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Abstract—DC microgrid (DCMG) clusters represent intercon-
nections of multiple DCMGs to enable flexible power flow, and
hence advantages of high resilience, economic dispatch, loss min-
imization, and optimal load response with microgrid-based dis-
tributed generations can fully be taken. However, small-scale
DCMGs are known to be weak in nature due to low inertia and high
grid impedance. Meanwhile, dynamic analyses of DCMG clusters
have been plagued by their high order dynamic nonlinear system
models since numerous state variables are involved. This article
proposes large signal stability analysis of DCMG clusters based
on Takagi-Sugeno multimodeling approach. With the proposed
method, the large signal Lyapunov stability of the DCMG cluster is
reduced to the computation of a series of linear matrix inequalities,
which will significantly simplify the analysis. The influences of
circuit parameters, power flows, and topological change on large
signal stability of the DCMG cluster are revealed, and asymptotic
stability regions of the network are estimated as well. In addition to
simulation verification, a laboratory prototype of a ring topology
DCMG cluster with three 48 V DCMGs interconnected is also built
to validate the analysis by experimental results.

Index Terms—DC microgrid (DCMG) clusters, large signal
stability, nonlinear system, Takagi-Sugeno (T-S) fuzzy model.

NOMENCLATURE
it Resistance of ith tie-line.
L;; Inductance of ith tie-line.
It Current flows through ith tie-line.
Vi Equivalent dc source representing ith DCMG.
ri Equivalent resistance of the line in ith DCMG.
L; Equivalent inductance of the line in ith DCMG.
i; Current flows through inductor (L;).
C; Capacitance of the dc bus for the ith DCMG.
Vbusi Bus voltage of ith DCMG.
R; Resistance of the CIL in ith DCMG.
Iccr,;  Current of the CCL in ith DCMG.
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Pcpr;  Power of the CPL in ith DCMG.
io; Current of the generic load in ith DCMG.

I. INTRODUCTION

N THE last decades, the progress of dc power conversion
I technologies has promoted the resurgence of dc-based power
applications, especially in the distributed generation field. In this
background, dc microgrids (DCMGs) have emerged as attractive
solutions for renewable energy applications to achieve a number
of benefits, such as high efficiency, low cost, and simple control
design, and so forth [1]-[3]. Furthermore, neighboring dc mi-
crogrids can be interconnected as complementary to each other
to form DCMG clusters, also referred to as networked DCMGs
that enabling flexible power flows, and hence advantages of high
resilience, economic dispatch, loss minimization, and optimal
load response with microgrid-based distributed generations can
fully be taken [4]-[8].

However, DCMGs those consisting of renewable energy
sources (RESs), e.g., photovoltaic (PV) array and wind turbine,
energy storage systems, e.g., battery and supercapacitor, and
electronic load, are often in small scales at tens or hundreds of
kilowatts, which are known as weak grids due to low inertia
and high grid impedance. Therefore, DCMGs are easy to be
disturbed by various transient events, such as intermittence of the
RESs, load switching, short-circuit fault, and so forth [9]-[11].
In this sense, DCMG clusters can be considered as “weak-weak”
interconnections of DCMGs, which will cause more serious sta-
bility problems than a single DCMG due to decreased damping.
On the other hand, dynamic analyses of DCMG clusters have
been plagued by their high order dynamic nonlinear system
models since numerous state variables and multiple nonlinear
components, e.g., constant power loads (CPLs) or switching
behavior, are involved.

Presently, there are only a few works on the analysis of DCMG
clusters in small signal cases. Moreover, modeling and analysis
of DCMG clusters in large signal conception can hardly be
found. In [12], the local Lyapunov functions are derived based
on the multi-input multi-output linear state-space model of the
DCMG cluster, where the asymptotic stability of the system with
the proposed primary plug-and-play and secondary leader-based
controllers is guaranteed. In [13], the small signal model of the
DCMG cluster is developed with simplified transfer functions of
each dc microgrid so that the influence of CPL and inductance
of the tie-line on the small signal stability of the system can be
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Fig. 1. Overview of large signal stability studies on DCMG clusters.

observed by the root locus. A similar method as using transfer
functions to evaluate and design small signal stability of the ac
microgrid clusters is found in [14]. Nevertheless, small signal
analysis can only predict system dynamic behavior in a small
region around the equilibrium point. Unfortunately, the existing
works still lack large signal stability analysis of DCMG clusters,
and it turns out that much focus is primarily on single DCMG
instead of the complete interconnected cluster systems.

Fig. 1 briefly shows an overview of large signal stability
studies on DCMG cluster systems, where the single DCMG
can be considered as a subset of complete DCMG cluster
systems, and fruitful methods have been deployed to analyze
large signal stability at the scale of the single DCMG. The
pioneering analysis on large signal stability of a distributed
power system with CPL was carried out in [15] where the mixed
potential function was developed as the stability criteria in the
Lyapunov stability context. Since then, the CPL-induced large
signal stability problems have been extensively dealt with in the
cascaded power systems, and recently in dc microgrids [16].
In [17], the conservatism of the mixed potential theory in large
signal stability criterion of the dc microgrid is improved with
the refined models for the CPL converter, but only the extracted
cascaded converter model is considered as the case of study,
and hence the other aspects of the operation of the dc microgrid
are absent. In [10], [18], and [19], the droop control is included
in the large signal stability analysis of the dc microgrid. The
large signal stability of the dc microgrid is also investigated
at the common coupling of point with particular attention was
paid to estimation of the grid impedance [20]. The bifurcation
diagram is deployed to assist the stability analysis of equilib-
rium points of the dc microgrid under droop control [21]. The
sufficient criteria for large-signal stability in dc microgrids with
distributed-controlled dc-dc power converters are rigorously
derived with mathematically proved confidence, and the defects
with the mixed potential function are resolved as well [9]. The
robust stability framework is proposed for the dc microgrid by
considering the uncertainty of the CPL [22]. The Takagi-Sugeno
(T-S) fuzzy system modeling approach is introduced to analyze
the large signal stability of the voltage source inverter for driver
application [23]. All these works promote the advances of large
signal stability of single DCMG. But modeling and analysis on
the scale of DCMG cluster systems with multiple microgrids
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interconnected rather than single DCMG, especially in large
signal notion, are still lacking.

Herein, the lack of large signal stability analysis on DCMG
clusters motivates the work, and the major contributions of the
article are mentioned as follows.

1) The T-S multimodeling approach, new in its application
in DCMG clusters, is first time introduced to perform
large signal stability analysis of the higher-order nonlinear
dynamic network. The quadratic Lyapunov functions that
facilitate large signal stability analysis of the DCMG
cluster are easily computed with the help of the T-S multi-
modeling approach, and the regions of asymptotic stability
(RAS:s) are also estimated with considered scenarios.

2) A comprehensive analysis of the DCMG cluster is con-
ducted. The power flows of the DCMG cluster in the
steady-state operation are highlighted to point out the
unique characteristics of the system with respect to the
single DCMG. Furthermore, not only the influences of
circuit parameters on the large signal stability analysis are
revealed, but the power flow and the topological variation
from ring to star interconnection are included as well.

3) In addition to simulation results, a laboratory prototype of
a ring topology DCMG cluster with three 48 V dc micro-
grids is built to experimentally corroborate the analysis
results.

The rest of the article is organized as follows. Section II
performs modeling of the DCMG cluster. Section III proposes
the large signal stability analysis approach based on T-S fuzzy
modeling for the DCMG cluster system. Section IV presents the
large signal stability analysis of the DCMG cluster with the spe-
cific topology and the given parameters. Section V verifies the
analysis by both simulations and experimental results. Finally,
Section VI concludes the article.

II. MODELING OF THE DC MICROGRID CLUSTER

The DCMG cluster with the general interconnection of mul-
tiple DCMGs is shown in Fig. 2 where each DCMG consists
of the PV system and the battery energy storage system, and
the generic load as shown in Fig. 2(a), and the topology with
the interconnection of n DCMGs, i.e., DCMG1, DCMG2, ...,
and DCMGun, by tie-lines are depicted in Fig. 2(b), respectively.
Due to negligible parasitic capacitances, the tie-line can be rep-
resented by a series connection of line resistance and inductance
without loss of generality [24].

A. Equivalent Model of the Single DCMG

In practical applications, the load of the dc microgrid is
usually a CPL, that is, represented from the input of a tightly
controlled dc/dc or dc/ac converters. Seeing from the dc bus
side, the CPL presents nonlinear and negative impedance char-
acteristics, which has a significant destabilizing effect [25], [26].
Therefore, CPL has been considered as the primary source of
instability in the study of large signal stability of dc power
systems [9]-[11], [15], [16]. However, ZIP load that consists of
constant impedance load (CIL, Z), constant current load (CCL,
I), and CPL (P) connected in parallel is considered as a generic



12672

.rPhotovollaic System | DCMGi
| Tov Loy
. — DC VW
Il pv G Bus i
i Armay [—/ DC 1 |
— . J
| Battery Energy Storage System \
: ra La 0
| | |
! -II- DC "“"“rjrg\ 1 Generic
I T Load
i Battery |— / DC —_£ | g
| . . |
: . . f
I Fin L
155 mb4 i
. im .
| | Battery [—1 / DC —_£ |
— i — J
I -
II (a) -7
I -7
) N _>l“ D
3 — 3
a  — a
DCMG1 #1 Tie-line DCMG2
I : 2
zT 3 o lﬁ
- ~ [1_’ ) - 2
.\ o £ 7 o )
3 I . 2
il PR B3 2
DCMGn < DCMG3
#(n—1) Tie-line #3 Tie-line

Fig. 2. Configuration of the DCMG cluster. (a) Single DCMG. (b) General
DCMG cluster topology.

ZIP Load Model

Fig. 3. Equivalent model of the single DCMG with generic ZIP load.

nonlinear load connected to the bus of each DCMG for a more
general case [12].

On the other hand, the DCMG cluster system is composed
of multiple interconnected DCMGs, hence they are complex
dynamic systems with high order and multiple nonlinear el-
ements, which poses a grand challenge for the large signal
stability analysis for the system. Fortunately, the power flow of
the DCMG cluster is usually dictated by the tertiary level in the
hierarchical control paradigm [27], which is of low-frequency
dynamics so that reduced-order modeling of the DCMG cluster
is possible by ignoring high-frequency dynamics [10], [20], [28].

Fig. 3 illustrates the equivalent model of each DCMG where
the controlled voltage source V; stands for the regulated dc bus
voltage in no-load condition, and r;, L;, and C; denote the line
resistance, the line inductance, and the capacitance of the dc bus
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of the reduced-order model of the single DCMG, respectively,
and i,; represents the current of the ZIP load. The current flows
through and the voltage across the load can be expressed as

. Ubusi Pcprs
loj = + Iccrs +
Ri S~ Ubusi
N~ CCL SN—— (1)
CIL CPL

_ Ri(io _ICCL'L)_\/(Ri (i0i—IccLi))®—4R; PopLi
Ubusi= ) .

B. Complete Modeling of the DCMG Cluster

Given the equivalent model of the single DCMG, the complete
model of the DCMG cluster can be derived in a straightforward
way by piecing together the equivalent circuit models of the
interconnected DCMGs by the tie-lines. Then, the dynamics of
the (3 x n)th-order system model for the DCMG cluster can be
described as

di .
L7 = =iy — vt + V3
dis _ _ . 5
Lyt = —72i2 — vpus2 + V2 Inductor current
- of each DCMG
di .
Ln tn = —Tpln — Vbusn T Vn
! .
Lyt 57 = —r1gite + Ubusl — Ubus2 q
di .
Lot =3 = —ragiat + Ubus2 — Ubus3 In uctor currents
B of the tie - lines
L ding — _ ; —
nt g Tntlnt + Ubusn Ubus1
dVbus1 _ ¢ : ;
Cr58st =iy + g — U1t
P Vbus
o e
O st = g + e — oy
_Pcprz _ bus2 _ |, Bus voltage
Vbus2 Rs CCL2
of each DCMG.
C dVbusn _ ; _
nT dt =1in+ Z(71,—1)t Int
__Pcpun __ Vbusn __
Ubusn Ry, locrn

2)
The power difference can be expressed as follows when the
CPLi has step transient

APcpr; = Pépr,; — Popri 3

where Pcpr,; and Plpy, denote the power of the CPLi before
step transient, and the power of the CPLi after step transient,
respectively.

The dc bus voltages will also move to new equilibrium points
when the CPLs have step transient, so the dc bus voltages can
be estimated as follows in this transition

Ubusi — Vousi .~ APcPL;
Ubusi = Vbusi - R + v T (4)
i busi
CIL CPL

where V5, and vp,5; represent the dc bus voltage before the
CPL; step transient and the dc bus voltage after the CPLi step
transient, respectively.
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Solving (4) will depend on two conditions as follows.
1) R;is connected in parallel to the dc bus, the bus voltage is

solved as
Vousi Vi 2 _ 4 ri R; AP ,
busi + busi P CPLi
Ubusi = 5 (5)
where APcpr; < %_

1) R;is open-circuited, the solution becomes

Vousi + V Vousi2 — 4riAPcpri
Ubusi = 2 (6)

where A Pcpr,; < VZ““

If the CPLs have step transient, then the changed values of
the dc bus voltage will be introduced into the system model for
stability analysis. For simplicity, the equilibrium points of (2)
are shifted to the origin (zero) of the state space, and new state
variables are defined as

l‘lzil—l?
xgzig—lg

Ty = ip — IO
I 0
Tpy1 = t16 — L1;
_ 0
Tpyo = dgy — Lo 7
5 0
Toan = Int — Int
_ 0
T2n+1 = Vbusl — Vbusl

_ 0
Ton42 = Ubus2 — Vpuso

_ 0
T3n = Ubusn — Vbusn

where 10, I3, and V{0 _; are the steady-state values (operating
points) of the variables.

The corresponding state-space model of the DCMG cluster is
given by

%= f(xu)=

By 1

A1

Onxn

Ap_o

Oan

Ap_s3

Ap_4

A5
07l><7L

Ak-6
OYLXTL

- X+ Onxn

O'ILXTL

O’I’LX'I’L

OTLXTL

Oan

By

A7

-u (8)

where f is a nonlinear function due to the CPL in (2),
and the state vector and the input vector are represented
byx =[x1 - Tp Tpg1 - 23,7, and u =

Vie..V,0---0 —Iccry -+
[ N——

Lon Lop41 " -
—IccL )
"7, respectively.
n
The sub-matrices in (8) are expressed as follows:

_0 ... 0
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*L% 0 0
1
Apo=| 0 7L (9-b)
ST
0 0 —£
-y 0 0
_ Tat
Aps=| U TIn 9-0)
SR
0 0 g
I —LL“ 0 0
0z, —1Ix
Ay ’ 0 9-d)
0 0 L(nl—l)t _L(nl—l)t
1 1
_Lnt 0 Tm -
c% 0 -0
0 L
A5 C2 (9-¢)
SRS
1
0 0 &
— O 0 7]
c% —c% 0 0
Ai—s : (9-f)
11
0 Cin-1) CYL—I) .
o 0 - o, T,
G(l‘gn+1) 0 0
0 G (29,
A1 D Cloa) ©-2)
: ' 0
L 0 0 G(.Tgn)
= 0 - 0]
0 1
Bj1 L2 (9-h)
0 - 0 7
1 -
&= 00
1
Bio=| " @ (9-0)
: .. 0
1
[ 0 -~ 0 ol

Moreover, the nonlinear functions in (9-g) are described as

P
G (22041) =S 9 (T2041) — oy
: (10)
PCPLn 1
G (@an) =982 - 9 (@an) — T
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Meanwhile, we can derive

%.g(m D=t |z
Vo O R, nr
CPL CIL (11)
1 Png P8PL1> 1 0
= — = - - Ubusl — Vi us
Ch < Ubus1 VO Ci Ry (st = Vi)
CPL CIL
where
1
T = 12
g( 2"+1) Tan+41 + Vl?usl ( )
Similarly, we can find
9 (T2n42) = m
: (13)

1
13n+VL?

usn

g (z3n) =

It turns out to be a challenging task to conduct large signal
Lyapunov stability with the (3 x n)th-order nonlinear dynamic
system model of (2) since constructing the Lyapunov function
will lead to a heavy computation burden. This will be the interest
of the next section that proposes the T-S fuzzy modeling-based
approach to simplify the large signal stability analysis of the
DCMG cluster in the Lyapunov framework.

III. PROPOSED APPROACH BASED ON T-S FuzzY MODEL FOR
THE DCMG CLUSTER

There are in general two ways to simplify Lyapunov-based
stability analysis of nonlinear systems, i.e., reduced modeling of
the original nonlinear system and simplifying the construction
of Lyapunov function, and the T-S fuzzy multimodeling-based
approach proposed in this article falls into the former one.
The elegance of the T-S modeling approach is that the original
nonlinear system can be approximated by a convex combination
of a weighted set of linear models so that the problem with
constructing Lyapunov functions is able to be reduced to a
computation of a set of linear matrix inequalities (LMIs) [29].

Fig. 4 shows the flowchart of the large signal Lyapunov sta-
bility analysis based on the T-S fuzzy multimodeling approach
for the DCMG cluster. There are two major parts, i.e., T-S fuzzy
multimodeling and large signal stability analysis, covered with
the proposed approach.

A. T-S Fuzzy Multimodeling for the DCMG Cluster

The T-S modeling uses a set of “if-then” fuzzy rules R* for
partitioning space into multiple small fuzzy regions where the
nonlinear system can be represented by a set of linear models
with weighted functions.

Rule R If z; is F1*, ... and z, is F/, the nonlinear system

can be described as the subsystem:
X=A; -x+Bp-u (14)

where z,, (u =1, 2, ..., g) are functions of state variables, input
variables, etc, and F,* (k =1, 2, ..., r) denotes a fuzzy set or
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Establish the state-space expressions of the
DCMG cluster system.

!

The system equilibrium points shifted to
the origin, the new system can be obtained:

X :f(x,u).

!

The general form of the fuzzy model for the
DCMG cluster can be represented as:

x=3 () (4 -x+5, )
k=1

where,

@@pfiﬁﬁ%@pﬁ¢@>

Establishing the T-S
Fuzzy model for the
DCMG cluster

The continuous open-loop system is
%= h(z) 4 x
k=1

The linear subsystem of the DCMG cluster

can obtained by the fuzzy rules Rule R :
X=4 X

!

The linear matrix inequalities (LMIs) can

be derived by the linear subsystems:
P=F >0
AIT P+P4 <0

AP +PA <0

l Large Signal Stability

Solve the LMIs using MATLAB's toolbox Analys.is an'd RAS
and obtain  X(+imin and matrix P; . estimation

!

The RAS; and stability boundaries are
obtained by solving the LMIs.

!

Plot the RAS; and the corresponding
Lyapunvo function V(x) .

Fig. 4. Flowchart of Lyapunov stability analysis based on T-S fuzzy multi-
modeling approach.

so-called membership function and r is the number of fuzzy
rules, respectively; and Ay € R3™ 37 B € R3*™ andu €
R™*!stand for the dynamics matrix, the input matrix and the
input (control) of the linear subsystems correspond to the fuzzy
regions, respectively.

Then, the general form of the fuzzy model to represent the
original nonlinear system is given by

%= hi(z) (Ag-x+ By -u) (15)
k=1

where hy(z,) = % w(2u) =

> k=1 hi(2zu) = 1, respectively.

te1 Fi(zy), and
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Fig. 5.  Dynamic model of the studied DCMG cluster with three MGs.

B. Large Signal Stability Analysis of T-S Fuzzy Model

The DCMG cluster that guarantees Lyapunov stability is given
by a set of the LMIs as

P=P>0
A{PZ + P;A; <0

AgPi + P;As <0 (16)

ATP; 4 PA, <0

where P; is a symmetric positive definite matrix, the subscript
i denotes that P, is related to the nonlinear parameter of the ith
DCMG, and r = 2".

Theorem [30]-[33]: Consider the system as (15), if there
exists a symmetric positive definite matrix P, P € R3"*3n,
satisfying

ATP 4+ PA, <0 (17

then the T-S fuzzy model is globally asymptotically stable.

Thus, the Lyapunov function (V;(x) = x"P;x) can be fully
determined by solving the LMIs and calculating P; according to
the knowledge of the system model, viz., Ay in the LMIs.

To investigate the stability of the DCMG cluster, we focus
on the variables that stand for the local bus voltage of each
DCMG, i.e., X241, X2 +25 --., and x3,,. The LMI solver in the
MATLAB toolbox can be deployed to calculate the minimum
X2n415X2n425 ---s and x3,,i.e., X(2n41)mins> X(2n+2)mins --+» and
X(3n)min, and solve the corresponding matrix P;. Then, the RAS,
e.g.,the RAS{, RAS,, ..., and RAS,, on x; —X2n41>X2—X2142,

...,and x,,—x3,, plane and corresponding Lyapunov function can
be plotted out.

As such, the estimation of the RAS; on the x; —x2,,41 plane,
which corresponds to the phase plane of DCMGTH is given by
(18) shown at the bottom of this page, where x1 = — P11 25,41) -
T(2n41)min/ P1(1,1)» P1(1,2n+1)> and Py (q 1y are the element in
row 1 and column 2n + 1 of the P; matrix, and the element in
row 1 and column 1 of the P; matrix, respectively.

Similarly, the estimation of the RAS; on the x;—xs3,,; plane
which corresponds to the phase plane of DCMGi is constrained
by (19) shown at the bottom of the next page, where z;

—Pi(i2n+i) - T(2n+i) min/ Pigi,i), 1 < n.

IV. LARGE SIGNAL STABILITY ANALYSIS

To exemplify the proposed approach, a DCMG cluster formed
by interconnecting three DCMGs is considered as the case
of study in this section. Fig. 5 shows the resultant complete
equivalent circuit model of the DCMG cluster with three MGs.

A. Power Flow Analysis of the Steady-State Operation

Since the mechanism of the DCMG cluster system is unique
from that of the single DCMG. It is necessary to point out the
power flows of the DCMG cluster in the steady-state operation
before we embark on its dynamic characteristics. The power
flow among these three DCMGs is determined by their local bus
voltages, which is usually achieved by the tertiary level control.

The power flow of the DCMG cluster is illustrated in Fig. 6
by the output characteristics (V-1 droop curves) of each DCMG

Vi () = P12t + Pi12n+1) + Prentt, ) T1%Z2n4+1 + PLant1,2041) T3, 41

RASl =4 T: Vl (x) < Vl min

1‘1,0,...

(18)

aOOa"'70x(2n+1)min707"'70
——

n—1 n n—1
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(a) ZIP load. (b) CIL. (¢) CCL. (d) CPL.

with the CIL, CCL, and CPL, respectively. Since the product
of voltage and current stands for the power, the shaded squares
represent the power within each DCMG. The power or current
will be always flowing from the DCMG with power surplus
(higher bus voltage) to the DCMG with power deficiency (lower
bus voltage) through the tie-line.

As shown in Fig. 6, the order of the state-of-charge (SoC)
of the three DCMGs is DCMGI1 highest, DCMG2 medium,
and DCMG3 lowest. We assume in this case that DCMG?2 can
maintain the power balance between source and load side, while
the power flow will only happen between DCMG1 and DCMG3.

Taking Fig. 6(b) as an example, the load power for DCMG1
can be expressed by

Peay = P — P — Py — AP (20)

where PcivLi, P1, Pr1, Prt, and APy represent the power of
CIL1, the power provided by DCMGI, the loss of power on
lines in DCMG1, the loss of power on tie-lines, and the power
flowing to the other DCMG, respectively.
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TABLE I
PARAMETERS OF THE DCMG CLUSTER MODEL

Parameters Value
Viusts Vous2s Vouss 485V,48.0V, 475V
ri(i=123) 020
Li(i=123) 500 uH
Single DCMG ~ Gi(i=1,2.3) 3000 uF
Pepi (1=1,2,3) 2 kW
R (i=1.23) 100 Q
Icci (i=1,2,3) 10 A
it 02Q
2t 04Q
T3t 0.8 Q
Tie-lines L 50 i
Loy 100 pH
Ly 200 pH

As such, the load power of DCMG3 and the power needs to
be supplied by the DCMGI can be expressed by

Pcis = P3 — P + AP 2D

where Pcips, Ps, Pr3, and AP3 denote the power of CIL3,
the power provided by DCMG3, the loss of power on lines in
DCMG3, and the power from DCMG1, respectively.

It should be noted that AP; = AP3 in Fig. 6(b), which
stands for the power exchange between DCMG1 and DCMG3 in
this case. Meanwhile, DCMG2 can maintain the power balance
itself, which is given by

Pcorro = Po — Pro (22)

where Pcir2, P2, and P, represent the power of CIL2, the power
provided by DCMG@G?2, and the loss of power on lines in DCMG2,
respectively.

Similar to the power flow case in the DCMG cluster with the
CIL as shown in Fig. 6(b), the CCL in Fig. 6(c), and CPL in
Fig. 6(d) has the same power flow scenario and the equations as
with (20), (21), and (22).

B. Large Signal Lyapunov Stability Analysis

As in Fig. 5, and thus n = 3, r = 8§, and we go through the
fuzzy rules, i.e., Rule RF(k=1,2, ..., r), and solve the matrices
Ay, of the local linearized subsystem, and the normalized weight
functions h(z,) in Appendix A.

Given the parameters in Table I for the dynamic model
of the DCMG cluster in Fig. 5, the LMI solver calculates

Vi(z) = i
RAS,; = {.’E 7,(1') < ‘/1,11111’1

V;.mln zmln 01’1, ,...,00,...,00,...,
nfi n

2
i(1,1) I + Pz(z 2n+41) + P i(2n+1, z)x1x2n+z + Pz(2n+z 2n+1)x2n+7,

19)
Ox(2n+i)mina Oa R 0

i—1 n—1
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Fig.7. Illustration of the RAS; on the x1 —x7 plane and the Lyapunov function.

(a) RAS; on the x;—x7 plane. (b) Illustration of the constructed Lyapunov
function.

TABLE II
STABILITY BOUNDARIES OF L;, C;, AND Pcpr,; PARAMETERS

Parameters Stability Boundaries
Li(i=123) <699 nH
Ci(i=123) >2146 uF
Pepri (1=1,2,3) <2788 W
X7min = —24.6, Xgmin = —24.2, Xomin = —23.1, and the corre-

sponding matrix P; which is detailed in Appendix B.
The estimations of RAS;, RAS,, and RAS3 are given by

RAS; : Vi (x) = 0.00742% + 0.005871 27
+0.035122 < 20.5520

RAS; : Vo (2) = 0.009523 + 0.0074z275
+0.0439x§ < 24.8349

RAS; : V3 (x) = 0.009423 + 0.0074x329
+0.045222% < 23.3398.

(23)

For simplicity, DCMG1 is picked to look at the estimated
RAS. Fig. 7 shows the estimated results where the RAS, viz.
the stable region, is shown in Fig. 7(a), and the constructed Lya-
punov function V(x) with the positive definite value in Fig. 7(b)
supports the results. In other words, the system is asymptotically
stable subject to large signal disturbances within the RAS about
the equilibrium point.

The boundaries of CPLs (Pcpr,1, Pcpre, and Poprs have step
transient independently), which can guarantee the stability of the
system are obtained as Pcpr,1 < 3260 W, Pepro < 3242 W, and
Pcprs <3157 W.

The stability boundaries of these parameters (L;, C;, and
PcpLi), are listed in Table II with the other parameters deter-
mined as listed in Table I, assuming that parameters of the same
type remain consistent for the three DCMGs.

Based on the RAS estimation technique, three scenarios, i.e.,
change of the parameters of the reduced circuit model, change of
power flows among the interconnected DCMGs, and variation
of the DCMG cluster topology will be considered in the large
signal stability analysis of the DCMG cluster system.

1) Change of the Parameters of the DCMG Cluster Model:
Fig. 8 shows the evolution of the RASs with changes of a set of
parameters, including the bus capacitance in Fig. 8(a), the line
inductance ineach DCMG in Fig. 8(b), the line resistance in each
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Fig. 8. Evolution of estimated RASs with changes of the circuit parameters on

the x1 —x7 plane. (a) Bus capacitance. (b) Equivalent line inductance in single
DCMBG. (c) Equivalent line resistance in single DCMG. (d) CPL. (e) CIL. (f)
Equivalent inductance of the tie-lines.

TABLE IIT
LocAL DC BUS VOLTAGE FOR STUDY CASES

Study Cases Vbust Vbus2 Vbus3
Case | 504V 48.0V 45,6 V
Case 11 504V 456 V 45.6 V
Case III 504V 504V 45.6 V

DCMBG in Fig. 8(c), the CPL in Fig. 8(d), the CIL in Fig. 8(e),
and the inductance of the tie-lines in Fig. 8(f), respectively.
It suggests that the increase of the bus capacitance and line
resistance in each DCMG will significantly enlarge the RAS,
whereas the increase of the line inductance and the CPL will
have a negative impact on the stability region. Moreover, the
CIL in parallel will have a positive impact on the RAS, and the
inductance of the tie-line has little effect on the RAS.

2) Change of Power Flow: In this scenario, the power flow
among the DCMGs in the cluster could be changed subject to
load conditions or network operations. Table III lists the local
bus voltage with three cases considered, and Fig. 9 depicts the
study cases with changes of power flow in the DCMG cluster
system, from which DCMGI1 provides power to DCMG2 and
DCMG3, and DCMG?2 outputs power to DCMG3 in Fig. 9(a)
since the local bus voltages indicate that DCMGT is at highest
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Fig. 9. Illustration of power flows among DCMGs. (a) Power flows among

the three DCMGs. (b) DCMG1 provides power flows to DCMG2 and DCMG3.
(c) Both DCMG1 and DCMG2 provide power to DCMG3.
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Fig. 10.  Estimated RASs for study cases. (a) RASs on the x1 —x7 plane. (b)

RASSs on the xo—xg plane. (c) RASs on the x3—xg plane.

SoC, while DCMG?2 at middle SoC, and DCMG3 at lowest. Sim-
ilarly, DCMGTH provides power to both DCMG2 and DCMG3
in Fig. 9(b), and both DCMG1 and DCMG?2 provide power to
DCMGS3 in Fig. 9(c), respectively.

The estimated RAS on the x; —x7, xo—xg, and x3—xg plane
with the three cases are shown in Fig. 10(a), (b), and (c), respec-
tively. It can be seen that although Case III achieves maximum
RAS, Case II smallest RAS, and Case I medium RAS for all the
DCMGs, the change of power flow does not have a significant
influence on the RAS. Interestingly, it can be found that the
DCMGl1, which always provides power to the external has the
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Fig. 11. Estimated RAS for the topology change of the DCMG cluster from
the ring to the star interconnection. (a) RASs on the x1 —x7 plane. (b) RASs on
the xo—xg plane. (c) RASs on the x3—xg plane.

largest RAS in Fig. 10(a), while the DCMG3 which receives
power from other grids has the smallest RAS in Fig. 10(c).

3) Change of the DCMG Cluster Topology: This scenario is
intended to observe the influence of the variation of the DCMG
cluster topology on the stability region. As aforementioned, the
DCMG cluster in this article is of a ring topology, i.e., the three
DCMGs are interconnected as a ring network, even it can also
be a star topology.

It is assumed that #3 tie-line in Fig. 5 will be disconnected
to make the change of the DCMG cluster topology from the
ring to the star interconnection. In this scenario, the equivalent
circuit model of the DCMG cluster in Fig. 5 will be reduced
to the eighth-order dynamic system of the star topology from
the original ninth-order one of the ring topology. The estimated
RAS with the topological change is shown in Fig. 11 where the
RAS with local voltage and current of DCMG1, DCMG2, and
DCMG3 are given in Fig. 11(a), (b), and (c), respectively. One
can see that the variation of the DCMG cluster topology from
the ring to the star interconnection has little impact on the large
signal stability of the system. In other words, the ring topology
is the one with high reliability and redundancy in terms of the
stability region.

V. SIMULATIONS AND EXPERIMENTS
A. Simulation Results

To validate the analysis, a simulation model was built in
MATLAB/Simulink environment, and the parameters are in
consistent with the large signal stability analysis in Section IV.

Fig. 12 shows the transient response to the CPL step from
2 to 3.35 kW, and the oscillation appears due to the stable
boundary for the CPL is solved based on the LMIs in the last
section as Pcpr,1 < 3.26 kW. Meanwhile, the phase trajectory
of the DCMGT in the cluster with the CPL step disturbance is
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Fig. 12.  Simulation results with CPL step transient. (a) DC bus voltage. (b)
Equivalent line inductor current. (c) Tie-line current.
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Fig. 13.  Phase trajectory (x; —x7 plane) of the CPL step response.

illustrated in Fig. 13 where the system ends with divergence after
the transient. The simulation agrees well with the large signal
stability analysis with the T-S multimodeling approach.

Fig. 14 shows the simulated response to the change of power
flows among the three DCMGs in the cluster. It can be seen that
the DCMG cluster starts with the case I, and is switched to case
II at 0.4 s, and transitioned to case III at 0.6 s, and the smooth
transition demonstrates that the power flow can hardly impact
the stability of the system.

Fig. 15 shows the simulation results for the change of the
DCMG cluster topology from the ring to the star interconnection.
With the disconnection of the #3 tie-line at 0.5 s, the DCMG
cluster makes the smooth transition of the topological change
thanks to the subtle difference between the ring and star topolo-
gies in terms of the RAS. It also implies that the ring topology of
the DCMG cluster is capable of achieving high continuity and
resilience of the power supply.

B. Experimental Results

To further verify the large signal stability analysis method of
the DCMG cluster based on T-S multimodeling, the hardware
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Fig. 14.  Simulation results for the change of power flow. (a) DC bus voltage.
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Fig. 15.  Simulation results for the topological change with #3 tie-line discon-
nected. (a) DC bus voltage. (b) Equivalent line inductor current. (c) Tie-line
current.

test results are given in addition to the simulations. A scaled-
down laboratory prototype with its parameters shown in Table IV
is built for experimental verification. The tie-line parameters are
considered to be consistent for simplification. The load model
of DCMGT is CIL and CPL in parallel, and the load model of
DCMG?2 and DCMGS3 is CPL for the laboratory prototype. The
large signal stability boundary for CPL1 is Pcpr; < 196 W
which is obtained by the above method.

Fig. 16 shows experimental results of the transient response
to the CPL step change, which agrees well with the stability
boundary. Fig. 16(a) shows that the system in ring topology can
gradually converge and stabilize at the new operating point when
the CPL1 is changed from 100 to 180 W. The transient responses
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TABLE IV

EXPERIMENTAL PARAMETERS OF THE DCMG CLUSTER

Parameters Value
Vousts Vous2s Vouss 48.2V,48.0V,478V
r(i=123) 020Q
Li=123) 300 uH
Single DCMG Ci=123) 85 uF
Pepri (1=1,2,3) 100 W
R (i=1) 300 Q
o rali=1,23) 040Q
Tie-lines Li(i=123) 100 pH
T
Vst (10 V/div) - 10 ms/div
veue (10 V/div)
s (10 V/div)
i1 (2 A/div)
T R
T

| .
vpust (10 V/div) _— i 10 ms/div
Vbus2 (1 0 V/dlv) .‘ A ‘!1

Viuss (10 V/div)

Current limiting
protection

it (5 A/div)

Ring topology H Ring topology

Pcpri=100 W ! Peprr=210-W.
® -
(XN o3 X7 D :
Viust (10 V/div) 10 ms/div
Voue (10 V/div) |
‘ . Current limiting__
Vhuss (10 V/div) plotection
i1 (5 A/div)
‘ Star topology i star topology
> —
Pepri=100 W i b Pepp = 210 W
(©)

Fig. 16.  Experimental results of the response to the CPL step change. (a) CPL1
changed from 100 to 180 W in the ring topology. (b) CPL1 changed from 100
to 210 W in the ring topology. (¢) CPL1 changed from 100 to 210 W in the star
topology.

of the ring and star topology in Fig. 16(b) and (c), respectively,
show that the load step contributes to the instabilities of the
system in these conditions.

Fig. 17 shows the experimental results of the response to
the change of the power flow in the DCMG cluster, which is
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Fig. 17.  Experimental results of the response to the change of power flow.
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Fig. 18. Experimental results of the response to the topology change. (a)

Transient response from ring to star topology. (b) Zoom-in view of the response.

consistent with the simulations that suggest smooth transitions
among case I, case II, and case III.

Fig. 18 shows the experimental results of the response to the
topology change of the DCMG cluster from the ring to the star
interconnection via the disconnection of the #3 tie-line, and the
zoom-in view of the response suggests that the transient has
nearly zero impact on the stability of the system.

In a word, all the experimental results have verified the
analysis along with the simulations.

VI. CONCLUSION

This article proposes a general, simple yet effective approach
for large signal stability analysis based on T-S multimodeling
for the DCMG cluster. With the proposed approach, the non-
linear higher-order dynamic model of the DCMG cluster can
be approximated by the convex combination of a set of linear
models, and thus the large signal Lyapunov stability analysis
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of the system has been reduced to solving the LMIs, which is
accessible by the standard LMI tools. Besides, RAS, viz., the
stability region of the system has also been estimated, and the
time-domain simulations and experimental results have demon-
strated the effectiveness of the estimations. Conclusions can be
drawn as follows.

1) The increase of the bus capacitance will improve the large
signal stability of the DCMG cluster, whereas the CPL and
the equivalent inductance of each DCMG will deteriorate
the stability, and the required value of these components
for satisfying the stability boundary can be solved by the
given RAS. In addition, the CIL in parallel will improve
the stability and the smaller resistance of the CIL has the
better stability. However, the inductance of the tie-line has
little effect on the stability of the DCMG cluster.

2) The estimation of the RAS is effective in predicting the
large signal stable region of the DCMG cluster subject to
the disturbances, i.e., change of the CPL, power flow, and
the topology.

3) The transition from the ring topology to the star one of the
DCMG cluster can remain the large signal stability region,
which says the high redundancy and resilience of the ring
topology of the network.

APPENDIX

A. Fuzzy Rules and Solution of Linear Subsystems

Withn =3, k=1, ..., 8, noting that g(x7), g(xs), and g(xg)
are nonlinear elements in the system (14), the original nonlinear
dynamic system model of the DCMG cluster can be linearized
locally based on the partition of the original state matrix which
is written as

A1
Oan
Ap_s

O’nXTL
Ap_s
Ar_6

Ap_o
Ak,4 - X
A7

X=Ap x= (24-a)

where the block matrices Ay, ,(a = 1,---,7) € R3*3, in solv-
ing the local linearized subsystem, Ay ,(a =1,---,6) is in-
variant, while the matrix A 7 can be given as (24-b).

Fuzzy rules are primarily determined by g(x7), g(xs), and
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where

1
Z7max+ V001
1

g(ar) =g(x
9(28) = 9(T8) max= symyvi

8
9 (29) = 9(29) pax=

Rule R*: If x7, xg, and xg reaches X7umin, Xsmin, aNd Xomin,
respectively, then the linear subsystem can be derived as

)IIlll’l

Tomin+V2, 5"

Akfl Onxn Ak72
x=As - x= | Opxn | Ap—3|Ap—a| -x (25-b)
Ap_s | Ap—g | Ao—7
where
g(z7) =gz )maxzm

( ) g( S)mdx m
g( ) ( )max

Rule R*: If x7, x5, and xg reaches X7max, Xsmax» and Xomin,
respectively, then the linear subsystem can be derived as

1911)111+Vbub3 ’

Ak,1 Onsen | Ag—2
X = A3 X = Onxn Ak}—3 Ak—4 "X (25_0)
Ag-s | Ak-6 | Az-7
where
g (x7) = g(x7) pin= W

busl

g (l‘g) = g(‘rg)min
g (Ig) - g(zg)maxi

o m'1x+ bu:.2
939mm+Vbu53

Rule R*: If x7, xg, and x9 reaches X7maxs Xsmin, aNd Xgmaxs
respectively, then the linear subsystem can be derived as

Onxn Ak72
Ap3|Ap-a | -Xx
Ap_e | Aar

x=A4-x= | Onxn (25-d)

where

%
I7nnx+ busl

9(x7) = 9(27)min=
g(fﬂg) = (IS)max
g(.’L’g) = g(xg)min

JCSmm-‘rV

bus2

T9max +Vbus3 ’

Rule R>: If x7, xg, and xg reaches X7min, Xsmax, and Xomin,
respectively, then the linear subsystem can be derived as

g(xg) in (15) as follows according to the boundary values of A 1| Opxn | Ar_o
the bus voltages of the three DCMGs. x=A5 - x= | Opxn| Ap—3|Ar_a| -x (25-e)
Rule R': If x7, xs, and X9 reaches X7max, Xsmin» and Xomin, Ap-5 | Ag-6 | As—7
respectively, then the linear subsystem can be derived as
where
o _ 1
A 1| Onsen | Ars g(7) : g<x7)mé"_r7man+vﬁ,<1
%= A1 x= | O Aps [ Aus | -x  (25-2) 9(@s) = 9(@sJmin =5
Ais | A | A7 9(w9) = 9(9)max= 75—y —
- PO
S o) o0 :
PO
e = 0 ey 0 @+
P
L 0 0 o g () 03133

bus3
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Rule R®: If x7, xs, and xg reaches X7min, Xsmin, aNd Xgmaxs
respectively, then the linear subsystem can be derived as

Ak—l Onxn Ak—2
Xx=A x=|Opxn| Ap—3|Ap-4| -x (25-f)
Ap_s | Ap—e | As—7
where
9(@7) = 9(27) yax= ;;;;ﬁi—;;j

g (xg) =
g (wg) =

98 o=V

g
bus2
i ﬁh
g( )mm T9max+V, s
Rule R7: If x7, xg, and xg reaches X7max, Xsmax, and Xomaxs
respectively, then the linear subsystem can be derived as

A1
OTLXTL
A5

O’I’LXTL
Ag_3
Ak

Ao
Ay
A7 7

X=A; - x= - X (25-g)

where

9 (27) = 9(27) in= m

usl

( ) g( )mln m
g (z9) = g(x9 )minim

Rule R®: If x7, x5, and xg reaches X7min, Xsmax, and Xgmaxs
respectively, then the linear subsystem can be derived as
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where

1
g(w7) = g($7)max:m
g (1'8) = g<x8)min m ’
g(zg) = 9($9)min*m

Hence, the normalized weight functions are determined ac-
cording to fuzzy rules:

hi = w = —A=ZTmin —Z2+T8max —23+Tomax
L7 max ~L7min T8 max ~L8min ZT9max ~L9min
h2 =y = —Z1TT7max —Z2TT8max —Z3TT9max
ZT7max ~L7min T8 max ~L8min ZT9max ~L9min
h3 = w3 = Z1=%7min Z2~T8min —23TT9max
ZT7max ~L7min T8 max ~L8min ZT9max ~L9min
h4 =wy = 21— X7 min —22TT8ma . Z3—T9min
ZT7max ~L7min T8 max ~L8min T9max ~L9min
hs = Wy = —Z1C7ma 22 Tgmin ., _—23TT9ma
ZT7max —L7min T8 max ~L8min L9 max ~L9min
he = wWg = —AtTTmax . —Z21Tamax 23-%9 min
L7 max ~L7min T8 max ~ L8 min L9 max ~ L9 min
hy = w; = —2L—L7min Z2— T8 min Z3—%9 min
T7max ~L7min T8 max T8 min ZT9max ~L9min
h8 =wg = —Z1TT7max Z2 =8 min Z3 =9 min
ZT7max ~L7min T8 max ~L8min Iinaximgmin(26)

where z1 = x7, 29 = xg, and z3 = xg.

B. Results of the Matrix P;

In Section IV-B, the matrix P; can be obtained by solving the
LMIs using MATLAB’s LMI toolbox.

The matrix P; corresponding to the RAS1 of the DCMGH,
Py corresponding to the RAS2 of the DCMG2, and Ps

Ak-1 | Onxn | Ak—2 corresponding to the RAS3 of the DCMG3 are solved as
X=Ag Xx= | Opxn| A3 | Ap_4 | -x (25-h)  (27), (28), and (29) shown at the bottom of this page,
A5 | Ap_g | As_7 respectively.

0.0074 1.4575 x 107%  7.1200 x 1074 1.1596 x 10™% 6.8806 x 107° —4.0446 x 107° 0.0029 0.0038 0.0046
1.4575 x 1074 0.0076 2.1839 x 107% —1.1476 x 10™* 3.7586 x 107° —9.4411 x 106 0.0031 0.0024 0.0036
7.1200 x 107%  2.1839 x 104 0.0069 —5.6191 x 107°—~1.3438 x 107% 7.3451 x 107° 0.0031 0.0033 0.0016
1.1596 x 1074 —1.1476 x 1074 —5.6191 x 10> 4.6186 x 107 —5.9539 x 107 ° 3.5526 x 1075 —4.3634 x 10°% 1.6421 x 10°* —1.9848 x 10 *

Py = | 6.8806x 107° 3.7586 x 1075 —1.3438 x 104 —5.9539 x 10~° 8.9331 x 10™* —7.3941 x 107°—1.7964 x 10~*—5.0259 x 10~* 4.6802 x 10~*
—4.0446 x 107°-9.4411 x 1076 7.3451 x 107® 3.5526 x 107° —7.3941 x 107> 9.7590 x 10~4 0.0015 —2.9611 x 107 —0.0010

0.0029 0.0031 0.0031 —4.3634 x 1074 ~1.7964 x 10~ 0.0015 0.0351 0.0064 0.0079

0.0038 0.0024 0.0033 1.6421 x 1074 —5.0259 x 1074 -2.9611 x 10~° 0.0064 0.0383 0.0032

0.0046 0.0036 0.0016 —1.9848 x 10~* 4.6802 x 104 —0.0010 0.0079 0.0032 0.0365

27
0.0096 3.7995 x 107* 5.4754 x 10°% 1.5132 x 107* 2.3001 x 107% 4.2492 x 107 0.0032 0.0042 0.0045
3.7995 x 10~ 0.0095 9.6141 x 107* —1.2578 x 10~* 1.1375 x 10~* —7.6911 x 10~° 0.0047 0.0037 0.0058
5.4754 x 10°* 9.6141 x 10~ 0.0089 3.2388 x 107° —1.7169 x 10~* 4.1692 x 10~ 0.0046 0.0042 0.0023
1.5132 x 1074 -1.2578 x 10~* 3.2388 x 107° 6.3074 x 10~* 1.5749 x 10~* —1.0167 x 10~* —=5.6301 x 107°54.1265 x 10~*1.5879 x 10~
Py = | 23001 x 1075 1.1375 x 10~ —1.7169 x 10~* 1.5749 x 10~* 0.0010  —1.1159 x 107* 3.5998 x 10™* ~ —0.0012  2.8246 x 10~*
4.2492 x 1075 —=7.6911 x 107° 4.1692 x 107° —1.0167 x 1074 ~1.1159 x 104 0.0013 0.0019 1.4111 x 107*  —0.0019
0.0032 0.0047 0.0046 —5.6301 x 1075 3.5998 x 104 0.0019 0.0500 0.0096 0.0035
0.0042 0.0037 0.0042 4.1265 x 1074 —0.0012 1.4111 x 107% 0.0096 0.0439 0.0115
0.0045 0.0058 0.0023 1.5879 x 1074 2.8246 x 10 —0.0019 0.0035 0.0115 0.0479
(28)
0.0106 —0.0011 9.1603 x 107% 8.8272 x 107 2.6364 x 107* 6.1071 x 107° 0.0036 0.0030 0.0039

—0.0011 0.0107 8.5566 x 107 5.5040 x 107> 8.3071 x 107° —2.4789 x 10~* 0.0030 0.0036 0.0044
9.1603 x 107* 8.5566 x 104 0.0094 —4.6809 x 107°-2.2394 x 107* 1.2699 x 10~ 0.0063 0.0060 0.0037
8.8272 x 1076 5.5040 x 107° —4.6809 x 10~° 0.0012 —1.6796 x 107* —1.4031 x 107* —1.8414 x 10~* 8.7477 x 107° 2.2478 x 10~

P3 = | 26364 x 10* 8.3071 x 10° —2.2394 x 10°*—~1.6796 x 10~* 9.9333 x 10~* 1.2144 x 10~* 0.0011 —0.0013 0.0011
6.1071 x 107° —2.4789 x 10~ 1.2699 x 10™* —1.4031 x 10~* 1.2144 x 10~ 0.0013 0.0021 —9.8096 x 1074 —0.0019

0.0036 0.0030 0.0063 —1.8414 x 1074 0.0011 0.0021 0.0650 —0.0132 0.0115

0.0030 0.0036 0.0060 8.7477 x 107° —0.0013  —9.8096 x 10°*  —0.0132 0.0658 0.0101

0.0039 0.0044 0.0037 2.2478 x 1074 0.0011 —0.0019 0.0115 0.0101 0.0452

(29)
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