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Abstract—The dc distribution power system has drawn
widespread attention and rapidly developed in recent years; how-
ever, its stability issue is one of the urgent challenges, requiring
much attention. In previous stability studies, the line impedance
network is often overlooked, which is convenient for the geo-
graphically centralized systems, but inaccurate for the distributed
systems. In this article, the modeling and stability criteria of
these two systems are simultaneously studied. For the distributed
systems, first, the transfer functions from each input voltage or
current disturbance to the bus voltage are derived. On this basis,
the sufficient and necessary condition for the system stability is
discussed. Subsequently, a bus node impedance criterion (BNIC) is
proposed to assess the small-signal stability of the dc distribution
power system. For the centralized systems, by ignoring the line
impedance network, its small-signal model can be deduced by the
distributed system, and the proposed BNIC is proved to be still
valid. In addition, some existing impedance-based stability criteria
are analyzed and compared with the proposed BNIC. Finally, the
correctness and effectiveness of the proposed BNIC are verified by
the cases study and experiments.

Index Terms—Bus node impedance criterion (BNIC), dc
distribution power system, line impedance network, Nyquist
criterion, small-signal stability.

NOMENCLATURE
BCCC Bus-current-controlled converter.
BNIC  Bus node impedance criterion.
BVCC Bus-voltage-controlled converter.
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CCM  Component connection method.
CPL Constant power load.

ESR Equivalent series resistance.

FFT Fast Fourier transform.

PBSC  Passivity-based stability criterion.
RHP Right-half-plane.

I. INTRODUCTION

ITH the high penetration of photovoltaic, wind power
W and energy storage systems [1]-[3], as well as the in-
crease of dc loads [4], the dc distribution power system has been
widely studied and developed. Nevertheless, due to the complex
interaction between subsystems and the negative impedance
characteristic of constant power load (CPL), the stability issue
is still a big challenge [5]-[13], which is closely concerned by
academia and industry.

The stability issues of the dc distribution power system can be
divided into small-signal and large-signal stability issues [14]—
[16]. The small-signal stability is mainly studied for the stability
of bus voltage around the system equilibrium point, which needs
to linearize the system [17], [ 18]. While the large-signal stability
analysis adopts nonlinear mathematical methods to evaluate the
self-balancing ability of bus voltage under a large disturbance
(such as pulse load, load steps, start up, and fault events) [15],
[19]. This article only focuses on the small-signal stability of
the dc distribution power system.

At present, the impedance-based analysis method and the
eigenvalue analysis method are mainly adopted to evaluate the
small-signal stability of power-electronic systems [20]—[22]. For
the eigenvalue analysis method, the state-space model of the
whole system needs to be established; hence, researchers must
fully understand the detailed parameter information, internal
structure, and configuration [23], [24], which is contradictory to
the protection of user privacy and trade secrets [25]. Moreover,
with the increase of system scale, the matrix order of the state-
space model increases sharply, which will lead to the additional
calculation problems and analysis difficulty [26], [27]. Rela-
tively speaking, considering the impedance characteristics of
each subsystem is more advantageous than analyzing its detailed
internal characteristics [28], especially for the system regarded
as a “black box™ [24], [26]. Therefore, the impedance-based
analysis method is becoming more and more popular [29]-[31].
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Impedance-based analysis method was first proposed by Mid-
dlebrook in 1976 and applied to design input filter of a dc system
[32]. The Middlebrook criterion points out that when both source
and load converters are individually stable, the cascaded system
will be stable as long as the source output impedance Z,, is always
less than the load input impedance Z;,, in entire frequency range,
namely the impedance-ratio Z,/Z;,, is less than 1. Subsequently,
various impedance-based stability criteria have been reported
during the past decades.

For example, in order to reduce the conservatism of the Mid-
dlebrook criterion and provide the system parameter design stan-
dard, a series of impedance criteria based on forbidden region
are reported, but these criteria are just the sufficient conditions
of system stability [7], [33], [34]. Contrary to the Middlebrook
criterion, for the cascaded system with a current-controlled
source, its stability depends on the reversed impedance-ratio
ZinlZ, [35]. In general, in the dc distribution power system, any
converter can be classified as a bus-voltage-controlled converter
(BVCC) or a bus-current-controlled converter (BCCC), then, if
the impedance-ratio of BVCC and BCCC satisfies the Nyquist
criterion, the whole system is stable [36]. For these existing
impedance-ratio criteria, it is necessary to know all converter
types in order to determine the correct impedance-ratio [37].
However, the impedance-sum criterion reported in [37] and [38]
does not require the type of converters to be distinguished,
and it can be applicable to any cascaded system consisting of
two converters/sources. In addition, Cao et al. [39] proposed a
global-admittance criterion for the multi-parallel inverter-based
power system, that is, the system is stable if the admittance-
sum of all converters/subsystems has no right-half-plane (RHP)
zeros. Different from the above stability criteria, a passivity-
based stability criterion (PBSC) was reported in [40]. If the
passivity of the bus impedance is guaranteed, the stability is
ensured as well, but the reverse is not necessarily true [33].
Therefore, the PBSC is also the sufficient condition of system
stability.

In the aforementioned research articles, due to the neglect of
the line impedance network, these criteria may not be directly
applied to the geographically distributed system [41]. In order
to overcome this problem, the component connection method
(CCM) is introduced to study the stability of complex network
systems [42]. According to the CCM, all converters or sub-
systems are expressed as a matrix equation, and the network
characteristic is illustrated by the node admittance matrix. Sub-
sequently, some related works and stability criteria are reported
[23], [41], [43]-[50]. However, if there is a huge number of
sources and loads exist in the power network, the orders of these
two matrices will be very high. In this case, although the CCM
can reduce the computation burden of deducing and establishing
the system transfer function matrices [23], [49], it is still difficult
to evaluate the system stability based on a large size transfer
function matrix. Therefore, the stability criterion based on the
CCM must be further simplified or a simpler one needs to be
proposed.

When analyzing the stability of the dc distribution system,
the only difference between geographically centralized system
and distributed system is whether the line impedance network is
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Fig. 1. DC-DC converter and its control block diagram. (a) Output-voltage-
control mode. (b) Output-current-control mode.

considered. In this article, the small-signal models and stability
conditions of these two systems are simultaneously studied, and
a bus node impedance criterion (BNIC) is proposed. Then, the
mathematical derivation, cases study and experimental verifica-
tion show that, no matter whether line impedance network is
considered or not, the proposed BNIC is always generic and
valid.

The rest of this article is organized as follows. In Section II,
the two-port small-signal model and simplified model of dc—dc
converter are given. In Section III, for the dc distribution power
system considering the line impedance network, its small-signal
model is established and the BNIC is proposed. In Section IV, the
line impedance network of the dc distribution power systems is
ignored and its small-signal model is built. On this basis, some
exiting stability criteria are analyzed and compared with the
proposed BNIC. In Section V, the case study and experimental
research are carried out. Finally, Section VI concludes this
article.

II. TWO-PORT SMALL-SIGNAL MODEL OF DC-DC
CONVERTER AND ITS SIMPLIFICATION

Before adopting the impedance-based stability analysis
method, the small-signal model of each dc—dc converter should
be determined. The dc—dc converters with the output-voltage-
control and the output-current-control modes are illustrated in
Fig. 1. Here, v, and i;,, are the input voltage and current, respec-
tively; v, and i,, are the output voltage and current, respectively;
H, and H; are the feedback coefficients of the output voltage
and current, respectively; G, and G; are the transfer functions
of the voltage-loop and current-loop controllers, respectively; d
is the duty cycle.

Considering the above two control modes, the two-port small-
signal model of the dc—dc converter can be expressed as (1) and
(2), respectively [4]. Here, 0;,, and %0 are the input disturbances
in output-voltage-control mode, while v;,, and v, are the input
disturbances in output-current-control mode.

%in Yvin Gii '[]in
Bl s e

gin _ }fin Gvoi IA}in
|: %0:| B |:Gvii _Y0:| l: ﬁoil (2)

where Yy, = 1/Z;, is the input admittance, Gj; is the transfer
function from %0 to %in, G, is the transfer function from v,
to Uy, Zo = 1/Y, is the output impedance, G,; is the transfer
furlction from 0, to %in, and G;; is the transfer function from v,
to io.



6118

lin A lo |1 o

Giil, i Gyoih) i

+ iito + i + voiro + i

5y, Y Zo 51 5 Ta Yo g

=z Gylin I I Guiivin .
(a) (b)

Fig. 2.  Two-port small-signal equivalent circuit of the dc—dc converter.

(a) Output-voltage-control mode. (b) Output-current-control mode.

According to the classical control theory, when a dc—dc con-
verter operates stably, its four transfer functions of the second-
order matrix in (1) or (2) have no RHP poles.

Based on (1) and (2), the two-port small-signal equivalent
circuits of dc—dc converters are shown in Fig. 2. Obviously,
its left-side and right-side equivalent circuits are decoupled in
structure, and each side includes the two input disturbances.
Therefore, before establishing the small-signal model of the dc
distribution power system, for each dc—dc converter, we can only
retain the part of the equivalent circuit connected to the bus side.
In this way, all the input disturbances can be remained and the
circuit analysis can be simplified significantly.

It should be pointed out that according to the definition of
BVCC and BCCC in [36], when a dc—dc converter adopts
bus-voltage-control mode, it is classified as a BVCC, while
other converters are all considered as the BCCCs. Therefore,
combining with the Fig. 2, the Thevenin equivalent model is
preferred for the BVCC, while the Norton equivalent model is
preferred for the BCCC.

III. MODELING AND STABILITY CRITERIA OF A DC
DISTRIBUTION POWER SYSTEM CONSIDERING THE LINE
IMPEDANCE NETWORK

A. System Description and Modeling

In the dc distribution power system, if all converters are
dispersed geographically, the line impedance network cannot be
neglected. In such a situation, the structure of the dc distribution
power system is shown in Fig. 3(a). There are » dc—dc converters,
including K BVCCs and m BCCCs, and k + m = r. The nodes
between each converter and bus are denoted by ny, no, ..., n,.
Vo and i, (o = 1,2,...,r) are the voltage and current at the
bus node n,,, respectively. In the line impedance network, there
is an resistive—inductive line impedance between two connected
nodes, and for the longer cables, the capacitance of each node
to the ground should also be considered. Note that all these
impedances are passive.

The simplified small-signal model of the dc distribution power
system are described as Fig. 3(b). Here, for BVCCy, Z,  is its
output impedance, v, j is its open-circuit voltage on the bus
side, and iy, is its output current; for BCCC,,,, Yi, ., is its input
admittance, i, is its short-circuit current on the bus side, and
i,+m 18 its output current. Based on Fig. 2, the input disturbances
of each converter are contained in ¥ j, and %c,m- If BVCC}, and
BCCC,, are stable individually, 9. , and %CM are bounded, and
there are no RHP poles in both Z,, j, and Y, ,,.

In order to facilitate the establishment of the system with the
node admittance method, the Thevenin equivalent circuit of each
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Fig. 3. Structure and model of dc distribution power system. (a) System

structure. (b) Simplified small-signal model.

BVCC is replaced by the Norton equivalent circuit, as shown
in Fig. 3(b). Here, Z, , = 1/Y, ;. Note that the replacement
is reasonable, only for the system modeling and does not affect
the subsequent stability analysis. Therefore, the node admittance
equation of the system can be expressed as

P = (Y + Yoe)b 3)

where 1 is the injected current source vector; Y is the admit-
tance matrix of all converters on the bus side; Y, is the node
admittance matrix of the line impedance network, it should be
pointed out that if the line parameters are unknown, Y, can
be obtained by measurement, as shown in Appendix-A; 0 is the
bus node voltage vector. Notice that the bold variables represent
matrices or vectors. The mathematical expressions of %, Y, and
 are

1= (Yor0c1,-s YorDek, —leiye s —iem)’
Y =diag (Yo,1, -+, Yors Yin1, ---5 Yinm) 4
D= (D1, Oy Opatyey )T
Let
Z,=diag (Zoa, .-y Zog, —1, ..., —1)
b= (ie1,. s Doy bets-es tom)t Q)
Y, =diag (1, ..., 1, =Yiu1, ..., —Yinm)
where h is the disturbance vector.
By comparing (4) and (5), there are
1=2'h (6)
Y =Z.'Y,. (7

Substituting (6) and (7) into (3), the relationspip between the
bus node voltage ¥ and the disturbance vector h can be further
deduced as

= (Yin+ ZoYuet) 'h. (8)
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B. Stability Analysis and Criteria

If all converters operate stably individually, combined with
the foregoing analysis and Fig. 2, h is bounded. Therefore,
the system is stable if and only if each transfer function in
the matrix (Yi, + ZoYnet) | has no RHP poles [44], [49],
which is the existing criterion based on the CCM. However,
this matrix includes a lot of impedance calculations and each
transfer function of it should be evaluated. For this reason, the
following lemma is proposed to simplify this criterion.

Lemma: Assume that the transfer functions a; ; and b, ; (i,
j=1,2,..., ) have no RHP poles, and A-order matrices A and
B consist of a; ; and b, j, respectively, that is, A = (a; )i,
B = (b; j)x,. Then, 1) the determinant det(A) has no RHP
poles; 2) each transfer function in both the product AB and the
adjoint matrix adj(A) has no RHP poles.

Proof: Based on the calculation formula of the determinant,
matrix multiplication and adjoint matrix, there are

det(A) — Z [(_1)7(111111)2mw)\)a17w1 a2,y " ak,w;\:|

)
A
AB = (Z ai)lle‘) (10)
=1 AXA
adj(A) = (A4;:)ixa (1n

where, wiws. .. w, presents a permutation of 1,2, ..., A and
T(Wiwsa...w;) is its inversion number; A; ; is the algebraic
covalent of a; ; and it is a determinant.

Obviously, only the addition and multiplication operations
abouta; ;and b; jareincludedin (9)to(11), and these operations
do not introduce RHP poles. Therefore, in the above calculation
results, each transfer function does not have RHP poles.

According to the calculation formula of the inverse matrix,
the matrix (Yi, + ZoYnet) ! can be written as

_ adj(Yvin + Zanet)
Yi, Z,Y ne t= .
( T t) det(Yin + Zanet)

Because all converters are stable individually, each transfer
function in Yj, and Z, has no RHP poles. Meanwhile, for
the passive line impedance network, each transfer function in
Y.t has no RHP zeros and poles. Based on the above lemma,
each transfer function in the matrix adj(Yi, + Z,Ynet) and
determinant det(Yi, + Z,Y1et) have no RHP poles. Therefore,
the sufficient and necessary condition for the system stability
can be simplified as that det(Y;,, + Z,Y}e¢) has no RHP zeros or
its Nyquist curve does not circle the origin clockwise. Note that
the assumption, each converter operates stable individually, is
necessary and the precondition of discussing the system stability,
because it can ensure the adj(Y;, + Z,Yye) has no RHP poles
so that the system stability only depends on the RHP zeros of
det(Yin + Zanet)'

Obviously, compared with the transfer function matrix (Y3, +
Z,Y o) !, det(Yi, + ZoYoep) is just a determinant-based trans-
fer function and has less impedance calculation, which can be
seen from (12), and the more detail derivation is presented in
Appendix-B.

(12)
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Fig. 4. Equivalent model based on the external power method.

It should be pointed out that the similar stability analysis
method for the closed-loop network model has been widely
studied, and some determinant-based stability criteria have been
proposed in existing publications [51]-[56], such as the nodal
admittance matrix-based, loop impedance matrix-based, and
return-ratio matrix-based determinant stability criteria. How-
ever, almost all of these criteria are based on ac system. In
Appendix-C, they are extended to the dc distribution power
system based on the proposed det(Y;,, + Z, Y e )-based stability
criterion. Meanwhile, by comparison, the proposed det(Y;, +
Z,Y ot)-based stability criterion is proved to be a better choice
and has wider application scenarios.

C. Proposed BNIC

Criterion: The dc distribution power system is stable if and
only if the bus impedance at any node has no RHP poles.

Proof: In general, the bus node impedance Z,us,o (v =
1,2,...,r) at the node n, is considered. As shown in Fig. 4,
the external power supply method is used, that is, all current
sources in Fig. 3 are set to zero and an external injected current
source i, is connected at node n,,.

In this case, the node admittance equation of the system can
be expressed as

iam” = (Y + Y pet)d (13)
where,n = (0,...,0,1,0,...,0),, ..
Since there are
lo =nian") (14)
Vo = MD. (15)

Substituting (14) and (15) into (13), the bus node impedance
Ziyus,o can be expressed as

Vo _
Zbus,a = % = T’(Y + Ynet) 1"7T

la
=n |:(Yin + Zanet)ilzo T]T

o n [adj(Yin + Zanet)Zo] T]T

N det(Yin + ZoY net)
Because each transfer function in Y;,, Z,, and Y,¢; has no
RHP poles, according to the proposed lemma, each transfer
function in the matrix adj(Yi, + Z,Ynet)Zo also has no RHP
poles. Notice that n[adj(Yi, + Zanet)Zo]nT presents the el-
ement in the a-th row and a-th column of matrix adj(Y;, +
Z,Yet)Zo, which means it also has no RHP poles. Therefore,

(16)
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whether Zy,,,s,, contains RHP poles is equivalent to whether the
determinant det(Y;, + Z,Y ) contains RHP zeros. As afore-
mentioned, the system is stable if and only if det(Yi, + ZoYnet)
has no RHP zeros. Hence, the stability of the dc distribution
power system can be judged by the bus node impedance Zy, s,
namely the system is stable if and only if Zy,.s,» has no RHP
poles. Since the whole derivation process is independent of the
value of «, the system stability can be evaluated by the bus
impedance at any node. Besides, Zy,s, « also has less impedance
calculation than the matrix (Yi, + ZoYpet) ', Which will be
demonstrated in Appendix-B.

IV. STABILITY ANALYSIS AND CRITERION COMPARISON OF
THE DC DISTRIBUTION POWER SYSTEM WITHOUT
CONSIDERING LINE IMPEDANCE NETWORK

A. System Description and Modeling

Most of the existing stability criteria for the dc distribution
power system do not consider the line impedance network. In
fact, when all converters are concentrated geographically and the
transmission lines are short, the structure of the dc distribution
power system is shown in Fig. 5. Note that there is only one
equivalent node n on the whole bus, and its voltage is denoted
by Vbus- Ibus 18 the bus current injected by an external equipment.

According to the Fig. 3(b), when the line impedance is ig-
nored, each node voltage is vy, the cross-line-impedance be-
tween any two connected nodes is 0, and the self-line-admittance
of each node is 0. Therefore, there are

a7
(18)

< ’{}bus)T = @busﬁT

SYnetET =0

v = (vbusa - «+;Ubus, Ubus, - -

where £ = (1, 1,..., 1)1
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Based on (6) and (8), there is
(Y 4 Yye) = Z5 h. (19)
Substituting (17) and (18) into (19), Ups can be expressed as
_ k N
£z, . _ Zp:l Yo plec,p
3238 Z];:I Yo + 2 qe1 Ying

m_ %c
- 2p= lea : (20)

k
Zp:l Yo+ Z;nﬂ Ying

B. Stability Analysis and the Proposed BNIC

Ubus =

Based on (20), the sufficient and necessary condition for the
system stability is that the transfer function from each distur-
bance to 91,5 has no RHP poles. To further analysis, let

1 N, N;
Zo — — o,p }/in — n,q 21
" Yop Do p ’ ' Din g @D

where N and D are defined as polynomials of s (s is the Laplace
variable), that is, N, , and D, , are the numerator and denomi-
nator polynomials of Z, ,, respectively; N, , and Dy, 4 are the
numerator and denominator polynomials of Y, 4, respectively.

It should be pointed out that if all BVCCs and BCCCs are
stable individually, D,, , = 0 and D;,, , = 0 have no RHP roots.

Substituting (21) into (20), Up,ys can be rewritten as (22) shown
at the bottom of this page, where, R1(s,p), Ra(s), and R(s) are all
polynomials of s.

When all converters are individually stable, o, and i, are
bounded, therefore, R(s) = O is the characteristic equation of
the dc distribution power system. In other words, the system is
stable if and only if R(s) = 0 has no RHP roots.

As shown in Fig. 5, there is only one equivalent node on the
whole bus, therefore, the proposed BNIC can be restated as:
the dc distribution power system is stable if and only if the bus
impedance Zy,,s has no RHP poles. Here, Zy,s = Upus /%bus,
which means Z,s is the parallel equivalent impedance of all
converters on the bus side. Combining with (21), Z},,s can be
expressed as

Zbus = o,l//

k m -1 k m
= Z Yo,p + Z }/in,q - ! H No,p H Din,q-
p=1 g=1 R(S) p

=1 q=1

(23)

Obviously, the denominator of Zy, 5 is R(s); hence, when Zy, 5

has no RHP poles, the dc distribution power system is stable,

which is consistent with the conclusion when considering the
line impedance network.

Actually, (23) can also be derived from (16), and the proof

process is shown in Appendix-D. In other words, the system

//Zok//Zlnl// // in,m

m k m
D, m %
[I Ding Zl;:1 [( [1 No,p) N, pvﬁ p] - Hl Nop Hl Din g Zq:l e,q
p= q=

- Z 1 Ra(s,p)ocp — Zq 1 Ia(s )Zc7q

E?r
&
s
k>
iy
N

p=1 Nop

k Do,p + Zm Niﬂ#l) - R(S)

g=1 Din,q

R(s)

(22)
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shown in Fig. 5 is a special case of Fig. 3 where the line
impedance network is neglected, and the proposed BNIC is also
applicable.

It should be pointed out that although the concept of the bus
impedance has been mentioned in the PBSC [40], [57], and
[58], the research ideas, contents, and conclusions of this article
are still quite different from them. The comparison with the
PBSC will be given in Section I'V-C. In [57], the bus impedance
was used to estimate the eigenvalues of the cascaded system
consisting of two converters, which can be regarded as the eigen-
value analysis method, and the authors declared its application
in the large scale, complex, and meshed systems still needs to
be investigated in the further work. In [58], the bus impedance
of a parallel system is adopted to prove that at the terminal of
any of the parallel-connected converters, the impedance-ratio
can be used to evaluate the system stability. In other words,
the bus impedance is only taken as an intermediate process
to prove the proposed impedance-ratio criterion. In addition,
the line impedance network did not be considered in the above
researches. In our article, the proposed BNIC is the conclusion of
strict mathematical deduction and suitable for the more general
application scenarios.

C. Comparisons With Some Existing Stability Criteria

At present, for the dc distribution power system shown in
Fig. 5, the existing impedance-based stability criteria mainly
include: global-admittance criterion, impedance-ratio criterion,
impedance-sum criterion, and the PBSC. These criteria will be
discussed and compared one by one as follows.

1) Global-Admittance Criterion: The global-admittance is
defined as the admittance sum of all converters on the bus side,
that is

k m k m -1
Yg :ZYo,p"‘ZKn,q :R(S) (H NO,pHDiH’Q> :
p=1 q=1 q=1

p=1
(24)
This criterion requires Y, has no RHP zeros [39]. Obviously,
Y, is the reciprocal of Z,,s when the line impedance network is
ignored. Hence, this criterion can be used to judge the stability
of the system shown in Fig. 5. However, this criterion may not
be directly extended to the system shown in Fig. 3 because there
are multiple nodes on the bus, which is beyond the definition of
the global-admittance.
2) Impedance-Ratio Criterion: The impedance-ratio is de-
fined as the parallel equivalent impedance ratio of all BVCCs
and all BCCC:s, that is

_ Zo,l//"'//Zo,k _ -
T = T T~ 2

Combined with (21), there is

k
Ying /D Yop  (25)
p=1

g=1

1 1

m k k D
= Din, No, ik (26)
ot w1 | () 32

=1

Hence, this criterion requires 7}, meets the Nyquist criterion
[36]. However, the disadvantage of the impedance-ratio criterion
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is that it is necessary to distinguish the converter type [37], while
the proposed BNIC and the global-admittance criterion do not.
3) Impedance-Sum Criterion: This criterion indicates that
two cascaded converters are stable when their impedance-sum
has no RHP zeros [37], [38]. For example, if the system shown
in Fig. 5 only includes two BVCCs, namely k = 2 and m =
0, based on (22), there is R(s) = Ny 1Do2 + No2Do 1. The
impedance-sum of the two BVCCs can be expressed as (27).
Obviously, the molecule of the impedance-sum is R(s).

No,l No,2 o No,lDo,Q + NO,QDo,l

Lol + Lo = =
a 2 Do,l D0,2 Do,lDo,Q

. (27)

Although the impedance-sum criterion is also independent
of the converter type, the current research on it mainly focuses
on the cascaded system composed of two converters. If Zg,,, 1S
defined as the sum of the bus-side-impedance of all converters
in Fig. 5, it can be seen from (28) that the numerator of Zg, is
not R(s). Therefore, this criterion cannot be directly extended to
the dc distribution power system. In other words, the application
of this criterion in the dc distribution system needs further study
[38]

Zsum =

01 + .+ Zo,k + Zin,l + -+ Zin,m,

p=1 g=1
k Ng m Din k m
(S iRe) /(o T )
p:l q:l ’ =1 q:l

(28)

4) PBSC: The PBSC is proposed based on the sufficient
and necessary condition of the passivity of one-port network,
which can be used to analyze the system stability [40], [59]. As
illustrated in Fig. 6, this criterion requires the bus impedance
Zius = ZollZi, meets: 1) Zy,,s has no RHP poles; 2) £Z;,,s(jw)
€ [-90°, 90°] or Re[Zp,us(jw)] > 0 (Vw).

Different from the PBSC, the proposed BNIC only requires
that Z3,,s has no RHP poles, and does not require that the phase of
Zi,us falls within the interval [-90°, 90°] in the whole frequency
range. The detailed proof process is as follows.

According to the well-known Cauchy’s argument principle
[60], if Zy,4s has no RHP poles, the following conclusions can
be obtained.

1) When Z,,,s has no RHP zeros, the Nyquist curve of Z,,

does not encircle the origin.

2) When Zy,,s has some RHP zeros, the number of times that

the Nyquist curve of Zy,,5 encircles the origin clockwise
is equal to the number of its RHP zeros.
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Two typical Nyquist curves are shown in Fig. 7. If the Nyquist
curve encircles the origin at least once, there is at least one cross-
point A on the negative real axis, otherwise, all cross-points
with the real axis are in the RHP [61]. Therefore, when the
Nyquist curve of Z,s has cross-points with the negative real
axis, its phase frequency characteristic curve will pass through
the —180" line at least once, otherwise it will not be. In other
words, the system stability is only related to whether the phase
frequency characteristic curve of Zy,,s passes through the — 180°
line, while the condition Re[Zys(jw)] > 0 is not required. For
example, assume that Zy,,s has no RHP zeros and its Nyquist
curve is shown in Fig. 7(b), the system is stable while a part of
the Nyquist curve of Z;,,s is in the left-half-plane, which means
the second condition of the PBSC is not satisfied. Hence the
PBSC is just a sufficient condition for system stability. Another
example of a stable system but not satisfying Re[Z},,s(jw)] > 0
is given in Section V-B.

To sum up, compared with the existing stability criteria, no
matter whether line impedance network is considered or not, the
proposed BNIC is always a more generic and simple stability
criterion for the dc distribution power system.

D. Comparisons of the Two Proposed Criteria

It should be pointed out that, in addition to the BNIC, another
stability criterion based on det(Y;, + Z,Yy.t) is also proposed
in this article. The comparisons of these two proposed criteria
are as follows.

1) The BNIC has a clear physical meaning and is generic for
the two types of the dc distribution power systems men-
tioned in this article, while the det(Y;, + Z,Yt)-based
stability criterion is only applicable to the system consid-
ering the line impedance network, the detailed analysis is
given in Appendix-E.

2) The proposed BNIC is not perfect, it also suffers a
limitation, that is, it requires the detailed transfer func-
tions of all converters, which has the same drawback as
the eigenvalue-based stability methods, global-admittance
criterion, and impedance-sum criterion. By comparison,
the det(Yi, + Z,Yyet)-based stability criterion is better in
practical application, because only frequency response is
needed in its Nyquist curve, which means the measure-
ment of Y;,, Z,, and Y,,.; are sufficient.
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Fig. 9. Schematic diagram of the experimental prototype.

TABLE I
ELECTRICAL AND CONTROL PARAMETERS OF EACH CONVERTER

BVCC, and BVCC, BCCC, BCCC,
Parameters Values  Parameters Values Parameters Values
Cin1, Cin2 850 uF Cin3 100 pF Cina 100 pF
Rc in1s Re in2 02Q Rc in3 0.1Q Rc ina 0.1Q
Ly, Ly 1.02 mH L; 200 uH Ly 200 pH
Ri1, Rip 0.1Q Ris 0.05Q Rig 0.05Q
C, G 200 uF Cs 47 uF Cy 47 uF
RC,], R(‘,Z 0.16 Q R(‘,S 0.1Q Rc_4 0.1Q
Hy, H, 1/48 H; 1/12 Hy 1/15
Ko, Ko 0.1 ko 1.7 ks 12
Kir, ki 125 Kis 200 Kis 200
Vo,1» Vo2 48V Vo3 12V Vo4 15V

V. CASE STUDY AND EXPERIMENTAL VERIFICATION

In order to verify the correctness of the proposed BNIC, a dc
distribution power system composed of four buck converters and
its experimental prototype were built, as illustrated in Figs. 8 and
9, respectively. Notice that the input dc power, loads, auxiliary
powers, and oscilloscope are not shown in Fig. 9. There are
four nodes (ny, ny, n3, ng) and their voltages are vy, vo, v3, and
vy4, respectively. The lines impedance network includes three
impedance Ziine,1, Ziine,2, and Zjiye 3. The switching frequency
is 50 kHz. The input voltage of each BVCC is 80 V. The control
is completed with DSP-TMS320F 28335.

The main electrical and control parameters of each converter
are given in Table I. Each converter adopts the output-voltage-
control mode. Here, for the xth buck converter, Ci,, ; and Rgin_z
are the input filter capacitance and its equivalent series resistance
(ESR), respectively; L, and Ry, ; are the inductance and its ESR,
respectively; C, and R¢ ., are the output filter capacitance and its
ESR, respectively; H, is the feedback coefficient; k;, ,, and k; ,
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TABLE II
LoADS UNDER DIFFERENT CASES

Load resistance Case 1 Case2 Case3
R3 25Q 112Q 11.2Q
Ry 12Q 12Q 14Q

are the proportional and integral coefficients of the PI controller,
respectively; v, , and i, , are the output voltage and current,
respectively.

To analysis the system stability under different load power,
three cases are set, as illustrated in Table II. Note that since
BCCC; and BCCC; behave as CPLs, their input power can
be changed by changing the values of their load resistances Rs
and R,.

A. Lines Impedance Network is Considered

The line impedances are set as Zijine,1 = Zline,2 = Zline,3 =
0.22 +j 27 x 107* Q. According to the Fig. 8, there are

Y, = dlag(L 1, _}/in,la _Kn72>
Z,=diag(Zo1, Zo2, —1, —1)
}/line,l 0 *}/line,l 0
0 Yiine,S 0 _Yiine,B
Ynet =
_}/linc,l 0 Yiinc,l + Yiinc,Q _Kinc,2
0 _}/line,3 _Yiine,Q }/Iine,Q + }/line,3

(29)

Based on (16) and (29), combining with Tables I and II, the
zero-pole-maps of four bus node impedances under different
cases are shown in Figs. 1013, respectively. Due to the size
limitation, only the poles and zeros whose real parts are greater
than —100 are given in this article. From Figs. 10 to 13, it can
be seen that, under cases 1 and 2, each bus node impedance
has no RHP poles, while they all have the same RHP poles
under case 3, and the corresponding frequency is about 939 Hz.
According to the proposed BNIC, the whole system is stable
under cases 1 and 2, while it is unstable under case 3 and the
system oscillation is expected to occur near 939 Hz. It should
be pointed out that although we give the zero-pole-maps of four
bus node impedances, the above conclusion can be obtained by
any bus node impedance.

Besides, to verify the det(Y;, + Z,Ye)-based stability cri-
terion, the Nyquist curves of det(Y;, + Z,Yyet) under different
cases are presented as Fig. 14. Notice that the Nyquist curves
in this article are only shown for the frequencies from w = 0 to
+ 00, this is because the other half corresponding to the frequency
from w = —o0 to 0 is not measurable in practical application,
but is symmetric to the half shown. Therefore, the actual number
N; of encirclements around the origin (0, jO) should be doubled
from the number obtained from the Fig. 14. According to [62]
and [63], N, can be obtained as

N, =2(N, — N.) (30)

where NV is the positive crossing and N_ is the negative crossing.
Their calculation methods are: when the Nyquist curve crosses
the negative real axis on the left side of (0, jO) from top to bottom,
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it is one positive crossing; when it crosses from bottom to top,
it is one negative crossing [62], [63]. Note that N, > 0 means
the Nyquist curve surrounds (0, jO) anti-clockwise, while N, <
0 represents the Nyquist curve surrounds (0, jO) clockwise.

From the Fig. 14, it can be seen that, under cases 1 and 2,
there is Ny = N_ = 1, that is, N, = 0; under case 3, there are
N, = 1 and N_ = 2, that is, N, = —1 and the Nyquist curve of
det(Yi, + Z,Yyet) surrounds (0, jO) clockwise. Hence the whole
system is stable under cases 1 and 2 while unstable under case
3, which is consistent with the analysis based on the proposed
BNIC.

In order to illustrate the transient performance of the system,
step change between each case is intentionally set. The system
experimental waveforms are illustrated in Figs. 15 and 16,
respectively. Here, the four node voltages (v1, vo, v3, v4), and
the output voltages (vo,3, Vo,4) and currents (i3, io,4) of two

BCCCs are shown. As aforementioned, the system will remain
stable before and after the step changes from cases 1 to 2, while
the system switches from stable state to unstable state when the
step changes from cases 2 to 3. According to Figs. 15 and 16, the
system is stable under both cases 1 and 2, but unstable and under-
damped low-frequency oscillation under case 3. Furthermore, to
obtain the system oscillation frequency, the bus voltage v; under
case 3 is processed by the oscilloscope to conduct the fast Fourier
transform (FFT) analysis. The results are shown in Fig. 17. It
can be seen that the oscillation frequency of the experimental
waveforms is about 949 Hz, which is basically the same as the
analysis in Figs. 10-13. Due to component tolerances, the actual
value of component parameters often deviates from the nominal
value; therefore, the oscillation frequency error is acceptable.

In summary, the experimental results show that the stability
analysis based on the proposed BNIC is feasible.
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Fig. 17. FFT analysis of the bus voltage v; under case 3 when the lines
impedance network is considered.

B. Lines Impedance Network is Ignored

In Fig. 8, the line impedance Zjine, 1, Ziine,2, Zline,3 are all set
to 0. Hence there is only one node on the bus and its voltage is
Vbus = V1 = Vo = v3 = vy. Based on (23), the bus impedance
can be expressed as

1
Zus = .
b ]-/Zo,l + 1/ZO,Q + Yin,l + Yin,2

Combining with Tables I and II, the zero-pole-maps of Z,s
under three cases are shown in Fig. 18. Obviously, under case 1,
Zpus has no RHP poles, while it has a pair of RHP poles under
cases 2 and 3, respectively. Accordingly, under cases 2 and 3,
the system oscillation is expected to occur near 379 and 427 Hz,
respectively. Notice that as shown in Fig. 18(b), the RHP poles
are very close to the imaginary axis, which means the system
will have a very small oscillation under case 2. According to the
proposed BNIC, the whole system is stable only under case 1
and unstable under the other two cases.

(3D

Experimental waveforms from case 2 to case 3 when the lines impedance network is considered. (a) v1, Vo,4, io,3, and i 4. (b) V2, Vo3, io,3, and i 4.

The system experimental waveforms are illustrated in Figs. 19
and 20. Here, the bus voltages vy,,s, and the output voltages
(vo,3, Vo,4) and currents (iy 3, io.4) of two BCCCs are shown.
As aforementioned, the system switches from stable state to
unstable state when the step changes from cases 1 to 2, while the
system remains unstable before and after the step changes from
cases 2 to 3. According to Figs. 19 and 20, the system is stable
under case 1, but unstable and underdamped low-frequency
oscillation under both cases 2 and 3. What is more, the system
oscillation amplitude under case 2 is very small. Furthermore,
to obtain the system oscillation frequency, the bus voltage vy
under cases 2 and 3 are processed by the oscilloscope to conduct
the FFT analysis. The results are shown in Fig. 21. It can be
seen that the oscillation frequencies are basically the same as
the analysis in Fig 18. Therefore, the experimental results are
also consistent with the stability analysis based on the proposed
BNIC.

Compared with Figs. 15 and 19, it can be seen that under
case 2, the system is stable when the line impedance net-
work is considered, but it is unstable when the line impedance
network is ignored. Therefore, the line impedance network
should not be neglected when we discuss the stability of the
geographically distributed system. Otherwise, it may lead to
misjudgment.

Besides, in order to further verify the difference between the
PBSC and the proposed BNIC, the bode plot of Zy,,,s under case
1 is given as an example, as shown in Fig. 22. According to the
previous analysis and experiments, the system is stable under
case 1. However, in Fig. 22, the phase angle of Zj, s is within the
interval (90°, 135°) from 1 to 309 Hz. In other words, although
the system does not meet Re{Z,,s(jw)} > 0 (Vw), it is still
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stable. This example shows that the PBSC is not the necessary
condition for system stability.

In summary, the above analysis and verification show that the
proposed BNIC is a generic small-signal stability criterion for
the dc distribution power system.

VI. CONCLUSION

In this article, the small-signal stability issues of the geograph-
ically distributed and centralized dc distribution power system
are studied together in detail. First, the system small-signal
model is established and the transfer function from each input
disturbance to the bus voltage is derived. Then, a novel stability
criterion, the BNIC, is proposed. According to the proposed
BNIC, such a system is stable if and only if the bus impedance at
any node does not have any RHP poles, which means the system
stability can be evaluated by any bus node impedance. Compared

i0,3, and i074.

with the existing stability criteria, the proposed BNIC is generic
and suitable for wider application scenarios. Finally, the cases
study and experimental results indicate that the proposed BNIC
can effectively assess the stability of the dc distribution power
system regardless of the line impedance network is considered
or not.

APPENDIX

A. Measurement Method of Node Admittance Matrix of the
Line Impedance Network

Assume that y, j (a, b =1, 2,..., r) is the admittance in the
ath row and bth column of Y. When a = b, y; j is called
self-admittance at node n;, otherwise y, ;, (a *+ b) is called
the mutual admittance between nodes n, and n; [64]. What’s
more, Y. is symmetric. When the line parameters cannot be
obtained directly, the node admittance matrix Y, of the line
impedance network can also be measured as shown in Fig. 23
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[65]. Here, all nodes except node n; are grounded and U is the
unit sine ac voltage. According to the above definition, y;  is the
current flowing into node n and y, 3 is the current flowing into
node n,.

B. More Detailed Derivation About det(Y;y, + ZY et )-Based
Stability Criterion and the Proposed BNIC

Assume that the adjoint matrix adj(Y;, + Z,Yynet) can be
expressed as
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Gi1Gig - Giy
) Go1 Gap -+ Go,
adJ (Yin + ZOYnet) - . (Al)
Gnl GT,Z o GT‘J‘
Based on (12) and (A.1), there is
(Yin + ZOYnet)71 =
r G G2 Gi,r 7
det(Yint+tZoY net) det(YintZoYnet)  det(YintZoY net)
Ga Gao Ga,r

det(YintZoY net) det(YintZoYnet)

At (Y int ZoY net)

Gr, G,

1 r2 . Gr,
L det(Yin+ZoY net) det(Yin+ZoY net)

det(Yin-;ZTanet) 4
(A.2)

Obviously, compared with (A.2), the determinant det(Y;, +
Z,Yot) has less impedance calculation. Besides, when each
BVCC and BCCC are stable individually, based on the proposed
lemma, G, has no RHP poles. Therefore, each transfer function
in (A.2) have the same denominator for discussing its RHP poles,
that is, det(Yi, + Z,Ynet). In other words, the system stability
can be simply judged by det(Yiy, + ZoYnet)-

According to (16), Zys, o is the element in ath row and ath
column of the matrix (Yi, + ZoYnet) ' Zo. Therefore, Zhus,a
can be rewritten as

Ga,oc
det(Yin+ZoY not)
Zbus,a = e

oo
T det(Yin+tZoY net)’

Zoas, @<k
(A.3)
a> k.

According to the definition of the adjoint matrix, for each
transfer function G, 5 in adj(Yin + ZoYyet), the calculation
complexity is the same. Compared with (A.2) and (A.3), the
impedance calculation complexity of Zy,s  and each trans-
fer function in (Yin + ZoYnet) ! is almost the same. There-
fore, Zyus,o also has less impedance calculation than (¥;, +
Z.Y )~ In other words, the proposed stability criteria is more
concise than the criterion based on CCM. Meanwhile, no matter
at which node (or what value « takes), Zy,s, o has the same
denominator for discussing its RHP poles, that is, det(Y;, +
Z,Y0t). Hence, the system stability can also be evaluated by
the bus impedance at any node.

C. Comparison With the Existing Determinant-Based
Stability Criteria

1) The existing determinant-based stability criteria are com-
pletely equivalent to the proposed det(Yi, + ZoYnet)-
based stability criterion.

First, it should be pointed out that, according to the different
system modeling methods and the matrix or determinant trans-
formation rules, there are many ways to define and choose the
determinant for the stability analysis of dc distribution power
system. For example, based on the model established in Sec-
tion III-A, there are two classical determinant-based stability
criteria can also be derived as follows.
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Determinant-based stability criterion I: According to [52]
and (3), we can define a determinant det(Y + Y,.¢)-based
stability criterion, that is, the system is stable if and only if
det(Y + Y,ot) has no RHP zeros. Note that the matrix ¥ +
Y,et 1s the nodal admittance matrix according to circuit theory
[60], and the det(Y + Y¢)-based stability criterion is the same
as the determinant det(Y},,4¢)-based stability criterion proposed
in [52]-[54].

Determinant-based stability criterion 2: According to the
matrix or determinant transformation rules, there is

det(Y + Ynet) = det((Y + Ynet)Y71 Ynet)

net

=det((Y + YVoet)Y oy - det(Y per)

=det(E + L) - det(Y pet) (A4)

where E is the identity matrix, L = YZ, is the well-known
return-ratio matrix, and Z,o; = Y., .

Therefore, we can also define a determinant det(E + L)-based
stability criterion, that is, the system is stable if and only if
det(E + L) has no RHP zeros. This criterion is similar as the
criteria proposed in [55] and [56].

In order to prove that det(Y + Y,¢)-based and det(E + L)-
based stability criteria are completely equivalent to the proposed
det(Yi, + Z,Yet)-based stability criterion, we need to prove
that these determinants have the same RHP zeros. Based on the
matrix and determinant transformation rules, combined with (7)
and (A.4), the RHP zeros of det(Y + Y,.¢) and det(E + L) can
be calculated by

Z[det(Y 4+ Ypet)] = Z [det(Z,' Y in + Y pet)]
=72 [det(Z3 Zo(Z5 Y in + YVaer))]
= Z [det(an + Zanct)/det(ZO)]

=Z[det(Yin + ZoYnet)] + P [det(Z,)]  (A5)
Z[det(E+ L)) =Z [det(E+ YY . }})]

=Z [det(E+YY  5)Y et Y noy)]

= Z [det(Y 4 Y pet) /det(Y net)]

=Z [det(Y + Yyet)] + P [det(Y net)] (A.6)

where 7Z denotes the number of RHP zeros, and [P denotes the
number of RHP poles.
Based on (5), there are

det(Zo) = (=1)"Zo1 -+ Zo i,

det(Yin) = (_1)m in,1 *° 'Yvin,m~ (A7)

Because any converter is stable individually, each transfer
function element in both Y;,, and Z, has no RHP poles. There-
fore, both det(Y;,) and det(Z,) have no RHP poles, that is

P [det(Z,)] = 0, P [det(Y1,)] = 0. (A.8)

Besides, as mentioned in Section III-B, Y. has no RHP
poles, furthermore, det(Y,¢¢) has no RHP zeros and poles, that
is

Z [det(Yaer)] =0, P[det(Voe)] =0.  (A9)
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Combined with (A.5), (A.6), (A.8), and (A.9), we can obtain
that

Z [det(Y + Ynet)] = Z [det(Yin + ZOYnet)]

= Z [det(E + L)]. (A.10)

From (A.10), it can be seen that determinants det(Y + Yyct),
det(E + L), and det(Y;, + Z,Y.et) have the same RHP zeros.
Therefore, the nodal admittance matrix-based and return-ratio
matrix-based determinant stability criteria are completely equiv-
alent to the proposed det(Yi, + Z, Y0t )-based stability criterion.
In other words, the dc distribution power system is stable if and
only if det(Y + Yyet) or det(E + L) or det(Y;, + Z, Y et) has no
RHP zeros.

Notice that [53] proved that nodal admittance matrix-based
and loop impedance matrix-based determinant stability crite-
ria are also completely equivalent, so the proposed det(Y;, +
Z,Yo)-based stability criterion is completely equivalent to all
the existing determinant-based stability criteria.

2) The proposed det(Y;, + Z,Yet)-based stability criterion

is more generic and has wider application scenarios.

According to the above analysis, in order to assess the system
stability, the RHP zeros of these determinants should be de-
termined. For this purpose, we can model each converter and
the line impedance network. However, this transfer function
modeling method is invalid for the “black box” systems because
the detailed circuit and control parameters are unknown and only
the impedance frequency response can be measured. Accord-
ing to Cauchy’s argument principle and the Nyquist criterion,
when a transfer function has no RHP poles, its RHP zeros
can be evaluated by its Nyquist curve or frequency response
curve. Therefore, a determinant-based stability criterion will
have wider application scenarios if it does not have RHP poles for
any system. According to the proof and analysis in Section III-B
of this article, det(Yi, + Z,Y et ) is suitable for any “black box”
system because it has no RHP poles once each converter operates
stably individually. While the other determinants may have RHP
poles in some case even if each converter is stable individually.
The specific proof is as follows:

Based on (A.5) and (A.6), there are

P [det(Y + Vier)] = P [det(YVin + ZoY net)/det(Z,)]

=P [det(Yin + Zanet>] + Z Het(zo)]
(A.11)

P [det(E + L)] = P [det(Y + Y pet)/det(Y et )]
=P

et
[det(Y + Y pet)] + Z [det (Y net)] -
(A.12)

Because there is
P [det(Yin + ZoY net)] = 0. (A.13)

Substituting (A.13) into (A.11) and (A.12), and combined
with (A.7) and (A.9), there are

P [det(Y + Y pet)] = Z [det(Z,)]

=L Zop) + L Zop)l + -+ L[ Zo ]

(A.14)
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Fig. 24.  Cross-line-admittance and self-line-admittance of the nodes.

P [det(E + L)] = Z [Zoa]| + Z [Zop] + -+ + Z [Zo 4] -

(A.15)

According to [31], there may be some RHP zeros in Z, j, al-
though the BVCCy is stable individually; and there may be some
RHP zeros in Yi,, ., even if the BCCC,, is stable individually.
The most typical example is the nonminimum-phase converter,
such as a boost converter. Once there is a nonminimum-phase
BVCCy in the system, there will be

Z(Z, ) # 0. (A.16)
Combined with (A.14) to (A.16), there are
P [det(Y + Yyet)] # 0, P [det(E + L)] # 0. (A.17)

In other words, these determinants may have RHP poles and
cannot be directly applied for any “black box” system.

Besides, when there is at least one non-minimum-phase
BCCC, the loop impedance matrix-based determinant also have
RHP poles, that is because the input impedance 1/Yj, ., of
BCCC,, will existin some transfer function elements of this loop
impedance matrix according to circuit theory [60], and 1/Y3, ,,
may have RHP poles.

In summary, the proposed det(Y;,, + Z,Yy)-based stability
criterion is a better choice and more generic.

D. Proof of (23) Derived From (16)
According to Fig. 4, there is

ibus = &(ian"). (A.18)
Substituting (17), (18), and (A.18) into (13), there is
€iam" = &Y + Viet)€ ibus. (A.19)
Hence, the bus impedance Zy,,,s can be expressed as
@bus £7IT - < -
Zbus - E - E(Yi—i— Ynet)gT - ; Yo,p + ; Yrimq
(A.20)

which is consistent with (23).

E. Non-Generality Analysis of det(Yin + ZY et )-Based
Stability Criterion

For the dc distribution power system without line impedance
network, there is only one equivalent node on the whole bus,
in other words, the concepts of the transfer function matrix and
determinant do not exist. Specifically, as shown in Fig. 24, the
cross-line-admittance (y.,,5) between two connected nodes is
oo and the self-line-admittance (ys , or ys,,) of each node is
0. Therefore, each transfer function element of Y. is O or
oo, Furthermore, there may be det(Yi, + ZoYnet) = o© and
G, = %, which means the stability criterion based on det(Y,, +
Z,Y,et) or (8) may not be utilized directly in the system without
considering line impedance network.
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