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Dear Editor,

The virtual synchronous generator (VSG) follows the synchronous swing
equation with the virtual inertia loop, and the VSG power output always lags
behind the power reference. This characteristic reduces the power utilization
efficiency of renewable power generation units, such as wind and photo-
voltaic. To improve the power tracking performance of the VSG, this letter
proposes a power tracking performance enhancing method. The VSG power
prediction model with the variations of the VSG inertia, damping, and voltage
droop coefficients is built, and the VSG power tracking performance opti-
mization problem is constructed, through which the multiple VSG control
parameters can be collaboratively tuned to reduce the difference between the
VSG power and the power reference. Compared to the existing methods for
enhancing the VSG power performance, the proposed method takes into
account the combined effects of the VSG synchronous swing equation and
the voltage excitation loop. This results in a more effective solution to the
power lagging issue of VSG power when following the synchronous swing
equation.

With the increasing capacity of renewable energy generation,'” the grid-
forming inverter control technologies have also been developed. The virtual
synchronous generator (VSG) control is one of the typical grid-forming
control strategies for grid-connected converters® in distributed power
sources. The VSG control makes them act like the synchronous generators
(SGs) and add more reliability to grid.

It has been studied®® that both the inertia, damping, and voltage droop
coefficient are related to the performance and stability of the VSG. Normally
larger inertia adds more status delay and instability to the VSG, larger damp-
ing slows the VSG response, larger droop coefficient amplifies the VSG oscil-
lation.

The adaptive inertia,” the active damping,” the adaptive droop,” the cooper-
ative adaptive inertia and damping'® are developed to enhance the VSG
frequency response. Yet the power lagging characteristics of the VSG, which
are affected by both the synchronous swing equation and the voltage excita-
tion equation, have not drawn enough attentions.

To deal with the power lagging problem, this letter proposes a VSG power
tracking performance improvement method. The inertia, damping, and volt-
age droop coefficient are collaboratively optimized to reduce the error
between the VSG output power and the power reference, and a better power
tracking performance in VSG can be obtained with less overshoot and power
oscillation.

THE POSSIBILITY TO IMPROVE POWER TRACKING PERFORMANCE OF

THE VSGS

The voltage references obtained from the VSG control are normally utilized
with the current loop for the grid-connected inverter. Since the current loop
settings are designed to match the line filter and the grid parameters, their
changes should be avoided. Therefore, the only possible way to regulate the
VSG power performance is to tune the VSG parameters. In order to improve
the power tracking performance for the VSGs, the modelling of the VSGs is
obtained using the multiple VSG control parameters as inputs at first, then

the VSGs power under multiple control parameter change is predicted. Then,
the power tracking performance optimization problem of the VSGs is
constructed and solved, and the VSG parameters are optimized to reduce the
error between the VSGs power and the power references. The main idea of
the proposed method is shown in Figure 1.

VSGS MODELLING USING GRID-FORMING PARAMETERS
The VSG dynamics in Figure TA can be written using (1)-(3) as:
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where & is the VSG phase angle, w, and w,, represent the VSG frequency
and the grid frequency, E is the VSG voltage amplitude, U, is the grid voltage,
P, P, Qe Q, are the active & reactive power and the references, J, is the
inertia, D, is the damping, K, is the droop coefficient of the Q-U loop. The
VSG power can be calculated using (4) as:
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where R, and X, represent the line resistance and impedance. P, is related to
6 and E, so the increment of P, can be linearly written using the increment of
6 andE as:

AP, = GuyAS + G AE (5)

where G, = (£,U,R,sind,+E,U,X,c080,) / (R2+X2), Gpe = (2R,E,—U,R,C080,+
U,X,sind,)/(R2+ X2), the subscript i represent the ith VSG, and the subscript
0 represent the initial value for each calculation.

Based on (1)-(5), the single VSG space-state equation using J,, D,, and K,
as inputs can be written in (6) as:

Axw :AviAva +BviAuvl (6)
Ay,; = CpilX,,

where Ax,, = [Aw, ASAEAJ, AD, AK, ]", Vi € Nuss AU, = [AJTADEAKE] Vi €
Nyss, Nyss is the number of VSGs, T, is the control delay for parameters
change.

Based on (6), the space-state equation of multiple VSGs can also be
obtained as:

AXx, = A,AX, + B,Au, %
Ay, = C,AX,

where Ax, = [AX,1, ... M) /AU = [AU,s, ... AUy, ] A, = diag[Ay, ... Auwg]s
B, =diag[B,:,-.-Buny,):Co = diag[C.1,...Cyn ) Coi = diag[1, ... 1],¥i € Nyge,

V.Nysg Nyss

ﬂ J—

The Innovation Energy 1(4): 100060, November 25, 2024 1

ABiauj uonpnouu| ay|



mailto:weijuanba@hnu.edu.cn
mailto:huangsheng319@hnu.edu.cn
mailto:sdskfzx@shandong.cn
mailto:weijuanba@hnu.edu.cn
mailto:huangsheng319@hnu.edu.cn
mailto:sdskfzx@shandong.cn
https://doi.org/10.59717/j.xinn-energy.2024.100060
https://doi.org/10.59717/j.xinn-energy.2024.100060
https://doi.org/10.59717/j.xinn-energy.2024.100060
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

LETTER

0 Single VSG topology e Stability constraints

VSG controller Inertia increases Damping increases Droop increases
Pgrsf % + w‘/

+ : +

A

Imag axis
x
x
x

xX X X Xy,

x
%

Imag axis

www.the-innovation.org/energy
+
S
x x
xx
xx
gxz x
ov—
—_—
RO—
X X000

imag axis

x

real axis real axis real axis

Qgrsf + K' + ESS x x
e Multiple parameters optimization Q Power tracking performance improved

Multiple VSGs
Modelling Eq.(1)Eq.(8)

Less rise time

Power Prediction .
using AJ, AD, AK, 2
g Better power tracking """ reference
Power Error - — fixed
AR - a Less overshoot
E0(101%409 — poposes
— —— CAP,high K
Optimized Optimization g
J, D, K, problem solving i i | | | — CAP,low Kg

Time(s)

| P D
D5o>
Iy (@@

Renewable Energy Generation Base with Multiple VSGs

Figure 1. Procedures of the power tracking performance improvement method.
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Then, (7) can be discretized as:

{ DX, (k+1) = Awhx, (K) + Bau, (K)
Ay, (K) = CuliX, (k)

where A,y =e*™, B,y = f;*eA"B.,dt, Cy. = C,, T, is the sampling time.

MULTIPLE PARAMETERS OPTIMIZATION FOR VSGS POWER TRACKING
PERFORMANCE IMPROVEMENT

Based on (5), the power of VSGs can be predicted as:

Py k1) = Py + Y. G AE (K) + Y. Gy 5, (K) ©)
k=1

k=1
where N, is the predict steps.
Combining with (8) and (9), the main cost function of the power tracking
performance optimization problem can be written into the quadratic
programming form as:

Np Nysg

Obj, =minY" Y [|P, (k) =PI’ (10)
k=1 i=1
Meanwhile, the parameter fluctuations should be limited as:
No Nysg
Obj, =min}. Y (@, |AJ (k) | + a0 || ADF (K) |+ acl [ 2K () [1) - (11)

k=1 i=1

Through (8), (10), (11), the output power of multiple VSGs will be closer to
the power reference by coordinately tuning J,, D,, and K,. The stability
constraints as shown in Figure 1B are obtained from the related studies™” as:

I < J < IV E Nygg (12)
D" < DIf < DT Vi € Nyse (13)
K;nm < K’:f < K;naX7Vi € Nyss (1 4)

By solving the quadratic optimization problem in (10)-(14), the inertia,
damping and voltage droop coefficient for multiple VSGs can be simultane-
ously optimized so that the power references can be better tracked. The
procedures of the proposed method are shown in Figure 1C.

EFFECTS

In order to verify the validity of the proposed method, 5 VSGs in parallel
connection are connected to the grid through the transformers, the transmis-
sion line exists between the grid and the first VSG node, and it also exists
between each VSG node. The cooperative adaptive parameters (CAP) control’
and the fixed parameters are selected as the compared cases.

The step and ramp power response of VSG are compared in Figure 1D. As
shown in the results, the VSG can better track the power reference through
the proposed method under both step and ramp commands. It can also be
noticed from the two CAP cases that high K, offers a better power tracking
performance.

When different random power references are given to the 5 VSGs, the
accumulative power error between the sum of 5 VSGs power and the power
references are also compared, the accumulative power error of the fixed
parameters case is used as the denominator to calculate the error ratio.

LETTER

Compared with the fixed parameters and the CAP cases, the proposed
method reduces the accumulative power error by about 7.36% (CAP with low
K,) and 6.41% (CAP with high K,) within 300s of random power.

CONCLUSION

The virtual synchronous generator-based grid-forming technology is one
of the key technologies for ensuring the safe and reliable integration of large-
capacity power electronics into the grid. However, grid-forming power
sources follow the synchronous swing equation, resulting in slow power
responses. In order to deal with the slow power response, this letter proposes
a power tracking performance enhancing method with multiple parameters
optimization for the virtual synchronous generator-based grid-forming power
sources, the error between the VSGs power output and the power references
is reduced by coordinately tuning the inertia, damping and voltage droop
coefficients, and the better power tracking performance is obtained
compared with the similar methods.

Through this method, the conflict between the slow dynamic response of
the grid-forming units and the performance requirements of the grid can be
resolved, the energy utilization efficiency of renewable energy generators can
be increased, and the responsiveness of distributed energy power plants to
dispatch power commands can be enhanced.
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