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Since the large-scale integration of renewable energy sources into the AC
grid has led to a relative decline in the voltage support capacity of the grid
and the deterioration of the voltage dynamic at the grid connection point,
especially under fast-scale conditions, the voltage disturbance has become
more obvious. To improve the dynamic characteristics of the electromagnetic
transient voltage at the grid connection point, this paper uses a practical
dynamic damping method to analyze the impact of the converter current inner
loop, feedforward voltage, and other links on the dynamic performance of the
electromagnetic transient voltage. First, the current inner loop dynamic in the
converter's synchronous coordinate is converted into an equivalent transfer
function in the stationary coordinate, and the transfer function between the
transient voltage disturbance at the grid connection point and the inner loop
current output is established. On this basis, the Bode diagram and the vector
diagram of the transfer function in the weak damping frequency band are used
to analyze the dynamic damping of the current inner loop parameters and
voltage feedforward filter parameters on the voltage disturbance at the grid
connection point. The results indicate that moderately increasing the current
inner loop bandwidth or reducing the feedforward filter bandwidth can help
enhance the electromagnetic transient voltage stability of the grid connection
point, but increasing the current inner loop bandwidth will worsen the low-
frequency damping characteristics and reduce the feedforward filter bandwidth
will still help increase low-frequency damping.

renewable energy, converter, transient voltage, dynamic damping, current loop

1 Introduction

The dynamic characteristics of frequency and voltage have always been critical
characteristics of power quality in the power system. In traditional power systems, the
focus is mainly on the electromechanical time-scale frequency dynamics dominated
by the synchronous machine rotor, while in the electromechanical time-scale, voltage
dynamics are often described using algebraic equations (Kundur, 1994; Wu et al., 2023).
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Therefore, traditional power systems lack research and attention
to faster scale voltage dynamics (Vu et al., 1995; Cheng et al,
2024), and the practical factor is that the synchronous machine
excitation control system provides sufficient voltage support
capability (Huang et al., 2018; Lof et al., 1993).

With the large-scale integration of power electronic devices
such as photovoltaics, wind power, flexible DC, and flexible AC
transmission into the power grid, the sensitivity of the power grid
response to electromagnetic time-scale disturbances continues to
increase. Taking the doubly fed induction generator (DFIG) as an
example, the rapid fluctuation of grid voltage can trigger negative
sequence magnetic potential fluctuations in the electromagnetic
time scale of DFIG, making it difficult to achieve the low voltage
ride through (LVRT) control goal smoothly (Xu et al, 2012;
Li et al., 2022). In addition, multi-scale cascade control structures
are commonly used in various new energy generation equipment
types. For example, new energy converters commonly use control
loops such as phase-locked loops (PLL), current inner loops, and
power outer loops, which require the dynamic analysis of grid
voltage affected by multi-scale cascade control of converters to
be extended to more time scales (Zhou et al, 2014; Hu et al,
2023). In summary, as the scale of power electronic equipment
integration continues to increase, the dynamic characteristics of
electromagnetic time scale grid voltage will become one of the
focuses of power quality issues (Milano, 2016; Hansen et al., 2019;
Breyer et al., 2022).

The voltage stability analysis in traditional power systems
often uses the quasi-steady state phasor method to study the
relationship between reactive power and voltage amplitude in power
flow equations (Xie et al., 2012; Simpson-Porco and Bullo, 2016;
Song et al., 2019; Li et al,, 2021; Chu and Teng, 2023; Chen et al.,
2019; Chen et al., 2020). However, the multi-scale cascade control
of power electronic equipment is aimed at controlling instantaneous
values. Therefore, traditional voltage stability analysis models based
on vector methods make it difficult to explain the impact of
power electronic control loops on the dynamic characteristics of
power grid voltage at the electromagnetic transient time scale
(Zhao et al., 2016).

Generally, the voltage dynamics of the power grid are mainly
affected by the reactive power or current output. For the widely
used grid following converters, their electromagnetic transient scale
exhibits external characteristics of the current source, and the
control characteristics of instantaneous current will directly affect
the dynamic characteristics of the power grid voltage. Zhao et al.
(2016) conducted a preliminary analysis of the dynamic voltage
characteristics at the electromagnetic scale, but the modeling process
lacked detailed derivation, and the proposed scheme only improved
the high-frequency characteristics while ignoring the potential
adverse effects in the low-frequency range.

This article provides a detailed derivation of the transformation
formula for the inner loop controller from the rotating coordinate
system of the control system to the three-phase stationary coordinate
system. Based on this, the influence of the bandwidth changes
of the current inner loop and voltage feedforward filter on the
high-frequency and low-frequency ranges of the grid voltage
is analyzed.

Research has found that moderately increasing the bandwidth
of the current inner loop or reducing the bandwidth of the
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feedforward filter can help enhance the transient voltage stability
at the grid connection point. However, increasing the current
inner loop bandwidth will deteriorate the low-frequency damping
characteristics, while reducing the bandwidth of the feedforward
filter still helps to increase low-frequency damping.

2 Dynamic modeling of transient
voltage scale

2.1 Multi-scale voltage control architecture

Due to the large number and diverse types of equipment in the
power system, a layered multi-scale control structure is traditionally
commonly used to meet the multi-time scale frequency and voltage
regulation requirements during the operation of the large power
grid. This article takes an example of a wind farm composed of
direct-drive wind turbine generator. Below is a brief introduction
to the voltage control architecture of the existing wind farm station
on a time scale from slow to fast. The control structure diagram
is shown in Figure 1.

The wind farm controller is responsible for detecting the
amplitude of the high-voltage side voltage. For general onshore wind
farms, the high-voltage side volt-age level is generally around 220 kV.
When the amplitude of the high-voltage side voltage deviates from
the set value, the wind farm controller will calculate the reactive
power demand and send it to the reactive power compensation
equipment and wind turbines in the wind farm. Reactive power
compensation equipment, such as static var generator (SVG), has
a larger rated capacity, generally about three times that of wind
turbines. The reactive power compensation equipment converts the
reactive power demand output by the wind farm controller into the
command value for voltage control on the medium voltage side. The
voltage level on the medium voltage side is generally around 35 kV.
The wind turbine also receives the reactive power command value
issued by the wind farm controller and converts it into the command
value of the low-voltage side voltage control, that is, the command
value of the AC voltage outer loop. The low-voltage side voltage level
is generally 0.69 kV.

The above voltage control at all levels covers multiple voltage
levels such as station terminal voltage and wind turbine terminal
voltage, covering voltage control issues from electromechanical
to medium to long-term time scales on a time scale. These
scale voltage controls also exist in traditional power systems. In
addition, power electronic converters have a much faster response
speed than traditional synchronous generators, thus also possessing
faster scale voltage control that traditional power systems do
not have, ie., electromagnetic transient voltage/reactive power
control at the current inner loop scale. The inverter controls
the transient voltage in the electromagnetic transient time scale
by controlling the inner loop current command, such as the
g-axis current.

This article focuses on the transient voltage dynamic response
problem at the electromagnetic transient scale. The following text
will establish a transfer function model for the controller and
transmission line at this time scale.
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FIGURE 1

Reactive power control diagram of PMSG.

2.2 Dynamic equivalence model of inner
loop scale

This article aims to analyze the instantaneous voltage dynamic
characteristics of a voltage source converter (VSC) single-machine
infinite bus system. Therefore, a single machine-connected
system with an LC filter and AC line connected to the grid,
as shown in Figure 2, is established to simplify the analysis process.
Among them, U, and I, represent the internal potential and output
current of the inverter, U, represents the grid voltage, and I and
I, represent the current flowing through the filter capacitor and the
current flowing through the AC line, respectively.

The filtering capacitor at the top of Figure2 serves as a
low resistance path for high-frequency harmonics, reducing the
harmonic component in the output current I, of the inverter. The
filtering capacitor voltage U, is used as the grid voltage of the
converter, and its dynamic characteristics are the focus of this article.

To analyze the voltage dynamics at the grid connection point, it
is necessary to establish a dynamic model of the VSC inverter control
system. For the time scale of the current inner loop, the dynamic
model needs to take into account the inner loop PI controller,
voltage feed-forward (VFF) filter, and other links. Below Figure 2
is a schematic diagram of the control architecture in the time scale
of the VSC current inner loop, where the subscript containing abc
represents the three-phase AC signal and the subscript containing
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dq represents the DC signal in the rotating coordinate system of the
controller.

Below are the dynamic equivalent models for the current inner
loop, voltage feedforward filter, and AC power grid, respectively. The
main idea of modeling is to adopt a certain degree of approximation
for the above links, and convert the transfer function of the rotating
coordinate system (subscript dq) to the stationary coordinate
system (subscript af3), finally convert it to a three-phase stationary
coordinate system (subscript abc).

The current inner loop of the inverter adopts proportional
integral control (PI) based on the rotating coordinate system, as
shown in Figure 2. Ignoring coupling terms wL that have a relatively
small impact on dynamic characteristics, the input-output and
transfer function of the current inner loop can be expressed as

follows:
. K; . .
T R e
Hiq 0 K,+ X g f1q
P s
Gy(s)
where the input and output variables have self-

illumination in Figure 2, which will not be further introduced here.
K, and K; represent the proportion and integration coefficients in
PI control, s represents the Laplace operator, Ggq(s) represents the
transfer function matrix.
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VSC grid-connected system.
There is a relationship between the product of time-  function matrix Ggq(s) in Equationl can be used to

domain functions and trigonometric functions and their Laplace
transform (Zmood et al., 2001):

L(f(t)cos wt) = ~[F(s + jw) + F(s — jw)]

1
H )
L(f(t)sin wt) = 2 [F(s +jw) — F(s — jw)]
where f(t) represents the time-domain function, Lf(t) represents
the Laplace transform of f(¢), and F represents the result after the
Laplace transform.
Taking the time-domain voltage signal as an example, there is a
transformation relationship between the time-domain voltage signal
in the dq coordinate system and the a8 coordinate system as follows:

u,(t) | coswt  —sinwt uy(t)
ulg(t) " | sinwt  coswt uq(t)

After substituting Equation 3 into Equation 2 and applying

A3)

the same processing to the current signal, the transfer
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derive Gyg(s) in the af coordinate system, which is shown
in Equation 4.

K, + sK; - ZwKiz
Gylo)=| | Stet  Sre @)
op wK; sK;
2 2 KP+ 2 2
st w sSTtw

where w represents the fundamental frequency.

The electromagnetic transient simulation algorithm of the power
system establishes circuit equations in a three-phase stationary
reference frame and uses numerical iteration methods to simulate
the dynamic process of the system. Therefore, this paper simulates
the electromagnetic transient simulation algorithm and establishes
the system dynamic equations in a three-phase stationary reference
frame. Then, by defining the transformation matrix T in Equation
5 between the a8 coordinate frame and the abc coordinate frame,
Gapc(s) can be further obtained from G,g(s), which is shown in
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Equation 6.
2 1 1
3 3
T=|3 5)
[ 0 g _\/Tgl Gabc(s) = T+Gaﬁ(5)T (6)
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where T represents the pseudo inverse of matrix T. Equation 7 is a
commonly used form of T™.

1 0
L1 V3
T"=|"3 2 (7)
1 V3
2 2

According to Equation 6, G, (s) is approximately a diagonally
dominant matrix in the mid to high frequency range, with all

diagonal elements being G,(s), as shown in Equation 8.

sK;

1
The nondiagonal elements are G,(s), which can be
calculated by Equation 9.
1 \/§wKi sK;
Gf'(s):a(im‘szmz"‘v ?

(s) approximately

In order to simplify the analysis and make G .

decoupled between the three-phase instantaneous current control,
this paper adopts the relative gain array (RGA) to analyze the
priority of the matrix elements. Bristol proposed RGA (Bristol,
1966), and Grosdidier et al. (1985) further gave relevant proofs
of the mathematical properties of RGA. The control theory states
that a RGA can be formed for every multiple input multiple
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output system. Its basic principle is: for a system with g inputs
and k outputs, the relative gain A; between the input u; (j = 1,
2, ..., g) and the output y; (i = 1, 2, ..., k) can be expressed by
Equation 10:

(10)

where, the numerator represents the mode in which all controls
are open-loop; the denominator represents the mode in which all
controls are open-loop except for the closed-loop control of the

u;-y; loop.
In this paper, the relative gain matrix can be
expressed by Equation 11.
Rpa = [15] = Gasc9) ® (Gupe(9) )" (n

where, ® represents the Hadamard product of the matrix;
G ap(s) the
frequency.

represents transfer function matrix at any

In order to evaluate the correlation of each element in the relative
gain matrix, the heat maps of the transfer function G;,.(s) at 30 Hz,
80 Hz, 100 Hz, and 120 Hz are plotted in Figure 3. It can be seen
that the value of the diagonal element of RGA is much larger than
the nondiagonal elements and the system can be approximately

decoupled.
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Phasor diagram of Gec(s).

In addition, according to the analysis, it can be seen
that the influence of nondiagonal elements G,(s) near the
fundamental frequency band is relatively small, as shown in
Figure 4, so the G,(s) will be ignored in the following text
(Erika and Holmes, 2003).

The above coordinate transformation aims to approximate
decoupling between three-phase instantaneous current control,
facilitating the use of a single-phase transfer function G.(s) to
analyze the dynamic damping characteristics of the instantaneous
voltage at the grid connection point of the inverter in the
following text.

In addition, to simplify the analysis process, a first-order transfer
function is used to approximate the sampling/calculation delay
of voltage feedforward VFF and pulse width modulation (PWM),
respectively (Jia et al., 2019). In the abc coordinate system, the above
two first-order links are approximated as the following transfer
functions.

%
ap+s

Gy(s) = (12)

1 1
G = =~ 13
als) 1+ Tpywp(s+jw) 1+ Tpyys (13)

where G,(s) represents the VFF transfer function, which was
originally constructed in the dg rotating coordinate system and
is approximated as a first-order transfer function in the abc
coordinate system; The approximation process of G,(s) and G,(s)

Frontiers in Energy Research

is the same as, where Tpyy); represents a sampling delay constant
of 1.5 times.

According to Equations 8, 12, 13 above, the transfer function of
the current inner loop time scale in the abc coordinate system can
be obtained by Equation 14.

1 sK; ) s % 1
== K,+ —i )+ . k=a,b,
ik [ 3 ( P2y w? (lk lk) af I TpWMs( @b.c)

(14)

where the and output variables also have self-

illumination in Figure 2.

input

The dynamic model of the three phase symmetrical circuit
is shown in Equation 15, mainly describing the differential equation
between the instantaneous voltage and current on the LC filter and
the line inductance.

diy .
L, dr Mk M iRy
dutk
Ttk _ (k=a,b,c) (15)
1 =l
diy,

L,— =u,; —u,. — iR
27 0¢ tk — Uk — oKy

At this point, the dynamic equivalent model of the VSC grid-
connected system with the current inner loop scale has been
established, and the composition structure of the system is shown
in the schematic diagram in Figure 5.
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FIGURE 8
Bode plots of Gy¢(s).
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3 Dynamic damping analysis method
for electromagnetic transient voltage

As
grid connection point of the inverter mainly refers to the

shown in Figure4, the transient voltage at the
dynamic voltage u, on the filtering capacitor C. Obviously,
the voltage on the filtering capacitor C satisfies the following

differential equation.

dutk

C
dt

=ig =iy —iy(k=a,b,c) (16)

Equation 16 reflects the dynamic generation mechanism of
transient voltage at the grid connection point of the inverter, that
is, the voltage on the filtering capacitor C cannot undergo sudden
changes, but indirectly generates voltage changes through changes
in injected currents on both sides. From another perspective, the
output current i; of the inverter is generated by the deviation
between the output voltage u, of the inverter and the voltage u,
of the grid connection point, while the injected current i, of the
grid is generated by the deviation between the voltage u, of the grid
connection point and the voltage u, of the grid connection point.

According to the above analysis, it can be concluded that when
the voltage u, at the grid connection point is disturbed by external
factors, the currents i; and i, on the inverter side and grid side will
change. According to Equation 16, the changes in current i, and
i, will also cause a transient response of the voltage u, at the grid
connection point.
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The above analysis provides an analytical approach for the
dynamic damping of transient voltage at the grid connection
point, which involves establishing a small signal model between
the voltage disturbance Au, at the grid connection point and the
current disturbance Ai; at the output of the inverter. By observing
the frequency domain characteristics of the open-loop system,
the dynamic damping distribution of transient voltage at the grid
connection point in different frequency bands can be determined.

By linearizing and approximating the dynamic model in
Section 2.2, the transfer function between perturbations can
be obtained.

Auy = -G (5)G4(s)Ai; + Gi(s)G4(s)Auy

1
Aiy = ———(Au, - Au
1 SL1+R1( 1 t) (17)

Ai, = Au, — A
) sL2+R2( u,— Au,)

Aic = CsAu, = Aiy — Ai,

Equation 17 consists of four equations, with a total of five
variables, namely Ai;, Ai,, Au;, Au,, and Au,. When conducting
stability analysis, the variation of voltage amplitude in the power
grid is generally ignored, i.e., Au, = 0. So, according to the first two
equations in Equation 17, the transfer function between Ai; and Au,
can be solved, which is shown in Equation 18.

i Gz(S)Gd(S) B 1
VU S+ R +G(s)Gy(s) ' sLi+R,+G(s)Gy(s)

Au, (18)
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Equations 19, 20 define the transfer functions for analyzing the
damping effects of the current inner loop and VFF on transient

From the above two definitions, it can be seen that
when the influence of VFF is not considered, analyzing the
voltage separately. dynamic damping characteristics represented by Ggc(s) can
1 analyze the influence of current inner loop parameters on
Gecls) = sL,+R, + G,(s)G(s) (19) transient voltage. When considering the influence of VFE
‘ analysis Gypp(s) reveals the influence of VFF parameters on

Gypp(s) = Gi(5)Gy(s) (20) transient voltage.

sL; + R, + G.(s)Gy(s)
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4 Case study

4.1 Analysis of the influence of controller
bandwidth

Here, we analyze the Bode diagram and vector diagram of the
above transfer function G(s) and Gypp(s) at the current inner
loop time scale, respectively, to reflect the influence of controller
bandwidth on the dynamic damping of transient voltage at the grid
connection point.

Firstly, analyze the dynamic damping impact of the current inner
loop bandwidth on the transient voltage at the grid connection point.
Figures 6, 7 show the Bode plot of the transfer function and its
corresponding vector plots at 30 Hz and 80 Hz frequency points,
respectively. Where f,, represents the bandwidth of the current inner
loop, and in the case analysis, three types of inner loop control
are used: 120 Hz, 160 Hz, and 200 Hz. Here, it can be considered
that the time scale of the current inner loop corresponds to the
region between 80 and 200 Hz. It can be seen from the dashed
line in Figure 7 that as the inner loop bandwidth increases, G (s)
provides greater positive damping at 80 Hz, which can effectively
reduce the output current disturbance of the inverter caused by
voltage disturbance at the grid connection point. However, it is
also evident from the solid line in Figure 7 that as the inner loop
bandwidth increases, G (s) provides smaller positive damping at
30 Hz, leading to a deterioration of low-frequency characteristics.

Next, analyze the dynamic damping of voltage feedforward filter
parameters on transient voltage at grid points. Take ay as 500, 1000,
and 2000, respectively, and draw Bode plots of Gypp(s) and their
corresponding vector plots at 30 Hz and 100 Hz frequency points,
as shown in Figures 8, 9.

From the results in Figures 8, 9, it can be seen that increasing
ay can also increase negative damping in both the frequency range
(100 Hz) corresponding to the current inner loop scale and the low-
frequency range (30 Hz). Increasing a; corresponds to reducing the
bandwidth of the voltage feedforward filter.

4.2 Simulation verification

To verify the effectiveness of the above analysis, this paper
built a VSC grid-connected system as shown in Figure 2 on the
MATLAB/Simulink platform to observe the changes in PCC point
voltage u, under different current inner loop bandwidth and voltage
feedforward filter parameter settings.

When the inner loop bandwidth is 120 Hz, a disturbance of 0.1
p.u. is added to the voltage at the grid connection point at 1 s. The
voltage stabilizes after 3 s, as shown in Figure 10. When the inner
loop bandwidth is 160 Hz, a disturbance of 0.1 p.u. is added to the
voltage at the grid connection point at 0.2 s. The voltage fluctuation
lasts for 0.55s, as shown in Figure 11. As indicated in Figure 12,
when the inner loop bandwidth is increased to 200 Hz, the voltage
fluctuation lasts for 0.5 s under the same disturbance.

The above simulation proves that increasing the bandwidth of
the current inner loop will increase the positive damping, which
can effectively reduce the fluctuation duration caused by voltage
disturbances.
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Moreover, the influence of VFF parameters is analyzed below.
When the bandwidth of the current inner loop is 200 Hz, the values
of oy are set to 100, 200, and 500, respectively. At t=0.2's,a 0.1p.u.
disturbance is introduced to the voltage of the PCC point, causing
voltage fluctuation durations of 0.25s, 0.17 s, and 0.07 s, as shown
in Figures 13-15.

From the above results, it can be seen that as the parameters
of the voltage feedforward filter increase, it can provide
greater positive damping, and the time required for the grid
voltage to recover to a steady state after being disturbed is
shorter. Therefore, increasing the parameters of the voltage
feedforward filter can effectively reduce the grid voltage
disturbance.

5 Conclusion

This paper analyzes the impacts of the current-loop control
parameters on the electromagnetic transient voltage performance
of the voltage-source converter. The conclusion is that moderately
increasing the current inner loop bandwidth or reducing the
feedforward filter bandwidth helps to enhance the damping
in the high-frequency range of the voltage dynamic. However,
increasing the current inner loop bandwidth will deteriorate
the low-frequency damping characteristics, while reducing
the bandwidth of the feedforward filter still helps to increase
low-frequency damping.
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