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Abstract— One of the major feature of DC microgrids is its
high penetration of power electronic converters, as a result, the
system inertia becomes a problem. In this paper, an admittance-
type droop control with additional capability of introducing
virtual inertia to the system. With the proposed method, each
energy source will also contribute virtual inertia to the system,
thus improving transient response and stability of the entire DC
microgrid. The inertia issue of droop control is firstly analyzed.
A comparative study is carried out between conventional method
(i.e. impedance-type droop control method) and the new proposal
in terms of their different control principles, characteristics of
equivalent output admittance/impedance, and effectiveness in
achieving desired virtual inertia introduction. Ultimately,
simulations and experiments are carried out to verify proposed
control methods. The results show improved system inertia and
enhanced performance.

Keywords—DC microgrids, droop control, virtual inertia,
stability, transient response.

L. INTRODUCTION

DC microgrids (MGs) are drawing great attention due to
their convenience and high efficiency in integrating renewable
energy sources, energy storage systems and modern electronic
loads, especially in off-grid or islanded applications [1]-[2].
Power electronic converters are the key components, as well as
the enabling technology, in the DC MGs, providing necessary
interface between energy sources and the common DC buses.
However, the high penetration of PECs will also result in a
low-inertia system, the stability and the dynamic performance
of which can be easily affected [3]. Therefore, virtual inertia is
a promising and effective way to solve the problem without
introducing additional cost or loss. Heretofore, virtual inertia
control of PECs mainly focus on the active power support to
the utility grid or AC MG in transient response. A
representative virtual inertia control method is to operate
inverters as virtual synchronous generators [4]. However, the
research of virtual inertia control in the field of DC MG is
barely reported.

Droop control is the common control method in both AC
and DC MGs to regulate the frequency/voltage at the common
buses (i.e. point of common coupling) and to share the loads
properly among all the power sources [5]. In case of DC MGs,
the most frequently used droop method is the V-I droop, also
namely virtual resistance control, the control diagram of which

is illustrated in Fig. 1(a) (using Buck converter as example). In
several recent studies [6], the I-V droop, as known as reverse
droop, is introduced to achieve the similar control effect, the
control diagram of which is shown in Fig. 1(b). It can be seen
from the control diagrams that a virtual resistance is used in the
feedback loop of V-I droop method, meanwhile, its reciprocal
(physically the conductance) is used in the I-V droop method.
For this reason, these two methods and their derivatives can be
categorized into impedance-type and admittance-type methods
to realize droop control. However, with conventional droop
design (i.e. using only virtual resistance/conductance), neither

V-I droop method nor I-V droop method will introduce
additional inertia to the DC MGs.
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(d) Generalized diagram of admittance-type droop method

Fig. 1. Illustration of different droop control methods



In this paper, an admittance-type RC-mode droop control
method is proposed to introduce virtual inertia into DC MGs.
The major contributions can be summarized as: (1) analysis of
the inertia issue and mechanism of virtual inertia is carried out;
(2) a comparison of different realization methods of droop
control is carried out to address their different characteristics,
especially considering complex virtual impedance/admittance;
(3) propose a decentralized virtual inertia control method for
inertia enhancement in DC MGs. Simulations and experiments
are carried out with the proposed method and the results show
enhanced system inertia and improved transient response.

II.  SYSTEM INERTIA OF DC MG

In general, inertia of a power system behaves as to prevent
sudden change in critical variable spontaneously by releasing
its stored energy, and thereby allowing the power sources to
rebuild equilibrium timely. For AC power systems, the inertia
behaves as to prevent sudden change in systemic frequency,
and the active power is regulated to rebuild equilibrium, as
detailed in rotation equation of synchronous machine [4]:

d
Py~E-D,(0-w)=Jo" =P, M
‘ dt
where P, P, P, o o, D, J are the active power
reference, the output power, released power of inertial
behavior, the real-time angular frequency, the rated angular
frequency, the damping coefficient, and the moment of inertia,
respectively.

When setting J=0, the equation (1) can be rewritten as:
w=w,-mP, where @, =o,+ PM/DF; m =1/Dp; )
which is the widely-used @-P droop equation in the field of
AC MGs [5]. In other words, the @-P droop characteristic is
actually emulating the behavior of a synchronous machine
without inertia.

Similarly, in DC MGs, the inertia behaves as to prevent
sudden change in DC bus voltage, and the output power of
converters will be regulated to rebuild equilibrium, as detailed
in the following power balancing equation:

d
P,~P=D,(u-u,)=Cu"r=P, 3)

‘ dt
where u, u,, C, are the DC bus voltage, the rated DC bus
voltage and the inertia coefficient (physically as a capacitance).

When setting C, =0, the equation (3) can be rewritten as:

u=u

no

-mP, where u, =u, +F§_et/Dp; m =1/Dp; 4
where i, represents the desired current injection, u,, is the no-
load bus voltage of DC droop control, m presents the droop
coefficient of the power source.

From (1) and (3), it can be derived that the virtual inertia
control is essentially modification to the droop method with
additional power injection to support the system in transient-
states. In addition to that, when substitute the basic power

equation into (3), the desired current injection of virtual inertia
control can be derived as:
kP, du yd(u, —u
vi ——w:—kCV—:Cv M (5)
u dt dt
where the injected power of virtual inertia control is k times of
the system’s original inertial behavior, the negative sign is to
present that power is injecting to the system, C, '=kC, which
is the virtual inertia coefficient introduced to the system.

The equation (5) can be also transformed into:

1
sC,

i,,(s)=sC, (u,, —u(s)) (7)

The equation (6) and (7) show that the desired virtual
inertia control can be achieved using droop control framework
by adding capacitive virtual impedance/admittance in addition
to the conventional virtual resistance/conductance. It is also
noteworthy that the proposed component shall be equivalently
parallel connected to the original virtual component. Therefore,
the modified droop control function become:

u(s) =, ———i,,(s) ©)

’

1
u(s)=u,, —(—, I Rd]i‘,,.(s) =u, —Z,(5)i (s) (8)
sC,

1

i(s)= (R_ + SCv'j(uw - u(s)) =Y,(s) (ulw - u(s)) )

In this case, each participant of droop based voltage
regulation will be able to contribute both power support and
virtual inertia support to the DC MG. Meanwhile, the virtual
inertia become additional degree of freedom for the system
design and management.

III. IMPACT OF DIFFERENT REALIZATIONS

In the last section, the inertia issue and the control principle
of the proposed virtual inertia control method is analyzed.
However, in the previous analysis, the dynamic behavior of
controllers and the impact of using different control diagrams
(i.e. impedance-type or admittance-type droop methods as
shown in Fig. 1) is completely neglected. To address this
problem, the impact of different realization of the proposed
method is analyzed in this section.

To analyze the impact of using different realization, an
admittance based analysis is carried out to address and
compare the effectiveness of impedance-type and admittance-
type droop methods when realizing the proposed virtual inertia
control. In Fig. 2 the admittance based analysis is illustrated.
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Fig. 2. Illustration of different droop control methods



In order to analyze the behavior of dual-loop control system,
a common method is to assume the inner current loop is well-
designed with a control bandwidth of @,, and simplified as a
first order transfer function [6]. In this paper, the general-case
controller (PI based voltage/current control loop) is considered,
therefore, the transfer function of voltage controller and close-
loop transfer function of current loop are considered as:

G.(5) =k, + 0=k, T G ()=
S S

(10)

S+

c

In [7], the detailed state-space model of the two basic droop
control methods has been established. From which, the detailed
close-loop transfer function of current loop and simplified case
are shown in Fig. 3, it shows that the approximation is still
accurate enough for further analysis.
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Fig. 3. Frequency response of detailed close-loop current control

In equation (8) and (9), the ideal droop control principle has
been shown. However, when considering the non-ideal control
behavior of the practical controllers, the variables shown in (8)
and (9) are actually the reference of inner-loop controllers. By
analyzing the control diagrams shown in Fig. 1, the behaviors
of impedance-type and admittance-type droop controller can be
descripted as following equations:

v GU()G,(s) )
O 706 oy e T D
117 (5) = Y, ()G ()1, — u(s)) (12)

In this case, the output admittance/impedance of droop-
controlled converters can be derived by:

YOV—I (S) — 112/71 (S) — Gv (S)Gclc(s)
u, —u(s) 1+Z,(s)G,(s)G,.(s) (13)
YRS S 1
G T G 96w

Y (s) = ﬂ =Y,(5)G.,.(5)
u,, ~u(s)
v 1 Z,(s) s (14
LT TG T

From these equations, several very important remarks can
be derived:

e The output admittance/impedance of impedance-type
realization is performed by desired virtual impedance
and an irrelevant component connected in series. The
additional component is determined by the parameters
of the dual-loop controller, which can be treat as the
intrinsic impedance of the controller.

e The output admittance/impedance of admittance-type
realization is performed by desired virtual admittance
and a higher-order term of the virtual admittance. The
additional component is determined by both the virtual
admittance design and control bandwidth of the system.

By substitute (10) into (13), the intrinsic impedance can be
descripted as:

2/ (s) = 1 1 s(stw,)
“ G,(5)G,(s) ko s+a
R N ) (15)
ko, koo ko,
=sL, +sL, || R,

In Fig. 4, the derived output admittance/impedance are
presented by equivalent circuits. It is important to notice that
the intrinsic impedance of the dual-loop controlled converter
(including both voltage mode control and impedance-type
droop control) is mainly inductive. The presence of inductive
intrinsic impedance will make impedance-type method less
effective when achieving proposed virtual inertia control.
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Fig. 4. Equivalent circuits of different droop approaches with proposed
virtual inertia control. (virtual components introduced by proposed virtual
inertia method is marked red)
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(a) Source-side admittance of the system using admittance-type
droop method with different settings of virtual inertia
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(b) Source-side admittance of the system using impedance-type
droop method with different settings of virtual inertia

Fig. 5. Derived source-side admittance of the system using different droop
approaches together with different settings of virtual inertia.

In Fig. 5, the frequency-response of source-side admittance
with different settings of virtual inertia (k=0,1,3). In order to
compare the effectiveness (or suitableness) of different droop
approaches, the ideal cases which is derived by assuming the
output admittance of droop-controlled converters are exactly as
desired design (i.e. Y,=1/R;+sC, =1/R4+ksC,).

From Fig. 5(a), it can be found that the system behavior
within the control bandwidth of current loop is following the
ideal case very well when using admittance-type realization of
proposed virtual inertia control. Beyond the control bandwidth
limitation, the virtual inertia will gradually degrade.

As for impedance-type realization, the output admittance of
the system does not follow the ideal case very well, which
means the system behavior will not meet the expectation. In
addition to that, the interaction between the intrinsic impedance
and desired virtual capacitance is significant. The interaction

shows resonant behavior and it will further reduce the effective
range of the impedance-type realization.

Based on these analytical results, the admittance-type droop
method is chosen as the realization method for proposed virtual
inertia control.

IV. SIMULATION VALIDATION OF PROPOSED METHOD

In order to validate the proposed virtual inertia control
method, simulations are carried out using PLECS. The study
case DC MG used in the simulation has the same parameters of
experimental setup. In the simulation, two droop-controlled
converters are connected in parallel, feeding a resistive load.
The system parameters are listed in Table 1.

In Fig. 6 the simulation results are shown. In Fig. 6(a), the
simulation results of basic admittance-type realization without
virtual inertia control (i.e. k=0). In Fig. 6(b), the simulation
results of using proposed virtual inertia control are shown.
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(a) Simulation results of load changing without proposed virtual
inertia control
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(b) Simulation results of load changing with proposed virtual
inertia control

Fig. 6. Simulation results of load changing with and without proposed
virtual inertia control.



TABLE IL

PARAMETERS OF SIMULATED STUDY CASE

Description of the Parameter Symbol Value
Global No-load Voltage Reference Vie 115V
Source Voltage E, E, 230V,230V
Inductance of Buck Converters L, L, 8 mH, 8 mH
Stary Resistance of inductors, ry, 0.1Q,0.1Q
Switching Frequency fow 10 kHz
Virtual Resistances for Droop Control R,, R, 1.5Q,15Q
Total Capacitance in DC Bus C 3.3 mF
Proportion Term of Current Controller Kper, Kpe: 0.02, 0.02
Integral Term of Current Controller K1, Kicz 0.1,0.1
Resistive Load Rioad 28.75 Q

TABLE L. PARAMETERS OF EXPERIMENTAL TESTBED

Description of the Parameter Symbol Value
Global No-load Voltage Reference Vier 120V
Source Voltage E; 240 V,240 V
Inductance of Buck Converters L; 8.6 mH,

8.6 mH

Stary Resistance of inductors, ¥ 0.1Q,0.1Q
Switching Frequency fow 10 kHz
Virtual Resistances for Droop Control R, 40,40
Virtual Capacitance for Virtual Inertia Ci 2mF
Total Capacitance in DC Bus C 33 mF
Proportion Term of Current Controller Kpei 0.02, 0.02
Integral Term of Current Controller K 0.1,0.1
Resistive Load Rioad 17 Q

The simulation results show that with proposed virtual
inertia control, the dynamic response of DC bus voltage will
have reduced overshoot and smoother transient when load
changing occurs in the system.

V. EXPERIMENTAL VALIDATION OF PROPOSED METHOD

In order to verify the proposed virtual inertia control
methods, especially its performance under noised real-world
DC MGs, experiments are also carried out using a LVDC MG
setup with four DC/DC converters. The parameters of the
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LVDC MG setup are shown in Table II. The real-time control
and data acquisition are done by dSpace RTI 1006 platform.
The experimental results are shown in Fig. 7 and Fig. 8.

By comparing the experimental results shown in Fig. 7 and
Fig. 8, it can be found that the inertial behavior of the system is

strengthened after adopting proposed virtual inertia control
method. It is performed by the improved bus voltage transient,
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Fig. 7. Experimental results of load changing with basic admittance-type droop (without proposed virtual inertia control design) : (a) DC bus voltage response;
(b) Transient response of DC bus voltage; (c) Output currents of converters; (d) transient response of output currrent.
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Fig. 8. Experimental results with proposed virtual inertia control realized by admittance-type droop method (R,=4€Q, C,=2mF): (a) DC bus voltage response; (b)
Transient response of DC bus voltage; (c) Output currents of converters; (d) transient response of output currents.

significantly reduced overshoots, faster response of output
voltage, and the increased time constant of the system when
load increases. It is also noteworthy that the proper power
sharing effect of droop control is not affected by the proposed
virtual inertia control.

The experimental results show that with proposed virtual
inertia control method, the inertia of the entire DC MG can be
improved, and thus being able to mitigate the low-inertia issue
of DC MG.

VL

In this paper, an admittance-type RC-mode droop control
method is proposed to introduce virtual inertia into DC MGs.
The inertia issue and the mechanism of virtual inertia in DC
MGs are analyzed. A comparative study is carried out to
address the impact of using different realization methods of
droop control, especially considering complex design of the
virtual impedance/admittance. The analytical results indicate
that admittance-type realization method has advantages when
achieving proposed virtual inertia control. Based on the
analytical results, simulations and experiments are carried out
to validate the proposed control methods. The results show
effective improvement in the system-level inertial behavior and
transient response. Meanwhile, the desired proportional power
sharing effect of droop control is not affected. To the author’s
knowledge, with enhanced system inertia, DC MG will have
(1) improved stability margin when feeding constant power

CONCLUSION

loads; (2) enhanced ‘Plug & Play’ capability and better
scalability.
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