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Abstract

With the large-scale integration of renewable energy devices into the power grid, the voltage
stability of the renewable energy base is becoming increasingly weak, and the problem of
transient overvoltage is becoming increasingly severe. Grid-forming (GFM) converters can
provide strong voltage support. When GFM converters are paralleled with grid-following
(GFL) converters, they can effectively reduce transient overvoltage. However, hybrid
systems involve many parameters and exhibit complex dynamics, making assessment of
transient overvoltage difficult. To address this, this paper first uses Thevenin’s theorem
to reduce the renewable transmission system to an equivalent model. Next, the voltage
assessment of the hybrid system is analyzed across the pre-fault, mid-fault, and post-fault
stages of a short-circuit fault. Then, based on the characteristics of a phase-locked loop
(PLL), this paper innovatively derives an assessment method for transient overvoltage at
the common coupling point (PCC) under different PLL stability conditions. Additionally,
the influence of GFL converter parameters, GFM converter parameters, the GFM capacity
ratio on transient overvoltage, and the external system reactance are analyzed. Finally, the
proposed evaluation method and factor analysis are validated through electromechanical
transient simulation using the simulation software STEPS v2.2.0.

Keywords: hybrid GFL and GFM system; transient overvoltage; phase-locked loop;
capacity ratio; influencing factors analysis

1. Introduction
1.1. Background and Motivation

Driven by global energy transition strategies, many countries are accelerating the
deployment of power systems dominated by renewable sources such as wind and solar.
The rapid increase in renewable energy capacity has profoundly altered the power system
dynamics [1,2]. Traditionally, the power grid relies on synchronous generators (SGs) to
provide steady voltage support, whereas the large-scale renewable energy base must
rely on power electronic converters to support voltage. Converter dynamics depend
on their control modes, which can be divided into two main categories: grid-following
(GFL) converters [3-5] and grid-forming (GFM) converters [6-8]. These two converters
exhibit distinct dynamics, and their interaction makes the hybrid GFL and GFM system
characteristics more complicated.

The complex control dynamics of power electronic converters presents critical chal-
lenges to power system security and stability. During fault conditions, the control strategies
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of different converters have varying responses [9]. While GFL converters maintain grid
synchronization through a phase-locked loop (PLL), GFM converters exhibit autonomous
voltage source characteristics. The parameters of the hybrid system are numerous and
the control characteristics are coupled, resulting in complex voltage transient processes
when encountering faults [10]. Therefore, the transient voltage assessment and influencing
factors analysis of the hybrid system face severe challenges.

1.2. Literature Review and Research Gap

To address these issues, many studies have been conducted. Regarding hybrid GFL
and GFM system analysis, ref. [11] utilized the phase plane method and phasor diagram
method to analyze the transient stability of hybrid systems. Ref. [12] focuses on small-
disturbance stability, demonstrating that strategically deploying GFM converters in large-
scale renewable systems can strengthen the grid and mitigate PLL-related instability risks.
Most of the current work, as in [13,14], focuses on studying the stability of PLLs when
a GFL converter is used alone. The mechanism of transient overvoltage when GFL and
GFM converters are connected in parallel is not clear. In terms of transient overvoltage
assessment, ref. [15] proposed a transient voltage stability assessment method that takes
into account topological changes by utilizing deep transfer learning and parameter fine-
tuning. Ref. [16] proposed a method for effectively calculating overvoltage that only
requires the equivalent parameters of the AC system and the operating parameters of the
DC system. Ref. [17] starts with the mechanism of transient overvoltage and introduces a
method based on generalized short-circuit ratio for overvoltage (gSCR-TOV) to quantify the
risk of overvoltage. The mechanisms and influencing factors of transient overvoltage under
typical faults such as commutation failure and DC blocking are discussed in Refs. [18,19],
and corresponding suppression strategies are proposed. On the influence of factors, ref. [20]
analyzed the influence of the key parameters of PLL on the transient characteristics of
GFL converters, finding that reducing the integral coefficient of the PLL can enhance the
transient stability. Ref. [21] proved the influence of reactive power loops on the transient
stability of GFM converters, constructing a stability criterion based on the Lyapunov
function. Ref. [22] verified through experimental comparison that standalone inverters
have better stability and provide overall better power quality than grid-tied inverters.
Ref. [23] demonstrated through experiments that implementing both storage components
(i.e., battery and supercapacitor) enhances the voltage in the presence of rapid fluctuations
in the renewable station.

At present, research mainly focuses on analysis of transient overvoltage in conven-
tional GFL systems. The current research has not deeply considered the characteristics of
the converter and the stability of the PLL, and there is a lack of research on the assessment
and influencing factors analysis of transient overvoltage in hybrid GFL and GFM systems.

1.3. Contributions
The contributions of this paper are as follows:

(1) Based on the characteristics of the renewable energy station, this paper simplifies
and makes assumptions for large-scale renewable energy transmission systems, GFL
converters, and GFM converters, and it proposes a simplified model of a hybrid GFL
and GFM converters station.

(2) Using phasor diagrams and circuit theorem, we propose a transient overvoltage
assessment method applicable to different PLL stability conditions.

(3) We analyze the influencing mechanisms of the converter parameters, the capacity ratio
of GFL and GFM converters, and the external system on overvoltage, and we propose
measures to reduce overvoltage for each of them.
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1.4. Paper Organization

Section 1 introduces the research background, literature review, and contributions of
this paper. Sections 2.1 and 2.2 introduce the modeling methods for hybrid systems, includ-
ing converter control modes and system simplification assumptions. Section 2.3 presents
the transient overvoltage assessment procedure for different PLL stability conditions across
the pre-fault, mid-fault, and post-fault stages. Section 2.4 analyzes the influencing mecha-
nisms of different factors on overvoltage. Section 3 validates the theoretical findings and
proposed methods through simulations. Section 4 summarizes the research conclusions
and suggests directions for future work.

2. Materials and Methods
2.1. Converter Control Mode

Figure 1 illustrates the control mode structure of the GFL converter. The PLL tracks
the phase of the voltage U;Z6; at the common coupling point (PCC) and outputs 6pry.
The current control loops yield the active and reactive currents I4 and Iq, respectively. The
GFL converter can be represented as an equivalent current source [24]; the magnitude
ITerminal and the phase angle j of its terminal-injected current are calculated according to

Equation (1):
Iferminal = \/ Iﬂzl + 15 (1)

I
_ q
¢ = arctan T

dq l[erminal Z ( (%3 gPLL)
[ —

Xy

Current
loop

A4

Figure 1. The control mode of the GFL converter.

In Figure 1, Uy 4 and Uy q are the d-axis and g-axis components of the voltage tracked
by the PLL, respectively; k, and k; denote the proportional and integral gains of the
PLL, respectively; wg, wpLL, and wy, are the per-unit values of the nominal grid angular
frequency, the PLL output angular frequency, and the base angular frequency, respectively;
P*GrL and Pcpr represent the commanded and actual active power values of the GFL
converter, respectively; Q*cgrr, and Qgpr, are the commanded and actual reactive power
values, respectively; Iqref and Iq e are the reference values of the active and reactive
currents, respectively; and PI denotes a proportional-integral control block.

The most widely adopted control mode for GFM converters is the virtual synchronous
generator (VSG) control, which emulates the operational characteristics of a synchronous
machine and provides inertia and damping features [25]. The control modes of GFM
converters also include droop control, power synchronization control, virtual oscillator
control, and matching control. However, due to their identical external characteristics, this
paper only analyzes the VSG-controlled converter. The VSG control structure is shown
in Figure 2. Because the inner voltage and current loops respond very quickly, they can
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be regarded as ideal. Consequently, the external characteristic of the GFM converter is
equivalent to a controlled voltage source [26].

Current
loop dq Usrm £ Ou

»

Voltage Xy
loop

T

UM.dq I M.dq

Figure 2. The control mode of the GFM converter.

In Figure 2, P*gpv and Pgpy are the commanded and actual active power values for
the GFM converter, respectively; J is the inertia constant; D is the damping coefficient;
wgpM is the angular frequency output by the active power loop; Q*cepv and Qgpwm are
the commanded and actual reactive power values, respectively; Kq is the reactive power
droop coefficient; U, is the nominal voltage magnitude; Uy ¢ is the reference voltage
magnitude; Uy,qq and Iy 4q denote the dq-frame output voltage and current of the GFM
converter, respectively; and Ugpy and dy; are the magnitude and phase angle of the GFM
converter’s output voltage, respectively.

2.2. Hybrid GFL and GFM System

Due to differences in terrain conditions, the topology of renewable energy transmission
systems exhibits significant diversity. Different landforms, such as mountains, deserts,
and coasts, directly affect the layout of power transmission corridors, resulting in different
topological structures such as long chains, radiating patterns, or mixed networks. Figure 3
represents the structural diagram of a typical renewable energy transmission system.

Receiving
System

Station 2 ™ < A~"Station 1

Figure 3. The model of the hybrid GFL and GFM system.
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Assuming that the system includes m stations, the stations are connected to the grid
and collected through transmission lines. The impedance influence of external station i can
be ignored, and only the system topology part should be considered. The resistance value
in the system is relatively small and can also be ignored.

Thevenin’s theorem applies to networks that only contain linear elements and satisfy
the superposition principle. It requires that the network can contain independent sources
internally, but the network itself must be linear and time-invariant. The advantage of
Thevenin’s equivalence lies in the fact that when analyzing an external system, only two
components need to be faced, greatly simplifying the circuit and reducing its complexity,
which can significantly improve design efficiency. Obviously, the external transmission
system in this paper can be simplified as a Thevenin equivalent circuit. Therefore, through
equivalence, the external Thevenin reactance of station i is Xj, and the power source is Ugyiq.

Based on the analysis in Section 2.1, the GFL and GFM converters can be repre-
sented by an equivalent current source Iermina1 £(¢+8p1 1) and an equivalent voltage source
Ugrm 40w, respectively. Therefore, we can equate station i in Figures 3 and 4. The GFL and
GEFM converters are connected in parallel at the PCC and then collected via transmission
lines before being fed into the main grid. To date, the majority of studies on hybrid GFL
and GFM systems have adopted this model.

1
|
|
M |
-
0,
rh
5
=
g
0
Py
=
hg
®)
@)

e
/

|

A | I _N|
b | Obrry \E>|

I : m*’*if } : ITerminal : XGFL F—_——————— ﬁ‘
O loop | T~ _ | L (b)) 1
L ___ T Xi UpiaZ0'i

|
|
|
} Thevenin l
|
|
|

I e 7 ¥ AL =

| Re L, GFM A
: {UDC{JG —E—erVV\:E“—:Q: Uit | equivalent |
i L CeT ) 1 LA __circuit _ |

| N v = |
I =

| urrent Voltage] |

|

Figure 4. The simplified model of a hybrid GFL and GFM converters station.

In Figure 4, Uy, is the DC voltage, while R, L¢1, Rpp, and Ly, are the filtering resistance
and capacitance of GFL and GFM converters, respectively. The base capacity of the system
is Spase- The capacity of the GFL converters is Sgpr, and their output current magnitude
iS I, = ITerminal(SGFL/ Sbase)- The capacity of the GEM converters is Sgpy, and its internal
reactance is Xgpm. When calculated to the system capacity, Xy = XGem (Spase/ SGrm)- The
outgoing transmission-line reactance is Xp jne. The external system’s Thevenin reactance is
X;. The total reactance of the line Xy = (X1 + Xj), and the grid voltage is Ugyjq £0°.

The hybrid system involves numerous parameters and complex control dynamics. To
simplify the analysis, the following assumptions are made:

(1) A three-phase short-circuit fault occurred in the transmission line outside the station.
Assuming that the voltage at the PCC drops below the low-voltage ride-through
(LVRT) threshold. Both GFL and GFM converters switch to LVRT mode during the
fault and enter LVRT recovery mode after fault clearance. Due to the fact that the
control strategy change process belongs to the electromagnetic transient process, it can
be ignored when studying the overvoltage at the electromechanical transient scale.

(2) To ensure rapid response, the current control loop bandwidth of GFL converters
typically ranges from tens to hundreds of hertz. Conversely, the PLL bandwidth is
usually set between a few and several tens of hertz to suppress harmonics and noise.
Because the current-loop bandwidth is several times that of the PLL, when studying
the characteristics of the PLL, the current loop regulation process can be ignored, and
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it is considered that the current loop has reached a steady state, that is, Iy = Iq,ref,
Iq = Iq ref-

(3) The GEM converters are assumed to have a high overcurrent capability, ensuring that
Ugrm remains essentially constant. Moreover, their large inertia constant keeps the
power angle Jdy; almost unchanged during faults. It can be considered that the dy
during the fault period is equal to the steady value dyjy before the fault.

2.3. Transient Overvoltage Analysis and Assessment of Hybrid GFL and GFM System
2.3.1. Pre-Fault

By representing the GFL converter as a current source and the GFM converter as a
voltage source, their nonlinear characteristics are effectively linearized. Consequently, the
superposition theorem can be used to first analyze each component’s individual influence
and then to assess their combined coupling effect.

Before the fault occurs, the system is in a steady state. As shown in Figure 4, according
to the circuit superposition theorem, the voltage at the PCC is the sum of various power
components at the station, as expressed below:

U267 = UpZ(@ + Opr +90°) + UnZLom + UgZOO (2)

where Uy, Uy, and Ug are the amplitudes of the voltage phasors generated by the GFL
converter, the GFM converter, and the power grid at the PCC, respectively. Their values are
U = XMXgIL/(XM + Xg), Unm = XgUGFM/(XM + Xg), and Ug = XMUgrid/(XM + Xg)

The phasor diagram of the system during steady state before the fault can be derived
from Equation (2) and is shown in Figure 5, where dgpr, and ggpr, represent the d-axis and
g-axis of the GFL converter, respectively, with the directions of Iq > 0 and Iq > 0 defined as
the positive directions of the d-axis and g-axis. It can be deduced from the dg transformation
that, under the GFL converter output condition, I4 >0, Iq <0, and j < 0.

Y A
qGFL U, dcrL
3 Um Id/\\ I
oy —Q
1 /LL/// -
= » >
\ U, X
I

Figure 5. Pre-fault phasor diagram.

Based on the phasor relationship shown in Figure 5, the phase angle and amplitude of
the voltage at the PCC can be derived as expressed in Equations (3) and (4):

Uy sin(¢ + OpLr, + 90°) + Uy sindy

3
Ug+UMCOS5M+ULCOS((P+9PLL+90°)] ®)

6, = arctan|

Uy = Uy cos(@ + Oprr, +90° — 61) + Upj cos(dy — 61) + Ug cos 6 (4)

Equation (2) is derived solely from the circuit superposition theorem, while Equations (3)
and (4) are obtained from Equation (2) through phasor analysis. Therefore, they are still
applicable during the transient processes both during and after the fault clearance. However,
it should be noted that, in different transient processes, some variables in Equations (3) and (4)
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will continuously change, but they may not be directly obtained. To evaluate transient
overvoltage and explore the influence of various parameters, the transient variation processes
of each quantity are analyzed below.

2.3.2. Mid-Fault

As shown in Figure 3, when a short-circuit fault occurs in a certain part of the system,
the Thevenin impedance changes to X’; and the voltage drops to U’ grid- At the same
time, Xg becomes X! g =X + X’;), and the unit enters LVRT. At this time, the voltage
u’ g = XmU gria/ (Xm + X g)- From Equation (3), it can be seen that 6 increases. Due to the
fact that Opy 1, is a state variable and cannot undergo sudden changes, at this point 81 > fpy 1,
the relationship between the phasors is shown in Figure 6.

y A

Figure 6. Phasor diagram at the instant of fault.

The existence of a PLL balance point during faults is conditional [27]. Under low-
voltage conditions, the PLL may not accurately track the phase of the power grid, posing a
risk of instability. Therefore, the following will determine whether the PLL can maintain
stability during the fault period:

The tracking target of the PLL is fpy 1 = 01. When this equation holds during the fault
period, it can be considered that the PLL has a balance point and can maintain stability.
Firstly, we can assume that the PLL remains stable during the fault, which means 61 = py;
substituting this into Equation (4) and simplifying it yields

sin fpr 1, (Ué + Uy cos 5M) — cos OpLpUn sin dy = cos Opr L Ur cos(Oprr + @) + sin Oppp Up sin(fprr, + @) (5)

Using the identity cos¢ = cosfprrcos(fpLL + @) + sinfprsin(fprr + ¢) and collecting
the terms containing U}, we obtain

(llé + Up cos (SM) sin fpr 1, — U sindyg cos Bpr 1, = Up, cos ¢ (6)

Equation (6) is of the form Asinx — Bcosx = C. By introducing the magnitude R and
phase ¢, it can be rewritten as follows:

2
R= \/<Ué + Uwm c055M> + (Uypsin dy)?

Uy sin oy )
Ug +Unp cos Oy

(7)

¢ = arctan(
The equation simplifies to

Rsin(fpr — ¢) = Uy cos ¢ 8)
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To make Equation (8) solvable, the following condition must be satisfied:
. Uy cos
|sin(6pLL — )| = ’Lq)’

x| =1 ©)

Uy, cos ¢ < \/Uéz + ZUéUM cos oy + Ung® (10)

By substituting Ug, Uy, and Uy into Equation (10), the condition for the PLL to
maintain stability is simplified as follows:

U/ . 2U’ . uGFM cos 5M
I ref < \l ()2 e + Moy (11)

X XuX} Xpt

The satisfaction of Equation (11) divides into two cases: (a) Satisfied: the PLL reaches
a stable state; (b) Unsatisfied: the PLL loses stability. As Equations (3) and (4) show, the
transient overvoltage magnitude U; can only be obtained after p, is known. Therefore,
fprL is solved below according to whether the PLL remains stable.

(1) When the PLL is Stable:

As shown in Figure 6, there is a difference between 6py, and 6; at the moment of
fault. When the PLL can remain stable, as the PLL tracks 61, the difference between the two
gradually decreases. It can be considered that there is 8p; 1, = 61 before the fault is cleared.
At this time, the phasor diagram is shown in Figure 7.

Figure 7. Phasor diagram at the instant before fault clearance under stable PLL.

When Equation (11) is satisfied, the PLL remains stable, and the solution of Equation (8) is

OprL = ¢ + arcsin(W) +2k x 180° (k€ Z) (12)

or
Opir = ¢ — arcsin(W) +(2k+1)x180° (k€ Z) (13)

During the fault, the PLL is stable and satisfies 0° < 6 <90° and 0° < ¢ < dp = I < 90°.
We can derive —90° < (fpr, — @) <90°. Therefore, k = 0, and Equation (13) can be discarded.
Substituting ¢ into Equation (12) yields

UM sin 5M0
Ug + Unm cos dmo

( Uy cos ¢
\/Uéz + ZUéUM cos dnpo + Ul%,[

fp L = arctan( ) + arcsin

) (14)
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(2) When the PLL is Unstable:

In the PLL diagram of Figure 1, the input voltage U; Zd; is transformed by inverse
dq to output Uy g, and then the wpr . is obtained. Finally, the phase angle gprL is obtained
through the integration process.

As can be seen from the PLL control block diagram in Figure 1,

OprL, = kplll,q + kl/ U, (15)

By decomposing Equation (2) into d-axis and q-axis components, Uy q can be obtained:

Upg =1 XMixé—u sin(dy — 0 )Xilg—u’ sinfp—M__ (1)
La = ldrefy X GFM M~ OPLL) o X grid PLLY 4 X;
Substitute Uy, U’g, and Equation (16) into Equation (15) to obtain

OprL = —kp(uM COS(GPLL75M)GPLL + Ué CcoSs GPLLGPLL) (17)
Xm- X, . .
+ki(1d7X1\I/\[A+)§é — Uy sin(fpLr — 0m) — Ué sin fpr 1)

When the balance point does not exist, the phase of the PLL approximately exhibits
a power-function-level monotonic change and diverges. According to the assumption
analysis in the previous section, the bandwidth of the PLL is generally between a few
hertz and several tens of hertz. Therefore, the phase angle gp; 1 output by the PLL does
not change significantly in a short period of time. Therefore, in Equation (17), the 6prL.
can be replaced by its initial value 0pyo before the fault. The current loop regulation
speed is fast, and it can be considered as I4 = Iq . Therefore, a differential equation with
variable coefficients can be transformed into a second-order linear differential equation
with constant coefficients. Simplifying Equation (17) into Equations (18) and (19), we

can obtain
6oL + CifpLL = Co (18)
C1 = kp(Unm cos(fpLLo — dmo) + Uy cos 9PLL0) "
C = kiUd,refX);Mi_i()%é — Unmsin(Oprro — dmo) — Ug sinbprio) )
By substituting the initial values and derivative initial values, we can obtain:
Ky = 0OpLLo - 7(:2/%:9”“) 20)
Ky = /Gt
The complete solution of Equation (18) is:
Oprr(t) = Ky + Kpe 1 4+ &, (21)

G

Assuming that 6py, > 61 before the fault is cleared, the phasor diagram is shown in
Figure 8.
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Figure 8. Phasor diagram at the instant before fault clearance when PLL is unstable.

2.3.3. Post-Fault

After the fault is cleared, the grid voltage support is restored. When the GFL converter
enters LVRT recovery mode, the output I is still greater than the steady-state value, which
has a significant supporting effect on the voltage and causes transient overvoltage. Figure 9
shows the phasor diagram at the moment of fault clearance when the PLL is stable.

YAL

Figure 9. Phasor diagram at the instant before fault clearance when PLL is stable.

At the moment of fault clearance, U’y returns to Ug. According to Equation (3), 6;
decreases instantly, while fpy 1 cannot suddenly change. This causes PLL deviation and
results in inaccurate output current of the GFL converter, which may worsen or alleviate
transient overvoltage [15]. Let 6 = Opr, — 07, —180° < 6 <180°. At the moment of fault
clearance, Equation (4) shows the relationship between the voltage support effect of the
GFL converter and 6.

When the PLL is stable, § > 0 during the fault clearance period is beneficial for
alleviating overvoltage. When the PLL is unstable, it may lead to —2¢ — 180° <6 <0,
further worsening overvoltage. Therefore, when evaluating overvoltage, it is necessary
to correct the PLL deviation. The transient overvoltage assessment process, taking into
account PLL stability and deviation, is shown in Figure 10.
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Figure 10. Transient overvoltage assessment process.

2.4. Analysis of Overvoltage’s Influencing Factors

From the analysis in the previous section, it can be seen that the parameters and char-
acteristics of GFL and GFM converters have a significant influence on transient overvoltage.
Therefore, this section explores the specific effects of each factor and proposes measures to
reduce transient overvoltage.

2.4.1. The Parameters of Converters
(1) The GFL Converters:

After the fault is cleared, the reactive current I output by GFL converters cannot
quickly retract, resulting in reactive surplus, which is the fundamental cause of transient
overvoltage. The amplitude and retraction speed of I4 are directly related to the magnitude
and duration of overvoltage. Therefore, analysis will be conducted from two perspectives:
reducing the amplitude of I, and accelerating the speed of I retraction.

The amplitude of I depends on the control parameters during LVRT, as shown in
Equation (22):

Iq,ref =k - (uin —Uy) +ky- Iq,O + Iq,set (22)

where k1, k2, and k3 are all reactive current coefficients; Uj, is the threshold value for LVRT;
Iq01is the initial value of reactive current; and I set is the set value of reactive current.

Reducing both the reactive current coefficient and the initial set values can reduce I.
However, a low I means that the voltage support capability of the GFL converter is also
low, which is not conducive to the voltage recovery and may lead to unit disconnection [28].
Taking wind units as an example, according to the technical regulations, when a short-
circuit fault occurs and the voltage is between 20% and 90% of the nominal voltage, the
reactive current per unit provided by the unit should satisfy Equation (23). Therefore, the
amplitude of I needs to be comprehensively considered in conjunction with the voltage
support capability during the fault period and the transient overvoltage level.

I

gref > 1.5 % (0.9 — Uy) (23)

The retraction speed of I depends on the parameters during the LVRT recovery mode.
The Tq determines the time required for the reactive current to retract to normal levels.
Therefore, reducing Tq can increase the rate of change in Iq, thereby shortening the duration
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of transient overvoltage. However, rapid changes in I[; may cause voltage oscillations,
affecting the normal operation. Therefore, when setting parameters, it is necessary to
comprehensively consider transient overvoltage and the stability of the converter.

(2) The GFM Converters:

In actual operation, the GFM converters may experience overcurrent, affecting Ugpm
and its voltage support capability. Therefore, the next step is to explore the influence of
overload current on Ugpp-

Common technical specification requires the GFM converter to operate for at least 2 s
under 2 times the overload current. Currently, mainstream GFM converters can achieve 10 s
of operation under 3 times the overload current. When the current exceeds the threshold, it
will switch to the current-limiting control mode, and the Ugpy will not be able to remain
constant, resulting in significant changes in voltage support capability. The current overload
parameter of GFM converters is commonly represented by Imax. During fault periods, when
Imax is not limited, the output current is I,. When the current limit is Imax (Imax < Im),
the internal potential can no longer be maintained at Ugpm, but at (Imax/Im)Ugrm. When
Imax <Im, as Imax increases, the GFM converter can be regarded as a voltage source with an
internal potential approaching Ugpy. When Imax > I, the converter can be considered to
be an ideal voltage source. The control modes are shown in Figure 11.

ma\
U(;IMZ6(11M @— max

U GFM Z SGFM max = ]

Figure 11. The control modes of the GFM converter at different Imax.

During the fault period, the GFM converter has two modes (current-limiting and
non-current-limiting), which depend on the parameter Iy« Raising the Imax of the GFM
converter strengthens its voltage support during faults and alleviates post-fault overvoltage.
However, as Imax increases, the costs also rise. Therefore, in actual configuration, it is
necessary to consider both the voltage support benefits and economic investment.

2.4.2. The Capacity Ratio of GFL and GFM Converters

As the capacity of GFM converters increases, they can provide stronger voltage support
and reduce transient overvoltage. Therefore, the following will calculate the capacity ratios
of GFL and GFM converters that can meet the transient overvoltage constraints.

Assuming that the voltage safety threshold at the PCC is Ug,g,, the total capacity of
the system is nSp,ee, the capacity of the GFL converters is Sgpr, and the capacity of the
GFM converters is Sgpy. Substituting Sgrr. + SGeM = NSpases IL = ITerminal(SGFL/ Sbase) and
XM = XGPM(Spbase/ Sgrm) into Equation (4), we can assess the transient overvoltage that
takes into account the capacity ratio of GFL and GFM converters.

The capacity ratio of GFM converters is assumed to be #. The cost of GFM converters
is relatively high, so it is necessary to minimize # while meeting the requirements of
transient overvoltage. Therefore, the following analysis shows the minimum value of 5
when the most severe metallic short-circuit fault occurs; that is, U’y = 0. At this capacity
ratio, when other short-circuit faults occur, the PCC voltage can meet the requirements of
transient overvoltage.
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When U’y =0, it can be considered that GFM converters only output reactive current Iy
and the amplitude of Iq reaches its maximum: Iy ref = ITerminal = Iq,max, Id,ref = 0, ¢ &= —90°.
From Equation (11), it is evident that the PLL can maintain stability. Then, we substitute
U’y = 0 into Equation (14) to obtain the pre-fault-clearance 0pr 1, = 61 = . According to the
cosine theorem, we can derive

Uy = /U3 + (Ung + Up)? + 2Ug (Ung + U ) cos dyy (24)
Since 0° < dp < 90° and 0 < cosdy < 1, then there is:
U, < Ug + Upm + UL (25)

By substituting Ug, Un, UL, SGrL + SGEM = NSpase, and their respective quantities into
Equation (4), we can obtain the capacity ratio of GFM converters under voltage transient
constraints, as follows:

. XGEm (”Xg Iq,max + ugrid — Usafe)
nxg(usafe + XGFMIq,max - uGFM)

m (26)

In addition to transient overvoltage constraints, renewable energy units should also
meet the constraint of not disconnecting from the grid after encountering short-circuit faults.
When the fault occurs, Ugig = 0, X; = 0, and the GFL converter has no voltage support
capability (Uy, =0). The minimum voltage at the PCC for renewable energy units that are not
disconnected from the grid is Upn. Substituting each quantity into Equations (3) and (4),
it can be calculated that the minimum capacity ratio of GFM converter h; is

XGFMUnmin

= 27
T2 = X (Ut — Unin) 27)

Taking into account the transient overvoltage constraint and the constraint of the unit
not disconnecting from the grid, the capacity ratio of GFM converters of station i should be
7i- Meanwhile, the ratio of GFL converters is (1-7;).

#i = max(11,72) (28)

2.4.3. The Influence of External System

Here, 1/ X denotes the external voltage support strength of station i; the larger 1/ Xg
is, the stronger the grid’s support to the station. The grid component of the voltage at the
PCCis Ug = XmUgrid /(XM + Xg), As the grid’s support gradually weakens, the station’s
transient voltage characteristics become increasingly dominated by the GFL and GFM
converters. For station i, X; is determined by the outgoing transmission-line reactance
Xline and the external system’s Thevenin reactance X;j. The roles of these two components
are analyzed separately below.

(1) Xiine:

A larger external transmission-line reactance Xj ine of hybrid GFL and GFM station i
leads to a larger Xg and, thus, reduces the grid’s voltage support strength, weakening the
coupling between the station and the grid. Moreover, a higher Xj jn. causes a larger power-
angle difference across the line, severely affecting the system’s synchronizing stability. The
most effective way to reduce X . is to shorten the distance between the station and the
grid. However, when long transmission lines are unavoidable—to maximize wind and
solar resource utilization—XJ jn can still be lowered by decreasing the line’s reactance per
unit length, employing bundled conductors, or using expanded-diameter conductors.
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The system topology and the capacity of GFM converters both influence the external
Thevenin reactance X; of station i. The influence of GFEM capacity has been analyzed in
Section 2.4.2, so this section focuses solely on the influence of system topology. Com-
mon topologies for renewable energy transmission systems include radial and long-chain
configurations, as illustrated in the following Figure 12:

(a) (b)

Figure 12. Radiant and long-chain transmission topologies: (a) radiant; (b) long-chain.

In a radial transmission system, stations are closely connected, with short electrical
distances. This results in lower external Thevenin impedance compared to a long-chain
system, providing stronger grid support. Conversely, in a long-chain system where stations
are connected one after another, the longer electrical distance to the main grid leads to
higher Thevenin impedance and weaker voltage support. Faults at the end of a long chain
can lead to weak voltage support and potential unit disconnection. However, geographical
factors limit the application of radial topology to open plains and renewable-energy-rich
areas, while long-chain topology suits narrow terrain.

In conclusion, according to Equation (4), when the PLL is stable, the maximum external
system reactance that ensures that the voltage at the PCC is lower than Ug, can be
calculated. However, the PLL stability analysis of the hybrid system in Equation (11) shows
that, as Xg increases, the PLL of the internal GFL converters becomes increasingly prone to
instability. As discussed in Section 2.3.3, once the PLL loses stability, a PLL deviation within
—2¢ — 180° < 0 < 0 can further worsen transient overvoltage. Therefore, in practical station
construction, the line reactance should be chosen even smaller than the value obtained
from the above equation to account for PLL stability constraints.

3. Results

To verify the correctness of the theoretical analysis mentioned above, an example for
the electromechanical simulation was constructed based on STEPS v2.2.0 [29], as shown
in Figure 4. The parameters of the station and converters are shown in Table 1. At1s, a
three-phase short-circuit fault is set, with X’ g =05and u’ grid = 0.33. The fault is cleared
after 0.2 s.
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Table 1. The parameters of the station and converters.
Station Parameters GFL Parameters GFM Parameters
Parameter Value Parameter Value Parameter Value Parameter Value Parameter Value
Spase 100 MVA P*GrL 70 MW kp 20 P*aem 6 MW Imax 99.99
SGFL 90 MVA Q*GFL 12 MVar P rated 2 MW Q*GFM 1 MVar P rated 2 MW
SGEM 10 MVA Tq 0.02s Uin 0.9 ] 30.0 Uin 0.9
XGEM 0.1 Tp 0.02s D 5.0
Xg 0.6 k; 40 Kq 0.2

3.1. Transient Overvoltage Assessment Under Different PLL Stability
(1) Verification of Assessment Method when the PLL is Stable:

The basic parameters satisfy Equation (11), and the PLL is stable. Calculate 6py .

using Equation (14) and obtain Figure 13a. According to Equation (3), at the instant the
fault occurs, 67 jumps abruptly. However, 0pr| is a state variable that cannot change
instantaneously. It gradually tracks 61, and once 6py 1, converges to 61, the two angles settle
at the assessed value, thereby validating Equation (14).
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Figure 13. Comparison of quantities when PLL is stable: (a) 6py 1 ; (b) reactive power; (c) voltage.

1.15 1.2 1.3

Using the method described in Section 2.3.3 to evaluate transient overvoltage, substi-
tute various quantities into Equation (11) at other times to directly calculate the voltage, and
obtain the voltage assessment value in Figure 13c. At every instant, the assessed voltages
match the simulated values closely, confirming the accuracy of the assessment method.

Meanwhile, in order to further verify the correctness of the voltage assessment method,
we compared it with the voltage assessment method in [19]. The reactive power at the PCC
is shown in Figure 13b. The short-circuit capacity S at the PCC is 300 MVA. According
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to [19], the voltage based on reactive power and short-circuit capacity can be obtained

u =1+ 28 (29)
Sc

As shown in Figure 13c, the result of the comparative assessment matches the value

as follows:

obtained by the proposed voltage assessment method, confirming the accuracy of the latter.
However, in hybrid renewable systems, the post-fault reactive power change at the PCC
cannot be predetermined. Therefore, the comparative assessment is applicable only to
simulation studies and cannot account for PLL instability effects. The assessment method
presented here allows planners to assess the transient overvoltage level under different
PLL stability conditions during the planning stage, offering broader applicability.

(2) Verification of Assessment Method when the PLL is Unstable:

Let I4 ref = 0.85 and Sgpm = 2.0 MW, so that Equation (11) is not satisfied and the PLL is
unstable. At this point, the simulation values and assessed values are shown in Figure 14.

60 14
=l 12
50 g ’\—
lr 2 1
% 407 Pre- y Mid- Post- 308 Pre- Mid- Post-
2 fault / fault fault = fault fault fault
® 30 U 06 e
7 ——
/ 0.4
20
— Simulation 0.2 [ |——simulation
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0.9 1 1.1 12 18 0.9 1 1.4 42 1.3
ts t/s

(@) (b)

Figure 14. Comparison between simulated and assessed values when PLL is unstable: (a) angle;
(b) voltage.

From Figure 14a, it can be seen that the phase angle shows a divergent and increasing
trend when the PLL is unstable, and there is a deviation between the simulation value and
the assessed value. The reasons may include the following: (1) The full-order model of the
PLL is simplified to a second-order model, ignoring the influence of other control links.
(2) Assuming that the coefficients of the second-order differential equation are constants,
the influence of phase changes on the equation is ignored, but the above deviation is
relatively small and does not affect the assessment of transient overvoltage. As shown in
Figure 14b, the assessed value is essentially equal to the simulation value, which verifies
the correctness of the voltage assessment method when the PLL is unstable.

3.2. Verification of the Influence of Converter Parameters

(1) The influence of GFL Converter Parameters:

In the example, by changing the reactive current coefficient to alter the output I, the
PCC voltage at different Iq values is simulated, as shown in Figure 15. It should be noted
that, for the convenience of analysis, the following I only represents the amplitude of the
reactive current output of the GFM, and it does not focus on its direction.

As Iq increases, the voltage support capability of the GFL converter improves, and the
PCC voltage increases before fault clearance. The transient overvoltage after fault clearance
also increases accordingly. The voltage magnitude is proportional to the Ig, consistent with
theoretical analysis.
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Figure 15. The influence of I,

By changing Tq, Figure 16 was simulated. From Figure 16a, it can be seen that as
T4 decreases, the duration of I retraction becomes significantly shorter and the current
retraction speed increases. Therefore, from Figure 16b, it can be seen that the reduction in
Tq can significantly shorten the duration of transient overvoltage, which is also consistent
with the theoretical analysis results.
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Figure 16. The influence of Tq: (a) Ig; (b) voltage.

(2) The Influence of GFM Converter Parameters:

When the current overload multiple is not limited in the example, the maximum
output current Iy, is 3.5 pu. By changing Imax, Figure 17 was obtained. When Imax < 3.5 pu,
the GFM converter is in current-limiting mode. Increasing Imax can improve its voltage
support capability and suppress transient overvoltage. However, when Iy« > 3.5 pu, the
GFM converter is in an unrestricted current mode, and its voltage support capacity reaches
its maximum value, no longer changing with the increase in Imax. The simulation results
are consistent with the theoretical analysis.

1
|
Inax<Im : L™l

Transient overvoltage |
Voltage before fault clearance I

0 . .
1 1.5 2 2.5 3 3.5 4 4.5 5
[max/pu

Figure 17. The influence of Iimax.
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3.3. Influence of the Capacity Ratio of GFL and GFM Converters

By changing the capacity ratio of Sgrr, and Sgpv while keeping the total capacity
NSpase constant, the voltage at the PCC under different GFM converter capacity ratios
can be obtained, as shown in Figure 18. As h; increases, the PCC voltage at the moment
of the fault significantly increases, and the transient overvoltage significantly decreases,
consistent with theoretical analysis.

1.5 T T T
1 .
=
S
S
05
Transient overvoltage
Voltage before fault clearance

0 5 10 15 20 25 30 35 40 45 50
1%

Figure 18. The influence of capacity ratio of GFM converters.

Taking the maximum output reactive current Iqmax as 1.2 pu, the basic parameters
remain unchanged. Substituting each quantity into Equations (26)—(28), we can calculate
that the capacity ratio of the GFM converters should be more than 14.4%. We constructed a
hybrid station example with h; = 14.4%. When the short-circuit fault occurs and Ugyiq =0,
the simulated voltage at the PCC is as shown in Figure 19. The transient overvoltage is
1.17 pu, which is lower than 1.3 pu, verifying the correctness of Equation (28).

1.2 U=1.17

Pre- Mid- Post-
fault fault fault

0.9 1 1.1 1.2 1.3
ts

Figure 19. Verification of minimum capacity ratio of GFM converters.

3.4. Verification of the Influence of External Systems

Because Xg = XLine + Xi, XLine and X; are equivalent to Xg in the system simulation.
By changing the size of the parameter Xg, the influence of the length and topology of the
transmission line outside station i can be reflected. In order to investigate only the influence
of external reactance, it is assumed that a three-phase short-circuit fault occurs at the PCC
with a grounding reactance of 0.5, and that the other parameter conditions are the same as
in Table 1. By changing the parameter X, Figure 20 can be obtained through simulation.

As can be clearly seen from the above figure, with the increase in Xg, the voltage sup-
port capacity of the power grid for the station is significantly weakened. As X, increases, the
specific changes in the terminal voltage are as follows: during the fault period, the voltage
support provided by the power grid decreases, and the terminal voltage drops significantly;
after the fault is cleared, the transient overvoltage at the PCC significantly increases.
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The above simulation results are consistent with the theoretical analysis, further
verifying the influence of the external topology parameter X on the terminal voltage
in Section 2.4.3. Based on theoretical analysis and practical simulation, strengthening
the connection between the station and the power grid is an effective means to ensure
voltage stability.

4. Conclusions

This paper proposes a transient overvoltage assessment method for hybrid GFL and
GFM systems, and it analyzes the influence of different factors on transient overvoltage.
The conclusions were verified through electromechanical transient simulation. The main
conclusions drawn are as follows:

1.  Simplify the complex transmission system based on Thevenin’s theorem and the
control characteristics of the converter, and obtain the hybrid GFL and GFM converter
station model. This can reflect system characteristics while reducing complexity.

2. Based on simplified models and assumptions, a transient overvoltage assessment
method for the PCC in hybrid stations with different PLL stability is proposed using
circuit theorems and phasor diagrams.

3. Interms of converter parameters, changing the reactive current coefficient and time
constant of the GFL converters can reduce the magnitude and duration of overvoltage,
respectively. The influence of the current overload multiple of GFM converters on
overvoltage depends on its current-limiting mode.

4.  In terms of system parameters, we derived a formula for the capacity ratio of GFL
and GFM converters under the constraints of unit non-disconnection and transient
overvoltage, which can be used to guide the planning and operation of hybrid stations.
Increasing external system reactance will weaken the connection between the station
and the system and worsen the transient overvoltage of the PCC.

The proposed transient overvoltage assessment method can be used to quantitatively
evaluate the overvoltage level of hybrid GFL and GFM systems, and to guide the param-
eter configuration and capacity ratio. In terms of limitations, the transient overvoltage
assessment method proposed in this paper may not be applicable when the scale of the
external transmission system is too large. In addition, further research is needed to investi-
gate the effects of other GFM control models and electromagnetic transient parameters on
overvoltage in the future.
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