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Dynamic Improvement of DC Microgrids Using
a Dual Approach Based on Virtual Inertia

Mehran Jami, Qobad Shafiee, and Hassan Bevrani

Abstract—In this paper, inspired by the concept of virtual in-
ertia in alternating current (AC) systems, a virtual impedance
controller is proposed for the dynamic improvement of direct
current microgrids (DCMGs). A simple and inexpensive method
for injecting inertia into the system is used to adjust the output
power of each distributed generation unit without using addi-
tional equipment. The proposed controller consists of two com-
ponents: a virtual capacitor and a virtual inductor. These virtu-
al components can change the rate of change of the DC bus
voltage and also improve the transient response. A small-signal
analysis is carried out to verify the impact of the proposed con-
trol strategy. Numerical simulation studies validate the effective-
ness of the proposed solution for increasing the inertia of DC-
MGs.

Index Terms—DC microgrid, dynamic response, virtual im-
pedance, virtual inertia.

[. INTRODUCTION

MICROGRIDS (MGs) include distributed generation
(DG) units, energy storage systems, and loads that
form small generation, transmission, and distribution net-
works (medium- or low-voltage), which are integrated with
power distribution networks [1]. These small-scale power
systems are categorized into three types: alternating current
(AC), direct current (DC), and hybrid AC-DC MGs. In gen-
eral, small size, higher efficiency, lower price, higher reliabil-
ity, and higher power transfer capacity are the most promi-
nent features of DC microgrids (DCMGs) compared with
AC microgrids (ACMGs) [2]. Therefore, DCMGs have at-
tracted increasing interest over the past few years.

Owing to the physical characteristics of DG sources, e.g.,
wind and solar, and the fact that they are usually connected
to the network through power electronic converters, their in-
teraction with the network is different from that of tradition-
al networks using bulk steam and water turbines. While the
rotating part of a synchronous generator (SG) intrinsically in-
creases the system inertia, this property does not exist in DG
sources connected to the network through convertors [3]. In-
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deed, the inertia slows the natural reaction of the system and
provides sufficient time for controllers to function properly.
The result of this fact in low-inertia systems is that when a
disturbance or imbalance occurs, the reaction time of the sys-
tem decreases sharply due to the high rate of frequency and
voltage changes [4], [5].

The primary control of the power electronic converters is
the main factor for low inertia of converter-based systems
such as MGs. The primary control of SGs, however, does
not affect the swing equation in a short time period due to
its slow stimulation and startup. But it affects the power bal-
ance equation through the instantaneous available physical
source, which is the same energy stored in the rotating vol-
ume [6]. For the sources with converter interfaces, this oc-
curs in the opposite way. Similar to the instantaneous physi-
cal source in the power converter, the energy is stored in the
DC-side capacitor. As a result, power-electronics-interfaced
sources can stimulate and start up the primary control, and
participate in the power balance equation in a shorter period
of time compared with SGs, because they are equipped with
a fast DC energy source [7]. Thus, a lack of physical inertia
can be compensated potentially by a fast DC-side energy
source such as battery, flywheel, or supercapacitor. Another
solution to increase the system inertia and control the DC
bus voltage in a specified range is to use a DC bus capaci-
tor. Increasing the amount of DC link capacitance leads to
an increase in weight, size, and cost. On the other hand, a
large DC link capacitor means a large amount of energy
stored in the bus. In cases where a short-circuit fault occurs
in the bus, the current will generate a severe fault and make
the fault isolation quite difficult. This challenge has recently
been addressed in the literature. For instance, a modified
droop controller is introduced in [8], which minimizes the
size of the DC link capacitor, while the bus voltage is still
maintained in the allowable range.

The concept of virtual inertia has drawn considerable at-
tention recently to increase the inertia of converter-interfaced
systems [9]. In fact, virtual inertia is a subset of a more gen-
eral concept called a controlled power source (CPS) [1]. Us-
ing appropriate voltage and/or frequency and the derivative
feedback through an effective control mechanism, the dynam-
ics of the injected power to the system by the CPS can be
casily shaped. Unlike ACMGs, the research on virtual inertia
for DCMGs is new [10]-[12]. Increasing the inertia of fuel
cell generators [13], wind-battery-based grids [14], photovol-
taic (PV) systems [15], and virtual inertia control in grid-
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connected DCMGs has been presented in the literature. How-
ever, this is only applicable in the grid-connected operation
mode. Furthermore, when distributed energy resources
(DERs) such as wind, fuel cell, and solar are not available
for power generation, the benefit of inertia emulation
through DERs is not available. A virtual DC machine con-
cept is proposed in [16] to mimic the behaviors of DC ma-
chines to control a bidirectional DC-DC converter connected
with a storage device in a DCMG. In [17], a virtual inertia
control is designed to improve the DC bus voltage character-
istic of the DCMG in both grid-connected and isolated
modes. In [10], [18], a virtual inertia control strategy analo-
gous with virtual synchronous machines is proposed to in-
crease the inertia of the DCMG. However, the integral feed-
back used in this method does not provide fast inertia in the
first moment after disturbances. Furthermore, for the droop-
controlled converters in DC grids, the compromise between
the damping coefficient and primary voltage regulation
needs to be considered. In [19], the size of the DC link ca-
pacitor is artificially increased using the virtual capacitor
concept. The virtual capacitor control strategy is used to im-
prove the dynamic response of the DC link voltage for the
case of reference voltage change, and it does not affect the
output current dynamics. However, this strategy does not
provide good performance when a load disturbance occurs
or the input voltage changes. Reference [20] introduces an
inductive impedance loop to efficiently mitigate the low-fre-
quency fluctuations of power and current. A current-voltage
droop mechanism using virtual admittance is presented in
[21] to improve the system inertia. Although this method re-
sults in a quick dynamic response, it does not provide an ap-
propriate function in the steady state. The recent abovemen-
tioned research on virtual inertia for DCMG is not useful in
the presence of a constant power load (CPL).

The existence of CPLs in DCMGs is the worst-case sce-
nario from the perspective of stability when an instantaneous
power imbalance occurs between generation and load [22].
When side-load converters adjust their output voltage to a
fixed value, this set, including the converter and its resis-
tance, acts as a CPL from the source-side converter’s point
of view [23]. The CPLs decrease damping due to the addi-
tion of negative resistance to the small-signal model. This
causes severe transient fluctuations in the DC bus voltage
and finally results in voltage collapse. In [24], the stability
of DCMGs, including CPLs, is enhanced by adding passive
elements. Although the simple implementation of resistance-
capacitance parallel (RC) and resistance-inductance series
(RL) filters is interesting, these elements increase the cost
and size of MGs [25]. Owing to the nonlinearity of convert-
ers and the negative-impedance characteristics of CPLs, non-
linear control strategies have been implemented to stabilize
the system [26]. An active damping method based on a su-
percapacitor energy storage system is presented in [27].
However, the supercapacitor has high cost and remains idle
when the DCMG is under steady-state operation. A virtual
impedance concept comprising a virtual resistance at the
source-side converter [28], a parallel RL branch [29], and a
series RL branch [30], is proposed to stabilize the instability

between CPLs and their LC input filters. A virtual negative
inductor [31] and virtual impedance [30] are constructed us-
ing derivative feedback. The constructed virtual negative in-
ductor through the droop control method will counteract the
large line inductance, and virtual impedance modifies the
output impedance of the source converter to match the input
impedance of the cascaded CPL. However, these methods
suffer from some disadvantages: (D they are ineffective in
providing inertial response; 2) when step changes or random
fluctuations occur from the intermittent power resources and
load power, low-frequency oscillations appear, resulting in
lower DC voltage quality.

To address the gaps in the existing literature, a virtual im-
pedance control loop including a virtual capacitor and a vir-
tual inductor is proposed in this paper by using a dual ap-
proach based on virtual inertia. The salient features of this
paper can be summarized as follows:

1) The proposed virtual impedance control strategy is
based on linear configuration feedback. It uses the measure-
ment of the output voltage and inductor current to guarantee
the stable operation and to enhance the damping of DCMGs
with CPLs. In contrast to the existing virtual-impedance-
based stabilizations in [30], [31], which focus only on stabili-
ty improvement, the proposed controller improves the dy-
namic response performance with a decreasing rate of
change of voltage (RoCoV).

2) Compared with the existing virtual capacitance control
methods in [10], [18], and [19], the proposed virtual capaci-
tance control strategy provides a faster inertial response to
decrease the RoCoV immediately after disturbances due to
the implementation of derivative feedback in the droop con-
trol loop. Furthermore, this strategy can handle both resis-
tance loads and CPLs.

3) Small-signal analysis is carried out to study the impact
of the virtual components on the system stability. The pro-
posed control strategy is investigated using numerical simula-
tions in the presence of CPL, and its efficiency is verified.
In addition, the optimal values of the proposed parameters
are obtained.

The rest of this paper is organized as follows. In Section
II, the proposed control strategy is introduced based on the
virtual impedance concept for DCMGs. Section III describes
the small-signal model of DCMGs with CPLs. The stability
analysis of the system in the presence of the proposed con-
troller and simulation studies are presented in Section IV.
Section V concludes the paper.

II. VIRTUAL IMPEDANCE CONTROL STRATEGY FOR DCMG

In conventional power systems, the inertia indicates the
ability of the system to prevent high-frequency changes by
injecting kinetic energy of the rotating part after the occur-
rence of a fault. Under this condition, the control system of
the SG will have enough time to compensate for the active
power. In SGs, the swing equation is a relationship that cor-
relates the input mechanical power, output electrical power,
and frequency. The imbalance equation, and the kinetic ener-
gy stored in the two poles of the SG is given as [3], [10]:
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where P, 0, o, and J are the reference active power,
output electrical power, angular frequency, nominal angular
frequency, and amount of inertia, respectively.

Figure 1 shows a general scheme of these systems [26],
[30]. For DCMGs, the amount of inertia is, in fact, the abili-
ty of the system to prevent high variation of the DC bus
voltage due to turbulence. By imitating (1), the balance cur-
rent equation in the node connected to the DC link capacitor
shown in Fig. 2 is obtained as:

=0 @
where i, i,, u,, and C are the inductor current, output cur-
rent, DC bus voltage, and DC bus capacitor, respectively;
and the variables with “*” indicate the small-signal devia-
tions. In Fig. 2, u_is the reference DC voltage.
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Fig. 2. Typical configuration of a converter-based source supporting a load

via capacitance and inductance of output filter.

Comparing (1) with (2), one can note that the DC link ca-
pacitor in DCMGs mimics the behavior moment of inertia in
AC systems [16], [19]. When turbulence occurs in the out-
put current, the DC link capacitor with rapid active power in-
jection prevents large changes in the DC link voltage. Thus,
to increase the inertia in DCMGs, the size of the DC link ca-
pacitor must be increased. Obviously, using large capacitors
results in a higher price and increases the size and weight of
the system, which is not viable for most power-electronics-
based applications [14].

Since the virtual impedance control strategy maintains the
bus voltage within a certain range, as long as the bus volt-
age does not exceed the permissible limit during the tran-
sient process, it may be a good alternative. Using the con-
cept of virtual impedance for such an application, the
amount of current required to be injected can be obtained as:

T dl:lo
i =—C‘,? (3)
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where i, is the amount of current required to be injected;
and C, is the value of the virtual capacitor, respectively. Sub-
stituting (3) into (2), we can obtain:

du, 1

&t~ C+C )

It can be seen from (4) that the virtual capacitance is in-
creased during load changes. As a result, the inertia of the
DCMG is improved [21]. Equation (3) models a capacitor
parallel to the system capacitor. Taking the Laplace trans-
form of (3), we can obtain:

lZ(S) :[L_scvuo(s)

where [, is the steady-state value of the inductor current.

The above equation shows that the desired virtual inertial
control can be achieved using a droop control framework by
adding a capacitive virtual admittance. Multiplying (5) by
R, the modified virtual impedance droop control function
becomes:

)

RCiZ(S) :RCIL_SRCCVMU(S) (6)
Equation (6) can be rewritten as:
u: *(S) = Uv,_ SRCCVMO(S) (7)

where u!"(s) =R.i,(s) and U/=R.I,.

Similar phenomena can be applied to the voltage balance

in the converter output inductance. Taking the idea of (1),
the balance voltage equation in the converter output inductor
is obtained as:
di,
5 (®)
where L is the inductor inductance. The amount of desired
injected voltage can be calculated as:

f—f,=L

©

where L, is the value of the virtual inductance. Substituting
(9) into (8), we can obtain:
. di,
i, ==(L-L,) (10)
Equation (9) models a negative inductance series to the
system inductor [20], [31]. Using the Laplace transform of
(9), the following equation is derived:

u;(s) =U,+sL,i(s) (11)

To benefit from the properties of both virtual inertia injec-
tion and damping strategies, this study proposes a combina-
tion of two virtual impedance modules, i.e., a virtual capaci-
tor and a virtual negative inductor, in addition to the conven-
tional virtual resistance (droop mechanism), as shown in Fig.
3, where R, is the conventional virtual resistance in droop
control.

Energy

L ! LY R,

source _m: YYTYYL T ‘ :d}%
V ! ! Virtual CLJLC 1 DC
| i impedance | 1 u, | load

Converter | | 1 _modules TlT | -

Fig. 3. Proposed virtual impedance strategy.
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III. SMALL-SIGNAL MODELING OF DCMG wITH CPLS

A. Configuration of DCMG

A typical structure of a DCMG is shown in Fig. 1. With-
out loss of generality, one unit with two types of renewable
energy sources (RESs), a PV array and a battery bank, are
considered. The DCMG shown in Fig. 1 employs a three-lev-
el configuration. At the first level, namely the source stage,
an interface converter is employed for the PV array to ab-
sorb the maximum available power. The converter interfaced
to the battery bank is used to generate a constant output volt-
age. The second level utilizes a bidirectional converter to es-
tablish the local output bus. The third level is the common
load bus where the CPLs are connected. Different voltage
levels can be used in DCMGs. Here, the rated output voltag-
es of the PV and battery are 110 V and 114 V, respectively.
The output voltage, i.e., the source bus voltage, is controlled
as 380 V. Further, the output voltage of the second stage is
selected as 200 V, i.e., the rated voltage of the local output
bus is 200 V. Due to the nominal voltage of each bus, differ-
ent types of interface converters are selected. For PVs at the
first stage, a unidirectional boost converter is used, while a
bidirectional boost converter is selected for the battery to
achieve both the charging and discharging operations. For
the interface converter at the second stage, a bidirectional
buck converter is selected. For a CPL connected at the com-
mon load bus, a unidirectional buck converter is selected.

B. Control Objectives

Based on the concept of virtual inertia, a virtual imped-
ance control approach is developed to provide the following
properties.

1) Stability enhancement: one of the control objectives is
to tackle the CPL instability by introducing a virtual imped-
ance control. Specifically, the poles of the small-signal mod-
el should all be located in the left half of the s-plane.

2) Effective tradeoff between RoCoV and settling time:
the virtual capacitance is constrained to limit the RoCoV in
a certain range, i.e., RoCoV<RoCoV . However, by increas-
ing C,, the settling time increases, and the dynamic response
slowly increases. Therefore, an effective tradeoff between
RoCoV and the settling time is required.

3) Damping improvement: the virtual inductance is con-
strained to increase the damping. As a result, the voltage de-
viation decreases. The proper values of the parameters are se-
lected in Section IV-B by tracing the system eigenvalues.

C. Small-signal Model of DCMG with CPLs

The dominant dynamics in the conventional power system
include SGs and their corresponding control loops. In the
systems with low inertia, however, it is necessary to use the
precise model of power electronic converters, their control
methods, and the constraints. In order to study the effective-
ness of the proposed virtual impedance function, a precise
and comprehensive model of DCMGs needs to be consid-
ered. Different types of interface converters are utilized at
each stage. A detailed analysis of the overall system model
is discussed as follows. Here, the indexes 1-4 are used for
the PV unidirectional boost converter, the battery bidirection-
al boost converter, the bidirectional buck converter between

the local source bus and the local output bus, and the CPL
unidirectional buck converter, respectively. For the unidirec-
tional boost converters used for PVs, the converter topology
is shown in Fig. 4(a). In order to derive the detailed model
of the converter, state-space averaging is employed [26],
[307, [32].

ioZ
—

+

()

Fig. 4. Topologies of interface converters with different levels. (a) Unidi-
rectional boost converter. (b) Bidirectional boost converter. (¢) Bidirectional
buck converter. (d) Unidirectional buck converter.

When the switch is turned on or off, the circuit topology
changes accordingly. If the switch turns on, it yields:
di;,
1 dt :vgl
dv,

bde
where L,, C,, i, v, vy, and i, are the inductance, capaci-
tance, inductor current, capacitor voltage, input voltage, and
output current, respectively. If the switch is turned off, it

yields:

L

(12)

C

:_lal

di;,
b de
dv,
Udr

By using state-space averaging, the state-space equation
can be derived as:

L

=Va~—Va

(13)
C

=i, —i

ol

di;,

L, ar =vg]—(l—d])vc1 "
dv, . .
C dr :(l_dl)lLl_lul

where d, is the duty cycle for the on-state of the switch.
Based on the results in (14), the small-signal model is
achieved as:

di R N 5
L, d;l =Va (1 _Dl)vCl +Vad,
. (15)
dVCl A 5 A
C dr :(I_DI)ILI_IleI_lol
where V., I,,, and D, are the steady-state values. By trans-

forming the linear small-signal model in (15) into the fre-
quency domain and combining the results, we can obtain:

‘;C](S) =G, ‘;gl(s) +Gvdl('2l(s) —Zy Tol(s)

gl

(16)
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_ 1-D,
“Les+(1-p,)
G = (1 _DI)VCI_[LILIZS (17)
LC s+ (1-D,)
L,s
Zn=

L,Cs+(1-D,)

Since the interface converter for PV is used to realize
maximum power point tracking (MPPT) without the need to
establish the voltage of the source bus, a basic control dia-
gram shown in Fig. 5(a) is used, where G, -G, are conven-
tional proportional-integral (PI) controllers. The PI controller
is composed of proportional gain K and integral gain K. Its
transfer function is expressed as Gp,] Kpj+K /s. Hence, the
small-signal model of the control diagram in the frequency

domain is achieved as:

d\(s)==(5(s) =u(s)) G (18)

V,

gl d,
MPPT —— e - b

Va2 dz Vo d,
vy i, S

04
(b) (©)

Fig. 5. Control diagram of different interface converters. (a) Unidirectional
boost converter. (b) Bidirectional boost converter. (¢) Unidirectional buck
converter.

Analyzing the simultaneous equations (16) and (18), we
can obtain:

‘;CI(S)=G11{}gl(s)+G]2‘;;](S) _Zolfol(s) (19)
G, = Gvg] +G.a Gpil
G,=-G, G])i] (20)
Zal :Zo]

The above discussion is for the modeling of a unidirection-
al boost converter used for PV. For the bidirectional boost
converter used for the battery, the analysis is the same as
that for the PV converter. The basic topology of the bidirec-
tional boost converter is shown in Fig. 4(b). To avoid repeti-
tion, no detailed procedures are shown below, but the final
equation is given as:

‘;CZ(S) :GVgZ{}gZ(S) +Gv(12d’\2(s) _ZOZ{UZ(S) (21)

The battery converter is used to establish the source bus.
Thus, its basic control diagram is shown in Fig. 5(b). Based
on this control diagram the small-signal model is achieved:

dAZ( ) (S ) GpAZG/,‘L3 VCZ( ) pi2 pA} - l’.\LZ( s ) GpB (22)

By solving the simultaneous equations of (21) and (22),
we can obtain:

‘jcz(s) :GZ]‘;gZ(S) +G22‘A’:2(S) _Zozfoz(s) (23)

Gy = Tiz[(l ~D,) +1,G,5 ]
Gy = Tl (VGG ol (1-D2) 1,6, ] -
(1,646, ) 1.4V o
Z,= TLZ(LZS-F VesG )
T,=(Cy5=1,,G,,G,5 ) (Lys+ VG, ) +
[(1-D,) +1,,G,, [[(1-D.) + VG, |

For the point-of-load (POL) converter, a unidirectional
buck converter with a resistor is selected as an example to
represent the CPL, as shown in Fig. 4(d). Power converters
such as buck converters are used due to their tight output
voltage control capability, which enables them to respond al-
most immediately to system changes [23]. A conventional PI
controller G, is used to regulate the output voltage of the
POL converter, as shown in Fig. 5(c). In this case, the small-
signal dynamics can be represented by the closed-loop input
impedance of the POL converter [23], [30]:

R,C,Lys* +L,s*+R,(1+ Vuk, ) s+ R,V ks
R,C,D}s*+ (Di—k, DV, )s—k DV,

(25)

where Z, and R, are the closed-loop input impedance and
load resistance of the POL converter, respectively; C, and L,
are the capacitance and inductance of the output filter, re-
spectively; V,, is the steady-state input voltage of the POL
converter; k,, and k, are the proportional and integral terms
of the PI controller, respectively; and D, is the duty cycle in
the steady state. Equation (25) is more accurate than the tra-
ditional approximation by using a pure negative resistance
equal to Z,=—R,/D; [27], [29]. The load connected to the
common load bus is a constant impedance load, and Z, =R,.
For the bidirectional buck converter between the local
source bus (380 V) and local output bus (200 V), the basic
topology is shown in Fig. 4(c). By using a similar procedure
to that used above and assuming that the deviation of input
voltage in the source stage is zero, it can be concluded that:

di, o .
L, df =D3Vg3_vC3+Vg3d3

dv A
Caf =l 1
;g3:D3;L3+[L3d3 (26)
03 ZL
» v,

Z Z(72
2=7 47, 27)

The general scheme of the proposed virtual impedance
loop implemented in the primary control level is illustrated
in Fig. 6. Without the loss of generality, a DC-DC buck con-
verter is utilized. The control mechanism applied to the sys-
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tem consists of three modules: inner loop (voltage and cur-
rent controllers), a virtual impedance loop, and V-I droop
loop. The voltage and current controllers employ convention-
al PI controllers, as they have zero steady-state error with
simple structure and easy adjustment. The droop mechanism
acts as a proportional gain used for power sharing in the
presence of multiple DG sources. The pure differentiator
may bring undesired high-frequency noise to the system.
This can be solved by constructing a first-order low-pass fil-
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‘23(5) :{}z‘S(S)GpiS
(1 =sL,G G 1om ) —Ve(s) G pre( 1+5RC,Gpp )
(28)

- iL3(S)Gpi6 :

G—i,(5)R,G G

pi5 ™~ pi6

where G,pp = 1/(rcs+1), 7. 18 the time constant of LPFI;
and Gpp = 1/( 7,8+ 1), 7, is the time constant of LPF2. Con-
sidering (26), (27), and (28), we can obtain:

. . . .. . Va(s) =Gy vi(s) (29)
ter (LPF) in series with derivative feedback [12]. Consider- o
ing the control diagram in Fig. 6, we can obtain: where G, is given by:
G _ GpiSGpiG(Vg3_DBZ(11L3)
3=
1 ) R,
1+ (C3s+ o [L3s+D3Z(,+ G Va—D,2,1,,)(1 —vaG,,‘.SGLPFZ)} GGl Vo= DsZ, 11y )| 1+ 5 +5RC.G o
L L
(30
TABLE I
SYSTEM PARAMETERS OF DCMG
System Parameter Value
Input inductor L, 6 mH
Output capacitor C, 0.5 mF
i PV system R
! Rated input voltage V', 110 V
T 4
3 Rated output voltage V, 300V
| Input inductor L, 2.5 mH
. Output capacitor C, 0.8 mF
o Battery system X
[ ! Rated input voltage V, 114 V
.7 | LPF2 LPF1 |, g
w e =5msllz.=1 ms|' Rated output voltage V, 380 V
! Droop |, LL c l -
" loop ! Tle T{; | Output inductor L, 5 mH
| 1" L3 03 !
”””” L v : . Output capacitor C. 1.2 mF
| Virtual impedance | Interface converter p' P }
! loop ! Rated input voltage V; 380 V
””””””””” Rated output voltage ¥, 200 V
Fig. 6. Proposed control strategy for bidirectional buck converters. ate outp.u VOTAge Tus
Output inductor L, 0.5 mH
i .1 mF
IV. SIMULATION RESULTS Load Output capacitor €, 0-1'm
. ) Load power 4 kW
To validate the effectiveness of the proposed control strate- Rated output voltage 7/, 100 V

gy for DCMGs, the test system shown in Fig. 1 is simulated
in MATLAB/Simulink environment. The values of the pa-
rameters are listed in Tables I and II.

A. Stability Analysis of Closed-loop System

This sub-section focuses on analyzing the stability and im-
proving the damping of an interfaced bidirectional buck con-
verter in a DCMG equipped with the proposed control loop.
By analyzing the eigenvalues, the relationship between sys-
tem stability and various control parameters, including the
virtual capacitor and virtual inductor, is reviewed.

In order to obtain a stable system, the dominant poles of
the small-signal model in (30) should all be located in the
left half of the s-plane. The effectiveness of the proposed
controller with CPLs can also be tested by changing the val-
ues of the virtual impedances, as shown in Fig. 7. The trajec-
tory of the dominant poles is shown in Fig. 7(a) with chang-
ing virtual capacitance 0<C,<0.03 F, L,=0.001 H, and P,=
4 kW. Once the value of C, increases, the dominant pole is a
pure real number and moves toward the imaginary axis.

By increasing C,, the damping ratio of the dominant poles
increases and the response speed decreases. The trajectory of
the dominant poles is shown in Fig. 7(b) with changing vir-
tual inductance 0<L,<0.013 H, C,=0.001 F, and P,=4 kW.
By increasing L, the damping ratio of the dominant poles in-
creases and the system behaves like a second-order system.
The unstable system trajectory when gradually increasing the
load power is shown in Fig. 7(c) with C,=0.001 F and L, =
0.001 H. It can be seen that the dominant poles move to-
ward the unstable region. Increasing the power load deterio-
rates the damping and causes instability.

Figure 8 shows the dominant low-frequency modes of the
system when the time constant of the LPFs increases. By se-
lecting proper time constants, i.e., 7.>0 and 7,>0.5 ms, the
unstable poles move to the stable region. Hence, the system
stability is ensured. By increasing 7, the damping factor of
the system is improved. Therefore, the inflection point of the
system root-locus is the optimal one for time constants 7.=1
ms and 7, =5 ms.
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TABLE II
CONTROLLER PARAMETERS OF DCMG

System Parameter Value
K 0.001
PV system ’ |
il
K, 0.1
K . 0.4
Battery system ”
K, 20
K, 25
K 0.4
K, 0.1
R, 0.25
Interface converter
K 50
K 100
£ 20 kHz
K, 0.1
Load ’
K, 100

B. Parameter Selection

The following steps summarize the proposed control strate-
gy for parameter selection.

1) In order to avoid the interference between the two cas-
caded loops in the interfaced buck converter, the bandwidth
of the outer voltage control loop is selected to be one-tenth
of the inner current control loop bandwidth. Therefore, the
bandwidth of the inner current loop can be designed faster
in the range of kilohertz, and the transfer function (30) can
be simplified as:

G, =
Gis
(Cost YZ,)(1-5L,G,sGu) +Gos(1+ RyZ, +5RC,Gryy

(€L
2) The parameter R, is tuned using the method given in
[31], [33] as:

03 mmAv
TP (32)

max

R,=

where Av,, is the maximum allowed deviation of the MG
voltage; P, is the maximum output power from the convert-
er; and v,,,,;, is the minimum allowed MG voltage.

3) In order to obtain a stable system, the coefficients of
the characteristic equation in (31) should be positive. So we
can obtain:

12
L,< a

pS

(33)

As a result, the first control objective can be achieved.
4) From (31), the parameter C, is selected using RoCoV:

‘ Av,,
At

|Av:3
C +CK

pS

| RoCoV | = (34)

At—>0

It is assumed that the value of RoCoV does not exceed
RoCoV ... So we can obtain:

max*
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Fig. 7. Trace of system eigenvalues. (a) Varying C, for L ,=1 mH and
CPL=4 kW. (b) Varying L, for C,=0.001 F and CPL=4 kW. (c) Varying
Py, for L,=1 mH and C,=0.001 F.

‘Av; ~ <

>
RoCoV. K

max pS

(35)

As a result, the second control objective can thus be
achieved.

5) The parameters 7, and 7. are tuned by using the trace
of system eigenvalues in Fig. 8. In order to achieve the max-
imum damping, the inflection point of the system root-locus
will be the optimal one for the time constants, and L,=
L,.,.=7,/K,;. The third control objective can thus be

v,max

achieved.
C. Case I: Evaluating DCMG Test System Augmented with
Proposed Virtual Inertia

A typical DCMG, including a PV, a battery, and a CPL, is
used to verify the proposed control strategy.
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Fig. 8. Trace of system eigenvalues. (a) Varying 7. for L, =1 mH, C, =1
mF, and CPL =4 kW. (b) Varying 7, for L,=1 mH, C,=1 mF, and CPL=4
kW.

For the PV, as mentioned above, a unidirectional boost
converter is used. It works in the MPPT mode to track the
maximum power from the solar panel. The bidirectional
boost converter for the battery is used to establish the local
source bus with voltage and current control loops. The
source bus voltage is regulated at 380 V by changing the in-
jected solar power. By using the bidirectional buck converter
for the interface converter, the load bus of the DG unit is es-
tablished. The load bus is regulated at a rated value of 200
V. The existence of the CPLs in DCMGs is the worst-case
scenario from the perspective of stability. Thus, we assume
that the CPL power rate is 4 kW. The PV output power, bat-
tery output power, and CPL power are shown in Fig. 9 when
the PV output power reference changes. The PV output pow-
er follows its reference value and with the battery feed load
power. When the PV output power is greater than the load
power, the difference in their power is stored in the battery
(0.4 s<t<0.5 s).

5000
4000 T}/
g 3000 B - Load power
E 2000+ — PV output power
z — Battery output power
£ 1000} -~ - PV output power reference

0 L n L L n L L )
0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
Time (s)

Fig. 9. Output power of DCMG units with changing PV power reference
when equipped with proposed virtual inertia control loop.
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The PV output voltage, the source bus voltage, and the
load bus voltage are shown in Fig. 10 when the PV output
power reference changes. It should be noted that the output
voltage of the load bus is slightly lower than its rated value
because of the usage of the droop mechanism in the control
system.

450

400+

350 Source bus volt
S | — Source bus voltage
e 300 Load bus voltage
¥ 250+ — PV output voltage
S 200t
>

150+

100f -

50 . . . . . . . -
0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
Time (s)

Fig. 10. Output voltage of DCMG units with changing PV power refer-
ence when equipped with proposed virtual inertia control loop.

D. Case II: Performance of Proposed Solution Under Refer-
ence Voltage and Load Power

A continuous load step-up change occurs at the load bus.
In particular, the CPL changes following the sequences of 4,
5, 6, 7, and 8 kW. By using the proposed virtual inertia and
droop control, as shown in Fig. 11(b), the stable operation is
guaranteed. Furthermore, the performance of the system with
a continuous voltage reference step-up change is also tested.
In particular, the rated voltage of the load bus is set to be
the sequence of 200, 220, 240, 260, and 280 V. It can be
seen in Fig. 12 that with the proposed virtual inertia, the sta-
ble operation is maintained throughout the entire process.

=9
Z3
57
% 6
a5
=4
03 . . . . . . . —
0.1 02 03 04 05 06 0.7 0.8 09 1.0
Time (s)
(a)
210
200
>
~ 190
;Q

180

70 . . . . . . . .
0.1 02 03 04 05 0.6 0.7 0.8 09 1.0
Time (s)
(b)
Fig. 11. System performance under changes of operating point. (a) Load
power step-up. (b) DC output voltage.

300

— DC output voltage
- -- DC output voltage reference

150 . . .
0.1 02 03 04 05 06 0.7 0.8 09 1.0
Time (s)

Fig. 12. System performance under voltage reference step-up.
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E. Case IlI: Impact of Virtual Impedance

Figure 13 shows the dynamic response of the DC bus volt-
age when the value of the virtual capacitor changes and oth-
er system parameters are constant. In Fig. 13(a), the refer-
ence voltage is increased by 0.2 p.u. from V=200 V to
V=240 V at t=0.1 s. When C, increases, the dynamic re-
sponse of the DC bus output voltage slows down and pre-
vents sudden voltage changes due to turbulence. Therefore,
the RoCoV decreases and the inertia increases. The RoCoV
without the virtual capacitance is approximately 1330 V/s.
By contrast, when the proposed virtual capacitance loop (for
C,=0.01 F) is considered, the RoCoV can be limited to 310
V/s. Therefore, a 76% RoCoV reduction is achieved using
the proposed virtual capacitance loop. Furthermore, the maxi-
mum voltage deviation can be reduced from 12.5 V to 0, in-
dicating a 100% improvement. In Fig. 13(b), the DC bus out-
put voltage is shown when the load power is increased by
0.25 p.u. from the initial value of P,=4 kW, to the final val-
ue of P,=5 kW at t=0.1 s. As C, increases, the dynamic re-
sponse of the DC bus output voltage slows down and the Ro-
CoV decreases. One can observe that the virtual capacitor C,
can reduce the fluctuations of the DC bus output voltage
while improving the dynamic response of the system. There-
fore, with the proposed virtual capacitance (for C,=0.01 F),
the RoCoV and the maximum voltage deviation are reduced
by 74% and 66%, respectively.

;28 i dV/di=1330 V/s
. 240: AK“BX:12'5 V
~ S0l dV/dd=310 Vs C,=0.002 F
I AV, =0 —C,=0.005F
ol : —Cy=0010F
0.09 0.10 0.11 0.12 0.13 0.14 0.15 0.16 0.17
Time (s)
(@)
200 dV/d1=90 V/s
195 | AVpo=3 V
S
< 190} =0
w dpidg=350 vis — Cy=0.002F
1857 AV, =9V —C,=0.005 F
max o CV:O.OIO F
gl
0.09 0.10 0.11 0.12 0.13 0.14 0.15 0.16 0.17
Time (s)
(b)

Fig. 13.  Impact of virtual capacitance for DCMG for L ,=0.001 H, R =
0.25 Q, and CPL=4 kW. (a) Load bus reference voltage increases by 0.2
p.u. at £=0.1 s. (b) Load power increases by 0.25 p.u. at 1=0.1 s.

Figure 14 shows the dynamic response of the DC bus volt-
age when the value of the virtual inductance changes and
other system parameters are constant. In Fig. 14(a), the refer-
ence voltage increases by 0.2 p.u. from V,,=200 V to V=
240 V at t=0.1 s. When L, increases, the DC bus output
voltage performance is improved because of the significant
reduction of the overshoot and oscillations. Hence, with the
proposed virtual inductance (for L,=0.01 H), the maximum
voltage deviation is reduced by 69%. However, the RoCoV
increases. In Fig. 14(b), the DC bus output voltage is shown

when the load power increases by 0.25 p.u. from the initial
value of P,=4 kW to the final value of P,=5 kW at ¢=0.1
s. As L, increases, the maximum voltage deviation can be re-
duced. From Fig. 14(b), it can be seen that the RoCoV and
the maximum voltage deviation are reduced by 28% and
61%, respectively.

260 |dV/df=940 V/s
AV, =124V
240}
s =
< 20 Ly=0
W3 |dV/d|=1750 V/s L,=0.002 H
200} AV, =38V —L,=0.005 H
—L,=0.010H
180 s s s s s ;
0.09 010 0.1 012 013 0.14 0.5
Time (s)
(a)
200, |dV7de=230 V/s
. 195 AVmax:_3'3 V
> L. =
2 1907 évfg 002 H
W2 [dV/df=320 V/s y=0.
185} AV =85y —Ly=0.005H
180 ‘ ‘ ‘ITIBX ‘ ‘ 7‘["/:0:010 I_‘l
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Fig. 14. Impact of virtual inductance for DCMG for C,=0.001 F,
R,=0.25 Q, and CPL=4 kW. (a) Load bus reference voltage increases by
0.2 p.u. at £=0.1 s. (b) Load power increases by 0.25 p.u. at t=0.1 s.

The results obtained using the proposed control strategy
are compared with those obtained using other techniques in
order to identify the advantages of the proposed technique.
Figure 15 shows the control structure of the virtual imped-
ance method [30] and the virtual capacitor method [10],
[18], [19].

Fig. 15. Two different control structures. (a) Virtual impedance method.
(b) Virtual capacitor method.

Figure 16 shows the comparison of simulation results be-
tween these methods and the proposed control strategy with
the same system parameters, loading conditions, and a 25%
step change of load power at t=0.2 s. In order to obtain a
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better comparison, the same RoCoV and steady-state values
are considered in all three methods. The mentioned methods
are compared using key indicators of the performance of the
algorithm, i.e., the RoCoV after load change, the maximum
voltage deviations from the steady-state value v, and the
settling time. A comparison of the main parameters is shown

in Table III, where the indicators are: |[RoCoV]| 000055 =
|Av 5 _ [v,; (¢=0.00005 s)—v,, (t=0)|

- > |Avo34max| = |Vo34min - vo}.,ss|=

At 0.0005
which is the maximum voltage deviation from the steady-

state value; and v,;_,,=(V,; =V, )V It can be observed
that the proposed control strategy provides a better transient
response, shorter settling time, smaller undershoot, and no

03,s5°

overshoot in comparison with other control techniques.
Therefore, the proposed control strategy achieves the control
objectives.

200
195 I
= 190 N
2185 1=0.216s +0.6% zone
180 [AV ax=5.9V Virtual impedance method
1=0.232's 1=0.245s  — Virtual capacitor method
175 AV =835V |AV,, J=11.5 V — Proposed method
170 - - - - —
0.19 021 023 025 027 0290.30
Time (s)
Fig. 16. Comparison between virtual impedance, virtual capacitor, and pro-

posed methods.

TABLE III
COMPARISON OF PROPOSED METHOD WITH EXISTING METHODS

Indicator
Method Control parameters [ROCOV | gr-ggmass (VIS) 1AV 5l (V) 1, (05,506 %) (5)
Virtual capacitor [10], [18], [19] D,=0.1S,C,=0.1 F 4400 8.35 0.232
Virtual impedance [30] Lpe=03 H, Rpe=0.01 Q, L}.=0.1 H, R,.=0.01 Q 4400 11.50 0.245
Proposed L,=0.005 H, C,=0.001 F, 7,=5 ms, 7,=1 ms 4400 5.90 0.216

V. CONCLUSION

Inspired by the concept of virtual inertia in AC systems,
this paper introduced a virtual impedance control loop for
the dynamic improvement of DCMGs. The proposed control
strategy includes two modules: a virtual capacitor and a vir-
tual negative inductor. The results, run with the proposed vir-
tual impedances for voltage reference and load power chang-
es, show a stable operation in the presence of CPLs. The
proposed control strategy offers multiple advantages com-
pared with the existing control techniques: (D the virtual ca-
pacitor can properly reduce the rate of DC bus voltage
changes independent of loading conditions (CPL and/or resis-
tive load) with no overshoot; (@ the virtual inductance en-
hances the damping of DCMG with CPLs and reduces the
maximum voltage deviation; 3 the speed of the response is
increased by decreasing the settling time. The provided mod-
el and small-signal stability studies are used to design the
best virtual parameters. Stability analysis and numerical sim-
ulations show that the virtual capacitor and inductor provide
better performance when the reference voltage and load cur-
rent change.
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