainties in their system

matrices. Inapplicable to systems with

known equilibrium conditions based
on the nominal value of CPLs.

It is befitting DC MGs with uncertain
CPLs power and often changes over
time. It is suitable for linear systems.

Hurwitz stability criterion
Lyapunov function and usually small
gain based

Method efficiency established using
the Hurwitz stability criterion and
Lyapunov function, exhibiting
different properties from other
stability criteria. Introduces
complexity to the system and ignores
the impact of disturbances.

Brayton -Moser’s mixed potential
theory [121]

Examines DC MGs stability through
large signal stability. Compatible with
microgrids having master and slave
micro sources, eliminating the need
for communication means.

It does not apply to linear systems
with small signal stability.

Feasible for real applications in DC
MGs and multiple converters loaded
with CPLs. Applicable to electric
motor drives with power electronic
converters [122]. Recommended for
DC distribution power systems,
encompassing wind, solar PV, fuel
cell, and grid-connected converters.

Proportional Integral Derivative
(PID) controller

The nature of DERs is not exploited.
Brayton-Moser’s mixed potential
theory is suitable for large-signal

stability analysis during significant

disturbances but not for small-signal
stability analysis in DC/DC
converters supplying power
systems [66,123].

Passive damping technique [93,96]

The system can be easily modified by
incorporating resistors, capacitors, or
inductors in parallel, series, or cascade
configurations, with either the
inductor or capacitor in the
input filter.

Increases losses, weight, and size of
the system, raising the price,
attributed to lower power efficiency
compared to passive
damping methods.

Poorly damped system. In a DC
aircraft power system operating in the
discontinuous conduction mode
(DCM), it is advantageous to have a
parallel source driving CPLs in both
the continuous conduction mode
(CCM) and the discontinuous
conduction mode.

Middlebrook’s criterion
Nyquist stability criterion

Cost estimation and power losses are
overlooked, achievable by adding
resistors in series or parallel to the

filters. The nature of DC MGs is
disregarded, ignoring the diverse
capabilities and characteristics of
most DERs.

Active damping techniques [93,96]

Increases input impedance. Modifies
output impedance and control loops
by adding shunt impedance.
Outperforms passive damping
techniques in terms of power
efficiency. Applicable to
linear systems.

Increases system price. Injects
stabilizing power into the CPL,
potentially affecting load performance
negatively. Requires an additional
circuit, raising costs and causing
power losses.

Incorporating linear feedback control,
modifying the system’s loop gain and
generating damping effects akin to
real damping elements without
sacrificing efficiency, is applicable for
small-signal stabilization techniques.
Suitable for Voltage Source Converters
(VSCs) in DC microgrids (MGs).
Cascading converters are
recommended when the CPL feeder is
an uncontrollable LC filter.

Middlebrook’s criterion
and Middlebrook’s extra theorem
(EET). Nyquist stability criterion. Root
locus stability criterion

Cost estimation and power losses are
overlooked. Characteristics of
transmission lines and the nature of
DERSs are not considered. The added
feedback loops may not function
satisfactorily beyond their immediate
vicinity, and linear feedback
stabilization techniques are only valid
for analyzed operating points, posing
a disadvantage. The method is
determined under Middlebrook and
Nyquist stability criteria.
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Table 3. Summary of stability analysis of DC/DC converters applications in DC MGs.

Criterion

Advantages

Disadvantages

Application

Middlebrook’s Criterion
Gain [63,97]

Fundamental and straightforward, ensuring both stability and
performance. Suitable for small-signal stability analysis of DC/DC
converters in DC MGs. Requires knowledge of source output
impedance (Z,,), input filters with damping factors, and load input
impedance (Z;,) to address system performance and interaction
effects. Notably, the Extra Element theorem aids in maintaining
transfer functions, addressing dynamic performance and
interaction effects.

Considers only the sizes of the subsystem’s input and output
impedances. A larger filter component positively impacts system
size and cost, providing an advantage. Middlebrook’s criterion gain
does not utilize impedance phase information.

Suitable for multi-converter systems (cascaded), calculating the minor
loop based on individual impedances at the system interface and
satisfying the Nyquist stability criterion.

Gain Margin and Phase
Margin Criterion
(GMPM) [63,68]

Considers the Magnitude and Phase of the Multi-Loop Gain
Spectrum (MLGS). Advantageous for systems with fewer filter
component values, as the GMPM criterion specifies a smaller
forbidden region than the Middlebrook criterion, making it
less conservative.

Focuses on individual subsystems, requires a forbidden region, and
is only relevant for small-signal stability. Understanding the
magnitude and phase information of the source and load subsystems
is necessary.

Feasible for a single interconnection in a converter, impractical for
multiple converter systems (more than two interconnected
subsystems) [43].

The Opposing Argument
Criterion [42]

Suitable for systems with a single or multiple load source.
Less conservative; considers each system when there are
multiple loads.

Suitable for small signal stability.
Requires familiarity with the PM and GM of each MLG for the source
and load subsystem. Results are only reliable over a small
frequency range.;

It is feasible for a converter with many loads with different impedances
connected in parallel and the minor loop is determined by adding a
minor loop for each load.

ESAC Criterion [63,96]

ESAC criterion has a smaller forbidden region than GM and PM.
Unlike GMPV, it does not impact the magnitude of the minor loop
gain. ESAC accommodates regional stability concerns by specifying

a comprehensive set of load admittances.

Apt for small-signal stability. Moreover, it is not recommended when
an inversion in power flow occurs [43].

Like the two previous criteria (GM and PM), it is possible to utilize it for
designing the load impedance tailored to a specific source impedance.

Three-Step Impedance
Criterion [63,74,96]

More broad based.
No need to examine the stability of each subsystem.
It is possible for two-stage DC distributed power systems.

Feasible for small-signal stability but not for large-signal stability.
Unaffected by complex mathematical models or specific subsystem
information. Verified in three steps after performing a preliminary

analysis, measuring impedance, and assessing stability.

Applicable to two-stage DC distributed power systems, expandable to
multistage distributed power systems. Inapplicable for predicting
fast-scale instability.

p-Sensitivity Criterion [102]

A greater and clearer understanding of how system parameters affect
performance [124].

Pertinent to LTI systems only.
It is advised for the analysis of small signals.

The p-sensitivity technique can be applied to the DC/DC buck
converter system with input LC filters accompanied by PI.

Kalman-Yakubovich Popov
lemma [76,122]

It is suitable to handle time-delay systems; it can be used to evaluate
the stability of DC MGs and AC MGs supplying the CPLs

In conclusion, the Popov stability criterion is a robust tool, but its
limitations include conservatism, challenges with nonlinearities,
model sensitivity, and implementation complexities for certain
system types. Engineers should analyze these factors carefully and, if
needed, complement the analysis with alternative methodologies.

Applicable to AC-DC and DC/DC converters with CPLs, it can be used
to evaluate the stability of the system in the frequency domain.

Mixed Potential
Function-Based Criterion
[96,123]

It is only suitable for large-signal stabilization. It is extremely useful
for multiple load systems.

It is not appropriate for small signal stability analysis. The system
under consideration does need to be topologically successfully
completed.

To ensure the asymptotic large-signal stability of an equilibrium point with
a sufficiently large Region of Attraction (ROA), specific filter parameters,
such as the DC-link capacitor, are constrained in the filter design.

Phase-Plane Analysis
[73,125,126]

Gives the global behavior of the closed loop system.
Incredibly helpful in the design stage.

It does not provide a solution to the system differential equations
that describe a system’s dynamics.

This method can be applied to evaluate the converters supplying the
CPLs’ general closed-loop performance.

Bifurcation Analysis [108]

Extremely helpful during the small signal design phase.
Identifies the limit of stable operation.

Considers an open-loop system, suitable for complex nonlinear
systems, and may be used for system stability in discrete time

Suitable for DC MGs with a linearized model for local bifurcation. Also
applicable for DC MGs with nonlinear models when considering global
bifurcation [127].

Lyapunov Stability
Criterion [76,79-81]

It focuses on the boundedness of the system and can be used to
evaluate the stability of the model when the state-space matrix is
developed [50].

A useful tool with drawbacks like conservative views, complex models,
and limited insight into efficiency, especially for complex or
time-dependent systems. Use with caution, and additional approaches
may be required to compensate for its inadequacies [50,128].

Applicable to DC/DC converters and optimization of their parameters.
Lyapunov stability analysis is useful for assessing the impact of defects on
converter stability, aiding in fault identification, isolation, and alleviation for

overall system stability preservation [51,64,128,129].




Energies 2024, 17, 669

20 of 28

According to the Hurwitz stability criterion, the equivalent impedance Z(s) must not
have a pole in the left half plane for the system to be asymptotically stable:

a;>0,i=1,2,3.

By solving Equations (18) and (19), the following Equation (20) can be derived and
written as follows:

2 1 1
Pepr < Vceq'<rd+r + Rf[ﬁ)

SR (20)
PCPL < ng(?’d + 7’)% + RCdt’Cq

The stability limits of the system can be determined by formulating Equation (20),
incorporating virtual impedance to eliminate the circuit’s inductance L.. Enhancing the
damping of DC MGs with CPLs involves the application of virtual impedance to the output
filter using a virtual impedance stabilization technique [83,84,89,118]. This addition results
in system stability as the previously unstable pole induced by the CPLs relocates to a
stable region.

4.2. Brayton—Moser’s Mixed Potential Theory

The voltage stability of DC MGs will play a pivotal role in future AC/DC hybrid dis-
tribution networks, making its maintenance essential for the network’s safety. Additionally,
investigating the stability of DC MGs, which consist of various elements such as resistors,
inductances, capacitors, and feed CPLs, under large disturbances can be carried out by
applying Brayton—-Moser’s mixed potential theory. Brayton and Moser have established
three theorems for analyzing system stability characterized by nonlinear elements and
subjected to large disturbances [123]. The stability criterion of the system under a large
disturbance should be determined based on the theorems proven by Brayton and Moser,
considering the characteristics of the network. This approach can help the system remain
stable in the face of significant disturbances, reduce unnecessary switching between master
and slave sources, and expedite the system’s return to a stable state [89-91].

4.3. Passive Damping Technique

A method for addressing the negative incremental impedance problems produced
by CPLs is the passive damping technique, involving modifications to the input filter
to enhance passive damping. This can be achieved by customizing the filter elements,
accordingly, connecting resistances, capacitors, and/or inductors in parallel, series, or
cascade with either the inductor or the capacitor in the input filter. However, adding
passive components through this method increases the system’s price, weight, and size
while also causing additional power losses, which are often undesired. Ideally, the input
filter should be initially designed with sufficient damping to minimize power losses [93,96].

4.4. Active Damping Technique

Active damping produces the effect of parallel passive components by altering the
control architecture of the system’s active components. Unlike passive components, the
control laws are written in software, allowing for flexibility beyond the limitations of passive
components. If the feeder consists entirely of passive components, the control structure
of the load converter may need to be modified to implement active damping effectively.
An auxiliary circuit can be added in parallel with the load subsystem to dampen the
system [93,96]. The active damping method involves modifying the output impedance of
the converters (Zy(s)), input impedance of the CPLs (Z;, (s)) and adding a shunt impedance
(Z4(s)). The SWOT analysis of DC MGs based on DC/DC converters are summarized in
Figure 10. Furthermore, DC/DC converters play an important part in DC MG applications.
Their advantages include increased efficiency, reliable voltage regulation, and scalability.
However, they confront several problems, including expensive costs, sophisticated control
systems, and limited compatibility with AC loads. Technological breakthroughs and the



Energies 2024, 17, 669

21 of 28

global shift toward electrification open up new opportunities. Threats include legislative
biases in favor of AC systems, market competition, and possible interoperability concerns.
Effective strategic planning is required to capitalize on strengths and opportunities while

addressing weaknesses and risks to ensure successful DC MG deployment.

STRENGTH

e Financial incentives, such as green certificates,
improve stability while minimizing technical losses.

¢ DC MGs improve network stability and can be used
in diverse locations, especially in rural areas without a
utility grid connection. These microgrids support EVs,
aligning with global efforts to integrate EVs into
transportation sector.

¢ Notably, DC MGs exhibit lower emissions and losses

DC MGs SWOT Analysis

Internal factors

It faces susceptibility to CPLs owing to the negative
incremental impedance introduced by CPLslIt is
vulnerable with power imbalance caused by PPLs, and
there is a range of existing DC/DC converter
topologies for utilizing in DC MGs, with ongoing
development for additional options.

compared to AC MGs.

e The future network is expected to witness a
prevalence of DERs, leading to heightened power
conversion requirements due to the escalating
demand for DERs.

o This surge presents an opportunity for developers

of DC MGs.

o Furthermore, there are emerging strategies in
combining algorithms and controllers, coupled

OPPORTUNITIES

THREATS

The absence of the standards and unclear policies
varies across countries. Researchers demonstrating
limited interest in the dynamic analysis of DC MGs is
evident.

Additionally, some countries lack grid codes, while
others are still in the processes of developing them.

with an improved stabilization techniques.

e The swift technological advancements play a

External factors

pivotal role in augmenting the overall stability and

reliability of the network.

Figure 10. DC MGs SWOT analysis.

5. Discussion

The recent literature provides an overview of the global state of DC/DC converters
in DC MGs and explores their potential future development. This paper conducts a
SWOT analysis for DC MGs based on a review of research articles, standards, information
from websites, and government policies. Figure 10 illustrates the SWOT analysis of DC
MGs supplying CPLs and PPLs, presenting internal factors representing the strength and
weakness of DC MGs versus external factors representing the opportunities and threats of
DC MGs.

Control strategies are crucial to achieving the reliability, safety, and dynamic stability
of DC/DC converters. However, while some proposed control strategies are suitable for
large-signal stability, others are designed for small-signal stability and come with certain
drawbacks, as outlined in Table 1. Given that the future network will be dominated by
DERs, ongoing research on DC/DC converters will explore various topologies.

Controlled and regulated switching power converters exhibit behavior similar to
CPLs. When subjected to small signal analysis, they demonstrate a negative incremen-
tal impedance, potentially reducing stability margins when dealing with PPLs or CPLs
equipped with input filters. In response, the authors have evaluated several methods to
stabilize the system and mitigate the adverse effects of CPLs and PPLs.

To ensure system stability, it is essential to assess these stabilization techniques using
stability criteria and damping methods. Various methods for stability evaluation include
applying stability criteria based on the Nyquist stability criterion to establish restricted
regions for the minor loop’s polar plot. Checking that the minor loop gain adheres to
the Nyquist stability criterion is crucial for ensuring the stability of DC/DC converters.
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Moreover, in the 1970s, Middlebrook and other authors proposed another stability criterion,
which is summarized in Table 2 along with its extensions. Some stabilization techniques
and stability criteria are suitable for small signal stability analysis, while others are suitable
for large signal stability analysis, as detailed in Tables 2 and 3. Additionally, a SWOT
analysis for DC/DC converters in DC MGs is provided.

Input filters are necessary for switching converters to comply with conducted sus-
ceptibility requirements and reduce conducted electromagnetic interference. However, an
undamped input filter can introduce instability into the converter’s regulator by introduc-
ing complex poles and right half plane (RHP) zeroes in resonant frequencies lower than the
controller loop gain’s crossover frequency. When integrating an input filter into a converter,
various transfer functions such as control-to-output and line-to-output transfer functions,
as well as audio susceptibility, undergo changes. Therefore, it is crucial to account for the
impact of the input filter during the design of the converter’s control system. The stability
boundary is established through the following steps: evaluating the stability of the closed-
loop converter by connecting the input filter output impedance to the converter’s input
impedance, considering the ratio between the output impedance and input impedance as a
minor loop gain. Traditional techniques, such as the Nyquist stability theorem and phase
margin test, are then employed to assess the system’s stability.

6. Conclusions and Future Research Prospects

To mitigate the instability issues associated with CPLs and PPLs, this review article
provides a comprehensive overview of control strategies, stabilization techniques, and
stability criteria applicable to DC/DC converters in DC MGs. The negative incremental
impedance characteristics of CPLs can lead to network instability, while PPLs may cause
power imbalances and high-power consumption within a short time.

Various control strategies, such as MPC, BSC, SMC, PBC, disturbance estimation tech-
niques, controllers employing Al, and nonlinear modeling approaches, can be employed
to ensure system stability and enhance network reliability. A detailed summary of these
control strategies is provided, highlighting their advantages, disadvantages, applications,
and limitations.

Stabilization techniques, including the virtual impedance method, MPC, linear and
nonlinear feedback techniques, robust stability framework, Brayton—-Moser’s mixed po-
tential theory, and passive and active damping techniques, are analyzed. A comparison
is made based on their advantages, disadvantages, applications, determination methods,
and limitations. It is emphasized that stabilization techniques must satisfy stability criteria
requirements, as illustrated in Figure 8, with a focus on considering the minor loop gain.

Looking ahead, the exploration of control strategies and stabilization techniques for
DC MGs supplying CPLs and PPLs is anticipated to further enhance system performance
and stability. With government initiatives promoting the dominance of DERs in the future
network, a combination of technologies, including power electronics, communication
topology, fault monitoring, and proactive maintenance of MGs, will be crucial.

Ongoing efforts by organizations such as the European standards and IEEE standard
committee, along with leading experts, are developing standards like IEEE 1547 [130],
IEEE 946 [131], IEC SG4 [132,133]. IEEE DC home, and MIL-STD-1399 [134] for DC MGs,
EN50155 [135] (voltage variations), EN61000-4-4 [136] (fast transients), and EN501121-3-
2 [137] (EMI) [127]. However, standards related to protection and grounding schemes are
yet to be established and should be considered in the future especially with the expansion
of DC MGs from low-voltage levels to medium voltage.

Anticipating rapid growth, it is expected that medium-voltage DC (MVDC) distribu-
tion system applications, both grid-connected and autonomous, will require new HARD-
WARE configurations and different DC bus configurations to enhance network reliability
and security. A recommendation is made for future safety standards compliance to be
unified nationally and internationally based on the IEC 60950-1 [138] standard.
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