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In this paper, a virtual inertia control strategy based on linear feedback is presented that improves dynamic behavior of
islanded dc microgrids interfaced with constant power loads (CPLSs). In order to solve the stability challenges caused by low
inertia and CPLs, the proposed control scheme is composed of a virtual capacitor and a virtual conductance. It is
implemented in the inner loop control, i.e. current loop control to be fast enough emulating inertia and damping concept. In
addition, the droop characteristic is modeled by using the virtual resistance which adjusts the steady-state response of the
system. In this study a multi-level structure is considered, which comprises the source level, interface converter level, and
common load level. In addition, an accurate small-signal model is used to investigate the stability of dc MG interlaced with
CPLs, and then, an acceptable range of inertia response parameters is determined by using the root locus analysis.
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I. INTRODUCTION

Recently dc microgrids (MGs) have attracted more
attention because of the increasing use of dc energy sources,
energy storages, and loads in power systems. In these systems,
challenges like reactive power flow, synchronization and
power quality problems-which are challenge for ac systems,
do not exist [1]. Fig. 1 shows a typical dc MG. Due to the
probable and random nature of wind and solar resources, the
bigger and more power imbalance is happened between the
generation and consumption. This is a clear reason for
reduction of MGs inertia in the presence of distributed
generation sources [2]. Furthermore, if these resources are
definite and constant, due to the lack of rotating energy and
connection of these resources through the power electronic
interface to the power system, the system inertia is reduced,
which causes an increase in voltage fluctuations from the
nominal value and decreases the security of the MGs.
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Obviously, the high amount of inertia increases the kinetic
energy of the grid. This feature reduces the voltage fluctuations
and increases the capability of the grid to compensate the
energy imbalance that happened due to probable occurrences
or load changes [3].

Several solutions are presented to increase the system inertia
with high penetration of renewable energy in ac MGs [4]-[8].
Some of the control strategies are designed in such a way that
power electronic converter emulates the synchronous
machines behavior. The great advantage of power electronic
converters is that the desired output power is generated by
using proper control mechanism. These methods are based on
simple derivative-proportional droop control rules [5]-[6] or
more sophisticated control schemes which are called virtual
synchronous generators (VSG) [7]-[9]. In VSGs, by using
power electronic converter, fast-response energy storage and
the special control mechanism, inertia for RESs is created.
This strategy is also known as virtual inertia (VI). In some
studies, VI is used to operate a grid connected inverter as a
VSG [10], [11]. Droop control is well- known method to solve
the low inertia issue by limiting the frequency and voltage
changes within the permitted range. By comparison between
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Fig. 1. Structure of a typical dc MG with CPL.
conventional droop control and VSG control, a generalized
droop control is presented in [12]. In [13] and [14], a modified
droop control method using fuzzy logic is designed based on
the inertia injection, which injects adaptive virtual inertia
instead of modeling the constant inertia. By selecting
appropriate values of inertia and damping, proper performance
of a VSG is guaranteed. In [15], a robust control method is
used for fine-tuning the virtual parameters.

At present, researches on the VI control in dc MGs are
hardly reported. The concept of VI control strategy is derived
from the concept of VSG to regulate the dc bus voltage in a dc
MG [16], [17]. In [16], a VI control strategy analogized with
VSG is proposed to increase the inertia of the dc MG. However,
integral feedback that used in this method not provides fast
inertia in the first moment after disturbances. Furthermore, for
droop-controlled converters in dc grids, the compromise
between primary voltage regulation and damping coefficient
needs to be considered. Increasing the inertia of photovoltaic
(PV) systems through inertia emulation in autonomous MGs is
presented in [18] and [19]. In these studies, for increasing
inertia in a dc MG, VI control is generally employed in grid
connected ac—dc type converters. In [20], adaptive VI control
is proposed for the photovoltaic (PV) connected converter to
eliminate the need of high-power storage for inertia emulation
in a dc MG. However, utility of this method is limited by the
availability of PV power and virtual damping coefficient has
not been considered in the controller design procedure. In [21],
the concept of a virtual dc machine is used to imitate the inertia
specification of a dc machine in dc MGs through the control of
the bidirectional dc—dc converters. The above mentioned VI
control strategies, however, are inefficient in the presence of
constant power loads (CPLs).

The research of CPLs in dc systems is essential to marine
systems, automotive and aircraft applications [22]. From the
source bus point of view, when a power electronic converter
tightly regulates its output voltage with resistance load, it
behaves like a CPL. The CPL has a positive instantaneous
impedance but a negative incremental impedance. Hence, once
the source bus voltage increases, the input current decreases
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and vice versa. This decreases the system’s damping and
makes the system more prone to oscillation [23]. Many
solutions have been introduced for dc-dc power converters
interfaced with CPL. One of the basic methods to overcome
the CPL problem is by passive damping filters e.g., adding
damping resistors in parallel or series with the inductor or
capacitor of the filter [24]. Although this solution is simple and
effective, it is costly and limited by physical constraints [22].
Another simpler and more effective way to tackle the CPL
problem is using active damping. An active damping technique
is implemented by control loops while emulating the passive
elements. Due to the negative-impedance characteristics of
CPLs and the nonlinearity of converters, nonlinear control
strategies have been used to stabilize system, for instance,
robust control [25], input-output linearization techniques [26],
nonlinear control based on back stepping and nonlinear
disturbance observer techniques [27]. Comparing with linear
control methods, nonlinear ones are limited in practice because
of a high requirement for the hardware configuration, more
complication and extra cost [28]. In [29], the concept of smart
resistor is proposed to dynamically stabilize CPLs at the point
of load, wherein the equivalent load impedance can be made
resistive instantaneously with energy storage units and high-
bandwidth power converters. However, it is usually also not
justifiable to install costly power conditioning modules only
for stabilization purposes because they reduce the economic
prospects and reliability of the whole system. In [30], a virtual
resistance is created in series with the output of the converter.
However, it leads to a significant drop in the output voltage at
heavy loads resulting in poor voltage regulation. To overcome
this drawback, the authors in [31] propose a virtual parallel
resistive-inductive branch at the output of the source side
converters feeding the CPLs. For improving the stability of the
dc microgrid system, a virtual negative inductor [32] and
virtual impedance [33] are constructed on the output of source-
side converter. However, these methods suffer from some
disadvantages:1) these methods only focus on solving the
stability and voltage regulation problems while they are
ineffective in improving the inertia response, and 2) when step
changes or random fluctuations occur from the intermittent
power resources and load power, low frequency oscillation
appears, which results in lower dc voltage quality.

In this paper, the emulation of inertia and damping using
derivative and proportional terms is proposed for islanded dc
MGs with CPLs. This emulation is implemented in the inner
current control loop. The fast and slow dynamics of the system
have various effect on the voltage profile. The fast dynamics
are directly related to the internal control loop i.e., voltage and
current controllers. The slower transient dynamics are
established by the virtual impedance control, droop
mechanism and interactions between them. Therefore, by
adding proportional and derivative signals of dc bus voltage to
current controller with a particular mechanism, the rate of
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injection inertia to the system will be increased. The salient

features of this paper are as follows:

e The proposed virtual control strategy is based on a linear
feedback. It uses measurement of the output voltage and
current in source-side converter in order to guarantee the
stable operation and to enhance the damping of dc MGs with
CPLs. Opposed to the existing virtual-impedance-based
stabilizations in [31], [32] and [33], which are focused only
on the stability improvement, the proposed controller
improves dynamic response with decreasing rate of change
of voltage (RoCoV).

e The proposed derivative term in the inner control loop
decreases rate of change of dc bus voltage by using virtual
capacitance that emulates inertia concept. Comparing with
the existing virtual inertia control in [16] and [17], which
implements in droop control loop, the proposed virtual
inertia provides faster inertia response to decrease the
RoCoV in the first moment after disturbances due to the
derivative feedback is implemented in inner current loop.

e The proposed proportional term in the inner current control
increases damping of dc bus voltage by using virtual
conductance that emulates damping coefficient concept.
Opposed to the existing virtual damping coefficient in [16]
and [17], which increases the negative impact on voltage
regulation performance, the proposed proportional term in
the virtual inertia loop does not affect the steady state
voltage.

e The small-signal stability analysis is used to study the
system behavior under small distortion or load deviation at
the presence of the proposed control loop. The proposed
method is evaluated using the eigenvalue analysis and time-
domain simulations.

The rest of this paper is divided into five sections. In Section
I1, the proposed control strategy is introduced based on the
virtual inertia concept for the dc MGs. Section Il presents a
multistage structure of dc MGs with CPLs and describes an
accurate small-signal model of dc MGs. The stability analysis
of the system and parameters range selection in the presence
of the proposed controller are described in the Section V.
Simulation studies are presented in Section V. Finally, some

(b)
Fig. 2. Simplified structure of a typical dc MG with CPL: (a) detailed power conversion circuit, (b) proposed control diagram for a
bidirectional buck converter.

conclusions are given in final section.

II. PROPOSED VIRTUAL INERTIA CONTROL
FOR DC MGs

In traditional power grids, the inertia indicates the ability of
the system to prevent high frequency changes through
injecting Kkinetic energy of rotating part in the occurrence of a
fault. In this condition, the control system of synchronous
generator (SG) will have enough time to compensate the active
power. In SGs, the swing equation is a relationship that
correlates input mechanical power, output electrical power,
and the frequency. The imbalance equation, and the kinetic
energy stored in the two poles of SG is given as [16]:

Pset_Po_Dp(w_wn):‘]wddTw )
where Pse, Po, Dp, @, wn and J are the reference active power,
the output electrical power, the damping coefficient, the
angular frequency, the nominal angular frequency, and the
amount of inertia, respectively. When J and D, increase
(decrease), the rate of change of frequency (RoCoF) and
frequency deviation are decreased (increased), respectively. In
MGs, however, the damping coefficient, Dy, is a small value
while the total inertia, J, changes mainly depending on the
number of distributed generations (DGSs) in the system [2]. For
dc MGs, the amount of inertia is in fact the ability of the system
to prevent high variation of the dc bus voltage due to
turbulences. In order to study the virtual inertia concept, a
simplified dc MG is shown in Fig. 2(a). By imitating relation
(1), the balance current equation in the node connected to the
dc load bus capacitor shown in Fig. 2(a) is obtained as follows:

. . dvg,

qu_linl_CT (2)
where i, iin1, Vc2, and C are the injected current into the dc
load bus from the source-side converter, the load current, the
dc load bus voltage, and the dc load bus capacitor, respectively.
Comparing (1) with (2) one can write that the dc link capacitor
in a dc MG shows similar behavior as inertia in ac systems.
When turbulence occurs in the load current, the dc link
capacitor with rapid active power injection prevents the big
changes in the dc link voltage. Thus, to increase the inertia in
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dc MGs, size of the dc link capacitor has to be increased.
Accordingly, instead of increasing capacity of the dc link
capacitor physically, its size can be increased virtually using a
virtual capacitor created by a control loop.

Assume that the variables in (2) are written as the sum of
steady-state variables and their small perturbations the
corresponding small-signal equation can be expressed as
follows

. . dAv
AIOZ_AIinIZCTCZ (3)

In such a case, the amount of injected current can be

obtained as
. dAv 1
A'oz __ch dtC2+RAVCZJ (4)
. dAv 1
I, —l,, =—C, dtcz_?Ach (5)

where i*, lo2, Cv and 1/R. are the output current reference, the
nominal output current, the virtual capacitor and the virtual-
conductance analogous to the damping factor D, of SGs,

respectively. The negative sign in (4) shows negative feedback.

By substituting (4) into (3), we obtain

—Aly, :(C +C, )dAd\'Zcz +(R1CJAVCZ (6)

According to (6), increasing the virtual inertia and the
virtual damping factor will result in decreasing the rate of
change of voltage (RoCoV) and dc voltage deviation.

General scheme of the proposed virtual inertia loop is
illustrated in Fig. 2(b), where it is implemented in the primary
control level providing reference for the inner current loop.
The inner control loop mechanism applied to the system
consists of two modules: voltage controller and current
controller with their designed set points. The droop control is
widely used to reach proper load power sharing in dc MGs.
The voltage and current controllers employ conventional
proportional-integral controllers due to zero steady state error
and easy adjustment. However, the pure differentiator of the
virtual capacitance in the proposed method may bring
undesired high frequency noises to the system. For avoiding
this issue, a first-order low-pass filter (LPF) is constructed in
series with the virtual capacitance feedback. Meanwhile, the
PWM delay is expressed as a first-order transfer function that
depends on the sampling time. The proposed control approach
can easily be implemented to all types of dc-dc converters.
Here, without loss of generality, a multi-level structure of dc
MGs interfaced with bidirectional buck converter is utilized.

Il. SMALL-SIGNAL MODELING OF DC MGS
WITH CPLS

A. Structure of dc MGs

A typical structure of a dc MG is shown in Fig. 1 [23], [27],
[33]. In this structure, two types of energy sources i.e., PV and
battery are considered. The dc MG shown in Fig. 1 has a three-
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level configuration. In the first level, namely the source stage,
in order to absorb the maximum available power, the
interfacing converter is employed for PV. Meanwhile, the
interfaced converter for battery is used to generate constant
output voltage. The second level is consist of interfacing
bidirectional converter which establishes the local output bus.
Finally, the third level is a common load bus. CPLs are
connected to the common load bus in this stage. Different
voltage levels can be used in dc MGs [33]. The PV with rated
output voltage of 55 V and battery with rated output voltage of
48V are selected in the first stage, and the output voltage, i.e.,
the source bus voltage is fixed at 200 V. In the meantime, the
output voltage of the second stage is selected as 100 V.

Due to the nominal voltage of each bus, different types of
interface converters are selected. For PVs in the first stage,
unidirectional boost converter is used as the interface. For
battery in the first stage, bidirectional boost converter is
selected to achieve both of the charging and discharging
operations. For the interfacing converter in the second stage,
bidirectional buck converter is selected. For CPL that
connected at the common load bus, unidirectional buck
converter is utilized. In order to study the performance of the
proposed virtual inertia-based controller, a general model of
the dc MG with CPLs must be derived.

B. Small-Signal Model of dc MGs with CPLs

In order to investigate the effectiveness of the proposed
virtual inertia function, a precise and model of the
aforementioned dc MG needs to be considered. As mentioned,
different types of converters are used in each level. Here,
without loss of generality, it is assumed that the source stage
fixes its output voltage, and its dynamic is faster than the
second stage consist of interfaced buck converter. Thus,
dynamic of the first stage is not considered and the simplified
dc MG scheme shown in Fig. 2(a) is studied. The detailed
analysis of the system model is discussed below. Here, subtitle
“1” is used for CPL unidirectional buck converter, and subtitle
“2” is used for bidirectional buck converter between source
bus and local load bus.

For the point-of-load (POL) converter, a unidirectional buck
converter with a resistor as its load is selected as an example
to represent the CPL. As suggested in [33], the closed-loop
input impedance of the POL converter as follows

Vv
ZINl(s): fcz
02

RCLs®+Ls* + R, (14Ve, K, )s + RV, kg, )
R.C,D/s* +(D} ~k,DV¢,)s —k;, DV,

Ve (s)=0

where Cy, L1, Ry, Ve, Dy, ko1 and ki are the capacitance, the
inductance, the resistance load, the steady-state dc load voltage,
the steady-state duty cycle, the proportional and integral terms
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Fig.3. Trajectory of the system eigenvalues for the dc MG test system: (a) varying Cv, Rc and CPL=1kW, (b) a zoomed view of (a) in
origin, (c) varying Rc while CPL=1 kW, (d) varying CPL while Rc=1 and Cv =0.01, (e) varying T while Rc=5 and Cv =0.01 and CPL=1
kw.

of Gpir. Equation (7) indicates a dynamic impedance that is
more accurate comparing the pure negative resistance, i.e. Z i1
(S): 'R|_/D12.

For the bidirectional buck converters between the dc source
(200 V) and dc local bus (100 V) if the switch turns on, it yields
[34]

di
L, dlt_z =Vg2—Veo
(©)
C dv“:l —i
2" 4t L2 "oz

where Ve, i, and iy, are the capacitor voltage, the inductor
current and the output current, respectively. If the switch turns
off, it yields

de(ljtu: c2

v ©)
2 CZ:ILZ_IDZ

dt

By applying averaging technique, the state-space equation
is obtained as

de:j;2 =V, +dy,,
v (10)
2 c :iLZ_iGZ
dt

where d;is the duty cycle of the switch. From (10) and (7), the

small-signal model is obtained as

di, o - |

dt | _ L, I "

dve, 1 1 Veo

dt C, Z,L, (11)
D, Vaz | ] 0
L, Ny, +| L, |d, + 1 iy,
0 0 C,

where the steady-state values of variables represent with
capital letter and the variables with “~”” show the small-signal
deviation. Let

SR A T
o o] oo

By taking the Laplace transform of (11) and combining the
results, one can write that

vcz(s)z[czz(sl —Az)*Bﬂ}dz(s)

(13)
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In all dc-dc converters, the output voltage is a function of
the control signal d, the turbulences caused by the voltage line
of vq and the load current of i.. Therefore, the output voltage
which equals to the capacitor voltage is obtained as a linear
combination of these inputs as follows:

Ve, (5) =G, () +GyV 5 (S) = Zoslos (5) (14)

vg' g2

where
Gvd =[sz(SI _Az)ian]Gvg =|:C22(SI _Az)ilezJ
Zyy =~ Cua(sl =A,) "B |

By applying the proposed control method in Fig. 2(a), the
small-signal model is achieved

(15)

dz(s) :VA:‘,ZG pi ZGpi3Gd _iozG pi3Gd [GpiZRdJ_iLZG pi3Gd
) G,iRq 1 (16)
Ve Guly 7 +G,i, +GC,s +R7

IN1 c

where, Gipe = 1/(zs+1) and z is the time constant of the LPF.
Also, Gy = 1/(1.5Tswm S+1) represents the unit pulse width
modulation delay and Tewwm is the sampling period. The
closed-loop transfer function between the output voltage and
the reference voltage is as follows:
\icz(s) :GpiZGp|3Gvd

Tu=5 17
275 (5) " 14T (s) 17)
where
T(s)=
18
CICRECH CS+1+GLPFCVS+1+GN2(1+ » Ji| ()
R z
IN1 c IN1

Furthermore, the steady state value of the output voltage is
obtained as follows:
1 .
V,=——""-"7"757—V
® 1_RdD12/RL c
The steady state value is only a function of the droop
coefficient and load resistance. This value can improve the
load division of several DG units into a dc MG by adjusting
the steady state output voltage.
Finally, the relation between the output voltage of converter
and the load current is obtained as
Veo(s)  ~Z62=G GGy (146G, R, )

2= foz(S) = 1+T . (20)

(19)

T

IV. STABILITY ANALYSIS AND PARAMETER
SELECTION

According to the precise small-signal model achieved in
Section I11-B, stability analysis can be studied by analyzing the
eigenvalues of the transfer functions (17) and (20). The
proposed controller parameters that affect stability are the
virtual capacitor Cy, virtual resistance R and the low-pass filter
time constant (z). In order to obtain the system stable, the
dominant poles of the small-signal model in (17) and (20) must
be located in the left-half of the s-plane. The stability of the
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proposed controller with CPLs is investigated by varying the
value of system parameters, as shown in Fig. 3. The trajectory
of dominant poles with changing the virtual capacitance for
various value of R; and P,=1kW is shown in Fig. 3(a). It can
be seen that two poles move toward the unstable region. By
selecting proper virtual capacitance, i.e., C, < 0.02, the system
stability is guaranteed. With increasing C,, the dominant poles
move toward the imaginary axis and the system behaves like a
2nd order system (see Fig. 3(b)). The trajectory of dominant
poles when changing the virtual resistance and P,=1kW is
shown in Fig. 3(c). By increasing 1/R. (decreasing Rc), the
damping ratio of dominant poles increases and the response
speed is decreased. Fig. 3(d) shows the unstable system trace
when the CPL increases and C,=0.01, R. =1. It can be observed
that increasing load power deteriorates the damping and causes
instability. Fig. 3(e) shows the dominant poles of the system
when the time constant of the LPF increases from 0 to 40 ms.
It can be seen that two poles move toward the stable region.
By selecting proper time constant, i.e., 7> 2.5 ms, the unstable
poles move to the left side s-plane, hence the system stability
is guaranteed.

V. SIMULATION RESULTS

In order to validate the performance of the proposed control
method, the dc MG test system (Fig. 1) is simulated in
MATLAB/Simulink software. The parameters of the system
are given in Table I.

A. Case I: Operation of dc MG with PV, Battery and CPL

For testing the proposed control strategy for the injection of
virtual inertia, a typical dc MG including PV, battery and CPL
is used. In order to track the maximum power from the PV
system, a unidirectional boost converter is implemented
between PV and dc MG. The bidirectional boost converter for
the battery is employed to construct the local source bus with
a voltage and current control loops. The source bus voltage is
regulated at 200 V. By employing the bidirectional buck
converter for interface converter, the load bus of the distributed
generation unit is constructed. The load bus is regulated at the
rated value of 100 V. The existence of the CPLs in dc MGs is
the worst-case scenario from the stability perspective.
Therefore, it is assumed that a CPL with power rate of 1kW is
connected to the load bus. The PV output power, battery output
power and CPL power are shown in Fig. 4, when the PV output
power reference changes. In this case unit 1 only feeds the load.
PV output power follows its reference value and with battery
feed load power. When the output power of PV is more than
the load power, the difference in their power is stored in battery
(0.5 s <t<0.65s). Fig. 5 illustrates the PV output voltage,
source bus voltage and load bus voltage when the PV output
power reference changes. It can be seen that the load bus
voltage is lower than its reference value due to the droop
mechanism.
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TABLEI
SYSTEM PARAMETERS OF THE DC MG
System Parameters Values  Parameters  Values
PV L4 5mH Vg4 55V
system Ca 0.5mF Ve 200V
Battery L3 4mH Vg3 48V
system Cs 0.8mF Ves 200V
Interface L2 ImH Vg2 200V
converter Cz 1mF Ve 100V
L1 10mH  Load Power  1kW
Load
C: 0.1mF Vel 50V
1050 - / Load Power
1000
950
1200 : : - , :
2 1100 - : ‘ :
5 PV Output Power Reference
Z 1000 | / /
- - \
< 900+ TN i g
}53« 300 PV Output Power |
o
700 : : o~ : :
200
0 L
Battery Output Power
-200 : : : : : :
0.2 0.3 0.4 0.5 0.6 0.7 0.8

Time (s)
Fig. 4. Output power of different stage unit 1 when the PV
output power reference changes.
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Fig. 5. Output voltage of different stage unit 1 when the PV
output power reference changes.
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Fig. 6. Performance of the proposed V1 solution under load
power change: (a) load power step-up, (b) load bus voltage.
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Fig. 7. Load bus voltage (blue solid line) following step changes
in the voltage reference (red dashed line).

B. Case Il: Varying of the Reference Voltage and Load

Power

In this scenario, effectiveness of the proposed virtual inertia
loop is studied under continuous load step-up change (see Fig.
6). During the test, the CPL varies from 1 to 1.5 kW by 0.1 kW
load-step. As can be seen, by using the proposed virtual inertia,
virtual damping and droop control, stable operation is
guaranteed. In addition, the performance of the proposed
controller under continuous voltage reference change is also
studied. During the test, the reference voltage varies following
the sequence of 100, 120, 80, 100, and 140 V. As it can be seen
from Fig. 7, the stable operation is assured with the proposed
V1.

C. Case V: Impact of Virtual Parameters

Fig. 8 shows the dynamic response of dc load bus voltage
for +20% change in voltage reference from V'c, = 100 V to
V2 =120V at t=0.4s. Dc bus voltage for various values of C,
while other system parameters are constant is shown in Fig.
8(a). As the C, increases, the dc load bus voltage would
smoothly change and the RoCoV decreases. This means that
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Fig. 10. Behavior of the dc bus voltage during a sudden load increase.

the inertia of the dc MG is increased. Thereby, the value of C,
denotes the synthetic inertia of the dc MG. However, by
increasing C, the system damping decreases and is prone to
cause the DC bus voltage oscillation. This issue can be
diminished by increasing damping coefficient (1/R;) that
effectively eliminates the low-frequency voltage oscillations.
Fig. 8(b) shows dc bus voltage for various values of R; while
other system parameters are constant. By decreasing R
(increasing 1/R;), the deviation of dc bus output voltage
decreases. One can observe that virtual conductance 1/R. can
reduce the deviations of the dc bus output voltage and no
influence on the RoCoV when voltage reference changes.
Although virtual inertia response is more effective, it increases
the settling time of the dc bus voltage. Consequently, a
compromization between the settling time and the voltage
deviation is needed for selecting the inertia and damping
coefficients. The effectiveness of the proposed inertia response

is tested under load power variation. Fig. 9 shows the dc load
bus voltage for +50% step-change in load power from the
initial value of P, = 1 kW, to the final value of P, = 1.5 kW at
t=0.4s. In Fig. 9 (similar to Fig. 8), when C, and/or 1/R.
increase (decrease), the RoCoV and voltage deviation will
decrease (increase), respectively. Meanwhile, the parameters
of inertia response have no influence on the steady-state
performance.

The proposed method can be compared to previous works
with implementing virtual parameter. Fig. 10 shows the
comparison simulation results between the virtual capacitance
(VC) method presented in [16], the virtual impedance (VI)
method presented in [33], the virtual negative inductance
(VNI) method presented in [32], and the proposed method for
the same system parameters, loading conditions, and a 50%
step change of load power at t = 0.5s. To have a better
comparison, the same settling time is considered in the
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methods. It is shown that the proposed controller provides
quite better transient response, smaller RoCoV, smaller
undershoot and no overshoot in comparison with other control
techniques.

V1. CONCLUSION

This paper presents a control strategy based on virtual
inertia to enhance dynamic response and stability of dc MGs
interfaced with CPLs. In the proposed method, the derivative
feedback coefficient (C,) mimics the virtual inertia of
synchronous machines, while the proportional feedback gains
1/R. and Rq mimics the damping factor of synchronous

machines and the conventional droop mechanism, respectively.

A multistage dc MG with interface buck converter is
considered to verify the effectiveness of the proposed control
method. Comprehensive small-signal model of source-side
buck converter and load-side buck converter are derived, and
parameters selection are discussed based on root-locus
analysis. The simulation results indicate that the proportional-
derivative control can provide damping and inertia properties.
When virtual capacitance and virtual damping coefficient
increase (decrease), the RoCoV and the dc voltage deviation
are decreased (increased).
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