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Abstract: Virtual synchronous generators (VSG) are considered a new generation of grid-friendly
inverters with the same inertial support characteristics as synchronous generators (SG). However,
the inertia support comes with the side effects of power and frequency response deterioration. The
existing VSG power oscillation suppression methods have limitations such as complex controller
parameter tuning, altering the frequency support characteristics, and power quality degradation.
To address these issues, this paper proposes a universal VSG control strategy based on extended
virtual inertia (VSG-EVI). Herein, the virtual inertia is no longer a constant or varying number; it is
endowed with frequency domain characteristics to improve the VSG transient responses. Moreover,
a detailed parameter design process is given in detail. Compared with the conventional VSG (CVSG),
VSG-EVI significantly suppress the power and frequency oscillations. Compared with the existing
VSG oscillation suppression methods, VSG-EVI addresses the issues of the reduction of frequency
support capability, whereas the controller parametric design process is simplified with the proposed
intuitive extended virtual inertia. Finally, the proposed VSG-EVI method is thoroughly validated by
experiments under both grid-connected and stand-alone modes.

Keywords: virtual synchronous generator; virtual inertia; power control; power oscillation

1. Introduction

In recent years, in order to solve environmental problems and the energy crisis, fossil
fuels have increasingly been replaced by renewable energy generations. Multi-energy
systems are a very popular option in this transition [1-5]. Among the renewable energy
sources, photovoltaic and wind power can be regarded as the most promising candidates.
However, these energy sources are characterized by wide geographical distribution and
intermittent power generation, and it is not easy to meet the power demand with a single
type of renewable source. Therefore, microgrids integrating multiple distributed energy
sources have been a focus area for research [6-9].

Inverters serve as the interaction interface from DGs to grid and load; hence, the control
strategy of inverters is crucial for the safe, stable, and efficient operation of power systems
and microgrids [10]. At present, inverters are mainly divided into current-controlled in-
verters and voltage-controlled inverters. Current-controlled inverters deliver power by
injecting high-quality current into power grid, but they can only work in grid-connected
(GC) mode, owing to the lack of grid-forming capability [11,12]. Voltage-controlled in-
verters have the ability to support both frequency and voltage, allowing DGs to operate
in both GC and stand-alone (SA) modes. Compared with current-controlled inverters,
voltage-controlled inverters have a wider range of application scenarios.

As for the control strategy of voltage-controlled inverters, droop control was first
proposed for uninterruptible power supply (UPS) systems. Droop control can provide
DGs with grid forming capability, power sharing capability, and the ability to participate
in grid regulation, but it cannot provide inertial support for power systems [13,14]. As
the penetration of DGs in the power system increases, the overall inertia of the power
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system decreases. The lack of inertia can lead to sudden frequency changes and frequency
oscillations, which is not conducive to frequency dynamic stability.

To solve the inertia reduction caused by DGs, the control strategy of the inverter
interfacing energy storage devices can be modified to provide inertia response [14-16].
The main control strategies include fast frequency-power response, grid following control,
virtual synchronizer control, etc. The candidates of energy storage for inertia response
include pumped hydro, compressed air, superconducting magnetic, fuel cell, capacitor,
ultracapacitor, flywheel, and battery. Among these energy storage options, battery storage
systems (BESS) are the most popular one [17-19]. On the other hand, inertia response can
be divided into current source type and voltage source type, according to the response
characteristic and control method. Current source virtual inertia control is to introduce
the system frequency change rate into the active power controller of the inverter, change
the active power reference value, and provide active power proportional to the frequency
change rate to the grid. The current source virtual inertia is essentially different from the
rotational inertia of synchronous generators (SG), since it does not have the characteristic
of instant sharing of the disturbance power and there is a time delay in this process. The
virtual inertia of voltage source type is mainly a virtual synchronous generator (VSG):
The VSG introduces the rotor motion and electromagnetic transient equation of SG in the
controller of the inverter [20-23], giving the inverter the same external characteristics as SG.
Since VSG has the same instant power sharing as SG, in the event of power disturbance, the
energy storage can instantly absorb or release energy in response to the power deviation and
maintain the power balance. Therefore, VSG can provide inertia support power without
delay in the moment of power disturbance.

As the instantaneous VSG power output requires the power response of the BESS, the
charge/discharge rate of the BESS needs to match the capacity of the VSG. In the long-time
scale, the capacity degradation also needs to be considered. Therefore, the optimal sizing of
a BESS is also a focus area for research, such as the frequency regulation of an isolated power
system using a dynamic simulator of load frequency control [24] and BESS participating in
the primary control reserve market with two-level profit-maximizing planning [25]. Some
studies have also addressed the optimal sizing of BESSs for transmission and distribution
networks [24,26].

Since VSG imitates SG, it provides the inertial support, but it also inherits the SG side
effect of power and frequency oscillations. Since the transient overcurrent capability of the
power electronics is much lower than that of SG, the transient characteristics of VSG must be
improved to suppress power and frequency oscillations. The existing schemes to improve
the transient characteristics of VSG are mainly divided into four categories. Category-1
is a parameter configuration. By adjusting the virtual inertia and droop coefficient, VSG
operates in a critical damping state which contributes to the reduction of transient power
overshoot and oscillation in GC mode [27]. However, the droop coefficient is limited by the
maximum frequency deviation and the virtual inertia is limited by the maximum rate of
change of frequency (ROCOF), making it difficult to guarantee that the VSG operates in a
critical damping state in most cases. Category-2 is an adaptive dynamic parameter. In [28],
alternating virtual inertia is proposed to suppress active power overshoot. In [29,30], an
adaptively tuned virtual inertia and droop coefficient scheme is used to enhance frequency
stability and improve power response transient characteristics. However, the dynamic
virtual inertia alters the frequency support characteristics. In addition, the nonlinear
control in the above scheme is potentially uncertain and the design process is somewhat
complex. Category-3 is virtual-impedance-based [31,32]. However, with harmonics in the
output current, the extra virtual impedance tends to amplify the output voltage distortion.
Category-4 is changing the control structure of the conventional VSG (CVSG). In [33], an
inertial droop control strategy is proposed, based on comparing droop control and VSG.
In [34], an improved virtual inertia strategy based on differential compensation is proposed.
In [35], power oscillation is suppressed by the power error feedforward. However, unlike
other VSG controls, where all parameters have the same physical meaning as SG, the
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schemes of Category-4 do not have parameters with clear physical meaning, making the
parameter tuning process more complicated. Trial and error are often used to tune the
parameters for Category-4 schemes.

To summarize the existing VSG power oscillation suppression methods, they have
limitations such as complex controller parameter tuning, altering the frequency support
characteristics, and power quality degradation. To address these issues, this paper further
proposes a universal VSG control strategy based on extended virtual inertia (VSG-EVI).
Herein, the virtual inertia is no longer a number (constant or varying); it is endowed with
frequency domain characteristics to improve the VSG transient responses.

Compared with the CVSG, the proposed VSG-EVI significantly improves the power
transient response characteristics, just like the existing methods of VSG oscillation suppres-
sion. Compared with the existing methods of VSG oscillation suppression, the proposed
method addresses the issue of the reduction of frequency support capability, and the con-
troller parametric design process is simplified with the proposed intuitive extended virtual
inertia.

The key contributions of this paper are summarized as:

1.  Established a small-signal model of the VSG system that reflects the coupling between
the VSG active and reactive power loops, which is more detailed than the existing
studies.

2. Proposed a universal VSG control strategy based on extended virtual inertia (VSG-
EVI). Compared with the existing methods of VSG oscillation suppression, the pro-
posed method addresses the issue of the reduction of frequency support capability.

3. The controller parametric design process is also very much simplified with the pro-
posed intuitive extended virtual inertia, and comprehensive design constraints and a
design flow considering both GC and SA modes are introduced.

4. The proposed method is thoroughly validated by experiments, showing a significant
improvement of the VSG power oscillation suppression in GC mode and the frequency
stability in SA mode.

The rest of the paper is organized as follows. In Section 2, the system topology and
accurate small signal model of CVSG are introduced. In Section 3, VSG-EVI is proposed. In
Section 4, a parameter design flow is given. Experimental results are presented in Section 5.
Finally, conclusions are presented in Section 6. The nomenclature of all the symbols used in
this work is listed in Nomenclature.

2. Small Signal Model of VSG

Figure 1 shows the basic structure block diagram and control strategy block diagram
of CVSG. DGs are connected to the point of common coupling (PCC) via a three-phase
voltage source inverter. The three-phase voltage source inverter uses an LCL-type filter,
where L, is the inverter-side filter inductor, C is the filter capacitor, and L, is the inverter
output inductor. Lj;,, and Ry, are the network-side line inductance and line resistance
from PCC to grid, respectively. The control strategy mainly consists of the power control
outer loop, virtual impedance loop, and voltage-current inner loop.

By simulating the rotor equation of SG [23], the core control equation of CVSG can be

written as follows:

dw
Pset*Pout:]‘wm‘ditm+D'(wm*wref) 1)

where | is the virtual inertia; D is the damping coefficient; Ps,; and Py, are the command and
output active power, respectively; and w;, and w,, are the VSG output angular frequency
and reference angular frequency, respectively.

In order to improve voltage stability, CVSG simulates the excitation regulator of SG
by controlling the excitation current in a closed loop and regulating the internal potential
to maintain a constant voltage [23]. Therefore, the reference output voltage is drooped
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according to the reactive power and the controller uses an integral controller, and then the
CVSG reactive loop control equation can be obtained as follows:

1

u"ef K [Dﬂ'(un — Uout) + (Qset — Qout)] 2)
DG |* ’
Grid
Unit | % "
‘"“‘T_ff' ““““““ I ; Power Control l.(mp}
| ! | |
I b < <2 < I
} Current | i,y | Voltage u,Lf C\;::]l:sicl d VSG Power V""'"}
— |—| .
: Control Control : 1 Generation | <. Control 0 Calculation i(ul/?(:
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} o !
I H Virtual }
. I "
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Figure 1. VSG system block diagram.
2.1. Accurate Small Signal Model of CVSG

In order to analyze the dynamic performance of VSG, it is necessary to build an
accurate small signal model of VSG.

Figure 2 shows the equivalent power transmission model of CVSG. To simplify the
model, L, is used to represent the total equivalent line inductance and R, is used to
represent the total equivalent line resistance. Then, the power transfer model of CVSG is as

follows: i
1 .
Lg dtlthc = Uoabe — Ugabe — lubcRg (3)
EZ5 R, Lg  UL0
VSG AD_IYW\_|

PCC

Figure 2. Equivalent power transmission model.

To facilitate analysis, Equation (3) is converted to the dg synchronous rotation axes as

follows: p
Lgdi'f = g — Ugg — igRg + Xiy @
dzq o i R X.i
Lo g7 = thog — Ugg — 1gRg — Xy
where:
Xg = a)oLg
Ugy = Ug, tigg =0 @)

Uog = Ecosé =~ E,upy = Esiné =~ E§
According to Laplace transformation, Equation (5) becomes:

(Rg+s-Lg)-(E—Ug)+Xg-E-d

Xt (s-LetRg)”
(Rg+s-Lg)-E-6—X,-(E—=Ug) ©)

X§+(5'L3+Rg)2

ij=

lq:

Taking the grid voltage as the reference, the inverter output capacitance voltage E,
the grid voltage amplitude Ug, and the power angle 4, are considered to have small signal



Energies 2023, 16, 2983 50f 20

perturbations. The small-signal model of the CVSG power transfer model can be obtained
by combining Equations (5) and (6), and the instantaneous power theory as follows:

AP = Gsp-Ad + Gpop-AE + Guzp'AUg @)
AQ = Gy Ad + GpagAE + Gupg-AUyg

where Gsop, Geap, Guapr, Gs20, Ge2g and Gyypg are shown in Equation (8):

Gi = X2+ (Rg +sLg)’

Goop = 3(2E?Rg6 + E* X6 + EUg Xg + 2E%Lyds) / Gy

Grap = 3(2ERg — Rglg + 2ERg0% + EXgd + UgXgd + 5(2ELgd? + 2ELg — Lgly) ) /Gy

Guzp = —3(E:(Rg +5Lg)) /Gy ®
Grog = —3(E?Xg — 2E*Xg6 + ERgUg +sELglg) / Gy

Grao = —3(UgXy — EXg — 2EXg6 + RelU,6 + sLeUgd) / Gy

Guag = —3(Eé-(Rg +5Lg)) /Gy

Combining Equations (1) and (2), we can derive the small-signal model of the VSG
controller as:

Awpy—Aw
NS = = S
_ APgt—APyyt
Awm = ]woerD“ (9)
AE — AQset*AQout
= T KstD,

Combining Equations (7) and (9), we can get the accurate small-signal model of the
CVSG, as seen in Figure 3.

Control Loop

Geap v
AQ,, 1 AE F
1#%—» E ﬁ—\”w —

Figure 3. Accurate small-signal model of VSG.

I
|
| VSG
I

With the detailed small-signal model derived above, the VSG system is analyzed in
detail under both GC and SA modes.

2.2. GC Mode

According to Figure 3, the equivalent control block diagram of the active power control
loop in GC mode can be obtained as follows Figure 4.

AP, L AP,

Figure 4. Active power control loop control block diagram of CVSG.
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The loop gain of the CVSG active power control loop can be obtained as follows:

Gep Geq-Go2o-GErp
Gop = —2+( Gpop — 5 —— 10
or = — < 2P~ T Gey-Crg (10)
where: )
Gep = —L
G — Tyt (1)
¢q = K-s+Dq

The closed-loop transfer function from Pgt to P,y and from Pg to wy, in GC mode
can be obtained as follows:

Apout — GOP (12)
APset GC 1+ GOP

G
Awyy, _ cp (13)

According to Equations (12) and (13), they have the same denominator; thus, we can
draw the trend of pole change in GC mode, as shown below.

From Figure 5, we can see that as ] increases, the poles of the system move closer to
the imaginary axis and the system is less damped. As D increases, the poles of the system
move closer to the real axis and the system is more damped.

25
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S 10f g0 X . x%&?&
z X D inerease - T
w 5[ .. e
< " . . N g
B -5f°, e S
g X 7 Jincrease L
= 0.94 i = S
10 < i x« t‘w“ b
x X 30000
15k Xxﬁxx ORRO0O0C
e % B S X xxx'
0.8 iR ) AN
0.64 .. 05 Xo¥. 0.38 017 0.08
.25 -20 -15 -10 5 0

Real Axis (seconds'1)

Figure 5. The changing trend of poles in GC mode.

In order to further investigate the effect of | and D on the active power response
characteristics, the curve of Py, can be obtained when Pg,; steps 10 kW under different |
and D in GC mode, as shown below.

In Figure 6, when | increases, the overshoot of P, increases and the oscillation
amplitude and settling time increase. When D increases, the overshoot of P, decreases.
This implies that a small ] and a big D are beneficial to improve the power response transient
characteristics and reduce the power overshoot and oscillation.

Similarly, the frequency response curve of wy, can be obtained under different ] and D
when Py steps 10 kW, as shown below.

In Figure 7, it can be seen that a large | helps to reduce ROCOF at the P, step instant.
during the subsequent process, a large | is beneficial to reduce the maximum frequency
offset, but it increases the frequency oscillation time. Meanwhile, increasing D will reduce
frequency oscillation.
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Figure 6. Power response curves under different | and D. (a) different ] (b) different D.

> : | ‘ Q i ‘
3 0.8/ | ROCOF limit — J=lkgm || 3 s} | ROCOE limit — D =6000 W-s/rad |-
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Figure 7. Frequency response curve under different ] and D. (a) different J (b) different D.

Specifically, the ROCOF at the initial moment can be obtained from the initial theorem
at the moment after the change of power reference command as:

dwy,

Awpy, ) APt _ APset
dt

= lims-s-
APst s Jawo

S—00

(14)

t=0

This implies that a large | can reduce the ROCOF and can be beneficial to improve the
frequency stability.

According to Figure 4, the closed-loop transfer function from wg to Pyt in GC mode
can be obtained as follows:

1 _ ch‘GJZQ‘GEZP)
APout _ S (G52P 1+GCL]'GE2Q (15)
Awg G 1+ Gopl

According to Equation (15), the effect of wg on Pyt in a steady state can be obtained as
follows:

A 1 (G&P _ ch‘G§2Q‘GE2P)

. w s 1+G, 'GEZQ

AP, = —lims- —=.. d =D Aw 16
out 550 S 1+ Gopl g ( )

Equation (16) shows that a large D can cause Py to fluctuate sharply as wy fluctuates,
and P,,; may exceed its capacity limit, leading VSG to off-grid or shutdown.

In general, increasing the virtual inertia will increase the output power oscillation and
reduce the frequency change rate of the system when VSG is operating and connected to
the grid. Meanwhile, increasing the droop coefficient D will reduce power and frequency
oscillation, but a large D can cause Py to fluctuate sharply as wWq fluctuates.
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Frequency deviation(rad/s)

=

2.3. SA Mode

When CVSG operates in SA mode, the transfer function from P, to wy, can be
obtained according to Equation (1) as follows:
Awyy, 1

=—-— - 17

According to Equation (17), when CVSG operates in SA mode, the system behaves as
a first-order system, and the only pole is:
D
S = —— 18
Tovo (18)
Furthermore, the effect of different | and D on the frequency response curve in SA
mode can be obtained as follows.

Figure 8 shows that in SA mode, a large | makes the frequency change smoother, and
a large D makes the frequency deviation smaller in a steady state.

ROCOF limit — J=1kgm? 2 013 ROCOF limit —  D=6000 W-s/rad
— J=5kgm’ & — D =28000 W-s/rad
— J=10 I(g'lﬂ: 5_0'5 D increase | — D =10,000 W-s/rad| |
— J=15kg'm" b A — D =12,000 W-s/rad
J increase 2
= -1}
)
)
=
Z-15¢ |
I 4 O T O N U D
1 2 3 4 5 = 0 1 2 3 4 5
Time(s) Time(s)
(a) )

Figure 8. Frequency response curves under different ] in SA mode. (a) different ] (b) different D.

Specially, we can get that the ROCOF of CVSG at the P,; step instant as follows:

dwpy, T Awy APyt BT 2 1 APyt o APyt
—_— = lims-s- . = lim (—s )=—

19
dt t=0 ST APy s s—oo Jwos+D s Jwo (19)

The equation above shows that the ROCOF at the initial moment is strictly inversely
proportional to the virtual inertia. Therefore, when VSG operates in SA mode, the larger
the J, the better.

According to the final value theorem, when the system reaches a new steady state, the
relationship of CVSG from Py to wy, can be obtained as follows:

Awy, = _lim 1 APyt o _Apout

.S = 20
s—0 Jwos + D s D (20)

The equation above shows that the frequency deviation in a steady state is strictly
inversely proportional to the droop coefficient D.

In general, for CVSG, a large | can improve the frequency stability in both GC mode
and SA mode, but can deteriorate the power response transient characteristics in GC mode.
The droop coefficient D is directly related to the frequency deviation of the VSG and the
steady-state power output, so its setting should be strictly in accordance with the rated
power of the VSG.

3. VSG-EVI Control Strategy

As in the prior discussion of the tradeoff of virtual inertia, a large virtual inertia is
needed to reduce ROCOEF, but it also deteriorates the power and frequency oscillation
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situations. This is actually the root cause for some other existing methods to suppress VSG
oscillations to violate the ROCOF limits.

Therefore, the objective of our paper is to avoid the violation of the ROCOF limits when
suppressing VSG oscillation. First, from the perspective of phase-frequency characteristics,
a baseline is to be established to show how the phase margin is decreased due to increasing
virtual inertia. Figure 9 shows the Bode diagram of the open-loop transfer function of the
CVSG. As can be seen from the figure, the phase margin (PM) decreases continuously as |
increases, which is responsible for the deteriorating dynamic performance of CVSG.

’m

Magnitude (dB)

(=)

[
RN
SN

([T
—_——

03 03

B/

2

2

0 kg'm
5 kg'm”

-50—
-100 4
= 9 i PM =46 deg
'?‘180 — —
= PM =32 [deg \‘
4 PM F 28 deg
8270 PM[=25deg {
m S
-360
0.01 0.1 1 10 100
Frequency(Hz)

Figure 9. The Bode diagrams of the traditional VSG under different J.

Fortunately, different from the inertia of SG determined by the actual rotor, the inertia
of the VSG can be adjusted freely; this is the essential advantage of VSG over SG, yet people
only see part of this advantage, namely the ability to change the value of virtual inertia. In
fact, we can not only change the value of virtual inertia, but also endow the virtual inertia
with phase-frequency characteristics. This idea provides a new approach to improve the
transient characteristics of CVSG. In this paper, the virtual inertia with phase-frequency
characteristics is called extended virtual inertia (EVI), as follows:

o S+k1
h—]'SJrk2 (21)

Thus, the modified VSG is also called VSG-EVI, and the control block diagram of
VSG-EVI can be obtained, as shown below Figure 10.

Extended Virtual Inertia

1 APoui
ARel Wy J ji:' —>
[ ]
D =
L]

Figure 10. The control block diagram of VSG-EVI.

In Equation (21), VSG-EVI is equivalent to CVSG when k; = ky. Therefore, CVSG can
be considered as a special case of VSG-EVI. Further, we can draw the Bode diagram of
CVSG with VSG-EVL

As can be seen from Figure 11, the VSG-EVI improves the phase in the mid-band
compared to the CVSG, thus increasing the phase margin of the whole system.
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Figure 11. The Bode diagrams of the traditional VSG and VSG-EVI.

With the proposed extended virtual inertia, the VSG system transfer functions are
then established subsequently under both GC and SA modes for detailed analysis and
comparison with CVSG.

3.1. GC Mode

The active power loop gain of VSG-EVI can be obtained from Figure 8 as follows:

Gep1 Geq Goag-GE2p
_ Gepn | N GE2P 22
Gor1 = — <G52p 1~ Ge Grzg > (22)
where: Iy
s
Gept = : (23)

B ]C()()SZ + (]a)()kl + D)S + kzD

To investigate the effect of VSG-EVI on the power response in GC mode, the closed-
loop transfer function from Ps to Pyt of VSG-EVI can be obtained by combining Equations
(22) and (23) as follows:

APoyt _ Gop1

APset‘ N 1+ GOP1

From Equation (24), it can be obtained that the relationship between Ps.; and Py at a
steady state is as follows:

(24)

AP,
APyt = gim&ﬂ- < APy (25)

-0 14+Gop1 s

From Equation (25), it can be seen that VSG-EVI does not change the steady-state
characteristics of the power response in GC mode.

To further investigate the effect of VSG-EVI on the frequency response in GC mode,
the closed-loop transfer function from P, to wy, of VSG-EVI can be obtained by combining
Equations (22) and (23) as follows:

Awm o chl
APset‘ 1+ GOPl

(26)

According to Equation (26), the ROCOF of VSG-EVI at the Pg,; step instant is as follows:

dwy, 1 chl Peet 5 o Peet
- =1 - . 85 = —
dt |y s2=1+Gop1 s Jwo

(27)

Comparing Equations (14) and (27), it can be seen that CVSG and VSG-EVI have the
same ROCOF at the Ps step instant for the same J, independent of k; and k;. This implies
that VSG-EVI does not change the maximum ROCOF, which is often considered to be an
important feature of the frequency support characteristics of power systems.
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In order to further investigate the effects of k; and k; on the active power response
transient characteristics and frequency response transient characteristics, according to
Equations (24) and (27), the Ps,; step response curves under different parameters are plotted
in Figure 12. Figure 12a shows the power response curve, whereas Figure 12b shows the
frequency response curve.

15 NAN\_ i increase 15 NAW__ K increase
210 /XS ~ 210 | - -
Q;é *// v\ — k]zl,k_): | 5 — k1—10,k2—10
> — k=10 k=11 > — k; =10,k =3
Conventional VSG ! T 1 —_— =10k =5
O _/\'/:20,/\'3:] 0 J(lf ,]]* |
Time(s) Time(s)
(a)
* gf\'ROCOF Himit S kZ% T . ;:(ROCOF limit  —— ‘kl - fo, . —
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Figure 12. The frequency and power response curves of the system under different parameters:
(a) power response curve, (b) frequency response curve.

For frequency, increasing k; or decreasing k;, reduces the maximum offset of w;, and
reduces frequency oscillations. For power, increasing k; or decreasing k, suppresses power
overshoot and power oscillation. Even under different k; and ky, the initial (maximum)
ROCOF is equal for all frequency response curves and the steady-state values are equal for
all power response curves, which again proves that VSG-EVI does not change the frequency
support characteristics and power control characteristics.

In general, in GC mode, VSG-EVI can improve the frequency response transient
characteristics and power response transient characteristics without changing the frequency
support characteristics and the steady-state characteristics of the power response.

3.2. SA Mode

The transfer function from P,,; to w;, for VSG-EVI in SA mode can be obtained from
Figure 10 as follows:

Awqy,

o s+ ko
APout

- ](,LJ()SZ + (]kal + D)S + kzD (28)

According to Equation (28), the ROCOF of VSG-EVI at the P,,; step instant can be
obtained as follows:

dwy,
dt i

s+ky _Pout

Pout 2. _
Jwos? + (Jwok1 + D)s + koD Jwo

S

lim (29)
S— 00
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Comparing Equations (19) and (29), in SA mode, the maximum ROCOF of CVSG
and VSG-EVI are equal, both related to the ], independent of k; and ky. This implies that
VSG-EVI does not change the frequency support characteristics in SA mode.

According to Equation (28), the time domain relationship of VSG-EVI from Pyt to wyy
at a steady state can be obtained as follows:

. APyt s+ky APyt
Awy, = —lims- = —

>0 5 Jwos?+ (Jwoki+D)s+kD D

(30)

Comparing Equations (20) and (30), the steady-state frequency deviations of both
CVSG and VSG-EVI are determined by D in SA mode, independent of k; and k. This
implies that VSG-EVI does not change the frequency-power droop characteristics in SA
mode.

To further investigate the effect of k; and k; on the frequency response transient
characteristics, based on Equation (28), the zero-pole distribution can be plotted (Figure 13).

8 \ R
0.74
6 0.86
k; Iﬁcréase i
4r 7
f% 0.96-
ol
g ’,
Q
]
L L
= !
< .“
g 0:96
< .
g A
_6'—"0'.'86
-8 | P P Py i .
10 -9 -8 7 -6 -5 -4 -3 -2 -1 0

Real Axis(s econds'l)

Figure 13. The zero-pole distribution of the system in SA mode.

As shown in Figure 13, when kj increases, the conjugate poles keep approaching the
real axis. As ki continues to increase, the two conjugate poles turn into two real poles.
When k; increases, the dominant pole shifts left and the damping ratio decreases. Note that
in order to suppress frequency oscillations, the poles should be located on the real axis.

Correspondingly, we can also draw the frequency response curve in the variation of k;
and kj, as shown below.

As shown in Figure 14, when k; increases or k, decreases, the frequency of the system
will become slower, but the ROCOF at the initial moment and frequency deviation in the
steady state remain the same.

In summary, in both GC and SA mode, with reasonable parameters, VSG-EVI can

improve frequency stability without changing the frequency-power droop characteristics
and the maximum ROCOEF.
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Figure 14. The frequency curves under different parameters in SA mode. (a) Effects of k1, (b) effects
of k2.
4. Parameter Design

As the proposed VSG-EVI only manipulates the virtual inertia with frequency charac-
teristics, the controller parameter design process is very straightforward and deterministic.
No trial and error are needed, as seen in some existing papers.

4.1. Constraints for | and D

In GC mode, it can be seen from the above analysis that the ROCOF of the system is
directly related to the value of the virtual inertia J, as follows:

dwnp, o APge

(31)

Assuming that the maximum ROCOF limit is A Hz /s, taking into account an extreme
case where the reference power increases abruptly from 0 to the rated value, the virtual
inertia should satisfy, and J should satisfy the following constraint:

APset
> 32
1> 5t (32)
The effect of wg on Pyt in a steady state is as follows:
APyt = —D- Awg (33)

So, the value of D cannot be too large.
In SA mode, at the P,y step instant, the ROCOF of the system is directly related to the
value of the virtual inertia J, as follows:

dwn . APyt

(34)

Assuming that the maximum ROCOF limit is A Hz/s, | should satisfy the following
constraint:

]> APout‘
- 27Tf0)\

This is the same requirement for virtual inertia in GC mode.
In a steady state, the time domain relationship from P, to wy, of VSG-EVI is repeated
as follows:

(35)

APom‘

D (36)

Awy = —
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Assuming that the maximum frequency deviation limit is Afmax Hz, D should satisfy

the following constraint:
P out

D> _ -out
~ 27T Afmax

From the previous analysis, it is concluded that in GC mode, a large ] is beneficial to
reduce the maximum ROCOF and improve frequency stability. However, a large | will
reduce the PM of the active power control loop and seriously deteriorate the active power
response transient characteristics. Therefore, considering the limitations in the GC and SA
modes together, it is sufficient to choose slightly larger than the minimum ] determined by
Equation (35).

According to Equation (37), D is also limited by the capacity and the maximum
frequency offset in SA mode. Therefore, considering the limitations of SA and GC modes
together, it is sufficient to choose slightly larger than the minimum D which is determined
by Equation (36).

(37)

4.2. Design of EVI Parameters

Compared with the power controller G, of CVSG, the power controller Gy of the
VSG-EVI replaces the pole of s = —D/Jwy in CVSG with one zero and two poles. The zero
point and the two poles are shown below:

zZ0 = —kz (38)

~ —(Jwoky + D) N \/(]wokl + D)* — 4JwoDk,
P12 T 2 2]

The zero is determined by k; as shown in Equation (33). In order to improve PM, the
amplitude-frequency curve of the active power control loop should be made to cross 0
dB with a slope of —20 dB/dec. Therefore, the new added zero should be made to fall
before the cut-off frequency w, of the active power control loop gain of CVSG, and a certain
distance should be kept. Thus, the constraints of k, can be obtained as follows:

(39)

where:

201g

=0 (41)

Gep <G ch'GJZQ'GE2P>
N\ Goop ————F=—F~—

s=jwe
In the SA mode, in order to eliminate frequency oscillation (or make system work in

overdamped state), the poles should be placed on the real axis. Therefore, k; and k, should

satisfy:

kl ] wo + D

2vkaJwoD ~

The constraints of k; can be obtained by combining Equations (30) and (35) as follows:

(1-2/kyJwD) — D

Jwo

¢= (42)

ki > (43)

4.3. Parameter Design Flow

When all parameters are selected, it can be judged according to Equation (17) whether
the PM and cut-off frequency of the active power control loop gain of VSG-EVI can meet
the requirements. If the design requirements cannot be met, it is necessary to return to
Equation (16) and redesign k. The complete parameter design flow is shown in Figure 15.
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Figure 15. Parameter design flow.

In this paper, the circuit parameters and the main control parameters are shown in
Table 1.

Table 1. Circuit Parameters.

Parameter Value Parameter Value
Ve 220V C 30 uF
Ve 700 V Ly 1500 uH
fo 50 Hz D 6000
S* 10 kVA J 5.5
fow 20 kHz k1 10
L1 400 uH k2 1

5. Experimental Verifications

In order to verify the effectiveness of the VSG-EVI proposed in this paper, three-phase
VSG prototypes were tested in our microgrid testbed, with the detailed circuit parameters
and control parameters shown in Table 1. In the experiments, a real-time supervisory
control console is used to control VSG and acquire the data sent from DSP via the CAN
bus. Our complete microgrid testbed is shown in Figure 16.

Figure 16. Experimental platform.

5.1. SA Mode

The purpose of this subsection is to experimentally validate the difference in frequency
response between CVSG and VSG-EVI in SA mode, and the effect of k; and k; on the
frequency response. In the experiment, the prototype is running unloaded first, and then a



Energies 2023, 16, 2983

16 of 20

Frequency(rad/s)

Frequency(rad/s)

10 kW load is inserted. After the output frequency of the prototype is stable, the load is
removed. During the whole experiment, the output frequency is recorded through the CAN
bus in main control computer, and the output voltage and output current are recorded
through an oscilloscope. The output current is mainly determined by the load, so the
envelopes of the output voltage and output current for these four cases are approximately
the same with the same load, as shown in Figure 17.

Tek Prevu Noise Filter Off
T T
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Figure 17. Experimental results of voltage and current in SA mode.

Figure 18 shows the frequency curve. Figure 18a shows the experimental results
of conventional VSG and Figure 18b—d shows the experimental results of VSG-EVI with
different parameters.
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Figure 18. Experimental results of frequency in SA mode (a) conventional VSG (b) k1 =5, k; =1
(C) k] = 10, k2 =1 (d) k1 = 10, kz =3.

Comparing Figure 18a—d, it can be seen that VSG-EVI does not change the maximum
ROCOF at the load step instant and the frequency deviation in a steady state compared
to conventional VSG. This implies that VSG-EVI does not change the frequency support
characteristics and frequency-power droop characteristics in SA mode. Note that the
VSG-EVI has a smoother frequency curve, which improves frequency stability.

By comparing Figure 18b,c, it can be seen that when k; increases, the frequency
response speed decreases. Similarly, comparing Figure 18c,d, it can be seen that the
frequency response speed increases when k, increases.
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>

5.2. GC Mode

The purpose of this subsection is to experimentally validate the power command track-
ing abilities of VSG-EVI and to compare the active power response transient characteristics
of CVSG and VSG-EVL. In the experiment, the prototype is first pre-synchronized with the
grid and then connects into the grid. The main control computer sends a 10 kW step power
command, and after the output active power is stable, the power command steps to 0 kW.
During the whole experiment, the output active power is recorded through the CAN bus
in the main control computer, and the output current is recorded through an oscilloscope.
In Figure 19, the left graph is the output active power curve and the right graph is the
output current curve. Figure 19a shows the experimental results of conventional VSG, and
Figure 19b—d shows the experimental results of VSG-EVI with different parameters.
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Figure 19. Experimental results in GC mode: (a) conventional VSG; (b) ky =5, ky = 1; (c) k; = 10,
k2 = 1; (d) kl = 10, kz =3.

In Figure 19a, the output active power of CVSG shows an overshoot up to 70%
with large oscillations when the active power command steps. This implies that power
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electronics have to bear current inrush that far exceeds their capacity. Compared to the
CVSG in Figure 19a, VSG-EVI in Figure 19b-d significantly reduces the output active power
overshoot, eliminates power oscillations, and greatly improves the active power response
transient characteristics. In a steady state, VSG-EVI tracks the active power command just
as well as the CVSG.

Comparing Figure 19b,c, it can be seen that the overshoot of the active power response
decreases when k; increases. Comparing Figure 19¢,d, it can be seen that the response
speed increases when k; increases, whereas the overshoot of the active power response
increases. The experimental results coincide with the theoretical results in Figure 12.

6. Conclusions

To suppress VSG power and frequency oscillation, many existing methods have been
proposed so far. Though they are effective at suppressing the VSG oscillation, they suffer
from issues such as the reduction of frequency support capability and a complex controller
tuning process. This paper proposes a universal VSG control strategy based on extended
virtual inertia (VSG-EVI) to addresses these issues while retaining the effectiveness of
VSG oscillation suppression. As EVI, the virtual inertia is no longer a constant or varying
number; it is endowed with frequency domain characteristics to improve the VSG tran-
sient responses. Meanwhile, the controller parametric design process is also very much
simplified with the proposed intuitive extended virtual inertia, and comprehensive design
constraints and a design flow considering both GC and SA modes are introduced.

The VSG-EVI lab prototype experiments were thoroughly performed in our microgrid
testbed. Compared with the CVSG lab results, the proposed VSG-EVI increases the system
phase margin from 25° to 51.8°, and significantly reduces the 70% active power overshoot
to 15.6%. Compared to some other VSG oscillation suppression methods that violate the
ROCOF limits, VSG-EVI maintains a stable initial ROCOF at 0.84 Hz/s in SA mode and
GC mode, indicating that the VSG-EVI does not reduce the inertia support capability in
either SA mode or GC mode.

It should be mentioned that even though VSG-EVI is proposed with a single VSG
under both GC and SA modes, this method can be extended to multiple VSG parallel
application scenarios in future studies.
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Nomenclature

] Virtual inertia

D Droop coefficient of active power control
Dy Droop coefficient of reactive power control
K Virtual excitation regulation coefficient
Pset, Qset Command of power

Pout, Qout Output power

Win, Wref Output frequency and reference frequency
Uout, Uref Amplitude of voltage and reference voltage
Lg The total equivalent line inductance

R The total equivalent line resistance
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Xq The total equivalent line reactance
Ax Small signal of x
Gsop, Geap, Guop Transfer function of active power
G20, Ge20, Gu2g Transfer function of reactive power
Geps Gep1, Geg Controller
Gop, Gop1 Loop gain of active power control
ki, ko Parameter of VSG-EVI
wWe Cut-off frequency
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