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ABSTRACT Wind power, photovoltaics and other new energy sources are connected to the grid on a
large scale. The power electronic interface cannot provide inertia and damping support for the microgrid.
The virtual synchronous generator technology is introduced into the inverter control system. Unlike the
synchronous generator, its parameters are flexible and adjustable, which can enhance the robustness of the
microgrid. This paper firstly analyzes the influence of the moment of inertia and damping on the system,
it is based on the equivalent relationship between the three-phase inverter and the synchronous machine,
combined with the VSG rotor motion equation, and conducts stability analysis based on the small signal
model and root locus. Based on the existing control strategy, a virtual synchronous generator cooperative
control strategy based on the optimal damping ratio is proposed. Finally, the VSG collaborative control model
is built in MATLAB/Simlink, the experimental results show that the proposed control strategy effectively
improves the transient performance of the VSG, the system active power overshoot is reduced from 5% to 0O,
and the frequency deviation peak is lowered from 0.174 Hz to 0.115 Hz, which confirms the effectiveness

of the proposed control strategy.

INDEX TERMS Microgrid, virtual synchronous generator, inertia, damping, cooperative control.

I. INTRODUCTION

The disadvantages continue to emerge, as for the traditional
power generation relying on coal, oil and other fossil energy,
such as environmental degradation and resource depletion.
New energy power generation represented by photovoltaic
and wind power is booming, and its proportion in the power
grid has also increased, which also brings some new chal-
lenges [1]-[3]. Different from the traditional power system,
new energy distributed generation is mostly operated in the
form of micro-grid, which is connected to the large grid
by inverter for unified management or consumed by the
users of the distribution network nearby. However, inverter
devices composed of power electronic devices cannot provide
inertia and damping for the system to support grid stability.
Meanwhile, the uncertainties of wind power and photovoltaic
power generation make new energy power generation face
many problems.
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The Virtual synchronous generator (VSG) technology uses
the characteristics of synchronous generators to improve the
control system of new energy power generation equipment,
so that grid-connected inverters have external characteristics
of synchronous generators. At the same time, the VSG tech-
nology draws on traditional power system control strategies,
make microgrid has the support ability of frequency and
voltage regulation, and then actively participates in the oper-
ation and management of the grid [4], [5]. Unlike traditional
synchronous generators, the virtual moment of inertia and
damping coefficient (the J and the D for short) of the VSG
can be changed according to the operating state of the sys-
tem, enhancing the flexibility of microgrid operation [6]-[9].
A large number of scholars have carried out a lot of research
on the VSG technology models, active/frequency control,
and reactive voltage/control, etc., effectively promoting the
application of virtual synchronous generator technology in
microgrid [9]-[12]. Reference [2] shows the classification
of virtual synchronous generator technology based on exist-
ing application scenarios, sorts out its typical applications,
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and introduces parameter design and stability analysis at the
same time, as well as the problems existing in the current
virtual synchronization technology application to sum up,
and summarizes the existing problems in the application of
virtual synchronous technology at present. Reference [13],
based on the analysis of the output characteristics of the
J on VSG, proposes an improved adaptive control strategy
for the J, which effectively curbs the excessive frequency
change, but ignores the impact of the D on the system. Ref-
erence [14] establishes a VSG small signal model, analyzes
the stability of the system when the D coefficient changes,
and establishes an adaptive damping VSG control strategy to
suppress the frequency overshoot oscillation, and the value
of the J is not analyzed. References [15], [16] based on the
synchronous motor swing equation, considering the J and
the D, researching the VSG frequency and power fluctua-
tions, using Lyapunov for stability analysis, and proposing
a bang-bang control strategy to ensure system response time
and comparison small overshoot. Reference [17] compares
the operational characteristics between SG and VSG, such
as Q-8, P-f- Reference [18] proposed a voltage-controlled
VSG technique to simulate the rotor inertia and system fre-
quency modulation characteristics of SG in frequency con-
trol, to improve the frequency stability of the system.The
power controller and voltage frequency controller make VSG
perform functions of power control and frequency modu-
lation [19], [20]. Reference [21] analyzes the influence of
various parameters on system output characteristics, and pro-
poses an adaptive control strategy for the J and the D, which
effectively shortens the transient process of the system. Ref-
erence [22] introduces the importance of the VSG in modern
power grids, and it provides a comprehensive review on the
control and coordination of VSG toward grid stabilization in
terms of frequency, voltage and oscillation damping during
inertia response. Finally, perspective on the technical chal-
lenges and potential future research related to VSG is also
discussed. Reference [23] summarizes the recent develop-
ment in VSG control operation and discusses the current
progress in distributed power generation and role of VSG.
At the same time, it discusses in detail the difficulties of
VSG and future research directions. The inverter adopting the
VSG control strategy has the external characteristics and the J
and the D characteristics of the synchronous generator. The
above references consider the flexibility of the inverter con-
trol system, and perform parameter tuning or adaptive control
on the J or the D, but the relationship between the two
parameters has not been effectively analyzed.

The contribution of this paper is to combine the power
characteristics of synchronous generators with the active loop
transfer function of small signal analysis, the paper analyze
the relationship between the J and D. Hence, the paper
combines the existing control strategy and proposes a virtual
synchronous generator cooperative control strategy based on
the optimal damping ratio. When the system is disturbed, the
system can respond quickly and adjust parameters automat-
ically, thus effectively improving the dynamic performance
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of the system. Finally, the VSG cooperative control model
is built in MATLAB/Simlink for experimental simulation.
By comparing with constant parameter control and variable
parameter control (bang-bang control strategy) [15], [16],
proves the effectiveness and superiority of the proposed con-
trol strategy.

Il. THE VSG MATHEMATICAL MODEL AND RATIONALE
As an integral part of distributed power sources, energy
storage devices, system loads and electric energy conversion
devices, microgrid can realize functions such as self-control
protection and management [1]. Fig. 1 shows a typical micro-
grid structure. With the development of distributed energy
and the disadvantages brought by the development of tradi-
tional energy, the microgrid gradually becomes an effective
supplement to the large power grid due to its flexibility
and environmental friendliness. The control system of the
microgrid is based on characteristics such as output power,
grid-connected voltage, output current, and system frequency.
The main control strategies are: PQ control, V/ F control,
Droop control. It is necessary to select an appropriate control
strategy according to the operating conditions of stable power
grid. The VSG technology uses characteristics such as iner-
tia characteristics, damping characteristics, active frequency
regulation, and reactive voltage regulation during operation
of synchronous generator sets [2], [3], [8], which provides
support for the stable operation of the system when the micro-
grid is isolated or connected to the grid, the VSG technology
provides a better solution for the development of new energy
and the application of microgrid.

PV Wind Power  Energy storage  Loads
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FIGURE 1. Microgrid structure diagram.
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A. THE VSG MATHEMATICAL MODEL

Fig.2 is an equivalent diagram of the three-phase inverter
and the synchronous generator. The new energy equipment
such as wind, solar, and storage is equivalent to the prime
mover, while the DC/AC three-phase inverter adopts the
virtual generator control strategy, and is equivalent to syn-
chronous generator, which can be analyzed by analogy with
the prime mover driving synchronous generator model in the
traditional power system. In the main circuit topology of
the inverter, the Uy, is the DC input voltage, the e, is the
VSG virtual electromotive force, the iz is the VSG output
current, the L, Ry is the filter inductor, resistance, the ugp, is
the common connection point voltage, the ugqpe is the grid
voltage. In the synchronous generator model, the E is the
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FIGURE 2. Equivalent diagram of three-phase inverter and synchronous
generator.

electromotive force of the synchronous generator, the § is
the power angle of the synchronous generator, and U is the
terminal voltage of the synchronous generator. the P, Q are
the output active power and reactive power. It can be seen
from the equivalent diagram that the midpoint voltage e .
of the three-phase inverter bridge arm is used to simulate
the electromotive force in the synchronous generator, and the
equivalent inductance and resistance (Lf, Ry) at the side of
the inverter can be equivalent to the stator end reactance of
the synchronous generator, and the u,;. can be equivalent
to the stator end voltage of the synchronous generator.

The key content of the VSG technology is to introduce the
electromagnetic transient equation and rotor motion equation
of the synchronous generator into the three-phase inverter
control system. In order to simplify the analysis, this paper
simplifies the VSG model:

(1) Adopt the three-phase hidden stage synchronous gen-
erator model to avoid uneven air gap.

(2) Assume that the polar logarithm P = 1.

(3) Ignore the factors such as core magnetic saturation and
eddy current.

1) MECHANICAL MODEL
The rotor motion equation of the equivalent virtual syn-
chronous machine is shown in (1):
dw
dr
deo
Z =w

8=/w—wodt

In the (1), the J is the moment of inertia of the synchronous
generator,the unit is kg - m?; the T, is the mechanical torque
of the synchronous generator; the 7, is the electromagnetic
torque, and the T is the damping torque considering mechan-

=T —Te—Tg = Tm — Te — D (0 — wp)

ey
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ical wear, stator loss, damping winding, the unit is N - m; the
D is the damping coefficient corresponding to the damping
torque, the unit is N - m-s/rad; o, wo are the mechanical
angular velocity and the rated angular velocity, respectively,
the unit is rad/s; 0 is the angle between the axis of the
A-phase stator and the axis of the rotating magnetic field.
The electromagnetic torque of the generator can be obtained
by the virtual electromotive force e, of VSG and the output
current iy, of VSG [11].
P, eqiq + epip + ecic

To=—t=Se T b T 0e @)
w w

In the (2), the P, is the electromagnetic power output of the
VSG, the e, is the virtual electromotive force of the VSG,
and the i, is the output current of the VSG.

2) ELECTROMAGNETIC MODEL
The electromagnetic equation of VSG can be obtained
from Fig. 2:

1, Ylave
dt

In the (3), L and R are the synchronous reactance and
resistance of the analog synchronous motor, and ugp. is the
terminal voltage of the analog synchronous motor. In the
actual controller, L and R can be inconsistent with the filter
inductance and equivalent resistance in the inverter main
circuit.

When the synchronous generator is running stably, it is
assumed that the excitation current is a constant value and
its rate of change is 0, the internal potentials e,, e, and e, are
simplified to:

= eapc — Uagbe — Rigpe 3)

e, = Esinf

— Esin(09 -
ep = Sln< —T> (4)

. 4
ep = E sin 9—7

In the (4), the E is the internal potential amplitude, and its
expression can be written as:

E = oMy ®)

In the (5), the w is the angular frequency of the rotor; the
My is the maximum mutual inductance between the stator and
rotor windings; the i is the excitation current.

Combining the above formula, because of the J, the grid-
connected inverter has inertia, thereby adjusting the fre-
quency and power fluctuations of the power system. Due
to the D, the inverter has a restraining effect on grid power
oscillation. The traditional synchronous generator control
system changes the active power of the system by controlling
the mechanical torque 7}, by changing the system excitation
current ir, and then controls the amplitude of the internal
potential e4p.. The VSG technology draws on this principle
to realize the active-frequency and reactive-voltage regulation
of the system.
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B. THE VSG CONTROL STRATEGY

1) VIRTUAL GOVERNOR AND ACTIVE POWER FREQUENCY
REGULATION

When the system load of the microgrid changes, the system
should have a certain frequency support to ensure the stability
of the microgrid. The synchronous generator set realizes the
active power-frequency adjustment of the system through the
prime mover governor. The prime mover governor equation
is:

Py = Pref + kf(a)O — ) (6)

In the (6), P,, is the active power output by the synchronous
generator, Py is the active power given value, the unit is W,
and ky is the adjustment coefficient. From P = T * w, the
relationship between the mechanical torque and the angular
frequency of the output voltage can be obtained, combined
with (1), the rotor motion equation after frequency modula-
tion can be obtained:

dow P kg
J—=—+"—(w—-w)-Te-D(@-w) (7
dt [O4) [0

From (7), it can be seen that the damping coeffi-
cient of the system increases equivalently after frequency
modulation [10].

Simultaneous (1), (6), (7)

Aw_ wy — w
AP_Pref_Pe
1 m
= - = ®)
Jwos + Dwo + ky s+ 1
Jwo
7::Da) +k
oY ©)
m=———
Dwo + k¢

In the (9), 7 is the inertial time constant, m is the active
power droop coefficient [12].

It can be seen from the (8) and (9), the active frequency
control using VSG adds an inertia link compared to the tradi-
tional active frequency control, which adjusts the frequency
deviation of the access point and realizes the control of the J.

Combining the active power-frequency adjustment rela-
tionship of the synchronous generator and its rotor motion
equation, the VSG virtual governor is designed to realize the
active power-frequency regulation. As shown in Fig.3, it is
the control block diagram of the VSG virtual governor and
active power-frequency regulation.

2) VIRTUAL EXCITER AND REACTIVE POWER-VOLTAGE
REGULATION

In addition to the above-mentioned frequency modulation
function, the synchronous generator can also change the reac-
tive power output to realize the voltage regulation function.
The excitation controller is added to the synchronous gener-
ator control system to adjust the output voltage by adjusting
the excitation current. Based on this principle, the closed loop
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FIGURE 3. Control block diagram of virtual governor and active
power-frequency adjustment.

FIGURE 4. Reactive power-voltage regulation diagram.

equation of the VSG virtual exciter is [13]:
ir = G($)(Urer — U) (10)

In the (10), the U,y is the reference voltage; the U is
the VSG output voltage; the G(s) is the excitation regulator
to ensure that the VSG output voltage follows the reference
voltage, and G(s) is the integral regulator.

The equation of reference voltage change with reactive
power is.

Uset = Up + - Qe — Qo) (an
Dq

In the (11), the U, is the rated output voltage; the Dy is
the reactive power-voltage droop coefficient; the Qs is the
reactive power; the Q. is the actual reactive power output by
the VSG.

Combining (10) and (11), the closed-loop equation of the
excitation controller can be obtained after considering the
voltage regulation. The above detailed analysis can be found
in [2], [24].

if = %;) |:Un — U+ Diq(QSEt - Qe):| (12)

According to (12), the control block diagram of the reactive
power loop of the synchronous generator with excitation
control and reactive-voltage control can be obtained.

The control block diagram of the virtual synchronous gen-
erator is shown in Fig.5. The VSG control strategy mainly
includes active power regulation and reactive power regu-
lation. The active power regulation simulates the frequency
modulation characteristics of the synchronous generator and
the rotor motion equation. In reactive power regulation, vir-
tual excitation regulation and reactive power regulation are
established, which together determine the VSG rotation angle
and phase voltage amplitude.

IIl. ANALYSIS OF VIRTUAL SYNCHRONOUS GENERATOR
CONTROL SYSTEM

This paper combines the equivalent relationship between dis-
tributed power sources and synchronous generators, analyzes
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FIGURE 5. VSG control block diagram.

the impact of various parameter changes on the stability and
dynamic performance of the power grid, and focuses on the
impact of changes in J and D values on the system. Fig.6 is
the equivalent circuit diagram of VSG grid-connected.

' X R I
Z:9 =R+ jX
Ez8 Uz0

FIGURE 6. Equivalent circuit diagram when VSG is connected to the grid.

To simplify the analysis, and because X >> R, ignoring the
influence of resistance, when the VSG output impedance is
purely inductive, the available VSG output active and reactive
power are:

EU .
P=—siné
X

EU cos$ — U?
X

In the (13), E is the inner electric potential within the
VSG; U is the voltage in PCC; X is the VSG output filter
impedance; ¢ is the impedance angle, and § is the VSG
output power angle. Usually the § is very small, siné = §,
cos é & 1,the (13) can be further simplified as:

p="Ys
X
EU — U?
X

It can be seen from the above formula that the active power
is closely related to the power angle, and the reactive power
mainly depends on the voltage amplitude. In the (14), K; =
%, K; is the VSG torque coefficient [25]. Combined with (1)
and (8), a linearized small model model can be obtained, and
the negative feedback is simplified, and the simplified small
signal model can be obtained as shown in Fig.7.

The specific adjustment process is: when the system is dis-
turbed or the load changes, assume P, > P,, the frequency

(13)
0=

(14)
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FIGURE 7. Small signal model of virtual synchronous generator.
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deviation Aw is obtained from the rotor motion equation,
and the power angle increases Ad after integration. At this
time, the VSG output active power increases, and conversely,
the active power decreases.

mKt
Gs) = (rs+1)s
mK, (15)
D (s) = u

2+ Ls 4 oK
G (s) is the open-loop transfer function, and ® (s) is the
closed-loop transfer function, which is a typical second-order
transfer function. It can be seen from (9) that, T =
Jwo/(Dwy + Kf),m = 1/Dwy + Ky. The virtual inertia
and damping coefficient determine the dynamic response
performance of the system. The natural oscillation angular
frequency w, and the damping ratio £ of the second-order
model can be obtained:

/mK;
Wy = ——
T (16)

1
W o

The time response of the second-order system mainly
depends on the two parameters w, and &. For the traditional
synchronous generator system, @, and £ remain unchanged.
For VSG control, the choice of virtual moment of inertia and
damping is more flexible. The natural oscillation frequency
of the synchronous generator (0.628-15.700rad/s) can be used
for reference, combined with (16) to determine the required
virtual inertia range, and the optimal damping ratio of the
second-order system is 0.707. The required range of the
D can also be determined by (16).

In order to analyze the role played by the virtual inertia
machine damping coefficient in the system adjustment pro-
cess. Under the unit step response, different J and D are
selected to observe the dynamic performance of the system.
Fig.8 shows the unit step response of VSG under different
moments of inertia and damping coefficient.

In the dynamic response process, the influence of different
J and D on the system response performance in the time
domain can be obtained. Table 1 shows the impact of parame-
ter changes on the dynamic performance of the second-order
system, including overshoot o % and adjustment time .

The moment of inertia determines the oscillation frequency
during the dynamic response of the VSG active power. The
damping coefficient D determines the decay rate during the
dynamic response of the VSG active power [9].

Fig.9 is the Bode plot of the active power transfer function,
by comparing the schemes 1, 2, and 3, it can be seen that
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FIGURE 8. VSG unit step response under different moments of inertia and
damping coefficient.

TABLE 1. The influence of the J and the D on the time domain
response performance.
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FIGURE 9. Bode plot.

different J determine the bandwidth and oscillation frequency
of the dynamic response. Comparing schemes 3, 4, and 3,
it can be seen that the damping coefficient has a better sup-
pression effect on the resonance peak.
When ignoring the damping term, from (1), we can get:
d Pror — P
L (17)
dt Jawg
When the active frequency difference is within a certain
range, the angular frequency change is inversely proportional
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to the J, and the relationship between the system frequency
change rate and the moment of inertia is deduced [26]:
ﬁ x 1 (18)
e J

It can be seen from (18) that the larger the moment of
inertia J is set, the smaller the system frequency fluctuation
and the more stable the system, but judging from the unit
step response of the system, the J cannot be set too large,
otherwise the stability of the system will deteriorate.

When considering the damping term, it can be seen
from (1) that when T,, — T, — J ‘Z—‘;’ remains constant, the
greater the damping D, the smaller the frequency deviation
Aw,Therefore, it is necessary to set the parameters reasonably
to ensure the reliable operation of the system. Based on this,
this paper expands the parameter setting and analysis based
on the optimal damping ratio, and sets the parameters flexibly
according to the system characteristics.

IV. ADAPTIVE CONTROL STRATEGY AND PARAMETER
SETTING

A. THE VSG PARAMATER COOPERATIVE ADAPTIVE
CONTROL STRATEGY

During the operation of the microgrid, new energy sources are
the main output, which has strong volatility, causing changes
in the input power, which in turn affects the stable operation
of the microgrid. The oscillation process of the system was
studied under the VSG control strategy, and the power Angle
characteristics and angular frequency oscillation curves were
analyzed from the power characteristics of the hidden pole
synchronous generator, as shown in Fig. 10.

ry
P(Kw)

|

|

|
s ot f3 ty t
(a) Power angle characteristic curve.(b) Angular frequency oscillation curve

FIGURE 10. Schematic diagram of power angle curve and angular
frequency oscillation process.

Combined with Fig.10, the variation of power and fre-
quency in the switching process of working point during
system operation is explained. When the system runs stably
at point a, the corresponding VSG input active power is P,
and the corresponding power angle is §,, When the system
is disturbed, the active power of the system jumps to Pp,
The oscillation process of the system is divided into 4 stages.
In the process of 7 —11, the VSG input active power increases,
and its virtual rotor angular frequency w > wq, At the
same time, the rate of change of angular frequency dw/dt
increases first and then decreases gradually, but always stays
dw/dt > 0, a larger J damping D is required. However,
it can be seen from the analysis in Section 2, the larger J
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makes the dynamic performance of the system worse, and the
size of J needs to be selected reasonably; When the system
is at operating point b, the input and output active power
is balanced. Due to the inertia of the system, the operating
point continues to change. In the #; — , process, the rotor’s
angular velocity enters the deceleration process, maintaining
dw/dt < 0, But the virtual rotor angular frequency @ > w_0,
at this time, the system should reduce the J to make the system
accelerate and return to a steady state. In the subsequent stage
of t, —13, the operating point moves to b, and the rotor angular
frequency is inconsistent with the system. Then move to point
a and enter the 3 — #4 period. When the system resumes
stable operation, the oscillation process @-@ will be repeated
continuously.

To sum up, the value of the moment of inertia is related
to the amount of change and rate of change of the virtual
rotor angular frequency. Under different working conditions,
the selection principle of the rotor inertia is shown in Table 2.

According to the relationship between the moment of iner-
tia and the change of the rotor angular frequency and the
rate of change in Table 2. Combining the control strategy
proposed in the [13], [24]-[26], an adaptive strategy based
on the optimal damping ratio of the VSG moment of inertia
and damping cooperative control is proposed. The moment of
inertia control strategy is as follows:

i Jo—kiAw
Aw (dw/dt) <0N|dw/dt| <K
J=1ii Joldw/dt| <K (19)
iii Jo+kiAw (dw/dt)
Aw (dw/dt) > 0N |dw/dt]| > K

TABLE 2. Selection principle of moment of inertia J under different
working conditions.

Condition Aw dw/dt Aw(dw/dt) ]
® >0 >0 >0 Increase
® >0 <0 <0 Decrease
® <0 <0 >0 Increase
@ <0 >0 <0 Decrease

In the (19), the Jj is stable value of the moment of inertia
when the power fluctuation is relatively small in the micro
grid, the K is the limited value of the frequency deviation
rate, and the k; is the adjustment coefficient of the frequency
variation.

The value of the damping coefficient D can be obtained by
combining formulas (15) (19):

D =2¢ @ — k—f (20)
Xwy o

Let C1 = 28JEU/Xwy,Co = ky/wo, then D =
C1+/J — C5. In this paper, the optimal damping ratio of the
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second-order system & = +/2/2 is selected to obtain the
relationship between the J and the D. The formula for D can
be derived from formulas (19) (20), This article discusses J in
detail, so the expression of D will not be analyzed in detail.
In order to have good response characteristics during the
dynamic response process of the VSG, the control strategy
discussed in the article adjusts the J, the D, f, and P to the
appropriate control. When the system is disturbed, the J and
the D can adjust their own value adaptively according to the
changes of frequency and frequency change rate, so that the
system can quickly restore stability. At the same time, it is
necessary to analyze the rationality of the J, the D, and ;.

B. VSG PARAMETER TUNING

In the VSG parameter coordinated adaptive control strategy,
the J and damping D can be flexibly set according to the
operating state of the microgrid. The selection of different
parameters has a certain impact on the stable operation of the
system, and it needs to be designed reasonably according to
different situations.

From the above mentioned the natural oscillation
frequency range of the synchronous generator
(0.628-15.700rad/s), combined with the formula (9) (16),
calculates the virtual moment of inertia range of the VSG:

EU EU
4 x 10—3X— <J<25—

21
wo Xwo @h

At the same time, the (15) can find the characteristic root
of the second-order system as:

D k D k\> EU
Pio=-— CU(ﬁfi\/( wo+f> - (22)

2J wo 2J wo XJ wo

Since Dawg + ky is a positive value, in order to ensure the
stability of the system, the J needs to be kept greater than
zero when it changes. The minimum value of the J is known
from (19):

Imin = Jo — ijwmax (23)

Similarly, the value of the D can be derived from the J.
According to the adaptive control strategy, the values of J
and D are mainly changed by the limit value K, When dw/dt
is small, reduce the J and the D; when it exceeds K, increase
J and D appropriately. Combining (1), the value range of K
is:

1 AP

0<K <|=-(— —DAw) (24)
J wo

The value of K is related to the J, the D, the angular
frequency deviation Aw during system operation, and the
frequency deviation AP, Therefore, the value of K should
be reasonably planned to ensure the stable operation of the
system.

For the value of the adjustment coefficients k; and k;,
the deviation between the rated power of the microgrid and
the maximum angular frequency of the system should be
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considered [20]. Take k; as an example to calculate the value
of the adjustment coefficient:

Jmax — Jo

5= Ao (dw/dr) @5)

In the (25), when the damping term is ignored, J;,;0x =
AP/(Aw * wp), According to iii in (19), set Jy to 0.5, and
draw a three-dimensional graph of the J changing with the
adjustment coefficient k;, as shown in Fig.11:

k.=0.1
)
2 / K;=0.08

1.5 kJ=0.06

A

~_k=0.04

> k;=0.02

2

5
dw/dt

FIGURE 11. Moment of inertia change value under different k;.

It can be seen from Fig.11 that with the increase of the
adjustment coefficient k;j, the increase of the J gradually
becomes faster, and the sensitivity of the angular frequency
transformation amount and the rate of change also increases.
When the system is disturbed, the J will increase rapidly,
so the adjustment coefficient k; needs to be reasonably
selected according to the system capacity.

According to the (22), draw the root locus for different J
and D. Fig.12 shows the root locus for parameter changes.

When the D is constant, with the increase of J, the closed-
loop pole of the system approaches the imaginary axis,
its effect on the system becomes more obvious, and the
dynamic performance of the system becomes worse. There-
fore, the value of the J should not be too large; When the
J is constant, with the increase of the D, the imaginary part
of the closed-loop poles gradually becomes smaller, and they
meet and separate at the real axis, indicating that the system
changes from under-damped to over-damped. If the D is
too small, the adjustment coefficient ks plays a major role.
At this time, the damping effect of the system is poor and the
system is easy to lose stability. From the previous analysis, it
can be known that the adjustment coefficient k;, the angular
frequency change limit value K and other parameters have a
certain impact on the values of the J and the D, and then affect
the stable operation of the microgrid.

V. SIMULATION ANALYSIS

In order to verify the effectiveness of the proposed control
strategy and the influence of the J and the D on the stability
of the microgrid during operation, the VSG model was built
in MATLAB/Simlink for simulation experiment verification.
The simulation parameters are shown in Table 3.
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FIGURE 12. Root locus under parameter changes.

TABLE 3. Simulat ameters.

Symbol Value Symbol  Value
Uy /V 700 Jo 0.3
U,/V 220 D, 5

Lyv Ly/mH 3+ 3 ke 20
C/uF 25 K 2.5

Rev Ry/Q 0.1, 06 k; 0.03

wy/(rad/s) 314 k; 1.5

A. THE VSG ACTIVE POWER STEP SIMULATION
EXPERIMENT

From the previous analysis, we can see that the J and D have
a greater impact on the active power and frequency of the
system. In order to verify the influence of different parameters
on the stability of the system, the VSG simulation model was
built with a system simulation step of 1.5 seconds. The given
value of VSG active power is 5kW, and the reactive power
is 6kvar. At 0.4s, the system active power becomes 15kW.
Under this system condition, observe the influence of dif-
ferent parameters on the system. Fig.13 shows the effect
of the VSG moment of inertia on the system, keeping the
D constant, Fig.13(a) is the change of the system’s active
power output under different J, Fig.13(b) is the change of the
system’s angular frequency under different J.

It can be seen from Fig.13(a) that when the J takes the
values 0.2,0.4,0.6,0.8 kg-mz, the system output active power
overshoot is 36.7%, 34.5%, 29.3%, 27%, and the adjustment
time is 0.9s, 0.83s, 0.71s, 0.59s, As the J increases, the
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(b) The angular frequency of system rotation changes under different J.

FIGURE 13. The influence of VSG moment of inertia on the system.

suppression of the active power fluctuation of the system
weakens, which is consistent with the root locus analysis
results; It can be seen from Fig.13(b) that the overshoot of
the system output angular frequency w is 3.2%, 2.7%, 2.3%,
2.1%, the adjustment time is 0.62s, 0.72s, 0.83s, 0.103s,
and the increase of the J will suppress the fluctuation of
the system frequency, but at the same time will weaken the
system damping.

When the value of the J calculated from the optimal damp-
ing ratio is 0.2~0.8, the corresponding damping is 4.4~8.9.
In order to compare the impact of damping on the system,
keeping the J unchanged, take the D to be 2.5,5, 7,9 N -
m - s/rad to observe the changes in the system output active
power and angular frequency. Fig.14 shows the effect of VSG
damping on the system, (a) is the system active power output
under different D, (b) is the system rotation angular frequency
change under different D.

It can be seen from Fig.14 that when the active power step
occurs in the system, the increase of damping can suppress
the overshoot of the active power and angular frequency
of the system, which is consistent with the conclusion of
the root locus analysis above. However, as the D increases,
the adjustment time gradually increases. When the system is
initially given active power, the phenomenon is more obvious,
that is, the lower the system active power, the stronger the
effect of the same damping on the system.

B. MULTIPART FIGURES SIMULATION EXPERIMENT
UNDER DIFFERENT CONTROL MODES

In order to verify the effectiveness and superiority of the
control strategy of this article, it is compared with the
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FIGURE 14. VSG damping affects the system.

existing control method under the system grid connection
mode. Scheme 1 is the constant parameter control, the J is
0.35kg - m? and the D is selected to be 7.5 N - m - s/rad,
Scheme 2 is variable parameter control [15], [16] bang-bang

control strategy, Jyi, = 0.35kg - m2 e = lkg - m2;
Scheme 3 is the control strategy proposed in this paper, take
Jo = 0.35kg - m?.

In this case, the system simulation step length is 1.5 sec-
onds, the given value of VSG active power is SkW, and the
reactive power is 6kvar. At 0.5 second, the system active
power becomes 10kW, and at 1 second, the system active
power drops to SkW. Observe and compare the effectiveness
of different strategies under system conditions.

Fig.15 is a comparison diagram of system active power
changes under three different control strategies. It can be

12000

10000 e

8000 | L

% 6000 - AR

4000

2000 W~

— S1:Constant parameter
| —-—-—82:bang-bang
0 — — —53:Cooperative Control
0 0.2 04 0.6 0.8 1 1.2 1.4
Time/s

FIGURE 15. Comparison of system active power changes under three
control strategies.
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seen from the figure that the proposed control strategy shows
better dynamic change characteristics in the active power
fluctuation range and tracking performance than the other two
control methods. The performance is that when the system
active power suddenly increases to 10kW at 0.5s, there is
overshoot under the constant parameter control strategy in
the first scheme, the system adjustment time of the second
scheme is too long, and the third scheme is based on the
VSG coordination of the optimal damping ratio, it speeds up
the response time of the system and suppresses frequency
overshoot, the power changes smoothly, and the transient
performance is better.

When the system active power changes in Fig.15, the sys-
tem characteristics are summarized as Table 4. Table 4 is the
comparison of system features under three different control
strategies. The specific comparison time is 0.5s and 1s when
the system active power increases and decreases. The com-
parison parameter is the system overshoot o % and adjustment
time ;. When the system active power changes, among the
three schemes, the system active power under the control
strategy proposed in this paper has no overshoot and the
adjustment time is the shortest.

TABLE 4. Comparison of system active dynamic performance parameters
under three different control strategies.

Time 0.5s 1s
scheme S1 S2 S3 S1 S2 S3
% 5 0 0 5 0 0
ts 0.29 0.24 0.12 0.28 0.22 0.12

Fig.16 shows the comparison of effects under different
control strategies, the Fig.16(a) is the comparison of system
frequency changes under different schemes, and the Fig.16(b)
is the current waveform under scheme 1 and scheme 3.

Comparing schemes 1 and 2, when the D is the same,
the J in the bang-bang control will choose its own size
when the system is disturbed. Although the change of J is
discontinuous, compared with the fixed parameter, the bang-
bang control strategy suppresses the frequency fluctuation to
a certain extent. Comparing schemes 2 and 3, because scheme
3 changes the J and D coordinately when the system is
disturbed, it has a better effect on coping with sudden increase
or decrease of system active power. From the comparison of
the current waveforms in Fig.16(b), the current fluctuations
are more obvious under certain parameters, while the current
changes smoothly under cooperative control. In summary,
the VSG cooperative control strategy based on the optimal
damping ratio proposed in this paper can better cope with the
instability caused by the microgrid, especially the new energy
power generation, and further improve the robustness of the
system.

Fig.17 is the change of the J under the two control strate-
gies. Fig.17(a) is the change of the J under the bang-bang
control strategy, and Fig.17(b) is the change of the J under
the cooperative control strategy proposed in this paper. When
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FIGURE 17. Change of the J under two different control strategies.

the power suddenly increases or decreases, it can be seen
from the Fig.17(a) that under the bang-bang control strategy,
the J changes between the J,,,4, and the J,,i, to suppress the
system oscillation, but the excessive J increases the system
adjustment time, and the frequent switching of the J will
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cause certain harm to the stability of the system; Fig.17(b)
shows that at the moment when the active power of the system
changes suddenly, under the coordinated control strategy in
this paper, the J responds quickly and drops rapidly to form a
spike, which suppresses the system oscillation while reducing
the adjustment time, it avoid frequent switching of the J
affecting the stability of the system.

VI. CONCLUSION

Regarding the uncertainty and poor anti-interference ability
of distributed new energy generation, based on the VSG
control strategy, this paper proposes the VSG collaborative
control strategy based on the optimal damping ratio, and the
conclusions are as follows:

1) The algorithm links the VSG moment of inertia and
damping through the optimal damping ratio. Based on the
frequency change rate and the amount of change, combined
with the synchronous generator power angle curve, the con-
trol strategy expression is obtained to realize the coordinated
control of the parameters.

2) The influence of the moment of inertia and damping
change on the dynamic performance of the system is analyzed
in detail, which makes a useful exploration for the research of
the VSG control technology.

3) The effectiveness of the proposed control strategy is ver-
ified through simulation, and the dynamic performance and
anti-interference ability of the system are further improved
through experimental comparison.
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