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Abstract: In islanded DC microgrids, the negative impedance characteristics of constant power
loads (CPLs) usually introduce instability influences; on the contrary, hybrid energy-storage systems
(HESSs) constituted of batteries and supercapacitors (SCs) have stabilization advantages. To guarantee
the large-signal stability of islanded DC microgrids with n+1 parallel energy-storage converters, an
equivalent model is first constructed based on the control strategies of the converters. Then, according
to the mixed potential function theory, a large-signal stability criterion, considering powers, inductors,
capacitors, the DC bus voltage, the equivalent internal resistances of batteries, the proportional
parameters of the inner current loop of n battery DC-DC converters, the proportional parameter of
the outer power control loop of the SC DC-DC converter, and the proportional parameter of the inner
current loop of the CPLs, is derived. Furthermore, the proposed large-signal stability criterion is
optimized via the use of droop control for n battery converters, and coefficients related to the droop
coefficients are also taken into account. These involved control parameters reveal the process of
regulating the HESS and CPLs instead of ideal modeling and significantly reduce the conservatism of
the criterion to some extent. In addition, on the basis of the large-signal stability criterion presented
herein, the maximum CPL power that the islanded DC microgrids can stably support is obtained.
Finally, simulation and experimental results verify the validity of the provided large-signal-stability
criterion. The given procedure of analyzing large-signal stability is more consistent with planning
and operating actual DC microgrids.

Keywords: large-signal-stability criteria; islanded DC microgrids; n+1 parallel energy-storage

converters; mixed potential function

1. Introduction

DC microgrids have emerged as effective solutions for integrating photovoltaic and
wind power [1] and connecting energy storage units and DC loads to a DC bus through
of the use of many converters [2]. Hybrid energy-storage systems (HESSs) constituted
of batteries and supercapacitors (SCs) are widely utilized in DC microgrids in order to
obtain high energy densities and simultaneously attain high power densities [3-5]. For
islanded DC microgrids, large-capacity HESSs are required to provide supplementary
power for loads and to absorb extra power from microsources [6,7]. Consequently, many
small-capacity batteries cascaded with DC-DC converters are commonly paralleled with
each other to achieve a large capacity, and they are also in parallel with SCs and cascaded
DC-DC converters. This indicates that a large number of DC-DC converters are in parallel
connections in islanded DC microgrids.

Furthermore, closed-loop-controlled loads in DC microgrids are regarded as constant
power loads (CPLs) with negative impedance characteristics. The disturbances introduced
by power variations from microsources and loads are extremely common in DC micro-
grids; unfortunately, the positive feedback introduced by CPLs usually magnify these
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disturbances and may lead to instability in disturbance-sensitive DC microgrids in is-
land mode [8-11]. Consequently, guaranteeing the large-signal stability of islanded DC
microgrids becomes a significant issue.

However, a HESS can sometimes compensate for the dynamic characteristics of CPLs
and increase the stability of an islanded DC microgrid to some extent [12,13]. Although
control techniques for HESSs and the characteristics of HESSs have gained a significant
amount of attention, few studies have derived quantitative design guidelines for HESSs
from the aspect of stability enhancement. In particular, many parallel energy-storage
DC-DC converters introduce numerous difficulties in investigating large-signal-stability
improvements for islanded DC microgrids.

Currently, a great deal of the literature utilizes different methods for analyzing the
large-signal stability of DC microgrids [14-19]. In [20-22], a large-signal stability anal-
ysis of microgrids was carried out based on the Takagi—Sugeno (TS) fuzzy model. The
authors of [21] constructed a TS fuzzy model for AC-DC hybrid microgrids with linear
matrix inequalities, and the stability domains were obtained. In [22], a predictive control
strategy based on the TS fuzzy model was used to improve the stability margins of DC
microgrids. However, the TS fuzzy model method could not derive quantitative stability
criteria. In [23,24], the Lyapunov function was adopted to analyze the stability of simple
DC microgrids, stability criteria were deduced, and factors affecting the stability were
determined simultaneously. Unfortunately, building a Lyapunov function model is very
difficult, especially for a complex system.

Then, the mixed potential function method was utilized to model DC microgrids
constituting a few converters, sources, and loads, and quantitative large-signal stability
criteria were derived [25-29]. The authors of [30] adopted a mixed potential function
analysis to propose large-signal-stability criteria in order to guarantee the stability of a
DC microgrid. In [31], the effects of CPL power, the DC gain-of-voltage control loop,
constant resistance load, and the equivalent internal resistance of the current source were
all analyzed to obtain a stability criterion based on a mixed potential function. Furthermore,
the authors of [32] considered the regulation parameters of a cascaded converter for CPLs
and improved the conservatism of the derived large-signal stability criteria. In [33-36],
the mixed potential function was utilized to conduct large-signal stability analyses of
DC microgrids containing small-capacity energy-storage systems. However, the current
research cannot analyze the large-signal stability of a complex DC microgrid.

At present, large-signal stability analyses of DC microgrids with large-capacity HESSs
are rarely carried out because modeling DC microgrids with many parallel energy-storage
converters is extremely difficult.

This paper adopts a mixed potential function method to investigate the stability of
islanded DC microgrids containing n+1 parallel energy-storage converters and derives
large-signal stability criteria. The main contributions of the paper are as follows:

e An equivalent model of a complex DC microgrid constituted of microsources, CPLs,
batteries, SCs, and n+1 parallel energy-storage converters is constructed based on
control strategies;

e A large-signal stability criterion is derived by considering the power of the mi-
crosource, the power of the CPLs, a time constant, the computational period of the
low-pass filter, inductors, capacitors, the DC bus voltage, the battery charging and
discharging factor, the equivalent internal resistances of the batteries, the proportional
parameters of the inner current loop of the n battery DC-DC converters, the propor-
tional parameter of the outer power control loop of the SC DC-DC converter, and the
proportional parameter of the inner current loop of the CPLs;

e  The proposed large-signal stability criterion is optimized via the use of droop control
for the battery converters, and coefficients related to the droop coefficients are taken
into account. The maximum CPL power that islanded DC microgrids could stably
support is finally obtained.
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The paper is structured as follows: Section 2 analyzes control strategies for HESSs
and CPLs and constructs an equivalent model of islanded DC microgrids. In Section 3,
a nonlinear model is established based on the mixed potential function theory. Then, a
large-signal stability criterion for islanded DC microgrids with n+1 parallel energy-storage
converters is derived and optimized considering droop control. Sections 4 and 5 provide
simulation and experimental results to verify the validity of the proposed large-signal
stability criterion. Finally, Section 6 provides the conclusion.

2. Control Strategies and an Equivalent Model for Islanded DC Microgrids

Islanded DC microgrids consist of microsources, HESSs, and CPLs, as shown in
Figure 1. The microsources mainly comprise renewable energy, such as wind and solar
power. Wind generators and three-phase bridge rectifiers are cascaded to obtain DC power.
A boost converter is used to increase the voltages of the PV units. The HESSs are composed
of n batteries cascaded with bidirectional buck-boost converters and one SC which is
also cascaded with buck-boost converters. In other words, there are n+1 parallel energy-
storage converters in the HESS. Buck converters are adopted to support the DC loads. All
closed-loop-controlled loads, such as converter loads and motor loads, are usually regarded
as CPLs with negative impedance characteristics. When the DC bus voltage changes,
the positive feedback introduced by the CPLs usually magnify these changes, resulting
in instability.

n+1 parallel hybrid energy storage system

:

AC Load

Wind

PV

DC Bus

Figure 1. A simplified topology of a typical islanded DC microgrid.

2.1. Control Strategies for HESSs and CPLs

Firstly, the control strategies for a HESS are described. There are n+1 parallel energy
storge converters in a HESS, but the control strategies for the n parallel battery converters
are very different from the control strategy for the SC converter. Bidirectional buck-boost
converters are mostly used in HESSs to achieve the simplest structure. A number of n
batteries cascaded with bidirectional buck-boost converters in parallel connections are
utilized to sustainably provide or absorb energy and eventually to keep the DC bus voltage
constant. A SC cascaded with a bidirectional buck-boost converter is adopted to quickly
output or input high-frequency power.

For the DC microgrid model, a droop control strategy based on the DC bus voltage
is adopted which utilizes the coupling relationship between the output voltage and the
output current to generate a V-I droop characteristic and form V-I droop control. The
V-I droop control of a bidirectional DC-DC converter is such that the output voltage and
current are controlled according to a specific correspondence, and the control equation is
shown below.

The V-I droop control adopted by n parallel battery converters is shown as follows:

Urefj = Udc—ref — kjibatj (1)
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In (1), vyep is the reference DC bus voltage for the outer voltage loop of the j-th battery
DC-DC converter. iy is the current of the j-th battery DC-DC converter, and kj is the
droop coefficient of the j-th battery DC-DC converter.

Generally, the droop coefficient k; satisfies

AVgemin <k < A‘vdcmax )

Tpatmin Ipatmax

In (2), AVjemax and Avgmin are the maximum voltage sag and minimum voltage sag,
respectively. ipsimax and fpgmin are maximum current and minimum current of the battery
DC-DC converter, respectively.

The droop coefficients are usually related to the currents of battery DC-DC converters,
and are shown as

kiipany = kaipara = - .. = Kjipasj = - .. = knipatn ®3)

In (3), ipyj is the current of the j-th battery DC-DC converter, and k; is the droop
coefficient of the j-th battery DC-DC converter.

Based on (3), variable droop coefficients correspond to the variable currents of the
battery DC-DC converters. Consequently, adjusting the droop coefficients allows one to
obtain controllable currents for the battery DC-DC converters.

To eliminate the DC bus voltage sags introduced by the V-1 droop control, voltage
compensation Avg. s is added to the conventional droop control equation in (1) and is
shown as

Urefj = Udc—ref — kjibatj + Avdcfref 4)

According to (4), the reference DC bus voltage for the outer voltage loop of the j-th
battery DC-DC converter is obtained. Similarly, the reference DC bus voltages of the n
battery DC-DC converters are completely calculated. The n parallel battery converters are
all controlled by inner current loops and outer voltage loops. The control strategies for n
battery DC-DC converters are shown in Figure 2.

DC Bus

S
bar T Droop control
SWy > y Vi
re

Current
Sampling

Figure 2. Control strategies for n+1 parallel converters in a HESS.



Electronics 2023, 12, 4032

5o0f 24

The V-1 droop characteristic of a battery DC-DC converter is shown in Figure 3.
According to the characteristic curve, the initial operation point is A; if the load power
increases, the output current of the converter also increases, while the output voltage
decreases, and finally, the operation point moves from A to B.

Figure 3. The characteristic curve of a V-I droop operation.

The objective of the n parallel battery converters is to keep the DC bus voltage constant,
while the purpose of the SC converter is to absorb or supply high-frequency power.

Consequently, a low-pass filter (LPF) is utilized to obtain a high-frequency power
difference between the microsources and CPLs, and the power is taken as the reference
power P of the SC converter, as shown in Figure 4. The power of the microsources is
Ppg, and the power of the CPLs is Pjy,4. The filter time constant is T.

P sc-ref
Figure 4. LPF control block diagram.

The transfer function of the LPF is:

1
_T5+1

H(s) ®)
In (5), Ts is the computational period, which is a fixed value during the filtering process.
According to Figure 4, the reference power of the SC converter is deduced, and is

shown as

Ts Ts

Pyeyef = W(PDG — Pioga) = ot 7 PHESS (6)
After discretization, (6) is rewritten as follows:
T
Psc—ref(k + 1) = TTS(Psc—ref(k) + PHEss (k + 1) — PhEss (k)) @)

Let Pypss(k + 1) — Pygss(k) = APyess; thus, (7) is transferred into

T
Pscfref(k +1) = (Pscfref (k) + APyEss) 8)

T+ Ts

Control strategies for the n battery buck-boost converters are shown in Figure 2. V-1
droop control is utilized to achieve controllable battery currents without communications.
Different droop coefficients introduce different battery currents. To eliminate DC bus
voltage sags caused by V-I droop control, voltage compensation Avgc . is also added.
Based on the current i, of the j-th battery buck-boost converter, the droop coefficient k;
of the j-th battery buck-boost converter, and the provided constant value v e of the DC
bus voltage, the reference DC bus voltage v,.p for the outer voltage loop of the j-th battery
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buck-boost converter is obtained. Then, based on the outer voltage PI controllers and the
inner current PI controllers, PWM signals are produced for n battery buck-boost converters.

The control strategy for the SC buck-boost converter is also shown in Figure 2. To
absorb or supply high-frequency power, the LPF is utilized to obtain high-frequency power
differences between the microsources and CPLs. The outer voltage PI controllers and
inner current PI controllers are also utilized to generate PWM signals for the SC buck-
boost converter.

The power characteristic of the CPLs is the most important parameter, and it can affect
the stability of a DC microgrid. The buck converter and resistors controlled by the current
control loop are used to represent typical CPLs. As the reference current varies, the power
of the CPLs simultaneously changes. The CPL regulation feature is closely related to the
proportional parameter of the current PI controller.

The control strategy for the CPLs is shown in Figure 5. vy, is the DC bus voltage, and
iref is the reference current of the CPLs. Based on the current PI controller, PWM signals are
produced for the Buck converter.

Tow;

Vde | Driver
— SW,

PWM k {PT k

Figure 5. The control strategy for CPLs.
2.2. Equivalent Model of DC Microgrids

In islanded DC microgrids, microsources are modeled as power sources, and the
power and current are Ppg and ipg, respectively. The power and current of the CPLs are
Pjopq and iy, respectively. Modeling a HESS is very complex, and models of n batteries with
cascaded converters are different from the model of one SC with one cascaded converter.

As shown in Figure 6, when the battery is charging, the cascaded DC-DC converter
operates in buck mode while Q; and D; are turned on, and the power flows from the DC
bus to the battery. When the battery is discharging, the DC-DC converter operates in boost
mode while Q; and D; are turned on, and the power flows from the battery to the DC bus.

T \_"/w

Figure 6. The topology of the bidirectional DC-DC converter circuit.

The differential equation of the battery DC-DC converter is

Ve = AUy — aRip — ocL% 9)
In (9), v4. is the DC bus voltage, vy, is the battery voltage, i is the inductor current, R
is the equivalent internal resistance of the battery, and « is the charging and discharging
factor of the battery.
Consequently, based on (9), the battery and the cascaded DC-DC converter are equiv-
alently modeled as a generalized battery, resistor, and inductor in series, as shown in
Figure 7.
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Figure 7. Equivalent model of one battery and one cascaded DC-DC converter.
differential equations are

When n batteries and cascaded DC-DC converters are connected in parallel, the
= — aRipy —aLfi
Ude1 = Q0pgp1 — AR — ab—;

. di;
Viej = Q0paty — &Rigj — aL—

¢+ (€ ln])

(10)
Uden = &0pgpn — &Ripn — D‘L%
In (10), R; is the equivalent internal resistance of the j-th battery.

Based on (10), the equivalent model of n batteries and cascaded DC-DC converters in
parallel connections are derived and is shown in Figure 8.

aLl O(L2 OCLJ OCLn
[ J [ J
[ J [ J
o [ J
oR, aR> aR; aR,
+ + +
Tavbarl OVhar OV pai OVham

Figure 8. Equivalent model of n batteries and cascaded DC-DC converters in parallel connections.

IscUdc =

The SC cascaded DC-DC converter is controlled by the outer power loop, and the
power relationship of the SC and the cascaded DC-DC converter is as follows:

iscvsc = Py (11)
In (11), is is the output current of the SC’s DC-DC converter, v, is the DC bus voltage,
vsc and igc are the voltage and current of the SC, respectively, and P is the power of
the SC.

The equivalent model of the SC and the cascaded DC-DC converter is equivalent to a
bidirectional power source and is shown in Figure 9.

Figure 9. Equivalent model of the SC and the cascaded DC-DC converter.
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Based on the equivalent models of the microsources, CPLs, and HESS, an equivalent
model of the DC microgrids is established and is shown in Figure 10. R; is the equivalent
internal resistance of the j-th battery, a is the charging and discharging factor of the battery,
L; is the inductance of the j-th DC-DC converter, vj;j and iy are the voltage and current of
the j-th battery, and Ppg, Psc, and Py, are the power values of the microsources, the SC,
and the CPLs, respectively. ipg, isc, and iy, are the currents of the microsources, the SC, and
the CPLs, respectively. v, is the DC bus voltage, and C, is the filter capacitor.

. + -
aL 1 aL 2 aLJ aL i 41 \lDG ~ l'SC N rldc
lpart L lpar : Ibaij : lbam 7y Cae

S—] da
oR,| |aRy ®| [ aR;®]| oR, () <> ) <V>
+ + + + PDG Psc Pload
Tm%ﬂth TaWM Fme .

Figure 10. The equivalent model of the DC microgrids.

3. Nonlinear Model and Large-Signal Stability Criteria for Islanded DC Microgrids

The mixed potential function method is utilized to construct a nonlinear model and
achieve a large-signal stability analysis of islanded DC microgrids.

Establishing a nonlinear model according to the mixed potential function is usually
broken into three steps.

(1) The voltage potential function or current potential function of the non-energy storage
components is built.

(2) The energy absorbed by the capacitor of the energy-storage element is obtained.

(3) A formula is proposed based on the above process and converted into a standard form.

The mixed potential function P(i,v) is related to the system structure, and its standard
form is as follows:
P(i,v) = —A(i) + B(v) + (i,yv — a) (12)

In (12), A(i) is the current potential function, B(v) is the voltage potential function, and
(i,yv-«) is determined by the system topology.
Formula (13) is used to verify the accuracy of (12).

L% _ 81;(}',0)
1

Cdvio. _ _apP(i,v) (13)
dt s

In (13), ip and v, are the current variables and voltage variables of the inductors
and capacitors.

The third stability theorem of the mixed potential function theory is often used to
analyze large-signal stability. yi; is the minimum eigenvalue of L~1/2A;()L~1/2, u, is the
minimum eigenvalue of C~'/2B,,(u)C~1/2, and A;;(i) = 9%A(i)/3i?, Byy(v) = 9°B(v)/9v?,
P; =9P(i,v)/di,and P, = dP(i,v)/0v.

If the systems satisfy Equation (14), there exists a convergence domain which causes
the system trajectory to converge to the steady-state equilibrium operating point.

H 2 > 6,6 >0 (14)
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. n . | K Ude PDG Ydc P, Vde Pl d .
P(i,0) = ) aOpasjipas — ) 5‘“%[1th1' - / — - / %dv +/ %dz’ — e ) ibai (19)
= 5 0 0 0

3.1. Conducting a Large-Signal Stability Analysis for Islanded DC Microgrids with n+1 Parallel
Energy-Storage Converters

3.1.1. Large-Signal Model for Islanded DC Microgrids

According to the DC microgrid equivalent model in Figure 10, a large-signal model is
established based on the mixed potential function theory.

The current potential function of the n batteries and cascaded DC-DC converters is
obtained and shown as

1=

P =

n
. 1 .
XOpatitpati — ), E‘”%ijj (15)
=

Il
-

In (15), a is the charge and discharge factor of the batteries.
The voltage potential function of the microsources, the SC, and the cascaded DC-DC
converter is

Vge P Vdc P,
Py = Ppe — / 06 4y 4 p,, — / 5 gy (16)
0 [% 0 0

The voltage potential function of the CPLs is
Udge P
Py =—Puat+ | —224dv 7)

The power potential function of the capacitor Cy. is
Pioad _ Ppc ,
Py = Udc(ﬁ - == Zlbutj) (18)

According to (16) to (18), the large-signal model of the DC microgrids with n+1 parallel
energy-storage converters is

n
=1

In (19), vpatj and iyyj are the j-th battery’s voltage and current, R; is the j-th battery’s
equivalent internal resistance, Ppg is the microsource power, v, is the DC bus voltage, Ps.
is the power of the SC, and P, is the power of the CPLs.

Formula (12) is used to verify the mixed potential function derived for the DC micro-
grids in (19). It is proposed and shown as

di . OP(i,v

aLy =5 = avpe — aRyipgy — vge = &'Em)
[ i _ Ri _ 6P(i)
ALi=gr = X0patj — ARjlbatj — UVde = o,

(j € [L,n]) (20)
di . OP(iv
aln %m = AVpgn — XRnlpgn — Vge = 5i[§atn)
dild —_PDiG_Pi P] d _ 1 . __(SP(Z,U)
Cucli =~ — B+ Tt = oy = 0
]:

Formula (20) meets the verification requirements of (13), verifying the validity of the
large-signal model in (19).
Based on (19), the current potential function A(7) is

—QUpg1ipan + 30is, Ry 0 e 0
Ai) = ; -0 0 e
: 0o :
0 0 —AUpgtnipam + 3012, Rn
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Similarly, the voltage potential function B(v) is

Y4c Ppg Udc Ps Ydc Plogd
—Jo* Bedo = fo Zrdv+ [ Hptdo 0

B(v) = v 22
(v) ’ @)
The quadratic partial derivatives of A(7) and B(v) are
) .
- g;;:;‘]“ +adpyp 0 - 0
. 0 .0 0
Aili) = , _ . (23)
. O .. :
) .
0 0 o =GR+ gy
PDiG aisc aidc
Byp = | Vi T 94 + CLC 0 (24)
0 0

3.1.2. Considering Control Parameters of Parallel Energy-Storage Converters and CPLs

According to the inner current control loop of the battery converters in Figure 2, it is
derived and shown as

XUpat1 = Vdc—ref + kipl (ibatfrefl - ibatl) + kiilf (ibatfrefl - ibatl)dt

X0patj = Udc—ref + kipj (ibatfrefj - ibatj) + kiijf (ibatfrefj - ibatj)dt (] € [L n]) (25)

XUpatn = Udc—ref + kipn (ibat—refn - ibatn) + kiinf (ibat—refn - ihatn)dt

0NVt .
Bt~ Kip
am]butj o s
Olpat] _kipj (] € [1,11]) (26)
0Vpain .
iba?nn - _klpn

In (25) and (26), kjpj and k;;; are the proportional and integral parameters of the inner
current loop of the j-th battery’s DC-DC converter, vy is the reference DC bus voltage,
and ipg e is the reference current of the j-th battery DC-DC converter.

Based on the double control loops of the SC converter in Figure 2 and the power
conservation principle, we obtain

it2 = isc = Koy (Pue_reg — sc0e) + Ktz | (Pac—reg — fscoac)t @)

iscU4c = iscUsc = Psc (28)

disc Heac  —kopiscvscvae — iscvsc  — (kopavsc +1) P 29)
Vg 9vge vgc Uﬁc

In (27)—(29), kyp> and k,;» are the proportional and integral parameters of the outer
power control loop of the SC DC-DC converter. vsc and isc are voltage and current of
the SC, and Pg.,y and Py are the reference power and actual power of the SC
converter, respectively.
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According to the control model of CPLs, we obtain

d =k, (it~ i) + k;;./ (i — )t (30)
Pload = i:efvload (31)
ko dvdc — Oload

In (30)-(32), k;jp and k}; are the proportional and integral parameters of the outer
voltage loop of the CPLs, and k;‘,i and k7, are the proportional and integral parameters of
the inner current loop of the CPLs. 0jg44.ref is the reference voltage, and v}y, is the actual
voltage. i*  is the reference current, and " is the actual current. R” is the filter resistor.

Based on (30)-(32), we derive

P k;kpi:gfvdc — Oload (33)
R* + kfpvdc
. Vlpadl” k?pijgfvdcvload - U%oad
Vgc R*vy. + kl-pvdc
Then, according to (34), (35) is proposed.
L ) | G

T opRx * 12 2
0vs.  R*vy, + kipvdc (R*vdc + k?pvéc)

3.1.3. Deriving the Large-Signal Stability Criterion of Islanded DC Microgrids

Based on the third stability theorem of the mixed potential theory in (14), the control
characteristics of the battery DC-DC converter in (25), the control features of the SC
converter in (27), and the control characteristics of the CPLs in (30), a large-signal stability
criterion for islanded DC microgrids with n+1 parallel energy-storage converters is derived
and shown as

1 = min(kipltx—Zch ) kipi-{;sz . k,'p,::l?j L kipr;l_jRn>

 Poc— 175 (Pac—rey (k) +APyss ) (kopavsc+1) + KipPioad (o= 2acPlo) (R* +26 21 ) (€ [Ln]) (36)
M2 = Cac¥3 Cac (R*Udﬁk?pz’ﬁc) Cac (R*Udc+k?p”§c>2 ,
p1+p2 >0

As shown in (36), this manuscript considers the microsource power Ppg, the CPLs
power Py, the computational period Ts of the low-pass filter, the inductors L;, the ca-
pacitors Cj., the DC bus voltage v, the battery charging and discharging factor «, the
equivalent internal resistances R; of the batteries, the proportional parameters k;,; of the
inner current loop of the n battery DC-DC converters, the proportional parameter kyp, of
the outer power control loop of the SC DC-DC converter, and the proportional parameter
k;fp of the CPLs’ inner current loop, and provides quantitative constraints to guarantee the
large-signal stability of islanded DC microgrids.

Unfortunately, pt; and y; are the second partial derivatives of A(i) and B(v), and this
calculation procedure neglects the power differences introduced via the use of droop control
for the n battery converters. The proposed criterion in (36) is conservative.
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3.2. Optimizing the Large-Signal Stability Criteria of Islanded DC Microgrids Based on
Droop Control

Thevenin’s theorem is adopted to obtain the equivalent model of n parallel batteries
and cascaded converters in [37].

It is assumed that the batteries are all ideal, and the voltage satisfiesv; =vp = ... = vj =

.. = Up. The traditional equivalent model of n parallel batteries and cascaded converters

is shown in Figure 11. Based on Thevenin’s theorem, the elements in the blue parts of
Figure 11 are modeled as a general battery v; with an equivalent resistor Re; and an inductor
Leg, and they satisfy

e RiR;...Rj...Rq
C (Li+ L+ A+ L4+ Ln) 38)
eq — L1L2“‘Lj"'Ln
iy Jin Uit irn +

Ty Sl B
[

o
Rl RZ: RJ: Rn C;_VOI:]PZW(]
+ T+ T+
ST T |

Figure 11. The traditional equivalent model of n parallel batteries and cascaded converters.

Based on (37) and (38), an optimized equivalent model of n parallel batteries and
cascaded converters based on Thevenin’s theorem is shown in Figure 12.

ie q +

Req CU TV I::I Pload
+

R

Figure 12. An optimized equivalent model of n parallel batteries and cascaded converters based on

Thevenin’s theorem.

For the traditional model in Figure 11, the third stability theorem of mixed potential
theory is applied to obtain the minimum eigenvalue y , which is shown as

Rl Rz Rj Rn
= min e, — 39

For the optimized model in Figure 12, the minimum eigenvalue 3] is also deduced

and shown as R R
eq eq
= min = — 40
) = min (1 o ) o (40)
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According to (37) and (38), (40) is transferred into
"o (&) _ Ry _ 1/(1/Ri+1/Rot...+1/Rj+...+1/Rn)
Py =M\ Ly ) = Ty = 1/ (/0417 L+t 1/ L+ 1/ L)
_ 1/Ry ,&+ +
= T/R+1/Ro+ F1/Ri++1/Ry Iy T
1/R; R; 41
1/R1+1/R2+...+1/R]-+...+1/RnTj+"'Jr (41)
1/Rn Ry
T/Ry+1/Ro+.H1/R++1/Rq ' In
R .
= ml-% + ...+mj~f]_’ + ...+mn~lz—;‘(] € [1,n])
1/k;
] .
m; = €[l,n 42
v/ ey ey A e (42)

The weight coefficient m; of the j-th battery’s DC-DC converter is introduced to
simplify (41) and is shown as

" - R]
py =) mp— (43)
j=1 L

Equation (43) indicates that the droop coefficients related to m; are also considered,
making the optimized equivalent model and the large-signal stability analysis more consis-
tent with actual DC microgrids.

Similarly, an optimized equivalent model of islanded DC microgrids with n+1 parallel
batteries and cascaded converters is established, and based on Thevenin’s theorem, an
optimized large-signal stability criterion is proposed and shown as

n k: ‘+IXR‘
_ ( Kipp Tk
=
1y = PDG*iﬂTTS (Psc—rep (k) +APyEss ) (kopavsc+1) n K}, Proaa (Ugut—k?pvdcpload) (R*‘i'Zk?pvdc) (44)
2= 2 :
CdedC Cdc (R*UdC +k?pv¢21c> Cdc (R*Udc +k?pv§c)
pi+p2 >0

Based on the droop control of n battery DC-DC converters, Thevenin’s theorem is
utilized to optimize the derived large-signal stability criteria of the islanded DC microgrids
in (36), and the optimized large-signal stability criterion is shown as in (44). It is obvious
that microsource power Ppg, the CPL power Py, the computational period of the LPF
Ts, the inductors Lj, the capacitors Cg., the DC bus voltage vy, the battery charging and
discharging factor a, the equivalent internal resistances R; of the batteries, the proportional
parameters k;,; of the inner current loop of the n battery DC-DC converters, the proportional
parameter kyp; of the outer power control loop of the SC DC-DC converter, the proportional
parameter k;, of the CPLs” inner current loop, and the weight coefficient m; related to the
droop coefficients, all affect the large-signal stability of islanded DC microgrids with n+1
parallel energy-storage converters.

In (44), the control parameter k7, of the CPLs is introduced, significantly improving
the conservatism of the derived stability criterion. Furthermore, droop coefficients are
always considered during modeling and derivation. Consequently, compared with (36),
the optimized large-signal stability criterion in (44) is more applicable to analysis of the
large-signal stability of actual DC microgrids.

3.3. Comparisons

Based on (36), the maximum CPL power that the islanded DC microgrids can stably
support is derived and shown in (45). According to (45), if variable CPL power values are
always lower than the maximum value, the islanded DC microgrids will operate stably.
In addition, as the microsource power Ppg, the proportional parameters k;,; of the inner
current loop of the n battery DC-DC converters, and the proportional parameter k> of
the outer power control loop of the SC DC-DC converter become bigger, the allowable
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Proga < [PDG - TTTS (Pscfref(k) + APHESS) (kop2vsc + 1)] ' (k* o T 2R+ ki, Udc)

+min (

kipl +DCR1 kl‘pz—‘raRz kipj+“R‘ kl‘p“—‘raRn

maximum CPL power values that the islanded DC microgrids can stably support increase.
On the contrary, when the proportional parameter k7, of the CPLs” inner current loop
increases, the allowable maximum CPL power values that the islanded DC microgrids can
stably support decrease. If the CPLs are modeled ideally as before, which means that the
proportional parameter kfp of the CPLs’ inner current loop is infinitely large, the obtained
maximum CPL power that the islanded DC microgrids can stably support is absolutely
reduced. Consequently, considering the regulation of CPLs instead of ideal modeling could
significantly improve the conservatism of the proposed criteria.

ip

(45)

Proga < [PDG - HLT (Psc—ref(k) + APHESS) (kop2vsc + 1)] : (R +2R* + kfpvdc)

R, B, ) gy (,(p + 2R 04 + K vdc> + i:ldd + 2

When comparing (36) and (44), the largest difference is found in in y1. In (36), only the
minimum equivalent internal resistances of the batteries and the minimum proportional
parameters of the inner current loop of the n battery DC-DC converters are taken into
account, and the equivalent internal resistances of other batteries and control parameters are
all neglected. This really introduces the conservatism of the proposed large-signal stability
criteria in (36). However, in (44), weight coefficients related to the droop control coefficients
are presented, and n equivalent internal resistances of the batteries and n proportional
parameters of the inner current loop of the n battery DC-DC converters are all considered,
definitely decreasing the conservatism. Consequently, the optimized large-signal stability
criteria of islanded DC microgrids in (44) are more consistent with practical DC microgrids.

Similarly, the maximum CPL power values are also derived based on (44) and shown in
(46). Comparing (45) and (46), there are many common parameters. When the microsource
power Ppg, the proportional parameters k;y; of the inner current loop of the n battery
DC-DC converters, and the proportional parameter k2 of the outer power control loop
of the SC DC-DC converter become larger, the allowable maximum CPL power that the
islanded DC microgrids can stably support increases. When the proportional parameter
ki*p of the CPLs’ inner current loop decreases, the allowable maximum CPL power that
islanded DC microgrids can stably support also increases.

+aR; (46)

(s

2
zvluad

) 'Cdc<llé*; + 2R* vy, + k7, Udc) + R vload +

Kok | Ve

4. Simulation Verification

To verify the correctness of the proposed large-signal stability criterion for islanded
DC microgrids with n+1 parallel energy-storage converters in (44), two battery converters
connected in parallel with one SC converter are taken as a typical example.

Based on Figures 2 and 5, Matlab R2020a/Simulink software is adopted to construct a
simulation model of islanded DC microgrids with three parallel energy-storage converters,
and the simulation parameters are shown in Table 1. The batteries are connected to the
DC bus through two bidirectional DC-DC converters. The outer voltage control loop and
the inner current control loop are utilized in these converters. Droop control is adopted to
distribute power between the two batteries’ cascaded converters. The outer power control
loop and the inner current control loop are employed in the SC cascaded converter to absorb
or release high-frequency power based on the LPF. The microsources are represented by a
power source. The CPLs are modeled as a closed-loop-controlled converter and a resistor.
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Table 1. Simulation parameters of islanded DC microgrids with three parallel energy-storage converters.

Parameters Value

DC bus voltage (v4,) 400V

Battery voltage (vp,) 150 V

SC voltage (vsc) 160 V

CPL voltage (vjpaq) 200V
Droop coefficient of battery 1’s DC-DC converter (k1) 0.5
Droop coefficient of battery 2’s DC-DC converter (k;) 0.25

Filter capacitor (Cy.) 3 mF

Inductor (L) 5mH

Inductor (L,) 5 mH

Inductor (L3z) 5mH

Microsource power (Ppg) 4 kW

Initial power of CPLs (Pjy44) 20 kW

According to (44), the stability influences of the different CPL power values and the
different control parameters of two parallel battery converters are analyzed separately.

4.1. Large-Signal Stability Analysis of Islanded DC Microgrids under Different CPL
Power Variations

To verify the stability of the islanded DC microgrids with three parallel energy-storage
converters, two groups with different CPLs are introduced based on (44), and shown in
Table 2. The control parameters of the two groups are the same. However, the variations
in the power of the CPLs in Group A satisfy (44), while the variations in the power of the
CPLs in Group B do not satisfy it. At 1.5 s, CPL power variations occur in both situations.

Table 2. Simulation parameters of Groups A and B.

Parameters A B
Proportional parameter of the inner current loop 4 4
belonging to the first battery’s DC-DC converters, k;,1
Proportional parameter of the inner current loop 4 4
belonging to the second battery’s DC-DC converters, k;»
Proportional parameter of the outer power loop of the 15 15
SC’s DC-DC converter, kyp2
The power variations of CPLs, Py, 20 kKW — 40 kW 20 kW — 60 kW
Meeting large-signal stable criterion in (44) Yes No

Waveforms of the CPLs” power, the DC bus voltage, and the power values of battery
1, battery 2, and the SC when the parameters in Group A are applied are all shown in
Figure 13. At 1.5 s, the power of the CPLs changes from 20 kW to 40 kW, and the SC
immediately responds by releasing peak power. During this period, the power values of
batteries 1 and 2 both increase slowly, and the DC bus voltage returns to 400 V after a brief
fluctuation. The simulation results in Figure 13 indicate that the parameters in Group A
could guarantee that islanded DC microgrids with three parallel energy-storage converters
would be stable during large disturbances.

Then, the waveforms of power of the CPLs, the DC bus voltage, and the power
values of battery 1, battery 2, and the SC when the parameters in Group B are adopted
are all shown in Figure 14. At 1.5 s, the power of the CPLs changes from 20 kW td
60 kW; unfortunately, violent power oscillations appear. Furthermore, large oscillations
also occur in the DC bus voltage and the power values of the batteries and the SC.
Figure 14 demonstrates that the parameters in Group B could not guarantee that the is-
landed DC microgrids with three parallel energy-storage converters would be stable during
large disturbances.
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Figure 13. Simulation results when Group A is used. (a) The CPLs” power, (b) DC bus voltage, (c) the
power of battery 1 and battery 2, and (d) the SC’s power.
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Figure 14. Simulation results when Group B is utilized. (a) The CPLs’ power, (b) DC bus voltage, (c)
the power of battery 1 and battery 2, and (d) the SC’s power.

Based on the simulation results in Figures 13 and 14, if the parameters of islanded DC
microgrids with three parallel energy-storage converters satisfy (44), the system would
return to a stable condition after large disturbances. On the contrary, when the parameters
of islanded DC microgrids with three parallel energy-storage converters do not satisfy (44),

the system is unstable when large disturbances occur. Consequently, the validity of (44)
is verified.
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4.2. Large-Signal Stability Analysis of Islanded DC Microgrids under Different Control Parameters
of Battery Converters

Based on (44), Groups C and D, with different proportional parameters of the inner
current loop belonging to the battery DC-DC converters, are designed to analyze the
stability of islanded DC microgrids with three parallel energy-storage converters. The
parameters of Group C and D are shown in Table 3. The control parameters in Group C

satisfy (44), while the control parameters in Group D do not satisfy it. At 1.5 s, control
parameter changes occur in both situations.

Table 3. Simulation parameters of Groups C and D.

Parameters C

D

Proportional parameter of the inner current loop 4 0.2
belonging to the first battery DC-DC converters, k;,1 ’

Proportional parameter of the inner current loop 4 0.2
belonging to the second battery DC-DC converters, k;» ’

Proportional parameter of the outer power loop of 15 15

the SC DC-DC converter, kypo
The power variations of CPLs, Py, 20 kW — 40 kW 20 kW — 40 kW
Meeting large-signal stable criterion in (44) Yes No

Waveforms of the CPLs’ power step, DC bus voltage, battery 1 power, battery 2 power,
and SC power when the Group C parameters are utilized are shown in Figure 15. At1.5s,
the power of the CPLs changes from 20 kW to 40 kW, and the SC immediately responds
by releasing peak power. During the period, the power values of batteries 1 and 2 both
increase slowly, and after a brief fluctuation, the DC bus voltage returns to 400 V. the
simulation results in Figure 15 indicate that the parameters in Group C could guarantee

that islanded DC microgrids with three parallel energy-storage converters remain stable
during large disturbances.
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Figure 15. Simulation results when Group C is adopted. (a) The CPLs’ power, (b) DC bus voltage,
(c) the power of battery 1 and battery 2, and (d) the SC’s power.



Electronics 2023, 12, 4032

18 of 24

Waveforms of the CPLs” power step, the DC bus voltage, battery 1 power, battery 2
power, and SC power when the Group D parameters are utilized are shown in Figure 16.
At 1.5 s, the power of the CPLs changes from 20 kW to 40 kW; unfortunately, violent power
oscillations appear. Additionally, the DC bus voltage and the power values of the batteries
and the SC all suffer from large oscillations. The simulation results shown in Figure 16
show that the Group D parameters could not guarantee that islanded DC microgrids with
three parallel energy-storage converters remain stable during large disturbances.
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Figure 16. Simulation results when Group D is employed. (a) CPLs” power, (b) DC bus voltage,
(c) the power of battery 1 and battery 2, and (d) the SC’s power.

Comparing the simulation results in Figures 15 and 16, it can be seen that when the
control parameters meet the proposed stability criterion in (44), the stability of islanded DC
microgrids with three parallel energy-storage converters would be ensured during large
disturbances. Otherwise, if the parameters do not satisfy (44), islanded DC microgrids
could not maintain a stable state. Consequently, the derived stability criterion in (44)
is correct.

The simulation results in Figures 13-16 verify the validity of the proposed large-signal
stability criterion for islanded DC microgrids with n+1 parallel energy-storage converters
in (44).

5. Experimental Results

Based on Figures 2 and 5, an experimental platform of islanded DC microgrids with
three parallel energy-storage converters was constructed and is shown in Figure 17 in order
to verify the feasibility of the derived large-signal stability criterion in (44).

The constructed islanded DC microgrids consist of microsources, HESSs, and CPLs,
and the parameters are shown in Table 4. The microsources are represented by a DC power
supply to output constant power. The desired power values of the CPLs are achieved
by regulating the reference values of the load converter. V-I droop control is adopted
to produce reference voltages for the outer voltage control loop of two energy-storage
converters and to keep the DC bus voltage constant. A LPF is utilized to obtain a high-
frequency power difference between the microsources and CPLs, and the power is taken as
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the reference power of the SC converter’s outer power loop. A DSP-TMS320F28335 is used
as the controller for the parallel energy-storage converters.

Sampling devices DC-DC converter

Oscillograph

i
A

T

Battery simulator

Super capacitor CPL

Figure 17. Experimental platform of islanded DC microgrids.

Table 4. Experimental parameters of islanded DC microgrids with three parallel energy-storage converters.

Parameters Value
DC bus voltage (v;.) 60V
Battery voltage (vp,;) 36V
SC voltage (vsc) 24V
CPLs’ voltage (v}o54) 48V
Droop coefficient of battery 1 DC-DC converter (k;) 0.5
Droop coefficient of battery 2 DC-DC converter (k) 0.25
Filter capacitor (Cy) 2.2mF
Inductor (L) 444 mH
Inductor (Lp) 4.44 mH
Inductor (L3z) 295 mH

Similarly, according to (44), the stability influences of different CPL power values and
different control parameters for the two parallel battery converters are analyzed respectively.

5.1. Large-Signal Stability Analysis of Islanded DC Microgrids with Different CPL Values

To verify the stability of islanded DC microgrids with three parallel energy-storage
converters, two groups with different CPL powers are introduced based on (44) and shown
in Table 5. The control parameters of the two groups are the same. Unfortunately, the
power variations of the CPLs in Group E satisfy (44), while the power variations of the
CPLs in Group F do not satisfy it. At 1.5 s, variations in the power of the CPLs appear in
both situations.

Table 5. Experimental parameters of Groups E and F.

Parameters E F

Proportional parameter of the inner current loop 04 04
belongs to the first battery’s DC-DC converters, kipl ’ ’

Proportional parameter of the inner current loop 04 04
belongs to the second battery’s DC-DC converters, k;» ’ '

Proportional parameter of the outer power loop of 12 12
the SC DC-DC converter, kypo ’ ’

The power of the CPLs, Py, 50 kW — 150 W 50 kW — 210 W
Satisfying large-signal stability criterion in (44) Yes No

Curves of the CPL current, the DC bus voltage, and the currents of battery 1, battery 2,
and the SC when the parameters in Group E are utilized are all shown in Figure 18. At1.5s,
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the power of the CPLs changes from 50 W to 150 W, and the SC immediately releases a
current. During this period, the currents of batteries 1 and 2 both increase slowly and then
remain constant. The DC bus voltage remains stable after a small fluctuation. Figure 18
illustrates that the parameters in Group E could guarantee that islanded DC microgrids
with three parallel energy-storage converters remain stable during large disturbances.
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Figure 18. Experimental results when Group E is employed. (a) The CPL current, (b) the SC’s current,
(c) the current of battery 1, (d) the current of battery 1, and (e) the DC bus voltage.

Then, the waveforms of the CPL current, DC bus voltage, and the currents of battery
1, battery 2, and the SC when the parameters in Group E are adopted are all shown in
Figure 19. At 1.5 s, the power of the CPLs changes from 50 W to 210 W, the SC immediately
releases a peak current, and the batteries’ currents increase gradually. However, the DC
bus voltage continuously drops and is not able to return to the rated value. The voltage
error between the rated value and the final value is more than 5%. Figure 14 demonstrates
that the parameters in Group F could not guarantee that islanded DC microgrids with three
parallel energy-storage converters remain stable during large disturbances.
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Figure 19. Experimental results when Group F is used. (a) The CPL current, (b) the SC’s current, (c)
the current of battery 1, (d) the current of battery 1, and (e) the DC bus voltage.

Based on the comparison of Figures 18 and 19, if the parameters of islanded DC
microgrids with three parallel energy-storage converters satisfy (44), the system would
return to a stable condition after large disturbances. On the contrary, when the parameters
of islanded DC microgrids with three parallel energy-storage converters do not satisfy
(44), the system is unstable when large disturbances occur. The experimental results in
Figures 18 and 19 coincide with the simulation results in Figures 13 and 14. Consequently,
the validity of (44) is verified.
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5.2. Large-Signal Stability Analysis of Islanded DC Microgrids When Different Control Parameters
for Battery Converters Are Utilized

To verify the stability of islanded DC microgrids with three parallel energy-storage
converters, two groups with different control parameters for energy-storage converters
are introduced based on (44) and shown in Table 6. The control parameters in Group G
satisfy (44), while the power variations of the CPLs in Group H do not satisfy it. At1.5s,
the variations in the power of the CPLs from 50 W to 150 W occur in both situations.

Table 6. Experimental parameters of Groups G and H.

Parameters G H

Proportional parameter of the inner current loop

belonging to the first battery’s DC-DC converters, k;,1 22 01
Proportional parameter of the inner current loop belonging 29 01
to the second battery’s DC-DC converters, kipZ ’ ’
Proportional parameter of the outer power loop of the 45 45
SC DC-DC converter, kyp> ’ ’
The power of CPLs, P}y, 50 kW — 150 W 50 kW — 150 W
Satisfying large-signal stability criterion in (44) Yes No

Waveforms of the CPLs’ current, the DC bus voltage, and the currents of battery 1,
battery 2, and the SC when the parameters in Group G are applied are shown in Figure 20.
At 1.5 s, the power of the CPLs changes from 50 W to 150 W, and the SC immediately
releases power. The currents of batteries 1 and 2 both increase slowly, and the DC bus
voltage returns to 60 V after a fluctuation. the experimental results in Figure 20 indicate that
the parameters in Group G could ensure that islanded DC microgrids with three parallel
energy-storage converters remain stable during large disturbances.

K@) fiaa [2A/diV]I A—2 A\)§

)

-(b)i sc[2A/ div]iilllllediétely releases vpveak and then derease

H(C)iva [ SA/IVIZA=3A <f DA

BB )iy [2ALIVITA— 1.5 ANy

®

)

[40,07»5 _ £ ~160mA ] ] :

He)va[10V/div]60V—=159V . 2

: - Tilﬁe sca:le:40ms/di\‘/
e P FSOW gl Py F150W iy

[40.0ms o0V Li

Figure 20. Experimental results when Group G is utilized. (a) The CPLs’ current, (b) the SC’s current,
(c) the current of battery 1, (d) the current of battery 1, and the (e) DC bus voltage.

Then, curves of the CPLs’ current, the DC bus voltage, and the currents of battery 1,
battery 2, and the SC are all shown in Figure 21. At 1.5 s, the CPLs” power increases from
50 W to 150 W; unfortunately, violent current oscillations of the batteries appear. The battery
currents cannot return to a stable state. Figure 21 shows that the parameters in Group
H could not guarantee that islanded DC microgrids with three parallel energy-storage
converters remain stable during large disturbances.
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Figure 21. Experimental results when Group H is employed. (a) The CPLs’ current, (b) the SC’s
current, (c) the current of battery 1, (d) the current of battery 1, and (e) the DC bus voltage.

Comparing of Figures 20 and 21, if parameters of islanded DC microgrids with three
parallel energy-storage converters satisfy (44), the system would return stable after large
disturbances. On the contrary, when parameters of islanded DC microgrids with three
parallel energy-storage converters do not satisfy (44), the system is unstable when large
disturbances occur. The experimental results in Figures 20 and 21 coincide with simulation
results in Figures 13 and 15. Consequently, the correctness of (44) is identified.

The experimental results in Figures 18-21 validate the validity of the derived large-
signal stability criterion for islanded DC microgrids with n+1 parallel energy-storage
converters in (44).

6. Conclusions

Firstly, an equivalent model of islanded DC microgrids with n+1 parallel energy-
storage converters is constructed based on control strategies for converters. Then, the
mixed potential function theory is utilized to derive large-signal stability criterion. Droop
control for n battery converters is adopted to optimize the stability criterion. The optimized
stability criteria indicate that the microsource power Ppg, the CPLs” power Py, the filter
time constant T, the computational period T, the inductors Lj, the capacitors Cy., the DC
bus voltage v,., the battery charging and discharging factor «, the equivalent internal
resistances R; of the batteries, the proportional parameters k;,; of the inner current loop
of the n battery DC-DC converters, the proportional parameter ky, of the outer power
control loop of the SC DC-DC converter, the proportional parameter k;‘p of the CPLs’ inner
current loop, and the weight coefficient m; related to the droop coefficients all affect the
large-signal stability of islanded DC microgrids with n+1 parallel energy-storage converters.
Furthermore, on the basis of the presented large-signal stability criteria, the maximum CPL
power that islanded DC microgrids can stably support is obtained. Finally, simulation and
experimental results verify the correctness of the provided large-signal stability criterion
for islanded DC microgrids with n+1 parallel energy-storage converters.

The proposed large-signal stability criteria and obtained maximum CPL powers are
extremely useful in many applications. When planning an islanded DC microgrid, to
obtain a large maximum CPL power that the system can support, small inductors, a
large DC bus capacitor, and proportional parameters are utilized, which could absolutely
ensure the large-signal stability of the system in advance. On the other hand, when
more sources and loads are connected to the existing islanded microgrids, new allowable
maximum CPL power values are derived considering primary sources, new sources, and
other system parameters. If the new allowable maximum CPL power is not large enough, by
regulating battery converter parameters, new islanded microgrids with increased capacity
can also guarantee large-signal stability, and furthermore, enough stability margins can also
be obtained.
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