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A review of stabilization methods for DCMG
with CPL, the role of bandwidth limits
and droop control
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Abstract

DC microgrids (DCMGs) integrate and coordinate various DC distribution generation units including various renew-
able energy sources and battery storage systems, and have been used in satellites, the International Space Station,
telecom power stations, computer power supplies, electric aircraft, and electric ships. However, the presence of
constant power loads (CPLs) can cause instability in DCMGs. Thus, this paper reviews the stabilization techniques that
can resolve instability caused by CPLs, as well as various parameters of CPLs, such as bandwidth, and the frequency of
the CPLs that can stabilize the DCMGs. It also discusses recent trends and future work in finding stability limits using
the parameters of CPLs. It should be useful for directing research towards appropriate mathematical and experimental
approaches for the stability of DCMGs with CPLs.
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the system. Reference [4] discusses the semi-consensuse novelty of this review paper is the inclusion of sta
strategy of HESS in DCMG, and the proposed strategybilization techniques focused particularly on CPLs and
can not only regulate voltage-droop with integral- droops the signi cance of practical CPLs, while previous reviews
but also enable the recovery of DC bus voltage so as tdiscuss the stabilization techniques without clearly
stabilize the DCMG. de ning the stages at which these approaches are to be
e DG units can be coordinated e ectively with the applied.
use of power electronic converters within the microgrid.
ese power converters are present at the source side 2 CPLsin adistribution system
and the load side of the DCMG, and their control param To understand the innate non-linear characteristics of a
eters can be voltage, current, power, etc. i, How- CPL that lead to instability, it is important to know how
ever, some power electronic converters have limitationsa load side converter acts as a CPL in DCMG. A DC
because of their innate characteristics which can add-fur distribution system has two stages of power converter
ther instability to the system, and in particular, the tightly interface as shown in Fi@ [8]. e rst stage consists of
regulated load side power converters when behaving asource-side power converters while the second stage-con
constant power loads (CPLs). Moreover, the issue of stasists of load-side power converters. e source-side cen
bility is aggravated when the converters are cascaded twerters are also called line regulating converters (LRCs) as
each other [7]. they regulate the voltage supplied to the DC bus, whereas
is paper reviews various stabilization techniques the load-side power converters are also called point of
that can overcome instability due to the non-linearity of load converters (POLS) that are connected to the various
CPLs. e CPLs and the cause of their inherent non-lin  loads. During operation, the POLs behave as CPLs [8].
ear phenomena are discussed and recent research-4ook
ing at practical CPLs and its signi cance are addressed

Finally, the role of bandwidth limit and droop control ilhe Regulating Point of Load

in being deciding factors for stability are discussed. A Converters (LRCs) c°("',"g|'_r:;"’s
complete summary of the introduction is illustrated in

Fig. 1 Fig. 2 Power converter interface stages of DC distribution system
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Fig. 1 Summary of introduction
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LRCs and POLs can be implemented on various topolo in discontinuous conduction mode (DCM) when the

gies such as the buck, boost, or buck-boost, etc. Amongoltage-controlled mode is applied. Further, both CCM

them, buck converters are widely employed as they havand DCM constitute an unstable open loop in the cur

higher system stability and DC gain than other types ofrent-controlled mode. ese varying outputs in dier-

converters [9]. ent modes illustrate the varying dynamic behavior of the
converter connected to CPLs.

3 CPL and its linearization

3.1 Characteristics of CPL

CPL shows non-linearity due to an inverse relationship 3.2 Linearization of CPL

between its voltage and current as shown in Fg. e To overcome the instability caused by the non-linear

main characteristic of a CPL is the negative incrementalbehavior of CPLs, it is important to linearize the CPLs.

impedance, since the constant power of a CPL means itfrom Fig. 3, CPLs also exhibit instantaneous positive

output voltage varies inversely with respect to the eur impedance around which they are linearized. A constant

rent. Such a negative incremental impedance characpower P is assumed at which the system is linearized. For

teristic of a CPL causes a destabilizing e ect in the DCsuch a small time interval, it can be approximated as a

distribution system, whereas a resistive load does notine, and the average curreri) with respect to average

result in negative incremental impedance (Fig. 3). voltage(v) is given as [11]:

In [10], CPLs are compared with resistive loads to-dis
tinguish between their di erent characteristics. is is i = P (1)
important in discovering the additional restrictions lev v

ied on the applied control solution. Reference [8] shows At g given operating point, the rate of change of aver

how the dynamic behavior of a converter connected t04ge current with respect to average voltage is given as:
a resistive load is di erent from that of a converter cen

nected to a CPL. e dynamics of resistive load and CPL di p @)

are compared through derivation of line-to output and dv V2
control-to output transfer functions, which are derived
in current-controlled and voltage-controlled modes.
Simulation results indicate that the system is unsta
ble in continuous conduction mode (CCM) but stable

Using the above equation and drawing a tangent of the
curve at a point, we give a straight line with the following
description with V' being the steady-state voltage, as:

Voltage v (V)

- Resistive Load

Constant Power Load

di Currenti(A)

Fig. 3 Voltage—current characteristics of resistive load and CPL
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) as shown in Fig4. is is generally a common approach
1 =

2’ + 2? () taken by researchers and is also employed in the average

modeling method. However, stabilization is not restricted

e above equation linearizes the non-linear model of ;4 linearizing the CPLs.
a CPL at a prede ned operating point. us, the CPL can
be approximated as a combination of negative resistance
connected in parallel to a constant current source [11], 5 5 Impacts due to non-linearity of CPLs

mne

- Icpy <l> RcpL,

Fig. 4 Equivalent resistor and current source

Centralized and
Decentralized Mode of
Stabilization Techniques
applied here

Fig. 5 Detailed description of 3 stabilization stages of DCMGs

In this section, two major stability issues that impact the
DCMGs because of the non-linearity of CPLs are pre
sented. e rst issue occurs when either one or more
CPLs exist in the DCMGs, as shown in Fig,. while the
second issue occurs when multiple CPLs are present with
multiple resistive loads.

For the rst issue, the negative incremental impedance
of a CPL causes damping in the system (F5y. leading
to lossless dissipation of energy across the output termi
nals of the source converters. is results in a low input
voltage at the CPL compared to the output of the source
voltage. Hence, because of a voltage mismatch between
the CPL and the source converter, the system is not able
to return to its equilibrium state. Furthermore, both the
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power quality and system reliability are a ected by the 4.1 Non-linear methods
negative incremental impedance of the CPL [12]. Various non-linear techniques have been studied such as
e second stability issue arises when multiple resis sliding mode control, synergetic control, feedback line
tive loads and CPLs are connected in parallel. In such arization, backstepping control, and passivity-based eon
case, when the number of resistive loads is greater thatrol (PBC), as illustrated in Fig. 6.
the CPLs, the voltage of the load bus oscillates [13]. is e sliding mode technique [19-23] has been exten
leads to limit cycle behavior with an unstable equilibrium sively studied because of its fast dynamic response,
point. As a result, the energy of the source converterrobustness, and simplicity of the circuit [24]. However,
oscillates between the capacitor and inductor leading toit is often employed on constant resistive loads or where
instability of the system [1314]. Reference [13] discussessystem load characteristics are not considered. In addi
such a condition and through simulated and experi tion, it exhibits a chattering problem. us, a new slid
mented studies, a solution by designing a closed-loogng mode control technique is proposed in [24] and is
control of the entire system is provided. employed on a three-phase recti er in DC systems. e
technique is responsible for the voltage regulation and
mitigation of the instability impact of CPLs. However,
4 Stabilization techniques for CPL sliding mode control employs derivatives that cannot
ere are usually three stages in a DCMG consisting of compensate for the non-linearity in the presence of noise
CPLs as shown in Fig [15], including: (1) e source [25].
stage comprising various power converters that sup In contrast, feedback linearization involves a {in
ply regulated voltage to the DC bus. (2) e interface ear feedback path to cancel the nonlinearity of the sys
stage where the LC lter is used to stabilize the CPLtem [26]. Novel non-linear feedback under the feedback
and smooth the voltage waveform. (3) e load stage linearization category can be applied to all converters
consisting of load converters connected to loads. ese
three stages can be modi ed independently to stabilize
the DCMG, and the stabilization techniques are classi
ed as source-side, interface, and load-side stabilization Stabilization
techniques. Methods
e source-side and load-side techniques are widely I
covered in the literature. e implementation of both I ]

can be done either using passive damping methods tha . Non- Linear

employ additional passive elements in the system or by Hoear Methad Methods

introducing virtual inductors, capacitors, or resistors (as

shown in Fig. 5) [11, 13, 15-18]. Passive elements like D!

link capacitors or line inductors can contribute to system Average Sliding Mode

stability but lead to increased weight and cost (Fig). Modeling [ |Control Method
. B ) . Method

[17]. us, it is not practicable to implement passive

damping methods. On the other hand, virtual elements

or active dampers can be virtually introduced by various ‘Synergetic

controllers (Fig. 5). [ |Control Method
Load-side had been studied earlier than source-side oo
techniques, e.g., a virtual resistor [11] and a virtual capac
itor [17] were used to compensate for the destabilizing Feedback
nature of CPLs. Although these active dampers (virtual —| Linearization
resistors, virtual capacitors, etc.) can be implemented al Method
the load-side, the injected power can signi cantly a ect
the load performance [16]. us, it is considered that a Backstepping

source-side strategy is preferable to a load-side strateg [~ |Control Method
since it does not a ect the load performance by chang (B L
ing the source dynamics [16]. From the communication

point of view, source-side stabilization can be classi ed Passivity Based
into centralized, decentralized and distributed modes ~ |Control Method
(shown in Fig.5). e modes will be discussed in detail

in Sect. 5. Fig. 6 Linear and non-linear stabilization methods
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studied and analyzed extensively. e various bifurcation
parameters can be load power [29-31], feedback gain [32,
33], capacitance [33], load resistance [33}], inductance
[35], parasitic resistance of the inductor, switching fre
quency [36], gain controller [3738], compensating ramp
[38—40], the series resistance of the capacitor [41], input
voltage, current reference, etc.

Backstepping Backstepping Sliding Mode
Control Sliding Mode Control

Method Control Method

Method . ) .
4.2 Small-signal and large-signal stability approaches

Load-side and source-side control methodologies employ
either a small-signal or a large-signal stability approach.
In the case of small-signal stability analysis, the dynamic
performance is governed by an operating point, whereas
large-signal analysis determines a region of equilibrium
(ROE) in the system. Using the small-signal method
to stabilize open-loop converters is investigated in
[42]. However, small-signal stability has some limita
tions. First, the dynamic characteristics of the system
are neglected, and hence it cannot assist in the study
of stability margin [43]. Secondly, small-signal analysis
employs a continuous-time average or averaged model
that neglects the impact of switching frequency and
thus can only be used when the switching frequency is
much larger than the cut-o frequency of the LC lter
[18, 44], e.g., 10 times larger as indicated in [45]. us,
large-signal stabilization techniques must be devised
and employed as CPLs are non-linear, time-dependent,
and have negative instability issues. Reference [46] intro
duces large-signal phase plane analysis to e ciently apply
power electronics converters and motor drives in auto
motive systems, while [47] proposes a compound stabi
including CPLs in CCM. eoretically, it can compensate lizer to realize large-signal stabilization of DCMG with
for any number of CPLs and adjust the damping of theCPLs. e proposed stabilizer in [47] used a non-linear
system. is is useful, particularly before designing the approach like NDO and backstepping controller to sta
feedback of the controller [26], while [27] considers it a bilize the oating dual mode boost converters (FDBC)
follow-up of input—output linearization of a boost con and CPLs. e simulation results prove that the proposed
verter with a mixed load. controller gives a broader stability margin for the FDBCs

e adaptive backstepping sliding mode control strat as compared to other controllers such as the PI control
egy, as shown in FigZ, has been generally used to sta ler. Finite-time observers (FTOs) and a nite-time con
bilize the boost converter connected to CPLs [12]. is troller are proposed in [48], and large-signal stabilization
method is a non-linear method with exact feedback 4in is realized through the proposed observers and controller
earization and backstepping sliding mode control, andfor DCMGs with CPLs. e results prove that the pro
has been found to be more advantageous than the exagtosed stabilization has a wider stability margin than con
feedback linearization method [27]. ventional controllers.

While other non-linear methods are important
depending on the use, PBC is proven to be the most Control hierarchy of DCMGs
e ective non-linear method [13]. However, the distur DCMGs have a control hierarchy which is divided into
bances caused by source and load variations cannot bgree levels, i.e., primary, secondary, and tertiary. Refer
compensated for using solely the PBC method. Henceence [49] analyzes all the levels extensively and discusses
the method is modi ed to include both PBC and a non- the exibility of the hierarchal structure. e various
linear disturbance observer (NDO) as shown in Fif. stabilization modes, i.e., centralized, decentralized, and

is is discussed for closed-loop control in [28]. Another  (distributed (to be discussed in Sed) can be applied to
non-linear phenomenon called bifurcation has also beenmore than one level of control.

Fig. 7 Venn diagram of backstepping sliding model strategy

PBC+NDO Non- linear
Control Method | Disturbance
(more Observer

favorable) (NDO)

Passivity
Based

Control (PBC)

Method

Fig. 8 Venn diagram of PBC + NDO model strategy
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5.1 Primary control

is control level deals with power-sharing among vari
ous DG units in the DCMG. lt is strictly local within the
DG units [50]. e control bandwidth of this level is the
highest (in kHz) of the three levels [50]. e technique

Page 7 of 12

6 Modes of stabilization

As mentioned in Sect3, the source side stabilization can

be implemented in centralized or decentralized mode.

Also, the control hierarchy, as discussed in Sect. 4, desig
nates the hierarchy level to which the modes of stabiliza

requires good physical communication links between tion should be applied.

various units which leads to increased complexity in

large microgrids. Centralized and decentralized modes of6.1 Centralized mode of stabilization

stabilization are applied to the primary level of control,
while droop control is the most commonly used strat

In addition to active dampers, the centralized control
mode also employs sliding mode control, the global -sta

egy at the primary level [51]. Recent research focuses obilization method, model predictive control, feedback

improving the reliability of primary control. Decentral
ized voltage controllers are introduced in the primary
level of the control in [49] to improve reliability and pro
vide exibility to the DCMGs.

5.2 Secondary control
is control level aims at regulating the deviations in DC

linearization, backstepping, and synergetic control. ese
methodologies are non-linear and will be discussed later.
However, a centralized mode performs communica
tion with various power sources, hence requiring sen
sors to be located at various places of the microgrid. e
arrangement of additional sensors makes this type of
mode less favorable because of the higher cost. In [17],
it proposes removing all these sensors and employing a

bus voltage caused by the primary droop control. Secstate observer to estimate the missing state data using

ondary control can be integrated within the DG units
or with tertiary control [50]. When integrated within

the DG units, it is called the distributed mode whereas,

when integrated with the tertiary control with a central

given inputs and outputs [17]. is type of control strat
egy is called a decentralized mode and is preferred to a
centralized mode.

controller, it is called the centralized mode [50]. Both the 6.2 Decentralized mode of stabilization
centralized and distributed modes of stabilization have Many strategies employ a decentralized mode of eon

been extensively studied. e focus of the studies is to

trol. Droop control is a commonly used one that obtains

integrate diverse DG units (like various energy storageproper power sharing for the source converters [15].
systems, renewable energy sources, etc.) and provide stas control also employs non-linear methods that have
bility to the entire DCMG. Reference [52] discusses howbeen mentioned previously. Reference [16] discusses a
cyber-physical implementation can improve secondary virtual negative inductor that is connected at the end of
control and develops a consensus algorithm to regulatethe source side converter and is based on droop control
the DC bus voltage and overcome the issues caused Istrategy. e virtual negative inductor can counteract

primary droop control.

5.3 Tertiary control
Tertiary control is employed so that the DC bus velt
age can be synchronized with the DCMGs. e tertiary

the large line inductance which becomes dominant with
the introduction of CPLs. However, the introduction of
the virtual negative inductor results in undesired high-
frequency noise which has to be ltered using a low pass
Iter.

controller compares the DC bus voltages at the DG units6.3 Distributed mode of stabilization

with the standard bus voltage [50]. When the di erence

e distributed mode of stabilization involves com-

in the voltage values is within the threshold, a bypassnunications between the primary, secondary, and -ter

switch is turned on [50]. is signals a complete synchro
nization of DC bus voltage with the DCMG. e optimal

tiary levels of control systems. is mode of has also
evolved over the years. Because of its high reliability,

references generated at the tertiary control are discussedesilience, and scalability, it is regarded as more suitable

in [49]. ese are aided by the integration of energy

than the centralized mode. Global information can eas

management systems to the DGMG. Reference [49] alsdy be shared in this mode, while recently, the Internet of

shows how the integration of new DG units (energy man
agement systems) can govern tertiary control. is level

ings (loT) has enabled great progress in research on
the distributed mode. In [53], a novel distributed control

of control is also responsible for power managementscheme for microgrids using the loT paradigm is pro

between microgrids and upper-level grids, thus ceor

posed. is de nes the multiagent systems (MAS) that

dinating them to provide a holistic energy management exchange information to control the microgrid and ena

system [50].

ble its smooth functioning. However, new challenges to
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this model arise when the MAS has to deal with CPLsachieved. It concludes that by considering the frequency
and thus more work is required. In this mode of stabili parameters of the LRCs and POLs, one can achieve the
zation, communication analysis is also important as theCPL behavior (for POL) and devise stabilization tech
units can be scattered in a network. Reference [54]-sucniques for the entire DCMG [58].

cessfully analyzes the e ect of communication changes in

the distributed mode of DCMGs, and it concludes that 8 Signi cance of practical CPLs

the communication delay between the control hierar Research largely considers ideal CPLs to devise various
chies does not cause steady-state error, but it reduces thstabilization techniques, and conventionally a theoreti
damping of the system. Destabilization, however, can stillical framework using ideal CPLs has been used. How
occur because of the presence of CPLs. Further researatwver, there are limitations to such a theoretical approach,
and hardware experimentation are required to stabilize as the interdependency of control parameters of power

DCMG with CPLs in the distributed mode. converters at the source and load sides is not taken into
consideration. Since these parameters are not considered,

7 Frequency indicators to determine strategy it is assumed that CPLs cause instability of the system
for stabilization at all times and bandwidths. However, there are certain

LC lters are the fundamental components of power cen instances of time and bandwidth where practical CPLs do
verters. e relationship between the LC Iter resonant not lead to instability. erefore, it becomes imperative
frequency and switching frequency plays an importantto choose practical over ideal CPLs.
role in determining the control strategy for stabilization. In [42], various parameters like input voltage range,
When there is a substantial di erence between the two e ciency, feedback loop gains, and bandwidth, and how
frequencies (e.g., the switching frequency being at leasthey help implement practical CPLs, are discussed. e
10 times greater than the resonant frequency [55]), thestudy concludes that above a certain minimum input
average modeling method is employed for stabilizationlevel, a tightly regulated closed-loop converter behaves as
[56]. a CPL, while by increasing the damping of the LC lter,
However, in some systems, when the switching andhe open-loop system with CPL can be stabilized [42].
resonant frequencies become comparable, average modis work has been further extended in [58], where it
eling methods cannot be employed for stabilization. proves mathematically and through simulation the inter
Instead, discrete time-sampled modeling methods havedependence between the controller parameters of POL
to be used. For example, systems such as transportatioand LRC. It concludes that there is a bandwidth limit for
have weight and cost constraints, and thus embeddedvhich even practical CPLs behaving ideally do not cause
components are employed [55]. As a result, the passivnstability to the system. e signi cance of the paper
components (L and C) are reduced, which leads to arlies in the fact that it veri es that ideal CPLs, despite
increase in the resonant frequency. Hence the resonantheir non-linearity, can still stabilize the system, provided
frequency becomes comparable to the switching -fre there are certain constraints on them.
qguency. en a non-linear system at a faster timescale
must be introduced to develop a discrete time-sampled9 Bandwidth of CPLs
modeling method, as used in [57] for a boost converter. e literature has mostly considered high bandwidth load
e Monodromy matrix is presented to provide infor-  converters to study the stabilization of the system. Recent
mation on various parameters of the boost converter sostudies have emphasized the importance of the band
as to investigate how external parameters can in uencewidth of controlled-load converters. e relationship
the performance of the converter. e Filippov method is between system stability and bandwidth of controlled-
further applied to the boost converter system to conduct load converters is established in [59] by considering a
stability analysis and control nonlinear phenomena [57]. system consisting of cascaded DC-DC converters. e
However, the study does not consider CPL, and thereforecorrelation between the bandwidths of the converters at
further research is needed to incorporate the non-linear the load side and voltage regulation is determined [59,
behavior of the CPL for stability analysis. 60], and the developed relation is important for deter
Reference [58] focuses on small and large signal simulaminin the bandwidth limit above which system stability
tion analysis of two cascaded buck converters, with eon can be compromised. e work has been extended in
siderations of the switching frequency, bandwidth, and[61], where the DC-DC cascaded converter is converted
power levels of the two converters. e buck converter at into a fth-order system to validate the analysis of the
the load side behaves as an ideal CPL and has a switcteduced third-order system. It concludes that the approx
ing frequency higher than the converter at the sourceimated third-order system is valid and is more e ective
side [58]. In this way, a more realistic CPL behavior isthan the fth-order system. is enables the reduction of
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system complexity while maintaining the dynamic per aircraft (MEA). e basis of the analysis is the imped
formance of the system, thereby making it exible for ances of the parallel sources and multiple loads, while the
scalability. papers draw some interesting conclusions related to the
In [62], the same approach is extended to Modularconverter parameters and the droop gain.
Multilevel Converters (MMC) in MVDC electrical distri Although ideal CPLs do not exist, they are emulated
bution systems that supply CPLs with limited bandwidth. for experimental purposes. erefore, several studies
e MMC control structure proposed in [62] consists focus on emulating CPLs. A CPL is emulated through
of two controls, one for capacitor voltage and the other Chroma DC electronic load, and the transducer is used
for circulating current. In addition, the control structure in LabVIEW with SPI communication to transfer the
also consists of a phase-locked loop (PLL). With such aata from DSP to the desktop computer [71]. In [27],
detailed source-side MMC controller, the stability analy a CPL is emulated using GW Instek PEL- 3031E fro
sis is carried out on the system having bandwidth-limited grammable DC electronic load, whereas in [72], a Pro
CPLs. It concludes that DC voltage control, horizontal grammable Load Chroma Model 63,210 is employed to
and vertical energy balancing, circulating and line eur emulate a CPL along with dSPACE DS1006 for generat
rents control a ect the source side impedance, while the ing PWM signals. While such implementation of CPLs
MMC as a source-side converter o ers good stability to has been used extensively in previous research,-con
the entire system with bandwidth-limited CPLs. In addi struction of an analog CPL (A-CPL) that can emulate
tion, the bandwidth range of CPLs also plays an impor CPL is proposed in [73]. is is cost-e ective and o ers
tant role in stabilizing the DCMG with CPLs. a fast response. However, the A-CPL is not quite practi
With the cascaded DC-DC converter system, in addi cal especially when there is manual switching between
tion to the linearization of the system, a Lure System isdi erent modes. Also, it can implement only one type of
created in [63], in which the input signal is the output load at a time [74]. Another implementation is through
voltage from the source side converter and the outputsa Norton ampli er as mentioned in [75], but it also has
are the duty cycle, input, and output voltages of the loadthe same drawback of not being able to change the load
side converters. e Lure System has 3 forward blocks dynamically. A digital implementation of constant power,
and one feedback block. e forward block transfer current, and voltage loads is proposed in [74], and in the
functions determine the duty cycles of the load side eon case of a CPL, the circuit con guration is the same as
verters and the output voltages of the load side and thethat in an A-CPL, but instead of manually changing the
source side converters, while the feedback block gives theurrent value, a DSP processor is used. e proposed
value of the output voltage of the MVDC bus [63]. e implementation also o ers scalability, and when high
scheme facilitates stability assurance by deriving a -genconstant power, current, or voltage loads are required the
eralized frequency behavior of the system. e analysis, cells, which consist of Bipolar Junction Transistors (BJTs)
however, concludes that the control frequency must not and resistors in series, can be added. However, care must

exceed the resonance frequency of the lters [63]. be taken on the discrepancies arising due to variations of
BJTs and sense resistors. Although the above-mentioned
10 Droop control with practical CPLs CPL implementations have proven to be e ective for lab

Droop control, as described in the above sections, is theoratory work, they have not been physically presented in
most commonly used decentralized mode of control in a real DCMG.
practical multigrid systems [64—67]. It has two main ben
e ts: 1) Its implementation facilitates proper load sharing 11 Conclusion and future work
among various source converters without any communi is paper has examined various stabilization techniques
cation with the load side converters; and 2) Mathematicalthat are mostly based on ideal CPLs to account for their
analysis on the models having droop control is simple. negative incremental impedance nature. e techniques
Few papers have discussed the interdependency of thdiscussed are either implemented on the source or load
source side and load side converter parameters wheride of the DCMGs. Di erent linearization and non-linear
the source side uses droop control. Moreover, study onmethods have been categorized, and speci ¢ control meth
practical CPLs and source converters with droop control ods for dierent stages of DCMGs have also been pre
is limited. As the transition from ideal CPLs to practical sented. Techniques from the communication point of view,
CPLs is more credible, the interaction between practi i.e., centralized, decentralized, and distributed modes of
cal CPLs and droop control on the source side o ers control have been discussed together with recent research
a more realistic model for stabilization, as presented inon the advance in non-linear control strategies. Active and
[68-70]. A model of a DC system having multiple sourcespassive damping methods employed at the interface stage
and loads is considered to emulate future, more electricare also discussed. Although passive damping methods are
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