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Fellow, IEEE, Tomislav DragiCevi¢, Senior Member, IEEE

Abstract — Multibus dc microgrids, which combine renewable
energy sources, energy storage systems and loads, have voltage
stability requirement, which solicits increasing research attention
in practice. Potentially complex architectures of the multibus dc
microgrids make it difficult to evaluate the stability using the
conventional stability criteria. In this paper, some constraints
related to the conventional stability criteria, such as right-half-
plane (RHP) poles or zeros in the subsystems are discussed.
Further, an impedance-based stability criterion is proposed in
the light of generalized bode plots for multibus dc microgrids.
The configuration of the multibus dc microgrid is simplified by
adopting generalized voltage source, generalized current source
and two-port model. Then, impedances or admittances for each
bus port can be derived, which are helpful for assessing the
stability of the system. Using the proposed stability criterion, the
stability of each bus port in the multibus dc microgrid can be
evaluated separately. The proposed stability method considers
the number of RHP pole of the open-loop transfer function for
the system so the stability of the system consists of subsystems
with RHP pole and zero can be analyzed correctly. Moreover, the
intermittent bus converter connected with neighboring dc
microgrid can be regarded as an extension unit. Then the
proposed method can be easily extended and is acting as a
generalized approach for different configurations, i. e. single-bus
dc mirogrid, or a cluster of dc microgrids. Experiments are done
to validate the effectiveness of the proposed criterion.

Index Terms—Multibus dc¢ microgrid, RHP poles and zeros,
impedance-based stability criterion, generalized bode plots,
extension unit.

I. INTRODUCTION

NOWADAYS, the revolutionary changes in the electric
power system, including the penetration of renewable
energy sources, the distributed allocation of generation
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and the increasing participation of consumers, make an
increasing popularity of microgrid [1-4]. Owing to higher
efficiency, a more natural interface to many types of
renewable energy sources and hybrid energy storage as well as
better compliance with consumer electronics, dc microgrid is
regarded more attractive for plenty of users [2], such as
electric ships [5], vehicular electric power systems [6], dc-
powered homes [7], etc.

Different configurations of the dc microgrid should be
considered according to practical requirements. Since it is
common that different types of modern consumer electronic
appliances are operated on distinctive voltage levels, multibus
microgrid including multiple buses with different voltages has
potential in industry [8]. The multibus microgrid is extended
from a single-bus topology, providing increased energy
efficiency, power density, and reliability, at possibly lower
installation and operation costs [9-11]. However, with
integration of numerus power converters and many dc buses,
stability assessment of the system is an urgent and worthwhile
challenge because interactions among different power
converters may cause instability, which threatens the operation
of the whole system.

Most recent works related to stability analysis are based on
small signal models. For cascaded systems, the impedance-
based method is regarded as an effective way to analyze the
stability, which can be dated back to design the input-filter for
regulated converters proposed by Middlebrook in 1976 [12].
The Middlebrook criterion claims that the stability of cascaded
system will be guaranteed if both subsystems are stable, and
the minor loop gain, defined as the ratio of the source
converter’s output impedance and load converter’s input
impedance, does not exit the unity circle on the complex plane.
However, only the magnitudes of the subsystem input and
output impedances are considered, resulting in a conservative
design owing to the demand of infinite phase margin. Later on,
the gain and phase margin criterion [13] is proposed, which
specifies a forbidden region in the s-plane for the minor loop
gain, providing sufficient gain and phase margins and
loosening the conservativeness of the Middlebrook criterion
[14]. After that, the opposing argument criterion [15-16], the
energy source analysis consortium criterion [17] and the root
exponential stability criterion [18] are proposed, defining
various forbidden regions for polar plot of the minor loop gain,
further reducing the conservativeness [19]. These criteria are
assuming a given power flow direction by defining a source
subsystem and a load subsystem, suffering inapplicability if
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the power flow is reversed, i.e. if the operation of source
subsystem and load subsystem are changed.

However, in a complex system like dc microgrid,
photovoltaics and energy storage are widely included [20-21],
which introduces different operation modes and power flow
directions, making it difficult to evaluate the stability. Aiming
at this problem, subsystems in the system are classified into a
bus voltage-controlled converter (BVCC) or a bus current-
controlled converter (BCCC) [22]. Then, a unified form
regardless of structures and operating modes of the system can
be redefined, where stability can be analyzed by testing the
equivalent loop gain of the system based on the Nyquist
criterion.

Except for the impedance-based criteria, the impedance-
sum criteria [23-25] is also developed, which derives the
closed-loop characteristic polynomial of the system, being
analyzed by a Cauchy theorem or a Nyquist criterion.

The above stability methods are sharing the common
precondition that subsystems should be stable, which means
they should not have any right-half-plane (RHP) poles [26].
For system with multiple converters, the impedance ratio or
the impedance sum is rearranged as a whole. As a result, the
existing RHP zeros in subsystems may introduce RHP poles
due to the inverse impedance. Therefore, these stability
methods have constraints, which only apply to the systems
without RHP poles or zeros in the subsystems.

Moreover, most of the aforementioned works are directing
at systems with a single dc bus. For the stability analysis of
multibus dc microgrid, it is more complex to account the
intermediate bus converter (IBC), which acts as a voltage
matching and power exchange unit [27-29], as shown in Fig.1.
Evaluating the stability of multibus dc microgrid gains
increasing concerns thanks to its popularity in recent years. By
extending the passivity-based stability criterion and adopting
the new concept of an allowable impedance region, stability
for multibus distributed system is evaluated, from the
perspective of system passivity [30]. The multibus distributed
system is reduced to equivalent interacting source and load
subsystem networks by looking into single I1-bus port,
resulting in the equivalent 1-port network. Hence the
impedances of subsystems cannot explicitly be specified and
the stability margin cannot be designed intuitively. From the
perspective of impedance ratio, [31] proposes an impedance-
based criterion for distributed power system with multivoltage
levels, which is extended from [22] and has constraints on the
RHP poles or zeros in the subsystems. Moreover, it is
centralized, and has two problems, one is high dimensionality

and the other is that it is not suitable for plug-play applications.

This paper focuses on the stability assessment of multibus
dc microgrids, and proposing an impedance-based stability
method based on the generalized bode criterion even though
there are RHP poles or zeros in the subsystems. Moreover, the
stability of the multibus dc microgrid for each bus port can be
analyzed separately, which can be extended to a single-bus dc
microgrids and cluster of multiple dc microgrids. As a result,
the proposed impedance-based stability method can solve the
constraints of the existing impedance-based criterion and

provides a generalized method for dc microgrids with different
configurations.

This paper is organized as follows. Section II describes
the equivalent form of the mutibus dc microgrid with two
voltage levels. In Section III, simplification of the mutibus dc
microgrid with two voltage levels is given. Section IV
analyzes the stability of the mutibus dc microgrid with two
voltage levels and extends it to other configurations. Section V
gives a case study demonstrated at simulation and
experimental results to verify the effectiveness of the proposed
method. Finally, Section VI concludes the paper.

Utility source

-]

PV array  Batteries

MVdc Bus

Intermediate
°°c ¢ °cc bus converter
|
DC load | | |

DC load

PV array Batteries

.

Fig. 1. Typical multibus dc microgrid with two voltage levels.

II. EQUIVALENT FORM OF THE MULTIBUS DC MICROGRID

A. Description of the Multibus DC Microgrid

The multibus dc microgrid typically comprises several
different buses, providing power for commercial and
residential applications, such as datacom centers, aircraft
power systems, etc. The typical multibus dc microgrid is
depicted in Fig. 1, where the dc microgrid with two voltage
levels, a medium-voltage dc (MVdc) bus and a low-voltage dc
(LVdc) bus, being used as an example. For each bus, there are
PV arrays, batteries and loads connected. The different buses
are further linked by the IBC.

It should be noted that for the multibus dc microgrid, there
are different operation modes due to the different energy flow.
Moreover, the actual modes of the IBC are depended on
various dc bus operating modes [32]. Therefore, operating
modes of each bus should be investigated firstly.

Denoting Ppv and P, are the output power of the PV array
and load converter respectively.

Mode I: If Ppv < Po, it means that the PV array provides as
much as possible energy to the load by a maximum power
point tracking (MPPT) algorithm, which acts as a power
source. The batteries and a bidirectional dc-dc converter are
used to make up the energy by regulating bus voltage, which
can be regarded as a voltage source.

Mode II: If Pp > P, by a small margin, the loads can be
fully fed by the PV array. The small extra energy is adopted to
charge the battery which still regulates the bus voltage.
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Therefore, the PV array and corresponding converter are
denoted as a power source while the battery and a
bidirectional dc-dc converter are viewed as a voltage source.

Mode III: If Ppy > P,, in case of continuously good sunshine,
the output voltage of PV array is up to the bus voltage. The
PV array can provide sufficient energy to the loads and charge
batteries with a constant current, which then regulates the bus
voltage instead of adopting MPPT algorithm.

Mode IV: If P,y > P, and the batteries are fully charged, the
PV array still regulates the bus voltage, while the batteries are
in floating charging to avoid self-discharge.

The operation mode of IBC is determined by each bus. For
the MVdc bus port, the IBC can be regarded as a load because
it generally absorbs power from the MVdc bus. From the
perspective of LVdc bus port, the IBC can exchange power
according to the specific modes of the bus.

As discussed above, there are different operating modes for
each bus. Moreover, with the consideration of the IBC, as well
as the connection of the two buses, the situations are pretty
complicated.

B. Equivalent Form for the Multibus DC Microgrid

Considering some of the sources or loads may be connected
to the bus directly instead of linking by converters in practical,
definitions of BVCC and BCCC in [22] are extended to
generalized voltage source (GVS) and generalized current
source (GCS), respectively [33].

1) GVS refers to a subsystem which controls or affects its
bus-side-port-voltage.

2) GCS refers to a subsystem which controls or affects its
bus-side-port-current.

The Thevenin equivalent circuit and Norton equivalent
circuit for GVS and GCS are shown in Fig. 2. In order to
describe the system by a standard form regardless of its
operation modes as well as simplify the analysis, equivalent
form for each bus is arranged. Then, the multibus dc microgrid
can be described as show Fig. 3.

Fig. 2. Thevenin equivalent circuit and Norton equivalent circuit for
generalized voltage source (GVS)and generalized current source (GCS). (a)
GVS. (b) GCS.

Considering the operating modes for the IBC, the
complexity will be increased if it is classified as GVS or GCS.
It is reasonable to use another model to represent the IBC
because the IBC will not affect the operating modes for each
bus ports. Therefore, a two-port model is adopted, providing
some physical insight due to a Thevenin/Norton representation
of the converter. Fig. 4 shows the equivalent form for the IBC
by two-port model, where Y is the input admittance, H is the
back current gain, Z is the output impedance, G is the audio-
susceptibility.

MVdc bus LVdc bus

A VI A

Y i | Y

Y Z ~

Yzﬁ ip Vzi 2_ Yzﬁ iy
i H

Fig. 4. Equivalent form of the IBC by two-port model.

III. SIMPLIFICATION OF THE MULTIBUS DC MICROGRID

As it can be seen from Fig. 3, there are two groups in each
bus, consisting of the GVS group represented by the Thevenin
equivalent circuits and the GCS group represented by the
Norton equivalent circuits. To make it more concise, the two
groups are combined respectively. As a result, on the basis of
the equivalent forms for each bus as well as intermediate bus
converter, the simplification of the multibus dc microgrid can
be obtained. There are 4 possible simplified forms for the
multibus dc microgrid, as shown in Fig. 5.

Fig. 5 is obtained by further simplifying the equivalent
circuits of the two buses based on Thevenin or Norton theory.
As a result, there are 4 possible forms: 1) N-N system, the
MVdc bus and the LVdc bus are simplified by the Norton
equivalent circuits, as shown in Fig. 5(a); 2) T-N system, the
MVdc bus is simplified by the Thevenin equivalent circuits
and the LVdc bus is simplified by the Norton equivalent
circuits, as shown in Fig. 5(b); 3) T-T system, the MVdc bus
and the LVdc bus are simplified by the Thevenin equivalent
circuits, as shown in Fig. 5(c); 4) N-T system, the MVdc bus
is simplified by the Norton equivalent circuits and the LVdc
bus is simplified by the Thevenin equivalent circuits, as shown
in Fig. 5(d). The impedances of GVS and admittances of GCS
for MVdc bus (Zmcvs and Ymces) and LVde bus (Zigvs and
Yiges) can be expressed as:

Zyevs = Z 2,112,

m (1)
YMGCS = ZY:

i-1
Ziovs = Z|Z,--+11Z,

d (2)
YLGCS = ZY:

i=1
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For N-N system, the admittance Yim from the MVdc bus GH
port as well as the impedance Zo. from the LVdc bus port can v =Y+ 1
be derived as: 2 +Z
GHY, y )
inM = R — GH
1+2Y, Z, =7+ -
1 —+Y
GH v 3) Zy
Z,=Z+—% B B 1
1+YYL where ZM _ZoM —1+—1.
" ZMGCS ZMGVS

For T-T system, the admittance Yinm and the impedance ZoL
can be expressed as:

inM — Y+ GH

Z +Z
5
7 -7+ FH )

—+Y
ZM

1

where ZL = ZinL = ﬁ
+
ZLGVS ZLGCS

For N-T system, the admittance Yinm and the impedance ZoL
can be expressed as:

inM =Y+ GH
Z, +Z
GH ©)
Z, =7+
Yy+Y

Comparing (3) - (6), it can be seen that different forms of
multibus dc microgrid can be equal to each other, and then the
same expression for the admittance Yinm from the MVdc bus
port as well as the impedance ZoL can be obtained.

Moreover, for each bus port, the minor loop gain can be
obtained. Since the Yinm and Z,L are unchanged for different
simplified forms, and the impedances and admittances for
each bus, i. e. Zom, ZinL, YoM, ZoL, can be equivalent to each
other, the four minor loop gains can also be equal mutually.

According to the simplified forms of the multibus dc
microgrid, impedances or admittances for two buses can be
obtained, offering information for stability assessment based
on the minor loop gain. The stability of the two buses can be
investigated separately, which can be analyzed from a point of
decentralization.

IV. STABILITY ANALYSIS

A. Reformulated Nyquist Criterion

(d

The Nyquist criterion indicates that a system will be stable
if the number Z of RHP pole of closed-loop transfer function
equals to zero.

For T-N system, the admittance Yinm and the impedance ZoL Z=P—N (7)
can be expressed as: where P is the number of RHP pole of the open-loop transfer
function, and N is the number of times that the open-loop
transfer function anti-clockwise encloses (-1, jO).

Fig. 5. Four possible simplified forms for the multibus dc microgrid. (a) N-N
system. (b) T-N system. (c¢) T-T system. (d) N-N system.
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This criterion is useful in any system while it is complex to
count the N, and it provides little physical insight into design.
Existing stability criteria based on bode plot is widely used for
stability assessment as well as stability improvement from the
point of impedance specifications. However, it assumes that
each subsystem is stable, and if there is any RHP zero in the
subsystem, the RHP pole may be introduced to the open-loop
transfer function due to the inverse. As a result, existing
stability criteria come from a series specific cases of the
Nyquist criterion, which can only be applied with restrictions
on the systems. The main problems lie in that the P is
overlooked. Moreover, the identification between the Nyquist
diagram and bode plot should be considered in order to
simplify the design.

Refs. [34-35] give a method to calculate N using bode plot
instead of Nyquist diagram, like shown in Fig. 6, and making
it possible to use bode criterion to accurately express the
Nyquist criterion. Based on the concept, the Nyquist criterion
can be reformulated as:

Z=P-2(NC"-NC") (8)

where NC* is the number of crossing in the bode plot of the
open-loop transfer function with phase +r-180° (with n being
an odd number) when the gain is greater than 0 dB and the
phase increases; NC is the crossing number under the same
conditions as NC* but with a decreasing phase.

Magnitude/dB
AIm \
\ » "
R Ol T —— 'f
—
clc’ ¢ Phase/deg A
/ 0 ct 'f
-180[ ¢
(a) (b)

Fig. 6. Equivalent crossing in Nyquist diagram and bode plot. (a) Nyquist
diagram. (b) Bode plot.

This concept in [35] is used to obtain the generalized bode
criterion, which is also extended to multiple-input multiple-
output systems [36] as well as analyzing the stability of
interconnected converter systems [37].

B. Stability Prediction for a Multibus DC Microgrid

In order to evaluate the stability of multibus dc microgrid
without constraints on the subsystems, i.e. subsystems with
RHP zeros or RHP poles, the concept of crossing on Nyquist
diagram using the expression of bode plot is adopted.

The process diagram to assess the stability of multibus dc
microgrid is shown in Fig. 7. Steps A and B are described in
Section II. Impedances or admittances from each bus port are
obtained, which can be used for stability analysis according to
the minor loop gain. Section II illustrates that the four minor
loop gains for the four simplified forms of the multibus dc
microgrid can also be mutually equal. Considering the clear
physical meaning, the impedance-ratio for the MVdc bus port

and admittance-ratio for the LVdc bus port are adopted as an
example.

It should be noted that the Nyquist criterion supposes that
the order of the numerator of the open-loop transfer function is
lower than that of the denominator, or the frequency response
of the transfer function reaches to zero (corresponding to the
origin on the Nyquist diagram) at the infinite frequency [38].
Therefore, the frequency response of the minor loop gain for
each bus port of the multibus dc microgrid should be defined
as reaching to zero at the infinite frequency. The bode plots of
the admittances Yom and Yinm, impedances Zor and Zin. should
be depicted respectively to obtain the number of crossing point.

Step C gives identification of crossing from the point of the
bode plot, avoiding counting them by the Nyquist diagram. As
an example, Ysman and Yiage mean admittances that |Ysman| <
|Yiarge| at the infinite frequency, the impedance-ratio can be
defined as Ysman / Ylarge, while |Zsmall| < |Zlarge| at the infinite
frequency, the impedance-ratio can be defined as Zsmai / Ziarge,
which meets the assumption of the Nyquist criterion [37].

As it can be seen from Fig. 6, C* and C are denoted as the
crossing points with the phase +n-180°counted on the bode
plot when the phase increasing and decreasing and they are
valid if the gain is greater than 0 dB. When it comes to the
impedance-ratios Ysman / Ylarge and Zsman / Zlarge, as shown in Flg
8, C" means the crossing point in the bode plot of the Ysman or
Zsmall With phase ZYlarge + n-180° or ZZlarge + n-180° if the
phase increases when the gain of Ysman or Zsman is greater than
Yiarge OF Ziarge, denoted as positive area. C” means the crossing
point counted under the same conditions as C* but with a
decreasing phase.

m

% 100 Ziarge

'g 50 Q(Ylm‘gc) : :

g, ~—! ‘Z\mull( Ysmall)
<

=

0‘ > f

ln}/alid .
o0 C
3 ISOF»U/Q\‘,,-\C
Z o —>/
E Zarge(Yiarge)
11| = S S N W N
C i Zsmall(Ysman)

Fig. 8. Crossing of the Ysman / Yiarge and Zsman / Ziarge in bode plot.

After investigating the crossing numbers of the impedance-
ratios, the stability can be predicted in step D, where the
numbers of RHP poles in the impedance-ratios should also be
acquired. The RHP poles in the impedance-ratios can be
calculated as P(Ysmall / Ylarge) = Po(Ysmal]) + Ze(Ylarge) or P(Zsmall /
Zlarge) = Po(Zsmatt) + Ze(Ziarge), Where Ze denotes the RHP zeros.
The numbers of RHP poles or RHP zeros can be identified by
the pole-zero maps or observing the slope of gains and phase
change from the bode plot. According to (8), when Z = 0, the
stability of multibus dc microgrid can be evaluated.
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N Finding the positive area
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J

Thevenin or
Norton theory

Extension

Simplification form Single dc microgrid
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Bus )
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extension units)
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: crossing points C,
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crossing points
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NC™
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x
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D. Stability assessment  [-- % et 2 indi Stability :
’ N ° t’wm"/mmge)P0<Ymu)+ze(mmge> rladionship evaluation;
i Pole-ZEro map between P and N 5
Fig. 7. Process diagram to assess the stability of multibus dc microgrid systematically.
C. Extension to Other Grid Configurations G,H,
For the multibus dc microgrid with two voltages like shown wie = Ve ¥ 1 ‘
in Fig. 3, if there is no IBC connected, it can be regarded as [+Z,J+Z W 9
two single-bus dc microgrids. Based on (1) and (2), the ink! ©)
impedance-ratio or admittance-ratio of the single-bus dc Y 7 4 G,H,
microgrid can be further obtained, which are adopted to carry inkl " Tk Z,+7,
out the stability analysis, sharing the same stability prediction
process with that of multibus dc microgrid as shown in Fig. 7. GH
Moreover, if there are other intermittent bus converters ok * Y, +Y,
connected with neighboring dc microgrids, a dc microgrid G u (10)
cluster is constituted. The stability evaluation process of Zy,=Z,+ L
multibus dc microgrid can easily be extended. Fig. 9 shows a Yo+ LJ,L
typical cluster of multiple dc microgrids. The configuration in k Z, it
Fig. 9 can also be developed to other application scenarios
with more microgrids through intermittent bus converters or DC microgrid #k
other active power electronic devices / converters. | DG II—ESﬂl Load I
According to step A in the process diagram in Fig. 7, the § i
cluster of multiple dc microgrids can be described by GVS DC microgrid # DC microgrid #1

and GCS, as depicted in Fig. 10. Then intermittent bus
converters are equivalented by two-port models like step B,
and based on Thevenin or Norton theory where the simplified
form for cluster of multiple dc microgrids can be expressed.
As the same with that in multibus dc microgrid, the similar
equivalence with Fig. 5(d) is adopted in Fig. 11. The
admittances Yink, Yinr and the impedances Zoix, Zok can easily
be obtained:

ESS |eee

[
[
-]

Fig. 9. A typical cluster dc microgrids with more than two systems.

7

IBC #jk

7

Load |[** IBC #kl

Comparing Fig. 11 and Fig. 5(d), the difference is the
adding of extension unit due to additional connection of an
IBC and a neighbor dc microgrid. With the introduction of the
extension unit, the admittance Yiw is brought in. By
investigating the minor loop gains consisting of Yiu, Zojk, Zink
from bus port #k, as well as impedance-ratio from bus port #
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and admittance-ratio from bus port #/, the stability for the
cluster of multiple dc microgrids can be explored according to
steps C and D in Fig. 7. If more microgrids through
intermittent bus converters are connected, the method can be
extended easily by paralleling the extension units to the
corresponding bus port.

DC microgrid #/ DC microgrid #k DC microgrid #/

2 i

"8
-1

! H
W) Z 1 () Zn | a0 At
h@ " @ L (nI® i
DC
- DCD
IBC #jk IBC #ki

Fig. 10. Cluster of multiple dc microgrids described by GVS and GCS.

In conclusion, the proposed method can be extended to
single-bus dc microgrid and cluster of multiple dc microgrids
by taking out or adding the extension unit, acting as a
generalized approach for different configurations without
constraints on the subsystems. As a result, it is easy and
simple for the system with penetration of a large amount of
power converters and suitable for plug-play applications.
According to the method, the stability of each bus port in the
system can be evaluated separately.

Extension unit

Fig. 11. Simplified form of the clustering multiple dc microgrids.

It should be noted that even though the method is simpler
than many other conventional stability analysis methods, the
impedances or admittances of the adding dc bus port should be
calculated if other intermittent bus converters connected with
neighboring dc microgrids are introduced. Therefore, the main
disadvantage of the method is that with a very complex
multibus dc microgrid, the calculation of the impedances or
admittances of the adding bus ports are tedious. The bode
plots and zero-pole maps of impedances or admittances for
different bus ports should be provided which is a lengthy
process.

V. CASE STUDY

Theoretical analysis and experiments are conducted to
verify the validity of the proposed method. Fig. 12 depicts the
topologies and controls of the analyzed system. The
parameters are given in TABLE I. The unit 3 and unit 5 using
the voltage control can be regarded as constant power loads
(CPLs).

" LVdc
Unit 1 Ls iis
'__.L_| Unit 5
. S] Cs
Unit 4 m R“I;]'R_l:]
i Ly

LT -
. VA ey
¢ Ts Ls
S eS| [T 5 7 B .
l:]_ on TR S AT« ] Re ] T
—
Unit 3

[e% S.
& -ﬁR! D, ) IBC V1 PO PLPP WM S;
5

i >&>(7T] s.
Fig. 12. Topologies and controls of the analyzed system.
According to the aforementioned analysis, the Yom and Yinm

for MVdc bus port, the Zor and ZinL for LVdc bus port can be
expressed as:

zZ +Z 1 H
YoM:YM:P—3+_’ Yom=Y+ G
YAA Z, Z +Z
’ (11)
Z 7
Ly =2, :ZG—S» Zy=Z+
s+ Zg Y, +Y

where 73, Zyv and Zs are the input impedances of the Unit 1,
Unit 3 and Unit 5 respectively; Z> and Zs are the output
impedance of Unit 2 and Unit 6 respectively; Y, H, G, Z
represent the two-port model of Unit 4, which can be obtained
by using the small-signal circuit models of the source
converter, the bidirectional converter and the load converter
[22, 39-40].
TABLE I PARAMETERS OF THE SYSTEM
Parameters  L: Cini Rim Cor Roi Vweer
Values 100pH 100pF 0.1Q 100puF 0.1Q 15V
Parameters L Cin2 Rinz Coz Ro2 Vbat
Values  100pH 100pF  0.1Q 100pF 0.1Q 24V
Parameters Ve Ls Co3 Ro3 14 Ly
Values 48V 200uH 100uF 0.1Q 12V 200uH
Parameters 1 Cos Ros Ls Cos Ros
Values 1A 100puF 0.1Q 200pH 100pF 0.1Q
Parameters  V: L¢ Cos Ros Vin Viret
Values 12V 200pH 100pF 0.1Q 60V 24V
In order to verify the effectiveness of the stability
evaluation method, different cases, including two stable buses,
one stable bus and two unstable buses by changing the loads
of MVdc bus and LVdc bus, are tested.

The bode plots and pole-zero maps for MVdc bus port and
LVdc bus port when R3=10Q, Rs=10Q; R3 =5 Q, Rs =8 Q,;
Ri=3Q,Rs=8Q; R3 =10 Q, Rs =3 Q, are depicted in Fig.
13 and Fig. 14. Based on the stability analysis shown in Fig. 7,
the corresponding results are extracted in TABLE II.

As it can be seen in Fig. 13, the magnitude of Yom is larger
than that of Yinm, and the magnitude of ZoL is larger than that
of ZinL. When R3 = 10Q and Rs = 10Q), there is a crossing point
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in the MVdc bus port and no crossing point in the LVdc bus
port, which means that the N =2 for the MVdc bus port and N
= 0 for the LVdc bus port. In addition, the corresponding pole-
zero maps shown in Fig. 14(a) indicate that the admittance Yom
of the MVdc bus port has two RHP zeros and the admittance

Magnitude/dB
Magnitude/dB

24

Yiom of the MVdc bus port has no RHP pole, while the E_%g E

impedances Zor and ZinL of the LVdc bus port have no RHP = 720 =

zero or pole. Therefore, both the MVdc bus port and the LVdc 0t Frenq'f:ncy,Hzl()4 10° w0t Fren;l?:mymz“ﬁ 10°
bus port satisfy equation (8), indicating that both the MVdc )

bus port and the LVdc bus port are stable. Fig. 13. Bode plots of Yium, Yom, ZinL, ZoL under different loads. (a) R3 = 10 Q,
When R3 = 5Q, Rs = 8Q; R3 = 3Q, Rs =5Q; and R3 = 10QQ, Rs=10Q B)R=5Q Rs=8Q.()R3=3Q Rs=5Q () R3=10Q, Rs =

Rs = 3Q, there is a crossing point in the MVdc bus port, and a 3Q

crossing point in the LVdc bus port. The differences of the «10* «10*

above situations lie in the number of RHP poles and zeros. For ! @ : 2 ®

R3 =5Q, Rs = 8Q, the admittance Yom has two RHP zeros and

g5
the admittance Yinm has one RHP pole while the impedances 3 @
ZoL has two RHP zeros, and Zin. has no RHP pole, which 2
indicates that the MVdc bus port is unstable and the LVdc bus § 0
port is stable. When R; = 3Q, Rs = 5Q, both Yinm and ZinL have g C |
one RHP pole while both Yom and Zo. have two RHP zeros, é"s & ol .. @ ‘f

failing to satisfy (8). Therefore, both the MVdc bus port and
the LVdc bus port are unstable. When R3 = 10Q, Rs = 3Q,

1 O
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bus voltage because both Yimm and Zine have one RHP pole
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Fig. 14. Pole-zero maps of Yinm, Yom, Zin, ZoL under different loads. (a) R; = 10
Q Rs=10Q.(b)R3=5Q,Rs=8Q. () R:=3Q,Rs=5Q. () R3=10 Q, Rs
=3Q.

TABLE II STABILITY BASED ON THE BODE PLOTS AND POLE-ZERO MAPS

R3=10 R3=5 R3=3 R3=10
Loads Rs=10 Rs=8  Rs=5 Rs=3
Po(¥Ysman) Po(Yim) =0  Po(Yim) =1 Po(Yim)=1 Po(Yiam) =1
Z(Yarge) Z(Yom)=2 Z(Yom)=2 Zl(Yom)=2 Ze(Yom)=2
Mvde N 2 2 2 2
Stability stable unstable unstable unstable
Po(Ysman) Po(Zin) =0  Po(Zin) =0  Po(Zin) =1 Po(Zinn) =1
Ze(Ylarge) Ze (ZOL) =0 Ze(ZoL) =2 Ze(ZoL) =2 Ze(ZoL) =0
LVde N 0 2 2 2
Stability stable stable unstable unstable

Steady state experimental waveforms for MVdc bus and
LVdc bus under different Rs and R3 are presented in Fig. 15. It
can be seen that with Rz = 10 Q, Rs = 10 Q, both the MVdc
bus and LVdc bus are stable. It is observed from Fig. 15(b)
that when Rz = 5Q, Rs = 8Q, there are very small oscillations
existed in unit 2 and unit 3 at the MVdc bus port while there is
barely no oscillation existed in unit 5 at the LVdc bus port.
The MVdc bus voltage is unstable and LVdc bus voltage is
stable. The oscillation in the MVdc bus port is very small and
the unit 2 and unit 3 will absorb the oscillation. Even though
there are interactions between the two bus ports, the very
small oscillations in the MVdc bus port will have little effect
on the LVdc bus port. Large oscillation occurs in MVdc bus
and LVdc bus due to small Rs or R3, i.e. B3 =3 QorRs =5 Q.
When Rs is small, the oscillations occurring in the LVdc bus is
more likely to be worse that in the MVdc bus.

wwi(20V/div) ve3(5V/div)
° ve(10V/div) Y Vos(SV/div)
) Veu(10V/div) i ) :
e g T s #(1ms/div) is(1A/div)
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(a)
V20V /div) Ve3(5V/div)
) v (10V/div) .
isQA/iv) | Yos(5V/div)
o Vn(10V/d) [ mmmis)
L ZLS:IA/dIV
T ia(1A/div) t(2ms/div) {(2ms/div) i
(b)
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I8 ; z(lmW
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10V/di P T
) it il Vos(SV/div)
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Fig. 15. Steady state experimental waveforms for MVdc bus and LVdc bus
under different Rs and R3. (a) Rs=10Q, Rs=10Q. (b) R: =5 Q, Rs=8 Q. (¢)
R3=3Q,Rs=5Q.(d)R:=10Q,Rs=3 Q.

i

i5(2.5A/div)

Dynamic experimental waveforms are obtained by changing
Rs from 10 Q to 3 Q to demonstrate the system stability before
and after a load variation, like shown in Fig. 16. As can be
seen, when the load is 10 Q, the system is stable while bus
voltages cannot be regulated stably and oscillations show up
after stepping to 3 Q.

It is concluded that the experimental results are
corresponding to the obtained results of the proposed stability
evaluation method.

I - B . o
2OV o Vex(SV/div)
B VL(I OV/d]V) i -
j V)| ves(5V/di
T (10V7div) W iLa(2.5A/div) ‘ Vos(5V/div)
| iLi(Z.SA/divi ’
’ t(4ms7§iv")' " »""""/t(4ms/div) - is(2.5A/iy) ¢

Fig. 16. Dynamic experimental waveforms for MVdc bus and LVdc bus when
Rs steps from 10 Q to 3 Q.

To make a better clarification for the features of the
proposed stability criterion, TABLE III is given to compare
some classic impedance-based stability methods. The
impedance-based methods are widely used by scholars and
researchers. The criteria using forbidden regions based on the
Nyquist stability criterion are testing the Bode plots of
individual impedances of subsystems to evaluate the stability
for cascaded system, and the precondition is that there is no
RHP pole in the minor loop gain. The impedance sum criteria
based on Cauchy’s Argument Principle, test the RHP pole in
whole system’s closed-loop characteristic polynomial. In this
method, assuming there is no RHP pole in each subsystem, the
stability can be assessed by checking the RHP zero of
impedance sum. It can be known from [23 - 25] that the power
electronic system can be categorized as Z + Y system, Z + Z
system, Y + Y system. For Z + Y system, there should be no
RHP pole in subsystems to meet the precondition that the
minor loop gain ZY has no RHP pole. For Z + Z system and YV
+ Y system, there should be no RHP pole and zero in
subsystems because the minor loop gains are Z/Z and Y/Y.
Therefore, there are constraints of RHP pole and zero on
subsystems if the criteria based on forbidden regions and
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impedance sum criteria are used. Moreover, these two
methods analyze the simple system with direct power flow,
with the increasing of system complexity, it will be more
complicated.

[22] is an extension of criteria using forbidden regions
which considers different power flow in dc distributed power
system with single bus, providing a simple and general
stability assessment. Since it is extended from the forbidden
regions, the method in [22] is also assuming that there is no
RHP pole in the impedance ratio. It is complex to analyze the
stability of dc distributed power system with multiple buses
because the existing of intermittent bus converter will
introduce bi-direction power flow. Therefore, there are
interactions of power converter in each distributed power
system as well as interactions between different distributed
power systems. Ref. [31] proposes an assessment method by
using the general form in [22] to simplify the dc distributed
power system with two buses. There are four kinds of input-

to-output transfer functions based on different input variables
with a total of twenty forms, which should be recalculated
with the plug-and-play applications. Moreover, it is difficult to
be extended with introduction of other buses because there are
many operation modes for intermediate bus converters as well
as high dimensionality. In the proposed method, the number of
RHP pole of the open-loop transfer function for the system is
considered in the criterion and there is no precondition so the
stability of system consists of subsystems with RHP pole and
zero can be analyzed correctly. Moreover, the stability of each
bus port can be analyzed by checking the bode plots and zero-
pole maps of impedances or admittances for each bus port.
Therefore, by introducing extension unit, it is very easy to
extend the method when other buses are connected. The
lengthy process and tedious calculation for the adding bus
ports are needed when it comes to investigate very complex
system even though the method can be used.

TABLE III COMPARISONS

Impedance-based
stability assessment
methodology [31]

Proposed method

DC distributed power
system with multiple
buses

Multibus dc microgrid

Assuming no RHP pole
in the impedance ratio

Without constraints of RHP
pole and zero on the
subsystems

Providing an effective
way to analyze the
stability of dc
distributed power
system with two buses

Stability of each bus can be
evaluated separately; providing
a very simple way to evaluate
the stability of complex
systems; easy to be extended

Criteria using Imped Impedance-based
mpedance sum
Methods forbidden regions [13- ‘p . local stability
criteria [23-25] L.
18] criterion [22]
DC distributed
. Cascaded system with DC distributed power .
Configurations . s power system with
single bus system with single bus .
single bus
Assuming fixed power Assuming no RHP Assuming no RHP
Preconditions flow and no RHP pole pole in the impedance pole in the
in the minor loop gain sum impedance ratio
Providi impl
Intuitive and effective Intuitive and effective rovicing a sun.p. ©
Advantages . . and general stability
for simple system for simple system
assessment
Having constraints of Having constraints of Havi traint
aving constraints
. RHP pole and zero on RHP pole and zero on g
Disadvantages of RHP pole and
subsystems as well as subsystems as well as
L L zero on subsystems
power flow direction power flow direction

Being high
dimensionality,
unsuitable for plug-and-
play applications and

Lengthy process and tedious
calculation are needed with
analyzing very complex system

complex to be extended

VI. CONCLUSIONS

In this paper, simplified forms for the multibus dc microgrid
are discussed in detail. Then, based on the concept calculating
the number N of times that the open-loop transfer function
anti-clockwise encloses (-1, jO) by using bode plot instead of
Nyquist diagram, a systemic stability evaluation method for
the multibus dc microgrid is proposed, possessing simplicity
and intuition. Experimental results indicate effectiveness of
the proposed method. The research results of this stability
evaluation method are concluded.

1) The stability method for multibus dc microgrid is applicable
without any constraints on subsystems, i.e. there is no
assumption that the subsystem should have no RHP pole
and zero.

2) The stability of the multibus dc microgrid for each bus can
be evaluated separately, providing a simple and new

approach to evaluate the stability of complex systems. The
impedances and admittances of the MVdc bus port and the
LVdc bus port can be obtained, which are used to evaluate
the stability of the MVdc bus as well as the LVdc bus
respectively. It is concluded that with a relatively small load
in MVdc bus port (or LVdc bus port), the oscillations in
MVdc bus voltage (or LVdc bus voltage) will affect the
LVdc bus voltage (or MVdc bus voltage). There is a
stability interaction between different bus ports. And the
bus port with the smaller load will suffer from more serious
oscillations.

3) This paper focuses on the stability analysis of dc microgrid
with two buses, which can be extended to more complex
system. By adding extension units, the cluster of dc
microgrids (multibus de microgrid with many buses) can be
investigated through checking bode plots and zero-pole
maps of each bus port. Moreover, by taking out of the
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extension unit, the single-bus dc microgrid can be analyzed
using the proposed process. The proposed method can act
as a generalized approach for investigating different
configurations.
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