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Small-signal Analysis of DC Microgrid and
Multi-objective Optimization Segmented Droop
Control Suitable for Economic Dispatch

Haiyuan Liu, Yingjie Wang, Min Wang, Yinan Guo, Jiashi Wang, Gang Shen, and Guoqiang Liao

Abstract—To obtain a larger controllable range of output/
input power of droop-control sources, a multi-objective optimi-
zation segmented droop control suitable for economic dispatch
for a DC microgrid is proposed. According to the small-signal
analysis, the worst point of the stability in the droop-control
curve is determined through the analysis of a simplified model
with multiple droop-control sources. By considering the worst
points of stability as constraints, an elitist non-dominated sort-
ing genetic algorithm is used to search the better turning points
of the proposed droop-control curves after obtaining the new
rated operation points from the system-layer economic dis-
patch. Simultaneously, optimization objectives, including the in-
fluence of eliminating the line resistance and capacity matching,
are considered in the search process. Finally, the simulation re-
sults of the DC microgrid simulation model based on RT-Lab
are presented to support the stability conclusion and proposed
droop control.

Index Terms—Small signal, DC microgrid, droop control, elit-
ist non-dominated sorting genetic algorithm (NSGA-II).

I. INTRODUCTION

ITH the increasing penetration of renewable energy
sources integrated into modern electric power grids,
microgrid is considered as a promising new form of grid or-
ganization [1]. Compared with an AC microgrid, a DC mi-
crogrid offers many obvious advantages such as the use of
two wires instead of three, lower control complexity, and
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shorter energy-conversion chain. Thus, the DC-AC or AC-
DC conversion for DC sources is omitted [2], [3]. With
large-scale application of DC sources such as photovoltaic
(PV) modules, batteries, and light-emitting diodes (LEDs),
hotspot for the DC microgrid is rapidly increasing.

A DC microgrid has many functions such as economic dis-
patch, operation-mode switching, bus-voltage control, and
maximum power-point tracking [4]-[8]. Since these functions
have different real-time requirements, hierarchical control ar-
chitecture composed of the system, converter, and user lay-
ers is proposed [9]. The system layer realizes economic dis-
patch that does not require a real-time control, and some in-
telligent optimization algorithms are usually used to search
the optimal rated operation points of the different sources in
a fixed period [10]-[14]. These rated operation points are
transmitted to the converter layer that realizes real-time coor-
dination among the converters. The real-time coordination is
relatively high. Droop control, which is generally used for a
non-communication system, is required [15]-[17]. Therefore,
when the rated operation points change, we need to address
the problem on how a better droop control follows.

In [18], a switching control method between the droop
control and constant-voltage/constant-current control is pro-
posed. The method solves the problem that when the droop
curve is constant, the operation point of the system exces-
sively varies, and the DC-bus voltage deviates far from the
rated value.

However, the constant-voltage/constant-current control re-
sults in uncontrollable power. In [3], an additional amount is
introduced to the droop-curve equation to shift the droop
curve of the converter so that the output voltage of the con-
verter becomes stable. However, the additional amount needs
to be coordinated among the converters. Translation strate-
gies of the droop curves with different coordinated control
strategies are proposed in [19], [20]. However, these control
strategies do not take into account the maximum output/in-
put power limitations of the converter. When the droop
curve changes with the operation point change, the effective
working range of the droop control is reduced.

If the droop coefficient is changed, stability should be ful-
ly considered. The small-signal stability analysis method is
usually adopted, e.g., the impedance-matching method [21].
However, this method is very conservative for the parame-

JOURNAL OF MODERN POWER SYSTEMS
AND CLEAN ENERGY



LIU et al.: SMALL-SIGNAL ANALYSIS OF DC MICROGRID AND MULTI-OBJECTIVE OPTIMIZATION SEGMENTED DROOP CONTROL...

ters. Thus, some methods to improve the forbidden zone
[22], [23] are put forward. However, the small-signal stabili-
ty analysis is only applicable near a certain operation point.
To analyze the stability in a wider range, the large-signal sta-
bility-analysis method is generally used. In [24], stability de-
termination of a DC-DC cascaded system in a larger scope
of work is achieved using the mixed-potential theory. In [25]
and [26], large-signal analysis is performed to confirm the in-
creased stability of the operation range using an active damp-
er added to the source converter. In [27], the optional range
of the droop coefficient under a certain operation condition
is achieved using large-signal analysis. In [28], reachability
analysis is performed to analyze the effectiveness of the
droop-control method in the existence of uncertainties using
the state-space model of a DC microgrid. The aforemen-
tioned large-signal stability analysis mainly considers two
cascaded DC-DC converters. However, the actual system
consists of multiple converters. In [29], the DC-DC gyrator
model and equivalent processing of droop-control loop are
used to simplify the models of various converters and estab-
lish the approximate DC microgrid model. On this basis, a
nonlinear stability analysis is performed using the bifurca-
tion theory.

In this paper, first, a simplified model with multiple droop-
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Fig. 1. Schematic diagram of studied DC microgrid.

In [3], [19], and [20], the traditional droop-curve transla-
tion strategy can adopt a centralized or distributed control to
obtain the deviation compensation for the DC-bus voltage.
The compensation is introduced into the droop-control equa-
tion to translate the droop curve. This method solves the
problem of excessive bus-voltage deviation. However, when
the droop curve is translated, the stability of the new opera-
tion point is not considered, and the working range of the
converter is reduced. To solve these two problems, first, a
DC microgrid model is established to analyze the stability of
the system.

A. Simplified Modeling of DC Microgrid

An actual DC microgrid consists of many types, and estab-
lishing a unified model is difficult. To simplify the model,

,,,,,
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control sources is built, and the worst point of stability in
the droop-control curve is determined using a small-signal
analysis. Ensuring the stability of this point is considered as
a constraint for the optimal selection of the droop curves.
Second, to ensure that each converter can work efficiently
under droop control, when the rated operation points change
or the load changes, a multi-objective optimization segment-
ed droop control is proposed. The optimization objectives, in-
cluding the influence of eliminating the line resistance and
capacity matching, are considered in the search process. Us-
ing the elitist non-dominated sorting genetic algorithm (NS-
GA-II) [29], better turning points are calculated after obtain-
ing the newly rated operation points from the system-layer
economic dispatch. The continuous droop control and con-
trollable range of the output/input power are improved in a
wider range of operations. Finally, we present the DC mi-
crogrid simulation model based on RT-Lab. The simulation
results show that the stability analysis and proposed droop
control are valid.

II. MODELING AND STABILITY ANALYSIS OF A DC
MICROGRID

A typical DC microgrid system is shown in Fig. 1.
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the present study makes the following hypotheses.

Hypothesis 1: the loads and intermittent sources with max-
imum power-point tracking are in a local load area. The
common DC bus that connects them is considered as an ide-
al wire.

Hypothesis 2: the sources with droop control come from
relatively remote areas such as wind power plant, PV power
plant, energy-storage power station, and solid-state transform-
er. The line impedance cannot be ignored.

Hypothesis 3: the DC-bus current and branch currents also
change in the same proportion during the dynamic process.

Since droop-control sources consist of many types and are
easily influenced by the resources and weather, they require
different droop curves to achieve reasonable load sharing.
However, multiple converters may be present in the same
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type, which can be considered as equivalent to one convert-
er. The rated operation-point voltage of the equivalent con-
verter is constant, and the droop coefficient becomes #k/n,
where 7 is the number of the converters in the same type of

the source. We can obtain from hypothesis 3 that Zi,./i,:
=1

j=

d(Zi/.)/diizkIZk[ ', where i, and i, are the output currents
j=1 i=1

of source i and source j, respectively, &; is the droop coeffi-
cient of source i. Thus, the equivalent circuit with n types of
sources under a droop control is shown in Fig. 2.

di, 1(

dr L,

V

refi

Vbus_Rdiii) l: 1729“'9’1

Droop-control
converter

Fig. 2. Equivalent circuit with n types of sources under droop control.

Active loads and intermittent sources with the maximum
power-point tracking are generally considered to run in a
constant-power mode [27]. Therefore, in a local load area,
all active loads and intermittent sources are equivalent to
one constant power source, as expressed in (3).

P
us)_ 7

bus

P=3P,~ 3P,
i=1 i=1

where P,; is the output power of the active load; and Py, is
the output power of the intermittent source with maximum
power point tracking.

Similarly, the input capacitances of the constant-power
sources and a bank of capacitors C; connected to the bus are
represented by a lumped capacitance, which is denoted as C.
Similarly, the resistive loads R, in the local load area are al-
so lumped and denoted as R.

i,
(€)

C=>C, 4)
i=1

R= !
v L (%)
i=1 Ri

According to the above-mentioned results, the large-signal
equivalent circuit of the DC microgrid is established, as
shown in Fig. 3. Its mathematical model is expressed in (6).

di, 1 , :
dt = E(_Rdili + Vrefi - Vbus) = 1325“ 1

6
dVbus 1 ( )

s \ . Vbus P
dr C(zl’_ R W
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where R, and L, are the equivalent resistance and reactance
of transmission line, respectively; V. is the rated voltage of

re

source i; and V, is the DC bus voltage.

ki n 1 .
Rdi=Z+RLi+RLki;E l=1,2,"',}’l
@)

LdizLLi+LLki;kii i=12,--n

where R, and L, are the resistance and reactance of trans-
mission line between source i and the DC bus, respectively;
R, and L, are the resistance and reactance of the DC bus, re-
spectively; and n; is the number of the converters in the
same type of source i.

Vbus

We can obviously see that the model has a higher order,
nonlinear, time-varying, and multivariable characteristic.

7 iy
P
Ly Ly, v + Vbus
bus—T~ C
Ry Ry, - RH D
Vrcfl Vrcfn

Fig. 3. Large-signal equivalent circuit of DC microgrid.

B. Small-signal Stability Analysis of DC Microgrid

To analyze the system stability, a Jacobian matrix is ob-
tained from (6).

R 1
_a 0 .. 0 -
Ldl Ld]
Ry 1
0 - 0 -
Ly Ly
J= : : : (7
R
0 0 - .
Ldn Ldn
L b LI L
C C C C\R V.2,
The characteristic equation is obtained from (7).
11 e[ R 1P\l R
— )| A+ + A+ —=- A+ =0
Cjzl|:Ldj :—ll_rl;s;( Ly ):| RC CVbzus 1:1[ Ly
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Directly obtaining the n+ 1 eigenvalues is difficult. How-
ever, the stability only depends on the real part of these ei-
genvalues. We set A=a+bi and M = P/V,.,, and substitute

bus>
them into (8).

R,
a+—
N Ly
M= +aC+ —
i \? R
Ld/' a+ Ld/) +b2
Y ©)
d -1
Y . +C
0=b4"! Ry
Ly|la+ 2| +p?
Ly

According to the second formula in (9), these eigenvalues
meet one of the following two conditions:
1) Condition 1: b=0.

2) Condition 2: Y {Ly[(a+ Ry/Ly) +b*]}"' =C.
j=1

When Condition 1 is met, these eigenvalues are real roots.
Condition 1 is then substituted into the first formula in (9).

" 1 1
M=) ———+aC+ — 10
,Z{Ldja+Rdj R (10)

Figure 4 shows the relationship between M and @ under
the Condition 1. The positive root depends on the eigenval-
ues in [_, 312inn(Rdj/Ldj), +o0]. Some eigenvalues gradually

move to the right-half plane with the increase of M. When
the eigenvalue appears positive, the system is unstable.

T = ————— -
=]
Q

Fig. 4. Relationship between M and a under Condition 1.

When Condition 2 is met, the derivative of the first formu-
la in (9) is taken, and Condition 2 is substituted.
M 3 2b?
da £

J

>0

1 2 ’
L, (a+Rdj) +b? (1)
Ly

By combining the two cases, we learn that when the
droop curves and circuit parameters do not change, the in-
crease in M will deteriorate the stability of the DC mi-
crogrid. Considering a steady state, the differential terms in
(6) becomes zero, and (6) degenerates into a series of alge-
braic equations.

Vet = Vius
= refi bus — 1’2’” ’I’l
Ry
12
< . Vbus P ( )
= —+
i=1 R Vbus
M is further calculated according to (13).
M ZL_ 1 (13)
= Rs R

From (13), when the droop curves and circuit parameters
do not change, M is only determined by the DC-bus voltage.
Thus, when the droop curves and circuit parameters do not
change, the stability of the DC microgrid becomes worst at
the maximum point of M (the lowest limit of the DC-bus
voltage). Hence, when the stability of the droop curve is de-
termined, we can only consider the lowest point in this
droop curve.

III. MULTI-OBJECTIVE OPTIMIZATION SEGMENTED
DROOP CONTROL STRATEGY

In the conventional droop control, when the rated opera-
tion point changes, the droop curves move in parallel to
cross the new rated operation point. Figure 5 shows the
droop curves used in an energy-storage power source. C', C"
and C" represent the rated operation points of the source,
and the current is expressed in the per-unit value. 4 and £
represent the maximum output and input power of the
source, respectively. V,, and V,,, are the highest voltage and
lowest voltage in the controllable range, respectively. I,
and [, are the maximum current and minimum current in

low

the controllable range, respectively.
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Viign R

380V

<
Conventional droop N
N

curve SN
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dpu Iy 0p.u. Lige  E Lo

Fig. 5. Droop curves under different droop controls.

In [3], [19], and [20], a secondary control is added, which
makes the droop curve to shift, and the rated operation point
moves from C' to C" or C". These control methods narrow
the scope of the droop control. The working range under the
conventional droop control does not include the yellow or or-
ange area. Moreover, when the droop curve is translated, the
stability of the system is not determined. The farther the rat-
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ed operation point is from the zero point, the narrower is the
working range. The source easily exits the droop control,
which is not conducive to the controllable operation of the
DC microgrid.

To address this problem, a multi-objective optimization
segmented droop control is proposed in this paper, as shown
by the red line in Fig. 5. The droop curve is divided into
three segments from 4 to E. The middle segment crosses the
rated operation point C”. The droop coefficient of the con-
verter is changed in points B and D. Thus, the droop control
can cover the whole operation range. The droop coefficient
of the source at different rated operation points is obviously
not fixed any more. Therefore, we need to consider some
control objectives and stable constraints to obtain a new
curve.

A. Objective Functions

The line resistance is usually dynamic and difficult to ac-
curately measure. Thus, minimizing the effect of the line re-
sistance on the real-time power distribution is necessary. As
the sources mainly operate in the BD segment, this study re-
duces the effect of the line resistance by increasing its droop
coefficient based on (1). However, the oversized droop coef-
ficient in AB and DE will lead to very quick deviation from
the rated operation point. Thus, the first objective function is
expressed in (14).

(14)

N

fi= 2(kl+kiAB +kKipe
i=1 iBD

where N is the number of sources; and k,,;, k), and k,,, are

the droop coefficients of segments AB, BD and DE of the

proposed droop curve, respectively.

To ensure that the output/input power of each source
match its corresponding capacity, the droop coefficient of
each segment should be proportional to its capacity. Thus,
the second objective function is obtained.

_ ul kiAB ]E ul kiBD ]} ul kiDE l}
fz—z S‘AB*‘Z S__BD"’Z g e (15)
i=1 i i=1 i i=1 i
- |y
kAB:N; Si
- 1 g kiBD
kBD:N; S,» (16)
- 1 & kiDE
kDE_N; S,

where S, is the capacity of source i.

To determine whether the two objective functions are in
the same direction or not, the validation is performed. Figure
6 shows that when a group of droop coefficients are
changed, the two objective functions obviously have differ-
ent directions of change and cannot be simplified as an ob-
jective function.

B. Stability Constraints
The DC microgrid must satisfy the stability throughout
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the entire operation range. However, numerous operation
points exist on a droop curve. Therefore, determining the sta-
bility of each operation point is not feasible. According to
the relevant conclusions from Section II, when the droop
curves and circuit parameters do not change, the stability
can be determined at the point of maximum M (or the low-
est DC-bus voltage) in the same segment of the droop curve,
i.e., at B, D, and E in the proposed droop curve. The droop
curve of each source may be different, and B, D, and F in
all droop curves need to be determined, as expressed in (17).

eig,-(JB_,)<0
eigi(JDj)<0
eig,(JEj)<O
where i=12,..n+1; j=1.2,..n, Jy, Jp, and Jy represent

the Jacobian matrices at B, D, and E of the /" source, respec-
tively; and eig; () represents the real part of the eigenvalues

amn

of the Jacobian matrix.

0.26r
025}
0.24
«10.23 ¢
022}
021}

i

0.20 A : A : :
30 35 40 45 50 55 60
A

Fig. 6. Relationship between two objective functions.

C. Implementation of Proposed Droop Control

The realization of the proposed droop control is shown in
Fig. 7.

After the translation of all droop-control converters, AU,
and the parameters of the DC microgrid are sent to NSGA-II
for calculation. B and D of each source are searched by
NSGA-II, as shown in Fig. 8, where n, and n_,,, are the cy-
cle time and the maximum cycle time, respectively. The
droop curves of several converters are simultaneously calcu-
lated. The equipment layer determines the droop coefficient
of the converter by detecting the voltage or current. Finally,
the droop curves are sent to the corresponding converters.
However, when the new rated operation point of the source
is too close to the droop-control boundary, a case may exist
in which the three segments cannot satisfy the stability con-
straints because the operation range is relatively small. At
this time, conventional droop control is used instead of the
proposed droop control. Then, the central controller sends
the droop curves to the local controllers, and a low band-
width-timing communication network will be used. The local
controller determines the working droop segment by detect-
ing the current. The converter is controlled based on the dou-
ble closed loops.
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Fig. 7. Realization of proposed droop control.
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IV. REAL-TIME SIMULATION VERIFICATION

To wverify the multi-objective optimization segmented
droop control, the DC microgrid system is built in RT-Lab,
as shown in Fig. 9. Converter 1 (38 kVA) and converter 2
(76 kVA) are droop-control converters. The other side of
Converter 1 is connected to a 20 kV DC grid, and that of
Converter 2 is connected to a 72 V battery pack.

Their rated operation point voltage is 380 V. Converter 3
is a PV converter with the maximum power-point tracking,
and Converter 4 is a constant-power load. The input capaci-
tances of the two converters are both 2 mF.

Converter 1 Ry, Lg imppT  Converter 3
MPPT

External = = i pa—
grid 20 kV @Zi—ﬁm l G A-
Controller 1 I;oclelll \
controller
Central PCCI =" [PCC2
controller Vot Voo ool
| controller 4
i)ﬁd
i C =
il

Battery Converter 2 Converter 4

Fig. 9. Simulation circuit of DC microgrid.

The line impedances are as follows: L, = 0.4 mH, L, =
0.3 mH, L; = 0.5 mH, R,, = 40 m{, R;, = 35 m{, R;; = 90
m{). The rated operation points and load cases are listed in
Table 1. We assume that the load prediction is accurate at
each economic dispatch in the system layer. Considering the
different cases, NSGA-II is used to calculate the optimal
droop curves. The search processes for Cases 1-3 are shown
in Fig. 10, where the blue droop curves represent the
searched droop curves of all generations, and the red droop
curves represent the optimal droop curves. The search pro-
cesses of the two objective functions under Case 1 are
shown in Fig. 11(d). After 150 generations of evolution, the
two target functions reach the numerical value of relative sta-
bility. The evolution is terminated after the 350" generation,
and the final droop curves are obtained.

TABLE I
RATED OPERATION POINTS AND LOAD CASES

Rated current (A)

Source
Case 1 Case 2 Case 3 Case 4
Converter 1 35 45 30 45
Converter 2 20 28 17 80
Converter 3 15 19 17 18
Converter 4 75 92 61 133

The optimal droop curves are sent from the central con-
troller to the corresponding converters. The reference value
of the converter voltage is calculated according to the opti-
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mal droop curve and output current, as shown in Fig. 7. The
output current also determines which segment of the optimal
droop curve is selected as a working curve. The voltages
and currents of the DC microgrid are shown in Fig. 11(a),
(b), where v, and v, are the output voltages of Converters 1
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and 2, respectively, v, and v, are the DC-bus voltages at
point of common coupling (PCC) 1 and PCC 2, respectively,
ivppr 18 the output current of Converter 3, and i,,, is the cur-
rent of load. The droop coefficients of Converters 1 and 2 in
different cases are shown in Fig. 11(c).

400 400 400
390 390 390
Z 380 Z 380 Z 330
370 370 370
360 360 t s 360 : :
2200 200 -100 0 100 200 200 -100 0 100 200
i (A)
(©)
400 400
390 390
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370
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L L L L

-100 —50 0 50 100 0 50 100 50 100
i (A) i (A) i (A)
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Fig. 10.
in Case 1. (e) Converter 2 in Case 2. (f) Converter 2 in Case 3.

s

360 .
-100  -50 0

Search processes of droop curves in Cases 1-3. (a) Converter 1 in Case 1. (b) Converter 1 in Case 2. (¢) Converter 1 in Case 3. (d) Converter 2

120 T
0 l l l l 0 50 100 150 200 250 300 350
1 b I8 ty 15 te t;t Generation
(©) (d)

Fig. 11.
two objective functions in Case 1.

From ¢, to #,, all converters work in Case 1. Converters 1
and 2 work at the rated operation points of the droop curves

Simulation results. (a) Voltages of DC microgrid. (b) Currents of DC microgrid. (¢) Droop coefficients at different time. (d) Search processes of

shown in Fig. 10(a) and (d). We can observe that output volt-
ages v, and v, of Converters 1 and 2, respectively, approach
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380 V. Because of the existence of line loss, v, and v,
are slightly less than 380 V. At ¢,, Converters 3 and 4 trans-
form to Case 2, whereas the new droop curves are not calcu-
lated at the central controller. Further, Converters 1 and 2
still use the droop curves shown in Fig. 10(a) and (d). At ¢,
the load increases from 1 to 2 kW, the output voltages of
Converters 1 and 2 decrease, and the output currents in-
crease. While waiting for the end of the transient process, at
t,, the operation points of Converters 1 and 2 shift from the
middle to the bottom segment according to the output cur-
rents.

At t,, the new droop curves are calculated at the central
controller, and Converters 1 and 2 use the droop curves
shown in Fig. 10(b) and (e). All converters work in Case 2.
Converters | and 2 work again at the rated operation points,
and output voltages v, and v, approach back to 380 V. The
droop coefficients correspondingly change at this time, as
shown in Fig. 11(c).

At t,, Converters 3 and 4 change from Case 2 to Case 3,
and the droop curves of Converters 1 and 2 remain un-
changed. Since the load is reduced, the output voltages of
Converters 1 and 2 increase and the output currents de-
crease. While waiting for the end of the transient process, at
t;, the operation points of Converters 1 and 2 shift from the
middle to the top segment, as shown in Fig. 10(b) and (e),
according to the output currents.

At ¢, the new droop curves are calculated again at the
central controller, and Converters 1 and 2 use the droop
curves shown in Fig. 10(c) and (f). All converters work in
Case 3. Converters 1 and 2 work again at the rated operation
points in the middle segment, and output voltages v, and
Voo approach back to 380 V. The droop coefficients corre-
spondingly change again at this time.

However, when all converters work in Case 4, the rated
operation point of Converter 2 is too close to the droop-con-
trol boundary. The proposed droop curve of Converter 2 can-
not satisfy the requirements of stability. Thus, a conventional
droop curve is used. The search processes for the droop
curves are shown in Fig. 12, where the blue droop curves
represent the searched droop curves of all generations, and
the red curves represent the final droop curves.
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Fig. 12.  Search processes of droop curves in Case 4.

In the above-mentioned processes, the DC microgrid re-
tains good stability, thus the stability conclusion and the ef-
fectiveness of the proposed droop control are supported.

V. CONCLUSION
A simplified model of a typical DC microgrid is first built

in this study, and the Jacobian matrix is used to analyze the
system stability. When the droop curves and circuit parame-
ters do not change, the stability of the DC microgrid is the
worst at the lowest DC-bus voltage. Therefore, when the
droop control effect on the system stability is determined,
we only need to consider the lowest point of the voltage in
the droop curve. Thus, a huge computation work in determin-
ing the system stability at all operation points in a droop
curve is avoided. Second, to ensure that the droop control
source can work efficiently in the droop control in the whole
operation range, a multi-objective optimization segmented
droop control is proposed. The optimization objectives, in-
cluding the influence of eliminating the line resistance and
capacity matching, are considered in the search process. The
constraints are the stability at the B, D, and E points in the
droop curves. When the rated operation points are changed
by the economic dispatch in the system layer, the multi-ob-
jective optimization segmented droop control solves the prob-
lem in which the droop control range does not always match
the operation range. Continuous droop control in a larger
range of operation is realized. Finally, a DC microgrid simu-
lation model with two droop-control sources is built on RT-
Lab. The simulation results in four cases are provided to
prove that the stability conclusion and the proposed droop
control are valid.
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