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Abstract—Grid-following voltage source converter (GFL-
VSC) and grid-forming voltage source converter (GFM-VSC)
have different dynamic characteristics for active power-frequen-
cy and reactive power-voltage supports of the power grid. This
paper aims to clarify and recognize the difference between grid-
following (GFL) and grid-forming (GFM) frequency-voltage
support more intuitively and clearly. Firstly, the phasor model
considering circuit constraints is established based on the port
circuit equations of the converter. It is revealed that the voltage
and active power linearly correspond to the horizontal and ver-
tical axes in the phasor space referenced to the grid voltage pha-
sor. Secondly, based on topological homology, GFL and GFM
controls are transformed and mapped into different trajecto-
ries. The topological similarity of the characteristic curves for
GFL and GFM controls is the essential cause of their uniformi-
ty. Based on the above model, it is indicated that GFL-VSC and
GFM-VSC possess uniformity with regard to active power re-
sponse, type of coupling, and phasor trajectory. They differ in
synchronization, power coupling mechanisms, dynamics, and ac-
tive power-voltage operation domain in the quasi-steady state.
Case studies are undertaken on GFL-VSC and GFM-VSC inte-
grated into a four-machine two-area system. Simulation results
verify that the dynamic uniformity and difference of GFL-VSC
and GFM-VSC are intuitively and comprehensively revealed.

Index Terms—Renewable energy, grid-following converter,
grid-forming converter, phasor method, topological homology.

[. INTRODUCTION

OWER electronic converters for integrating renewable
energy sources into power systems can be categorized
into grid-forming (GFM) and grid-following (GFL) convert-
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ers [1]. At present, converters widely used in real projects
are usually voltage source converters (VSCs), which utilize a
GFL control structure [2]. This control structure utilizes
phase-locked loop (PLL) technique to synchronize with the
power grid, which achieves power output or voltage regula-
tion by controlling the injected current. However, the increas-
ing penetration of renewable energy sources can lead to a
weak grid at the receiving end. Grid-following voltage
source converter (GFL-VSC) poses a risk of instability in
weak grids. Therefore, in order to ensure the stable opera-
tion of the power system in weak grids, the VSCs need to
be controlled as voltage sources instead of current sources.
Currently, scholars refer the VSC controlled converter to be
a voltage source as the grid-forming voltage source convert-
er (GFM-VSC) [3]. Besides being controlled as a voltage
source, GFM-VSC is also synchronized with the grid by con-
trolling the power output. There are significant differences in
the external characteristics and synchronization of GFL-VSC
and GFM-VSC, which determine the characteristics of the
grid-connected renewable energy [4]. These further result in
different dynamic characteristics of GFL-VSC and GFM-
VSC in terms of active power-frequency and reactive power-
voltage supports [5]. The different frequency-voltage charac-
teristics of these converters not only bring flexibility to the
operation of the power systems, but also result in new con-
trol dynamics and instability problems [6].

GFL-VSC and GFM-VSC have their own advantages, dis-
advantages, and applicability in frequency-voltage support,
which will have a profound impact on the renewable power
system. It is of essential significance to clarify the difference
between the frequency-voltage dynamics of GFL-VSC and
GFM-VSC for planning the ratio of GFL-VSC and GFM-
VSC in the power system and precisely controlling GFL-
VSC and GFM-VSC in the operation process [7]. Existing
studies have begun to conduct and discuss the difference be-
tween GFL-VSC and GFM-VSC from various perspectives.
Some research works try to find uniformity to reveal the re-
lationship between GFM-VSC and GFL-VSC. References
[8] and [9] obtain the differences of GFL-VSC and GFM-
VSC under strong and weak small-signal grid adaptation.
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The analysis of dynamic processes of GFL and GFM con-
trols is not addressed [10]. References [11] and [12] provide
the comparative analysis in terms of the control equations of
converters, but they cannot intuitively reveal the frequency-
voltage dynamics in the operation process intuitively. In
[13], an analytical comparison of the active power response
of GFL and GFM frequency-voltage controls is conducted
using the transfer function. However, the derivation of the
transfer function ignores the electrical constraints in actual
operation and can only be analyzed in quasi-steady state.
Reference [14] combines the advantages of the above meth-
ods and analyses the dual uniformity of GFL-VSC and GFM-
VSC in a more comprehensive way.

In summary, the existing research works mainly focus on
the static perspective and are conducted separately for both
converters. Unfortunately, many ambiguities still exist regard-
ing the participation of GFL-VSC and GFM-VSC in frequen-
cy and voltage dynamic support, which limits their frequen-
cy and voltage support capabilities [15], [16]. The ambigui-
ties mainly include the following four aspects: (1) differenc-
es in the dynamic characteristics of frequency and voltage
regulation between GFM-VSC and GFL-VSC; @ the power
coupling problem and the nature of the mechanism in fre-
quency and voltage regulation between GFL-VSC and GFM-
VSC; @ whether the frequency and voltage support strate-
gies of GFL-VSC can be transplanted to GFM-VSC and
whether there is any unity between them; (4) whether there
are similarities and differences between the frequency and
voltage operation feasible domains of GFL-VSC and GFM-
VSC.

To summarize and clarify the dynamic characteristics of
GFL-VSC and GFM-VSC in terms of frequency and voltage
support, the phasor method allows for a visualization of the
relationships among the circuit variables after the converter
is connected. Therefore, the phasor method has the potential
to reveal the frequency-voltage relationship between GFL-
VSC and GFM-VSC. Reference [17] introduces the method
of using equivalent phasors to judge the current and voltage
response processes of GFL-VSC and GFM-VSC. The effec-
tive combination of phasor and control makes the analysis
more intuitive and clear. However, it only considers the pha-
sor dynamics of the converter and does not consider the con-
trol dynamics of the converters. Reference [18] analyzes the
transient voltage support process of the virtual synchronous
generator by further using the phasor method and designs a
fault ride-through scheme that considers the dynamic pro-
cess. But it has not yet focused on the dynamic process of
frequency-voltage support. In summary, the phasor method
can provide a new scheme for characterizing the frequency-
voltage relationship between GFL-VSC and GFM-VSC in a
deterministic state. However, there are still challenges in re-
vealing the dynamic change characteristics.

Recognizing GFL-VSC and GFM-VSC from the perspec-
tive of control dynamics will show the dynamic process of
frequency-voltage support more intuitively compared with
the existing methods [17]. Topological homology theory is a
reliable one that mathematically characterizes the transforma-

tion relationship between different topologies. The theory
can reveal the operation characteristics of GFL-VSC and
GFM-VSC in various states through the perspective of topo-
logical transformations [19]. This provides the possibility to
analyze the dynamic processes of GFL-VSC and GFM-VSC
in multiple continuous states [20]. Therefore, this paper com-
bines the advantages of the phasor method in describing the
frequency-voltage relationship with the advantages of the to-
pological homology theory in characterizing continuous topo-
logical dynamic changes, which focuses on identifying and
clarifying the difference in GFL and GFM frequency-voltage
support dynamics. Their uniformity and difference are inves-
tigated through theoretical derivation combined with simula-
tion experiments.

In this paper, the dynamic uniformity and difference of
GFL-VSC and GFM-VSC are analyzed using phasor and to-
pological homology methods. The main contributions of this
paper are as follows.

1) Phasor model is developed to reveal operation charac-
teristics of GFL-VSC and GFM-VSC in terms of active pow-
er-frequency and reactive power-voltage. It is found that the
operation points of GFL-VSC and GFM-VSC can be com-
bined with frequency and voltage in the phasor space. The
horizontal coordinate of the operation point is linearly pro-
portional to the grid-connected voltage amplitude, and the
vertical coordinate of the operation point is linearly propor-
tional to the active power output.

2) The effects of GFL and GFM control dynamics and
their coupling mechanisms are considered from a topological
perspective. The topological homology theory is used to
transform the controls into different trajectories in the phasor
model. Thus, the dynamics of GFL-VSC and GFM-VSC can
be portrayed by changes in topological trajectories.

3) The dynamic uniformity of GFL-VSC and GFM-VSC
is reflected in active power response, type of coupling, and
phasor trajectory. The dynamic difference of GFL-VSC and
GFM-VSC is reflected in synchronization, power coupling
mechanisms, dynamics, and active power-voltage operation
domain in the quasi-steady state.

The rest of the paper is organized as follows. Section II in-
troduces the analysis of key influences on the control dynam-
ics of GFL-VSC and GFM-VSC using the phasor method.
Section III presents the analysis of dynamic frequency-volt-
age uniformity and difference using topological homology
theory. Section IV provides simulation results of the dynam-
ic process. Section V presents the conclusions of this paper.

II. ANALYSIS OF KEY INFLUENCES ON GFL AND GFM
CONTROL DYNAMICS BASED ON PHASOR METHOD

A. Circuit Equivalent of GFL-VSC and GFM-VSC

As shown in Fig. 1, GFL-VSC requires PLL to synchro-
nize with the external grid by making the phase angle follow
the voltage sampling result at the point of common coupling
(PCC) [21]. The mathematical model of GFL control is es-
tablished as:
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deGFL
dt

idrcff,GFL = kpl (Psref_ Ps )+ kil f(Ps'rgf_ Ps )dt

iqreff,GFL = kpz (anff_ Qs )+ kiZJ'(eref_ Qs )dt

where 0, is the synchronization angle of the PLL output
for GFL-VSC; w,, is the angular velocity of the PLL out-
put for GFL-VSC; P, and Q,,, are the reference values of
active power and reactive power from the converter, respec-
tively; P, and Q, are the actual values of active power and
reactive power from the converter, respectively; U,, and U,,
are the d- and g-axis components of the voltage at the PCC,
respectively; i, and i, are the d- and g-axis refer-
ence values of the output current of the converter, respective-
ly; k,p;; and kg, are the proportional and integral coeffi-
cients of the PLL control, respectively; &, and k,, are the
proportional and integral coefficients for constant active pow-
er control, respectively; and k,, and k, are the proportional
and integral coefficients for constant reactive power control,
respectively.

In Fig. 1, v, and i, are the grid-connected three-phase
voltage and current, respectively; i, is the grid-connected
current of dg-axis; I, is the output current amplitude of the
converter; Z, is the total equivalent impedance of the grid;
Ligrer 18 the d-g-axis reference values of the current in the in-
ner-loop current control of the converter; U, is the grid-side
voltage magnitude; and Uy and Uy, are the grid-connect-
ed voltage amplitudes of GFL-VSC and GFM-VSC, respec-
tively. GFL-VSC achieves reactive power tracking by con-
trolling the g-axis current to follow the reference value of re-
active power. GFL-VSC also achieves active power tracking
by controlling the d-axis current to track the reference value
of active power. GFL-VSC is controlled as active power and
reactive power source. The dual equivalent circuits of GFM-
VSC and GFL-VSC are shown in Fig. SA1 of Supplementa-
ry Material A.

Unlike GFL-VSC, 6., is the synchronization angle of
GFM-VSC. GFM-VSC usually uses virtual synchronous con-
trol to achieve grid-connected synchronization and employs
voltage outer-loop control to make Uy, follow v, [22].

The mathematical model of GFM control can be ex-
pressed as:

=Wgp = kaLL qu +kippr f qu dr

(M

o,
T
da)c Psref_Ps
dr = w, _Dé(a)c_a)o) (2)
dE,
dtL :Kq (ergf_ Qx )+Ku (Urcff_ UVSC)

where Uy, and U, are the voltage amplitude and reference
value at the grid-connected node, respectively; K, is the reac-
tive power coefficient; K, is the voltage sag coefficient; D,
is the damping coefficient; £, is the equivalent electromotive
force of GFM-VSC; w, and w, are the rated speed and per
unit value of actual speed, respectively; o, is the equivalent
phase angle of GFM-VSC; and J is the inertia factor of
GFM-VSC.

Power
calculation
O6ru Frequency
S| w droo
ldq dq fe— P
abg Current | | Voltage [« /abc
dq| |controller| |controller «~——
Uu’rcf

Ldq <
Y/ Current |+ /ghe Outer-loop [« P
dq| |controller < =P
Ldgref control P
TQ‘SVL"/' TQ\
(b)

Fig. 1. Framework and structure of GFL-VSC and GFM-VSC. (a) GFL-
VSC. (b) GFM-VSC.

Taking the grid-connected voltage of the grid as a refer-
ence and ignoring the power loss caused by the filter capaci-
tance of the converter, we can obtain:

UE
P=P= 2

3 E (€)

QS=QAC= EXL'FXF

(E-U,cos0)

where X, and X, are the equivalent impedances of the line
and VSC, respectively; £ and 6 are the equivalent electromo-
tive force and phase angle of the converter, respectively; P,
is the active power of the AC line; and Q,. is the reactive
power of the AC line.

Based on (3), GFM-VSC can utilize the power synchroni-
zation. The amplitude and phase of electromotive force are
shaped independently to achieve grid synchronization. Thus,
the control-level characteristics differ from those of GFL-
VSC.

B. Quantitative Calculation of GFL and GFM Grid-connect-
ed Variables Based on Phasor Method

According to the equivalent circuit, if the current com-
mand does not reach the inner-loop current limit value [23],
we can apply:

ly:[s',rgf:(E_ Ug)/(Z+Zg)

Uyse=U,+Z,1;
where [, . is the reference value of /; and Z is the equiva-
lent impedance of the external ports of GFL-VSC and GFM-
VSC.

The direction of U, is aligned with the x-axis, forming the
phasor space of the voltage. The direction perpendicular to
the x-axis establishes the y-axis. The coordinates of the end-
point of U, are (x,.,y,). The amplitude can be obtained as

“)
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Upse=
which is the power angle of the converter.

The contour of the constant voltage control (CVC) curve
formed by U, is a CVC circle centered at the origin with a
radius equal to the amplitude of U, [24]. Therefore, if the
converter is controlled under constant voltage, the endpoint
of Uyg will remain on the contour of the CVC circle. O-U
circle characterizes the reactive power and voltage of GFL-
VSC and GFM-VSC, which is a collective term for reactive
power and voltage curves in the following analysis. Thus,
the expression for reactive power can be derived from the Q-
U circle as:

xy+yy. 6=0-0, is the angle between E and U,

Uke UpscU,cosd, U; R U;
= — - =X &
Qs Xg Xg - xU 2 +yU ng+ 4

®)

where 6,=0,-0, is the angle between U and U,, which
determines the location of the endpoint of the converter volt-
age; and Uy, cosd,=x,, is derived from the phasor diagram.
The reactive power contour curve is a circle centered at

the midpoint of the grid voltage, with a radius of

2 . .
X O+ U; /4. If constant reactive power control is used,

the endpoint of the grid connection will remain on the reac-
tive power contour, satisfying O =0,

The expression for the active power at the grid-connected
point, calculated from the Q-U circle, is given by:

UyseUgsindg, U,y PX,
= = —>y,= (6)
Xg Xg v Ug

The equivalent active power curve is different from the
equivalent reactive power curve. When U, and X, maintain
constant values, the equivalent active power curve of the
grid point is a straight line perpendicular to the y-axis, result-
ing in P=P,,,. The vertical coordinates of the endpoint of
Uysc can be calculated as y,=P,, X, /U,.

Considering that the time scale of the reactive voltage con-
trol is much faster than the power angle swing, the endpoint
of Uy will quickly move to and remain on the reactive volt-
age characteristic curve, while the active power control will
adjust the magnitude of the power angle continuously.

In practical engineering, current limiters must be used.
Therefore, the current limiter will have an impact on the con-
trol dynamics of the converter. In this process, the current
limiter acts as a dg-axis equalizer, as shown in (7).

Lggre= min {1, 7,/ |isqu‘ ‘}i.vqu @)
where 7, is the current limit value; i, is the magnitude of
the dg-axis output current of the turbine; and || -|| represents
the magnitude of the dg-axis current.

The current limiter is actually a variable gain for the con-
troller under operation. When the amplitude of the current
command value is less than the maximum current amplitude,
the corresponding limit coefficient is 1. When the amplitude
of the current command is greater than the maximum current
amplitude, it reduces the amplitude of the current command
by a factor of 7, /|li 4 so that the amplitude of the current
reference value will eventually be equal to /,

im*

With the phasor equivalence of GFL and GFM controls,
the control characteristics can be related to the phasor con-
straints and trajectory circles, and a quantitative expression
of the active and reactive power outputs at the converter
ports can be realized.

III. GFL AND GFM DYNAMIC PHASOR MODEL COMBINED
WITH TOPOLOGICAL HOMOLOGY METHOD

Topological homology means that two functions are topo-
logically equivalent. One can be obtained from the other by
successive topological changes. Since both L, and L, are cir-
cular, the homology relation is satisfied. This means that any
control corresponding to a mapping is homomorphic to it-
self, and if two controls corresponding to the mappings are
homomorphic to each other, the control properties between
them are also homomorphic in phasor space.

A continuous map f, g from a topological space X to a to-
pological space y is homomorphic if f can be continuously
deformed into g in y. Suppose f, g¢ X— Y are continuous
mappings, and /=[0, 1]. If there exists a continuous mapping
function H: XxI— Y for all x € X, we can obtain:

H(x, 0)=f(x), H(x, 1)=g(x) ®)

When the converter adopts reactive power-voltage sag con-
trol, the state coefficient of reactive voltage sag H(x,y,K,,)
is 0, as shown in (9).

Q0 e U U=

K

qu

H(x7y7Kqu)=
1-

L(Q -0)+ K,
K,+K, =" =77 K +K,

(Uref_ UVSC) (9)
where K, is the reactive power-voltage proportionality fac-
tor.

According to the phasor diagram, it can be obtained that
the reactive power-voltage satisfies the following relation-
ship at steady state: K (Q,,,—Q,)+K,(U,,—U;)=0. Among
them, K, =0 corresponds to constant voltage amplitude con-
trol; K,=0 corresponds to CQC; and K,#0 and K, #0 corre-
spond to reactive power sag control. At this time, K, is cal-
culated as:

_A0 _ K,
“" AU~ K,

q

(10)

where AQ is the reactive power variation; and AU is the volt-
age variation.

Therefore, H(x,y,K,,) for constant reactive power control
is set to be 0 in the I-function, which corresponds to K,=0
and is defined as the open set R. The corresponding
H(x,y,K,,) for constant AC voltage control is set to be 1 in
the I-function, which corresponds to K, =0 and is defined as
the open set V. Therefore, the topology of control mapping
in the phasor space of GFM-VSC and GFL-VSC can be de-
composed into a concatenation of the two open sets men-
tioned above. Thereby, the curvilinear relations and trajecto-
ries of dynamic process changes in the phasor topological
space can be computed from the fundamental groups of R
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and V, as well as their intersection groups. The mathematical
expressions can be given as:
7, (R, xy, H(x,y, ), V,x,, H(x,y,0))

nl(/\/’x’H(x’y’Kqu))E N

(11)
where N is the regular subgroup generated by all elements
of R and V; and =, is the topology after control mapping in
the phasor space.

Therefore, based on topological homology and phasor
spaces, it is possible to transform controls into the topology
of the phasor space. This method relates the control proper-
ties to the topological trajectories, by which the nature of the
continuous transformation between the controls is explained.
Furthermore, the topological trajectories reveal the difference
between the frequency-voltage control of GFL-VSC and
GFM-VSC. The transformations and interrelationships of
GFL and GFM controls based on topological homology are
shown in Fig. 2, where EC_, and EC_, are the electromo-
tive force circles when the electromotive force amplitude val-
ues are £, and E_,, respectively; and Cg, and Cg,, are
the endpoints of the grid-connected voltage of GFL-VSC
and GFM-VSC, respectively.

min

y

\J

l?('
CQC; O CLC; — Ugpyys — UGH,

—EC - " ECins — Ug,fCVC
(a)
y U A
/// A\le
O:\ X
NP
VSC™~ <

> CQC (GFL, uniformity); — CVC (GFM, uniformity)

O CLG;- - —Ugpys — Uys —E

(b)

Fig. 2. Transformations and interrelationships of GFL and GFM controls
based on topological homology. (a) Phase representation and declaration of
each control of GFL-VSC and GFM-VSC. (b) Uniformity of grid-connected
GFL-VSC and GFM-VSC.

> Ugrus

GFL and GFM controls are mapped into the phasor space.
The relative positional relationships between the phasors cor-
responding to each variable in the circuit are depicted in the
phasor space. Subsequent analyses will be based on the dy-
namics of the process based on the phasor space. Therefore,

before proceeding with the analysis, the important curvilin-
ear relationships and coordinate points in the diagram are de-
scribed in detail as follows:

1) CVC represents the constant magnitude of the line con-
necting the endpoints of the phasor with the origin of the co-
ordinates.

2) CQC represents the characteristics of GFL-controlled
constant power source, which is a circle with half of U, as
the radius and the midpoint of U, as the center.

3) EC represents the constant electric potential circle,
which is a special circle for GFM-VSC and represents elec-
tric potential constraint. When voltage changes, this electric
potential circle works to ensure that GFM-VSC maintains
voltage stability in cases of low voltage and high voltage.

4) CLC represents the current inner-loop circle of the con-
verter. The length of the output current phasor needs to be
less than the radius of the inner-loop current limit circle dur-
ing operation.

In Fig. 2, point A represents the endpoint of the equiva-
lent electromotive force of GFL-VSC and GFM-VSC; point
B represents the endpoint of the bus voltage of the grid; and
point C represents the endpoint of the grid-connected volt-
age of GFL-VSC and GFM-VSC. The method proposed in
this paper consists of three core steps, which are unfolded in
the order shown in Fig. SA2 of Supplementary Material A.

As shown in Fig. 2(a), the Q-U curves of GFL-VSC and
GFM-VSC satisfy the topological homology. Homology
means that two functions are topologically equivalent, which
implies that one can be obtained from the other through suc-
cessive topological changes. Since both CVC and CQC are
circular, the homology relation is satisfied. As shown in Fig.
2(b), since CVC and CQC satisfy the topological homology
relation, when K, increases from 0 to positive infinity, the
corresponding curve will change continuously from CVC to
CQC. Therefore, different K, values can characterize the re-
active voltage sag control from various perspectives of the
topological homology relation. In this case, the internal elec-
tric potential of the converter is also constrained by £, and
E ... They form an electric potential circle centered at the or-
igin with £, and E_, as radii, respectively. Similarly, the
output current amplitude of the converter is also limited by

Lyims whlch constitutes a circle centered at the endpoint of U,
with [, Z, as the radius. Under low voltage, the active pow-
er will be increased by adjusting Q,,;, but as the reactive
power output further increases, the active power decreases
along the trajectory, as shown in (12).

( oy~ U )==K,, U, = Uy) (12)

The grid-connected active power and reactive power sup-
port characteristics similar to GFM-VSC can be realized by
changing the O, value, which reflects the uniformity of
GFL-VSC and GFM-VSC. However, under low voltage, the
E-U double-loop constraint of GFM-VSC possesses better P,-
0, characteristics compared with that of GFL-VSC, which
reflects their difference.

quf,GFL ==
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IV. ANALYSIS OF FREQUENCY-VOLTAGE UNIFORMITY AND
DIFFERENCE FOR GFL-VSC AND GFM-VSC

A. Frequency and Voltage Dynamic Processes of GFL-VSC
and GFM-VSC Based on Phasor Method

The dynamics in this paper refer to the evolution and
movement trends of the frequency and voltage of the con-
verter at various moments. Based on the aforementioned
analyses, the characteristics of GFL-VSC and GFM-VSC
during different frequency-voltage dynamics are summarized
and defined as the uniformity and difference of frequency-
voltage dynamics. Frequency-voltage dynamic uniformity
and difference refer to the uniform and different characteris-
tics of GFL and GFM controls throughout the process of ac-
tive power-frequency and reactive power-voltage changes af-
ter the frequency and voltage changes. The dynamics in-
volve four moments: the initial operation state, the instant of
frequency-voltage change, the sustained phase of frequency-
voltage change, and the system reaching a new stable state.

The dynamic process of frequency-voltage includes the
synchronization process of the converter and the dynamic
process of control. The synchronization process affects the
synchronization stability of the converter, which has an im-
portant influence on the dynamic process of GFL-VSC and
GFM-VSC under frequency-voltage changes. In addition, on
the basis of ensuring synchronization, the dynamic process
of control determines the equivalent external characteristics
of the frequency-voltage change of the converter.

As shown in Fig. 3(a), the synchronization process of
GFL-VSC and GFM-VSC is to track the voltage or current
component. The angles which are relative to the xy frame
are obtained as the output angles. U,, and J,, are the ampli-
tude and phase of the steady-state grid voltage, respectively.
At the instant of voltage change, U, and J,, are the ampli-
tude and phase of the transient-state grid voltage, respective-
ly. Zd,,, is the PLL output phase angle of GFL-VSC. As
shown in Fig. 3(b), I, and J,, are the amplitude and phase
of the steady-state grid current, respectively. At the instant
of voltage change, /. and J, are the amplitude and phase
of the transient-state grid current, respectively. £dgp, is the
phase angle of GFM-VSC. The synchronization of GFL-
VSC and GFM-VSC differs in voltage source and current
source. The control objective of PLL for GFL-VSC is to esti-
mate the phase angle of the grid voltage.

g\ UerLow

xy frame xy frame

(a) (b)

Fig. 3. Synchronization process and difference for GFL-VSC and GFM-
VSC. (a) GFL-VSC. (b) GFM-VSC.

The voltage phase angle of GFL-VSC is measured by con-
trolling U, to 0. U, is also proportional to Q. For GFM-
VSC, P~ sag is equivalent to i, sag. GFM-VSC follows

iy or P:ijocP =U,i,+Uji,=U,, The change in P_is di-
rectly proportional to that in i, when GFM control maintains
U, constant with the voltage outer loop. While GFL-VSC
follows U, or Q.: the change in Q is directly proportional to
that in U, when GFL-VSC maintains i, constant with the
current outer loop. U, «<Q =U,i,~U,,=Ui, forming a
voltage-current duality synchronization. GFM-VSC has cur-
rent angle swing characteristics, while GFL-VSC has voltage
angle swing characteristics. However, the synchronization of
GFM-VSC is not dependent on the operation of U, due to
CLC, but is affected by the P.-i, upper limit, resulting in
reaching synchronization saturation. While GFL-VSC has a
synchronization process that is directly affected by the grid-
connected voltage but can be followed continuously due to
its synchronization process when ensuring U,=0.

Based on the above circuit relationships, constraints, and
quantitative calculations, the control dynamics of active pow-
er-frequency and reactive power-voltage of GFL-VSC and
GFM-VSC are portrayed using the phasor method, and the
dynamic characteristics of frequency and voltage are ana-
lyzed. The difference between GFL-VSC and GFM-VSC at
the transient instant is shown in Fig. SA3 of Supplementary
Material A.

As shown in Fig. 4(a), GFL-VSC makes U, move along
the CQC. The trajectory of CQC moves to the left as U, de-
creases. The trajectory of CLC is gradually increased to the
limit along with U,. Since the radius of the CQC changes
with Ugy, GFL-VSC responds passively to the voltage
change. As shown in Fig. 4(b), GFM-VSC employs active
frequency control under @, acceleration, thus 6 increases.
The voltage outer-loop control regulates GFM-VSC to move
along the CVC to keep Ugp,, constant and supports the volt-
age at the PCC combined with the active frequency control.
CLC of GFM-VSC is the boundary of the current [25]. In
Fig. 4, subscript 0 represents the corresponding curve is in
the initial state; and subscripts 1 and 2 represent the curves
that are in a dynamic process.

The dynamic phasor analyses considering rotation of the
xy frame are shown in Fig. SA4 of Supplementary Material
A. The trajectories of GFL-VSC and GFM-VSC with K,
and Q,, under high and low voltage variations are shown in
Fig. SAS, SA6, and SA7 of Supplementary Material A.

As shown in Fig. 5(a), the trajectories of GFL-VSC and
GFM-VSC are different. The topological trajectory of GFL-
VSC rotates relatively with the rotation of the grid-connect-
ed voltage, which is a clockwise direction during the fre-
quency drop. Each of the three states forms a corresponding
phasor triangle and an angular difference from the original
reference axis. During active frequency support, the radius
of the output current circle further increases due to the in-
crease in active power output. There exists a control-caused
trajectory variability, in which the trajectories of both can be
computed from the phasor constraint relationship. Similarly,
controlled by the CVC, the topological trajectory of GFM-
VSC rotates clockwise with the trajectory of the CVC. In
this process, GFM-VSC can ensure that the port voltage re-
mains constant. Additionally, the radius of the CLC increas-
es equally with the active power output.
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Fig. 4. Voltage drop response of GFL-VSC and GFM-VSC. (a) GFL-VSC.
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> Upscos

As shown in Fig. 5(b), the phase speed of GFM-VSC and
GFL-VSC drops from w, to w,s. Since the electromotive
force of GFM-VSC cannot change instantaneously and
abruptly, the voltage moves counterclockwise along the volt-
age circle. The grid-connected voltage of GFL-VSC mutates

along the CQC, changing from U, to Ujg,. The reference
value of the active power for GFL-VSC gradually changes
from P,y t0 P, Grs- However, the reference value is not
allowed to exceed P, to avoid system instability. GFM-
VSC employs active frequency control to accelerate @,
and thus @ increases. The active power output increases to
support the frequency [26], which further contributes to the
difference in frequency regulation dynamics between GFL-
VSC and GFM-VSC. GFL-VSC can vary with voltage due
to the reactive power circle during frequency regulation. The
relative position between the reactive power circle and the
CLC can vary up to the highest point of the CLC. Then, the
exhaustible active power output can be independent of volt-
age outer-loop constraints. When U, is in a quasi-steady
state, GFL-VSC has a steady-state reactive power output of
0 due to the application of CQC. GFM-VSC applies CVC,
which requires a reactive power output to support the volt-
age. Therefore, GFL-VSC has a larger active power output
limit in quasi-steady state.

B. Process Analysis of Quasi-steady State of GFM-VSC and
GFL-VSC with Action of SCR

The control coupling of GFL-VSC and GFM-VSC is
shown in Figs. SA8 and SA9 of Supplementary Material A.
The derivation can be obtained according to the phase-vol-
ume relationship shown in Fig. 6(a). It can be observed that
the coupling component of the active power generated by
GFM voltage regulation increases subsequently. The magni-
tude of this coupling component is indicated by the length
of the purple double-arrow curve.

y
o X
Wysc
OCLCy; OCLC; — CVCy; —CVC; > Uy — U,
— Different resistance-inductance ratio; — 1, Z,
@
(Imaxil O)Zg
y

OCLCy; O CLCyans

CQC;
(b)

Ugrpr; — Uy

Fig. 6. Control coupling of GFM-VSC and GFL-VSC. (a) Relationship be-
tween degree of GFM-VSC coupling and resistance-inductance ratio. (b) Re-
lationship between degree of GFL-VSC coupling and change of impedance.

As shown in Fig. 6(b), the grid-connected impedance Z,
of GFL-VSC varies from Z,, to Z,,. The increase of the grid-
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connected impedance corresponds to that of the radius of the
CLC. At this time, the corresponding grid-connected voltage
varies from U, to U,, which decreases with the increase of
Z,. As the active support of GFL-VSC is activated, its cou-
pling will be proportional to the magnitude of the imped-
ance. Therefore, when the impedance becomes large, the
amount of coupling will increase, and the coupling amount
of GFL-VSC is proportional to the impedance magnitude, as
shown in (13).

A])smax/Qsmax:(Ilzz'm_IO2 )Zg (13)
where AP, and Q. are the maximum active power and
reactive power coupling quantities, respectively.

C. Boundary Analysis of GFM-VSC and GFL-VSC in Full-
condition Operation

smax

The feasible domain of frequency-voltage operation repre-
sents the active power-frequency support capability of GFL-
VSC and GFM-VSC in different voltage operation states.
This feasible operation interval can be portrayed by xy
equivalent area in the phasor space, where the x-axis is relat-
ed to the grid-connected voltage, and y-axis is related to the
real-time active power output.

The operation ranges of GFL-VSC and GFM-VSC are in-
dicated under the variation of U, in Fig. SA10 of Supple-
mentary Material A. As shown in Fig. SA10, GFL-VSC initi-
ates the high-/low-voltage ride-through control when the volt-
age is lower than 0.9 p.u. or higher than 1.1 p.u.. Therefore,
the operation range of 0.9-1.1 p.u. is the overlapping range
between GFM-VSC and GFL-VSC. In the interval below 0.9
p-u., GFM-VSC can support the grid voltage through E-U
double-loop control and can change with E-6 to realize the
full coverage of the operation range below 0.9 p.u.. In addi-
tion, GFL-VSC can realize the same frequency-voltage con-
trol effect by adjusting Q,,. However, when the CLC and
the reactive power circle radius are the same, we can obtain:

302 (x,0)\ X0,
YuGerL= 16 Ug + >

where y, ;5 is the trajectory of the y-axis of GFL-VSC.

The above state represents the cut-off point in the middle
of the voltage drop process. When the voltage drops again,
if 0,,, is not increased, the value of y at the intersection of
GFL-VSC will drop to 0, as shown in (15). Similarly, when
the voltage is higher than 1.1 p.u., GFM-VSC and GFL-
VSC have a uniform operation interval. The difference is
that when U, is within 0.9-1.1 p.u., GFM-VSC can realize
the operation interval coverage in the range of 0.9-1.1 p.u.,
as shown in (16).

2
0.9 1.1 (X Ic )2 X QS
Son=, Xg’"md"+f09/(Xgl”)z_(_ uotu )dx+
' g

g

(14)

g™ lim (15)

U,
fHXI dx

U,
SGFM= fo Xg]h'mdx (16)

where S, denotes the area of the feasible domain enclosed
by GFL-VSC in the phasor space; and Sz, denotes the area
of the feasible domain enclosed by GFM-VSC in the phasor
space.

It is precisely due to the upper limit of quasi-steady-state
active power for grid-connected voltage in the range of 0.9-
1.1 p.u.. Further analyses of the causes reveal the operation
trajectory of GFL-VSC, whose voltage phasor moves to the
lower left as the voltage decreases.

The y-value at the intersection of reactive power and CLC
will gradually decrease. This, in turn, causes the difference
in the operation intervals between them, which reflects the
difference between active and passive regulation of GFL-
VSC and GFM-VSC in the quasi-steady state.

V. CASE STUDY

In order to verify the effectiveness of the proposed meth-
od in revealing the frequency-voltage uniformity and differ-
ence between GFM-VSC and GFL-VSC, GFL-VSC and
GFM-VSC are integrated into a four-machine two-area sys-
tem, which is constructed on the MATLAB/Simulink plat-
form, as shown in Fig. 7. The models involve multiple GFL-
VSC units and GFM-VSC units. Each unit represents an ag-
gregated model of renewable energy generation with differ-
ent capacities. The capacity of each GFM-VSC unit is 80
MW, and the capacity of each GFL-VSC unit is 50 MW.
The base capacity of the system is 100 MVA.

13
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1%} | AR f : w%} | AR w— l
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Fig. 7. GFL-VSC and GFM-VSC integrated into four-machine two-area

system.

A. Simulation Verification Analysis of Frequency-voltage Dy-
namic Processes of GFM-VSC and GFL-VSC

As shown in Fig. 8(a) and (b), when a severe voltage
drop in U, occurs, the Uy, of GFM-VSC is better than that
of GFL-VSC due to the voltage-supporting control of GFM-
VSC. Consequently, under low-voltage conditions, the active
power output of GFL-VSC is lower compared with that of
GFM-VSC. The voltage versus active power relationship is
satisfied when P, =E,, 1,, In addition, when GFL-VSC
satisfies this relationship under low-voltage conditions, the
port voltages of GFL-VSC and GFM-VSC form a similar ef-
fect to the active power output, which reflects their uniformi-
ty. Note that in Fig. 8, Ugz o, 1s the d-axis component of the
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GFL-VSC grid-connected voltage under the control of chang-
ing O, 6m5 Ugrg and Ugpy, are the d-axis components of
the grid-connected voltage of GFL-VSC and GFM-VSC, re-
spectively; Pggc 1s the active power of GFL-VSC under the
control of changing O, Gr; Pgr and Pgp, are the active
power of the GFL-VSC and GFM-VSC, respectively.
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Fig. 8. Simulation verification analysis of frequency-voltage dynamic pro-
cesses of GFM-VSC and GFL-VSC. (a) Severe voltage drop of GFM-VSC
and GFL-VSC. (b) Active power output of GFM-VSC and GFL-VSC under
severe voltage drop. (c) Voltage of GFM-VSC, GFL-VSC, and grid. (d) Ac-
tive power output of GFM-VSC and GFL-VSC.

As shown in Fig. 8(c) and (d), when U, drops to 0.9 p.u.,
the voltage of GFM-VSC recovers after a sudden change.
The voltage of GFL-VSC drops to 0.92 p.u., and active pow-
er output of GFM-VSC varies less due to voltage stabiliza-
tion. Meanwhile, GFL-VSC keeps the reactive power output
as 0, thus the short-term active power output can increase to
1.1 p.u..

As shown in Fig. SA11 of Supplementary Material A, the
quantitative relationship between voltage change and active
power is also verified.

B. Validation of Uniformity and Difference in Frequency
and Voltage Dynamics of GFL-VSC and GFM-VSC

As shown in Fig. SA12 of Supplementary Material A, the
dynamic processes and response characteristics of active
power and voltage are verified. As shown in Fig. 9(a) and
(¢), GFL-/GFM-VSC station contains 15 GFL-VSCs and 5
GFM-VSCs. The active power output variation of GFL-
VSCs is larger than that of GFM-VSCs when an active pow-
er surplus occurs, resulting in a frequency increase, and the
active power output variations of GFL-VSCs gradually con-
verge. The active power output variations of GFM-VSCs fol-
low respective Q-U curves, and the trajectories do not over-
lap. The dynamic response processes are different. When
there is an active power surplus and no reactive power defi-
cit, U, remains stable in the steady state at this time.
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Fig. 9. Simulation and verification analysis of multi-machine grid-connect-
ed dynamic processes in GFL-/GFM-VSC station. (a) Active power output
of GFL-VSC and GFM-VSC under voltage drop. (b) Active power output
of GFL-VSC and GFM-VSC under frequency drop. (c) Voltage of U, under
voltage drop. (d) Voltage of U, under frequency drop.



12 JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 13, NO. 1, January 2025

As shown in Fig. 9(b) and (d), when a frequency drop oc-
curs, U, of GFL-VSC and GFM-VSC that constitute the sta-
tion will drop slightly with the movement of the Q-U curve.
The results of the active power exhaustion output show that
GFL-VSC has more active power support margins due to the
adoption of the CQC in the steady state. In contrast, because
GFM-VSC provides reactive power output in the steady
state to support the voltage, its output has a smaller active
power margin compared with GFL-VSC.

C. Operation Interval of GFL-VSC and GFM-VSC in Multi-
case Quasi-steady State

As shown in Fig. SA13 of Supplementary Material A, the
effects of K, variation in GFM-VSC and reactive power out-
put variation in GFL-VSC are compared.

In Fig. 10(a), using the Q-U curve as the boundary line,
the destabilization region and the destabilization point of the
voltage can be judged.

22¢
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Fig. 10. Validation of operation intervals of GFL-VSC and GFM-VSC in
quasi-steady state with multiple operation conditions. (a) Uniform and differ-
ent range between electromotive force and voltage of GFL-VSC and GFM-
VSC. (b) Uniform and different range between active power and voltage of
GFL-VSC and GFM-VSC.

As shown in Fig. 10(b), the difference between the uni-
form and different ranges of GFL-VSC and GFM-VSC lies
in the voltage source control of GFM-VSC, which leads to

the grid-connected voltage constraint. The active power out-
put remains near 1.2 p.u., satisfying the maximum current in-
ner-loop constraint. Because of the control characteristics of
the current source, GFL-VSC shows an approximately linear
output relationship with the grid-connected voltage while sat-
isfying the maximum current inner-loop constraint. This re-
flects the difference between GFL-VSC and GFM-VSC in
the voltage interval of 0.9-1.1 p.u..

According to Fig. 10, GFM-VSC can operate in the maxi-
mum voltage of 1.1 p.u. due to the adjustable CVC and K,
The y-axis imposes limitations of £, and £, on the opera-
tion state. The Q-U curve of GFL-VSC is obtained from the
CQC of GFL-VSC. When K, of GFM-VSC is set to be 1,
both GFM-VSC and GFL-VSC share the same O-U control
as well as identical voltage interval ranges, and exhibit uni-
formity in their performance. In the operational domain, the
difference between GFL-VSC and GFM-VSC lies in the
range of U, from 0.9 to 1.1 p.u.. When GFL-VSC is con-
trolled with constant reactive power as 0, the output bound-
ary of the active power is limited by the upper limit of the
current inner loop. The active power increases as the voltage
within the range of U, varies from 0.9 to 1.1 p.u.. The ac-
tive power output remains constant under constant active
power control. The active power of GFM-VSC maintains a
constant value in the range of U, from 0.9 to 1.1 p.u., and
the upper limit of active output is determined by the current
inner loop. This also highlights the difference between GFL-
VSC and GFM-VSC.

D. Summary on Frequency-voltage Uniformity and Differ-
ence Dynamics Between GFM-VSC and GFL-VSC

The conclusions on the evolution and movement trends of
the frequency-voltage at various dynamic moments are fur-
ther summarized as the uniformity and difference in the dy-
namics of GFL-VSC and GFM-VSC.

In terms of the difference in the dynamic process: when
K, #1, GFM-VSC has better weak-grid operation capability,
while GFL-VSC has better strong-grid operation capability.
GFM-VSC has independent synchronization with current-fol-
lowing current angle swing, but it is affected by the P-i, lim-
it, resulting in synchronization saturation. GFL-VSC has a
voltage-following voltage angle swing characteristic and ex-
hibits current-source dynamics. At the transient instant, the
transient output current of GFL-VSC remains constant,
while GFM-VSC keeps the transient electromotive force and
voltage constant. The control couplings of GFL-VSC and
GFM-VSC are different. The control coupling of GFM-VSC
is from virtual synchronous control and voltage control.
However, the control coupling of GFL-VSC is from the
phase angle of a PLL. Additionally, in the aspect of convert-
er-grid coupling, GFM-VSC coupling is proportional to line
inductive reactance, while GFL-VSC coupling is proportion-
al to grid-side impedance. GFL-VSC has active-power-to-re-
active-power and reactive-power-to-active-power couplings
in the power regulation process in weak grid, while GFM-
VSC has only reactive-power-to-active-power coupling. In
the dynamic voltage support process, GFM-VSC has better
voltage support and can establish voltage independently. The
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voltage adjustment of GFL-VSC is passive. In the dynamic
frequency adjustment process, GFL-VSC has a wider active
support margin due to Q,,,=0 in the steady state, but its ac-
tive output capability is weaker than that of GFM-VSC un-
der low voltage. The upper limit of quasi-steady-state active
power for grid-connected voltage of GFM-VSC in the range
of 0.9 p.u. to 1.1 p.u. is larger.

GFL-VSC is also uniform with GFM-VSC. When K =1
for GFM-VSC, GFM-VSC and GFL-VSC possess the unifor-
mity of the Q-U curve. Or when O, ;p=—(K,/K YU, ,—
U,)=-K,(U,—U,) is satisfied, the grid-connected opera-
tion points of both are the same, and the feasible domains
overlap completely. The basis of this stems from the unifor-
mity of the Q-U curves, so that there will be similar voltage
and frequency support effects. In addition, the reactive pow-
er to active power coupling effect is present in both control
couplings. Also, both types of control coupling and convert-
er-grid coupling exist. Table SAI of Supplementary Material
A compares the applicability of various research methods.
Table SAIl summarizes the uniformity and difference be-
tween GFL-VSC and GFM-VSC.

VI. CONCLUSION

In this paper, a dynamic analysis of the uniformity and dif-
ference for GFL-VSC and GFM-VSC using phasor and topo-
logical homology methods is proposed. It is revealed that
the voltage and active power linearly correspond to the hori-
zontal and vertical axes in the phasor space referenced to the
grid voltage phasor. Thus, the operation point is endowed
with the characteristic information of frequency and voltage
simultaneously. The topological homology of control curves
is the essential source of the difference between them. Their
uniformity and difference are investigated through theoreti-
cal derivation combined with simulation experiments. The
frequency-voltage uniformity and difference between GFL-
VSC and GFM-VSC are also obtained.

In terms of the difference, GFL-VSC and GFM-VSC dif-
fer in synchronization and interface features, frequency and
voltage dynamic responses, power coupling mechanisms,
and active power upper limits in quasi-steady state for grid-
connected voltage in the range of 0.9 p.u. to 1.1 p.u.. In
terms of the uniformity, GFL-VSC and GFM-VSC possess
uniformity in terms of power response and phasor trajectory
when the conditions of uniformity mentioned in this paper
are satisfied, which results in similar voltage and frequency
supports. In addition, there is an interplay between reactive
power and active power in both GFL-VSC and GFM-VSC.
This interplay encompasses both types of coupling: control
coupling and converter-grid coupling.

The conclusions summarized in this paper can clarify the
uniformity and difference in frequency-voltage dynamic char-
acteristics between GFL-VSC and GFM-VSC, which can be
widely applied in various aspects of renewable energy sys-
tems, such as the optimized planning and development of
control strategies during the operation of GFL-VSC and
GFM-VSC.
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