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Abstract—Coupling interaction within multisource and multi-
load (MSML) challenges the stable operation of dc microgrids. To
disclose the essential mechanism, a detailed small-signal model of
the MSML dc microgrid is established first. Then, the relations
between coupling parameters and stability margin are investigated
using modal analysis and participation factor. Two important corol-
laries are discovered: 1) in a three-source system, when the sources
distribute in the two long and one short of the transmission lines, the
system can achieve the largest stability margin; and 2) the increase
of power sources will induce an impedance augmentation effect and
improve the stability margin. Thus, an interaction-rule-based op-
timization method is proposed to adjust the controller parameters,
which can not only raise damping and improve stability margin but
also provide inertia for the system. Substantial theoretical analyses
and hardware-in-the-loop experiments further verify these findings
and the effectiveness of the proposed method.

Index Terms—DC microgrid, interaction-rule-based optimi-
zation, multisource and multiload (MSML), stability analysis.

1. INTRODUCTION

HE increasing penetration of renewable energy makes dc
microgrids widely concerned [1]. DC microgrids need
neither reactive compensation nor frequency and phase control,
which can reduce power loss and ensure high efficiency with
simple control [2], [3], [4]. In addition, energy storage resources
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can be easily integrated into the dc distribution system, making
distributed generations (DGs) more popular. Most loads are
connected to the dc microgrids by power electronic converters
and are usually represented as constant power loads (CPLs).
However, CPL exhibits a negative impedance that makes dc bus
voltage sensitive. This may lead to instability and reduce power
quality in some circumstances. Therefore, with the integration
of DGs and CPLs, multisource and multiload (MSML) dc mi-
crogrid becomes a hot research topic [5], [6], [7].

The primary control of the dc—dc converter includes inner loop
control (current/voltage regulation) and droop control (power
sharing) [8]. In the MSML system, droop control has been
widely used to avoid dependence on communication lines [9].
Power generation of DG is intermittent, which can lead to acute
fluctuation in dc bus voltage and incur harmful effects on DGs
and CPLs. Therefore, virtual inertial control is introduced to
improve the voltage quality of the dc bus. At present, a variety of
virtual inertial control methods are proposed, including variable
droop coefficient, supplementary differential control, and analo-
gized virtual synchronous machine [ 10]. Considering the inertial
support of island model, it is necessary to establish an MSML
system with droop control and virtual inertial control, which is
more congruent with the practical engineering requirements.

The research focus of dc microgrid operation is stability
analysis [11]. Major methods for small-disturbance stability
analysis include impedance analysis [12], [13] and eigenvalue
analysis [14], [15]. Impedance analysis focuses on the exter-
nal characteristics of the study object. Eigenvalue analysis can
characterize the key information of the dynamic stability of the
system, including the distribution of oscillation and the contri-
bution of state variables to the oscillation [16]. This information
is indispensable for the optimizing overall layout and control
strategy of the dc microgrids [17]. Therefore, the eigenvalue
analysis is an effective method to analyze small-disturbance
stability [18].

The method of eigenvalue analysis studies the system stability
by analyzing the trajectory of the eigenvalues [ 19], [20]. Scholars
have done a lot of research on the key parameters that affect
the stability of dc microgrids, mainly including parameters of
transmission line, the number of sources/loads, and control
parameters. In [21], a reduced-order linearized system model
is established, which proves that the stability margin of the
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system can be increased when the equivalent resistance of the
transmission line increases or the equivalent inductance
decreases. At the present stage, the research is still focused on
the length of a single transmission line [22], [23]. However,
there is no research on the influence of the mutual matching of
transmission line lengths among DGs on the system stability,
so it is necessary to study the line layout in the MSML system.
In [24] and [25], eigenvalue analysis is used to discuss the
instability risk caused by the same DGs or CPL aggregation. In
the mechanism analysis, most of the existing work summarizes
some rules, which draw graphical results but cannot explain
the essential mechanism. For the case of DGs connecting to
the power grid, the existing research is that with the increase in
the number of DGs, the total output power of the DGs will also
increase, which is not conducive to stability [26]. At present,
the internal mechanism of the relationship between the number
of DGs and the system stability is rarely studied, especially in
the case of constant total power under islanded operation.

Itis worth noting that the study of the influence of multicontrol
parameter interaction on system stability is still limited. The
existing research is mainly based on the model of multicontrol
with a single source or single control with multisource. In [27],
the influence of the interaction between the phase-locked loop
and voltage regulator on the stability margin of high-voltage dc
transmission systems is studied under weak grid. This strategy
only establishes a model of the single source to study the
interaction of different control parameters and does not take into
account the influence of multisource; thus, it exhibits limitations.
A coupled droop control strategy is proposed to study the influ-
ence of droop gain on system stability after multisource [28]. In
this method, a multisource model is established, but the interac-
tion between other control loops and droop control is ignored.
In [29], considering virtual inertia control and droop control, the
influence of multisource control combination on system stability
is studied. However, this study did not address the impact of
the interaction of two control parameters on the stability of
the multisource model. As a result of the above problems, it
is difficult to determine the parameter range and adjustment
direction of the MSML system. Therefore, it is necessary to
study the interaction between multicontrol parameters in the
multisource model.

There are three methods to improve the stability of dc mi-
crogrids: adding damping loop; installing suppression device;
and optimizing parameter [30], [31], [32], [33]. The additional
damping loop can be effectively controlled for a specific fre-
quency band. However, when the operating point of the system
changes, the control parameters of the damping loop cannot be
adjusted accordingly. The installation of the suppression device
is applicable to projects that have been put into operation. It is
flexible and simple, but the cost is high. Parameter optimization
can quickly improve the system stability without changing the
control structure and increasing cost. This method is relatively
direct and effective. In [32], particle swarm optimization (PSO)
is used to determine the optimal droop values of the dispatchable
DGs in order to simultaneously reduce the fuel cost, increase
system damping, and push the most dominant eigenvalue away
from the imaginary axis to the left of the complex plane. In [33],
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an optimal operation of a droop-controlled stand-alone dc mi-
crogrid with combined small-signal stability and economic-
environment-related objectives is proposed. However, the above
literature adopts a single control factor in the process of parame-
ter optimization. The interaction of multiple control parameters
is not considered for optimization.

Based on the above analysis, the system presents the following
challenges.

1) At present, the impact of transmission lines on system
stability is still in qualitative or quantitative analysis of
the change law of single line length. However, when
there are numerous power sources, the problem of how to
coordinate transmission lines to optimize system stability
is rarely studied.

Currently, many studies focus on how the variation of over-
all load power affects the system stability as the number of
power sources changes. Nevertheless, while the system’s
overall load power remains constant, the influence of the
number of power sources on the system stability gets little
research.

Most of the research on the optimization method of control
parameters is based on the artificial intelligence algorithm
to obtain the optimal parameters, which has certain limita-
tions on the adaptability of working conditions. However,
the optimization method based on the interaction of con-
trol parameters is rarely considered.

The main contributions of this
follows.

1) When three sources are used for power supply, the stability
margin is greater when the source-side line is “two long
and one short (TLOS)” than when it is “two short and one
long (TSOL).” The reason for the difference is that the
coupling degree of state variables in the dominant modes
affects the change of the eigenvalues’ real part.

When the load power of the system is constant, the system
stability can be improved by increasing the number of
power sources. The increase in the number of power
sources will enhance the equivalent impedance of the
source side, resulting in the impedance augmentation ef-
fect (IAE).

Considering the interaction of virtual inertia coefficient
and droop coefficient on the system stability, an opti-
mization method of control parameters based on the in-
teraction rule is proposed to improve the system stability
and make multisource provide more inertia. Compared
with the results of PSO, the proposed method is more
satisfactory.

The rest of this article is organized as follows. Section II es-
tablishes a full-order small-signal MSML DC microgrid model
and calculates the eigenvalues. In Section III, the influence
of transmission lines, multisource, and multiload on stability
margin of the system is studied. Section IV examines the inter-
action of virtual inertia control and droop control parameters be-
tween multiple sources and proposes an interaction-rule-based
optimization method. Section V builds a hardware-in-the-loop
experimental platform based on the model. Finally, Section VI
concludes this article.

2)

3)

article

are as

2)

3)
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II. SMALL-SIGNAL MODELING OF DC MICROGRID

The MSML dc microgrid composes of DGs, dc transmission
lines, and CPLs, as shown in Fig. 1. Next, small-signal modeling
of each part is carried out.

A. Small-Signal Modeling of DG

As shown in Fig. 2, the DG adopts droop control and virtual
inertia control of a bidirectional dc—dc converter. Droop control
ensures the power distribution among multiple sources. Virtual
inertia control is similar to the working principle of the capacitor,
aiming to improve the system inertia and regulate the dynamic
behavior of dc bus voltage. d is the duty ratio of the bidirectional
converter. v, and 4, are voltage and current before the conversion
of DG, respectively. i is the reference value of 4. v, and i, are
the outlet voltage and current after conversion, respectively. von
is the rated value of v,. Ry, Ly, and C; are parasitic resistance,
filter inductance, and support capacitance, respectively. S is the
output after square deviation of v,y and v, passes through the
first-order inertia loop. S; is the integral process of proportional—
integral (PI) current loop. 7 is the time constant. s is the Laplace
operator. Kgroop is the droop coefficient. Ciiy, is the virtual
inertia coefficient. k, and k; are the proportional and integral
coefficients of the PI current loop, respectively. The state-space
model of DG is shown in (1), and the small-signal model of DG is

Current Voltage

]
:
:
inner loop outer loop
:
:
:

Fig. 3. Control strategy diagram of CPL.

shown in (2)

Ly =y, — (1 — d)v, — Ryip,

ds, 1,2 2

dar T(UON — U5 — SV)
L= Ipret — Ip

dt re

g 1 vl M
VT Ts+1 s

; _ o . Cuir 2 2

lbref = Kdroop%)(”oN - Uo) + QTUE (voN —Ug 7SV)
d= kp@bref - Zb) + kiSi

dacb

T Apxy, + By, (2)

where zp, = [Ady, AS,, AS]T and v, = [Av,] T The presence
of “A” indicates the state variable.

B. Small-Signal Modeling of CPL

As shown in Fig. 3, the CPL adopts a buck circuit for voltage
conversion and the double-loop control strategy of voltage—
current. g is the duty ratio of the buck circuit. v, vLn, and v,
are the inlet voltage before CPL conversion, rated voltage, and
actual voltage of CPL, respectively. 4. is the current before the
conversion. ¢, and 7 r are the current of CPL and its reference
value, respectively. R and Cf are the parasitic resistance and
support capacitance of the load side, respectively. L and Cp, are
filter inductance and filter capacitance, respectively. S, is the
integral process of the PI outer loop. Si. is the integral process of
the Pl inner loop. kyr, and kyr; are the proportional and integral
coefficients of the PI outer loop, respectively. ki, and kj; are
the proportional and integral coefficients of the PI inner loop,
respectively. P represents the power of CPL. The state-space
model of CPL is shown in (3), and its small-signal model is
shown in (4)

di ‘
Ly = gup — v — Ryiv
Cy, 4AT) P N &

dS dt L UL

v = uLN — UL
L TN 3)

at . = Lref — L

itrer = kyvip (VLN — vn) + EvLiSvr
9 = kiLp(itret — in) + KkiLiSit
dCCL

T Arxr, + Bror 4)
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where Iy, = [AiL, A?)L, AS\,L, ASjL] T and Vf = [AUF] T.

C. Small-Signal Modeling of the System

As shown in Fig. 1, the dc transmission lines are between the
DGs and the CPLs. vpc is the voltage of the common bus. Ry
and L, are the resistance and inductance of the transmission line
at the source side, respectively. Rr and L are the resistance and
inductance of the load-side transmission line, respectively. Cpc
is the support capacitance of the common bus. The state-space
model of the dc transmission lines is shown in (5), and its small-
signal model is shown in (6). The length of the transmission
lines from DGs 1, 2, and 3 to the common bus is 4, &y, and b3,
separately

dvon ; ;
Csn gt - (1 - dn)zbn — lon
B . , . . . .
Cpc ™59 = lo1 + 102 + 103 — fdcl — dc2 — fdc3

dvp, - .
CFn dlz = %den — YnlLn (5)
di .
Lgp ;n = Von — vDC — Rsnion
tden — ;
LFn ;tc = UpC — VFn — RFnchn
dxq123
p7an Dgji123T4123 (6)

where 4123 = [Avor, Avy2, A3, Avpe, Avgy, Avpy, Avgs,
Aoty Nigpy Moz, Niger, Nigea, Aiges] T
In summary, the small-signal model of the system is

ATy
dt

= Asysmsys N
where Ty = [Ty, TLn, Ta123) T 2, is the state variable of
three DGs, x1,, is the state variable of three CPLs, and x4123 is
the state variable of three transmission lines (n = 1, 2, 3). Ay,
is the state matrix of the system, as shown in (8). Ay, ALy,
By, Br.,,, Cy,, CL,, and Dy ,3 are shown in the Appendix.
The subscript of the state variable in the equation is 0, which
refers to the steady-state value. The subscripts are 1, 2, and 3 to
distinguish the parameters of different DGs and CPLs

Ay 0 0 0 0 0 By,
0 A 0 0 0 0 Bys
0 0 Aps 0 0 0 Bys
Agw=|0 0 0 Ay 0 0 By
0 0 0 0 Apo 0 By
0 0 0 0 0 A3 Bis

[Cb1 Ch2 Crz Cri Cra Crz Daias|

®)

D. Oscillation Mode Identification

The system parameters of the MSML dc microgrid are shown
in Table I. The parameters are defined as the standard values.
Substituting the parameters into Ay to calculate the eigen-
values, it can be seen that the system has 34 eigenvalues, and
the distribution of eigenvalues is shown in Fig. 4. The system
has 12 groups of oscillation modes. The influence degree of
state variables on modes is decoupled by the participation factor
method. According to Figs. 4 and 5, the oscillation modes of
system are identified and categorized into three colored groups.
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TABLE I
SYSTEM PARAMETERS

Parameter Value Parameter Value
Vbn 120 V Cyirbn 0.05
Run 0.001 2 Kdroopn 1
DGs Ly, 500 uH kpn 0.0005
Cqn 0.0055 F ki 0.1
VoN 800 V T 0.05
Vin 400 V kyLpn 10
Ry, 0.1 Q2 kyLin 100
CPLs LLn 2 mH kin,l 0.001
CLp 0.001 F kiLin 0.05
Cryy 0.0055 F P, 10 kW
VDC 800 V CDC 0.0055 F
Rqi 0.003/2 Q Rp 0.312 Q
L 20/2 uH L 2/2 uH
DC transmission lines Ry, 0.003/3 Q Rp> 0.3/3 Q
Ly 20/3 uH Lp 2/3 uH
Rg 0.003/6 Q2 Rp3 0.3/6 Q
L53 20/6 ,LLH LF3 2/6 /J,H
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Fig. 4. Analysis of system eigenvalue and participation factor.

1) Aj—A¢ are mainly associated with the state variables of
voltage and current of the source-side and load-side lines.
The blue group is related to the overall coupling.

A7—Xg are associated only with state variables inside the
CPLs. The orange group represents the coupling of CPLs.
A10—A12 are mainly associated with state variables inside
the DGs. The yellow group denotes the internal coupling
of DGs. In addition, the dominant modes A;—A3 under the
parameters in Table I are related to the voltage and current
changes of the source-side line.

The matrix A,y exhibits ten real eigenvalues (gray group),
which are all negative and not sensitive to the system parameters
and the operating point. Therefore, they are not of significance
with respect to the system dynamics and are not further dis-
cussed [16], [24]. In this article, the stability margin of the
system is expressed by the distance between the real part of
the maximum oscillation mode and the imaginary axis.

2)

3)
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III. STABILITY ANALYSIS CONSIDERING HOMOGENEOUS
PARAMETER INTERACTION

A. Variation of Transmission Lines

For a uniform network where the impedance per unit length
of each line segment is equal, the equivalent line impedance is

an = (Zizl Rsn + jw Zi:l LSﬂ) lbn- (9)

The total length of the transmission lines at the source side is
set to per unit value . That is, ly;+lo+k3; = 1 p.u. The stability
margin under the change of line parameters is shown in Fig. 6.
As shown in Fig. 6(b), the stability margin of the system is
minimum when it approaches zero along the direction of k, =
;. The TSOL means bz > ly, b, and the “one long” of 4,3 is
more than ten times that of the “two short” of f, and [,;. The
more asymmetrical along the },, > l direction, the greater the
stability margin of the system. The TLOS means ks, by > b,
and the “two long” of I3, l is more than ten times that of the
“one short” of ;. The analysis is as follows.

The root locus of the dominant modes in the two directions
by = lp; and lyy > ly; is shown in Fig. 7. As shown in Fig. 7(a),
with the gradual decrease of },, and l,;, dominant modes A and
Ay get closer. When close enough, the two sets of frequencies
are superimposed on each other. Subsequently, the dominant
modes A; and X, repel each other. It can be seen that, due to the
symmetry of f, and },;, the dominant modes A; and A, interact
with each other. As ly, and [,; become smaller and smaller, they
will repel each other along the real axis. As shown in Fig. 7(b),
along the direction },, > l, the imaginary parts of dominant
modes A; and A, keep moving away. Besides, they have no
intersection and are far away from the imaginary axis. It can be
seen that as the asymmetry of y, and k,; increases, the interaction
between dominant modes A and A, becomes weaker.

Then, the participation factor of the dominant modes in two
directions ly, = l; and hy > l; of Fig. 6(b) is analyzed, as

Stability Margin

Stability Margin

Fig. 6. Stability margin. (a) Variation of three transmission lines when
lb1+l2+l3 = 1 p.u. (b) Partial enlargement of (a).

shown in Fig. 8. In the direction of 4, = &, Fig. 8(a)—(c)
illustrates that two short lines corresponding to state variables
A1, Avga, Ador, and Ay are coupled between the dominant
modes A, and A3, which indicates that the dominant modes have
identical characteristics. This results in the mutual repulsion of
modes A, and A3 in the complex plane shown in Fig. 7(a). The
interesting phenomenon is similar to “like charges repel each
other.” The reason for the decrease in stability margin in TSOL
transmission is the repulsion of the same dominant modes. It
can be seen from Fig. 8(d)—(f) that the state variables of the
three lines gradually decouple from the three dominant modes
along the direction of },, > k. The similarities between the
three modes gradually weakens and the difference increases.
By observing Fig. 7(b), it can be found that the real part of the
three dominant modes is gradually approaching, which indicates
that the modes of different properties attract each other. The
interesting phenomenon is similar to “unlike charges attract
each other.” Therefore, under TLOS transmission with increased
stability margin, the state variables of voltage and current in
the dominant modes will be decoupled, resulting in attraction
between highly different modes.

Next, the applicability of the above conclusions is verified
under different parameters and output power of the DGs. First
of all, two sets of different virtual inertia coefficients are taken
under other parameters are standard. The stability margin under
the change of three transmission lines is analyzed, as shown in
Fig. 9(a) and (b) . Two groups of different droop coefficients
are taken to represent the difference in the output power of
the DGs. The above analysis is repeated, and the results are
shown in Fig. 9(c) and (d). As can be seen from Fig. 9(a)—(d),
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Fig. 7. Root locus of the dominant modes. (a) Variation of direction along ly»
= Iy in Fig. 6(b). (b) Variation of direction alongl,, > l; in Fig. 6(b).

the conclusion that “ stability margin is larger when the three
lines at the source side are under TLOS transmission than
TSOL transmission” is valid. Moreover, from the analysis of
participation factor in Fig. 5, modes 46 affected by changing
the parameters of load-side line are not the dominant modes.
The influence of these parameters on the stability margin can be
ignored.

B. Variation of Multisource and Multiload

Under the same ideal condition, the total power of the three
CPLs remains constant. The analysis of eigenvalue and partic-
ipation factor under multisource parallel is shown in Fig. 10.
In Fig. 10(a), with the increase of DGs, the stability margin
increases gradually. It is explained as follows.

Assume that the equivalent impedance of the source side
is v,/4, under one DG connection. All the variables here are
steady-state values. When n DGs are connected, the total equiv-
alent impedance at the source side is v)/7,. And the current
of n DGs is reduced to i,/n after being equally divided, so
that v) rises slightly due to characteristics of droop control,
that is, v) > v,. Since the load power remains unchanged, there
is 4, < 1, so there is v./i, > v, /4, which is obvious that the
source-side impedance increases after multisource in parallel.
The phenomenon that the output impedance increases with the
increase of DGs is called the IAE.

From the participation factor analysis of the dominant modes,
the state variable Ar,,, = Ay, /Al of the output impedance
is assumed according to Figs. 4 and 10(a). The impedance par-
ticipation for the dominant mode 1, is the parallel form of Ar,,.
When there are multiple dominant modes, the participation AR,
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of the output impedance is the sum of multiple A;, where j
represents the number of dominant modes. The expression of
AR; is shown in (10). Fig. 10(b) shows the multisource output
impedance participation, which can be seen as AR} < AR, <
A Rj3. This also confirms the results of IAE from the side. The
IAE makes the dominant modes of the system far away from the
imaginary axis and improves the system stability, which verifies
the situation in Fig. 10(a)

> hilror//. -/ [Ton)

i=1

AR, =

J
Avgy Avgy,
=3 (AZ,O1 //"'//Az’on)'

In addition, when the number of DGs is three, Fig. 11 shows
the system eigenvalue under the condition of increasing the
same CPL. It can be found that dominant modes A, A,, and A3
gradually approach the imaginary axis, and the stability margin
decreases. The results show that increasing CPLs only causes the
movement of the dominant modes by affecting the output power
of the DGs, but does not affect the change of the participation
factor in the dominant modes. This can be seen from the result
of substituting (10) in Fig. 11, which does not produce the IAE.

(10)

IV. INTERACTION-RULE-BASED OPTIMIZATION METHOD FOR
CONTROLLER PARAMETERS

A. Dynamic Analysis of Virtual Inertia Coefficient and Droop
Coefficient

Under the standard parameters, the influence of virtual inertia
coefficient and droop coefficient of the three DGs on the stability
margin is studied. On this basis, the stability margin of the
two parameters is shown in Fig. 12. When the two kinds of
parameters of each DG become smaller, the real part of the
dominant mode is smaller, and thus, the system has a larger
stability margin. The analysis is as follows.

According to (1), the voltage—current equation related to the
control parameters can be obtained. It can be seen that the smaller
virtual inertia coefficient and droop coefficient, the larger the
corresponding equivalent impedance of the DG. The dominant
mode of the system is far away from the imaginary axis, the
system has greater damping, and the system is more stable.
Moreover, the minimum value of the virtual inertia coefficient
can be zero, in which case the virtual inertia control does
not participate in regulating the dynamic behavior of dc bus
voltage. As the droop coefficient decreases, the stability margin
will increase. However, the voltage of the dc bus will drop.
While pursuing the maximum stability margin, it is necessary
to consider that the deviation of voltage bus is within 5%, so the
value of droop coefficient cannot be zero.

Fig. 13 shows the dynamic characteristics of the dominant
mode under the variation of droop coefficient. When the droop
coefficient is smaller, the damping ratio of the dominant mode
will increase and the overshoot of the dominant mode will
decrease. This shows that the smaller the droop coefficient, the
better the dynamic behavior of the system.
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B. Interactive Stability Analysis of Virtual Inertia Coefficient
and Droop Coefficient

The influence law of the dynamic interaction between the
margin of virtual inertia coefficient and droop coefficient of
three DGs on the system operation is studied. Clyjy, margin
is expressed as the value of the corresponding Cyiw,, When the
system is in critical stability. The significance of this value is the
maximum ability to improve the system inertia. Set Kgroop2 and
Kiroops Of the second and third DGs as 0.5 and 1, and other

parameters are standard values except Kgroopr and Cyiy,. In
order to ensure system stability, the relationship between Clizy,
margin of the three DGs and Kyroop1 Of the first DG is shown
in Fig. 14(a). When Kyroop1 gradually increases, Ciyipi margin
of the first DG decreases, while Cyipy and Cyipz margins of
the second and third DGs increase. When Kgop1 increases to a
certain extent, Cyi;pp and Cyirpz margins begin to become smaller.
The reason is as follows.

Take points (c)—(h) in Fig. 14(a) and use Fig. 14(c)—(h) to
show how Cyixy, margin is generated by the root locus. Under
constant load power, it can be seen from Fig. 2 that the droop
coefficient is positively correlated with the output power of the
DG. According to Fig. 14(b), as Kgroopi increases, dominant
mode X; moves to the right, while dominant modes A, and A3
move to the left. Fig. 14(c) and (f) shows that Cy;; margin is
mainly determined by the dominant mode A;. As the output
power of the first DG increases and the dominant mode A
approaches the imaginary axis, the virtual inertia of this DG
will gradually decrease. Fig. 14(d) and (e) shows that Cy;y and
Cyirp3 margins are mainly determined by the dominant mode A,.
In addition, since Kgroopz < Kdroops. the second DG with low
output power will cause dominant mode A, to move more slowly.
As the output power of the second and third DGs decreases, the
dominant mode A, is far away from the imaginary axis, and the
virtual inertia of DGs will gradually increase.

When the output power of the first DG is large enough,
the dominant mode A; is very close to the imaginary axis. As
can be seen from Fig. 14(g) and (h), Cyiipp and Clipz marging
become related to the dominant mode X;. At this point, the
dominant mode A; reaches the imaginary axis faster than the
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(2) When Kgroopt = 2.2, the margin of Clyipz. (h) When Kgroopr = 2.4, the
margin of Clisp3.

dominant mode A,, so the virtual inertia of second and third
DGs goes down. In addition, Fig. 14(a) shows that under voltage
constraints, the maximum sum of Cl;y,, margin occurs when
Kiroop1 1s minimum. This phenomenon is one of the rules for
optimizing parameters.

C. Interaction-Rule-Based Optimization Method

It is necessary to improve the overall stability of the system
and make multisource have greater inertial support ability. Con-
sidering the interaction of control parameters, the rule-based
optimization method of virtual inertia coefficient and droop
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coefficient of each DG is proposed. The process of optimization
is shown in Fig. 15. The specific steps are as follows.

1) Step 1: Determine the load power and initialize the control
parameters (set Kyroopr, to the standard value and Cirpy, t0
Z€ero).

2) Step 2: The value range and calculation step size of the
droop coefficients of each DG are set.

3) Step 3: Substitute the parameters into (8) to solve the
eigenvalues of the system. Determine whether the sys-
tem stability and the deviation of bus voltage meet the
requirements. If yes, store the data of the droop coefficients
and stability margin at this time, and adjust the droop
coefficients according to the step size. Repeat step 3.
Otherwise, go to Step 4.

4) Step 4: The dataset of droop coefficient and stability
margin are output. According to Section IV-A, when the
deviation of bus voltage is less than 5%, the smaller the
droop coefficient is, the larger the stability margin is, and
the droop coefficient has better dynamic characteristics.
According to Section I'V-B, the smaller droop coefficient
of one DG is conducive to inertia output. Considering a
large stability margin and a small droop coefficient, deter-
mine the droop coefficients and keep the value unchanged.

5) Step 5: The value range and calculation step size of the
virtual inertia coefficient of each DG are set.

6) Step 6: Substitute the parameters into (8) to solve the
eigenvalues of the system. Check whether the system
stability meets the requirements. If yes, store the data
of the virtual inertia coefficients at this time and adjust
the coefficients according to the step size. Repeat step 6.
Otherwise, go to Step 7.

7) Step 7: Output dataset of the virtual inertia coefficient.
When the sum of the virtual inertia coefficient of each DG
is maximum, the value of the virtual inertia coefficient is
determined.

Oscilloscope

RT-IAB
OP5600

Fig. 16. Hardware-in-the-loop experimental platform.

According to the above steps, the control parameters of the
system are optimized. Under the load power of 51 kW, the other
parameters are standard values except virtual inertia coefficient
and droop coefficient. According to Step 4, the droop coefficients
of the first, second, and third DGs are 0.8, 0.15, and 1, respec-
tively. According to Step 7, the maximum sum of the virtual
inertia coefficients of all DGs is 0.37, and the corresponding
virtual inertia coefficients of the DGs are 0.04, 0.3, and 0.03,
respectively.

V. EXPERIMENT VERIFICATION

To verify the correctness of the above theoretical analysis,
a hardware-in-the-loop experimental platform for the MSML
system based on RT-LAB and DSP F28335 controller is built,
as shown in Fig. 16. Information of experimental cases is shown
in Table II. Four experiments are carried out, including nine
cases.

A. Experiment I: The Parameters of Source-Side Lines

Case 1 adopts standard line parameters at the source side, and
Case 2 sets TLOS lines at the source side. When switching from
Case 1 to Case 2, the experimental waveforms of the bus voltage
and power are shown in Fig. 17. Under Case 1, the bus voltage
and power oscillate, and the main oscillation frequencies are
around 710 and 900 Hz, which are basically consistent with the
theoretical values of 732 and 965 Hz in Fig. 18. Compared with
Case 1, the bus voltage is in stable operation under Case 2. The
oscillation amplitude near 710 Hz decreases from 0.35 to 0.1 V.
Therefore, the experimental results verify that the system has
greater stability margin when the three lines on the source side
are in TLOS states.

B. Experiment II: Multisource in Parallel

Case 3 refers to the connection of one DG and Case 4 refers
to the connection of two DGs. The total power of the three loads
initially is 9 kW. When ¢ = 2 s, the power suddenly increases
to 30 kW. The experimental waveforms of the bus voltage and
power under Cases 3 and 4 are shown in Fig. 19(a). After the
power increases, the bus voltage and power oscillate under Case
3. The main oscillation frequency is near 880 Hz, the oscillation



478 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 1, JANUARY 2024
TABLE II
SPECIFIC CASES
Theoretical ~Experimental - Buffer
Experiment Case Parameter Total load Sy stem value of value of Oscﬂ!atlon time of
power stability amplitude
frequency frequency voltage
. _ 732 Hz 710 Hz 035V
I 1 Standard values: Iy, Iy, Ipz = 1/2, 1/3, 1/6 51 kW No 965 Hz 900 Hz 02V /
2 TLOS: Iy, Iy, Iz = 0.01, 0.14, 0.85 51 kW Yes / / / /
3 one DG 30 kW No 869 Hz 880 Hz 09V /
I 4 two DGs 30 kW Yes / / / /
5 two DGs 36 kW No 742 Hz 730 Hz 0.85V /
6 three DGs 36 kW Yes / / / /
Not optimized parameters:
7 Karoopt = 1, Karoop2 = 1, Kdroops = 1, 51 kW No Same Case 1 Same Case 1 Same Case I 0.3 s
I Cyirb1 = 0.05, Cyirpz = 0.05, Cyirpz = 0.05
Interaction rule-based optimization:
8 Kdmopl =038, Kdroopl =0.15, Kdmop3 =1, 51 kW Yes / / / 0.7 s
Cyiv1 = 0.04, Cyirp2 = 0.3, Cyirpz = 0.03
Parameters obtained by PSO:
1A% 9 Kdroopl =1, KdmopZ = 0.16, Kdr00p3 =052, 51 kW Yes / / / 04s
Cyir1 = 0.01, Cyirp = 0.01, Cyirp3 = 0.18
~ 10000 04— -
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P R A o et T 8000 ¢ IR T | -
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SVAiv], fT15 i = allle []
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' 00 R £ 40004 732073
775V = Case L 12, 153,106 -~ “Case 2: 0.01, 0,14, 0.85.~ £ 021k i
= ~ & 2000 [@Case 1: 12,13, 1/6 | JCZEH | 25
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773V L U -5 0 5 10
772V " Real Axis(rad/s)
771/ . . . . . .
110 Switching of cases Fig. 18.  Eigenvalue analysis of different line parameters.
SOKW
SOkW oscillation amplitude near 730 Hz is 0.85 V. The bus voltage and
20kW power under Case 6 are stable, and the oscillation amplitude near
730 Hz drops to 0.1 V. The reason is that the steady-state value of

-10kW

0 2s 3s 4s 5s

Fig. 17.  Waveforms of bus voltage and power in experiment I.

amplitude is 0.9 V, and the bus voltage drops to 746 V, which
does not meet the requirement of 5% voltage deviation.

Compared with Case 3, the bus voltage under Case 4 is stable
after the sudden increase in power. The bus voltage drops to
778 V, with a small drop. The oscillation amplitude of the bus
voltage near 880 Hz decreases from 0.9 V to almost nothing. The
reasons are as follows: Since the source-side output impedance
value 746/40.2 = 18.6 under Case 3 is less than the output
impedance value 778/38.5 = 20.2 under Case 4, in which 40.2
and 38.5 A are bus current under two cases, respectively, the
system damping under Case 3 is less than that under Case 4,
which makes Case 3 easy to cause system oscillation.

Then, the experimental waveforms of the bus voltage and
power under Cases 5 and 6 are shown in Fig. 19(b). Cases 5 and
6 represent connecting two DGs and three DGs, respectively.
After t = 2 s, the system loses stability under Case 5, and the

bus voltage under Case 5 is 775 V, which is less than 783 V under
Case 6. At this time, the bus current of the two cases is 46.4 and
45.9 A, respectively. As the number of DGs increases, the bus
voltage rises slightly due to the droop characteristics, and the
total load power remains unchanged, resulting in a small drop
in bus current. Therefore, the output impedance of the former is
smaller than that of the latter, which reduces the system damping
of the former and makes it easy to oscillate.

The above experimental results show that with the increase
in the number of sources, the output impedance of the source
side becomes larger, resulting in the IAE, which can make the
system more stable. It is consistent with the eigenvalue analysis
in Fig. 20 to jointly verify the correctness of the theoretical
analysis.

C. Experiment I1I: Interaction-Rule-Based Optimization

Case 7 is the standard values before optimizing the control
parameters. When the total load power is 51 kW, Case 8 is the
result of interaction-rule-based optimization. The experimental
waveforms of bus voltage and power under Cases 7 and 8 are
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between one DG and two DGs. (b) Comparison between two DGs and three DGs.

shown in Fig. 21(a). After ¢t = 2 s, the stability and dynamics
under Case 7 are poor, because the control parameters are not
optimized at this time, and the damping and inertial support
capacity of the system are small.

In the steady state after the sudden increase of load power,
the oscillation amplitude under Case 8 near 710 Hz is reduced
from 0.35 to 0.1 V compared with that under Case 7, indicating
that the bus voltage and power under Case 8 are relatively more
stable. The reason is that the droop coefficients corresponding to
Case 8 are small, resulting in large system damping and better
system stability. In the dynamic process after the increase of
load power, the time of buffer bus voltage under Cases 7 and 8
is 0.3 and 0.7 s, respectively, which indicates that Case 8 has
greater inertial capacity. Fig. 21(b) shows that the output virtual
inertia of Case 8 is larger than that of Case 7. The reason is that
the sum of virtual inertia coefficient corresponding to Case 8
is large, that is, 0.37 > 0.15, which makes the sources provide
more virtual inertia to buffer the sudden change of bus voltage.

Vayg= 177V Vayg= 760V

vpc[3V/div], f[Sms/div]

M IANAAAARAA AN SARSAN AP A AR

car 710Hz Near 900Hz FFT[0.5V/div]. f[150HZ/div]

035V 02V w01V
800V — — 800V
Tl g N /
~< i
790V S ’ | 790v
780V | 780V
770V 770V
760/ Increase 760/
120 load power 120
90kW 90kW
60kW 60kW
30kW ‘ ‘ 0 30kW
0kW0 Is 2s 3s 4s 5s kW
60kW @ 60kW
45kW 45kW
30kwW Case 8 Py, 30kW
15kW 15kW
OKW s : OkW
-15kW FISkW
Case 7 Py
S0V g Is 2s 3s 4s 5530k "
(b)
Fig. 21.  Results of experiment III. (a) Waveforms of bus voltage and power

before and after optimization. (b) Comparison of virtual inertia.

D. Experiment IV: Comparison of Optimization Methods

The proposed method is compared with the optimization
algorithm based on artificial intelligence. As referred to [34],
the objective function is established with the sum of the virtual
inertia coefficients, and the fitness function is established con-
sidering the stability constraint and the voltage constraint. The
PSO is used to obtain the parameters of Case 9 in Table II. The
results of Cases 8 and 9 are compared, and the experimental
waveform is shown in Fig. 22. In Cases 8 and 9, the time to
buffer the mutation is 0.7 and 0.4 s, respectively. Because the
total number of virtual inertia coefficients is 0.37 > 0.2, the
power output of the inertia of Case 8 is greater than that of
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Case 9. In addition, the bus voltage is stable in both the cases. Itis
shown that the proposed method is more effective by considering
the interaction rules of parameters than the PSO method.

Thi

VI. CONCLUSION

s article analyzes the interaction stability and proposes

an interaction-rule-based optimization method for the controller
parameters in the MSML dc microgrid. Main conclusions are

listed
D

2)

3)

as follows.

In a three-source system, the system stability of TLOS
transmission lines is better than that of TSOL transmission
lines. When the coupling of state variables in the dominant
modes becomes strong, the stability margin is much more
likely to decrease. Generally, a weak coupling of state
variables in the dominant modes is conducive to system
stability.

The influence mechanism of sources on system stability
is uniformly summarized. When the total system power is
constant, it shows that the IAE generated by the increase of
the sources can improve the stability margin. In addition,
increasing the loads will cause the system instability and
will not produce IAE.

Based on the coupling interaction analysis between the
virtual inertia coefficient and the droop coefficient, an
interaction-rule-based optimization method is proposed
for control parameters, which improves the stability and
inertia of the system. It provides a new idea for the opti-
mization of control parameters.
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