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ABSTRACT In this article, a small-signal model of grid-forming (GFM) converters that takes into account
the presence of ac shunt capacitors in the power grid is presented. It is revealed that the inclusion of shunt
ac capacitors in GFM converters leads to the emergence of two new resonant peaks in the loop gain of the
active power control (APC) loop, in addition to the fundamental-frequency resonant peak that was previously
identified in literature. Further analysis based on the equivalent APC considering P/Q coupling has confirmed
the same destabilization effect of ac shunt capacitors by introducing two extra resonant peaks. Based on
the insight, it is suggested that the active damping control needs to be adapted to effectively dampen all
three resonant peaks to ensure the stable operation of GFM converters. Finally, simulations and real-time
simulations are carried out to corroborate the theoretical findings.

INDEXTERMS Active damping, grid-forming (GFM), power control, small-signal model, stability, voltage-

source converters.

I. INTRODUCTION

Nowadays, renewable energy resources, such as wind and
solar power, are increasingly developed and interfaced with
power systems via power converters [1]. The multitimescale
control dynamics of power converters pose new challenges
to the stability of the power grid [2], [3]. To address these
challenges, grid-forming (GFM) control has emerged as a
promising solution to operating converters in weak grids. By
controlling GFM converters as a voltage source instead of a
current source, GFM converters can operate stably even at low
short-circuit ratios (SCR) of the power grid [4].

According to [5], GFM converters maintain terminal volt-
age by regulating its reactive power and synchronize with the
power grid by regulating the output active power. Therefore,
it is essential to design active and reactive power control
(RPC) loops to ensure the stable operation of GFM convert-
ers [6]. When GFM converters are connected to an inductive
grid impedance with an inductor filter, it is discovered in [7]

and [8] that there is a resonant peak at the grid fundamental
frequency in the loop gain of the active power control (APC),
which can cause unstable operation of GFM converters [9].
Traditional approaches, such as the active damping technique
using a virtual resistor with a high-pass filter (HPF), have
been proposed to dampen this resonant peak [7], [10]. The
guidelines for tuning the parameters of the virtual resistor and
its associated HPF are described in [11].

In previous studies [8], [12], it has been noted that the
APC of GFM with shunt capacitors at the point of common
coupling (PCC) in ac grids exhibits multiple resonance peaks,
as opposed to a single peak at the fundamental frequency.
However, the implications of these additional resonance peaks
on system stability and the development of suitable active
damping control strategies have not been comprehensively
explored [13], [14]. It is important to recognize that the im-
pact of shunt ac capacitors might be insignificant when they
are small and have a limited effect on the low-frequency
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FIGURE 1. Configuration of the studied system consisting of a
grid-forming voltage-source converter, filter, transformers,
transmission/distribution lines, and infinite bus.

dynamics of the APC, as elaborated in [8]. In scenarios in-
volving large shunt ac capacitors (e.g., contributed by shunt
capacitor branch utilized for reactive power compensation or
capacitive loads), ignoring the influence of shunt ac capaci-
tors in designing the active damping control may result in an
inability to stabilize the GFM converter, as partly presented in
our previous work [6]. Therefore, the primary contributions of
this article are as follows.

1) Unlike prior studies that largely depended on numerical
simulations or analysis, this work obtains the expres-
sions for frequencies of resonance peaks, introduced by
shunt ac capacitors, through the APC and the equivalent
APC analysis.

2) Nevertheless, the influence of large inductors (e.g., con-
tributed by transmission lines or transformers) and SCR
in designing the active damping is specified, thereby
delivering design recommendations for active damping
control.

3) Moreover, the dynamic impact of the RPC loop is con-
sidered in the equivalent APC analysis to offer a deeper
understanding of the dynamic impact of ac capacitors.

The rest of this article is organized as follows. In order to

explore the dynamic effects of shunt ac capacitors on the GFM
converter stability and the development of active damping
control, this article establishes a small-signal model for GFM
converters that includes shunt ac capacitors, as outlined in
Section II. With the established model, an open-loop gain
analysis is employed in Section III to examine the conse-
quences of ac shunt capacitors and active damping on the
stability of GFM converters. The investigation shows that
incorporating shunt ac capacitors leads to two extra resonant
peaks within the power control loops of GFM converters. By
assessing the properties of these additional resonant peaks,
the influence of shunt ac capacitors is analytically determined,
and guidance for designing active damping control is offered
in Section I'V. Ultimately, simulation and real-time simulation
evaluations are performed to substantiate the theoretical anal-
ysis, as detailed in Section V. Finally, Section VI concludes
this article.

Il. SMALL-SIGNAL MODELING

A. SYSTEM DESCRIPTION

Fig. 1 depicts the single-line diagram of a three-phase GFM
converter [15]. The GFM converter is connected to the PCC
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FIGURE 2. Structure of Grid-forming voltage-source converter.

via a series of components, including an inductor filter Ly,
step-up transformer 77, distribution lines L;, and step-up trans-
former 7>, where the grid impedance is represented by L,,
while Cy is the shunt ac capacitor, which may be contributed
by shunt capacitor branches utilized for reactive power com-
pensation or capacitive loads, and its stability impact is the
main subject of investigation in this work.

The equivalent circuit of the three-phase GFM converter
is shown in Fig. 2, and the equivalent inductance L, = Ly +
Lri + k%L; + klzLTz, where ki and L7 denote the transfor-
mation ratio and leakage inductance of transformer 77, while
kr and L7, represent the transformation ratio and leakage
inductance of transformer 7,. Meanwhile, the equivalent ca-
pacitor C, can be calculated by C, = k% vgc refers to the
constant dc voltage that is regulated by eitﬁer a front-end con-
verter which is connected to the dc-link or an energy storage
unit [7]. The output active power, reactive power, the voltage
of the converter bridge, and the voltage of the PCC are rep-
resented by P, Q, vjny, and v, respectively. iy represents the
current of inductance L, while i, represents the grid current.

In this work, the GFM converter utilizes power synchro-
nization control to synchronize with the power grid via the
APC. This control method is commonly utilized and can be
expressed, as [16]

1
0 = ;[a)g+Kp(Pref_P)] (L

where P is the active power reference and 6 represents the
angle reference. wy is the fundamental angular frequency of
the grid, and K, is the droop coefficient for the active power-
frequency (P-f) control loop.

The reactive power-voltage (Q-V) droop control is adopted
to adjust the reference of voltage magnitude, which is ex-
pressed as

Viet = v+ Kq(Qref -0) ()

where the reference of reactive power and the voltage magni-
tude are denoted by Q¢ and Vit, respectively. The nominal
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FIGURE 3. Controller dq frame and system dq frame.

voltage magnitude is represented by V*, while K, denotes the
Q-V droop coefficient.

As shown in Flg 2, the active damping with an HPF, given
by Gap(s) = ; +w , where w, is the cutoff frequency of the
HPF, is further utilized to dampen the resonant peak of the
APC of GFM converters [7].

Define x as a general state variable. Then real vectors are
expressed by bold italic letters, for instance, x4, = [x4 xq]T,
where x; and x, represent the variable under d and g axis,
respectively. The instantaneous active and reactive power can
be described, as shown in (3). It is important to note that the
factor 3/2 needs to be excluded from the model if the per unit
(p-u.) value is used instead

3| vl i
[P] =2 | 3)
o 2 vcdq"lqu
where the matrix J is defined as
0 —1
J - [1 5 ] . 4)

B. SMALL-SIGNAL MODELING

The steady-state values of state variables are denoted by capi-
tal letters with subscript 0, for example, Xy. Conversely, the
small-signal representations of state variables are signified
with the hat symbol “7” such as %.

The small-signal model of the GFM converter can be con-
structed by considering two rotating dg frames of the GFM
converter [11]: 1) the controller-dg frame, defined by the
output phase angle of the APC [17], and 2) the system-dg
frame, aligned with the phase angle of the grid voltage, as
illustrated in Fig. 3. For clarity, variables in the system-dg
frame are indicated by the superscript s, while those in the
controller-dgq frame are denoted by the superscript c.

Define § as the phase angle difference between the con-
troller and the system dq frame, i.e., § = 6 — 6, with 0, set
to zero. The relationships between the state variables in the
controller dg frame (x; q) and the system dq frame (x}, q) are
then given by

xdq ==

c cosé
—sind  cosé

sind
} x; g (5)

Rewrite state variables with their corresponding steady-
state values and small-signal perturbations, i.e., x = Xo + %,
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we have,
idq = qu() + idq

Vig = Vg +0aq

] = (%] [7]
HEEA

sin(§p + 3) ~ sindg + 005603

(6)

cos(dg + 3) X c0osdy — sin&)S.

By using (6) to replace the corresponding term in (5), the
small-signal representation of the relationship between x3; q
and xj 4 can be expressed as

¢ = cosdy  Sindy | .4
Yaq = —sindy cosdy
_3 cos.cSo sind —quo
—sindy cosdy Xio (7
——
Gs()

s a X
— Gyt — 5Gyo [ quo}

By substituting the deviation equation, represented by (6), into
the power equations given by (3), the small-signal model of
the output active and reactive power can be formulated as
follows:

3 17 1%
_ = fdq0 A cdq0
] 2 |:_I;dq0‘,:| Vedq T |:VTd ()Ji| bda |- ®)
e e’ ————

Iy Veo
According to the control diagram shown in Fig. 2, the
dynamics of the converter output voltage in the controller dg
frame can be expressed as

= Dy agrer — GaD ()i 14, ©)

~C
vinvdq mvdqref
where Gap(s) represents the transfer function matrix of the

active damping, which is expressed as

Gap(s) 0

Gap(s) = . 10
AD(s) = |: Gap(s) (10)

By substituting (7) into (9), it can be reorganized as

R _VS
i)icnvdq = Gsoﬁfnvdq - SGSO |: VvaqO:|
invd0

vmvdqret Gap (s);.;dq (11)

~c a8 g —I ;‘ 0

= Vinvdgref — Gap(s) GSOlqu —0Gyo 5 1 .
fdo
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FIGURE 4. Block diagram of a GFM converter with AC capacitors.

By using the result of (11), the small-signal representation
of (9) in system dq frame can be derived as follows:

I wdted|
invdo + H_w k. ra0  sindg | [V
Gr
— Gap(9)iy,- (12)
With the assumption of ¥ vgdq = 0 and symmetrical three-

phase system, the main circuit dynamics can be derived by
applying the Kirchhoff’s voltage law, as concluded from Fig. 2

dg;dq ﬁfnvdq ﬁidq Re s P
[k R ————tqu+a)g f’l
dt Le Le L _lfd
dv? 1 s
cdq 2 2 v
= —(ig —ld)+wg|: ] ] (13)
dt c, 1 # -7,
As 2 )
dzgdq _ Vigq — Rg’gdq o :;q
di L, el

Applying the Laplace transformation to (13) [18], which
leads to

FIGURE 5. Small signal model of a GFM converter.

Based on (8) and (14), the transfer function matrix from
[3 V1T to [P Q]T can be derived, as the block diagram
illustrated in Fig. 4. The corresponding detailed expressions
are given in (16) shown at the bottom of this page, where I
represents a unit 2 x 2 matrix. shown at the bottom of this
page.

According to (1) and (2), the APC and RPC dynamics can
be expressed as

05 vaq = Doaq T Ze($)igq . K .
0 = —(Bet— P)
lqu = 1 gt Yc(s)vqu (14) s 17)
) . V = Ky(Qret — Q)
04y = Zg(9)iggq et
where By combining (16) and (17), the complete small-signal
(s, + R Lo model of a GFM converter can be described as shown in
Z.(s) = I ¢ ¢ s Fig. 5. Finally, the loop gain of APC and RPC loops of a GFM
eWg sL, + R, . .
= converter can thus be derived as given below,
[sC, —C.w
Yeo) = |0 ¢ g} (15) X
[Cewg 5Ce Tsp = GSPTP
Zy(s) = [t R he } K,
| Fg@s sLg + Ry Tso =G8QT (18)
where R, and R, are the equivalent parasitic resistance and Too = GunK
grid parasitic resistance, which are much smaller than the VP = UVPRe
inductance (R, << Ly and R, << L,) [19]. Tvg = GyoK,.
P _ _ _ $
[ 0 } = 1.5{I 0 + VoY o(8) + Z; ()M + [Ze(s) + GapOIIY () + Z; ' ()]} 1GT(S)[ b ] (16)
[ Gsp Gvp }
GgQ GVQ
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FIGURE 6. Block diagram of a GFM converter without AC capacitors.

For the condition that there is no shunt ac capacitor, the
block diagram of a GFM converter is changed to Fig. 6, in
which ?gdq = fgdq = fqu, and transfer functions of the power
plant for a GFM converter without ac capacitors are reduced
to

[g} = 1.5y +V0Z; ' (5)}

<> o

AL+ [Ze(s) + Gap()IZ, ' ()} 'Gr(s) [
{Gsp G/VP}
Gy, G

IIl. SMALL-SIGNAL MODELING ANALYSIS

Fig. 5 clearly illustrates that the comprehensive small-signal
model of a GFM converter presents multiple input and mul-
tiple output (MIMO) dynamics, exhibiting explicit coupling
between the APC and RPC loops. To gain a deeper under-
standing of the dynamic impact of ac capacitors, the constant
Vier 1s assumed first when analyzing the open-loop gain of
APC [7], [10]. The dynamic impact of RPC that modifies
Viet through the Q-V droop control will be reconsidered by
deriving the equivalent loop gain of APC afterward.

} . (19)

A. APC GAIN ANALYSIS

Without active damping (k, = 0), the poles of Tsp can be
calculated by solving (18) (R, and R, are ignored due to the
small value [19])

P12 =tjo,
. [LetL

P34 = :t]( LngCi + (,z)g) (20)
. [LetL

Pse6 = :I:]( LgLeCi - wg)~

It is proven in previous studies [7] and [19] that only a pair
of grid-fundamental-frequency resonant poles p; > = =+ jw,
have been identified in the absence of shunt ac capacitors.
Therefore, it is clear that the presence of shunt ac capacitors
introduces two additional pairs of complex poles (p3 4 and
Ps.6), wWhich results in the emergence of two extra resonant
peaks in the APC, as illustrated in Fig. 7, where K), is tuned at
0.2 p.u. to get a tradeoff between dynamic-response time and
stability margin [20]. As expressed in (20), the frequencies of
D3,4 and ps ¢ are dependent on the values of Ly, L., and C,.

As shown by the grey dash-dotted line, brown dashed line,
and blue dotted line in Fig. 7, when C, increases from 0.4 to
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FIGURE 7. Bode plot of the APC with different AC shunt capacitors,
Le = 0.5 p.u., SCR = 1.5, without active damping.
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FIGURE 8. Bode plot of the APC with different SCR, C. = 0.8 p.u., without
active damping.

0.8 p.u. and 1.2 p.u., the frequency of p3 4 decreases from
197.90 to 154.58 Hz and 135.39 Hz, respectively, whereas
the frequency of ps ¢ decreases from 97.90 to 54.58 Hz and
35.39 Hz, respectively. Moreover, when there is no shunt ac
capacitor, which means C, = 0, there is only one resonant
peak at 50 Hz in Tsp, as demonstrated by the purple solid line
in Fig. 7.

On the other hand, the decreasing of SCR can also lower
the frequencies of p3 4 and pse, as illustrated by the grey
solid line, brown dashed line, blue dotted line, and purple
dash-dotted line in Fig. 8. Specifically, when SCR decreases
from 10 to 6, 2, and 1.5, the frequency of p3 4 decreases from
243.65 to 208.11, 161.80, and 154.58 Hz, respectively, whilst
the frequency of ps ¢ drops from 143.65 to 108.11, 61.80, and
54.58 Hz, respectively. Besides, it should be noted that the
decreasing of SCR also results in a decrease of the bandwidth
of the APC while K, = 0.2 p.u.
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FIGURE 9. Equivalent APC block diagram of a GFM converter.

Based on the Bode plots in Figs. 7 and 8, it is evident that

if ,/ZZ Lce ~ 2w, Or < 2wy, then the frequency of ps ¢ will
be close to or lower than wg, while the frequency of p3 4 will
be higher than wg. In contrast, if this condition is not met,
both p3 4 and ps ¢ will have frequencies significantly higher
than wg. The design of the active damping controller will
be affected differently in these two scenarios, which will be
elaborated in Section IV.

B. EQUIVALENT APC GAIN ANALYSIS

In order to further capture the impact of RPC, the equivalent
loop gain of APC is derived based on Fig. 9. According
to [21], the complete loop gain of the APC can be derived,
as given in

K
Tesp = (Gop + Gcoupled)T” 1)
where
G =G, X 5 (22)
coupled = 8Q1 n KqGVQ VP-

Without active damping (k, = 0), the Bode plots of the
equivalent APC with different parameters (C, and SCR) can
be obtained by solving (21), as illustrated in Figs. 10 and 11.

As shown by the grey solid line in Fig. 10, it is obvious
that the inclusion of ac shunt capacitors introduces two extra
resonant peaks in 7.sp. When C, increases, the frequencies
of these two extra resonant peaks in 7 sp decrease the same
as those in T5p. However, the magnitudes of resonant peaks
at the frequencies of from 197.90 and 135.39 Hz in T,sp, as
illustrated by the brown dashed line and purple dotted line in
Fig. 10, are notably lower in comparison to those in Tsp.

Meanwhile, when SCR decreases from 10 to 6, 2, and 1.5,
the frequency of p3 4 and ps ¢ also decreases in 75p, as shown
by the grey solid line, brown dashed line, dark blue dotted
line, and purple dash-dotted line in Fig. 11. Specifically, the
frequency of p3 4 drops from 243.65 to 208.11, 161.80 and
154.58 Hz, which is consistent with the observed trend in
T5p. On the other hand, the frequency of ps ¢ decreases from
144.10 to 109.25, 62.32, and 55.19 Hz, which is slightly
higher than the frequencies observed in Tsp. In addition, the
decrease of SCR also leads to a reduction in the bandwidth
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FIGURE 10. Bode plots of the APC and equivalent APC with different
capacitors, L. = 0.5 p.u., SCR = 1.5, without active damping.
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FIGURE 11. Bode plots of the APC and equivalent APC with different SCR,
Ce = 0.8 p.u., without active damping.

of T.sp, which aligns with the behavior and value observed in
Tsp, as depicted in Fig. 8.

According to Figs. 10 and 11, it is evident that while
the magnitudes and frequencies of some resonant peaks are
slightly altered by taking P/Q coupling into account in the
equivalent APC loop gain, the fundamental observation that
the presence of shunt ac capacitors introduces two additional
resonant peaks remains unchanged.

Furthermore, as illustrated in Figs. 12 and 13, it can
be observed that changing the operation points, specifically
by reducing the reference active power to half of its rated
value, predominantly affects the amplitude of the resonance
peaks, especially at the fundamental frequency. However, the
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FIGURE 13. Bode diagram of the equivalent APC with SCR = 1.5.
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frequency of these peaks remains unchanged since it is de-
[

termined by the expression of LL.C. and wg, which are

independent of operation points.

IV. ACTIVE DAMPING DESIGN

To ensure the stable operation of the GFM converter, the
active damping resistor k, is commonly utilized to dampen the
resonant peaks in the APC, as discussed in [7]. In addition, as

to prevent its influence on the steady-state power control of
the GFM converter.

The selection of the cutoff frequency, denoted as w,, for
the HPF is essential since the effectiveness of active damping
is limited to frequencies significantly higher than w, [11].
Therefore, the selection of w, should be based on the stability
analysis approaches mentioned in Section III.

A. ACTIVE DAMPING DESIGN BASED ON APC GAIN
ANALYSIS

As active damping demonstrates efficiency primarily at fre-
quencies considerably above w,, this parameter should be
determined in light of the lowest frequency of the resonant
peaks in the APC, as illustrated by the Bode plots. In previous
studies [7], it has been suggested that w, < w, can effectively
dampen the grid-frequency resonant peak in the APC transfer
function, as shown by the purple solid line in Fig. 7. This
is the only resonant peak present in the absence of shunt ac
capacitors.

However, if shunt ac capacitors are present, this design
guideline for @, must be revised due to the existence of two
additional resonant peaks in the APC of a GFM converter
system. It is therefore important to carefully consider the
effect of shunt ac capacitors on the resonant peaks and select
an appropriate value for w, to ensure effective active damping.

1) In situations where the shunt ac capacitor in the GFM
Lo+L,
L.L,C,
the complex poles p3 4 and ps ¢ are considerably higher than
wg and can be proficiently dampened by choosing w, < w, as
shown in Fig. 7. For example, in the case presented in Fig. 14,
with L, = 0.5 p.u.,, SCR = 10/1.5, and C, = 0.08 p.u, the fre-
quencies of the two additional resonant peaks are calculated to
be 662.37 and 562.37 Hz, 380.72 and 280.72 Hz, respectively,
which are well above 50 Hz. Therefore, all resonant peaks in
the APC can be effectively dampened by selecting w, = 45
Hz < w,, and the system remains stable with a positive gain
margin (GM) regardless of the change of SCR, as indicated in
Fig. 14. In this case, the previous assumption in literature of
ignoring the influence of ac capacitors when designing power
control loops of GFM converter is justified [6].

2) If the value of /75
sponds to the case that GFM converter is connected to the
grid with large C, (introduced by the shunt capacitor uti-
lized for reactive power compensation or the local capacitive

load) or/and large L, (introduced by the transmission line and

converter is small, i.e., >> 2w, the frequencies of

is close to 2wg, which corre-
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FIGURE 15. Bode diagram of the APC with active damping and C. =
0.8 p.u.
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FIGURE 16. Bode diagram of the APC with active damping excluding shunt
AC capacitor.

transformers). In this scenario, where the angular frequency
of the complex poles ps ¢ (referred to as wres; henceforth)
can become very close to or even lower than w, with low
SCR, as presented in (20), selecting w, < w, cannot effec-
tively dampen the resonant peak. In such case, the impact of
ac capacitors on the power control loop design of the GFM
converter cannot be ignored, otherwise, the resonant peak
at wres) cannot be identified correctly and there is a risk of
destabilizing the system by choosing w, in the wrong range,
which is demonstrated by an example presented in Fig. 15,
with parameters given in Table 1. For instance, when SCR de-
creases from 10 to 1.5, the frequency of w. decreases from
144.10 to 55.19 Hz, which is close to wg. Hence, the system
can be stabilized by selecting w, for the worst-case scenario,
particularly targeting the lowest frequency resonance condi-
tion. This method aligns with common industrial practices,
where a range of SCR values is typically known or can be
estimated based on similar systems or historical data [22].
The case study depicted in Fig. 15 illustrates that selecting
wy = 45 Hz < w, results in an unstable system with negative
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FIGURE 17. Bode diagram of the equivalent APC with active damping and
C. = 0.08 p.u.

TABLE 1. Parameters Used in the Simulation and Real-Time Simulation

Transformer 77 inductance Lpq [15] 0.12 p.u.
Transformer 75 inductance Lo 0.15 p.u.
Transmission line inductance L; 0.11 p.u.

Filter inductance Ly 0.12 p.u.
Equivalent inductance L. 0.5 p.u.
Equivalent shunt ac capacitor Ce 0.8/0.08 p.u.
Equivalent resistance R 3.18e-3 p.u.
Grid resistance Iy 3.18e-3 p.u.
DC voltage V. 1150 vV
Active power control parameter K, 0.2 p.u.
Reactive power control parameter Ky 0.03 p.u.
Grid frequency wy 50 Hz
Switching frequency 5000 Hz.
Rated active power P¢ 3 MW
Active resistance k. 0.14 p.u.

GM, independent of SCR variations. In contrast, selecting
w, = 20 Hz leads to a stable system, as demonstrated by the
blue dotted line and purple dash-dotted line in Fig. 15. Never-
theless, disregarding the impact of the ac capacitor can lead to
a misleading stability prediction since both w, = 20 Hz and
w, = 45 Hz yield a stable loop gain regardless of the change
in SCR, as shown in Fig. 16.

B. ACTIVE DAMPING DESIGN BASED ON EQUIVALENT APC
GAIN ANALYSIS
As shown in Fig. 10, the RPC has no significant impact on the
two additional resonant peaks introduced by shunt ac capaci-
tors. Hence, in the cases of L, = 0.5 p.u., C, = 0.08 p.u., and
SCR = 10/1.5, by selecting w,, = 45 Hz, the resonance peak
at the frequency of w, = 50 Hz in the equivalent APC gain
can be dampened, as the grey solid line and brown dashed
line shown in Fig. 17.

With C, = 0.8 p.u., as demonstrated by Fig. 18, by still
selecting w, = 45 Hz < wy, the system is unstable because of
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w,=45 Hz, SCR=10
w,=45 Hz, SCR=1.5

w,=20 Hz, SCR=10
w,=20 Hz, SCR=1.5

@ ;1\8\ 0 |positive
E >N GM
b= T
5 -
S / -180
B hee [T T T T T 0 |Positive
E i -0.-5'7 GM
2 ! Sas
< 1 AT
B 90 pnsnnssl | L Q‘_,_,:;{,_

AT 10 T /-180

Frequenc m 42 46 >0
y Frequency (Hz)

FIGURE 19. Bode diagram of the equivalent APC with active damping
excluding shunt AC capacitor.

the negative GM of the equivalent APC gain, whilst the system
can be stabilized when w, = 20 Hz. On the other hand, as
shown in Fig. 19, neglecting the effect of shunt ac capacitors
leads to a stable loop gain for either w, = 20 Hz or w, = 45
Hz, resulting in a misleading stability prediction.

In conclusion, despite the difficulty in analytically calculat-
ing wyes; after considering P/Q coupling in the equivalent APC
loop gain, the fundamental observation that the presence of
shunt ac capacitors introduces two additional resonant peaks
and wres; can be close to or even lower than w, still holds.
Therefore, to effectively stabilize the system when shunt ac
capacitors are applied, it is crucial to select w, by consider-
ing the influence of shunt ac capacitors, which supports the
findings of the APC open-loop gain analysis.

V. APPLICATION OF A GRID-FORMING WIND POWER
PLANT

A. SIMULATION RESULTS

To validate the theoretical analysis, time-domain simula-
tions were performed using MATLAB/Simulink and the
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FIGURE 20. Comparison of step responses of P from Simulink model, the
APC gain and equivalent APC gain analytical model.
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FIGURE 21. Simulation results for active power with different capacitors
when SCR = 10.
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FIGURE 22. Simulation results for active power with different capacitors
when SCR = 1.5.

PLECS blockset, with the detailed electronic model shown
in Fig. 2 [6]. The main parameters used in the simulations
are listed in Table 1. The simulations allowed for a thorough
examination of the system’s behavior under various operating
conditions and provided insight into the performance of the
system. The results of the simulations were used to confirm
the accuracy of the theoretical analysis and to guide the design
of the real-time simulation setup.

Fig. 20 illustrates the responses in P for the case in Figs. 14
and 17 with w, = 45 Hz to a 0.1 p.u. step disturbance in Pt
for the Simulink model, the APC gain, and the equivalent APC
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FIGURE 23. Real-time simulation set-up.

gain analytical model. As shown by the blue solid line, red
dotted line, and yellow dashed line in Fig. 20, better matching
between the equivalent APC gain analytical model and non-
linear simulations is observed with a maximum error of 0.001
p-u., which is 20% of the maximum error between the APC
gain analytical model and nonlinear simulations.

The simulation results for the active power when the fre-
quency w, is varied from 20 to 45 Hz at 1.7 s are shown in
Figs. 21 and 22. When the shunt capacitor C, = 0.8 p.u. is
connected to the PCC, as seen in Fig. 2, the system becomes
unstable after the increase in w,. With SCR = 10, this instabil-
ity is manifested in the form of a 46 Hz oscillation in the active
power, which is in agreement with the stability prediction of
the APC and equivalent APC gain analysis, as demonstrated
in Figs. 15 and 18, while SRC = 1.5, a 49-Hz oscillation in
the active power occurs, which is consistent with the stability
prediction of the APC and equivalent APC gain analysis.

On the other hand, when there is no shunt ac capacitor or
when a smaller capacitor C, is used, the system is able to
maintain stability with w, = 45 Hz, as seen in Figs. 21 and
22. These results are consistent with the theoretical analysis
presented in Fig. 14, 16, 17, and 19, which shows that the
system is stable in the presence of a small shunt capacitor or
the absence of a shunt capacitor regardless of the change of
SCR.

Overall, the simulation results demonstrate that the shunt
capacitor C, can cause instability in the system when the
frequency is changed, while the absence of a shunt capacitor
or the use of a smaller capacitor can maintain stability. These
results provide strong support for the validity of the theoreti-
cal analysis and guide the design of the real-time simulation
setup.

B. REAL-TIME SIMULATION RESULTS

In this section, the three-phase grid-connected GFM con-
verter is tested on a real-time simulation setup to prove
its effectiveness, as shown in Fig. 23. To facilitate com-
munication between the host development platform and the

152

P,
<«Jab i e_Q> PCC L, Vg
_>NV\
Uabcref l l _l/v":_®
Vg Viny Ve C ¢
— cHS .
L 7 Sampling
1808008 Toq 2
- E ——>
B
- E. —_—>
3 JE .
S Oscilloscope

target publishing platform [23], the OPAL real-time emulator
(OP4510) was employed [24]. The comprehensive architec-
ture of OP4510, as given in [25] and [26], enabled the
simulation of the hardware-in-the-loop configuration. The
power circuits, which consisted of a three-phase converter
connected to a grid via an LC network, were implemented
using 4-core processors and a Kintex-7 410 T field pro-
grammable gate array (FPGA) by eHs solver with a time step
of 2 us, as depicted in Fig. 23.

Subsequently, the central processing unit of OP4510 exe-
cutes the control algorithm and generates reference signals by
using RT-LAB, where the sampling time is 100 us. The refer-
ence signals were then transmitted to the internal pulsewidth
modulation generator, running in the FPGA with a carrier
frequency of 5 kHz. The 32 I/O digital and 16 analog I/O
channels of OP4510 facilitated two-way communication with
external devices, allowing the analog 0 channels to output the
signals of vc,, P, and ig,, which were captured and displayed
on an oscilloscope. The real-time simulation is designed with
the same parameters as used in the simulation, which can be
seen in Table 1.

The real-time simulation results presented in Fig. 24 are
consistent with the simulation results. The system, which in-
cludes C, = 0.8 p.u., resulting in w being close to w, as
analyzed earlier, becomes unstable when w, changes from
20 to 45Hz, as shown in Fig. 24(e) with SCR = 10 and
Fig. 24(f) with SCR = 1.5. However, the system can remain
stable without a shunt ac capacitor with SCR = 10 and 1.5, as
illustrated in Fig. 24(a) and (b), or with a small ac capacitor,
ie., C. = 0.08 p.u., leading to wres; >> w,, as depicted in
Fig. 24(c) and (d) with SCR = 10 and 1.5.

Overall, the real-time simulation results are in good accor-
dance with the simulated outcomes. The results demonstrate
that the shunt ac capacitor C, can lead to instability in the
system when the frequency of HPF for active damping w,
is determined solely on the basis of the fundamental fre-
quency, without accounting for the impact of the ac shunt
capacitors on system stability analysis. These findings lend
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FIGURE 24. Real-time simulation results for active power. (a) Without shunt ac capacitors, SCR = 10. (b) Without shunt ac capacitors, SCR = 1.5.
(c) C. = 0.08 p.u., SCR = 10. (d) C. = 0.08 p.u., SCR = 1.5. (e) Cc. = 0.8 p.u., SCR = 10. (f) C. = 0.8 p.u., SCR = 1.5.

strong support to the validity of the theoretical analysis
performed.

VI. CONCLUSION

This article primarily focuses on investigating the effects of
shunt ac capacitors on the stability of GFM converters. The
goal is to understand how shunt ac capacitors influence the
power control loop transfer functions. It is highlighted that
two additional resonant peaks emerge in the loop gain of
transfer functions for power control loops due to the integra-
tion of shunt ac capacitors. The study emphasizes that for

large values of shunt capacitor C,, the resonant frequency
Lotlg
L.LC,
grid frequency wg, causing potential instability of the GFM
inverter. To ensure stability, the selection of the HPF cutoff
frequency used in the APC must take into account the value

of w1, as confirmed by the open-loop APC gain analysis

Wres] = — w, can approach or even fall below the
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and equivalent APC gain analysis considering P/Q coupling.
Furthermore, this article presents simulation and real-time
simulation to validate the theoretical findings.
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