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Abstract: This paper addresses the stability issue of the meshed DC distributed power systems (DPS)
with constant power loads (CPLs) and proposes a stability enhancement method based on virtual
harmonic resistance. In previous researches, the network dynamics of the meshed DC DPS are often
ignored, which affects the derivation of the equivalent system impendence. In addition, few of them
have considered the meshed DC DPS including multiple sources with voltage-controlled converters
and CPLs. To tackle the aforementioned challenge, this paper mainly makes the following efforts.
The component connection method (CCM) is employed and expanded to derive the stability criterion
of the meshed DC DPS with CPLs. This stability criterion can be simplified to relate only with the
network node admittance matrix, the output impendences of the sources, and the input admittances
of the CPLs. A virtual harmonic resistance through the second-order generalized integrator (SOGI)
is added in the source with the voltage-controlled converter to lower the peak of the source output
impendence, which can enhance the stability of the meshed DC DPS. The effectiveness of the proposed
stability criterion and stability enhancement method are verified by nonlinear dynamic simulations.

Keywords: meshed DC distributed power systems; stability criterion; virtual harmonic resistance;
stability enhancement

1. Introduction

With the increasing penetration of renewable energy generation into the modern electric girds,
meshed DC distributed power systems (DPS) have been widely adopted [1-3]. The meshed DC
DPS physically is composed of smaller power modules/subsystems. Usually, these smaller power
modules/subsystems are designed only based on the stability requirement in its stand-alone operation,
and thus it can operate well in the stand-alone application. However, the meshed DC DPS may become
unstable due to the interaction among the modules/subsystems and the network [4]. Furthermore,
the negative resistance characteristic of the constant power load (CPL) is an important unstable factor.

Many stability methods in previous researches are given to analyze the stability of
the single-source-single-load system or the parallel-source-parallel-load system [4-6]. However,
the network dynamics of the meshed DC DPS are often ignored, which affects the derivation of
the equivalent system impendence. In addition, few of them have considered the meshed DC DPS
including multiple sources with voltage-controlled converters and CPLs. A general approach for the
stability analysis of the meshed DC DPS is to build its whole state-space model, and to identify the
eigenvalues of the state matrix [7]. However, this method requires the detailed models of loads and
network dynamics, and the formulation of the system matrices may be very complex. To overcome this
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problem, the component connection method (CCM) is introduced for the stability analysis [8]. In the
CCM, the dynamics of network and power modules/subsystems are modeled separately by a set of
two vector-matrix equations, which is beneficial to reduce the computation burden of formulating the
system transfer matrices [9]. For the ac power-electronics-based power system, the CCM is employed to
derivate the closed-loop response transfer matrix of the overall power which can predict the instability
of the power system [10], but it does not separate the source impedance and load admittance with
the network node admittance matrix. Thus, it is difficult to obtain the general stability criterion
intuitionally. In this paper, the CCM is also employed and expanded to derive the stability criterion for
the meshed DC DPS with the CPLs. The stability criterion can be simplified to relate only with the
network node admittance matrix, the output impendence of the source, and the input admittance of the
CPLs which can be separately obtained by theoretical calculation or impedance analyzer measurement.

Many stability enhancement methods have been given in previous researches. An adaptive active
capacitor converter (AACC) is introduced to effectively stabilize the cascaded system [11], but this
method needs additional hardware devices. Another approach is to add a virtual adaptive parallel
impedance [12] or adaptive series-virtual-impedance [13] in the input of the load converter to improve
the stability in the cascaded DC/DC converter system. However, in the meshed DC DPS, it is not
very effective due to the existence of an electromagnetic interference (EMI) filter for the CPL with a
switching-mode power converter. The input admittance of the CPLs is mainly determined by the EMI
filter, and the virtual impedance is difficult to be added by the load converter control part. Another
way is to adjust the source output impedance. Modifying the source output impedance to be zero [14]
and adding virtual impedances in the source output filters [15] are both feasible strategies by the source
converter control part, but both of them will influence the low and high frequency characteristics of the
source output impedance. To overcome the problem, this paper proposes an effective and achievable
method, which is to add a virtual harmonic resistance through the second-order generalized integrator
(SOQGI) in the source converter control part to lower the peak of the source output impendence.

The main contributions of this paper are follows. Firstly, the stability criterion for the meshed
DC DPS is derived, which has been simplified to relate only with the network node admittance
matrix, the output impendence of the source, and the input admittance of the CPLs. It is easy to
implement, as the impedance and the admittance can both be separately obtained by the theoretical
calculation or impedance analyzer measurement. Secondly, an effective stability enhancement
method by adding a virtual harmonic resistance is proposed, with which only the small range
middle frequency characteristic of the source output impedance is modified, while the low and
high frequency characteristics of the source output impedance are still unmodified. The results of the
nonlinear dynamic simulations verify the effectiveness of the proposed stability criterion and stability
enhancement method.

The remainder of this paper is organized as follows. The stability criterion for the meshed DC
DPS is given in Section 2. The modeling of the source with voltage-controlled converters and the CPLs
are derived, and the proposed stability enhancement method and the stability analysis for the meshed
DC DPS are given in Section 3. Then, the nonlinear dynamic simulations are conducted in Section 4.
At last, conclusions are drawn in Section 5.

2. Stability Criterion for the Meshed DC DPS

The general form of DC DPS is given in [4], but it ignores the network dynamics. In [4],
any converter in a DC DPS can be classified as either a bus voltage controlled converter (BVCC)
or a bus current controlled converter (BCCC). In this study, a four node meshed DC DPS as Figure 1
is considered as an example, which is composed by two sources with voltage-controlled converters
and two CPLs. The sources with voltage-controlled converters are controlled with constant voltage,
hence they can be treated as BVCCs. The CPLs are controlled to absorb constant power from the
meshed DC DPS, hence they can be treated as BCCCs.
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Figure 1. The block diagram of the component connection method (CCM) applied for the studied
meshed DC distributed power systems (DPS).

Although all of the sources and CPLs are independently designed well, there will be complex
interactions through the power cables in the meshed DC DPS. This consequently necessitates the use
of CCM to analyze the stability of the meshed DC DPS.

The block diagram of the CCM applied for the studied meshed DC DPS is shown in Figure 1,
where the CCM decomposes the overall DPS into four subsystems and the network. The two BVCCs
are modeled by the Thevenin equivalent circuits [16], and the two BCCCs are modeled by the Norton
equivalent circuits [17].

In Figure 1, Z,; and Z,, are the closed-loop output impedances of the sources, and Y

and Y, are the closed-loop input admittances of the CPLs. [ U1 Up U3 Uy ]T is the node
voltage column vector, and [ i1 Ip I3 g }T is the node injection current column vector.

Teablel  fcable?  leabled  Lcablea } ! is the cable current column vector. Ry3 and R;4 are the resistive
loads connected to node 3 and node 4, respectively. { Leapier Leaviez Leavies  Leabiea }T is the
inductance column vector of cables, [ Reapier Reavier Reavies  Reavlea } ! is the parasitic resistance
column vector of cables, and { Ceavie1 Ceaviez Ceavtes  Ceablea } ! is the capacitance column vector of
cables. [ Gy Gy Go Gao } ’ is the voltage reference-to-output transfer function column vector

of the source and CPLs. [ Uolref Uvref Uclref Ucref } ! is the reference voltage column vector of
the source and CPLs, respectively.

Generally, the source is designed to be a voltage source that is stable when unloaded, and the
CPL is designed to be stable when supplied by an ideal voltage source. That is, the unterminated

T T
behaviors of inverters { Gyi Gy Ga Geo ] are stable, and { Znn Zyp Yoq Yo } are stable,

which means that there are no right-half plane poles.
To facilitate the formulation of the nodal admittance matrix, the Thevenin circuits of the BVCCs
are converted to Norton circuits [10]. Then, the studied meshed DC DPS is represented as Figure 2.
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Figure 2. The equivalent Norton circuit of the studied meshed DC DPS.

Applying the node voltage equation to the external dashed box part in Figure 2, it can be derived as

-1 -1
Zm Gu1 Uvlref Zvl 01
| -1
Zop Gorlumref | _ Zo2 Yo || 2 1)
Ga Uclref Ye1 U3
Ge2Vcore f Yoo U4
where Ysys is the network nodal admittance matrix as
Ceabte15 + Ceaplers + Yeavter + Yeabie 0 —Yeable2 —Yeapler
Yo — 0 Ceaviess + Ceaviess + Yeavies + Yeaviea —Yeables —Yeabiea (2)
v —Yeable2 —Yeables Y13 + Ceaple2s + Ceavleas + Yeavte2 + Yeables 0
—Yeabien —Yeables 0 Y4+ Ceaptess + Ceaviers + Yeavles + Yeavler

where Y73 and Yj4 are the admittances for loads connected to node 3 and node 4, respectively.
Y, ap1e1~Yeaviea are the admittances for cables and Y510 = 1/ (Reaprei + Leapreis), i=1~4.
Then, the node voltage can be derived from (1) as follows:

_ -1 _
(] Zvll Zvll levvlref
-1 -1
(%) sz Z 2 GZJZUUZI’Ef
= +Y. v 3
U3 Yo v 1 Gclvclref )
U4 Yo 1 Ge2Vcre f
z,! oz Go v
v = v v + Ysys v . c Z]vre f
I C Z 7 G C " @
v v v Ouref
= + Y.
([ Ye L ] sys) [ Ge Ocref

where Z; is the set of the closed-loop output impedances of the sources, and Y, is the set of the
closed-loop input admittances of the CPLs. v is the set of node voltages, and i is the set of the node
injection currents. G, is the the set of voltage reference-to-output transfer functions of the source,
Gc is the the set of voltage reference to output transfer functions of the CPLs, vy, is the set of voltage
references of the source, and v,y is the set of voltage references of the CPLs. I is a unit diagonal
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matrix whose dimension is equal to Y.. I, is a unit diagonal matrix whose dimension is equal to Z,.
And they satisfy the following relations:

_ Zvl Ycl _ le _ Gcl _
e |: sz Yfz :|, Gv B |: Gv2 :|, GC N |: GCZ ’ Umef B
T

T
U:|:Z)1 Uy U3 ’04},1':|:l'1 iz i3 i4} (6)

, Yo =
Uw2ref Ucoref

Uolref :|, Voref = |: Uclref :| (5)

Applying the node voltage equation to the internal dashed box part in Figure 2, i can be derived as:

-1
Zy Gy Ouref
L 11@5) l G ] [ Veref ] ?

In the above equation, Yys is the network nodal admittance matrix for a real physical system,
which means Y;ys is stable and has no right-half plane poles. G, and G, are both stable as in the above
analysis. Therefore, the stability criterion of the meshed DC DPS Ty, is

-1
Tm = ([ Iv Y, Ysys) (8)

If the stability criterion T, has right-half plane poles, the meshed DC DPS will be unstable.
Through the analysis of the stability criterion T}, it can be found that the stability of the meshed
DC DPS is only related to the network node admittance matrix Ysys, the output impendence of the
sources Z,, and the input admittance of the CPLs Y,, which can be separately obtained by theoretical
calculation or impedance analyzer measurement.

I N

i = Ysys0 = Ysys < v
C

Zy

+ .

3. Modeling, Stability Enhancement Method and Stability Analysis

3.1. Modeling of the CPL

The modeling of the CPL connected to node 3 is similar to the CPL connected to node 4. Without
loss of generality, taking the CPL connected to node 4 as an example. The CPL usually exploits
a switching-mode power converter as the interface with the node, and the compliance with EMI
standards usually requires the insertion of an EMI filter between the switching-mode power converter
and the node [18-20]. The close-loop circuit of the CPL with an EMI filter is shown as Figure 3.

Node 4 i/ Vi) r, L, v.,
-~ « ML g BV 1)
i sz C i T i,
dr2 Vara A ¢
v, A c, R |
Rdf'Z szT T
il
) BCCC2 e |

Figure 3. The close-loop circuit of the constant power load (CPL) with an electromagnetic interference
(EMI) filter.
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Applying switch period average, the small-signal model of the CPL with EMI filter can be achieved
as Figure 4.

A

Node 4 I, +ff2 Vi +9,, 1:D Vpd T Ly, V., +7,
Q—Afm >
L+i, L, Cy
V,+v
4 4 Rm
1
i BCCC2

Figure 4. The small-signal model of the CPL with an EMI filter.

The variables showing in capital letters represent the steady-state values of duty cycle,
inductor current, capacitor voltage, and output current, and the variables with “*” indicate the
small-signal disturbance.

It can be derived from Figure 4 that the small-signal disturbance of the output current i, can be
expressed as:

{4 = —Y04 + G62652ref (9)
4 3 2 1
Y = 48~ + azs +Aazs +a18° +ag (10)
c2
3 2 1
Gy = _ 38 +CZSA+ 158" + o (11)
c2
Aop = b555 + b4S4 + b353 + b252 + blsl + b() (12)

where Gy, is the voltage controller, Y is the closed-loop input admittance of the CPL, and G, is
the voltage reference to output transfer function of the CPL. ag~ay, bg~bs, and cg~c3 are given in
Appendix A.

3.2. Modeling of the Source with Voltage-Controlled Converters

The modeling of the source with voltage-controlled converters connected to node 1 is similar to
the source connected to node 2. Without loss of generality, taking the source connected to node 1 as an
example, the close-loop circuit of the source with voltage-controlled converters is shown as Figure 5.



Energies 2017, 10, 69 7 of 15

Node 1
i / 2
BVCC1
1
! + vvlre/"

Figure 5. The close-loop circuit of the source with voltage-controlled converters (where G,1, and G,q;
are the voltage and current controllers).

Figure 6 shows the small-signal block diagram of the multi-loop control system of the source with
voltage-controlled converters.

\

. S N T ]+ b i
ref -+ % é,?’r] T Ls| Cs

Figure 6. The small-signal block diagram of the multi-loop control system of the source.

Thus, the dynamic behavior of the close-loop system can be given by

0 = _Zvlfl + leﬁvlref (13)
where
Gu1iKo1pwm V1 + Lis + 11
L1C152 + (ClcvliKvlpwmvl + r1C1)s + leinvivlpwmvl +1
. leiGzleKvlpwm 1%}
L1Cis2 + (G leiKvlpwmvl +711C1)s + leinvivlpwmvl +1

Zy = (14)

le

(15)

where Z, is the closed-loop output impedance of the source with voltage-controlled converters, and G
is the voltage reference-to-output transfer function of the source with voltage-controlled converters.

3.3. Stability Enhancement Method

The source output impedance has a peak at the resonant frequency. Based on the Nyquist criterion,
instability between the source and the network may occur if the network input impedance becomes
lower than the source output impedance at this frequency. Therefore, to ensure the system stability
and to minimize the potential for inadvertent interactions with the source, it is important to lower the
peak of the source output impedance. For this purpose, this paper proposes a method by adding a
virtual harmonic resistance through the SOGI to be in parallel with the capacitor.
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The transfer function G¢(s) of SOGI can be expressed as

$* + w?
Grls) = s2 + kws + w? (16)

where w is the resonant frequency, and k is the frequency coefficient. The frequency-domain
characteristic of G(s) is shown as Figure 7. Around the resonant frequency, the amplitude of G¢(s) is
very small, and the amplitude of G¢(s) in other frequency ranges is 0 dB.

Frequency-domain Characteristic

20

Ty

I/ )
B0
80k -

Magnitude (dB)

-100 : ‘
90— — - —

N
o

Phase (deg)

Frequency (rad/s)

Figure 7. The frequency-domain characteristic of G(s).

Figure 8 shows the small-signal control block of the source 1. If a virtual harmonic resistance R,
is required to be added in parallel with the capacitor, it is intuitively to introduce R, to the block as
a dot-dashed part in Figure 8, which is the basic idea of this control method. However, this method
cannot be realized by control directly. Therefore, R,, is moved to the output of G,1,(s) as the dashed

part in Figure 8.

_ _h R
+ L + 1 J_t + . 1 Vi
——>(O)»{G,,9) IARa®se 2@ Crs

vipwm 1 Y 5+ Ls

‘;vmff +
E -

Figure 8. Adding a virtual harmonic resistance through the second-order generalized integrator (SOGI).

Gr(s) is expressed as
_ Lis+ 11+ GuiiKotpwm V1 ' 17)

GR S) =
( ) leiKvlpwmlevh

With the parallel virtual harmonic resistance R,;, = 1 (), the frequency-domain characteristic of
the source output impedance is shown as Figure 9.
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Figure 9. The source output impedance with/without parallel virtual harmonic resistance Ry,.

As can be seen, the peak of the source output impedance has been lower, and only the small range
middle frequency characteristic of the source output impedance is modified, while the low and high
frequency characteristics of the source output impedance are still unmodified.

3.4. Stability Analysis

All the main electrical parameters of the studied DC meshed DPS as shown in Figure 1 are listed
in Appendix B.

The closed-loop output impedances of the sources Z;, can be represented by using impedance
calculated in Equations (5) and (14), the closed-loop input admittances of the CPLs Y. can be
represented by using admittance calculated in Equations (5) and (10), and the network nodal
admittance matrix Ysys can be represented by using admittance calculated in Equation (2). Then,
the the stability of the meshed DC DPS can be analyzed with the stability criterion T;, expressed
in Equation (8). If the stability criterion T;,; has right-half plane poles, the meshed DC DPS will
be unstable.

At first, it is necessry to compare the proposed stability criterion T}, in this paper and the previous
stability criterion T, given in [4] as follows:

1

T,n» = .
" T4 (Zoy // Zog) (Ye1 + Yo + Y13 + Y1a)

(18)

The dominant poles of Tj, ans Ty, are displayed as Figure 10, in which the cables are long
Reapiei = 0.05 Q) , Legprei = 0.5 mH, Cgprei = 100 pF, and i = 1~4. As shown in Figure 10, all the
dominant poles of T, are both in the left-half plane, which indicates that the meshed DC DPS is stable.
However, there are two right-half plane poles 0.15 & 94.5i in the dominant poles of T;;, which indicates
the meshed DC DPS is unstable and have an oscillation with approximately period 0.066 s. The results
of the proposed stability criterion T, and the previous stability criterion T}, are not consistent, and the
results of proposed stability criterion T, will be confirmed to be right with the nonlinear dynamic
simulations in Section 4. Moreover, many poles related to the network dynamics are also lost in T},
compared to T,.
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Figure 10. The dominant poles of Ty; ans T,,,» when the cables are long.

With the electrical parameters listed in Table B1, when the power of resistive load 4 Pr4 is 50 kW,
which means R4 = 5(), the dominant poles of T}, are displayed as Figure 11. When the power of
resistive load 4 P14 reduces from 50 kW to 10 kW, which means R4 = 25(), the dominant poles
of Ty, are displayed as Figure 12. Furthermore, when the power of resistive load 4 P14 is 10 kW
and the absorbed power of CPL2 P, reduces from 100 kW to 50 kW, which means R;4 = 252 and
R = 1.25Q), and the dominant poles of T;, are displayed as Figure 13.

2000 T T T T 150 T T T
| | | | | | |
| | | | | |
1500 —
X %‘ l l l 100 l l B,=50kW |
| | X | | | | |
1000
; x| : 50 1 : P,=100kW |
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0 A S N Y A 5 | : :
S ok x ——1 | . | |
£ ! ! ! ! £ | | |
-500 } } } l 1 50 l 1 1 ]
| | X | t | | |
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-1000 } SR ‘ l 1 |
N R 100 i | | |
-1500 | | | ! ! !
| | | | | | |
_2008 L L L | _150 | 1 |
200 150 100 50 0 50 ) Il 0 1 2
Real Part Real Part
Figure 11. The dominant poles of T, when P;4 = 50 kW, P, = 100 kW.
2000 T . ! ! 150 . ! .
| | | | | | P | lokw
| | | =
1500f  x X | | | ] 100 ‘ ‘ 14
I | | X | 7
: : X : : | | 132‘ ZI(X)kW
1000 | | | | R | | |
| O y 50} 1 l |
-2kt I A S AT U B | | 0.48+97i
e +97i
o .
S 0 | X | § ——o O 1 X ‘ ]
g ‘ ‘ ‘ ‘ g ‘ ‘ 048-97i
= 500} | | | ] | | |
b | | |
R N 50 | 4 |
| | |
-1000; | IV | 1 ‘ ‘ |
| | | | -100¢ : : X :
4500 X ! ! ! ]
" | | | | | |
= | | | | _150 1 L Il
20(2800 -150 -100 -50 0 50 -2 -1 0 1 2
Real Part Real Part

Figure 12. The dominant poles of T, when Pr4 = 10 kW, P, = 100 kW.
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Figure 13. The dominant poles of T;; when P 4 = 10 kW, P = 50 kW.

As can be seen from Figure 11, all of the poles of Tj, are in the left half plane, which indicates
that the meshed DC DPS is stable. But there are two right half plane poles 0.48 & 97i in the Figure 12,
which indicates the meshed DC DPS is unstable and have an oscillation with approximately period
0.0647 s. Furthermore, with the power reducation of CPL2, the meshed DC DPS becomes stable as
shown in Figure 13.

Applying the proposed stability enhancement method in the sources connected with node 1 and
node 2 of the meshed DC DPS when P;4 is 10 kW and P, is 100 kW, the dominant poles of T}, are
displayed as Figure 14. There are no right half plane poles, which means that the meshed DC DPS is
stable. Compared to the poles in Figure 12, the stability of the meshed DC DPS is enhanced by the
proposed stability enhancement method.

2000 150

T T T T T T T
| | | | | | |
o | ; ; ; - ; | P, =10kW
| | | | | | | 1
o | | | | £ =100kW
| | X s | | |
500 | | | N 50 | | | 7
g | | | FARE o | | |
s i e E : . :
| | | Xt § | —a—" | |
g I I XX / & I I I
= | | AN = | | |
| | x | e -50 | | |
-1000 | | | | | | |
| | | | | | |
A | | |
- X
1500 xXT | | | | | |
| | | | | | |
-2000 ‘ ! ! ‘ 150 ! ! ‘
-200 -150 -100 -50 0 50 -2 -1 0 1 2
Real Part Real Part

Figure 14. The dominant poles of T;; with the proposed stability enhancement method.

4. Nonlinear Dynamic Simulations

To validate the effectiveness of the proposed stability criterion and stability enhancement
method, the meshed DC DPS in Figure 1 is built in the nonlinear time-domain simulation by using
Matlab/Simulink. The electrical and controller parameters are all given in Appendix B.

To compare the proposed stability criterion Tj; and the previous stability criterion T, the cables
are chosen to be long cables with parameters R.;p.; = 0.05 Q) , Ligprei = 0.5 mH, C.pe; = 100 pF,
i = 1~4, the nonlinear dynamic simulation results of the node 1 voltage v1 () and the cable 1 current
icaple1 (t) are shown in Figure 15. As can be seen in Figure 15, before 2.5 s, the meshed DC DPS gradually
becomes to a stable state with Pr4 = 50 kW, and once the power of resistive load 4 P;4 reduces to
15 kW at 2.5 s, the meshed DC DPS becomes to an oscillation state. The oscillation amplitude gradually
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grows, and the oscillation period is about 0.066 s, which satisfy the theoretical analysis in Figure 10.
The results verify the effectiveness of the proposed stability criterion T);, compared to the previous
stability criterion T,,» which does not take the network dynamics into account.

600
S
= 500
> Yy
e
" AT =0.066s
400 : :
2 25 3 35
-50 ;
2 i FAT=0.066S
°
5 -150 } b
8 P,=50kW } B, =15kW
= e
-200 : :
2 25 3 35
t(s)

Figure 15. Comparison between T;;, and Tj;;>.

To verify the effectiveness of the proposed stability criterion T,, with power changes of the
resistive load and CPL, and the proposed stability enhancement method, the nonlinear dynamic
simulation results are shown as the following Figures 16-18.

As can be seen in Figure 16, before 1.5 s, the meshed DC DPS gradually becomes to stable
state with Pr4 = 50 kW and P, = 100 kW, which confirms the theoretical analysis in Figure 11.
Then, the power of resistive load 4 P;4 reduces to 10 kW at 1.5 s, the meshed DC DPS becomes to
the oscillation state with about period 0.065 s, which confirms the theoretical analysis in Figure 12.
The power of CPL2 reduces from 100 kW to 50 kW at 2 s, and the meshed DC DPS becomes to a stable
state again, which confirms the theoretical analysis in Figure 13.

6501 g
600 AT =0.065s |
—> -—
550 : -
=S
= 500t
>
450 g
400 Py =S0kW i B=l0KW B,=10kW g
P,=100KW P,=100kW P,=50kW
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Figure 16. The node 1 voltage v; (t) with power changes of the resistive load and CPL.
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Figure 17. The node 1 voltage v; without/with the proposed stability enhancement method.
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Figure 18. The currents of cable 1 i 5,1 and cable 4 i ,p;04-

As can be seen in Figure 17, when the power of CPL2 increases from 50 kW to 100 kW at 3.5 s,
the meshed DC DPS becomes to the oscillation state again between 3.5-4.5 s. Then, the vitural harmonic
resistances are added in the controllers of source 1 and source 2 at 4.5 s. With the vitural harmonic
resistance, the meshed DC DPS becomes to the stable state again, and the node 1 voltage v; converges
again to the steady value 500 V. The simulation results between 4.5-5.5 s confirm the theoretical
analysis results in Figure 14. The power of resistive load 4 P4 increases to 50 kW at 5.5 s, and the
meshed DC DPS is maintained at a steady state.

The currents of cable 1 i .1 and cable 4 i 4.4 are displayed as Figure 18. The steady state and
unstable state are similar to the node 1 voltage v; as shown in Figures 16 and 17. It is worth noting that
the steady state current values in 0-1.5 s and 5.5-6 s are the same, which means that with or without
the proposed stability enhancement method, the current distributions in the meshed DC DPS are not
affected, which verifies that the low frequency characteristic of the source output impedance has not
been modified.

5. Conclusions

This paper discusses the modeling and stability analysis of the meshed DC DPS including multiple
sources with voltage-controlled converters and CPLs, and proposes a stability enhancement method.
The stability criterion is found to relate only with the network node admittance matrix, the output
impendence of the source, and the input admittance of the CPLs, and the three parts can be obtained
separately. Virtual harmonic resistance through the second-order generalized integrator (SOGI) for the
source proposed in this paper is a decoupling design which is only based on the characteristic of the
source output impedance. Nonlinear dynamic time-domain simulation results verify the effectiveness
of the proposed stability criterion and stability enhancement method.
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Furthermore, the current control sources or loads can be treated as BCCCs, and the input
admittances of current control sources or loads are related to the stability analysis. Multiple sources
with droop control can be treated as BVCCs, and the output impendence of the droop control
sources are related to the stability analysis. So the proposed stability criterion can also deal with
the current control sources or loads and multiple sources with droop control. Related analyses are in
the future researches.
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Appendix A

ap = D2 - GchICZKCprmRCZD

am = 7Rc2Rdj2Cdf2GchICZKCprmD + (Cdfz + sz) (GCZUKCZPmeCZVfZ + R+ cm) + (RCZCCZ + RdeCde)D2

a2 = RaRf2Cap2(CraGeaoKeapuom V2 + CaD?) + CapaCraRaga(Rea + 1) + (Lea + CeaReare2) (Capa + Cpa) (A1)
a3 = (roR2Ce2 + L2)Rap2CapaCra + CoLloRe2 (Cpa + Cdfz)

a3 = ReoCeoRa2CapaleaCra

by = GeaoKeopwmRe2 V2 + Rz + 12

b1 = (ReaRap2Cap2Via = RaDleaL2) GeaoKeapuom + ReaCeater + RapaCaga(Rea + 1e2) + DLy + Lea

by = —ReaRup2Cap2D12GeaoKeapuwmL 2 + (Capz + Cp2) (R2Vy2GeaoKeapumLp2 + ReaLa + reaLga) + (RaCea + Rap2Cag2) (Ly2D? + Lea) + ReaCe2RypaCaporen (AZ)
b3 = RaRy2Cap2CraGeaoKezpwmL2Viz + (D*Liy + L) RaCeaRafaCapa + CapaCraLpaRapa(Rea + 1e2) + (Capz + Cp2) (CeaLpaRearea + LeaL )

by = Cap2CroLppRypr(RearcaCor + ch) + (Cdfz +Cp2)CaalaalpRe

bs = CoCapaCralealppReoRapr

co = GchK::prm VfZD + GchICZKEprm(RcZ + cm)
c1 = (CaRe2 + CapaRap2) GeooKeopom Vpa D + (ch + Re2Rip2Cap2 + r2Rafp2Caga + re2ReaCe2) GeavKeapwmIe2

2 = ReoC2Ryp2Cap2GeroKeopuwom Vi D + <Rc2Cc2Lc2 + Rip2Cap2Ler + ReaCeaRif2Caparer) GeaoleaKeaprom
3 = RCZCCZRdeCdeLCZGchICZKCprm

(A3)

Appendix B

This Appendix lists all the main electrical parameters of the studied DC meshed DPS as shown in
Figure 1.

Table B1. Main electrical parameters of the studied DC meshed distributed power systems (DPS).

Parameters Value Parameters Value
Parameters of CPLs Parameters of Sources
Ra Ry 0.625 Q) \“R% 1000 V
Ce1 Co2 2700 uF r 1 0.001 O
La Lo 0.32 mH L Ly 5mH
re1 T 0.001 O C1 G 4000 pF
Lfl LfZ 0.32 mH Kvlpwm Kvlpwm 1/1000
Cr1 Cpa 2700 uF Go1v Gozo 0.24 + 89.39/s
Cdfl Cde 1350 }lF lei Gin 9.6
Raf1 Rap 0.9373 O Parameters of Cables
Iy I 400 A Reaple1~Reaplea 0.001 ©
Vi Vi 500 vV Legbier ~Leablea 0.01 mH
Kclpwm Kchwm 1/500 Ceavle1~Ceablea 10 uF
Ge1o Geow 0.5+500/s Parameters of Resistive Loads
Dy D, 05 Ri3 1250

Vclref Vchef 250V Ry 16.67 Q)
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