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Reference-Frame Selection on Impedance Modeling
of VSCs With Fundamental Frequency Dynamics

Yang Wu'”, Member, IEEE, Heng Wu

Abstract—The fundamental frequency of ac power-electronic-
based power systems may deviate from its nominal value, and
it is highly affected by converter control dynamics. To capture
the dynamics of fundamental frequency, two impedance modeling
methods for voltage-source converters (VSCs) are reported, with
respect to the selection of system reference frame. The first method
is to model VSCs in a reference frame with the nominal frequency,
while the second method models VSCs in a reference frame with
varying fundamental frequency, and hence, the fundamental fre-
quency is represented as an additional terminal variable in the
impedance model. This article mathematically proves that the two
impedance models are essentially equivalent, provided that the
frequency dynamics is accounted in the modeling of control delay
and power stage of VSCs in the second method. This equivalence
is demonstrated for both grid-following (GFL) and grid-forming
(GFM) VSCs. Stability predictions based on two methods are
further compared based on an interconnected GFM and GFL
VSC system. The results are also found to be identical. Finally,
experiments validate the correctness of the theoretical analysis.

Index Terms—Fundamental frequency dynamics, small-signal
model, terminal characteristics, voltage-source converter (VSC).

1. INTRODUCTION

O ACCOMMODATE the large-scale integration of renew-
T able energy resources, the legacy power grids that are based
on synchronous generators (SGs) will gradually be replaced by
highly renewable, power-electronic-based power systems [1],
[2]. Differing from SGs with well-established physical models,
dynamics of power converters are highly dependent on their con-
trol systems [3], [4], [5]. Consequently, the dynamic interactions
of converters are significantly different from those of SGs, and
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dqi controller frame (with PLL dynamics)

dg : system frame (no dynamics)

dq : controller frame (with PLL dynamics)

dgq : system frame (with dynamics induced
by GFM-VSC in the system)

((Un + (DAIm )[
: af3: stationary frame

(b) Modeling in dynamic-frequency frame

Fig. 1. Comparison of converter impedance modeling in (a) fixed-frequency
and (b) dynamic-frequency frame. A GFL VSC is taken as an example. wq
denotes a constant angular rotating frequency of the system frame, normally
corresponding to system operating frequency. wqyn represents the frequency
dynamics of the system frame.

they are tightly coupled with the electromagnetic dynamics of
power networks, often manifesting undesired oscillations across
multiple timescales.

In recent years, the impedance-based modeling and analysis
method emerges as an attractive way to address the adverse
control interactions of converters [6], [7], [8], [9]. Two com-
monly used impedance models are established in the rotating
dg-frame and the stationary «8-frame, respectively, [10], [11],
[12]. Between these, the dg-frame impedance model has gained
popularity due to its modeling convenience, as the control of
grid-connected voltage-source converters (VSCs) is typically
performed in the dg-frame [13]. Conventionally, this approach
involves building two dg-frames aligned with the measured and
actual grid phases, as shown in Fig. 1(a), which are commonly
referred to as the controller frame and the system frame [14].
The dynamics of VSC synchronization controllers, e.g., phase-
locked loop (PLL), is accounted by the transformation between
these frames [10], and the impedance model of VSC is formu-
lated in the system frame as a 2x2 matrix, whose inputs and
outputs only contain voltage and current signals [15]. Yet, the
impedance modeling of VSC is usually based on the assumption
that the fundamental frequency of the reference system frame
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is fixed [16], [17], [18], [19], [20], [21], which is primarily
applied to single-converter-infinite-bus system. This assumption
may not hold for power-electronic-based power systems. The
system frequency can be fully regulated by grid-forming (GFM)
VSCs [22], [23], whose dynamics has a similar timescale with
system harmonics. In addition, the physical interpretation of the
impedances in the d and g axes is not sufficiently clear.

To address these challenges, it has recently been proposed
to incorporate the fundamental frequency dynamics as an addi-
tional terminal variable in the impedance model of VSC [24],
[25], [26], [27], and then the whole system is modeled in a
reference system frame that rotates with a dynamic fundamental
frequency (referred to as dynamic-frequency frame in the follow-
ing text of this article). An illustration of this new modeling
approach is presented in Fig. 1(b). Unlike the conventional
approach, the derived impedance model is a 2x3 matrix for a
selected reference VSC (typically a GFM-VSC) [24] and a3x2
matrix for the other VSCs [26], as the inputs and outputs now
contain fundamental frequency signal. This method performs
well in predicting the stability of paralleled droop-controlled
GFM-VSCs and of system comprising multiple GFM-VSCs
and grid-following (GFL) VSCs [28], as the dynamic-frequency
system frame aligned to a reference GFM-VSC can be directly
used for the impedance modeling of other converters within the
system. This method also offers greater physical insight into the
interactions between VSC synchronization controllers [29], as
the additional terminal variable is directly linked to the variations
of system fundamental frequency.

Nevertheless, some research has pointed out that the dynamics
of fundamental frequency may have already been embedded
in the 2x2 impedance matrix in the conventional approaches
[30] because terminal voltage and current signals inherently
contain the information of fundamental frequency dynamics.
Thus, the conventional impedance modeling approach is still
effective: the impedance model of VSC can still be established
in a reference system frame with the fixed frequency [31], [32]
(referred to as fixed-frequency frame in the following text of this
article). However, the mathematical relationship between these
two reference-frame impedance models remains unclear.

This article attempts to fill the void. It is found that the two
reference-frame (i.e., dynamic-frequency and fixed-frequency
frames) impedance models of VSCs are mathematically equiv-
alent, provided that the frequency dynamics is accounted into
the modeling of control delay and power stage of VSC in the
dynamic-frequency frame. An interconnected GFM-VSC and
GFL-VSC system is taken as a case study to examine the
correctness of theoretical findings. The main contributions of
this article are as follows.

1) A step-by-step derivation on the equivalence of VSC
impedance models in different reference frames is formu-
lated, where the mathematical proof of modeling equiva-
lence is provided at the VSC component level, including
PLL, droop control, power stage, and control delay.

2) The model equivalence for GFM-VSC and GFL-VSC in
the studied interconnected system is proved by means of
the block diagram algebra, which is built on the modeling
equivalence of VSC components.
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Fig.2. Schematic diagram of the studied system.
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Fig.3. One-line diagram of the GFL-VSC.

3) Stability prediction of the interconnected GFM-VSC and
GFL-VSC system is proved to be equivalent with respect
to the selection of system reference frame.

The rest of this article is organized as follows. The config-
uration of the studied system is presented in Section II. The
modeling equivalence for VSC components associated with the
system frame is demonstrated in Section III, followed by the
demonstration of modeling equivalence for the studied system
in Section I'V. Simulation and experimental results are presented
in Sections V and VI for the validation. Finally, Section VII
concludes this article.

II. SYSTEM DESCRIPTION

To generalize the findings in this article, an interconnected
GFM-VSC and GFL-VSC system is studied, as shown in Fig. 2.
Such structure can be found in high-voltage direct current inte-
grated offshore wind farm and battery energy storage systems,
which serves as an effective representative for power-electronic-
based power systems [22]. An industry case of the studied system
structure has also been presented in [33], where an offshore wind
farm controlled in GFL mode is connected to an onshore modular
multilevel converter station controlled in GFM mode.

The one-line diagram of the GFL-VSC is shown in Fig. 3.
The dc-link voltage Vg is assumed as constant. The converter
is connected to the point of common coupling (PCC) through
a filter inductor Lgpr, [equivalent series resistance (ESR) =
Rarr]. The voltage Vpcoc and current Ipcc at the PCC point
are measured for the control. The reference current direction is
defined as flowing out from the GFL-VSC into the GFM-VSC.
A synchronous reference-frame phase-locked loop (SRF-PLL)
is used, with fpy, denoting the phase angle. The converter
is regulated as a constant power source by current controller
and power controller in proportional—integral control (PI) form.
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Fig. 4. One-line diagram of the studied GFM-VSC.

Voltage feedforward control is also applied by adding the dg-axis
voltage to the output of the current controller. The parameters
of the controller and power stage are provided in Appendix A.

The GFM-VSC is connected to the PCC point through filter
inductor Lgpy (ESR = Rapn) and line inductor Ly (ESR
= Riine), as shown in Fig. 4. A simplified GFM-VSC control
structure is used in this article. The voltage Vgrm and current
Igpm are measured for the calculation of active power P,,,. Droop
control is used, which generates system fundamental frequency
dynamics through output phase angle 6ggy. The parameters of
the GFM-VSC are also included in Appendix A.

III. MODELING EQUIVALENCE OF VSC COMPONENTS
BETWEEN DIFFERENT REFERENCE FRAMES

A. Reference System Frame Selection for VSC Modeling

Fundamental frequency of power-electronic-based power sys-
tem is regulated by GFM-VSCs, which may contain different
kinds of dynamics. To capture the fundamental frequency dy-
namics, system frequency can be treated as a separate terminal
variable of the impedance model and the entire system can
be modeled referred to the system frame with this dynamic
frequency [24]. This dynamic-frequency-frame model (abbre-
viated as DFM in the following text of this article) is very
different from a widely adopted fixed-frequency-frame model
without frequency as terminal variable (abbreviated as FFM
in the following text of this article). A demonstration of the
reference system frame selection can be found in Fig. 1.

It is shown that FFM is established in reference to a rotating
system frame with fixed angular frequency wg (normally the
system operating frequency). By contrast, DFM is established
in reference to a rotating system frame with dynamic funda-
mental frequency wg + Wayn. Wayn TEpresents the system fre-
quency perturbation in angular format, which is generated by the
GFM-VSC. It should be noted that the discussion scope of this
article is still in small-signal modeling and analysis. Hence, the
dynamics of fundamental frequency is regarded as small-signal
perturbation.

Although DFM and FFM have been studied in the existing
research, the relationship between them has not yet been fully
clarified. The equivalence of these two models needs to be
studied from two perspectives: First, since they are established in
different system frames, it is necessary to analyze the component
involved in the transformation between the system and controller
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Fig.5. Controller and system dg-frame with dynamic frequency, where Vqyn
and 04y, represent the voltage and phase angle of the grid formed by GFM-VSC.

frames (e.g., PLL and droop control), as well as those modeled
directly in the system frame (e.g., power stage and control delay),
to identify the conditions under which the two approaches are
equivalent. Second, given the additional fundamental frequency
terminal in the DFM, the feasibility of embedding frequency
dynamics into the terminal voltage/current signals and trans-
forming DFM into FFM must also be explored. In FFM, the
embedment of frequency dynamics into terminal voltage/current
signals is realized by transforming the perturbations of electrical
signals X 4, (x can denote the voltage v, currenti, and duty ratiod)
between dynamic-frequency frame and fixed-frequency frame
using the first-order Taylor expansion [30], as follows:

R gy = XopMed%on ~ KD 45X 00agn. (1)
édyn represents the phase angle perturbation, which is the inte-
gral of fundamental frequency dynamics wWayn. X440 TEPresents
the steady-state value. In the following text of this article, a
step-by-step verification will be conducted, starting from the
modeling equivalence between converter component in DFM
and that using (1) in FFM.

In this article, bold letters are used for complex space vectors,
and italic letters are used for real space vectors, e.g., Vg, = vg +
Jvg € vag = [va, v4]”. Subscript dq represents a rotating system
frame, and subscript a3 represents the stationary system frame.
Superscript ¢ denotes the controller frame. Subscript O denotes
the steady-state value. Meanwhile, superscript DFM denotes the
modeling in dynamic-frequency frame, and the transfer function
matrices or space vectors without superscript DFM are expressed
in the fixed-frequency frame as conventional. The small-signal
representations of the variables are denoted with symbol “~”.

B. Equivalence of PLL Modeling in Different System Frames

1) PLL Modeling in DFM: The PLL model in dynamic-
frequency frame is first developed. The controller dg-frame and
system dg-frame in DFM are shown in Fig. 5. In dynamic-
frequency frame, phase angle of the system frame can be ex-
pressed as 0™ = g + édyn, where 6 represents the steady-
state phase angle.

When modeled in DFM, all the signals are expressed in
reference to this dynamic-frequency frame. Hence, recall the
control diagram of an SRF-PLL, the equation of PLL can be
derived as follows:

ADFM __ GpLL ~DFM
PLL = T Uge

2
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vdDgiVI = eijevggM 3)
where 05T denotes the phase angle of the PLL. Gpyr, repre-

sents the transfer function of the PLL. # represents the angle
difference between the controller frame and the system frame,
which satisfies

6 = 6ptt — 0°™ = OpT" — Bayn. “

The first-order approximation of (3) is then given by

DFM (VdO+VDFM> —j0 (Vd0+VDFM) (1_]-9*) (5)

quc
which leads to

~DFM __ ~DFM ;
Ve =0, — Vaolb 6)

assuming that the steady-state PCC voltage is aligned to the
d-axis as V.

Substituting (4) and (6) into (2), 9{3{6’[ can be derived as
follows:
= GpL . GriVao 5
GDFM _ DFM . 7
PLL s+ GPLLVdO g S + GPLLVIO v ( )

Using (4), the angle difference between the system frame and
the controller frame satisfies

5 GrLL ~DFM S
b= s+ GpLLVao ¢ s+ GpLLVao Bayn ®
Compared with the conventional PLL models that are only
affected by the g-axis voltage perturbations [14], it is shown that
when the PLL is modeled in the dynamic-frequency frame, an
additional term (highlighted in red) appears, which accounts for
fundamental frequency dynamics. This indicates that the PLL
model incorporates the frequency dynamics of the system frame.
2) PLL Modeling in FFM: By contrast, when the PLL is
modeled in fixed-frequency frame with 65 = 6, as shown in
Fig. 6, the angle difference between the controller frame and the
system frame 6’ satisfies

0" = Opy, . 9)

This is because now the system frame contains no dynamics.

As in the conventional modeling approaches [14], [27], the
control diagram of PLL then gives
G
OpLL = 71:]“ Uge (10)
Vdge = e_jélvdq. (11)

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 7, JULY 2025

The first-order approximation of (11) is then given by

Bge ~ Uy — Vaol. (12)
Therefore, the following equation can be derived:
S G
0 =6p, = —t 5, (13)

s+ GpLVao !
To compare the PLL models in different system frames, the
obtained phase angle of the PLL in different frames is studied.

According to (1), the relationship between the voltage perturba-
tion in DFM and FFM is

+ deQOQdyn (14)

{;d ~ qu
which leads to
'17 ~DFM + Vdoedyn (15)

Therefore, by substitutlng (15) into (13), the PLL model in
fixed-frequency frame can now be formulated as follows:

Geir  ppm,  GriVao
s+ GpLLVao 4 s + GrLLVao
Equation (16) shows that, although embedded into voltage in
FFM, the fundamental frequency dynamics still takes effect on
the output of the PLL (as marked out by the term highlighted in
red). Comparing (7) and (16), it can be found that Opp1 = GPLL
Then, it can be derived that

0= éPLL = érl?flljd =0 + édyn-

0 = Oprr =

Qdyn . (16)

A7)

It means that the controller frame and the PLL. modeling in DFM
and FFM are exactly identical.

It can then be proved that the electrical signals in the controller
frame for DFM and FFM will also be identical. Taking voltage as
an example, the following equations hold to unify the different
models:

(18)

=GP V.

C. Egquivalence of Droop Controller Modeling in Different
System Frames

For GEM-VSC, the difference between droop controller mod-
els in different reference frames lies in the calculation of active
power P,,. Considering the linearization in power calculation,
it can be developed for DFM that

Prlr)LFM — UdDFM -DFM + vDFM DFM
= (Vao +35™) (Lao +zDFM)

+ 0D ([, + D7)

~ Vaolao + Vaoig ™ + Laotg™ + Io0y™.  (20)

Meanwhile, the calculation of active power for FFM can be
developed as

P =v4iq + 041,
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= (Vao + 0g) (Iao +i4) + 0, (Iq0 + 1)
= (Vao + o5™) (IdO +ig™M — qOédyn)
+ (ﬁ?w + Vdoédyn) (IqO + g]q)FM + Idoédyn)
~ Vaolao + Vaoig ™ + TaoTp™ + oo™, (21)

It is shown that PDPM = P, As the active power calculated
in different frames is identical, the phase angle 0p,oop, regulated
by the droop controller Gproop Will also be the same. Similar to
the analysis for PLL modeling in Section III-B, the controller
frame and the droop control modeling of GFM-VSC will not be
influenced by the reference-frame selection as well.

D. Equivalence of Power Stage Modeling in Different System
Frames

The modeling of converter power stage in different frames
is then studied. The power stage typically consists of passive
components, such as filter inductor, capacitor, and resistive load.
Take filter inductor as an example. When the inductor voltage
and current are modeled in dynamic-frequency frame (DFM)

[34], their relationship can be expressed as follows:
Vg~ (s + jwo) Ligg™ + jLIugoGeyn.  (22)

By contrast, in fixed-frequency frame (FFM), the inductor
will be simply modeled as

(23)

To unify the expressions in (22) and (23), (1) is first substituted
into (23) regarding the filter current

i}dq = (3 + jCUO) L (IB};M + deqOédyn)

Vag = (s + jwo) Lidq.

= (s+ jwo) LIn™ + j5L14g00ayn — woLIuqolayn. (24)

Recalling that sédyn = Wayn and V40 = jwolLl 40, it can be
obtained that

“DFM

Vg — 3Vagolayn = (s + jwo) Lign™ + jLIaqo@ayn.  (25)

It can be found that (25) is equivalent to (22) when applying
Vig = i’/quF Mg quOédyn- Therefore, the modeling of inductor
is of identical accuracy for DFM and FFM, and this conclusion
also holds for the modeling of capacitor. As the resistive ele-
ments will not be influenced by frequency, their modeling will
always be identical in different frames.

E. Modeling of Control Delay in Dynamic-Frequency Frame

Especially, the modeling of control delay, as shown in Fig. 7,
in dynamic-frequency frame is studied in this article, which is
often overlooked in the existing research. 7'; represents the delay
time, whose typical value is 1.5 times of the sampling period T's.
The subscript del represents the variables or vectors after delay.

To obtain a more accurate small-signal model of control delay
under fundamental frequency dynamics, Phase A is taken for
analysis as

d' = e*Tid,. (26)
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As the switching frequency is normally much larger than the
frequency range of interest, (26) can be approximated as

d%' ~ (1 — sTy)d, (27)

where Taylor expansion is used to simplify the analysis. Al-
though (27) is based on a first-order expansion of (26), it
mainly aims to transform the frequency dynamics from system
abc-frame to dg-frame more conveniently. This means that the
transfer function between the duty ratio after delay (dffqlfDFM)
and the duty ratio before it (d;, ppyy) can still be modeled using
Pade approximation for accuracy, only with an additional term
related to Wyyy.

It is worth to be noted that the form of (27) is very similar
to the expression of an inductor in series of a resistor. Under
such assumption, (1—s7,;) can be denoted as Rpgr, + SLpEL.
RpEgr, represents the equivalent resistance, which is equal to 1,
and Lpgy, represents the equivalent inductance, which is equal to
—T4. Adopting a similar expression as an inductor in dg-frame,
the following equation can be obtained:

d?izl—DFM ~ (1 —sTg—j(wo+ ‘:’dyn) Ta) ddquFM' (28)

A formal derivation for (28) can be found in Appendix B.
Based on (28), the first-order approximation can be made, and
the model of delay can be derived as

del o~
dgy—prv = GpeLd gg—pev—J@Wayn TaDago (29)

where Gpgy, represents the transfer function matrix between
the input and output of the delay. Equation (29) shows that the
fundamental frequency dynamics leads to an additional term
(the term highlighted in red) for the small-signal modeling of
control delay in dynamic-frequency frame, whose coefficient
is determined by both the delay time and the steady-state duty
ratio. Furthermore, this deviation is irrelevant to the inspected
frequency and will influence the delay modeling accuracy at
both the low-frequency and medium-frequency range, which is
always misjudged in the existing research. Similar to the analysis
in Section III-D, the modeling accuracy of delay will not be
influenced by different reference-frame selections.

In conclusion, the above analysis proves that the modeling ac-
curacy for the converter components associated with the system
frame is effectively equivalent for both DFM and FFM, provided
that an additional frequency-related term is incorporated into
the modeling of power stage and control delay. A summary of
the component models in different system frames is presented
in Table I. Since the controller frames are identically selected
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TABLE I
COMPONENT MODELS ASSOCIATED WITH DIFFERENT SYSTEM FRAMES
Model in DFM Model in FFM
G, - G,V ~ G -
PLL 0 ;?LFLW _ PLL :FM i’ do 19,) s = ey,
s+Gpy Vo s+Gp Vo s+Gp Vo
Droop HDFM _ BDFM 5 _ 5
Droop OB = Gy P! Oy =GP
Power
stage < DFM L IDFM | : ~ = .
(e§ Vi (5+Ja)o)le; +IJLL,,0,, Vi _(3+Ja)o)L'1q
inductor)
Control ;=
delay djq[ i = Gpe g pr = 3@ TiDygo dg, " =G,,d,

for both DFM and FFM, other controller components will have
identical models in both frames and are, therefore, not further
discussed.

IV. MODELING EQUIVALENCE FOR STUDIED SYSTEM

In this section, modeling equivalence for the studied inter-
connected system will further be proved. The primary focus
is on addressing the integration of the additional fundamental
frequency terminal in the DFM.

A. Model Transformation Between DFM and FFM

The key differences between models for the interconnected
system in DFM and FFM are summarized in Table II. In FFM,
the GFM-VSC is modeled as an impedance matrix Zgpy based
on Thévenin equivalent circuit, and the GFL-VSC is modeled
as an admittance matrix Ygpr, based on Norton equivalent
circuit. A minus sign exists as the reference current direction
is defined as flowing out from the GFL-VSC and into the
GFM-VSC. In DFM, apart from the impedance matrix Zgk
for the GFM-VSC and the admittance matrix Yo for the
GFL-VSC (now expressed in the dynamic-frequency frame),
two other transfer function matrices are introduced to describe
the influence of frequency dynamics. T, grnv represents the
response of fundamental frequency of GFM-VSC due to the
input current perturbations, indicating that GFM-VSC generates
the fundamental frequency dynamics in the system. T, gpr
represents the response of output current of GFL-VSC from
this fundamental frequency perturbation. Hence, the model of
GFM-VSC in DFM can be expressed as a 2x3 matrix, where
the input signals are current, and the output signals are voltage
and frequency. By contrast, the model of GFL-VSC in DFM can
be expressed as a 3x2 matrix, with reversed input and output
signals compared with the GFM-VSC model. 0 and ieq are the
equivalent voltage source and current source to characterize the
influence of T, grm and Ty, grL, respectively.

To unify DFM and FEM for the studied system, it is assumed
that treating fundamental frequency as terminal variable (in
DFM) is equivalent to embedding the frequency dynamics into
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Fig. 8. Transformation block diagram for the unification of DFM and FFM.

local voltage/current signals at the terminal (in FFM) [30]. Based
on this assumption, the generated fundamental frequency dy-
namics at the terminal of the GFM-VSC is first incorporated into
the terminal voltage. According to (1) and DFM of GFM-VSC,

as shown in Table II
{’dq =~ VdD(I;M + jvquédyn =

~ ~ T

Vdgq ~ U(]i);M + [O VdO] adyn

~ (:Jd n
= U(]i);M + [0 Vd()]T Y

DFM DFM

= Zgrmldg (30)

1 -
+10 VdO]T;TwGFMZB(I;M-
Then, gggM needs to be transformed into the fixed-frequency

frame for the unification. This can be done based on (1) and
FFM of GFL-VSC in Table IT

igg ~ ldq + jLago0ayn =
ZI;};M = qu + [Iqo —Ido] den
~ CI}d n
= qu + [Iq() —Ido]Tiy
~ rl “DFM
=Yg Uqy + oo —Iao]” —=Tucrmig, -  (31)

Based on (30) and (31), the embedment of fundamental fre-
quency dynamics into terminal signals can be achieved in Fig. 8.

Therefore, the equivalence of DFM and FFM for the studied
interconnected system can be proved by their transformation to
the block diagram in Fig. 8. By comparing the system models
in Table II and Fig. 8, it can be found that the transformation
between DFM and the block diagram in Fig. 8 depends on the
solidness of (32), while the transformation between the block
diagram in Fig. 8 and FFM depends on the solidness of (33)

1 DFM 0 1 I 0

1 0 11 I
=2 (-Y i 32
s (=Yar) {Vd0:| * s |:—Id()] (32)
Zgpm = <Zggﬁ + - { } TwGFM)
1 “1
x (I -1 [ Lao ] TWGFM> (33)
s |—1ao
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TABLE II

DIFFERENT MODELS FOR THE INTERCONNECTED SYSTEM IN DFM AND FFM

Model in Dynamic-Frequency Frame (DFM)

Model in Fixed-Frequency Frame (FFM)

F DM Verm
dg
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—0)
"
V

Equivalent Circuit

lorr

System Model

GFL GFM

T'erminal Characteristics of Fundamental Frequency

Return ratio: L*™ =y2MzPM 1 T

wGFL ~ oGFM

Vi ;
dq

Return ratio: L =Y, Z,

TABLE III
MAXIMUM ABSOLUTE ERROR BETWEEN MODELING AND SIMULATION
RESULTS FOR Ty, gFL,

Traditional model Traditional model

Proposed neglecting neglecting
frequency frequency
model . .
dynamics on dynamics on
power stage control delay
Magnitude
d- (dB) 0.7929 7.5473 7.5265
axis Pl(‘f)se 8.5410 341.3195 341.4841
Magnitude
0.6444 3.1762 7.4166
¢ (@B
axis P?f‘)se 15.3800 39.3978 16.7818
where I represents the identity matrix. In (32), Y2EM is equal

to Yarr because YOEM represents the current response of the

GFL-VSC when wyy, is set as zero, identically defined as Yqrr.
Therefore, Y g, is used for both DFM and FFM in the following
text of this article for simplicity.

To validate (32) and (33), DFM and FFM for GFL-VSC and
GFM-VSC need to be developed and analyzed. The modeling
equivalence of VSC components in Section III enables conve-
nient converter model transformation between different frames
by block diagram algebra, with GFL-VSC first taken as an
example to prove the solidness of (32). The solidness of (33)
for GFM-VSC can be analyzed in a similar manner and will
be explained afterward. The stability of the entire system will
be proved to be identical for DFM and FFM at the end of this
section.

B. Model Equivalence Regarding GFL-VSC

To verify the relationship between Ygrr, and Ty, grr in (32),
the accurate modeling of T, g1, needs to be developed first.

As the modeling of Ygrr, has already been detailed in many
existing research [14], [35], it will not be repeated in this article.

Based on the modeling of PLL, filter, and control delay in
Section III, the complete small-signal model for the studied
GFL-VSC under fundamental frequency perturbations can be
derived as Fig. 9. All the transfer function matrices related to
the frequency dynamics have been marked in yellow, which are
further summarized as follows:

[ I0Gf—pLL
G — qO~ f 34
JizPLL | —LaoG y—pLL 34
[ 0
GfypLL = 35
fo—PLL _—Vdon—PLL] (33)
[—D,oGr_
Grr oot — G r-pLL 36
fd—PLL | DaoGy—pus (36)
_ [ TquO
Gyode = __TdDd0:| (37)
L — LgrL
- L - .
(sLgrL + Rarr)” + wo?Lert
« (sLgrL + Rar) 190 — woLgrrLdo (38)
— (sLgrL + Rerr) Lao — woLarLlqo

As the voltage and frequency perturbations are treated sep-
arately in the small-signal modeling, 77 is set as zero when
modeling To,grr. Gy—pL1 represents the transfer function be-
tween the output of the PLL and the fundamental frequency
perturbations. According to (8), Gy_pr1, can be expressed as
follows:

1

—_— 39
s+ GpVao 59)

GyopL = —
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Fig. 9.

The rest of the transfer function matrices are identical to the
conventional impedance modeling of GFL-VSC: Gpg_; and
G pg- , denote the linearized transfer function matrices of power
calculation. G pg and G ¢y are the transfer function matrices of
the power and current controller, respectively. Gy is an identity
matrix representing the voltage feedforward control. G, repre-
sents the transfer function matrix between the duty ratio and
output current. Gpgy, represents the control delay. The detailed
expressions of these matrices have been included in Appendix C.
Therefore, the small-signal model of GFL-VSC under terminal
fundamental frequency perturbations can be expressed as (40)
shown at the bottom of this page:

Based on the block diagram of T,qrr, the solidness of
(32) can be studied. According to the impedance modeling of
GFL-VSC [14], YgrL can be derived and the block diagram of
1 0 1 I q0
(=YgrL) |:Vd0:| + 3 |:_Id0
It can be observed that the main difference between the block
diagrams in Figs. 9 and 10(a) lies in the PLL, power stage, and
control delay modeling.

The transfer function matrix G;_pr,1,, which reflects the in-
fluence of PLL on controller current in Yrr,, can be expressed
as

] can be formulated as Fig. 10(a).

Block diagram for the small-signal model of GFL-VSC under fundamental frequency perturbations.

Similarly, the expression of G,_prr, is shown as

1 0
Gyopir = '
PLL {0 1—Vyo S+Vd0GJ

(43)

The relationship between G,_pr1, and Gy,_pr1, can be de-
rived as

0 1 0
Gy pir = - -G, :
fv—PLL |:Vd0 S+V$0GPI:| S PLL |:Vd0:|

The expression of G 4_pr,1, is shown in the following equation
and the relationship between G4_pr1, and Gg_pr1, can also be
derived:

(44)

0 —Dyo—rit—
G piL = [ ’ S*VHOG”] (45)
0 Dao s+VaoGr
Dg—2>L
GfdfPLL _ [ 50 S+Vd(iGPI
—do s+VaoGpr
1 Do 0
= — G . 46
s< [Ddo}Jr dPLL[VdO]> (46)

In the above analysis, D 4o and D ;o represent the steady-state
duty ratio before the delay. D and DY) represent the steady-
state duty ratio after the delay.

Hence, to unify the expressions of T, qrr, and Ygrr, the

G
GipL = 0 Igo ST VaoGm . (41) equivalent block diagram of Fig. 10(a) can be replotted as
" 0 —Idoﬁ Fig. 10(b). Furthermore, for the control delay, the following
equation holds for the steady-state conditions:
Comparing (41) with (34), it can be derived that —Dyo —D
GpEL T = del
Do DY
_IqO SJFViOGPI del
GyipL = 7 1 |1 =Ty 0 —Dgo| —Dgo
d0 53 V40 Grr - 0 1— 5Ty Do Dg%l
1 I 0
=-|- + G, . (42) _
s ( [ Lo } FLL |:Vd0:|> ~ —sTy [ DD‘JO] ~ $G gl 47)
do
TociL = (I+ GiaGpeLGer (I+ GpgGpo_i) "
X (Ly + Gig (Gy—det + GpeL (G pa—pir + GrrG po—prL — Gor (Gri—pr — Gpo
x (Gpg-iGfi—pL + Gpo-vGfo-piL))))) - (40)
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0 1
Diagram of l(—YGFL )|: :I + l{ ;0 :I
5 _

(b)

~DFM

|G fd-PLL‘

I

‘ G f-del

I |

Fig. 10. Block diagram transformation for the unification of DFM and FFM models based on (32), (a)—(c) show different stages of the unification.

According to the circuit theory, for the filter inductor, we have

Dg‘;lo = Vg0 + jwoLcrLLago-

(48)

By multiplying j to (48), it can be derived that

_Ddel
G| b |

= Zj_pl (Zf - Zfo) |:

= sLyZ;! [

= sL,,

_ 71

!

Iq0
—Iq0

|

L0
—1Iq0

vl |

|

I
—1Iq0

(49)

0 —woLgrL
woLGrL 0 '

Therefore, by combining the different parts in Fig. 10(b)
together, it is found that Fig. 10(b) is equivalent to
Fig. 10(c), proving the solidness of (32): T,qgrr in DFM
and 1 (—YgpL) [V(') ] +1 [ I}’.O } from FFM are identical. In

do —1Ldo
conclusion, due to the modeling equivalence of components
associated with the system frame, the overall converter model
can be unified for both DFM and FFM. This unification occurs
because the controller input remains identical, given the equiv-
alence of PLL modeling in DFM and FFM, leading to the same
controller output. Moreover, the output voltage of the converter
has an identical effect on the output current due to the equivalent

where Z¢y denotes {
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52 =0 0]

Fig. 11.

modeling of power stage and control delay. Ultimately, this
results in an equivalent overall model for the GFL-VSC. In
addition, it can be concluded that T,,gpry, does not need to be
separately measured in practices, as it can be calculated based
on the measured Ypr, and steady-state operating points.

C. Model Equivalence Regarding GFM-VSC

The model equivalence will also be demonstrated for the
GFM-VSC by the validation of (33). Section III-C has proved
that the controller frame and the droop controller modeling for
a GFM-VSC will remain equivalent across different reference
frames. Furthermore, the modeling of power stage and control
delay will also be of equal accuracy as in the former analysis,
leading to the solidness of (33).

To validate this assumption, the expression of T, grym and
Z2EM for the GFM-VSC in dynamic-frequency frame needs to
be developed, with the block diagram, as shown in Fig. 11. The
effects of fundamental frequency dynamics on the modeling of
filter inductor and control delay have been taken into account.

As shown in Fig. 11, T,grym and Z2EM can be summarized
as follows:

Tucem = (I — Gproop (Gp—i Vg
+ GP—UZLfGFMGf—DEL))_l
X Gproop (G p—i Tran (dg)
+ Gp-vZr crmTran (0p))
Zgim = Z1 + Ve Tocem

+ Tran(5o) " (Z; + (Vs + Gs_per) Tuwcrm)
(5D

(50)

where Gp_ ;i [Vg0,0land G p_is [{ 40, 140]- GDroop Tepresents
the transfer function of the droop controller as follows:
Gpr
S+ wo

G(Droop = (52)
where G, denotes the droop parameter. The matrix Tran(do) is
introduced by the steady-state phase angle difference ¢ between
the terminals of the power cable as follows:

cos (0g)  sin(do)

Tran (dp) = —sin (dg) cos (dp)

(53)

Block diagram for the small-signal model of GFM-VSC in dynamic-frequency frame.

Z;, crwM represents the filter inductor of the GFM-VSC as

Rgrm + sLgem

—woLcrm
54
wo Larm } (>4)

21 oM = [ Rerm + sLarm |

71, represents the impedance of the power cable, which can
be expressed as

RLine + SLLine
wo LLine

_WOLLine

Ztine =
Line |: RLine + SLLine

} . (5%

V.. represents the voltage deviation on the power cable due to
the fundamental frequency dynamics. Based on the analysis in
Section III-D, V,,; can be expressed as
T
Vi = [—1y0Ltine; Lyo Liine] (56)
V., srepresents the voltage deviation on the filter inductor due to
the fundamental frequency dynamics, which can be similarly
derived by appropriately substituting the steady-state current
and inductance values into (56). G.pg1, represents the voltage
deviation of the control delay due to the fundamental frequency
dynamics, as previously derived in (37).

The solidness of (33) can then be proved by block diagram
algebra similar to the analysis in Section IV-B, which is not
included here due to the limited space. Simulation and exper-
imental results will be provided in the following sections to
validate the modeling equivalence. As a conclusion, the DFM
and FFM of the studied interconnected system are equivalent to
the block diagram in Fig. 8, proving the equivalence of system
modeling in different reference frames. It also indicates that
when T, gry is known, Zgry and Z2EN can be transformed
between each other by algebraic calculations.

D. Equivalence of System Stability Prediction in Different
Reference System Frames

The stability of the studied system can be predicted based on
the derived small-signal models in different reference frames.
Assume that the controllers for both the GFL-VSC and GFM-
VSC have been properly designed, which means that Zgry,
Ycrr, Tocrm, TocrL, and Z2EM have no right-half-plane
(RHP) poles and system instability is mainly induced by the in-

teraction between the GFM-VSC and GFL-VSC. Furthermore,
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(a)

Fig. 12.

-1
from (33), it can be assumed that <I — % [ Tgo ] TwGFM>

—1lao0
has no RHP poles.
For DFM including fundamental frequency as terminal char-
acteristics, the return ratio matrix LP™ can be derived as fol-
lows:

LP™ = Y Z2in — Twort Tucrm- (57)

Substituting (32) and (33) into (57), it can be obtained that

1 0 117
DFM DFM - - q0 T
L =Y GFLZGFM_ (S (—i GFL) [‘ 7d0:| + S { IdOD wGFM

110 1117
= YcrL (Zg%-ks [Vdo] TwGFM) - {_;30} Twcrm

140
Ty,
_ Id0:| GFM

:L—(I+L)i[ (58)
where L denotes the return ratio matrix for FFM without fun-
damental frequency as terminal characteristics, which can be
expressed as L = Y g, Zgpy,- Based on the multivariable feed-
back control theory [37], system stability depends on whether
there exist RHP poles for the determinant of (I 4+ LP™)~! in
DFM or the determinant of (I + L)™' in FEM. Moreover, based
on (58), we have

1
(I+ LDFM)71 = (I 1 [ I}O } TwGFM) I+L)"
—Iqo

S
(59)

-1
As (I — % [ I}O ] TMGFM> is assumed to be free of RHP
—1Lao

poles, it can be concluded that the determinants of (I + LPFM)~!
and (I + L)~ ! will share identical RHP poles [37]. Therefore,
the stability prediction results in different reference frames will
also be identical.

T(uVS( N [

(b)

(a) Diagram of a multiple-converter system. (b) Small-signal block diagram for the studied multiple-converter system.

In conclusion, the above analysis proves that the modeling
accuracy and stability prediction for a general interconnected
GFM-VSC and GFL-VSC system is effectively equivalent for
both DFM and FFM, despite an additional frequency terminal
when modeled in dynamic-frequency frame. The unification
of both models can be achieved by incorporating frequency
dynamics into terminal voltage/current signals.

E. Integration of Multiple Converters

The interconnected GFM-VSC and GFL-VSC system stud-
ied above can be regarded as a general representative of the
multiple-converter system, as shown in Fig. 12(a). For such kind
of system, the transformation between local and global dg-frame
can be accomplished as follows.

1) InFixed-Frequency Frame: Asdemonstratedin [15], each
converter is initially modeled in its local system dg-frame and
subsequently transformed into a global system dg-frame, typi-
cally established at the ac bus. Using VSC1 as an example, the
transformation between the impedance model in the global and
local dg-frames is achieved by

Z9% = Tran(,) ' Zyge, Tran (6).  (60)

The matrix Tran(d;) represents the steady-state phase angle
difference induced by the line inductance L, whose expression
can be foundin (53). Z%}%béll and Z,q; represent the impedance
in global and local dg-frames, respectively. System stability can
then be evaluated by integrating the converter impedances in the
global dg-frame.

2) In Dynamic-Frequency Frame: The integration of
multiple-converter impedance models can still be performed at
the ac bus, as demonstrated in [24] and [25]. First, one converter
is selected as the reference to establish the dynamic-frequency
system frame (typically a GFM-VSC). All other converters are
then modeled with reference to this dynamic-frequency frame.
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Fig. 13. Simulation and analytical results of T,,grr. (a) On the d-axis.

(b) On the g-axis.

The main difference is the formation of a frequency dynamic
loop, which accounts for the additional frequency-related
terminal in the impedance models. Furthermore, as pointed
out in this article, frequency dynamics also takes effect on the
modeling of inductors. Consequently, the overall small-signal
block diagram for the studied multiple-converter system can
be derived and presented in Fig. 12(b). For simplicity, only the
impact of frequency dynamics on the inductor voltage V ;  is
shown, while Z,, has already been incorporated into Z]\D,Fsl\él or

—YDIM based on the basic circuit theory.

V. SIMULATION VALIDATIONS

Simulations are conducted in this section to validate the
effectiveness of the above analysis.

A. Model Equivalence Validations

Electromagnetic simulations in PSCAD/EMTDC are first
conducted to validate the derived modeling equivalence.

1) For GFL-VSC: The relationship between T, gr1, in DFM
and Y, in FEM is validated. For the measurement of T, ¢pr,, a
voltage source with varied frequency wqyy, is used to emulate the
fundamental frequency perturbations in the system [24], which
can be expressed as follows:

Wdyn = Wo + Wdyn

Dayn = Asin (27 ft) . 61)

A represents the amplitude of the frequency perturbation in the
testing simulations, which is set as 0.27 rad/s (0.2% of the
steady-state operating frequency wy). f represents the frequency
of the injected perturbations, which will be scanned from 1 to
1000 Hz, covering the typical frequency range of fundamental

frequency dynamics in the system. f)ggM is kept as zero by
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Fig. 14. Simulation and analytical results of Zgprm, (a)—(d) represent the
results of different channels.

continuously aligning the system dg-frame to the integration
of Wdyn- -

The dg-axis current response 2, ' is then measured and trans-
fer function T, grr, is obtained, as shown in Fig. 13, together
with the analytical results using the developed DFM and FFM.
Comparison with models in the dynamic-frequency frame but
neglecting frequency dynamics on the delay or filter inductance
is also presented. It can be observed that the frequency dynamics
on the control delay and filter inductance will influence the
modeling accuracy, which is better to be considered when mod-
eled in dynamic-frequency frame. The comparison of maximum
absolute error between the modeling and simulation results is
shown in Table III, supporting the effectiveness of the analysis
in this paper.

2) For GFM-VSC: Simulation validation for GFM-VSC is
then conducted. First, Zgry is measured in the simulations by
injecting external voltage perturbations of different frequencies
into the GFM-VSC [36], which is compared with the impedance
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TABLE IV
VALIDATION CASES AND RHP POLES IN DIFFERENT FRAMES g 20204
N
Case Parameter RHP Poles Calculated RHP Poles Calculated 5
No. Adjustment by DEM by FFM g 2000 1
1 Original — — %
—>
2 Koprr=4.1 (117.79,+2610.58)  (117.79,+2610.58) = 0.15s
3 Kypp=4.1,K,=0.7 — — :é 1980
4 K,=42 (139.79, +3860.30)  (139.79, +3860.30) | | | | |
5 K,=0.1 (178.27,+3360.94) (178.27,43360.94) 1.0 1.1 1.2 1.3 1.4 1.5 1.6
6 Pry=4 kW (93.57,+2696.06)  (93.57, £2696.06) Time (s)
G,=24,Kpp11 =
7 015, Ko o35 (6.32, +41.80) (6.40, +41.92)

model in a fixed-frequency frame (FFM). The impedance cal-
culated by (33) based on Z2EM and T, grm in DFM is also
presented as a comparison. Simulation results are provided in
Fig. 14.

It is shown that the measured converter impedance is consis-
tent with the modeling results. More essentially, the solidness of
(33) is proved, validating the correctness of model equivalence
between DFM and FFM for GFM-VSC.

B. Stability Validations

Several representative cases have been selected for the vali-
dation of stability prediction results, as illustrated in Table IV,
where different controller parameters (per-unit value) have been
adjusted. Case 1 serves as the original case whose parameters are
listed in Appendix A. The locations of RHP poles calculated by
models in different reference frames have also been presented.

It is shown that the calculated RHP poles are identical in
DFM and FFM with the same stability prediction results, val-
idating the correctness of the theoretical analysis. For Case 7,

Fig. 16. Magnified view of active power variation in Case 7.

a very large value of G, has been assigned to consider very
extreme cases with large frequency dynamics. Some singularity
exists in the numerical calculation, causing a little deviation of
the calculated RHP poles for different models, which will not
influence the stability prediction in practice. It is shown that
the interconnected GFM-VSC and GFL-VSC system tends to
become unstable when increasing the proportional gain of the
current controller, power controller, and PLL in the GFL-VSC
as in Case 1-Case 5. Variation of the operation point may also
lead to instability, which can be observed in Case 6. It is also
shown in the analytical results that a large G, may lead to the
interaction of the GFM-VSC and GFL-VSCs at low frequencies,
causing system resonance.

The time-domain simulation results validate the effectiveness
of the stability prediction, with the waveforms of three-phase
PCC current, as presented in Fig. 15. Furthermore, resonance
frequency of Case 7 has also been identified to be 6.7 Hz
in Fig. 16, which is consistent with the analytical results in
Table IV, proving the accuracy of the small-signal modeling.
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Fig.17.  (a) Experimental setup. (b) Injected PRBS perturbations in the dg-axis
current fipj.

VI. EXPERIMENTAL VALIDATIONS

Experiments are further conducted for the validation.

A. Model Equivalence Validations

Considering the low magnitude of T, g1, (less than —60 dB
for the d-axis and —30 dB for the g-axis), the validation for
modeling equivalence of GFM-VSC is mainly conducted in this
article. The experimental setup is shown in Fig. 17. Two Danfoss
converters are controlled to act as GFL-VSC and GFM-VSC
by dSPACE-1007. The control diagram for the GFM-VSC is
the same, as presented in Fig. 4, and the GFL-VSC is used to
generate perturbation signals for the impedance measurement.
The current and voltage are measured by sensors and processed
by the DS2004 A/D board. A DS2101 D/A board is used to
transfer the measurements to the oscilloscope. The impedance
measurement method in [36] is used, with pseudorandom binary
sequence (PRBS) current perturbations in the dg-axis, as shown
in Fig. 17(b), injected into the GFM-VSC for the measurements.
The line inductance L, is set as 7 mH. The frequency range of
the measurement is set as 1-1000 Hz. Grid simulator Chroma
61845 is used.

The obtained impedance measurement result is shown in
Fig. 18, together with the analytical impedance model Zgpys in
FFM and the impedance model calculated by (33) using Z25M
and T(,J GFM in DFM.

In the experimental case, G, is increased to 0.032 p.u., with all
the other parameters unchanged. This adjustment raises the low-
frequency magnitude to reduce the measurement errors without
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impacting the effectiveness of the validation. It is shown that the
measured converter impedance is consistent with the modeling
results, validating the correctness of the model equivalence.
Some deviations exist in the experiments due to the nonlinearity
of inductors, errors from the measurement sensors, and dc-link
dynamics.

B. Stability Validations

Stability prediction results are further validated, with the
experimental setup, as shown in Fig. 19. The control diagram of
the GFL-VSC is set according to Fig. 3.

The parameters of the power stage and the controller are in-
cluded in Appendix A. The selected validation cases in Table IV
are still used in the experiments.

Experimental results of different cases are shown in Fig. 20,
where the active power, reactive power, voltage, and current
(only showing Phase A) at PCC point have been recorded. It is
shown that the system stability is consistent with the analytical
and simulation results, validating the effectiveness of the above
analysis. Furthermore, a magnified view of the collected wave-
forms in Case 7 has been presented in Fig. 21. A low-frequency
resonance of 6.7 Hz can be observed, which is consistent with the
theoretical analysis, proving the effectiveness of the modeling
and stability analysis.
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Fig. 19.  Experimental setup for stability validations.

The proposed model equivalence also introduces practical
advancements as follows.

1) Improved Modeling Accuracy of VSCs in the
Dynamic-Frequency Frame: This article identifies the need
to incorporate an additional term in the modeling of power
stage and control delay to enhance the accuracy of converter
modeling in the dynamic-frequency frame. For instance, Fig. 13
compares T, gr1, for a GFL-VSC using the proposed model
versus the conventional models that neglect the frequency
dynamics on the power stage and control delay. It is shown
that a deviation exists between the conventional models and the
simulation results, outperformed by the proposed model.

2) Providing Flexibility for Reference-Frame Selection in
Power-Electronic-Based Power Grid: Based on the improved
impedance model in dynamic-frequency frame proposed in this
article, the equivalence of impedance models in fixed-frequency
and dynamic-frequency frames has been established at both
the component and system levels. This finding offers greater
flexibility in selecting reference frames for dynamic analysis
of power-electronic-based power grid since the modeling in
dynamic-frequency frame has been increasingly endorsed in re-
cent research due to a larger integration of GFM-VSCs. This ar-
ticle reveals that the selection of reference system frame will not
compromise the modeling accuracy: models in fixed-frequency
frame provide more clarity, and models in dynamic-frequency
frame effectively capture the interaction between synchroniza-
tion controllers through the additional frequency-related termi-
nal. Furthermore, the transformation and integration of models
in different reference frames can also be conducted in a correct
and flexible manner based on the proposed study, as presented
in Section I'V-E.

VII. CONCLUSION

This article has mathematically proved that the selection of
reference frame will not influence the impedance modeling ac-
curacy for VSC systems with fundamental frequency dynamics.
First, model equivalence for the VSC components associated
with system frame has been clarified. The modeling of control
delay and power stage in dynamic-frequency frame has also
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proved to be effective in improving modeling accuracy. Fur-
thermore, the system model in different frames is proved to
be equivalent for an interconnected GFL-VSC and GFM-VSC
system. The stability evaluation in different reference frames
has also been unified. Finally, simulations and experiments have
been conducted to validate the effectiveness of the theoretical
analysis. It is proved that these two models in different reference
frames are of equal accuracy and will both be applicable for
future power-electronic-based power systems.

APPENDIX A
PARAMETERS OF THE GFL-VSC AND GFM-VSC

Symbol Description Value
Py Rated power 2kW (1 pu)
System
v Ve (fo) Voltage RMS 110V (30 Hz) (1
p-u.)
Lt Filter inductance 3 mH (0.07 p.u.)
-4
Rerr ESR of filter inductance 3 me(i")‘X 10
GFL- K,i/Ki Inner current controller 2.8/70 (p.u.)
VSC Kopir/ PI controller of PLL
K (bandwidth = 100 Fz) 1.5/352.6 (p-w)
K, /K Outer power controller 0.05/10 (p.u.)
T Sampling period 100 us
Loru Filter inductor 3 mH (0.07 p.u.)
-4
Reru ESR of filter inductor 3 me2 (2.4x10
pu)
Liine Line inductor 5 mH (0.12 p.u.)
GFM- . 5mQ (4.0x10™*
VSC Riine ESR of line inductor )
G, Droop parameter 0.0032 (p.u.)
o0 Cut-off frequency of the LPF in 1007 rad/s
droop control
Ty Sampling period 100 us

APPENDIX B
CONTROL DELAY MODEL IN DYNAMIC-FREQUENCY FRAME

Within the frequency range of interest, the expression of
control delay on the three phases can be approximated based
on (27) as follows:

d%¥' ~d, — Typd 4
d¥' ~ dp — Typdg
A% ~ d,. — Typd,.

(B.1)

where p denotes 4

7+ Park’s transformation as (B.2) is then
applied to (B.1), which can be transformed to (B.3), with

) = 0o + Oayn representing the dynamic-frequency frame

5 cos 6 0
qu:\/> —sinf —sin (0 — 27) —sin (0 + 2m)
3| v 2 V2

2 2 2
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Fig. 20. Experimental results of different cases, (a)—(f) show the results from Case 1 to Case 7.

P (2kW/div) The following equation can then be derived based on the
I expression of T4, in (B.2):
D
Q (2kvar/div) 0 — (wO + a)dyn) 0
Dt gy -1 _ ~
Vice (250V/div) —TaTaq (p Taq ) =—Ta |wo +0de“ 8 8
D

(B.5)
Finally, (28) can be obtained by substituting (B.5) with (B.4).

Ipcc ( 10A/di V)
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TRANSFER FUNCTION MATRICES FOR THE GFL-VSC
Fig. 21. Magnified view of waveforms in Case 7.

Apart from the frequency-dynamics-related transfer function
matrices in (34)—(38), the rest of the transfer function matrices
in the block diagram can be expressed as follows:

d‘fl dy ) dy_prm _VdO 0
Taq |45 | = Tag |dg| — TagTap | Tay |dyprm| | - Gpo-i = 0 —v (C.1)
ddcel de dy_pEM - @
(B.3) G — | Lo Iqo]
PQ-v = (C2)
¢ __IqO Iy
Hence, it can then be derived that Gpqo = ot k;'S ' } (C.3)
’ e o — (kps + B2 ‘
_ _kpi + 5 0
dgde—iDFM dy_prm » Pdy_prm Ger = .0 kpi + ks] €4
dge—lDFM ~ dq—DFM - Tdequq pdq—DFM _
Ao pEM dy_pEM Pdy_pEm Gpr = (1) (1) (C.5)
1 Zd_DFM - 1-0.5sT.
—TyTy (pT— ) ol - (B4) 10557y
q dq q—DFM GDEL — 1+0055Td 1 0.55T, (C6)
o—DFM i 14+0.55T4
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