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Abstract—In a DC microgrid (DC-MG), the dc bus vol-
tage is vulnerable to power fluctuation derived from the
intermittent distributed energy or local loads variation. In
this paper, a virtual inertia control strategy for DC-MG
through bidirectional grid-connected converters (BGCs)
analogized with virtual synchronous machine (VSM) is
proposed to enhance the inertia of the DC-MG, and to re-
strain the dc bus voltage fluctuation. The small-signal
model of the BGC system is established, and the small-
signal transfer function between the dc bus voltage and
the dc output current of the BGC is deduced. The dynamic
characteristic of the dc bus voltage with power fluctuation
in the DC-MG is analyzed in detail. As a result, the dc out-
put current of the BGC is equivalent to a disturbance,
which affects the dynamic response of the dc bus voltage.
For this reason, a dc output current feed-forward distur-
bance suppressing method for the BGC is introduced to
smooth the dynamic response of the dc bus voltage. By
analyzing the control system stability, the appropriate vir-
tual inertia control parameters are selected. Finally, simu-
lations and experiments verified the validity of the pro-
posed control strategy.

Index Terms—DC microgrid, bidirectional grid-
connected converter, power fluctuation, virtual inertia con-
trol, small-signal modeling, disturbance suppressing.

[. INTRODUCTION

C microgrids (DC-MGs) have been developed rapidly
due to the penetration of distributed generations (DGs),
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energy storage, and the local dc loads [1]-[3]. As the interface
between the DC-MG and the utility grid, bidirectional grid-
connected converters (BGCs) play a significant role in con-
trolling the energy exchange between the DC-MG and the
utility grid, maintaining the dc bus voltage stability, and im-
proving the system efficiency [4], [5]. However, the DC-MG
is a low-inertia grid dominated by power electronic converters.
The frequent switching loads and intermittent DGs (e.g. PV
source, wind resource) can give rise to large volatility of the
dc bus voltage [6], and reduce the efficiency and stability of
the DC-MG [7]. Introducing the virtual inertia control into the
BGC is a promising way to increase the inertia of DC-MG, to
diminish fluctuation of the dc bus voltage, and to enhance the
stability of the DC-MG.

Currently, researches about the virtual inertia control of
power electronic converters mainly focus on the active support
to the utility grid or the AC microgrid (AC-MG). A common
virtual inertia control strategy is to operate converters as vir-
tual synchronous machines (VSMs) [8]-[19]. The rotor inertia
of the synchronous machine (SM) is emulated by combining
the energy storage with the converters in [8]. The concept of
the synchronverter is firstly proposed in [9], [10], which is
similar to the SM in mechanical and electrical characteristics
by establishing the electromagnetic and mechanical equations
of the SM. Due to its superior control performance, the VSM
control is successfully applied to modular multilevel conver-
ters (MMCs) [11], doubly fed induction generator (DFIG)-
based wind turbines [12], voltage source converter (VSC) sta-
tions [13], and energy storage systems [14]. In order to sup-
press power fluctuation of the VSM, J. Alipoor et al. [15] pro-
pose the bang-bang control method used on virtual rotor iner-
tia of the VSM by adaptively changing its inertia parameters.
In [16], [17], an oscillation damping method is proposed to
avoid the low-frequency oscillation of the VSM. In [18], a
small-signal model of the VSM is built, and its control para-
meters design method is also provided by analyzing the sys-
tem stability and dynamic performance. In [19], the compari-
sons of the dynamic characteristics between the VSM control
and droop control are analyzed in detail, and prove that the
VSM control owns more advantages.

However, researches on the virtual inertia control for DC-
MG are hardly reported. The DC-MG often adopts power- or
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current-based droop controller to stabilize the dc bus voltage
[20]. However, there exists a trade-off between the voltage
deviation and current sharing accuracy. By the low bandwidth
communication, the improved droop control method can re-
store the dc bus voltage and enhance the current sharing accu-
racy [21]. DC bus signaling (DBS) is presented as a prominent
decentralized coordination method for DC-MG [22]. Using the
DBS approach, the different operating modes of the converters
can be coordinated according to the magnitude of dc bus vol-
tage to maintain the dc bus voltage. In [23], a soft-start voltage
control strategy is proposed to improve the transient response
during the initial startup of power converters. In [24], a ripple
elimination method is proposed to restrain the dc bus voltage
ripples. The tradeoff between the current distortion and band-
width of dc bus voltage control of the converter is analyzed
and solved in [25]. In large scale dc distribution systems with
high penetration of DG units, a multi-agent distributed voltage
regulation scheme is proposed to mitigate the voltage regula-
tion challenges [26]. However, the above dc voltage regulation
methods are not to discuss how to enhance the inertia of DC-
MQG. To this issue, an approach using super-capacitors to sup-
press the dc bus voltage fluctuation is presented to improve
the inertia of DC-MG when the local loads or DGs suddenly
change [27]. But the costs of super-capacitors are relatively
high. Moreover, when the DC-MG is in the steady-state opera-
tion, these super-capacitors are idle, which causes resource
waste. In [28], a virtual inertia control strategy of the wind-
battery-based islanded DC-MG is presented. By adding a
high-pass filter into the additional inertia control loop, these
converters can keep the power balance of the DC-MG when
the dc bus voltage suddenly changes. But the high-pass filter
may bring in the high-frequency disturbance.

In this paper, the idea of migrating the relatively mature
VSM control strategy into the BGC for improving the inertia
of the DC-MG is studied. The remainder of this paper is orga-
nized as follows: the structure of the inertia-enhanced DC-MG
with a BGC is introduced, and a virtual inertia control strategy
for the BGC analogized with VSMs is proposed in Section I,
Then, the small-signal model of the BGC system is built in
Section III. In Section IV, the dynamic performance of the
BGC system is analyzed, and the dc output current feed-
forward disturbance suppressing method for the BGC is intro-
duced to further improve the dynamic response of the dc bus
voltage. The BGC control system stability analysis and para-
meters selection are discussed in Section V. Simulations and
experiments verify the theoretical analysis in Section VI. Fi-
nally, some conclusions are given in Section VII.

Il. VIRTUAL INERTIA CONTROL STRATEGY OF THE BGC

A. DC-MG structure with a BGC

As shown in Fig. 1, the inertia-enhanced DC-MG consists
of a BGC, DGs, energy storages, loads and relevant power
electronic converters. The main circuit of the BGC adopts the
three-phase full-bridge converter, where C is the dc-link out-
put capacitor, L is the input filter inductor, » is the equivalent
series resistance of the L, u; (j=a, b, c) is the utility grid vol-

tage, J; is the grid-connected current, ¢; is the voltage of the
BGC on the ac side, ug. is the dc bus voltage of the DC-MG,
ig. 1s the dc-link current of the full-bridge converter, and i, is
the dc output current of the BGC.
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Fig. 1. An inertia-enhanced DC-MG structure with a BGC.

When the DC-MG is operating in grid-connected mode, the
BGC is responsible for keeping the power balance of the DC-
MG through the bidirectional energy exchange with the utility
grid, which ensures the stability of the dc bus voltage. The
maximum power point tracking control is used in the DGs.
The energy storage units are charged with the rated current
when they are not completely charged. Loads connected to the
dc bus are mainly constant power loads. In this mode, the DGs,
energy storage units and loads can be regarded as current
sources connected to the dc bus, and the dc bus voltage is re-
gulated by the BGC. When the DC-MG is in the islanded
mode, the BGC is out of service.

B. Inertia analogy between AC-MG and DC-MG

In an AC-MG, the active power-frequency (P-w) control of
the VSM emulates inertia, damping characteristic and the pri-
mary frequency regulation of the SM. In this paper, it is as-
sumed that the number of pairs of poles for the VSM is 1, thus
the mechanical equation [16] can be described as
—P,C—Dp(w—a)n)sza;i—i)sznil—i) 1)
where Py, P., D,, o, w, are the active power reference, the
electromagnetic power, the damping coefficient, the angular
frequency of the VSM, and the rated angular frequency of the
utility grid, respectively. J is the virtual moment of inertia.

When the AC-MG is in steady state, (1) can be rewritten as

o= w,, —mP, 2)

€

P

set

where wy, = 0, + Py/D, is the no-load angular frequency, and
m = 1/D, is the droop coefficient. It can be known from (1)
and (2) that the P-w control of VSM is actually a modified
droop control.

In the DC-MG, the voltage-current droop control is usually
adopted for the BGC. There are three advantages as follows:

1) System stability of the DC-MG with constant power
loads can be improved [29], [30].

2) It is easy to expand the system capacity by paralleling
BGCs [31].

3) Coordinated control based on the bus-signaling for the
DC-MG is easy to be realized [32].

The voltage-current droop control of the BGC can be ex-
pressed as

ch = Udciref - R (3)

v7o
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where Uy rr is the no-load dc output voltage reference of the
BGC, R, is the droop coefficient, and u,, is the reference value
of the dc bus voltage of the DC-MG.

For the AC-MG, inertia of the system manifests the ability
to prevent sudden changes of the frequency, and thereby leav-
ing SM enough time to regulate the active power P,, then re-
building balance of the active power. For the DC-MG, its iner-
tia manifests the ability to prevent sudden changes of the dc
bus voltage u4.. BGC can quickly extract or inject the current
i, from or to the DC-MG, maintaining the voltage stability of
the DC-MG. Comparing with the droop expressions (2) and
(3), it can be shown that @ and ug., P, and i, are comparable in
form. It is also mentioned in [33] that the current sharing (the
voltage-current droop control) of the DC-MG is similar to the
active power sharing in the resistive-line AC-MG.

The kinetic energy W, saved in the rotor of the SM, and the
electric energy W, saved in the capacitors connected to the dc
bus in DC-MG are defined as:

W, = %sz

) “
VVC = _Cudcz

2

When the frequency of an AC-MG suffers from disturbance,
the rotor can quickly provide active power support. Similarly,
when the dc bus voltage of a DC-MG suffers from disturbance,
the capacitors can quickly provide active power support.

From the above analysis, it is obvious that many variables
and characteristics are mutually corresponding between the
AC-MG containing a VSM and the DC-MG containing a BGC,
as shown in Table I.

TABLEI
AnNALoGY BETwWEEN AC-MG AND DC-MG

Microgrids AC-MG containing a VSM DC-MG containing a BGC
Droop relation @-P, droop Uge-lo droop
Control target @ Ude

Output P, iy

Inertia J C

Stored energy 0.5J &” 0.5Cug.>

C. The virtual inertia control strategy for DC-MGs

As shown in Fig. 2, the virtual inertia control equation of
the BGC similar to (1) is proposed via analogizing with the
VSM, where I, is the dc output current reference of the BGC,
D, is the droop coefficient, U, is the rated dc bus voltage, and
C, is the introduced virtual capacitance. Obviously, it is rea-
sonable to enhance the inertia of the DC-MG by introducing

System level control (time scale: s)
to enhance the inertia of DC microgrid

BGC unit level control (time scale: ps~ms)
to improve the system performance of BGC

the virtual inertia control into the BGC.

| do da
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" Virtual inertial equation of the BGC 1
I * |
, ) du ; dug. |
;]\\-'l_lO_Db(u;c_("n):Cvu;C de %(\Un dic :
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Fig. 2. Virtual inertia equation of the BGC via analogizing with the VSM.

Fig. 3 shows the block diagram of the virtual inertia control
strategy for DC-MGs analogized with virtual synchronous
machines, which mainly includes the virtual inertia control, dc
output current feed-forward control, and voltage and current
dual-loop control.

In terms of the virtual inertia equation of the BGC, the vir-
tual inertia control is presented to enhance the inertia of the
DC-MG, and to restrain the dc bus voltage fluctuation. The
output of the virtual inertia control is regarded as the dc bus
voltage reference u,,.

The dc output current feed-forward control is introduced to
improve the dynamic performance of the dc bus voltage, and
to suppress the disturbance derived from the dc output current
of the BGC. Gg(s) is the transfer function of the dc output cur-
rent feed-forward control.

The voltage and current dual-loop control consists of the PI
voltage outer loop control to track accurately the dc bus vol-
tage reference, and the current inner loop control based on
synchronous reference frames (SRFs) to realize active power
exchange with the utility grid. u4 and u, are the d-axis and g-
axis components of ; in the SRFs, respectively. iq and iy are
the d-axis and g-axis components of i; in the SRFs, respective-
ly. iy and i, are the current reference of ig and i, respectively.

I1l.  SMALL-SIGNAL MODELING OF THE BGC SYSTEM

In order to find out the relation between the dc bus voltage
and power demand of the DC-MG, it is necessary to build the
BGC small-signal model. From Fig. 1, the mathematical ex-

pression of the BGC in the SRFs is described as
ug =(Lp+r)iy —o,Li, +eq
u, =(Lp+r)i, +o,Li; +e,

)

where p is the differential operator, and w, is the angular fre-
quency of the utility grid voltage. e4 and e, are the d-axis and
g-axis components of e; in the SRFs, respectively.

’ |
SRFs current| | Q~Q
iy=0| control _:" mfxgltor_gy_ﬁ
—*  [eq.(6)] :

Fig. 3. Block diagram of the virtual inertia control strategy for DC-MGs analogized with virtual synchronous machines
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Fig. 4. The small-signal model of the BGC control system.

From (5), it is clear that the BGC variables in the d-axis and
g-axis are mutually coupling, which makes it difficult to de-
sign the controller. Here, the SRFs current control is adopted.
PI controller is used for the grid-connected current control,
which is represented as Gi(s) = k; + kii/s, thus the inner current
control equation can be expressed as

{ed =G (s)(i} —iy) + @, Li, +u,

e, =G (s)(iy —iy)— o Lig +u,

(6)

Substituting eq and e, from (6) to (5), the following expres-
sion can be obtained:

(Lp+ )iy = @iy —iy)Gi(s)

(Lp+1)ig = iy —i;)G;(s)

Assume that the state variables in (7) are written as the sum
of steady-state variables and their small perturbations (iy = I3 +
Aig and ig = I; + Aij)). Ignoring the second-order perturbations,

and applying the Laplace transform, the corresponding small-
signal equation can be expressed as follows

Aiy(s) = [Ai; (8) = Aiy ()]G; (s)/(Ls +7)
Ai, (5) = [AZ; (5) = Aiy ()1G, () /(Ls +7)

Considering symmetry of the grid-connected current inner
loops in d-axis and g-axis, the g-axis is taken as an example in
order to simplify the analysis. Ignoring the influence of the
current sampling delay, PWM control delay, and the perturba-
tion component Au,, the small-signal model of the g-axis grid-
connected current inner loop is obtained based on (8), as
shown in Fig. 4, where K,,m is the equivalent gain of pulse
width modulator.

Then the control structure of the dc bus voltage outer loop is
built. And the small-signal model of the BGC system can be
deducted. Neglecting the energy loss, according to the power
balance between two sides of the BGC, there is:
duy, .

2z o) ©)

The state variables in (9) are written as the sum of steady
state variables and small perturbations (ug = Uy + Aug, uq = U,
+ Augy g = Uge T Auge, io = I, + Ai,). If the second-order per-
turbations are ignored, the small-signal equation of (9) can be
described as

L5(U Ay + U Aiy + Augly +Dugl) =

dAuy,

()

®)

L.5(ugiy +ugiy) = ugely =g (C

CU,,

+ Uy Al +Augy 1. (10)

When the grid-voltage-oriented control is used in the BGC,

U, is equivalent to zero in steady state. BGC is only used to
control the dc bus voltage, and does not provide reactive pow-
er to the utility grid, so the reactive current component /y is
zero. Thus, the expression (10) can be simplified as

dAuy,

15U, A, +Auy1,) = CU,, +U AL +Aug . (11)

According to the superposition theorem, ignoring the per-
turbation components Auy and Ai,, and applying the Laplace
transformation to (11), the relation between uyc(s) and iy(s) is
obtained as follows:

Auy (8)/Aiy(s)=3U, [2(CU¢ys +1,) = G, (). (12)

Similarly, the relations between Augy.(s) and Aiy(s), Aug(s)
and Au(s) are respectively obtained as the follows

Auy, (s)/Ai () ==Uy [(CU s +1,)=G,y(s), (13)
Audc(s)/Auq(s):3lq/2(CUdcs+Io)=G3(s). (14)

Performing the small-signal decomposition, the virtual iner-
tia equation of the BGC in Fig. 2 can be expressed as
dAuj,

" (15)
where Au,, is the small-signal perturbation of .. Then apply-
ing the Laplace transform, (15) can be rewritten as

Ao (5) = (=i (5) = DyAug () /sCU, . (16)

According to (12)-(14), (16) and Fig. 3, the small-signal
model of the BGC control system can be derived as shown in
Fig. 4, where G,(s) is the transfer function of dc bus voltage
regulator using the PI regulator (G,(s) = k,, + ki,/s).

—Ai, — DyAuy, =C,U,

IV. DYNAMIC PERFORMANCE ANALYSIS AND THE DC ouT-
PUT CURRENT FEED-FORWARD CONTROL

In Fig. 4, ignoring the influence of the utility grid voltage,
and if the dc output current feed-forward control is not
adopted, the small-signal closed-loop transfer function 7F(s)
between Aug.(s) and Aiy(s) is obtained as follows:

Auy, (5) _ G, (5)G, (5)Gc (5)Gi (5) + G, () a17)
Ai, (s) 1+ G, ()G, (s)G (5)

where Gyi(s) = —1/(Dy, + CyUss), Go(8) = Gi(8)Kpwin/(Gi(8)Kpwm
+ Ls+r).

Fig. 5 shows the unit-step responses of TF(s) for various
values of C, when Dy is 5 or 1. The physical meaning of the
unit-step response is the dc bus voltage change when the BGC
output current suddenly increases. As is known to all, the dc
output current of the BGC is relevant to the power demand of
the DC-MG which is decided by the power consumption of
the loads and the output power of DG sources. In Fig. 5(a), the

TF(s) =
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red solid points represent the positions where the step response
curve reaches the 95% of the steady state value.

DC bus voltage change, Aug.(V)

0 0.2 0.4 0.6 08 0  xi0
Time(s)
(a)
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C=LImF 3
1 C~08mF | ]
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i liplimyld
= |2
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n

1 2 3 4

0
Time(s)
(b)
Fig. 5. Unit-step responses of TF(s) for various values of C,. (a) Dy = 5. (b)
Db =1.

It can be seen from Fig. 5 that the dc bus voltage would
change more mildly when C, increases if the initial stage of
the step response is neglected, which indicates that the inertia
of the DC-MG is larger. When C, is less than 0.04mF, the dc
bus voltage changes quickly, and the inertia of the DC-MG is
very small. As a result, the value of C, directly determines the
inertia of the DC-MG.

From Fig. 5, it is clear that the dc bus voltage at the initial
stage of all step response with different D, and C, has a
serious impact. The abrupt voltage changes at the beginning of
the unit-step response process would do harm to the realiza-
tion of virtual inertia of the DC-MG, jeopardizing the dynamic
performance of the dc bus voltage.

0 T
\¢———— Desired ﬁnit-step respénse curve
-0.08

o
-
(=2

it-step response curve

o
[N}
=

DC bus voltage change, Aty (V)

035 0.2 0.4 0.6 0.8

Time(s)
Fig. 6. Unit-step responses of TF(s) when D, =5, C, = 1.4mF.

To further analyze the impact mentioned above, the unit-
step response of TF(s) when D, = 5, C, = 1.4mF is shown in
Fig. 6. At the initial stage of unit-step response, the dc bus
voltage occurs to the sudden drop and up phenomenon. Thus,
to further improve the dynamic performance of the dc bus
voltage, the actual unit-step response would be amended to the
desired unit-step response shown in Fig. 6.

As shown in Fig. 4, Aiy(s) can affect Auy.(s) through two
loops (loopl and loop2). Loopl: Ai(s) affects Auyc(s) through

G,(s) and voltage and current dual-loop control. Loop2: Aiy(s)
affects Augc(s) through the virtual inertia control and the
voltage and current dual-loop control. Ignoring the influence
of the ESR of the filter inductor, the transfer functions of the
two loops TFioepi(s) and TFi,ep(s) are derived as:

i )= (Gi(5)K pym + L)G(5) as)
Gi()K G, ()G (5) + G (9)K y, + Ls

Ty (5) = =G ($)K G, ()G (s)/(Db +C,U,s) .(19)
Gi(9)K G, ()G (5) + G ()K yy + Ls

Clearly, the transfer function TF(s) of Aug.(s) and Aiy(s) can
be split into two parts:
TE(s) = TFoop1 () + TFpp (5)- (20)
Fig. 7 illustrates the unit-step responses of TFjopi(s) and
TFioop2(s). A notch appears at the begining of the unit-step
response of TFiqpi(s). Over time, this response would finally
reach zero. However, the unit-step response of the TFoop(s)
would smoothly decline to the steady state value. So, the
serious impact at the initial stage is caused by TFi,e1(s), thus
Aiy(s) passing through loopl is equivalent to perturbation,
which affects the smoothness of the dc bus voltage dynamic
response.

o

jlmopl (‘)

=

i,\ 008 ......... N

2 N

% o6 ~_ TFlnsz(é)

8 il S 2N

- s L E——
S 0.2
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Time(s)
Fig. 7. Unit-step responses of TFeep1(s) and TFiop(s).

Here, dc output current feed-forward control for the BGC is
introduced to eliminate the serious impact from the disturbing
loop1, which can improve the dynamic performance of the dc
bus voltage. The transfer function Gg(s) of dc output current
feed-forward control in Fig. 4 is expressed as follows:

Gy (5) = Gy ()UK pym Gi (8) + Ls +7)
K ymGi ()G ()

It is considered that in the voltage and current dual-loop
control, the bandwidth of the grid-connected current inner
loop is usually designed to be wide (KywmGi(s) > Ls+r). So,
the expression (21) can be simplified as the practical feed-
forward transfer function as follows:

Gie(5) = =G, (5)/Gy (5) = 2, 3V, (22)

Combining the dc output current feed-forward control with
the virtual inertia control, the closed-loop transfer function
TF(s) between Augc(s) and Aiy(s) can be expressed as:
Auy () _ Gy ()G, ()G, (5)G, (5)
Aiy(s) 1+ G ()G ()Gy(s)

Fig. 8 shows the unit-step responses of TF(s) for various
values of C, when Dy, = 5. The red solid points represent the
positions where the step response curve reaches the 95% of
the steady state value. Obviously, introducing the dc output

21

(23)

TF;(s)=



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

current feed-forward control and the virtual inertia control for
the BGC, the unit-step responses of the dc bus voltage all
smoothly decline to the steady state value, so the dynamic
process of the dc bus voltage is improved.

0

-0.1

DC bus voltage change, Aug (V)

1.4 08 0.6 0.4 0.2 0
Time(s)

Fig. 8. Unit-step responses of 7F(s) for various values of C, when Dy, = 5.

V. SYSTEM STABILITY ANALYSIS AND PARAMETERS SE-
LECTION

Fig. 9 shows the zeros and dominant poles distribution dia-
gram of TFy(s). The symbol “x” and “+” represent poles, the
symbol “0” represents zero. It can be seen that two pairs of
dipoles are in each sub-graph of Fig. 9. These dipoles are far
away from the origin point so their impact on the control sys-
tem can be neglected. In Fig. 9(a), a sole dominant pole moves
with C, changing. If C, = 0, the pole moves toward the im-
aginary axis with C, increasing but it will not cross the imagi-
nary axis. If C, < 0, the sole mobile pole is on the right side of
the system so that the system is unstable. Therefore, for the
stability of system, it is satisfactory enough when C, = 0. In
Fig. 9(b), a sole dominant pole moves away from the imagi-
nary axis with Dy, increasing.

Seen from Fig. 9(a) and Fig. 9(b), there is only one domi-
nant pole. Therefore, the dynamic performance of the high-
order system can be estimated by the dynamic performance
index of the first-order system. Using MATLAB, the sole do-
minant pole is calculated to be —Dy/(C,U,) and the final value
of the dynamic response is determined by Dy. Therefore,
TFu(s) is approximately equal to:

TFy(s) = =1/D,(1+7s) (24)
where 7 = C,U,/D,,. The time constant of the first-order system
is 7 = 37=3C,U,/Dy, which directly reflects the inertia of the
first-order system. Assuming that D, remains unchanged, T
gets larger with C, increasing, inertia of the DC-MG becomes
larger, and the process of the dynamic response slows down,
which makes it better to suppress the impact of the dc bus vol-
tage caused by power fluctuation of the DC-MG. Conversely,
when C, is smaller, inertia of DC-MG becomes smaller and its
ability to suppress the dc bus voltage fluctuation weakens.
Therefore, the value of C, should be reasonably set according
to the above analysis and inertia requirement of the DC-MG.

In Fig. 9(c), when C, is fixed, with C increasing, a dominant
pole of the TF(s) (surrounded by dotted green circle) is fixed.
Its value is —Dy/C,U, which is related to C, not C. But there
are two changing poles when C changes. When C < 50mF,
those poles are not the dominant ones. When C > 50mPF, those
poles are getting closer to the imaginary axis with C increas-
ing and become the dominant poles apart from the fixed one.

And the system damping decreases and is prone to cause the
dc bus voltage oscillation when the power of the DC-MG sud-
denly changes. Those changing poles are called low frequency
oscillatory modes [34].

1O_10,,9;_5:5“01*88.‘.\__,-‘O'.Bw

.. 0:66 0.48

Imaginary axis
o

0660480257
25 20 10 5 o 5 10
Real axis
(a)
08T 056 038 02 ]

100005 0%
i [Dipoles |

Imaginary axis

25 20 A5 10
Real axis

(b)
304093 0.87 . 0.78. 064 0.460.24

C=29.5mF

0r0.97 ¥
1010992« F

£ o0 B Pl Wi )
5 R PR i : C=250mF
N
- _20t0:97 : : ]
_ C=50mF
-3010930 87 = 0.78 064 0.460.24 1
-60 -40 20 0 20
Real axis

(©)
Fig. 9. Zeros and dominant poles distribution of 7F(s). (a) Arrow direction :
C, changes from OmF to 10mF. (b) Arrow direction : Dy, changes from 1 to 15.
(c) Arrow direction : C changes from 0. SmF to 250mF.
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Fig. 10. Unit-step responses of 7F(s) for various values of C. (a) C, =
0.28mF. (b) C, = 1.4mF.

Fig. 10 shows the unit-step response of 7F(s) for various
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values of C when C, = 0.28mF or 1.4mF. In Fig. 10(a), C, =
0.28mF, when C > 50mF, the dc bus voltage oscillation is
rather obvious in the unit-step response of TF(s). In Fig.
10(b), C, = 1.4mF, when C > 50mF, the dc bus voltage oscil-
lation is less obvious in the unit-step response of TF(s), but
the oscillation still exists. In Fig. 9(c), when C < 29.5mF, all
the poles are located on the real axis and the TF(s) damping
is above 1, thus, no low frequency oscillation will happen.
Therefore, from the view of low frequency oscillatory modes,
the maximum value of C has the corresponding limit.

In the VSM control, the small-signal closed-loop transfer
function of the inverter output active power is a typical
second-order system and it is described as follows:

2

ARG) _ D (25a)

AP (s) s°+28w,,s+w,

D 1)

B Y N 25b

5 2 JPmaX ( )

o, = [fmax (25¢)
Jo

where Pp.x is the maximum output power of the inverter.
From (25b), it can be seen that the damping factor ¢ of the
second-order system is proportional to D, However, it is
known from (2) that D, is inversely proportional to the droop
coefficient of the P-w droop. When an AC-MG operates in the
islanded mode, the active power sharing between inverters is
better if the droop coefficient of the P-w control is larger. On
the other hand, the larger damping factor ¢ is, the better oscil-
lation suppression effect is. Therefore, the damping factor & of
the second-order system and the droop coefficient of the inver-
ter are mutually constrained by D, making it difficult to set
both the damping factor and the droop coefficient at their op-
timal values.

Al (5) 1 Aug.(s) Auge(s) | 1
+'% " D+ C U, Rigaa

Al ()

Fig. 11. Small-signal model of the dc output current for the BGC.

Different from the small-signal closed-loop transfer func-
tion of the VSM output active power, the small-signal closed-
loop transfer function of the BGC output current is a first-
order system, as shown in Fig. 11.

For simple analysis, the unity gain block represents the
closed-loop gain of the dc bus voltage loop. For the BGC, the
whole DC-MG is equivalent to a load and can be represented
as Ry, From Fig. 11, the small-signal closed-loop transfer
function of the dc output current for the BGC is obtained as:

Ai (s) _ 1 (26)
AIset (S) RloadeUnS + RloadDb +1

According to the analogy analysis in Section II, the dc out-
put current of the BGC in the DC-MG is corresponding to the
output active power of the inverter using VSM control in the
AC-MG. From (26), it can be seen that the small-signal
closed-loop transfer function of the dc output current for the
BGC is the first-order inertia system so no oscillation exists in
its dynamic response. Thus, the setting of D, only needs to

satisfy the requirement of the voltage-current droop coefficient.

Fig. 12 shows the unit-step responses of TFy(s) for various
values of D, when C, = 1.4mF. The magenta solid points
represent the positions where the step response curve reaches
the 95% of the steady state value. From Fig. 12 and (24), 1/D,
is proportional to the final value of the unit-step response of
the system. Thus, the value of 1/D, should satisfy the
constraint condiction as follows:

L ¢ Ao 27)
D, 2,
where i, is the rated dc output current of the BGC. Augemax 18
the difference between the maximum and minimum dc bus
voltages when the DC-MG is in grid-connected mode. When
1/Dy, is larger, the stability range of the BGC with constant
power loads is larger. In the grid-connected system, the larger
1/D, means the better power sharing among each BGC. So

1/Dy = Attgemax/ (2ior), thus Dy = 2io/Attgemax-

DC bus voltage change, Aug(V)

Time(s)
Fig. 12. Unit-step responses of TFy(s) for various values of D, when C, =
1.4mF.

Noticeably, from Fig. 12, when C, is determined, the
change of D, would influence the inertia. The smaller D,
means the larger system inertia, and vice versa. Therefore, D,
should be firstly selected before C,.

The parameter design of voltage and current dual-loop con-
trol is decided by stability margin and system bandwidth. In
order to attain better stability margin, satisfied anti-noise abili-
ty and quick dynamic response, the phase margin and band-
width of the current inner-loop controller are 90° and 1 kHz,
respectively. And those two parameters of the voltage outer-
loop controller are 80° and 85Hz. According to the above per-
formance indexes, the relevant controller parameters are
shown in Table II. The switching frequency f; of BGC is 10
kHz. The rated dc output current i,, of the BGC is 70A. The
rated dc bus voltage U, is 700V. In order to confine the bus
voltage fluctuation within 2% of the rated value in the grid-
connected mode, Auggmax needs to be 28V, thus, D, =
260/ Attgemax = 5. The fluctuation component of loads in DC-
MG is often at millisecond level. Hence, in order to suppress
the impact from this kind of fluctuation component, the time
constant T sets to be 0.6s, then C, = TD,/(3U,) = 1.4mF. Con-
sidering the bidirectional energy flowing of the BGC, I, is set
to be 0. The function of the dc-side capacitor is to be as the
buffer of energy exchange between AC and dc side of the
BGC and to suppress the harmonic voltage on the dc side. And
the filter inductor is used to restrict the grid-connected har-
monic current. Based on engineering experience, C and L can
be set at 5740uF and 1mH, respectively. The electrolytic capa-
citor bank C on the dc side is 5740uF, adopting the integrated
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Fig. 13. Simulation results. (a) Virtual inertia control with or without dc output current feed-forward. (b) DC output current feed-forward control with or with-

out virtual inertia control. (¢) Simulation results when py. randomly fluctuates.

structure which has 14 parallel branches with 2 series electro-
lytic capacitors. Each capacitor is 820uF and its withstanding
value is 450V.

VL.

In order to verify the validity of the proposed control strate-
gy, a DC-MG simulation platform is built in Psim according to
Fig. 1. In this system, the maximum output power of the DGs
is 50kW. The maximum power of the loads is 50kW. The
rated dc bus voltage U, is 700V. The system parameters of the

BGC are listed in Table II.
TABLE II
SYSTEM PARAMETERS OF THE BGC

SIMULATIONS AND EXPERIMENTS

Parameters Values Parameters Values
Use_ret (V) 700 kpy 2

L (mH) 1 kiv 100
C (uF) 5740 ki 0.1
C, (mF) 1.4 ki 10
Dy, 5 u; (V) 380
Le(A) 0 f«(kHz) 10

Fig. 13(a) shows the simulation waveforms of the dc bus
voltage uy. when the power demand of the DC-MG pg . sud-
denly changes. When ¢ = 2s, py. suddenly declines from 41kW
to —43kW. Adopting virtual inertia control without output cur-
rent feed-forward, uy. suddenly increases at first, and then
drops down, and finally smoothly increases to the steady-state
value. On the other hand, adopting virtual inertia control with
output current feed-forward, uy. smoothly increases to the
steady state value and shows no conditions of sudden voltage
ups and drops. When ¢ = 4s, p4 suddenly increases from
—43kW to 41kW. Without the output current feed-forward, ug.
suddenly drops and then increases and finally smoothly de-
clines to the steady state value. With the output current feed-
forward, uy. smoothly drops to the steady state value. Thus,
the dynamic performance of the dc bus voltage can be im-
proved by introducing the dc output current feed-forward con-
trol into the proposed BGC virtual inertia control.

Fig. 13(b) is the simulation results with or without (C, =
0) the virtual inertia control when the BGC already adopts the
dc output current feed-forward control, where p,, is the output
power of the BGC. When pg. abruptly changes, without the

virtual inertia control, uy. quickly reaches the steady state val-
ue. Using the virtual inertia control, uy. arrives at the steady
state value in a slower speed. When ¢ = 2s, py. suddenly drops,
without the virtual inertia control, the BGC transmits the spare
power of DC-MG to the utility gird. When the virtual inertia
control is employed, the BGC transmits less power toward the
utility grid than that without the virtual inertia control. When ¢
= 4s, pq. suddenly increases. Using the virtual inertia control,
the BGC can provide more power to the DC-MG than that
without the virtual inertia control, immediately compensating
the power shortage of the DC-MG. Therefore, no matter from
the perspective of the dc bus voltage or the BGC output power,
inertia of the DC-MG can be improved when the BGC uses
the virtual inertia control.

Fig. 13(c) shows the simulation results when p4. randomly
and drastically fluctuates in a short-time period. Without the
virtual inertia control, the bus voltage changes drastically and
inertia is small. By introducing the virtual inertia control, the
waveform of the dc bus voltage becomes smooth, and the vol-
tage quality increases.

In order to further verify the theoretical analysis and the si-
mulation results, the DC-MG experiment platform is built, as
shown in Fig. 14. The BGC system parameters are identical
with the simulation parameters in Table II.

PV boost f”.js' “AC loads [
converter

converter

DSP+FPGA
control board

Wind power
converter
BGC
DC loads converter

Fig. 14. Experimental platform of the DC-MG with a BGC.
Fig. 15 shows the experimental waveforms of the grid-
connected current 7, and the dc bus voltage uy. with different
control strategies, when p,. suddenly drops from 28kW to
4.7kW. In Fig. 15(a) ug. soon reaches the steady state value
after py. suddenly drops and system inertia is very small. In
Fig. 15(b), at the moment when p,, abruptly drops, u4. expe-
riences a sudden increase and then slowly arrives at the steady
state value. The dynamic process of the dc bus voltage is not
smooth. In Fig. 15(c) and Fig. 15(d), after the sudden drop of
Pdes Uge Slowly and smoothly reaches the steady state value, the
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inertia of the DC-MG is enhanced. As a result, the larger C, is,
the stronger 1nert1a of the DC MG is.
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Fig. 15. Experimental results during sudden load step-down. (a) No virtual
inertia control with dc output current feed-forward. (b) Virtual inertia control
without dc output current feed-forward. (c) Virtual inertia control with dc
output current feed-forward when C, = 0.28mF. (d) Virtual inertia control
with dc output current feed-forward when C, = 1.4mF.
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Fig. 16. Experimental results during sudden load step-up. (a) No virtual iner-

tia control with dc output current feed-forward. (b) Virtual inertia control

without dc output current feed-forward. (c) Virtual inertia control with dc

output current feed-forward when C, = 0.28mF. (d) Virtual inertia control

with dc output current feed-forward when C, = 1.4mF.

Fig. 16 shows the experimental waveforms of i, and wug.
with different control strategies, when py. suddenly increases
from 4.7kW to 28kW. From Fig. 16(a), ug. quickly arrives at
the steady state value after py. suddenly increases so the sys-
tem inertia is very small. From Fig. 16(b), the dynamic
process of uy. is quite unsmooth which promptly decreases
after pq4. suddenly increases, then returns and slowly increases
to the steady state value. Fig. 16(c) and Fig. 16(d) show the
experimental waveforms of the virtual inertia control with the
dc output current feed-forward. It can be seen that uy. slowly
and smoothly falls to the steady state value after py. suddenly
increases. Thus, the inertia of the DC-MG is strengthened and

the larger C, is, the longer the fall time and the stronger the
inertia are.

Comparing the waveforms of the grid-connected current i,
of the BGC in Fig. 15 and Fig. 16, the inertia of the DC-MG is
actually enhanced by increasing the energy exchange speed
between the DC-MG and the utility grid. When p4. decreases,
i, soon drops, thus the power quickly decreases. Similarly,
when pq. increases, i, can increase quickly, thus the power
immediately increases, restraining the dc bus voltage fluctua-
tion and maintaining the stability of dc bus voltage
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Fig. 17. Experimental results of the proposed control strategy during DC-MG

operation mode changes when C, = 0.28mF. (a) From rectification mode

switch to inversion mode. (b) From inversion mode switch back to rectifica-

tion mode.
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Fig. 18. Experimental results of the proposed control strategy during DC-MG

operation mode changes when C,= 1.4mF. (a) From rectification mode switch

to inversion mode. (b) From inversion mode switch back to rectification mode.

Fig. 17 and Fig. 18 show the experimental results of the
proposed control strategy under different operation modes
changes when C, is 0.28mF or 1.4mF. Fig. 17(a) and Fig. 18(a)
are the waveforms of i, and uy when the mode of BGC
switches from the rectification mode to the inversion mode
with pg4. suddenly dropping from 28kW to —28kW. Fig. 17(b)
and Fig. 18(b) are the waveforms of i, and u4. when the mode
of BGC switches from the inversion mode back to the rectifi-
cation mode with pgy. suddenly dropping from —28kW to 45kW.
It is obvious from Fig. 17 and Fig. 18 that when the power
flow direction changes, the phase of the current wave sudden-
ly changes 180° and the waveform of the voltage uy. smoothly
arrives at the steady state value so the proposed control strate-
gy still can maintain the DC-MG inertia.

VII. CONCLUSION

Problems like the low inertia and the drastic dc bus voltage
fluctuation jeopardizes the safe and steady operation of the
DC-MG and reduces the system efficiency. In order to solve
this problem, in this paper, a virtual inertia control strategy for
DC-MG through the introduced BGC analogized with the
VSM in AC-MG is proposed to enhance the inertia of the DC-
MG, and to restrain the dc bus voltage fluctuation. The small-



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

signal model of the BGC system is built and the dynamic
transfer function between the dc output current of the BGC
and the dc bus voltage is deducted. It is also found that the dc
output current of the BGC is equivalent to disturbance, which
will have an impact on the dynamic process of the dc bus vol-
tage. The dc output current feed-forward disturbance suppress-
ing method for the BGC is introduced to smooth the dynamic
response of the dc bus voltage. By analyzing the system stabil-
ity, the proper control parameters of the BGC are selected.
Moreover, the proposed control idea can also be extended to
the control strategies of various kinds of converters in the DC-
MG.
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