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Abstract—This article systematically focuses on the transient
stability problem of droop-based multiconverters de (MCdc) sys-
tem caused by large power disturbances. Therefore, a new and
effective transient stability analysis method is proposed. In the
present method, it starts with reduced-order nonlinear mathemat-
ical modeling, followed by Lyapunov energy function building, and
then the inscription of the largest estimated domain of attraction
(LEDA) and the power feasible region (PFR). First, a state-variable
equivalent transformation method is proposed. With this method,
the droop-based MCdc system can be modeled as an equivalent
single-converter (ESC) model without ignoring any coupling effects
between the control state-variables. Second, a Takagi—Sugeno fuzzy
model of the ESC is developed, which is able to construct the
LEDA. Third, to ensure the transient stability of the MCdc system
under large power disturbance, the concept of PFR is proposed.
Furthermore, a PFR inscription algorithm is given based on the
LEDA. In addition, the influence of control parameters on the PFR
is analyzed, which will provide guidelines for the optimization of
the PFR. Finally, the time domain experiments are carried out on
the RT-BOX hardware-in-the-loop experimental platform to verify
the effectiveness of the above theoretical analysis.

Index Terms—Equivalent single-converter (ESC) model, multi-
converters dc (MCdc) system, PFR (PFR), transient stability
analysis, Takagi—Sugeno (TS) fuzzy model.

I. INTRODUCTION

energy generation, renewable energy generation (REG)
is now being vigorously developed by countries around the
world. The advantage of dc systems is that it can consume a high
percentage of REGs and constant power loads (CPLs). This is
the main reason why dc system is widely concerned by academic
and industrial researchers [1]. The operating conditions of a
multiconverters dc (MCdc) system are variable, which is mainly
due to the output power (or input power) variations of REGs
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(or CPLs) [2]. From the perspective of transient stability of
MCdc system, the above feasible power disturbance conditions
should be selected accurately. Therefore, it is urgent to establish
the transient stability analysis model of the MCdc system and
construct its power feasible region (PFR).

In fact, the stability analysis of dc systems can be divided into
small signal stability analysis and transient stability analysis
(or large signal stability analysis) [2], [3]. The models used
for small signal analysis are linearized models, such as state
space matrices [4], [5], input/output impedances [6], [8], transfer
functions [9], [10], [11], etc. Usually, these linearized models
can be obtained by linearizing the nonlinear system around a
certain operating point. And, it is difficult to know the effective
range of linearization [12]. Therefore, the transient stability
of the dc system after large power disturbances is difficult to
be accurately evaluated by small signal methods. In fact, non-
linear mathematical models without linearization are suitable
for transient stability studied [13], [14], [15]. In addition, the
Lyapunov-based mathematical methods are the commonly used
nonlinear mathematical tools [16]. With the Lyapunov-based
mathematical method, the largest estimated domain of attraction
(LEDA) of dc system can be constructed. The corresponding
feasible power disturbances that can be tolerated by the dc
system at a certain operating point will be given. Of course,
it is usually conservative. The time domain results will confirm
the validity of the feasible power perturbation obtained by the
Lyapunov-based mathematical method. For dc systems with
different control methods and topologies, the corresponding
Lyapunov functions are also different [17], [18], [19], [20], [21].
In view of the single converter scenario, the Lyapunov functions
of single-loop control and double-loop control are established by
[18] and [19], respectively. The Lyapunov function of a cascaded
system is constructed by using the modified mixed potential
theory in [21]. However, the transient analysis studies in [17],
[18], [19], [20], and [21] are mostly focused on single converter
or simple cascaded systems. With the increase of the number of
converters, the transient stability analysis of MCdc system will
become more complex [21].

As pointed out in [22], the transient stability analysis of the
MCdc system has been plagued by its high-order nonlinear
coupled differential equations. To solve this problem, a nonlinear
decoupling method is proposed in [22]. With this method, a
high-order MCdc system can be decoupled into multiple first-
order and second-order quadratic subsystems. Thus, the transient
stability of the original high-order system can be indirectly
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inferred from the transient stability results of these low-
order subsystems. However, the strong coupling between state-
variables is difficult to understand clearly. In addition, the effect
of the strong coupling on the system transient stability will not be
evaluated directly [23]. Therefore, it is necessary to construct the
reduced-order nonlinear mathematical model by considering the
coupling [24]. In [25], a second-order nonlinear model consider-
ing the coupling between the filter circuits of the MCdc system
was established. Based on the simplified differential equations
of [25], the Lyapunov function was constructed by [26]. From
the system-level point of view, an equivalent nonlinear model
of droop-controlled dc microgrid was established [27], [28].
However, the validity of the above transient stability analysis
needs to be further verified. This is mainly due to the neglect of
voltage control parameters which have an important impact on
the transient stability of the system. It is widely accepted that
double-loop control is better than single-loop control [13]. This
is because the main purpose of the current inner loop control is
to stabilize the dc system [29]. The voltage outer loop, on the
other hand, provides the reference signal for the current inner
loop [30]. For droop-based MCdc systems (including voltage
and current double-loop control), the interaction mechanism
between converters is not clear. This is the main reason why
the reduced-order nonlinear model of the droop-based MCdc
system has not been reported.

Assumed the reduced-order nonlinear model of the droop-
based MCdc system can be established, it will be easy to
construct a Lyapunov function of the reduced-order nonlinear
model. However, it should be noted that the LEDA portrayed by
the Lyapunov function has limitations. The LEDA of the MCdc
system can be inscribed by using the Lyapunov function at a
postoperating point. In the actual operation of the MCdc system,
a number of large power perturbations will occur. The postoper-
ating point also changes after each power disturbance. Then, the
LEDA will need to be reconstructed. This is time-consuming and
laborious. From this point of view, the concept of PFR will be
more feasible and practical. To the authors’ best knowledge, this
concept has not been proposed yet. The advantage of the PFR is
that it contains a lot of transient stability/instability information.
That is, the transient stability of many large power disturbances
can all be evaluated by the same PFR. For example, if the
above power disturbances are outside the feasible region, then
the MCdc system will lose its transient stability. Conversely,
the transient stability of the MCdc system can be guaranteed.
Therefore, the PFR is very useful in ensuring transient stable
operation under large power disturbances. However, how to
depict the PFR of droop-based MCdc system is still an unsolved
problem.

In addition, how to enhance the transient stability of the
system has always been a very hot research topic. Especially
for dc system, which is controlled by the classical single-loop
or double-loop proportional—integral (PI) controller. As we all
know, unreasonable control parameters are the root cause of
system transient instability [14], [15]. Fundamentally speak-
ing, the transient stability of the system can be guaranteed
by reasonable control parameters. For the transient instability
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problem of the dc system, three solutions are introduced [28],
[30]. The first solution is to replace the PI controller with a
nonlinear controller. A nonlinear control method is introduced
in [30], which can estimate the uncertain large disturbance of
CPL power. To deal with the voltage transient instability caused
by system uncertainty, a predictive control method is reported
in [31]. In the research work on nonlinear control, the transient
stability of the system is proved by mathematical derivation.
And, the specific values of the control parameters are not con-
sidered in this derivation procedure. Then, from a theoretical
point of view, the nonlinear control parameters are difficult to
be designed. In order to design appropriate control parameters,
a large number of time-domain simulation/experimental results
are often required. It will take a lot of time and effort. Keeping
the PI controller and control parameters unchanged, the second
solution adds some new controllers to the system [19]. In order
to compensate the system nonlinearity introduced by CPL, a
nonlinear state-feedback control method is presented by [25].
However, this method needs to measure the input current of all
CPLs. Moreover, the real time and accuracy of data transmission
are strictly required. However, compared with the widely used
PI controller, the versatility of these new controllers needs to
be further verified. The third solution is to optimize the PI
control parameters. In literature [28], it is observed that the
effect of virtual resistor on transient stability is opposite to that
of voltage deviation. Thus, a virtual resistor tradeoff design
method is proposed. Compared with the virtual resistor, the
control parameters do not need to be compromised. But, the
influence of voltage control parameters on transient stability
has not been reported. With the help of the mixed potential
theory, the influence of voltage control parameters on transient
stability boundary is evaluated by [21]. However, in literature
[21], the research object is the cascaded system rather than the
MCdc system. To sum up, from the perspective of PFR of the
droop-based MCdc system, the design guideline of double-loop
control parameters has not been reported.

For the above unresolved transient stability problem, a new
and effective transient stability analysis method is proposed
in this article. The method contains the establishment of the
equivalent single-converter model and its Takagi—Sugeno (TS)
fuzzy model, as well as the inscription of the largest estimated
attraction domain and the PFR. The main contributions can be
drawn as follows.

1) To simplify the high-order mathematical model of droop-
based multiconverters dc (MCdc) system, a state-variable
equivalent transformation method is proposed. With this
method, multiple current control state-variables in the
system can be directly equated to one current control
state-variable. Similarly, the equivalence of voltage con-
trol state-variables is also feasible. Then, the equiva-
lent single-converter (ESC) model of the MCdc system
is developed in this way. Because almost any coupling
effect between state-variables is considered, the MCdc
system and its ESC model necessarily have consistent
stability. Based on the sixth-order nonlinear differential
equations of the ESC, the corresponding TS fuzzy model is
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Fig. 1 Topology of a typical single-bus MCdc system.

developed. Moreover, the LEDA can be constructed by
using the TS fuzzy model. This LEDA is feasible for
ensuring the transient stability of both the MCdc system
and its ESC model.

2) To ensure the transient stability of droop-based MCdc
systems, the concept of PFR is proposed for the first
time. Then with the obtained LEDA, a PFR construction
algorithm is proposed to obtain the feasible region. In
addition, the effects of current, voltage, and droop control
parameters on the PFR are systematically investigated.

The rest of this article is organized as follows. The transient

stability problem of the MCdc system caused by large power
disturbances is introduced in Section II. In Section III, the
ESC model of the MCdc system is established by the proposed
state-variable equivalent transformation method. With the help
of the LEDA inscribed by the TS fuzzy model, the PFR and its
construction algorithm are presented in Section IV. The effect
of the control parameters on the PFR is discussed in Section V.
Section VI concludes this article.

II. TRANSIENT INSTABILITY ISSUE OF THE STUDIED MCDC
SYSTEM

The topology of a typical single-bus MCdc system (including
n converters) studied in this article is shown in Fig. 1. The
topology and filter parameters design guidelines of the dc—dc
converter used in this article are recommended by [25] and [26].

As shown in Fig. 1, the droop-based double-loop controller
is considered by each converter. And these converters are con-
nected to the common single-bus MCdc system through cables.
For the transient instability issue of MCdc system, the switch
model of a typical system is built in the RT-BOX hardware-
in-the-loop experimental platform, as shown in Fig. 2. Without
losing generality, the circuit parameters or control parameters of
each converter studied in this article are different, as shown in
Tables IT and III, respectively. In Table I, six disturbance cases of
CPL are given. For the above two group of control parameters,
the MCdc system is small signal stable at the corresponding
operating points (the power of CPL is 12, 14, 15.5, and 17 MW,
respectively). The corresponding small signal theory analysis
results are provided by Figs. 25 and 26. However, small signal
stability is a necessary nonsufficient condition for transient
stability (or large signal stability). Therefore, with the power
step of CPL, transient stability problem will occur. The details
of the experimental results (ERs) are shown in Fig. 3.
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Fig. 2. RT-BOX hardware-in-the-loop experimental platform.
TABLE I
CASE SETTING FOR THE MCDC SYSTEM
Control Transient
Number Power variation of CPL
parameters stability
Case 1 From 12 to 14 MW Stable
The first group
Case 2 From 14 to 15.5 MW Stable
Case 3 From 12 to 15.5 MW Unstable
Case 4 From 12 to 15.5 MW Stable
The second
Case 5 From 15.5 to 17 MW Stable
group
Case 6 From 12 to 17 MW Unstable
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Fig. 3. Experimental results of the MCdc system. (a) First group control

parameters. (b) Second group control parameters.

The experimental results of the MCdc system under the first
group control parameters are shown in Fig. 3(a). For two closer
operating points (e.g., Case 1 from 12 to 14 MW, or Case 2 from
14 to 15.5 MW), the transient processes of the MCdc system
is stable. However, when the CPL power steps from 12 to 15.5
MW, the experimental results of dc bus voltage become unstable.

At the second group of control parameters, the dc bus voltage
can be stabilized after the CPL step from 12 to 15.5 MW. And
as the CPL step from 12 to 17 MW, the MCdc system lose the
transient stability, as shown in Fig. 3(b).
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Fig. 4. Transient stability analysis procedure for multiconverters DC system.

Based on the above experimental results, it can be known
that the transient instability of MCdc system may occur in large
power disturbance scenarios. Moreover, the transient stability
of the MCdc system can be improved by changing the control
parameters. However, the high-order nonlinear coupled differ-
ential equations of the MCdc system bring great difficulties to its
transient stability analysis. In order to reduce the computational
burden of transient stability analysis of MCdc systems, a lot
of innovative work has been carried out, such as nonlinear
decoupling or coupling equivalence modeling [22], [23], [24],
[25], [26], [27]. But, the methods of [22], [23], [24], [25],
[26], and [27] have the following drawbacks, such as indirectly
considering the coupling or neglecting some of the control
parameters, etc.

If an equivalent nonlinear model of the MCdc system is devel-
oped, then its LEDA will be subsequently portrayed. Suppose,
there are two operating points in the MCdc system, one is the pre-
disturbance operating point and the other is the postdisturbance
operating point. Then, the LEDA of the equivalent nonlinear
model at the postdisturbance operating point can be constructed
[17], [18], [19], [20], [21]. If the predisturbance operating point
is within or on the boundary of the LEDA of the postdisturbance
operating point, the MCdc system will be transient stable. On
the contrary, transient instability may occur. However, as the
postdisturbance operating point changes, the LEDA will need
to be reconstructed. Compared to LEDA, the PFR will contain
more transient stability information. To the best of the authors’
knowledge, the concept of PFR and its construction algorithm
have not been proposed yet. Moreover, the influence of the
control parameters on this PFR is worth evaluating. In summary,
the detailed procedure of the transient stability analysis method
proposed in this article is shown in Fig. 4.

III. ESC MODEL OF THE MCDC SYSTEM

In this section, a state-variable equivalent transformation
method is proposed. With the help of this method, the ESC model
of the MCdc system will be developed. Almost all details of the
MCdc system are taken into account by the ESC model, so that
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they have consistent transient stability. Most critically, the ESC
model has the advantage of lower computational complexity.

A. Equivalent Transformation of Voltage Control
State-Variables

The topology of the ESC model of the studied MCdc system
is shown in Fig. 5. The topology and filter parameters design
guidelines of the dc—dc converter used in this article are recom-
mended by [25].

Due to the different coupling mechanisms, the equivalent
transformation processes of voltage and current state-variables
will be introduced, respectively. Considering the input—output
relationship of the control signal, the equivalent transformation
of voltage control state-variables will be described in detail first.

The control parameters of each converter in this article are
designed according to the design guidelines recommended by
[31]. Then, the relationship between the control parameters of
each converter can be expressed as (B.1) and (B.2), respectively.
With the help of this guideline, the dynamic characteristics of
each converter are consistent. And, the voltage control loops
(including droop control) of each converter and the ESC model
can be written as

S  ( Fipvy (Viety — Loy - kay — Very) )
Ir — pvy Yy cy Yy Y
; ( y) yzzl < +kivy f (V}efy - Icy : kdy - Vny) dt
(D

[ kpy (Viet — I - ka — Vo) @)
r +kiv f (‘/;ef = I kd - VCf) dt

where I, and I, are the filter inductor current reference of the yth
converter (y = 1,2,...,n) and the ESC model, respectively, /.,
and /. are the output current of the yth converter (y = 1,2, ...,n)
and the ESC model, respectively, Vit, and V¢ are the voltage
reference of the yth converter and the ESC model, respectively,
kqy and kq are the droop coefficient of the yth converter and the
ESC model, respectively, Vg, and V¢ are the output voltage of
the yth converter and the ESC model, respectively, kp,y, and kiy
are the proportional and integral gains of the voltage controller
Gycy(s) of the yth converter, respectively, k,, and k;, are the
proportional and integral gains of the voltage controller Gy.(s)
of the ESC model, respectively, &, is the load sharing coefficient
(3hy = 1) of the yth converter.

If it is assumed that the MCdc system can be equivalent to an
ESC model. Then, the output current /.. is considered to be the
sum of each output current /.,

I. = anl (Ic )
{Icy - Icy' hy' ' )
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Combining (1) to (2), the equivalent analytical equations for
the voltage control state-variables can be established as follows:

kpv (V;ef - Ic : kd - VCf)

= Z {kay (Vrefy — Loy - kdy - Vny)} 4)
y=1

kiv f (‘/;ef — I kd - VCf) dt

- Z {kivy f (V}efy - Icy . kdy - Vny) dt} (5)
y=1

where [(Viety-leykay-Vory)dt and [(Vies-Icka-Vere)dt are the
voltage control state-variables of the yth converter and the ESC
model, respectively. The multiple parallel transmission lines in
Fig. 1 can be equated to one [24]. And, the relationship between
the output voltage of each converter and the ESC model can be
given as follows:

ch ~ VCfl LR chy. (6)

Substituting (6) into (5) and considering (B.1) and (B.3) in
Appendix B, it can be deduced that [(Vyefy-Lcykdy-Vcry)de is
approximately equal to [(Vyee-Ickq-Vor)dt, as

/ (Vier — I, - b — Vi) dt

~ / (Viety — Ty - kay — Verry) dt. )

Then, the analytical equations of the voltage control param-
eters between the yth converter and the ESC model can be
obtained

kpy = 22:1 (Kpy) 8
{k ~ S (ki) - ®

B. Equivalent Transformation of Current Control
State-Variables

As can be seen from Figs. 1, 3, 4, and 5, the relationship of the
filter inductor currents between the yth converter and the ESC
model can be written as

dl = (dl,
i it} 9
72 (%) 2
y=1
where I, and ] are the filter inductor current of the yth converter
and the ESC model, respectively.

Further, considering the duty signal, (9) can be reformulated
as follows:

Deq"/s_VCf Ni (DyV;yVny)

(10)
Ly Ly,

y=1
where Dy, and D, are the duty of the yth converter and the ESC
model, respectively.

Based on the derivation process and the assumptions of cur-
rent control parameters in Appendix B, (11) can be obtained
as

an

B -0~ (12 Uy~ 1)
% f (Ir - I) dt = ZZ:l (][C,l:; f(Iry - Iy) dt)

wn

——Casel
—Case2
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Fig. 6. Experimental results of the ESC. (a) First group of control parameters.
(b) Second group of control parameters.

where [(I;,-1,)dt and [(I;-)dt are the current control state-
variables of the yth converter and the ESC model, respectively.
Then, the analytical equation between [(/;.,,-,)dt and [(/.-)dt is
shown in (11). The analytical equations of the current control
parameters between the yth converter and the ESC model can be
given as follows:

o~ n Kpiy Py
kpl ~ Lg Zy:l ( Lty

(12)
n Kiiy hy
kii ~ Lf Zy:l ( Le, ) .

In summary, an MCdc system containing S5xn+1 state-
variables can be modeled as an ESC model, which is represented
by six state-variables.

C. Validation of ESC Model

Based on the MCdc system shown in Tables II and III, the
ESC model is also built on the RT-BOX hardware-in-the-loop
experimental platform. Under the CPL disturbance shown in
Table I, the dc bus voltage experimental results of the ESC
model are shown in Fig. 6. According to the experimental results
provided by Figs. 3 and 6, the dc bus voltages of both the MCdc
system and its ESC model exhibit the same transient stability and
instability. Then, the effectiveness of the proposed equivalent
transformation method of state-variables is verified. In addition,
the equivalent transformation verification results for voltage or
current control state-variables are also given by this article, as
shown in Fig. 27 to (B.6).

IV. CONSTRUCTION OF LARGEST ESTIMATED DOMAIN OF
ATTRACTION AND PFR

In this section, the TS fuzzy model is established to portray
the LEDA of the ESC model. Further, to ensure the transient
stability of the ESC model, a concept of PFR is proposed in this
article. With the help of the obtained LEDA, a simple algorithm
is proposed to inscribe this PFR. Of course, the LEDA and PFR
obtained based on the ESC model are also feasible for the MCdc
system.
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A. Constructing LEDA Based on TS Fuzzy Model

For the above transient stability problem of the ESC model,
a nonlinear stability analysis tool is required to estimate the
domain of attraction of the operating point. Because the circuit
dynamics and control dynamics of the ESC model need to be
considered simultaneously, the TS fuzzy model approach is
widely used in transient stability analysis [2].

From Fig. 5, state equations of the ESC model can be ex-
pressed as (C.2) in Appendix C. Obviously, (C.2) can be written
in the matrix form & = A(x)x, where A(x) is a nonlinear matrix
function containing state-variables and x = [x; X3 X3 X4 X5
x6]T. For convenience, ki [(I,-dt and ki, [(Vyer-Ickq-V op)dt are
defined as S;; and S;,, respectively. Then, the state-variables
x1-xg are defined as follows:

z1 = Si — Siio
zq = Vor — Voo
where the subscript “0” indicates the steady-state value. For

convenience, (C.2) is moved from the equilibrium point [as
shown in (14)] to the origin. Then, (C.3) is available.

3 = Siy — Sivo
l‘GZV—VO

1‘2:[—10

13
x5 = I — Ieo (13)

Siio = Yo In=10  Sio=1Ico
Veto =V = Ieoka Ieo= V]:dvo VOZ% + \/ VTQ_ cplkd~

(14)

For the ESC model, the only nonlinearity in its mathemat-

ical model (C.3) is u(xg) = 1/(x¢+Vp). Assuming xg € [Xgmin,

Xemax ], the TS fuzzy model of (C.3) in the region v = {xER?

|X6min <x6 <X¢max } can be described by the following two fuzzy
rules.

Rule R': Tf x4 is closed to Xgmax, then set ttmin = 1/(Xgmax—+Vo)-
Rule R?: If xg is closed to Xgmin, then set tmax = 1/(X6min+Vo)-

The weighting functions w; and wo can be expressed as
follows:

Z6max L6 min

wo (336): L6max L6

Z6max L6 min

w1 (1) =—L6—L6min
{ 1 () 1)

Further, the TS fuzzy model of (C.3) in region ¢ can be
obtained as follows:

i=gle)=Y . {w(x) A},

If the linear matrix inequality (17) is feasible, then Q) =
{x€R®| x TMx<min(x, X2, X3, X4, X5, Xmin)} is a subset of
the true domain of attraction of (C.3), i.e., the estimated domain
of attraction

(16)

M=MT>0
ATM + MA; <0
ATM + MA, <0

a7)

where M is a symmetric matrix. Obviously, the smaller xgmiy, 1S,
the larger € is. And, the boundary value of xg,i, is denoted as
Xemin,c- Subsequently, the Lyapunov function of the ESC model
can be constructed as V(x) = x TMx/c, where ¢ = minV(x, X,
X3, X4, X5, X6min,c). Lhen, the LEDA of the ESC model can be

5447
11.0 = ===-Casel:LEDA|| = = == Case2LEDA||---- -+ Case3:LEDA
| Casel:EER Case2:ER Case3:ER
08- meeeeol
106 - T
. N
4 JO
o 104p 15\\“$\a‘<“\\
< / o™ ‘\‘,\t“ *
g 10217 AN
e '
S |
[
\
\ /
98 F\ k
\ 12 MW
o6 | ™ (10kV,12KA )
. e
94 + <. From 12MW l:lS.S MW
~~< Transient instability
92+ TTeeee -7
0.8 1.0 12 14 1.6 1.8 20
Current (kA)
Fig. 7. LEDA from Cases 1 to 3.
expressed as
Qy ={z:V(x)<1}. (18)

After suffering a large power disturbance, the transient sta-
bility of the ESC model (or MCdc system) can be judged by the
following criterion:

0<V(2ep —Te1) <1 (19)

where xo0 and x.; are the states of the ESC model before
and after the large power disturbance, respectively. If (19) is
feasible, then x¢¢ lies within or on the boundary of the LEDA
of xe1. Then, the ESC model is transiently stable after suffering
a large power disturbance. Conversely, it is difficult to evaluate
the transient stability of the ESC model in theory. This is due to
the inherent conservatism of Lyapunov’s direct method.

B. Theoretical Explanation of the Above Transient Stability
and Instability Issues Based on the LEDA

With (19), the LEDA of the ESC model will be constructed.
In the first group control parameters, the three operating states
(Xe,f1, Xe,r2, and xe £3) of the MCdc system are given by the
corresponding three operating points (12 MW, 14 MW and 15.5
MW for CPL). For Case 1, V(xe f2-Xe,r1) = 0.2141<1. Then,
the 12-MW operating point lies within the LEDA of the 14-MW
operating point. This provides the theoretical support for the
transient stabilization experimental results (ERs) of the MCdc
system and its ESC model in Case 1. Since the LEDA of (18) is
in 6-D form, it cannot be presented directly in graphical form.
Therefore, the state-variables of / and V are usually chosen to
portray the LEDA in 2-D2 form, as shown in Fig. 7. Similarly,
for Case 2, V(xe, r3-Xe,r2) = 0.4237<1, which corresponds to
the transient stability of the MCdc system and its ESC model.
Unfortunately, in Case 3, V(xe f3-Xe,r1) = 2.3059>1, which
means that the 12-MW operating point lies outside the LEDA of
the 15.5-MW operating point. Then, for the MCdc system and
its ESC model under the 12-MW operating point, a 3.5-MW
CPL power disturbance will cause their transient instability.

The theoretical analysis results of the second group control
parameters are shown in Fig. 8. And, the operating states for
operating points of 12, 15.5, and 17 MW are X¢ s4, Xe,s5, and
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Xe,s6, respectively. For Case 4, V(Xe,s5-Xe,s4) = 0.6335<1. This
means that the x¢ 4 operating state is within the LEDA of the
Xe,s5 Operating state. And it can be inferred that the transient sta-
bility of MCdc system and its ESC model has been significantly
improved with the help of the second group control parameters.
In addition, V(x¢,s6-Xe,s5) = 0.2731<1, which provides the
theoretical support for the stable experimental results of Case 5.
For Case 6, V(X¢,s6-Xe,s4) = 3.0324>1. This is the theoretical
explanation of the transient instability results.

As mentioned above, the validity of the LEDA is verified by
the experimental results. From the perspective of the transient
stability of the MCdc system during CPL disturbance, how to
construct PFRs will be described in detail.

C. Power Feasible Region Construction Algorithm

1) The Concept of PFR: PFR is defined as: the feasible region
of power to ensure the transient stability of the MCdc system
during power disturbances. And it can be expressed as

Qp 2 {P € Rlzeo € U (1), P < Preg}  (20)
where Qp is the defined PFR, € y(xc1) is the LEDA of operating
point Py, Pyeq is the permissible limiting value of the MCdc
system according to its rated capacity. If the conditions in (20)
are satisfied, then the MCdc system will be transient stable as it
steps from x¢q tO Xe1.

2) A PFR Construction Algorithm: Given a power disturbance
condition, the LEDA of operating point P; (represented as
Qy(xe1)) can be constructed. If V(x¢q - Xc1) holds the condition
(19). It means the operating point xeg € 2y (xe1). So, the key
step is to obtain the PFR of Py according to the condition (19).

From the characteristic of Lyapunov function V(x), the fol-
lowing conclusion can be derived: 1) If the system power Py =
Py (which means Xeg =Xe1), V(Xc0-Xe1) = 0; 2) the greater the
deviation of P; from Py, the larger value of V(x¢o-Xe1) Will be.
It can be deduced that when V(xc0-xe1) = 1 holds, the upper
boundary of P; can be calculated, denoted as P1,,x- Then, the
largest feasible power disturbance AP, at operating point Py
is equal to Piymax — Po. Therefore, the feasible region of Py
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Algorithm: Construct the PFR Qp.

Input: The equilibrium point information of
predisturbance (Py), circuit parameters (L¢, Ct, Lc, Rc,
and Crr), control parameters (kp, kii, kpv,kiy and kq),
output voltage (Vy), rated power (P ), and threshold
value P,y = 0.1 MW.

Initialization: a = Py,.q, b = Py.

While |a - b| > P,

1) Set P; = (a + b)/2. With the TS fuzzy model, an
optimized Lyapunov function V(x¢1) of X1 can
be constructed.

2) Calculate ¢ = V(Xe0-Xe1)

If e < 1 (Which indicates xe0 €EQ y(xe1))

Setb = Pl;

else if ¢ > 1 (Which indicates xeo Q2 (Xe1))
Seta = Pq;

else
a=b;

End

End
3) Let Pimax = P1;
Output: The PFR Qp represented by (20).
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Fig. 9. Power feasible regions for the first and second group control parame-

ters.

is {0, —Ppax }- To satisfy the largest power limit of the MCdc
system, P needs to be less than or equal to P,eq.

A PFR construction algorithm is proposed in this article,
which is capable of inscribing the PFR of the ESC and its MCdc
system.

With the help of the proposed algorithm, the PFRs PFRoprco
and PFRpapco are inscribed for the first and second group
control parameters, respectively, as shown in Fig. 9. Obviously,
the transient stability of the MCdc system and its ESC model
can be maintained if the power disturbance is within the PFR.

V. THEORETICAL ANALYSIS AND EXPERIMENTAL
VERIFICATION

In this section, the influence of the control parameters on the
PFR will be discussed.

A. Analysis of the Influence of K,; on QP

The effect of the current proportional gain kp; on the PFR
Qp will be discussed in this subsection. In Fig. 10, PFRopgco,
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PFRoaBCO, and PFRorgco are the PERs for the current pro-
portional gains of 0.0016, 0.0017, and 0.0021, respectively.
From Fig. 10, it can be seen that increasing the current pro-
portional gain will enlarge the PFR.

The point (15, 2 MW) is located outside the PFR PFRoprco
in Fig. 10. This indicates that the MCdc system and its ESC will
lose the transient stability of the dc bus voltage. The instability
experimental results for this theoretical analysis are provided by
Fig. 11. Conversely, the dc bus voltage with a current propor-
tional gain of 0.0017 is transiently stable after the same CPL
disturbance. With the experimental results shown in Fig. 12, the
conclusion that the transient stability of the MCdc system can be
enhanced by increasing the current proportional gain is further
verified.

B. Analysis of the Influence of K;; on Qp

The PFRs for current integral gains of 0.1137, 0.1263, and
0.1390 are PFROABC(), PFROABCO, and PFROAch, respec-
tively, as detailed in Fig. 12. Compared with the current pro-
portional gain, increasing the current integral gain has a slight
effect on the PFR Qp.

Based on the PFR PFRpapco in Fig. 13, it can be known
that their largest feasible disturbance power is both 3.1 MW at
the 13-MW initial operating point. The experimental validation
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results are shown in Figs. 14 and 15, respectively. As can be seen
inFig. 14, their dc bus voltage can be stabilized after the CPL step
from 13 to 16.1 WM. In addition, their dc bus voltage stability
is simultaneously both lost after the 3.4-MW disturbance, as
detailed in Fig. 15. It is worth noting that after the same 3.4-MW
disturbance, the dc bus voltage with a current integral gain of
0.1390 is transiently stable. The main reason for this result is that
the PFR has been effectively expanded, as shown in Fig. 13.
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C. Analysis of the Influence of Ky, on §1p

The change of voltage proportional gain will affect the PFR
Qp, as detailed in this section. As can be seen in Fig. 16, with
the increase of the voltage proportional gain, the PFR Qp will
be enlarged. For example, the point (14, 1.5 MW) is located
within the PFR PFRoapco, but outside the PFR PFRopro.
This means that after the CPL step from 14 to 15.5 MW, the dc
bus voltage with a voltage proportional gain of 0.3119 will be
transiently destabilized. On the contrary, the transient stability
of dc bus voltage can be guaranteed if the voltage proportional
gain is selected as 0.3466. Experimental verifications have been
provided, as shown in Fig. 17. Based on the experimental results
shown in Fig. 18, it is further verified that the transient stability
of the dc bus voltage can be improved by increasing the voltage
proportional gain. In addition, when the voltage proportional
gain is set to 0.3119, it can be seen from Fig. 16 that the PFR
at the initial operating point of 17 MW (also including 18 and
19 MW) is 0 MW. This means that these initial operating points
will be small signal unstable.

D. Analysis of the Influence of K;,, on 2 p

This subsection will focus on the influence of the variation of
the voltage integral gain on the PFR Qp. As shown in Fig. 19,
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the PFRs for voltage integral gains of 82.0442, 91.1603, and
100.2763 are PFROADCO, PFROABC(). and PFROECO, respec-
tively. It can be seen that the PFR will shrink with the increase
of voltage integral gain within a certain range.

For the two experimental results of transient stability and
instability in Fig. 20, their theoretical predictions have been
given in Fig. 19. That is, the point (15, 1.8 MW) lies inside
the PFR PFRoABco, but outside the PFR PFRogrco. Based on
the experimental results shown in Fig. 21, it is further verified
that the transient stability of the dc bus voltage can be improved
by decreasing the voltage integral gain.

E. Analysis of the Influence of K4 on Qp

When the droop coefficient is selected as 0.0067, 0.0767,
and 0.1467, the corresponding PFR Qp are PFRoaBcoO,
PFRopECO, and PFRoraco, respectively, as shown in Fig. 22.
The results show that the larger the droop coefficient is, the larger
the associated PFR will be.

The experimental results of the above feasible region analysis
are shown in Figs. 23 and 24, respectively. As can be seen from
Fig. 22, the point (15, 2.4MW) is not within the feasible region
PFRoaBco. Therefore, the transient stability will be lost in this
case. This conclusion is proved by the instability experimental
results in Fig. 23. However, as the droop coefficient increases
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from 0.0067 to 0.0767, the point (15, 2.4MW) will be transient
stable, as shown in Fig. 22. The corresponding time domain
verification results are provided in Fig. 23. With the time domain
results in Fig. 24, the conclusion of Fig. 22 that the transient
stability can be improved by increasing the droop coefficient is
further verified.

As mentioned above, the control parameters have a signifi-
cant impact on the transient stability of the MCdc system. To
ensure the transient stability of the MCdc system, appropriate
control parameters are very necessary. Moreover, the transient
stability information contained in the PFR is very intuitive,
rich, and practical. So, the PFR can be used as a new tool,
which can provide theoretical guidance for the design of control
parameters.

VI. CONCLUSION

In this article, based on the proposed system-level analysis
method, the transient stability problem of droop-based MCdc
system caused by large power disturbances is systematically
investigated. From the perspective of reduced-order nonlinear
mathematical modeling, the ESC model of the MCdc system is

5451

established by the proposed state-variable equivalent transfor-
mation method. On the basis, the LEDA is constructed by the
TS fuzzy model of the ESC. Moreover, the PFR is depicted from
the point of view of ensuring the transient stability of the MCdc
system under large power disturbances. The main conclusions
can be drawn as follows.

1) With this state-variable equivalent transformation method,
an MCdc system containing 5*n+-1 state-variables can
be modeled as an ESC model represented by six state-
variables. Specifically, for the current control state-
variable [(/,-I)dt of the ESC model, which is equal
to the sum of all current control state-variables [(/;,-
I,)dt in the MCdc system. And for each voltage control
state-variable [(Vyery-Icykdy-V cry)dt in the MCdc system,
they are consistent with the voltage control state-variable
J(Vyet-Ickq-V cr)dt of the ESC model. The consistent tran-
sient stability or instability of the MCdc system and its
ESC model has been verified by numerous experimental
results.

2) The TS fuzzy model of the ESC is developed in this
article, which can be used to construct the LEDA. As
long as the predisturbance operating point lies within
the LEDA of the postdisturbance operating point, then
both the MCdc system and its ESC model will be tran-
sient stable. Conversely, they will both become transient
unstable.

3) Based on the LEDA obtained from the TS fuzzy model, the
PFR is inscribed by the proposed construction algorithm.
If the large power disturbance is within the PFR, the
transient stability of both the MCdc system and its ESC
model can be guaranteed. On the contrary, their transient
stability will be lost simultaneously. With the increase of
voltage proportional gain, current proportional gain, and
droop coefficient or the decrease of voltage integral gain,
the PFR will be enlarged. However, the PFR will change
slightly with the variation of the current integral gain.

It should be noted that this state-variable equivalent trans-
formation method still has some limitations. For instance, the
necessary condition of this method is the consistent dynamic
characteristics of each source converter. However, for hybrid
energy storage systems, the dynamic characteristics of different
source converters are quite different. In this situation, how to
establish the ESC model will be the future research work.
In addition, the interaction mechanism between different load
converters is difficult to be revealed by this method. In the
future, the transient stability of MCdc system considering the
interaction of different load converters will be discussed.

APPENDIX A

The switching models of the MCdc system and its ESC model
shown in Fig. 1 are built in the RT-BOX hardware-in-the-loop
experimental platform for theoretical analysis and experimental
verification, respectively. The circuit parameters and control
parameters of the MCdc system (including two converters) are
shown in Tables II and III, respectively.
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TABLE II
CIRCUIT PARAMETERS OF THE MCDC SYSTEM

Equipment name Parameter Value
Rated output power P,i/MW 15
Filter inductor Ly/mH 26.7
Filter capacitor Cp/mF 0.09375
1st converter
Switching frequency f/kHz 1
Cable inductor mH 0.25
Cable resistor Q 0.1179
Rated output power P,/ MW 5
Filter inductor Lyp/mH 80
Filter capacitor Cp/mF 0.03125
2nd converter
Switching frequency f.,/kHz 1
Cable inductor mH 0.752
Cable resistor Q 0.3536
Rated output power P/ MW 20
CPL
Input filter capacitor Cpgq/mF 1

TABLE III
CONTROL PARAMETERS OF THE MCDC SYSTEM

Parameter  Value  Parameter  Value

Fopin 0.0022 Fpin 0.0068

kiin 0.1685 kiia 0.5054

Group 1 vt 0.2534 kv2 0.0845
kivi 68.370 kiva 22.790

kai 0.0089 kay 0.0268

Fopin 0.0023 Foin 0.0070

ki 0.1685 kiia 0.5054

Group 2 vt 0.2599 kw2 0.0866
kit 68.370 kiva 22.790

kai 0.0089 kay 0.0268

As shown in Fig. 25, it can be seen that the phase margins
of the three closed-loop transfer functions are all positive. This
means that all three operating points (i.e., 12, 14, and 15.5 MW)
mentioned above are small signal stable at the first group control
parameters. Similarly, the small signal stability analysis results
for the second group control parameters can also be obtained,
as shown in Fig. 26.

APPENDIX B

A. Equivalent Transformation of Voltage Control
State-Variables

According to the design guidelines recommended by [31],
the relationship between the voltage control parameters of each
converter can be written as (B.1). Similarly, the relationship
between the current control parameters of each converter can
be expressed as (B.2)

Fpvy — hy
k h

pv(y+1) (y+1)

Ray by (B.1)
k1) hat
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Lgy Ley+1y”

(B.2)

Hence, the equivalent droop coefficient k4 can be given by

2 (5)
— = — . (B.3)
B. Equivalent Transformation of Current Control
State-Variables
Obviously, (9) can be reconstructed as follows:
Deq-Vs — Z" (Dy'VSy>
Le v=1\ L (B.4)

Ve _ n Vety
o=y (),



ZHAO et al.: PFR ENSURING TRANSIENT STABILITY OF DROOP-BASED MULTICONVERTERS DC SYSTEM

., 32 —1"comverter
>
w
o 3L
O
2.8 . A . \ . .
0 00l 002 003 004 005 006 007 008 009 0.1
Time (s)
(a)
LIF "
~ 2"convener
-
wn
ISH |
o]
0 001 002 003 004 005 006 007 008 009 0.1
Time (s)
(b)
Fig. 27. Waveforms of current control state-variables under Case 1. (a) 1st

converter. (b) 2nd converter.

Since all input voltage sources are identical to each other in
this article, i.e., Vs = V;,, then (B.4) can be simplified as follows:

Doy n D,
e =y (22
1 .. 1

Lf ~ Zyzl Lfy)

The analytical equation between the output filter inductor Ly,
of each converter and the output filter inductor L¢ of the ESC
model can be established, as shown in (B.5). Since all output
filter capacitors Ct, are connected in parallel, then the equivalent
output filter capacitor Cy can be given by

Cf ~ Z ny
y=1

where Ct is the output filter capacitor of the ESC model. Con-
sidering the current control loop, (B.5) can be reconstructed as
follows:

(B.5)

(B.6)

kpi(Ie—1)+ki [ (I.—I)dt
L¢
n
=3 (kpiy(lry_ly)+kiiyf(Iry_ly)dt)
=1

fy

(B.7)

Y

where kp;,, and k;;,, are the proportional and integral gains of
the current controller G, (s) of the yth converter, respectively,
kpi and k;; are the proportional and integral gains of the current
controller G..(s) of the ESC model, respectively.

C. Verification of Equivalent Transformation of
State-Variables

Due to the length limitation of this article, the time domain
results of the state-variables of Casel are given. From the current
control state-variable (CCSV) waveforms shown in Fig. 27, it
can be found that the state-variable [(/;; — I7)dt is three times
larger than the current control state-variable [(I,o — I5)dt. This
is opposite to the ratio of the current integral gain between the
two converters. More importantly, the state-variable [(/, — I)d¢
of the ESC model is almost the same as the sum of the state-
variables [(I;; — I)dt and [(/;2 — I)dt, as shown in Fig. 28.
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Fig. 28.  Waveforms of current control state-variables (Ist converter, 2nd
converter, and the ESC model) under Case 1.
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Fig. 29. Waveforms of voltage control state-variables (1st converter, 2nd
converter, and the ESC model) under Case 1.

Similarly, in Fig. 29, the voltage control state-variable (VCSV)
waveforms of the two converters and the ESC model are also
almost consistent.

APPENDIX C

The existing methods used to generate Lyapunov functions
include the Lyapunov direct method [27], mixed potential theory
[20], [21], TS fuzzy model method [18], and so on. Considering
the advantages and disadvantages of the above methods, the
TS fuzzy model method is preferred in this article. This is
mainly because it can consider both the circuit dynamics and
control dynamics of the system. The methodological steps for
constructing the Lyapunov function and inscribing the estimated
domain of attraction by the TS fuzzy model approach are detailed
as follows, as in [2].

Step 1: The nonlinear system can be written in the form of & =
A(x)x, where A(x) is a nonlinear matrix function containing
state-variables and x is the state-variable column matrix.

Step 2: Select a small region €2 around the equilibrium point and
denote its boundary as 0€2. And, the maximum value x;,.x
and the minimum value x;,;, of the ith nonlinear term in A (x)
with this region {2 can be obtained. Then, the matrices A ;yax
and A ; i, can be obtained as the ith nonlinear term in A(x)
is replaced by the minimum value x;.,;, and the maximum
value x;max, respectively.

Step 3: If the linear matrix inequality (C.1) is feasible, then
the system is asymptotically stable within the region 2. =
{xERY| V(x)<min(V(0Q))}, where V(x) = xTMx.

M=M">0
A?maxM+MAinlax<0 1=1,2,....,m (C.1)
A?miI1M+MAiInin<O i:1,27...7m

where M is the symmetric matrix, N and m are the number of
state-variables and nonlinear terms.

Step 4: Keep increasing €2 until the linear matrix inequality (C.1)
isinfeasible. At this point, €2 is the LEDA of the system. (C.2)
and (C.3) shown at the top of the next page.
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