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An Improved Nonlinear Droop Control
Strategy in DC Microgrids
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Abstract—Droop control has drawn widespread attention and
various nonlinear droop characteristics have been developed in
dc microgrids. This article proposes an improved nonlinear droop
control strategy, which uses the difference between the squared
nominal voltage and the squared dc voltage as the droop input
and generates the ac current reference directly from the droop
characteristic. Compared with the traditional dual-loop droop
control strategy, this method can provide faster transient response
due to the elimination of the external dc voltage or current loop.
And the bus voltage can be regulated very compactly, which is
an optimization of steady-state performance. In this article, the
stability assessment that violates the constraint conditions of the
conventional impedance-based stability criterion is investigated,
which considers the number of right-half-plane poles of the open-
loop transfer function. The Nyquist criterion of generalized Bode
plot is used to analyze the system stability. An adaptive current
sharing strategy is proposed to improve the current sharing ac-
curacy in multisource operation. This article also discusses the
comprehensive design process for determining droop gain. Finally,
experimental results validate the theoretical analysis.

Index Terms—Bode plot, dc microgrid, droop control,
impedance-based stability criterion, right-half-plane (RHP) poles.

NOMENCLATURE

vd, id d-axis output voltage and current compo-
nent of DG.

vdc, idc Output voltage, output current of DG.
ki Droop gain.
V0 Nominal voltage.
Ri, Li, Ci Cable resistance, cable inductance, local

capacitance.
ed, eq PCC voltage in d-axis and q-axis.
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Rs, Ls AC source resistance, ac source induc-
tance.

PL Power of CPL.
Vbus DC bus voltage in steady state.
ωL Control bandwidth of CPL.
ωc Inner control bandwidth.
Cb Bus capacitance.
RCPL, CCPL, LCPL CPL resistance, CPL capacitance, CPL

inductance.

I. INTRODUCTION

NOWADAYS, the issues of resource scarcity and environ-
mental contamination have stimulated widespread atten-

tion on distributed generation (DG), including renewable energy,
energy storage systems, and dc loads, such as electric vehicles
[1], [2]. DC microgrids (dc MGs) could offer a simple control
structure, higher reliability, efficient integration of renewable en-
ergy resources [3], and absence of reactive power compensation
[4]. As such, they are commonly applied in electric vehicles [5],
all-electric ships [6], buildings, and other fields.

When the load converters in dc microgrids are tightly regu-
lated as constant power load (CPL), instability issues may arise
due to the negative impedance characteristics. Therefore, system
stability is a crucial concern, which depends on multiple factors
such as CPL, the interactions among the interconnected convert-
ers, cable impedance, system damping, and control bandwidth.
In this regard, conducting stability analysis around the operating
point is essential. The small signal stability evaluation methods
of power electronic systems mainly contain impedance-based
analysis method and eigenvalue analysis method.

The eigenvalue analysis method requires comprehensive
knowledge of the system’s parameters and configuration to
establish a detailed system model. However, in cases where the
system is considered a “black box” with limited information, it
is more advantageous to study the impedances of each subsys-
tem. Analyzing the subsystem interactions and system stability
through impedance analysis can provide valuable insights in
such scenarios. A comprehensive review of impedance-based
criteria, such as the Middlebrook Criterion [7], the Gain Mar-
gin and Phase Margin Criterion [8], the Opposing Argument
Criterion [9], the Energy Source Analysis Consortium Criterion
[10], and the Three Step Impedance Criterion [11], is presented
in [12]. All these criteria define various forbidden regions of
the polar plot of the minor loop gain and are sufficient but not
necessary conditions for determining stability. Additionally, a
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passivity-based stability criterion (PBSC) is proposed in [13],
which does not require predetermination of source and load
partition. While previous studies about PBSC only considered
the perturbations of output current, Yu et al. [14] also take the
influence of input voltage and reference voltage perturbations
of the converter in addition to output current perturbations into
account. The impedance sum criterion reported in [15] and [16]
is quite simple but limited to a cascaded system consisting of two
converters. Furthermore, the bus node impedance criterion, pre-
sented in [17], provides a sufficient and necessary condition for
the stability of both centralized systems ignoring line impedance
and distributed power systems considering line impedance.

The above criteria for assessing the stability of dc microgrids
have a prerequisite that each subsystem impedance is individu-
ally stable. Liao and Wang [18] provided an alternative criterion
that does not require open-loop right-half-plane (RHP) poles
constraint and [19] extends it to multibus dc MG. The proposed
droop-controlled system in this article may introduce RHP poles
in the source subsystem, leading to undesired oscillations. To
evaluate system stability, the Nyquist criterion based on the
individual impedance Bode plot introduced in [18] and [19] is
employed.

In practical dc MGs, the parallel multisource operation is
prevalent, highlighting the importance of achieving appropriate
power sharing among sources. To address this, decentralized
droop control is typically utilized [20], [21] by introducing a
virtual resistance at the output of converters [22]. As a pas-
sive load sharing approach [23], it does not require critical
communication infrastructure, thereby enhancing the system’s
efficiency and reliability. Nevertheless, the conventional lin-
ear droop characteristic necessitates a tradeoff between volt-
age regulation and load sharing accuracy [24], [25]. While
large droop gain exhibits good power sharing performance,
the bus voltage deviation is substantial. Conversely, small
droop gain optimizes voltage regulation but limits load sharing
accuracy [26].

In response to the tradeoff between voltage regulation and
load sharing accuracy in traditional linear droop control, several
droop control strategies have been proposed. A piecewise linear
droop control method is introduced in [27], which divides the
droop curve into several segments with increasing droop co-
efficients to restrain the current sharing error, but its stability
is threatened at the intersections of broken lines. Nonlinear
droop functions have, thus, become widely used and contin-
uously improved. In [28], a simple nonlinear droop strategy
is proposed to identify the droop coefficient in specific heavy
loads, incorporating a linear droop function with a negative
droop coefficient for light loads to reduce bus voltage deviation.
But the curve is nonmonotonic and on the boundary of the linear
and nonlinear properties may result in a lower accuracy of the
current sharing. Prabhakaran et al. [29] introduced three novel
schemes: high-droop gain method, polynomial droop curve
method, and polynomial droop curve with voltage compensation
method, and extends the research by implementing high order
polynomial droop expression and power bidirectional experi-
ment. A generic polynomial expression for unifying different

droop functions is proposed in [30], which verifies the superior
steady-state performance of nonlinear droop strategies and their
impact on system efficiency. Li et al. [31] introduced a V2-P
droop strategy that enables global smooth transition between
various operation modes for bidirectional dc–dc converters, and
the bus voltage regulation and power tracking control loop are
combined through the droop controller. The current-limiting
droop control strategy proposed in [32] is a nonlinear droop
control essentially and changes the control structure. It offers
the advantages of current limitation for converter protection
and steady-state operation compared to traditional droop cas-
cade PI control. However, it prioritizes current limitation when
the input current reaches its maximum, potentially sacrificing
power sharing. And the transient performance of the controller
requires further improvement. In [33], different droop curves
are proposed to enhance current sharing accuracy under the
most probable load conditions for different time periods of a
day. However, the delay generated in the transition process can
impact current sharing accuracy and load voltage regulation in
a brief time. In [34], a decentralized adaptive discrete piecewise
droop control is introduced. This approach features a control
structure that enables continuous command regulation. Addi-
tionally, it involves a comprehensive transient analysis and con-
troller design process. In [35], a decentralized secondary droop
control method is proposed, aiming to achieve accurate current
sharing among all the converters. Notably, this method avoids
the complexity of communication and is applicable in various
configurations of dc MGs, including radial, ring, and mesh
configurations.

Although the above-mentioned literatures improve the steady-
state performance to some extent, they primarily fall under
the traditional dual-loop droop control scheme. However, these
approaches tend to become more complex with increasing droop
function complexity and overlook dynamic performance consid-
erations. To simplify the control structure, a novel ac–dc-coupled
droop control strategy is proposed in [36], which generates the
active component of ac current directly from the droop function,
eliminating external dc voltage or current loop and achieving
fast bus voltage dynamics during transients. Nonetheless, as
concluded in [37], the voltage regulation performance of the
ac–dc-coupled droop method is inferior to that of traditional
nonlinear droop characteristics. The comprehensive literature
review, which contains nonlinear droop methods is listed in
Table I.

Inspired by V2-P and ac–dc-coupled droop method, the pro-
posed method in this article aims to overcome their limitation by
incorporating the voltage squared difference and the elimination
of outer current loop, thereby enhancing both the steady-state
and dynamic performance of the system. The id-vdc2 droop con-
trol strategy can be applied to various types of dc MGs, including
converters that generate direct voltage output and are coupled
to an ac link. This encompasses ac–dc converters, modular dc
converters (such as the modular multilevel converter serving
as an ac–dc converter [38], [39], and VSC-based transformer
coupled dc–ac–dc systems [40], [41]). The main contribution of
this article can be highlighted as follows.
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TABLE I
LITERATURE REVIEW OF NONLINEAR DROOP METHOD

1) A comparative analysis among four droop strate-
gies is conducted to evaluate comprehensive system
performances.

2) Open-loop RHP poles are identified and the Nyquist cri-
terion based on the individual impedance Bode plot is
considered for the stability analysis.

3) An adaptive current sharing strategy is proposed to im-
prove the current sharing accuracy in the multisource
operation. Also, the design process for determining droop
gain is provided.

The rest of this article is organized as follows. Section II
presents the proposed droop strategy and compares its steady-
state performance with three alternative strategies. Section III
covers the system architecture and small-signal modeling. Sta-
bility analysis of the single-source single-load system, including
the impact of parameters, is discussed in Section IV. Section V
focuses on multisource operation, while the experimental results
are shown in Section VI to validate the proposed strategy.
Finally, Section VII concludes this article.

II. PROPOSED NONLINEAR DROOP

Fig. 1 shows a typical dc MG consisting of multiple converters
connected to a common dc bus through cable impedance. Fig. 2
presents a decoupled vector control strategy for voltage source
converters (VSCs) where the active power is controlled in d-axis,
and power sharing could be regulated by directly tuning id. It is
worth-noting that our analysis is limited to systems incorporat-
ing VSCs controlled within the dq0 frame.

A. Overview of Three Droop Strategies

For the sake of steady-state comparison, this section first
presents three other droop control strategies.

Fig. 1. Typical DC MG configuration.

The traditional current mode droop control scheme is depicted
in Fig. 3(a) where the output corresponds to the dc current
reference

i∗dc =
V0 − vdc

k
. (1)

In order to provide further contrast, a strategy is suggested
that maintains the original current mode dual-loop control, while
utilizing the voltage squared difference as droop input, as shown
in Fig. 3(b). This approach can be expressed as

i∗dc =
V 2
0 − v2dc

k
. (2)

In addition, as shown in Fig. 3(c), the previously proposed
ac–dc-coupled droop strategy presented in [34] is written as

i∗d =
V0 − vdc

k
. (3)
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Fig. 2. Vector-controlled VSC.

Fig. 3. Control scheme of droop strategy. (a) Traditional idc-vdc strategy.
(b) idc-vdc2 strategy. (c) id-vdc strategy. (d) Proposed id-vdc2 strategy.

B. Proposed Droop Characteristic

To comprehensively enhance the performance of the system,
an improved ac directly-controlled droop strategy is proposed.
The id-vdc2 droop characteristic can be formulated as follows:

i∗d =
V 2
0 − v2dc

k
(4)

where id∗ is the reference value of active component of ac
current; V0 represents the nominal voltage; k is the droop gain;
vdc is the sampled output dc voltage of VSC. The control scheme
of proposed strategy is shown in Fig. 3(d).

On the one hand, compared with linear current-mode and
idc-vdc2 droop strategy, the d-axis current reference is directly
generated from the droop characteristics, which ensures that
the ac current is correlated with the load sharing performance.
Consequently, this approach simplifies the control structure and
optimizes the dynamic performance accordingly. On the other
hand, compared with id-vdc strategy, the proposed strategy re-
duces the bus voltage deviation. The voltage squared difference
is introduced as the droop input, which is equivalent to the
product of the voltage difference, as expressed in (3), and an
additional term: (vdc + V0). This predicts that the proposed
id-vdc2 droop strategy exhibits a smaller voltage deviation for
the same droop gain.

C. Steady-State Performance

1) Voltage Regulation: For the sake of simplicity, by assum-
ing zero reactive power, the steady-state relationship between
dc and ac voltage or current can be expressed as⎧⎪⎨

⎪⎩
Id =

V 2
0 −V 2

dc
k

Vd = ed − IdRs

PL = VdcIdc =
3
2VdId

(5)

where ed is bus voltage at the point of common coupling (PCC);
Rs is the ac side resistance; PL is the load power. By combin-
ing (5), the V-I characteristic of the VSC under id-vdc2 droop
control can be derived, which reveals the nonlinear nature of the
proposed strategy

Idc =

(
3edV

2
0

2k
− 3RsV

4
0

2k2

)
1

Vdc
+

(
3RsV

2
0

k2
− 3ed

2k

)
Vdc

− 3Rs

2k2
V 3

dc. (6)

When PL is substituted, the dc voltage can be calculated by

Vdc =

√√√√2RsV 2
0 − ked ± k

√
e2d − 8

3RsPL

2Rs
. (7)

Dc voltage associated with the ac–dc-coupled droop strategy
can be derived as

Vdc =
6RsV0 − 3ked + k

√
3(3e2d − 8PLRs)

6Rs
. (8)

Based on (7), (8) and the practical scenario illustrated in
Table II, the voltage regulation comparison among the four
strategies with same load and droop coefficient is shown in Fig. 4.
The following three points require specific attention.

First, in Fig. 4(a), it can be observed that there might exist two
intersection points between the load curve and the droop curve.
The expression for the second intersection point Vdc

(2) is

V
(2)

dc =

√√√√2RsV 2
0 − ked − k

√
e2d − 8

3RsPL

2Rs
. (9)
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TABLE II
SYSTEM PARAMETERS

Then, the feasible droop gain to meet the above requirement
can be obtained as

k <
2RsV

2
0

ed +
√

e2d − 8
3RsPL

. (10)

Second, when the load curve and droop curve do not intersect,
indicating the system has no operating point, e.g., k = 1000
in Fig. 4(c). However, with the idc-vdc strategy in Fig. 4(b),
the operating point no longer exists when k = 20, limiting the
feasible region of k. According to (7), the condition for the
existence of operating points under id-vdc2 strategy is

k <
6RsV

2
0

3ed −
√
3
√
3e2d − 8PLRs

. (11)

The right-hand side of inequality (11) of the id-vdc strategy
can be obtained by substituting V0

2 with V0, which indicates
that the range of k under the proposed strategy is significantly
larger.

Finally, it is worth noting that the voltage deviation reduction
is achieved by the id-vdc2 strategy, as shown in Fig. 4(a), can
be mathematically explained by the voltage sum according to
(3) and (4). Besides, Fig. 4(a) illustrates that when k is small,
the droop curve behaves as an elliptic curve where operating
point is located in the convex part. However, as k increases
(k = 1000), the proposed droop curve takes a concave shape,
which only intersects once with the CPL curve. Furthermore,
Fig. 4(d) shows that the voltage regulation performance of
idc-vdc2 strategy is nearly identical to that of id-vdc2 strategy
when k is small, but it remains a convex curve as increasing
k, resulting in smaller voltage deviation than that of id-vdc2

strategy. Given the similar characteristics of these two droop
strategies, in scenarios where both dc–dc converters and VSCs
coexist within a DC MG, employing id-vdc2 strategy for the

Fig. 4. Comparison of voltage regulation for different droop. (a) Proposed
id-vdc2strategy (better). (b) idc-vdc strategy (worse). (c) id-vdc strategy (worst).
(d) idc-vdc2strategy (best).

VSCs, while employing idc-vdc2 strategy for dc–dc converters
can facilitate the droop gain design process.

2) Load Sharing: Another aspect of system steady-state per-
formance is load sharing performance. To facilitate comparison,
a triple-source system with different cable resistances feeding a
common CPL is considered. A function related to output voltage
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TABLE III
CURRENT AND POWER SHARING COMPARISON

and current, d(v,i), obtained from (1) to (4) can be used to
calculate the current sharing among the sources. The system
is described by the following equation:⎧⎨

⎩
Vbus = v1 −R1i1 = v2 −R2i2 = v3 −R3i3
d (v1, i1) = d (v2, i2) = d (v3, i3) = 0

Vbus (i1 + i2 + i3) = PL

(12)

where R1 is 0.1 Ω, R2 is 0.15 Ω, R3 is 0.2 Ω, PL is 3 kW, Vbus

is 260 V.
Table III lists the current and power sharing ratio of the

triple-source single-load system when Vbus is equal to 260 V.
The results show that current and power sharing performance of
the proposed strategy is slightly superior than id-vdc strategy but
a little bit worse than idc-vdc and idc-vdc2 strategy. The droop
method that incorporates voltage squared error demonstrates
superior accuracy. Additionally, direct control of ac current
compromises the accuracy.

In summary, for the id-vdc strategy, the steady-state perfor-
mance is even worse than the conventional linear droop due
to its concave droop curve. However, by introducing voltage
squared error as droop input, the feasible region of k can be
increased. Meanwhile, voltage regulation performance and load
sharing accuracy can be improved.

3) Influence of Resistance Mismatches: It can be inferred
from 2) that the cable resistance mismatches between three
modules will reduce the load sharing accuracy in the triple-
source system. To further observe on the effect of varying cable
resistance ratio, triple-source systems with same Vbus = 260 V
are performed. In addition, it can be seen from (6) and (7) that
the ac source resistance also have influence on the steady-state
values of dc voltage and current. Figs. 5 and 6 illustrate the
current sharing ratio versus the cable resistance mismatch ratio
and ac source resistance, respectively. In conclusion, a lighter Ri

or Rs mismatch leads to a higher accuracy of current sharing.

III. SYSTEM ARCHITECTURE AND MODELING

In this section, small signal modeling of overall closed-loop
system is conducted and the impedance models of the source
and load subsystem are established.

It is worth noting that there are two assumptions for modeling.
On the one hand, the d-axis is manipulated to regulate active
power, while assuming a fixed reactive power component of

Fig. 5. Current sharing ratio versus the cable resistance mismatch ratio.

Fig. 6. Current sharing ratio versus the ac source resistance mismatch ratio.

zero. Furthermore, the amplitude of the phase voltage vector is
represented by ed. On the other hand, the internal current loop
is approximated as a first-order lag system denoted as Tin(s),
featuring a corner frequency denoted as ωc.

A. Dynamic Modeling

1) Inner Current Loop: Fig. 2 shows the control block di-
agram of the inner current loop when classical vector control
is implemented. The output of the inner PI (ud and uq) can be
expressed as {

ud = −vd + ωeLsiq + ed
uq = −vq − ωeLsid + eq.

(13)

The output voltage of the dq-axis can be written as{
vd = −(Rs + Lss)id + ωeLsiq + ed
vq = −(Rs + Lss)iq − ωeLsid + eq

(14)

where Rs and Ls are the respective ac side resistance and induc-
tance; ωe is the electrical frequency of the ac source in rad/s;
ed and eq are PCC voltage in d-axis and q-axis, respectively. In
this article, the d-axis is used to regulate the active power. Thus,
eq is controlled to be zero and ed is the magnitude of the phase
voltage vector. And the reactive component is controlled to zero,
i.e., iq = 0. From (13) and (14), the expression of the decoupled
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component can be derived

id(s)

ud(s)
=

1

Lss+Rs
. (15)

For the simplicity of controller design, the inner current loop
can be approximated as a first-order lag system Tin(s) with a
corner frequency ωc

Tin(s) =
1

1 + τs
=

1

1 + s
ωc

. (16)

In Fig. 2, Tin(s) can be rewritten as

Tin(s) =
id(s)

i∗d(s)
=

Gc(s)

Gc(s) + Lss+Rs
(17)

where Gc(s) is the PI transfer function of inner loop and Gc(s) =
kp,in + ki,in/s. Given the control bandwidth of the inner current
loop, ωc, the proportional and integral gain of the PI can be
derived, respectively, as follows:

kp,in = ωcLs, ki,in = ωcRs. (18)

2) Outer Voltage Loop: According to (14), the linearized d-
axis voltage Δvd is expressed as

Δvd ≈ −(Rs + Lss)Δid. (19)

Based on the amplitude invariant transformation, the active
power can be linearized at operating point (the voltage and
current at the operating point are represented with subscript “0”)

P =
3

2
(vdid + vqiq) = vdc · idc

⇒ ΔP =
3

2
[(vd0 −Rsid0)− Lsid0s] Δid = vdc0 ·Δidc.

(20)

By combing (17) and (20), the transfer function from d-axis
current to converter output current in small signal can be derived

Gvo(s) =
Δidc

Δi∗d
=

3 [(vd0 −Rsid0)− Lsid0s]

2vdc0(τs+ 1)
. (21)

At the output of the converter, the relationship between dc
voltage and current{

Δio = − PL

v2
dc0

Δvdc

Δidc −Δio = Cs ·Δvdc
⇒ Δvdc

Δidc
=

1

Cs− PL

v2
dc0

. (22)

As for droop characteristic, the linearized model is

I∗d =
V 2
0 −Δv2dc

k
⇒ Δi∗d =

2(V0ΔV0 − vdc0Δvdc)

k
. (23)

Fig. 7 shows the linearized control block diagram of the entire
system. Taking the droop control into account, the corresponding
voltage closed-loop transfer function is expressed as

Tclosed =
Δvdc

ΔV0
=

2Gvo(s)

2vdc0Gvo(s) + k
(
Cs− PL

v2
dc0

) · V0. (24)

Fig. 8 shows the closed-loop models of four droop strategies
and Fig. 9 shows the corresponding dynamic performance anal-
ysis using Bode plots. The results indicate that the proposed

Fig. 7. Linearized control block diagram for the id–vdc2 droop-controlled
system.

Fig. 8. Closed-loop model for four strategies. (a) id–vdc2 strategy. (b) idc–vdc
strategy. (c) id–vdc strategy. (d) idc–vdc2 strategy.

Fig. 9. Bode plot of closed-loop transfer function for four strategies based on
the system parameter in Table II. (a) id–vdc2 strategy (k = 730.3). (b) idc–vdc
strategy (k = 2.4). (c) id–vdc strategy (k = 1.376). (d) idc–vdc2 strategy (k =
1273.85).

strategy exhibits the fastest dynamic response, whereas the
strategies that eliminate the external current loop (id–vdc and
id–vdc2 droop strategy) yield faster voltage dynamics.

B. Impedance Modeling of Subsystems

Impedance analysis has been widely used to address small
signal stability issues, by dividing the system into subsystems
and evaluating the minor loop gain using the Nyquist stability
criterion.
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Fig. 10. Source and load subsystems of the single-source single-load system.

Fig. 11. Equivalent circuit of the single-source single-load system.

In the case of the single-source single-load system discussed
in this article, the ac–dc converter, line impedance, and bus
capacitance comprise the source subsystem, while CPL forms
the load subsystem, as depicted in Fig. 10.

The following mathematical representations of the VSC can
also be obtained from Fig. 7:

Δvdc =
2V0Gvo(s)

kCs+ 2vdc0Gvo(s)
ΔV0 − k

kCs+ 2vdc0Gvo(s)

Δ
= ΔVeq − ZeqΔio (25)

where ΔVeq is defined as equivalent voltage source and Zeq is
equivalent impedance. The source impedance can be derived on
the basis of (25)

ZS(s) =
1

Cbs
//(Ri + Lis+ Zeq)

= [k(LiCis
2 +RiCis+ 1) + 2vdc0Gvo(Lis+Ri)]/

[ks(LiCiCbs
2 +RiCiCbs+ Ci + Cb)

+ 2vdc0Gvo(LiCbs
2 +RiCbs+ 1). (26)

Fig. 11 shows the equivalent circuit of the cascaded source and
load subsystem. A tightly regulated buck converter is modeled
as a CPL, and its input impedance model can be derived [42] as{

Δ = LCPLCCPLs
2 + LCPL

RCPL
s+ 1

ZL(s) =
V 2

bus(s+ωL)Δ
PL(RCPLCCPLs2+s−ωLΔ)

(27)

where RCPL, CCPL, and LCPL are corresponding resistance,
capacitance, and inductance, respectively; ωL represents the
control bandwidth of the CPL.

IV. STABILITY ANALYSIS OF SINGLE-SOURCE

SINGLE-LOAD SYSTEM

Most impedance ratio-based criterion, such as Middlebrook
et al., require that each subsystem is individually stable. Three
steps of stability analysis are involved: the identification of
open-loop RHP poles number; the identification of crossing
number; effect of parameters. The Nyquist criterion of Bode
plot of individual impedances is first introduced to establish

Fig. 12. Determination of N. (a) Nyquist curve of open-loop transfer function.
(b) Bode plot of open-loop transfer function.

a theoretical foundation for steps 1 and 2. The stability of an
example is then evaluated according to the above criteria. In
order to test the effectiveness of the proposed droop controller
under a wider range of system conditions, a parametric analysis
is performed in Section IV-B.

A. Stability Analysis With Open-Loop RHP Poles

1) Nyquist Criterion of Bode Plot: According to the well-
known Cauchy’s argument principle

Z = N + P (28)

where Z is the number of RHP poles (RHPP) of the closed-
loop system; N is the number of times that the Nyquist curve
of open-loop transfer function clockwise encloses (−1, j0); P is
the number of open-loop RHPPs.

The Nyquist stability criterion states that the system is stable
if Z = 0. The pole-zero map of impedance ratio can determine
the value of P. Meanwhile, N can also be counted from the Bode
plot, as shown in Fig. 12 [43], [44]. For the Nyquist curve, a
positive crossing is defined as one bottom-up crossing through
the left negative real axis of (−1, j0), while the reverse is called
a negative crossing. In the Bode plot, a positive crossing is the
region where the magnitude is greater than 0 dB, and the phase
crosses the (2n + 1)180° (n is an integer) line once from above.
A negative crossing occurs when it does not meet the above
conditions. The formula for N is

N = 2(N+ −N−) (29)

where N+ represents the number of positive crossings; N- rep-
resents the number of negative crossings. Noted that the above
results only include the part of ω = 0→�, while the Nyquist
curve is symmetric about the real axis. Therefore, N is twice the
number of crossings counted in the Bode plot.

2) Determination of P and N: For analytical convenience, the
above criterion can be applied to the individual impedance Bode
plot of subsystems. An example is implemented to demonstrate
the detailed stability determination process, where inner loop
bandwidth ωc is 5 Hz, droop gain k is 500, and the other system
parameters are referred to Table II. The process can be divided
into four steps as follows.
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Fig. 13. Pole-zero maps of ZS and ZL. (a) Pole-zero map of ZS. (b) Pole-zero
map of ZL.

Fig. 14. Bode plot of ZS and ZL. (a) Magnitude-frequency response. (b) Phase-
frequency response.

Step 1: Formulation of the minor loop gain.

Separate source and load subsystems as Fig. 8, and impedance
modeling is conducted, respectively, as (26) and (27).

Step 2: Identification of open-loop RHPPs.

Draw the pole-zero map of ZS and ZL, and calculate the
number of open-loop RHPPs by

P

(
ZS

ZL

)
= P (ZS) + Z(ZL) (30)

where P(ZS) is the number of RHPPs of source impedance;
Z(ZL) is the number of RHPZs of load impedance, which can be
counted by the pole-zero map. It can be seen from Fig. 13 that
P = 0 + 0 = 0.

Step 3: Identification of crossings.

First, the region where the magnitude of impedance ratio is
greater than 1 can be reformulated as the magnitude of ZS being
greater than ZL. Thus, only the part of ZS higher than ZL in
magnitude-frequency response needs to be concerned, as shown
in the pink shaded area of Fig. 14. Second, crossing bound-
ary is defined by shifting the load impedance-phase curve of
(2n+ 1)180° (n is an integer) in order to help identify the number
of crossings. When ϕ(ZS) crosses the ϕ(ZL) + (2n + 1)180°
line once from above in the pink shaded area, which means that
the phase difference of the two impedances crosses over (2n
+ 1)180° once from the above where the magnitude-frequency
response is greater than 0 dB, there will be a positive crossing,
as denoted as the orange dot; otherwise, it is negative crossing
once. Similarly, N is twice the number of crossings counted in
the impedance Bode plots. It can be observed from Fig. 14 that
N = 2(1 − 0) = 2.

Step 4: Stability prediction.

Fig. 15. Influence of inner current loop bandwidth on the source impedance.

Fig. 16. Pole-zero maps when k = 20. (a) Pole-zero map of ZS. (b) Pole-zero
map of ZL.

Z is determined according to (28) to assess the system stability.
It can be seen from steps 1 and 2 that Z = N + P = 2, indicating
that the system is unstable. The Nyquist stability criterion ap-
plied to impedances Bode plots reveals the interactions between
source/load impedances graphically, and offers the insight of
reshaping the impedances of subsystems to stabilize the system.
In this case, there is no open-loop RHP pole. Make N = -P =
0, if ZS remains, ZL is reshaped that the impedance-phase curve
after raising +180° will not cross the impedance-phase curve of
ZS, or it will cross the impedance-phase curve of ZS negatively
once to compensate an existing positive crossing.

B. Sensitivity Analysis

1) Influence of Inner Loop Bandwidth: Following the above
process in Section IV-A, the pole-zero maps when ωc varies
reveals that the individual stability remains intact with P always
being 0. The influence of inner current loop bandwidth on the
source impedance is investigated in Fig. 15. It can be found that
the intersection of the magnitude-frequency responses occurs
when slow ωc (about 5 Hz) is applied, posing a challenge to
the system stability. As a short summary here, increasing inner
current bandwidth can diminish the peak magnitude and enlarge
the stability margin, thereby rendering no upper limit for ωc.

2) Influence of Droop Gain: In contrast to the case when
varying ωc, two RHPPs appear in ZS when k is small (about
less than or equal to 20), in other words, two open-loop RHPPs
are introduced (P = 2). The pole-zero maps when k = 20 is
shown in Fig. 16, while Fig. 17 displays the Bode plot of source
and load impedance with different droop gains. No intersection
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Fig. 17. Bode plot of source and load impedance with different droop gains.

Fig. 18. Parameter map for stability of (a) proposed id-vdc2strategy (best).
(b) idc-vdc strategy (worst). (c) id-vdc strategy (better). (d) idc-vdc2strategy
(worse).

occurs when k ≤ 20, leading to N = 0, and consequently, Z =
N+P= 2. Hence, reducing the droop gain may cause individual
instability of the source subsystem and consequent whole system
instability. However, increasing droop gain can attenuate the
peak magnitude and enlarge the stability margin.

Therefore, the stability margins under the four droop strate-
gies are compared while maintaining the same load and bus
voltage, as shown in Fig. 18. The black points indicate that
the system is stable, blue points represent the oscillation of
the waveform that eventually become stable (tend to be stable),
green points indicate constant amplitude oscillations, and red
points denote system instability. It can be inferred that removing
the extra outer dc current loop not only improves dynamic
performance but also enhances stability margin. Moreover, the
proposed strategy reduces the likelihood of imminent system
instability compared with id-vdc strategy, as shown in the purple
dashed circle.

3) Poles Placement: It is found that Z = N + P = 2 when
k ≤ 20, showing that two RHPPs exist in the source subsystem

Fig. 19. Pole plot of source impedances by varying k.

TABLE IV
CURRENT SHARING RATIO

and system is unstable. Fig. 19 shows the pole plot of source
impedances when k changes from 5 to 20, revealing that the
same cluster of poles are initially in RHP and move to the left
half plane as k increases. Therefore, it is necessary to place this
same pair of complex poles to enhance the stability of the source
subsystem.

V. ANALYSIS OF MULTISOURCE SYSTEM

In a multisource system, current sharing among sources is of
importance. Initially, we simplify and approximate the current
sharing ratio in a multisource system under id-vdc2 droop control
as the ratio of the inverse of the droop gain. This approximation
is verified in a triple-source system. Subsequently, an adaptive
current sharing strategy is proposed to improve the current
sharing accuracy.

A. Current Sharing Accuracy

Let qi be the ratio of the d-axis current to the dc output current
of the ith source, which can be approximated as a constant
(i.e., Idi ≈ qiIi ≈ qIi). Meanwhile, Vdci ≈ Vbus is assumed by
neglecting the voltage drop on line resistance. The relationship
between the current sharing ratio and droop gains is defined as

I1 : I2 : .. : In ≈ Id1 : Id2 : . . . : Idn ≈ 1

k1
:
1

k1
: . . . :

1

kn
.

(31)
Four cases (cases 1–4) with varying droop gain ratios are

defined and Table IV presents the results of voltage, current
sharing ratio qi, and the current sharing error under the parallel
operation of three sources with PL = 1 kW and Vbus = 260 V.
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Fig. 20. Proposed current sharing strategy with the droop gain design.

TABLE V
ADAPTIVE CURRENT SHARING RATIO

These results are consistent with the simplified analysis of (31),
and it can be seen that as the droop gain k of second VSC
increases, the current sharing error increases.

B. Adaptive Current Sharing

In order to improve the accuracy of current sharing, an adap-
tive current sharing strategy is proposed here. First, we assume
that the desired current sharing ratio is

I1 : I2 : . . . : Ii : . . . : In = 1 : n1 : . . . : ni−1 : . . . : nn−1.
(32)

From (5) and (32), the output current of the 1st and ith VSC
can be expressed as{

I1 = PL

(1+n1+...+ni−1+...+nn−1)Vb
= PL

mVb

Ii =
3
2

(V 2
0 −V 2

b )[kied−Rs(V
2
0 −V 2

b )]

kVdci
= ni−1I1 = PLni−1

mVb
.
(33)

Considering Vdci = Vb + IiR, and neglecting the smaller
term Ii2Ri

2, the relationship between ki and Ii can be derived
approximately as

ki =
3

4

ped + q · Ii +
√
x(2RiVb · Ii − p)

RiI2i + VbIi
(34)

where p, q, x is defined as

p = V 2
0 − V 2

b , q = −2RiVbed, x = e2d − 4Rs. (35)

Consequently, the ratio between ki and k1 can be written as

ki : k1 = fi =

(
wni−1 +

umVb

PL

)(
RiPL

mVb
+ Vb

)
(
w + umVb

PL

)(
RiPLn2

i−1

mVb
+ Vbni−1

) (36)

where w, u is defined as

w = q + 2
√
xRiVb, u = ped −

√
xp. (37)

Finally, the precise current sharing can be achieved through
the adaptive droop gain ratio

k1 : k2 : . . . : ki : . . . : kn = 1 : f2 : . . . : fi : . . . : fn (38)

where fi is a function related to the CPL power, the bus voltage,
desired current sharing ratio, and the line resistance.

By applying this adaptive adjustment process, precise current
sharing can be achieved. Table V presents the modified droop
gain ratio, which can be determined according to (36) and (38).

Furthermore, Fig. 20 illustrates a comprehensive procedure
of droop gain design. For single-source single-load operation,
the droop gain is designed according to existing operating con-
ditions and acceptable voltage deviation. The droop gain ratio of
the multisource operation is determined by the desired current
sharing ratio. And the final step involves conducting a stability
assessment.
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Fig. 21. Bode plot of source impedance in multisource operation. (a) Varying the number of VSCs keeping individual droop gain. (b) Varying load sharing ratio
keeping steady-state performance. (c) Varying the number of VSCs keeping steady-state performance. (d) Varying inner loop bandwidth in dual-source system.

Fig. 22. Bode plot of source impedance in triple-source operation varying
inner loop bandwidth ratio.

C. Stability Analysis

1) Influence of k and ωc: According to (26), the total
impedance model of source side of n VSCs operating in parallel
can be derived as follows:

ZS(s) =
1

sCb +
∑n

i=1
1

Ri+sLi+Zeq,i

. (39)

Fig. 21 presents four cases set to comprehensively compare
the effects of each parameter on the stability of the multisource
system with id-vdc2 droop controller, and each case illustrates

Fig. 23. Experimental platform.

the stability performance when the parameter varies. Fig. 21(a)
demonstrates the stability of single-source, dual-source, and
triple-source systems, respectively, when the individual droop
gain is the same (ki = 500), and the load is equally shared. It
is observed that with same ki, the amplitude-frequency curve
of ZS moves down as the number of VSCs increases, and the
stability margin increases. Fig. 21(b) examines the influence of
load sharing ratio of dual-source system controlled by tuning
droop gain ratio. Both of the CPL power and bus voltage are
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Fig. 24. Experimental and simulation results of bus voltage with different
droop gains. (a) k = 500. (b) k = 1000.

Fig. 25. Experimental results of bus voltage with different parameters.
(a) Decreasing ωc. (b) Decreasing k.

kept consistent, and k1:k2 is 0.2, 0.5, and 0.8, respectively.
The amplitude-frequency curves of the three ZS almost overlap,
indicating that the load sharing ratio has no significant effect
on the system stability. Fig. 21(c) explores the influence of the
number of sources while maintaining bus voltage. It is found
that the amplitude-frequency curve of ZS moves down, and
the stability margin increases with an increase in the number
of VSCs. Furthermore, the influence of inner loop bandwidth
on the dual-source system is shown in Fig. 21(d). Compared
with Fig. 15, there is minimal difference in stability perfor-
mance when the inner loop bandwidth is above 100 Hz, and
the source and load impedance curve does not intersect at
5 Hz. Therefore, the dual-source system has a larger stability
margin than a single-source system under the variation of the
control bandwidth. In conclusion, as depicted in Fig. 21(a), (b),
and (d), it can be inferred that a multisource system exhibits
greater stability compared to a single-source system under id-
vdc2 droop strategy.

2) Influence of Parameter Mismatches: Fig. 21(b) shows that
the droop gain mismatch has no effect on dual-source system
stability. Fig. 22 further illustrates the influence of the inner
loop bandwidth mismatch for triple-source system when the
individual droop gain is the same (ki = 500). It is investigated
that varying ωc ratio will not sacrifice stability.

VI. EXPERIMENTAL VERIFICATION

This section presents the experimental results to verify the
feasibility of the proposed droop strategy. An experimental

Fig. 26. Experimental results voltage regulation performance under four
strategies. (a) id-vdc2 and idc-vdc2 droop. (b) id-vdc and idc-vdc droop.

Fig. 27. Experimental results of bus voltage dynamics with different droop
strategies. (a) id-vdc2 droop. (b) idc-vdc droop. (c) id-vdc droop. (d) idc-vdc2

droop.

prototype of dc MG is constructed, as depicted in Fig. 23. The
experimental system parameters are listed in Table II.

A. Steady-State Performance

First, a single-source single-load MG is tested. With the
proposed id-vdc2 droop characteristic, bus voltages with droop
gains of 500 and 1000 are depicted in Fig. 24(a) and (b),
respectively, while the load power is increased stepwise from
500 W to 1.5 kW.
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Fig. 28. Effect of load sharing ratio and inner loop bandwidth. (a) Effect of load sharing ratio with the same steady-state performance when PL = 1 kW on the
dual-source operation. (b) Effect of inner loop bandwidth with the same steady-state performance PL = 1 kW and k1 = k2 = 500 on the dual-source operation.
(c) Effect of cutting into sources with larger bandwidth and same droop gain k1 = k2 = k3 = 500.

Fig. 29. Effect of the number of VSCs with the same steady-state performance when PL is changed from 1 kW to 1.5 kW. (a) Single-source single-load operation
with k1 = 339.05. (b) Dual-source single-load operation with k1 = k2 = 740.16. (c) Triple-source single-load operation with k1 = k2 = k3 = 1141.36.

The steady-state results are consistent with the simulation
and theoretical analysis in Section II-B. It is seen that the
voltage deviation is reduced with a smaller droop gain, and the
voltage deviation is not significant with a larger droop gain,
demonstrating the superior voltage regulation performance of
the proposed strategy.

B. Influence of Inner Loop Bandwidth and Droop Gain

Fig. 25(a) illustrates the effect of the varying inner loop
bandwidth on bus voltage with k = 500, PL = 1 kW. A slower
bandwidth (ωc = 500 Hz) intensifies the voltage ripples, which
agrees with the theoretical analysis in Fig. 15. Fig. 25(b) demon-
strates the impact of changing droop gain on bus voltage with
ωc = 800, PL = 1 kW. Decreasing the droop gain tends to
jeopardize the system stability, which is in agreement with the
theoretical analysis results in Fig. 17.

It is noteworthy that the experimental results have revealed
the presence of voltage ripple, and Fig. 25(b) shows large volt-
age fluctuation at k = 300. The observed discordance between
the theoretical expectations, suggesting system instability when
k ≤ 20, and the experimental findings demands explanation.
There may be the following reasons for the inconsistency:

simplification in small-signal modeling (e.g., neglecting the
dynamic characteristic of CPL, PWM sampling, control signal
delay, dead time of the switching transistor, the equivalent
series resistance of the inductor, and so on); potential external
interference in the experimental environment.

C. Comparison With Other Droop Strategies

1) Steady-State Performance: In order to verify the superior-
ity of the proposed strategy in voltage regulation performance,
the comparative experimental results are shown in Fig. 26 .

Fig. 26(a) shows the dc voltage values of idc-vdc2 method and
id-vdc2 method under the same droop gain. It can be seen that the
former is slightly larger than the latter, and they can both operate
under large range of droop gain. The results are consistent with
Fig. 4(a) and (d). Fig. 26(b) shows the dc voltage values of
the idc-vdc method and the id-vdc method with the same droop
gain. It can be observed that the dc voltage maintains the same
value at k = 20 and 40. This is because the output voltage of
the three-phase bridge rectifier has a minimum value, i.e., the
average value of the dc voltage under three-phase uncontrolled
rectification. This threshold is exceeded under these operating
conditions.
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2) Dynamic Performance: On the one hand, Fig. 24 displays
the dynamic response of simultaneous loading under different
droop gains. The response time is about 35 ms when k = 500,
while it increases to 39 ms when k = 1000. Although the
difference is small, the smaller droop gain corresponds to a
faster dynamic process. On the other hand, to verify the superior
dynamic performance of the proposed droop control strategy,
the CPL is changed from 1 kW to 1.5 kW at t = 5 s. A bus
voltage value of 260 V is chosen, and droop gains are set
to 730.3 for the id-vdc2 strategy, 2.4 for the idc-vdc strategy,
1.376 for the id-vdc strategy, 1237.85 for the idc-vdc2 strategy,
respectively. Fig. 27 shows the corresponding transient response
times under different droop strategies, respectively, confirming
that the system settling time is shortened due to the elimination
of external current loop.

D. Multisource Operation

Fig. 28(a) and (b) illustrates the effects of load sharing ratio
and inner loop bandwidth on the bus voltage and load currents of
mutisource system. Fig. 28(a) demonstrates that the waveform
of the bus voltage is relatively constant when the droop gain
ratio of the dual source is 0.35, 0.5, 0.65, and 0.8 under the
condition of PL = 1 kW and Vbus = 265 V, indicating that
the load ratio has little impact on system stability, and the load
current is shared approximately in inverse proportion to the
droop gain. In Fig. 28(b), the bus voltage ripple approximately
remains unchanged as the inner loop bandwidth changes from
1500 Hz to 1000 and 500 Hz. In contrast, Fig. 25(a) shows
that the ripple of a single source is significantly increased with
reduced inner loop bandwidth to 500 Hz. These results support
the conclusion drawn in Fig. 21(d) that multisource systems have
a larger stability margin than single-source systems. Fig. 28(c)
further verifies that the system becomes stable when the source
subsystem has a larger inner loop bandwidth.

Additionally, the voltage waveforms of single-source, dual-
source, and triple-source operations under the same steady-state
performance are shown in Fig. 29(a), (b), and (c), respectively.
The ripple of multisource system decreases and the oscillation
is reduced than single-source system, and the stability of the
dual-source and triple-source systems is not much different,
consistent with the findings of Fig. 21(c).

VII. CONCLUSION

This article presents an improved nonlinear droop control
strategy, and the main findings of this article can be summarized
as follows.

1) The proposed id–vdc2 droop control strategy improves
both steady-state and dynamic performance. It signifi-
cantly reduces the bus voltage deviation and extends the
feasible range of k by introducing the difference between
squared nominal voltage and squared dc voltage as droop
input. And the strategy simplifies the control structure by
eliminating external dc voltage or current loop.

2) The stability assessment that considers the open-loop RHP
poles is discussed by performing the extended Nyquist

stability criterion. A small droop gain may introduce RHP
poles of source impedance.

3) The sensitivity analysis of the influencing parameters is
conducted in single-source and multisource system. In-
creasing the inner current loop bandwidth, droop gain,
and the number of VSCs can enlarge the stability margin.

4) The adaptive current sharing strategy enhances current
sharing accuracy in multisource systems by introducing
a droop gain ratio function.

5) A comprehensive design process of droop gain is dis-
cussed by considering equilibrium points, acceptable volt-
age regulation, and desired current sharing ratio.
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“Impedance-based stability evaluation for multibus DC microgrid without
constraints on subsystems,” IEEE Trans. Power Electron., vol. 37, no. 1,
pp. 932–943, Jan. 2022.

[20] M. Mahmoodi, G. B. Gharehpetian, M. Abedi, and R. Noroozian, “Control
systems for independent operation of parallel DG units in dc distribution
systems,” in Proc. IEEE Int. Power Energy Conf., 2006, pp. 220–224.

[21] J. M. Guerrero, M. Chandorkar, T.-L. Lee, and P. C. Loh, “Advanced
control architectures for intelligent microgrids—Part I: Decentralized
and hierarchical control,” IEEE Trans. Ind. Electron., vol. 60, no. 4,
pp. 1254–1262, Apr. 2013.

[22] P.-H. Huang, P.-C. Liu, W. Xiao, and M. S. El Moursi, “A novel droop
based average voltage sharing control strategy for DC microgrids,” IEEE
Trans. Smart Grid, vol. 6, no. 3, pp. 1096–1106, May 2015.

[23] S. Luo, Z. Ye, R. Lin, and F. C. Lee, “A classification and evaluation of
paralleling methods for power supply modules,” in Proc. 30th Annu. IEEE
Power Electron. Specialists Conf. Rec., 1999, vol. 2, pp. 901–908.

[24] Y. Huang and C. K. Tse, “Circuit theoretic classification of parallel
connected dc–dc converters,” IEEE Trans. Circuits Syst. I, Regular Papers,
vol. 54, no. 5, pp. 1099–1108, May 2007.

[25] X. Lu, J. M. Guerrero, K. Sun, and J. C. Vasquez, “An improved droop
control method for DC microgrids based on low bandwidth communication
with DC bus voltage restoration and enhanced current sharing accuracy,”
IEEE Trans. Power Electron., vol. 29, no. 4, pp. 1800–1812, Apr. 2014.

[26] J. Beerten and R. Belmans, “Analysis of power sharing and voltage
deviations in droop-controlled DC grids,” IEEE Trans. Power Syst., vol. 28,
no. 4, pp. 4588–4597, Nov. 2013.

[27] T. Hailu and J. A. Ferreira, “Piece-wise linear droop control for load
sharing in low voltage DC distribution grid,” in Proc. IEEE Southern Power
Electron. Conf., 2017, pp. 1–6.

[28] Y. Zhang, X. Qu, M. Tang, R. Yao, and W. Chen, “Design of nonlinear
droop control in DC microgrid for desired voltage regulation and current
sharing accuracy,” IEEE J. Emerg. Sel. Topics Circuits Syst., vol. 11, no. 1,
pp. 168–175, Mar. 2021.

[29] P. Prabhakaran, Y. Goyal, and V. Agarwal, “Novel nonlinear droop
control techniques to overcome the load sharing and voltage regulation
issues in DC microgrid,” IEEE Trans. Power Electron., vol. 33, no. 5,
pp. 4477–4487, May 2018.

[30] F. Chen, R. Burgos, D. Boroyevich, J. C. Vasquez, and J. M. Guerrero, “In-
vestigation of nonlinear droop control in DC power distribution systems:
Load sharing, voltage regulation, efficiency, and stability,” IEEE Trans.
Power Electron., vol. 34, no. 10, pp. 9404–9421, Oct. 2019.

[31] X. Li, W. Jiang, J. Wang, P. Wang, and X. Wu, “An autonomous control
scheme of global smooth transitions for bidirectional DC-DC converter in
DC microgrid,” IEEE Trans. Energy Convers., vol. 36, no. 2, pp. 950–960,
Jun. 2021.

[32] A.-C. Braitor, G. C. Konstantopoulos, and V. Kadirkamanathan, “Current-
limiting droop control design and stability analysis for paralleled boost
converters in DC microgrids,” IEEE Trans. Control Syst. Technol., vol. 29,
no. 1, pp. 385–394, Jan. 2021.

[33] S. Sharma, V. M. Iyer, and S. Bhattacharya, “An optimized nonlinear droop
control method using load profile for DC microgrids,” IEEE J. Emerg. Sel.
Topics Ind. Electron., vol. 4, no. 1, pp. 3–13, Jan. 2023.

[34] P. Zhao, Z. Liu, and J. Liu, “An adaptive discrete piecewise droop control
in DC microgrids,” IEEE Trans. Smart Grid, early access, Aug. 7, 2023,
doi: 10.1109/TSG.2023.3302688.

[35] S. Sharma, V. M. Iyer, S. Bhattacharya, and K. Zou, “New mesh configura-
tions with decentralized droop control method for DC microgrids,” IEEE
Trans. Ind. Electron., vol. 71, no. 1, pp. 560–571, Jan. 2024.

[36] B. Zhang, F. Gao, Y. Zhang, D. Liu, and H. Tang, “An AC-DC coupled
droop control strategy for VSC-based DC microgrids,” IEEE Trans. Power
Electron., vol. 37, no. 6, pp. 6568–6584, Jun. 2022.

[37] C. Yang, B. Zhang, F. Gao, D. Liao, and J. Yu, “Performance analysis of
adaptive AC/DC- coupled droop characteristic in DC microgrids,” in Proc.
IEEE Innov. Smart Grid Technol.-Asia, 2022, pp. 640–644.

[38] H. Li, C. Liu, G. Li, and R. Iravani, “An enhanced DC voltage droop-
control for the VSC–HVDC grid,” IEEE Trans. Power Syst., vol. 32, no. 2,
pp. 1520–1527, Mar. 2017.

[39] S. D. Tavakoli, E. Sánchez-Sánchez, E. Prieto-Araujo, and O. Gomis-
Bellmunt, “DC voltage droop control design for MMC-based multitermi-
nal HVDC grids,” IEEE Trans. Power Del., vol. 35, no. 5, pp. 2414–2424,
Oct. 2020.

[40] T. Lüth, M. M. C. Merlin, T. C. Green, F. Hassan, and C. D. Barker, “High-
frequency operation of a DC/AC/DC system for HVDC applications,”
IEEE Trans. Power. Electron., vol. 29, no. 8, pp. 4107–4115, Aug. 2014.

[41] X. Wang, G. Tang, Z. He, X. Wei, H. Pang, and X. Xiao, “Modeling and
control of an isolated module multilevel DC/DC converter for DC grid,”
CSEE J. Power Energy Syst., vol. 3, no. 2, pp. 150–159, Jun. 2017.

[42] R. Ahmadi, D. Paschedag, and M. Ferdowsi, “Closed-loop input and output
impedances of dc-dc switching converters operating in voltage and current
mode control,” in Proc. 36th Annu. Conf. IEEE Ind. Electron. Soc., 2010,
pp. 2311–2316.

[43] M. Vidyasagar, D. G. Meyer, and G. F. Franklin, “Some simplifications
of the graphical Nyquist criterion,” IEEE Trans. Autom. Control, vol. 33,
no. 3, pp. 301–305, Mar. 1988.

[44] D. Lumbreras, E. L. Barrios, A. Urtasun, A. Ursúa, L. Marroyo, and P.
Sanchis, “On the stability of advanced power electronic converters: The
generalized Bode criterion,” IEEE Trans. Power Electron., vol. 34, no. 9,
pp. 9247–9262, Sep. 2019.

Chunxiaolu Yang (Student Member, IEEE) was born
in Shaanxi, China, in 2000. She received the B.S. de-
gree in electrical engineering from Shandong Univer-
sity, Jinan, China, in 2021. She is currently working
toward the M.S. degree in electrical engineering with
Shanghai Jiao Tong University, Shanghai, China.

Her current research interests include modeling,
control, and stability analysis of dc microgrid.

Fei Gao (Member, IEEE) received the Ph.D. degree
in electrical engineering from the Power Electronics,
Machines, and Control Research Group, University
of Nottingham, Nottingham, U.K., in 2016.

From 2010 to 2012, he was with Jiangsu Electric
Power Research Institute, Nanjing, State Grid Cor-
poration of China. From 2016 to 2019, he was with
the Department of Engineering Science, University
of Oxford, U.K., as a Postdoctoral Researcher. Since
2019, he has been with Shanghai Jiao Tong University
as an Associate Professor. His current research inter-

ests include modeling, control, power management, and stability of microgrids
and more electric transportation systems.

Dr. Gao was the recipient of the European Union Clean Sky Best Ph.D. Award
in 2017 and IET Control and Automation Runner Up Ph.D. Award in 2018.

Boshen Zhang (Student Member, IEEE) received
the B.S. degree from Shanghai Jiao Tong University,
Shanghai, China, in 2017, and the M.S. degree from
Shanghai Jiao Tong University and from Waseda
University, Tokyo, Japan, in 2020. He is currently
working toward the Ph.D. degree with Shanghai Jiao
Tong University, all in electrical engineering.

His research interests include modeling, control,
and stability of microgrids.

https://dx.doi.org/10.1109/TSG.2023.3302688


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


