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Abstract: The power-electronics-based DC microgrid system composed of new energy sources in railway field has low inertia, weak
damping characteristics, and the voltage fluctuation microgrid systems caused by the power disturbance of solar. In order to improve the
inertia of the DC microgrid system, a virtual DC generator technology is adopted in the interface converter of photovoltaic (PV) power
generation unit, so that it has the external characteristics of DC generator. However, the influence of PV maximum power point tracking
(MPPT) is not considered in the traditional virtual DC generator control. Therefore, an improved control strategy for virtual DC generator
is proposed, and its small signal model is established to analyze the influence of inertia and damping coefficient on stability. The results
show that the proposed method effectively weakens the impact on DC bus voltage when the output of PV power unit changes suddenly,
which improves the stability of the microgrid. Meanwhile, the correctness and feasibility of the method are verified.
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0 Introduction

With the increasing improvement of China’ s railway
network, there has been an increasingly growing tendency
for the electricity consumption, which gives the opportunity
that the renewable energy represented by solar energy can
be widely applied in the non-traction field of electrified
railway". Meanwhile, compared with AC microgrid, DC
microgrid has become one of the research hotspots in recent
years because of simple control, high reliability and no

reactive power component, harmonics and other

problems®.

Therefore, in the DC microgrid system
composed of solar and storage energy sources of railway
field, the bus voltage is considered as precondition to
support system stability”™. A large number of power
electronic converters that have the characteristics of rapid
action and flexible control are used in solar-storage DC
microgrid system for railway field, which will lead to the
lack of inertia and damping'. Thus, the power supply
quality is easy to be seriously affected by photovoltaic (PV)
output power due to the fluctuations of external
environment. However, many solutions have been

proposed by scholars to solve the problems of lack of inertia

and damping in power electronic system. Chai et al."”™®
applied the virtual synchronous generator (VSG) control
strategy, which has the external characteristics of
synchronous generator by controlling the inverter, to AC
microgrid to enhance output damping. Although the hybrid
energy storage system composed of batteries and
supercapacitors can suppress the bus voltage fluctuation
caused by the lack of inertia in the DC microgrid, the
increase of the equivalent inertia of the system has higher
requirements for energy storage capacity , which inevitably
increasing costs of investment and maintenance ',
Therefore, some effective control measures are adopted to
improve the inertia of DC microgrid, so as to reduce the
fluctuation of bus voltage and ensure the stable operation of

15 However, the traditional control methods

the system'
are limited to enhance the inertia of the system, which is not
good for the improvement of power quality.

In view of the research idea of VSG control, the virtual
DC generator (VDCG) control that can simulate the inertia
characteristics of DC generator is proposed to buffer bus
voltage because of the impact of disturbance””, while the
VDCG technology for renewable energy sources in DC

1 [21]

microgrid is not widely studied. Cheng et al.”" proposed a

VDCG control method for PV power generation system
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and applied to the hierarchical control of solar-storage DC
microgrid,, which forms an maximum power point tracking
(MPPT) +VDCG control strategy to improve the stability
and disturbance immunity of the system. In order to
improve the inertia of the wind-storage DC microgrid, a
two-stage control method that the front stage converter is
controlled by MPPT or limited power technical control
(LPTC) and the back stage converter is controlled by
virtual DC generator is proposed to ensure the increase of
inertia and output of maximum power*. He et al. '
introduced virtual inertia to the power converter of
renewable energy power generation unit to actively
suppress the bus voltage fluctuation caused by intermittent
power generation, but the influence of MPPT of solar-wind
energy is not considered.

Based on the above analysis, an improved virtual DC
generator control strategy for PV power generation unit
is studied. The principle of virtual DC generator control
with MPPT is analyzed, the small signal model is
established, and the influence mechanism of inertia
coefficient and damping coefficient on stability is
analyzed. According to the root locus characteristics of
virtual DC generator, the proposed method provides a
theoretical reference for the optimal design of inertia
coefficient and damping coefficient. Finally, the solar
and energy storage DC microgrid system model is built,
and the correctness and effectiveness of the proposed

control strategy is verified by simulation.

1 Structure of DC microgrid system in
railway field

This study only takes DC microgrid system composed
of solar and storage energy in railway field as the
research object, and the system is shown in Fig.1. The
system consists of photovoltaic power generation,
storage battery unit and load.
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Fig. 1 System of solar-storage DC microgrid in railway field

The PV power generation unit with almost no inertia
characteristics is composed of PV array, boost converter
and virtual DC generator control module, and the
topology is shown in Fig.2.
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Fig.2 Topology of PV power generation unit

2 Inertia control of DC microgrid in
railway field

2.1 Inertia analysis of DC microgrid

The inertia is physically described as the inherent
property of the object to resist the change of own motion
state, which is an important guarantee for the stable
operation of the system.

However, the inertia refers to the ability to resist the
frequency mutations caused by external disturbances in AC
system, providing sufficient time for the synchronous
generator to readjust the active power. The inertia can be
defined as

W, 1 Jo*
= 5. 25 (1)
where H, is the inertia of the AC system, W, is the
kinetic energy stored by the rotor at rated speed, Sy is

H ¢

the rated capacity of the synchronous generator, J is the
moment of inertia of the rotor, and w is the rotor speed.

By analyzing the inertia of the AC system, The inertia of
a DC system can be used to measure resistance to voltage
mutations. The inertia of the DC system can be expressed
as

W, E—C,Uz
HD(?:Z - 21112 (2)

ZSW 25\.,,
i=1
where H) is the inertia of the DC system, W, is the
power energy stored by the capacitor, Sy, is the rated

capacity of the ith capacitor, C, is the capacitance value,
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and U is the value of capacitance voltage.

The inertia constant of DC microgrid refers to the time
required to release all the energy stored by the capacitor
at the rated voltage. In order to reduce the cost as much
as possible, the capacity of the energy storage system
and the capacity of the capacitor in the DC microgrid of
practical engineering is small, which results in the low
inertia characteristics of the system.

2.2 Improved virtual DC generator control

The energy of DC microgrid in the railway is transferred
by stationary power electronic converters, resulting in low
inertia of the system. Meanwhile, the DC link voltage will
be greatly affected by the intermittence and fluctuation of
solar energy. Therefore, the control strategy that the inertia
can be simulated without increasing the energy storage
capacity 1s adopted in this study to boost the stability. The
mechanical and electromagnetic equations of DC generator
are added into the control of boost converter to make it have
the inertia and damping characteristics, which is able to
improve the stability of the voltage.

The boost converter can be regarded as a two-port
network, and the equivalent model of virtual DC
generator control is shown in Fig.3.

Fig. 3 Equivalent model of virtual DC generator control

According to the mechanical and electromagnetic
equations of DC generator, the mathematical model of
virtual DC generator control is defined as follows.

The mechanical equation is shown as

Tow— Toe— Dy @ — 0,)= Jd—w,
dz
T = D@ — @), (3)
_dw
Towee =17 o

where Dy, and J are the damping and inertia coefficients
of the virtual DC generator, respectively; T, and T, are
the virtual mechanical torque and electromagnetic
torque, respectively; w and w, are the virtual actual
angular velocity and rated angular velocity, respectively;
P,. represents the virtual electromagnetic power; T,4 and
Ty are the virtual mechanical torque varying with
damping coefficient and the virtual mechanical torque

varying with inertia coefficient, respectively.
The electromagnetic equation is shown as
E.=Crow,
di,

4
e 4)

E.=U+ILR,+L,

P.=FE,I,
where E, i1s the induced electromotive force of the
armature, Cr is the torque coefficient, ¢ is the magnetic
flux, U is the terminal voltage of the DC generator, R, is
the equivalent resistance of the armature circuit, and I,
represents the armature current.

From Egs. (3) and (4) , it can be seen that the angular
velocity will slowly change with J and D,,,, when the virtual
mechanical power P,,, changes suddenly, mitigating the
change of virtual electromagnetic power P,.. Therefore, the
change of the output can be effectively reduced owing to the
sudden change of the input.

The angular velocity and the induced electromotive
adjusted by the
electromagnetic equations of the virtual DC generator

force are mechanical and the
respectively to respond to the voltage disturbance caused
by power fluctuation. The control block diagram of the
virtual DC generator is shown in Fig.4.

Mechanical part

Electrical part

vm

Wy

Fig. 4 Control block diagram of virtual DC generator

As shown in Fig.4, The mechanical part of the virtual
DC generator is used to realize the balance of virtual
torque and speed, and the electrical part transforms the
speed balance into voltage balance to enhance the inertia
of DC bus voltage. The voltage deviation can be
eliminated by the virtual damping torque T,,, and the
oscillation can be suppressed by the virtual inertia
torque T,

The traditional control block diagram of PV boost

converter is shown in Fig.5.

UPV
MPPT

IPV

control

Fig. 5 Traditional control block diagram of PV boost converter
As can be seen from Fig.4, the virtual machine torque

T, 1s adjusted by the virtual machine power P,,,, achieving
stable output control. Therefore, the traditional control
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block diagram of PV boost converter is introduced into the
virtual DC generator to obtain the improved virtual DC
generator control method. The improved control block
diagram is shown in Fig.6.
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Fig. 6 Improved control block diagram of virtual DC generator

The improved virtual DC generator control is composed
of maximum power tracking control, input voltage control,
virtual DC generator, and current tracking control

according to the control structure in Fig.6.

3 Small signal model based on improved
VDCG control

3.1 Smallsignal model of PV boost converter

The switching network part will be replaced by an
ideal transformer if the loss of switching devices is
ignored in boost converter, and the average switching

circuit model can be established, as shown in Fig.7.

I+ Aipy I+A;, sL UD+Ad) I+Ad
— Y YY) o
.+
+
+
. .
RMPPH sChy == Upy+Aupy % g sC,_—U+Au
I,(D+Ad)
o
(1-D):1

Fig.7 Average switching circuit model of PV boost converter

According to the voltage and current relationship of
the primary and secondary sides of the ideal transformer,
the simplified average switching circuit model can be
established, as shown in Fig.8.
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Fig. 8 Simplified average model of switching circuit
Then, the small signal model of PV boost converter

can be obtained as
LA, = Aupy + UAd — (1 — D) Au,
sCoAu=(1—D)Aiy — I, Ad — A, (5)
SCpy Aupy = Nipy — ANy,

where U is the steady-state value of output voltage and

I, is the steady-state value of input current.

The transfer function can be obtained according to
Eq.(4) as

Gr(s)="tw o 4 . ©)
JAY) a, s’ — a,s°t ass — ay
Au bgszi /1554’ /77
Guls)=—=— , 7
ST A bs" — bys* 4 bys — by @
A css” T cos — ¢y
Guls)=——= : , 8
¢ Ad o) — st F o5 — 0y ®)
A 7 dr)
wf,,v(s): Upy - a 2‘ i (9)
Ad ds’— d.s"+diys— d,
A7 58 7 €
A(s)— ZI_‘ - e‘sz es , (10)
JAV) e1s" — e, T eys— ey
A 3.'2* ).'JF 7
A P (et (an

A A8 —fstE fis—

The slope coefficient of the linearized U-I characteristic

N,I. Upy
P exp( . ) (12)

U, aN. U,
ex — 1]aNU,
P al,

3.2 Small signal model of improved VDCG
control

curve 1s shown as

kpy =

The output power of the virtual DC generator can be

expressed as

E(’\ 7 UU
P.=——>—E. (13)
R

Substituting Eq. (4) into E;l (13), the expression of
P,. can be deduced as
2 2
(CT§0> w  UCrpw
Rﬂ Rﬂ .

_ Crow — U, c

Pve
Ra

TPW —

(14)
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The expression of T\, can be obtained from Eq. (14) as

2
P. (Cig)o U,
Tvez—z( 1) @ UsCrp (15)
w R;, Rn

Let Aw=w-w,, Eq.(3) can be rewritten as

(CT;D)Z(a)O + Aw — U(,CT¢>

Tvm -
R a

— DAw = JAw.

(16)
Assuming that a small perturbation is added into
Eq. (16), the formula after disturbance separation and
variable substitution can be expressed as
. (CTga)ZAcD . .

Ty = —— — Ddé=Jho. (17)

The transfer function of the virtual DC generator after

Laplace transformation can be obtained as

Gpes (5)= - ! . (18)

C'Z* 2
Js + 1y + Ddamp

a

It can be seen from Eq. (18) that the virtual DC
generator is approximately a first-order inertia link

containing an energy storage element and the similar
function is equivalent to paralleling a “virtual capacitor”
with variable capacitance to the output side of PV boost
converter. The capacitance of the “virtual capacitor” can
be changed to effectively stabilize and buffer the
disturbance of DC bus voltage by reasonably designing
the inertia coefficient J and damping coefficient D,,,, of
the virtual DC generator, which can improve the power
quality.
Thus, Eq.(5) can be expressed as
di,
U=Cipw—I,R,—L,—(. (19)
dr
The relationship between output voltage deviation and
angular velocity deviation is shown as

—=Cr0. 20
90 TP (20)

Therefore, the small signal model control block
diagram of virtual DC generator can be obtained, as
shown in Fig.9.

i>| G5 [ U ] 100, |i>| Gl Iﬂ’>| AUl Iﬂi

Fig. 9 Small signal model control block diagram of virtual

DC generator

The transfer function of improved virtual DC
generator control between the input voltage deviation
and the output voltage deviation in the PV boost

converter 1s shown as

G ( ) AU(S) CTgoRaU[)VG“(S)
S p— pu—
' AUw(s)  (JR.s+ Cig*+ R, Dy, ) 0,

21

Therefore, the block diagram of small signal model of
PV boost converter with improved virtual DC generator

control is shown in Fig.10.

Fig. 10 Small signal model block diagram for improved VDCG
control

If the influence of load mutation is ignored and the
influence of PV power fluctuation in source side on the
system is only considered to simplify the analysis, the
effects of transfer functions G, (s) , A, (s) and Z,(s) can
be ignored. The simplified control block diagram of

small signal model is shown in Fig.11.

+|G..d<s>|-ﬂ»

Fig. 11 Simplified control block diagram of improved VDCG

4 Small signal stability analysis of
improved VDCG

As can be seen from Eq. (21) , the inertia coefficient J
and damping coefficient D,,,, are only related to the
G, (s). Therefore, the Bode diagram of G, (s) due to the
change of J and D,,,, can be drawn, as shown in Fig.12.
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(a) Bode diagram of different inertia coefficients
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(b) Bode diagram of different damping coefficients
Fig. 12 Bode diagram of G,(s)

It can be seen that the cut-off frequency and phase
margin of the system will not be changed with of the
increase of J when Dy,,,, remains unchanged. Therefore,
the value of J has no obvious influence on the stability of
the system. As can be seen from Fig.12(b), the cut-off
frequency and phase margin of the system will be
decreased with the increase of D,,, when J remains
unchanged. Since G,(s) is a second-order system and
the amplitude margin is infinite at this time, the stability
of the system will be reduced with the increase of Dy,

The open-loop transfer function of the system can be
obtained by the simplified small signal model block

diagram of the improved virtual DC generator control.
—Gi(s5)G(5)G(5)G(s)

G )= () G) + Gu ) Gl ) () 2
. o U
(Iz(s)—iUwRﬂ . (23)

The Bode diagram of the improved virtual DC
generator control system can also be drawn by Eq. (22) ,
and the influence of different rotational inertia coefficient
J and damping coefficient D,,,, on the system stability

can be analyzed, as shown in Fig.13.

—J=8
—J=20
=501 —J=30

Amplitude/dB

-150} |
-200 ) M ) )
0

Phase/(°)
&
=)

-180 L L 1 L
1073 10! 10
Frequency/Hz

(a) Bode diagram of different inertia coefficients

= dep=5
15
25

damp—
-50F i D

damp ™

Amplitude/dB

Phase/(°)
&
(=]

_180 1 1 L1l 1 1 11
1073 10 10

Frequency/Hz

(b) Bode diagram of different damping coefficients
Fig. 13 Bode diagram of G, ,,(s)

It can be seen from Fig.13(a) that the high frequency
band of G, ,,(s) is mainly affected by J when D,,,, is
constant, and the phase angle margin of the system will
enlarge owing to the increase of J, which diminishes the
influence of disturbance signal on the system stability. It can
be seen from Fig.13(b) that the low frequency band of
Gy op(s) is mainly affected by Dy, when J remains
unchanged, and the phase angle margin of the system will
increase slightly due to the enlargement of D,,,,, which
enhances the stability of the system.

Based on the above analysis, the inertia coefficient J
and damping coefficient D,,,, are two important
parameters of the improved virtual DC generator control.
In a certain range, the stability of the system can be
effectively improved by different J and Dy.p, -

5 Simulation and discussion

According to the principle of the improved VDCG
method, the simulation model of the PV and energy storage
DC microgrid in railway field was built in Matlab/Simulink
to verify the effectiveness and rationality of the proposed
improved virtual DC generator control strategy. The main

parameters are listed in Table 1.

Table 1 Simulation parameters of system
Parameter Value
Input voltage Uy /V 290
Equivalent resistance R,/Q 1
Rated angular velocity w,/(rad+s ') 314
Input capacitance Cpy/pF 100
Input inductance Lpy/mH 1
DC bus voltage U/V 400
Sampling frequency f/kHz 10

In order to analyze the control effect of the improved
virtual DC generator method, the simulation was carried
out under the conditions of steady-state operation and

PV power disturbance, respectively.
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5.1 Simulation results under steady-state
operation

The simulation model is operate under the condition that

the ambient temperature remains unchanged at 25 °C and the

irradiance is maintained at 1 000 W+-m . The number of

parallel modules is 4, and the number of serial modules 1s

10 in the PV arrays. The simulation waveforms of the

steady-state operation are shown in Fig.14.
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Fig. 14 Simulation results of stable illumination intensity

Fig. 14(a) is the irradiance curve of steady-state
operation. It can be seen that the light intensity remains
unchanged at 1 000 W+m ?. Fig. 14(b) shows the bus
voltage waveform at stable irradiance. Compared with the
traditional PI control, when the virtual DC generator
control is adopted, the bus voltage changes more gently and
the voltage fluctuation amplitude is smaller in the same
time. However, the bus voltage is always stable at about
400 V after adopting the improved virtual DC generator
control. It can be seen from Fig.14 (¢) and (d) that when
the light intensity of PV unit remains stable, there are the
fluctuations of the output voltage and current of the PV unit
when the traditional PI control and virtual DC generator
control are adopted. The variation ranges of output voltage
and current of PV unit controlled by traditional P are AU=
8V, AI=T7 A, respectively. The variation ranges of output
voltage and current of PV unit controlled by virtual DC
generator are AU=2V, AI=1 A, respectively. However,
the output voltage and current of the PV unit controlled by
the improved virtual DC generator have no change.

The above simulation results show that the improved
virtual DC generator control can effectively suppress the
voltage fluctuation of DC bus, which enhances the
system inertia and improves the stability of the system.

5.2 Simulation results with PV power disturbance

When the light changes, the PV power fluctuates.
The simulation results PV are shown in Fig.15.

Fig. 15(a) shows the change of light intensity that
decreases from 1 000 W+m ? to 400 W+m * at 0.3 s,
increases from 400 W-m * to 800 W-m “at 0.5 s, and
increases from 800 W+m ™ *to 1 000 W+m “at 0.7 s. Due to
the sudden change of light intensity, the output power is
prone to sudden change, which impacts the bus voltage.
Compared with the traditional PI control, it can be seen
from Fig.15 (b) that when the virtual DC generator control
is adopted, the DC bus voltage causes a downward spike
with a change value of 5 V because of the sudden weakening
of the light at 0.3 s. While there is also an upward voltage
mutation of 2 V on account of the sudden enhancement of
the light at 0.5 s and 0.7 s. By using the improved virtual DC
generator control, the downward voltage peak is reduced
to 3 'V and the upward voltage change is reduced to 0.5V,
which effectively improves the system stability. As can be
seen from Figs.15(c) and 15(d) , the virtual DC generator
control enhances the system inertia and the influence of PV
power fluctuation is effectively weakened. After adding the
improved virtual DC generator control, the system inertia
is further improved, which not only slows down the change
of output voltage, but also reduces the peak value.
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Fig. 15 Simulation results with PV power disturbance

6 Conclusions

Aiming at the PV power fluctuation and the low
inertia and weak damping characteristics of a DC
microgrid system composed of PV and energy storage in
railway field, an improved control strategy based on

virtual DC generator was proposed. The mechanical

equation and electromagnetic equation of DC generator
were added to the control link of the interface converter
of PV power generation unit, and the influence of PV
MPPT was considered to enhance the inertia and
damping of PV power generation unit. Based on the
small signal modeling of improved virtual DC generator
control, the influence of different inertia coefficients and
damping coefficients on system stability was analyzed.
By analyzing the simulation results, the following
conclusions are obtained.

1) Considering the influence of PV MPPT, the
virtual DC generator is added into the control of PV
interface converter to increase the inertia of PV power
generation unit, which provides a certain inertia support
for the system.

2) Compared with the traditional PI control, the
virtual DC generator control strategy that simulates the
inertia and damping characteristics of DC generator can
effectively buffer and restrain the influence of power
fluctuations on the bus voltage in a stable light intensity.
But the improved virtual DC generator control strategy
improves the system stability.

3) When the light intensity changes suddenly, there is
an impact on the system because of the inertia free
system for PV power generation system. The virtual DC
generator control is adopted to weaken the influence of
power fluctuation on bus voltage. However, the
improved virtual DC generator control strategy can
further increase the inertia of system, which improves

the quality of the bus voltage.
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