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Abstract
The transient overvoltage issue during fault recovery in renewable energy multi-
station systems severely constrains the accommodation and development of re-
newable energy; however, existing research lacks corresponding quantitative in-
dicators and methods. Therefore, this paper proposes a transient overvoltage
risk quantification method for renewable energy grid-connected systems con-
sidering reactive power saturation characteristics, starting from the transient
overvoltage mechanism. First, an analysis model under the influence of various
factors during fault recovery is established based on the transient overvoltage
mechanism of renewable energy multi-station systems, demonstrating the ra-
tionality of evaluating transient overvoltage using a quasi-steady-state phasor
model. After fully considering the saturation characteristics of post-fault con-
verters and the interactions among renewable energy sources, an evaluation
method for transient overvoltage in renewable energy multi-station systems is
derived. By analyzing the relationship between system overvoltage levels and
short-circuit ratio, an overvoltage short-circuit ratio index applicable to renew-
able energy multi-station systems and its practical application procedure are
proposed. Case study results demonstrate that the proposed index and method
can effectively evaluate the transient overvoltage risk and system security mar-
gin of renewable energy multi-station systems.

Full Text
Preamble
Assessment of Temporary Overvoltage in Multiple Renewable Energy
Station Systems with Control Lagging
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Abstract
The temporary overvoltage (TOV) problem during fault recovery in multiple
renewable energy station systems (MRESS) severely constrains renewable en-
ergy accommodation and development, yet existing research lacks corresponding
quantitative indicators and methods. This paper proposes a risk quantification
method for TOV in renewable energy grid-connected systems considering reac-
tive power saturation characteristics, starting from the TOV mechanism. First,
based on the TOV mechanism of MRESS, an analysis model is established under
different factors during fault recovery, demonstrating the rationality of assess-
ing TOV using a quasi-steady-state phasor model. After fully considering the
saturation characteristics of converters post-fault and the interactions among
renewable energy generators, an evaluation method for TOV in MRESS is de-
rived. By analyzing the relationship between system overvoltage level and short-
circuit ratio, a temporary overvoltage short-circuit ratio (TOVSCR) indicator
for MRESS and its practical application procedure are proposed. Simulation
results show that the proposed indicator and method can effectively evaluate
the TOV risk and safety margin of MRESS.

Keywords: Multiple renewable energy station system; reactive power satura-
tion characteristic; temporary overvoltage; temporary overvoltage short-circuit
ratio

0 Introduction
In recent years, China’s renewable energy installed capacity has continued to
grow rapidly. By the end of 2020, both wind power and photovoltaic installa-
tions had exceeded 250 GW [1]. The large-scale grid integration of renewable
energy units, represented by wind power and photovoltaic systems, has led to
a significant decrease in the proportion of synchronous generators in the power
grid and increased the reactive power-voltage sensitivity of the power system
[2-4]. When an AC short-circuit fault in a renewable energy station collection
area is cleared, renewable energy units cannot promptly withdraw the reactive
current injected during low-voltage ride-through (LVRT), resulting in reactive
power surplus in the AC system. If the AC grid has weak voltage support ca-
pability, this may trigger temporary overvoltage problems in the grid near the
fault location [5-7].
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Instantaneous large voltage increases may cause irreversible damage to the in-
sulation of renewable energy equipment. Therefore, grid codes for renewable
energy equipment stipulate that when the grid-connection point voltage exceeds
1.3 times the rated voltage, the corresponding units are permitted to trip [8]. If
a large number of units trip due to overvoltage, it will seriously threaten voltage
stability and active power balance during the fault recovery phase, potentially
triggering more severe cascading reactions that endanger the safe and stable
operation of the power system. Consequently, accurately quantifying the tem-
porary overvoltage level at the grid-connection points of various equipment in
MRESS is crucial for grid security.

The TOV level in MRESS is primarily determined by the voltage support ca-
pability of the AC grid and the magnitude of surplus reactive power provided
by renewable energy equipment [9]. The short-circuit ratio (SCR) is commonly
used to analyze the voltage support capability and stability of AC grids with a
single renewable energy device [10], where a larger SCR indicates a stronger AC
grid and more stable system. However, the traditional SCR is determined solely
by equipment capacity and the parameters of the external equivalent AC grid at
the grid-connection point, without considering equipment control parameters or
internal grid parameters, and lacks clear physical meaning when characterizing
grid TOV levels.

To address this, scholars have proposed various indicators and methods for eval-
uating TOV in single-infeed systems [11-13], but these only reflect TOV during
HVDC blocking when reactive compensation equipment serves as the surplus re-
active power source, making it difficult to assess TOV caused by reactive power
surplus due to control delays in renewable energy equipment after AC fault
clearance. Moreover, since the interaction among converters in multi-infeed
systems is not fully considered, these single-infeed TOV analysis methods are
difficult to extend to multi-infeed systems. Reference [14] attempts to extend
the applicability of these methods by decoupling multi-infeed systems, treating
power electronic devices in hybrid multi-infeed systems as constant impedance to
equivalently analyze multi-infeed systems as single-infeed systems. However, as
the voltage at each equipment’s grid-connection point and the reactive power
injected into the grid mutually influence each other, the dynamic interaction
among equipment and between equipment and the grid after a fault cannot be
reflected through static voltage ratios in a certain state. Therefore, this method
cannot accurately characterize TOV magnitude in multi-infeed systems.

On the other hand, since the electromagnetic transient process of the circuit af-
ter fault clearance affects system TOV magnitude, the rationality of evaluation
methods based on quasi-steady-state phasor models in existing literature needs
further examination. Additionally, considering converter saturation character-
istics, the reactive power emitted by renewable energy has strong nonlinearity,
and the pattern that the closer the fault point, the more severe the reactive
power surplus after fault clearance, and the more severe the overvoltage may not
hold. Therefore, existing literature yields conservative TOV assessment results
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after ignoring converter reactive power saturation characteristics, but determin-
ing the fault location causing the most severe overvoltage through exhaustive
enumeration also presents challenges after considering saturation characteristics.

To address these issues, this paper first analyzes the TOV mechanism in renew-
able energy station grid-connected systems and establishes mathematical models
under different influencing factors. On this basis, the rationality of evaluating
system TOV through quasi-steady-state phasor models is demonstrated. Fur-
thermore, a TOV assessment method for multi-station grid-connected systems
based on quasi-steady-state phasor models is proposed, and combined with its
characteristics, a TOVSCR indicator is defined along with corresponding prac-
tical application methods. Finally, simulations verify the effectiveness of the
proposed assessment method under different scenarios.

1 TOV Mechanism in Multiple Renewable Energy Station
Grid-Connected Systems
In the MRESS shown in [Figure 1: see original paper], when an AC line fault
occurs, renewable energy stations near the fault point enter LVRT status and
inject large amounts of reactive current to support AC voltage according to grid
code requirements, with reactive current references adjusted in real-time based
on grid-connection point voltage magnitude. Although renewable energy units
typically switch to reactive power-voltage droop control during faults to achieve
faster reactive response [8], the reactive current reference that varies with grid-
connection point voltage magnitude still introduces voltage magnitude detection
delay. Combined with communication and actuator action time, renewable en-
ergy units typically require 20-40 ms delay (hereinafter referred to as control
delay) after fault clearance to detect voltage magnitude changes [7]. Therefore,
during fault recovery, the converter’s reactive current reference can be consid-
ered consistent with that during the fault, causing renewable energy stations to
inject large surplus reactive current and resulting in system TOV. Additionally,
fault clearance causes grid topology changes, altering the energy storage state
of internal inductors and capacitors and generating zero-input responses, which
may also cause TOV. This paper focuses on TOV under the combined effects
of these two factors.

Notably, the current injected by converters during faults has saturation effects,
so the linear relationship between reactive power emitted by renewable energy
and grid-connection point voltage does not always hold. In this case, the fault
location causing the most severe TOV should be determined after comprehen-
sively considering the above nonlinear factors and interactions among multiple
stations to assess the system’s TOV risk.

Since the inner loop time scale of renewable energy controllers with ideal feed-
forward compensation is typically at the millisecond level, and the phase-locked
loop (PLL) can be switched to “fast PLL”during transients to accelerate its
response [15], it can be assumed that the current injected by renewable energy
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during the detection delay period can effectively track its reference value, and
the PLL can quickly track the grid-connection point voltage phase. Under these
assumptions, the TOV response characteristics under controller outer loop delay
should be the primary consideration after fault clearance, with inner loop and
PLL dynamics approximately ignored.

To verify this analysis, the model and parameters of a single-infeed system from
the case study are used, where the grid SCR = 2. When a three-phase metallic
short-circuit fault occurs near the station’s grid-connection point, the waveforms
of grid-connection point voltage phase and station injected current after fault
clearance are shown in [Figure 2: see original paper].

[Figure 2: see original paper] shows that: (1) There is a significant delay in
the LVRT control switching of renewable energy stations, with voltage limit
detection and control switching occurring approximately 40 ms after fault clear-
ance; (2) Throughout the entire recovery process after fault clearance, both the
grid-connection point phase and PLL angle change minimally, with inner loop
current dq components remaining basically stable. Therefore, to analyze the
mechanism of the most severe TOV generation, this paper ignores the influence
of active components and PLL tracking errors, and considers that TOV after
fault clearance is primarily caused by circuit dynamics and renewable energy
control delay.

2.1 Dynamic Modeling of Renewable Energy Station Sys-
tems
To simplify analysis, this section models based on the single renewable energy
station system shown in [Figure 3: see original paper]. For renewable energy
stations with full-power converter grid integration such as direct-drive wind
power or photovoltaic systems, the DC-side capacitor voltage during transients
can be approximated as constant under the action of DC-side chopper circuits
and DC voltage outer loop controllers. Therefore, the dynamics on both sides
of the converter DC capacitor are decoupled, and the focus should be on the
transient characteristics of the grid side.

In the synchronous rotating coordinate system, the node voltage equation of
the renewable energy station grid-connected system during fault recovery can
be expressed as:

[ 𝑈𝑡(𝑠)
𝐸(𝑠) ] = [ 𝑌1(𝑠) −𝑌2(𝑠)

𝑌2(𝑠) 𝑌1(𝑠) ]
−1

[ 𝐼𝑣𝑠𝑐(𝑠)
𝐼𝑣𝑞𝑓(𝑠) ] (1)

𝐼𝑣𝑠𝑐(𝑠) = 𝐼𝑣𝑞𝑓(𝑠) (2)

where 𝑈𝑡(𝑠) and 𝐸(𝑠) are the column vectors of the renewable energy station’
s grid-connection point voltage and grid voltage, respectively; 𝐼𝑣𝑠𝑐(𝑠) is the
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column vector of the renewable energy station’s output current, and 𝐼𝑣𝑞𝑓 is the
output current column vector during the fault, i.e., the renewable energy station
maintains the fault-period output current unchanged during fault recovery; the
admittance matrices 𝑌1 and 𝑌2 are respectively:

{𝑌1(𝑠) = 1
𝑅𝑙1+𝑠𝐿𝑙1

+ 1
𝑅𝑙2+𝑠𝐿𝑙2

+ 𝑠𝐶𝑓
𝑌2(𝑠) = 𝜔0

𝑅𝑙1+𝑠𝐿𝑙1
+ 𝜔0

𝑅𝑙2+𝑠𝐿𝑙2

where 𝜔0 is the power frequency; 𝑅𝑙1, 𝐿𝑙1 and 𝑅𝑙2, 𝐿𝑙2 are the resistances and
inductances of the lines on the left and right sides of the fault point, respectively;
𝑅𝑙 and 𝐿𝑙 are the resistance and inductance of the non-fault line, with 𝑅𝑙 =
𝑅𝑙1 + 𝑅𝑙2 and 𝐿𝑙 = 𝐿𝑙1 + 𝐿𝑙2.

The above analysis shows that when considering the transient components of
system voltage, TOV assessment must be performed in a high-order system,
making the proposed method computationally complex and difficult to general-
ize to multi-machine systems. Therefore, it is necessary to evaluate the impact
of overvoltage dynamic components on actual system safe operation and make
reasonable simplifications to the renewable energy station system to obtain an
applicable and practical assessment scheme.

2.2 Evaluation of Dynamic Component Effects
To analyze the influence of overvoltage dynamic components, the grid-
connection point voltage of the renewable energy station system during fault
recovery is solved from Equation (1) as:

𝑈𝑡(𝑠) = 𝐴𝑑(𝑠)
𝐺𝑢(𝑠)𝐼𝑣𝑞𝑓(𝑠) + 𝐴𝑞(𝑠)

𝐺𝑢(𝑠)𝐸(𝑠)

where 𝐴𝑑(𝑠) and 𝐴𝑞(𝑠) are the numerator expressions of the transfer function’
s dq axes, with detailed derivation and expressions provided in Appendix A;
𝐺𝑢(𝑠) is the closed-loop characteristic equation of the transfer function:

𝐺𝑢(𝑠) = 𝑠4 + 𝐷𝑠3 + 𝐾𝑠2 + 𝐽𝑠 + 𝐻

The characteristics of the grid-connection point voltage dynamic components
are primarily determined by the poles of Equation (4). In addition to the pole
at 𝑠 = 0, Equation (4) can be decomposed into two second-order systems with
damping ratios and undamped natural oscillation frequencies of:

{𝜉1 = 1
2𝜏1𝜔𝑛1

, 𝜔2
𝑛1 = 𝜔2

0 + 𝜔2
1 + 𝜔2

2 − 𝜏2

𝜉2 = 1
2𝜏2𝜔𝑛2

, 𝜔2
𝑛2 = 𝜔2

0 − 𝜔2
1 − 𝜔2

2 − 𝜏2
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Therefore, the time-domain expression of the grid-connection point voltage dq
dynamic components can be obtained through inverse transformation of Equa-
tion (3), which can be further synthesized into the amplitude expression of the
grid-connection point voltage, i.e., the voltage envelope. The dq dynamic compo-
nents each contain two oscillatory decay components with oscillation frequencies
of 𝜔𝑑1 = 𝜔𝑛1√1 − 𝜉2

1 and 𝜔𝑑2 = 𝜔𝑛2√1 − 𝜉2
2 . Under typical parameters with

SCR=2 in the case study of Section 4, these two oscillatory decay components
have frequencies of 230 Hz and 315 Hz, with overvoltage spikes lasting no more
than 3 ms per cycle. According to IEEE 2800-2022, renewable energy equipment
should be able to withstand 1.6 p.u. overvoltage for at least 1 ms and 1.4 p.u.
overvoltage for at least 3 ms [16]. Therefore, TOV caused by circuit dynamics
typically does not pose a safety threat to equipment.

On the other hand, high-frequency harmonics affect the response speed of PLL
and voltage magnitude detection, which is detrimental to renewable energy unit
control and operation. Therefore, units typically employ filtering to obtain
grid voltage information. For example, when using a first-order low-pass filter
with a time constant of 1 ms, the cutoff frequency is only 159 Hz, making it
difficult for units to detect the above high-frequency overvoltage. The obtained
voltage information approximates the TOV under control delay. Considering
the impact of voltage magnitude detection algorithms (e.g., full-wave Fourier)
or control switching confirmation delays, unit control switching or protection
typically does not act on TOV caused by circuit dynamics.

Therefore, TOV caused by circuit dynamics does not affect unit safe operation
from the perspectives of equipment safety and protection action, and has lim-
ited impact on system-level TOV risk assessment. In contrast, TOV caused by
control delay has a duration primarily determined by the delay length, with
its magnitude depending on surplus reactive power, potentially causing equip-
ment damage or tripping from the perspectives of equipment withstand time
and protection detection action, posing a relatively greater threat to system
safety. Consequently, TOV risk assessment in MRESS should primarily focus
on TOV caused by control delay, making the quasi-steady-state phasor model
appropriate for TOV assessment.

2.3 Quasi-Steady-State Modeling of Renewable Energy Sta-
tion Systems
When ignoring overvoltage dynamic components, the complex frequency-domain
expression of TOV caused by converter control delay can be obtained from
Equation (3) as:

𝑈𝑡(𝑠) = 𝐻𝑑
𝑠 + 𝐽𝑑

𝑠2 + 𝐾𝑑
𝑠3 + 𝐷

𝑠4

where 𝑈𝑠 is the AC grid equivalent potential, and the derivation of Equation (5)
and definitions of constant terms (𝐻𝑑, 𝐽𝑑, 𝐾𝑑, 𝐷) are detailed in Appendix B.
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According to grid code requirements, when the grid-connection point voltage
magnitude (𝑈𝑡) drops below 0.9 p.u. during a fault, the renewable energy sta-
tion’s output current reference phasor is [8]:

⎧{
⎨{⎩

𝐼𝑣𝑑𝑓 = −𝐼𝑚𝑎𝑥 sin 𝜃𝑓
𝐼𝑣𝑞𝑓 = 𝐼𝑣𝑞0 + 𝑘(0.9 − 𝑈𝑡)
𝐼𝑣𝑞𝑓 = 𝐼𝑚𝑎𝑥 cos 𝜃𝑓

where 𝐼𝑚𝑎𝑥 is the maximum allowable current of the renewable energy station,
𝐼𝑣𝑞0 is the pre-fault reactive current reference, 𝑘 is the reactive gain coefficient,
and 𝜃𝑓 is the phase angle at the station’s grid-connection point during the fault.

In inductance-dominated networks, reactive power has a far greater impact on
voltage than active power. Since this paper focuses on the most severe over-
voltage scenarios, it can be assumed that the converter capacity is entirely used
to provide reactive power during faults, i.e., 𝐼𝑣𝑑𝑓 = 0. Additionally, since the
station has no active power output during faults, 𝜃𝑓 can be approximated as 0.
In this case, the renewable energy station’s control coordinate system aligns
with the system’s global coordinate system, and Equation (6) becomes:

𝐼𝑣𝑞𝑓 = 𝐼𝑣𝑞0 + 𝑘(0.9 − 𝑈𝑡)

The power-frequency steady-state value of TOV can then be obtained as:

𝑈𝑡 = 𝑈𝑠 − 𝑋𝑔𝐼𝑣𝑞𝑓

where 𝑋𝑔 is the equivalent reactance from the voltage source to the grid-
connection point. The derivation of Equation (7) is provided in Appendix B.
It can be seen that TOV magnitude is primarily determined by the reactive
current injected by the renewable energy station during faults and 𝑋𝑔 (grid
strength).

Considering that the output reactive current is controlled by the grid-connection
point voltage, to avoid iterative solving in multi-infeed systems [18], the renew-
able energy station can be equivalently represented as a parallel combination of
a constant reactive current source 𝐼𝑣𝑠𝑐 = 𝑘 + 𝐼𝑣𝑞0, a virtual reactance 𝑋𝑘 = 1/𝑘,
and a variable reactive current source 𝐼𝑣, as shown in [Figure 4: see original
paper]. The specific proof of this equivalence is provided in Appendix C.

In the figure, 𝑋𝑣𝑠𝑐 = 𝑋𝑘//𝑋𝑐𝑓 , 𝑋𝑐𝑓 = 1/(𝜔𝐶𝑓), and 𝑅𝑔 and 𝑋𝑔 are the equiv-
alent resistance and reactance of the AC system, respectively. This model uses
the abrupt change of 𝐼𝑣 to characterize the two operating conditions before and
after the fault, enabling decoupling of the renewable energy station from the grid
in voltage calculations. Since pre-fault grid node voltages are close to 1 p.u. and
VSCs operating at unity power factor generate current 𝐼𝑣𝑠𝑐0 = 𝐼𝑣𝑑0 = 𝑃𝑣𝑠𝑐0/𝑈𝑡0,
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the change in reactive current magnitude injected by the renewable energy sta-
tion in the system global coordinate system during fault recovery compared to
pre-fault is:

Δ𝐼𝑣𝑞 = 𝐼𝑣𝑞𝑓 − 𝐼𝑣𝑞0 = 0.9𝑘 − 0.1𝑘𝑈𝑡

2.4 TOV Assessment for Multiple Renewable Energy Sta-
tion Systems
Consider an n-bus power system with m renewable energy stations and k syn-
chronous generators, as shown in [Figure 1: see original paper], where buses
𝑖(𝑖 = 1, … , 𝑚) are renewable energy station grid-connection buses, bus 𝑓 is the
fault bus, buses 𝑗(𝑗 = 𝑚 + 1, … , 𝑚 + 𝑘) are synchronous generator buses, and
the remaining buses are passive. The original system impedance matrix is 𝑍.
When using the equivalent model described in Section 2.1, with each station
𝐿𝑣𝑠𝑐𝑖 attributed to the AC grid side, the AC grid node impedance matrix 𝑍 is
modified to 𝑍′.

When a three-phase metallic short-circuit fault occurs at bus 𝑓 of the AC grid,
the node equation gives the voltage changes at each bus as:

Δ𝑈 = 𝑍′Δ𝐼

where Δ𝑈 = [Δ𝑈1, … , Δ𝑈𝑓 , … , Δ𝑈𝑛]𝑇 and Δ𝐼 = [0, … , Δ𝐼𝑞𝑖, … , Δ𝐼𝑓 , … , 0]𝑇 .

From Equation (9), the reactive current injected by renewable energy stations
during faults is:

𝐼𝑣𝑞𝑓 = Δ𝐼𝑞 + Δ𝐼𝑣𝑞 + 𝐼𝑣𝑠𝑐

where Δ𝐼𝑞 = [−𝐼𝑑01 sin 𝜃0𝑖 − 0.1𝑘1, … , −𝐼𝑑0𝑖 sin 𝜃0𝑖 − 0.1𝑘𝑖, 0, … , 0]𝑇 ,
𝑆 = diag(𝑆𝑖), and 𝐾 = diag(𝑘𝑖).
Under converter saturation constraints: 𝐼𝑣𝑞𝑓𝑖 ≤ 𝐼𝑚𝑎𝑥𝑆𝑖. The influence of multi-
station interaction can be considered by solving for the equivalent reactive gain
coefficient of renewable energy stations:

𝑘𝑙𝑖 = {𝑎𝑖, 𝐼𝑣𝑞𝑓𝑖 ≤ 𝐼𝑚𝑎𝑥𝑆𝑖
𝑏𝑖

𝐼𝑒𝑞𝑖−𝐼𝑣𝑞𝑓𝑖
+ 𝑎𝑖, 𝐼𝑣𝑞𝑓𝑖 > 𝐼𝑚𝑎𝑥𝑆𝑖

where 𝑎𝑖 and 𝑏𝑖 are constants related to fault location, 𝑆𝑖 is the ratio of rated
capacity to system base capacity, and 𝐼𝑒𝑞𝑖 = 𝐼𝑚𝑎𝑥 − 𝐼𝑣𝑞0𝑖 is the equivalent
saturation value considering initial reactive current. Therefore, the pre-fault
operating state of converters also affects TOV magnitude. When 𝐼𝑣𝑞0 is smaller,
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the converter’s operating range is larger under severe near-end faults, the surplus
reactive current injected is greater, and the system TOV is more severe.

From Equations (10) and (11), the surplus reactive current considering converter
saturation is:

Δ𝐼𝑣𝑞 = 𝐾𝑙Δ𝐼𝑞

where 𝐾𝑙 = diag(𝑘𝑙1, 𝑘𝑙2, … , 𝑘𝑙𝑚, … , 0). The specific form of surplus reactive
current injected by the i-th station is:

Δ𝐼𝑣𝑞𝑖 =
𝑚

∑
𝑗=1

𝑍′
𝑖𝑗Δ𝐼𝑞𝑗𝑗 +

𝑚+𝑘
∑

𝑗=𝑚+1
𝑍′

𝑖𝑗Δ𝐼𝑞𝑗𝑗

where 𝑍′
𝑖𝑗 is the element in the i-th row and j-th column of the modified node

impedance matrix, and 𝑆𝑒𝑞 is the equivalent transient capacity of renewable
energy stations under fault conditions.

Since renewable energy stations in LVRT status after fault clearance are surplus
reactive power sources, the transient voltage rise caused during the control delay
period is the TOV to be solved. Therefore, the TOV at the grid-connection point
of the i-th station in MRESS is:

Δ𝑈𝑖 =
𝑚

∑
𝑗=1

MIIF𝑖𝑗Δ𝐼𝑣𝑞𝑗

where MIIF𝑖𝑗 is the voltage interaction factor between stations i and j [17].

3.1 TOVSCR Indicator
Equation (14) shows that when grid strength is greater, grid nodes are more
tightly connected (smaller 𝑍′

𝑖𝑗), and system TOV is smaller. Therefore, grid
strength is inversely proportional to system TOV. Based on Equation (14), the
following short-circuit ratio indicator can be defined to quantify TOV risk in
MRESS:

Definition: The reciprocal of the maximum grid-connection point TOV caused
by control delay during fault recovery in MRESS is defined as the Temporary
Overvoltage Short-Circuit Ratio (TOVSCR):

TOVSCR = 1
max(Δ𝑈𝑖)

= 1
∑𝑚

𝑗=1 MIFIF𝑖𝑗𝑆𝑒𝑞𝑗

where the Multi-Infeed Fault Interaction Factor (MIFIF) can be expressed as:
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MIFIF𝑖𝑗 = 𝛼𝑖𝑗 × MIIF𝑖𝑗, 𝛼𝑖𝑗 =
𝑍′

𝑓𝑓
𝑍′

𝑖𝑓𝑍′
𝑗𝑓

𝛼𝑖𝑗 is the fault effect coefficient, which fully considers the interaction among
multiple machines under fault conditions by modifying the MIIF proposed by
CIGRE.

It is worth noting that the TOVSCR proposed in this paper has the same
form as the gSCR proposed in references [19-20], both based on the concept of
weighted grid sensitivity. TOVSCR and gSCR determine appropriate weighting
coefficients based on the mechanisms of system TOV and small-signal stability,
respectively, making system safety and stability assessment more accurate and
theoretically rigorous.

The above analysis shows that the proposed TOVSCR indicator is defined based
on system static characteristics and is a linear indicator, yet it can characterize
TOV risk under large disturbances. Through reasonable equivalent modeling,
the change in network topology before and after faults is cleverly transformed
into changes in equivalent constant current source magnitude.

It should be noted that the assessment approach proposed in this paper is not
limited to TOV caused by renewable energy control delay. From Equations (15)
and (16), for TOV problems caused by untimely switching of reactive compensa-
tion equipment during DC blocking or commutation failure, the corresponding
indicator can be obtained by simply adjusting the surplus reactive current mag-
nitude according to its mechanism.

When a station trips due to its grid-connection point voltage reaching the limit
(𝑈𝑡_𝑙𝑖𝑚𝑖𝑡), other stations may face cascading trip risk. Therefore, the system
can be considered to be in a critical safety state when the maximum voltage at
each station’s grid-connection point equals 𝑈𝑡_𝑙𝑖𝑚𝑖𝑡. The TOVSCR value at
this point is defined as the critical TOVSCR (CTOVSCR):

CTOVSCR = 1
𝑈𝑡_𝑙𝑖𝑚𝑖𝑡 − 1

3.2 Application Method for TOVSCR Indicator
Equation (17) shows that after considering converter reactive power saturation
characteristics, the TOVSCR value has a nonlinear relationship with fault loca-
tion, making it difficult to directly determine the fault location corresponding
to the most severe overvoltage. Therefore, all nodes in the system must be
traversed to obtain the maximum TOVSCR under all operating conditions to
assess system TOV risk. To improve efficiency and practicality, a practical
application method for TOVSCR should be proposed.
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Using the decoupled equivalent modeling method for renewable energy stations
described in Section 2.3, the corresponding modified network can be obtained.
If the equivalent renewable energy stations are treated as constant-current loads
injecting current, the network contains two types of nodes: load nodes composed
of converters and passive nodes, and voltage source nodes composed of gener-
ators and synchronous condensers. Therefore, the network admittance matrix
can be partitioned according to load nodes and voltage source nodes:

[ 𝐼𝐿
𝐼𝐺

] = [ 𝐵𝐿𝐿 𝐵𝐿𝐺
𝐵𝐺𝐿 𝐵𝐺𝐺

] [ 𝑈𝐿
𝑈𝐺

]

where matrix 𝐵𝐿𝐿 characterizes the connection relationship and interaction
among loads, and 𝐵𝐿𝐺 characterizes the connection relationship and interac-
tion between voltage sources and loads.

From the system’s reactive power flow equations:

𝑄𝐿(𝑈𝐿) + 𝐼𝑣𝑞 = 𝐵𝐿𝐿𝑈𝐿 + 𝐵𝐿𝐺𝑈𝐺

where 𝑄𝐿 and 𝐼𝑣𝑞 are the reactive power demand column vectors of passive
nodes and reactive current injection column vectors of converters, respectively,
and 𝑈𝐿 and 𝑈𝐺 are the voltage column vectors of load nodes and synchronous
generator nodes, respectively.

When the network is unloaded, 𝑄𝐿 = 0, and the voltage at each load node, i.e.,
the no-load voltage, is:

𝑈𝐿0 = −𝐵−1
𝐿𝐿𝐵𝐿𝐺𝑈𝐺

Therefore, the reactive power demand of passive nodes under any system condi-
tion is:

𝑄𝐿(𝑈𝐿) = 𝐵𝐿𝐿(𝑈𝐿 − 𝑈𝐿0)

From Equation (21), the system’s reactive power-voltage sensitivity matrix is:

𝐽 = 𝜕𝑄𝐿
𝜕𝑈𝐿

= 𝐵𝐿𝐿 + diag(𝐼𝑣𝑞)𝜕𝐼𝑣𝑞
𝜕𝑈𝐿

When the system operates under light or no-load conditions, 𝑈𝐿 = 𝑈𝐿0, and:

𝐽0 = 𝐵𝐿𝐿

Since overvoltage at each node in multi-infeed systems is typically slightly higher
than no-load voltage, the reactive power-voltage sensitivity matrix obtained
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from Equation (23) can approximately characterize the relationship between
voltage and reactive power at each node after fault clearance.

When the small Δ𝐼𝑞 is ignored, the magnitude of surplus reactive power injected
by each converter under any node voltage can be expressed as:

Δ𝑄𝑣𝑠𝑐 = diag(𝑈𝐿)Δ𝐼𝑣𝑞

At this point, the influence of converter saturation is reflected in limiting the
elements in the modified impedance matrix:

𝑍′
𝑖𝑗 = {𝑍𝑖𝑗, 𝐼𝑣𝑞𝑓𝑖 ≤ 𝐼𝑚𝑎𝑥𝑆𝑖

𝐼𝑚𝑎𝑥𝑆𝑖
𝐼𝑣𝑞𝑓𝑖

𝑍𝑖𝑗, 𝐼𝑣𝑞𝑓𝑖 > 𝐼𝑚𝑎𝑥𝑆𝑖

The relative magnitude of TOV caused by faults at different nodes in the system
can be evaluated using the reactive power-voltage sensitivity matrix weighted
by the corresponding surplus reactive power input:

𝐽𝑒 = 𝐽−1
0 diag(Δ𝐼𝑣𝑞)𝑍′

The above analysis shows that the row and column corresponding to the maxi-
mum element of matrix 𝐽𝑒 respectively characterize the renewable energy station
grid-connection point with the most severe TOV and the fault location causing
that overvoltage. Therefore, the system TOV assessment method based on ma-
trix 𝐽𝑒 proposed in this paper is applicable to networks of any structure and
has strong adaptability.

It can be seen that although renewable energy station control systems contain
strong nonlinearities such as saturation, the influence of these nonlinearities on
TOVSCR can be eliminated by determining the fault point corresponding to
the most severe condition and selecting appropriate converter reactive power
output coefficients.

3.3 TOV Assessment Process
[Figure 5: see original paper] Evaluation process of temporary overvoltage

Based on the above analysis, the TOV assessment for renewable energy station
grid-connected systems can be summarized as the process shown in [Figure 5:
see original paper], with key steps as follows:

1) Determine the power of each equipment during pre-fault steady state, and
obtain the network topology and parameters during normal operation.

2) Use Equation (26) to calculate the weighted sensitivity matrix 𝐽𝑒, identi-
fying the grid-connection point with the most severe overvoltage and the
corresponding fault location.
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3) Use Equation (15) to calculate the system’s TOVSCR.
4) Compare TOVSCR with its critical value; the difference can characterize

the system’s TOV safety margin.

4 Case Study
To verify the effectiveness of the proposed TOV calculation method for renew-
able energy power systems, simulation models are built on the PSCAD platform.
As shown in [Figure 6: see original paper], TOV in both single-infeed and multi-
infeed systems is analyzed. The single-infeed system structure is shown in Figure
(a), where multiple devices in the same station can be equivalently represented
as a single device. The multi-infeed system uses the IEEE New England 39-bus
test system, with its structure shown in Figure (b), where all stations use full-
power renewable energy equipment. System parameters are shown in Table D
in Appendix D, and network parameters are consistent with the standard test
system [21].

4.1 Validation of Quasi-Steady-State Modeling Rationality
To verify the effectiveness of the system TOV calculation method during fault
recovery, the short-circuit ratio of the equivalent AC system is set to 2 and
3, respectively. A three-phase short-circuit fault lasting 0.2 s occurs near the
grid-connection point at 𝑡 = 1 s. Simulation analysis yields the RMS wave-
form of the high-frequency transient component of the grid-connection point
voltage and the corresponding power-frequency steady-state component RMS
waveform. Equations (3) and (7) can be used to calculate the overvoltage tran-
sient component envelope and power-frequency steady-state value, respectively,
with comparison results shown in [Figure 7: see original paper].

Figures (a) and (c) show that under different grid strengths, the calculated
envelopes of TOV caused by circuit dynamics can effectively reflect the trend
of RMS value changes. Figures (b) and (d) show that the calculated power-
frequency steady-state components under different conditions are basically con-
sistent with simulation results, with a maximum error of only 3.17%, proving
that the proposed overvoltage calculation method has good accuracy.

It should also be noted that the oscillation frequency of TOV caused by circuit
dynamics is very high (mainly containing 230 Hz and 310 Hz components when
SCR=2 in the figure). Equipment control systems typically include filters to
remove high-frequency harmonics to ensure stable control. Using a first-order
low-pass filter with a time constant of 10 ms as an example, its cutoff frequency is
16 Hz, and the voltage components at 230 Hz and 310 Hz are attenuated to 6.92%
and 5.13% of their original amplitudes, respectively. Therefore, the voltage
information obtained by equipment control and protection systems is mainly
the power-frequency component of overvoltage caused by control delay after
filtering (Figures 7(b) and (d)), which is also the main factor affecting equipment
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tripping. Therefore, TOV risk assessment for MRESS oriented toward system
safety is more suitable for calculation methods dominated by control delay.

4.2 Validation of Multi-Station TOV Risk Assessment
Method Effectiveness
To verify the effectiveness of the proposed short-circuit ratio indicator, this
section evaluates the TOV risk of grids with different strengths. To maintain the
relative voltage support capability among grid nodes, the system strength can
be equivalently adjusted by proportionally changing equipment capacity. When
equipment capacity is consistent with Table D in Appendix D, the weighted
sensitivity matrix calculation results for the multi-infeed system are shown in
[Figure 8: see original paper].

[Figure 8: see original paper] shows that the most severe TOV at renewable
energy station 3 occurs when bus 17 faults. Therefore, at 𝑡 = 1 s, a three-
phase ground fault lasting 0.1 s is applied at bus 17, and renewable energy units
continue to maintain LVRT status for 30 ms after the fault.

Calculation shows that the system’s TOVSCR is 2.51 at this time, meaning
the most severe TOV reaches 1.4 p.u., indicating system TOV risk. The grid-
connection point voltage curves of each renewable energy unit during fault re-
covery are shown in [Figure 9: see original paper].

The figure shows that under the effect of control delay after fault clearance,
since each converter maintains the reactive current injected during LVRT, the
voltage at each grid-connection point rapidly rises under the excitation of surplus
reactive power sources and reaches a steady-state peak of 1.41 p.u., consistent
with the analytical calculation results.

When each equipment capacity is proportionally reduced by 0.24 times, i.e., the
grid strength is effectively increased by the corresponding factor, the weighted
sensitivity matrix calculation results for the multi-infeed system are shown in
[Figure 10: see original paper].

Since the system’s MIOSCR = CMIOSCR = 3.33 when bus 17 faults, the
system is in a critical safety state in terms of TOV. The grid-connection point
voltage curves of the system’s renewable energy stations are shown in [Figure
11: see original paper].

In summary, the calculation results of the proposed indicator are consistent with
time-domain simulation results. The distance between the TOVSCR of MRESS
and its critical value can reflect the system’s TOV safety margin, verifying the
effectiveness of the proposed indicator.

5 Conclusion
This paper analyzes the TOV mechanism of renewable energy station grid-
connected systems, proposes a TOV calculation method for different stages of
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fault recovery, and introduces a TOVSCR indicator applicable to multi-station
systems. The main conclusions are:

1) From the perspectives of renewable energy unit withstand time and pro-
tection action, control delay is the main factor affecting system-level TOV
risk assessment, and quasi-steady-state phasor models should be used for
evaluation.

2) The critical TOVSCR is a constant value. The TOVSCR indicator pro-
posed from the perspective of power system static equivalence can accu-
rately characterize the system’s TOV safety margin through its distance
from the critical value.

3) After considering converter reactive power saturation characteristics, the
weighted sensitivity matrix can directly identify the renewable energy sta-
tion grid-connection point with the most severe TOV and the correspond-
ing fault node location, avoiding cumbersome exhaustive calculations and
making the proposed assessment method applicable to arbitrary network
structures.

Excessive surplus reactive current and weak grid strength are the main causes
of system TOV. The risk of TOV should be fully considered in the rapid devel-
opment of renewable energy, and adequate grid strength should be maintained
to avoid cascading failures caused by overvoltage. Future work will focus on
extending the assessment approach to more scenarios by studying additional
TOV mechanisms, and on suppressing TOV by improving control structures
and strategies during fault and recovery periods.

References
[1] 2020 National Electric Power Industry Statistics [EB/OL]. http://www.nea.gov.cn/2021-
01/20/c_{139683739}.htm.

[2] Yuan Xiaoming, Cheng Shijie, Hu Jiabing. Multi-time scale voltage and
power angle dynamics in power electronics dominated large power systems[J].
Proceedings of the CSEE, 2016, 36(19): 5145-5154.

[3] Chen Guoping, Li Mingjie, Xu Tao, et al. Study on technical bottleneck of
new energy development[J]. Proceedings of the CSEE, 2017, 37(01): 20-27.

[4] Zhuo Zhenyu, Zhang Ning, Xie Xiaorong, et al. Key technologies and devel-
oping challenges of power system with high proportion of renewable energy[J].
Automation of Electric Power Systems, 2021, 45(09): 171-191.

[5] Sun Huadong, Zhang Zhenyu, Lin Weifang, et al. Analysis on serious wind
turbine generators tripping accident in Northwest China Power Grid in 2011
and its lessons[J]. Power System Technology, 2012, 36(10): 76-80.

[6] Du Weizhu, Luo Yazhou, Li Yunhong, et al. Reviews of transient overvoltage
problem caused by extra reactive power in large scale wind power systems[J].

chinarxiv.org/items/chinaxiv-202210.00053 Machine Translation

https://chinarxiv.org/items/chinaxiv-202210.00053


Power System Technology, 2001, 25(7): 18-22.

[7] Zhao Hongbo, Yao Liangzhong, Wang Weisheng, et al. Outage analysis of
large scale wind power under high voltage condition and coordinated prevention
and control strategy[J]. Automation of Electric Power Systems, 2015, 39(23):
43-48+65.

[8] State Administration for Market Regulation, Standardization Administra-
tion. GB/T 19963.1—2021 Technical specification for connecting wind farm to
power system[S]. Beijing: China Standard Press, 2021.

[9] He Jingbo, Zhuang Wei, Xu Tao, et al. Study on cascading tripping risk of
wind turbines caused by transient overvoltage and its countermeasures[J]. Power
System Technology, 2016, 40(6): 1839-1844.

[10] CIGRE Working Group 15.05. Guide for planning DC links terminating
at AC locations having low short circuit capacities, part I: AC/DC system
interaction phenomena[R]. CIGRE Guide, No.95, 1992.

[11] Wang Feng, Liu Tianqi, Ding Yuanyuan, et al. Calculation method and
influencing factors of transient overvoltage caused by HVDC block[J]. Power
System Technology, 2016, 40(10): 3059-3065.

[12] Yin Chunya, Li Fengting, Zhou Shiyuan, et al. Calculation method of tran-
sient overvoltage due to DC blocking based on short circuit ratio of reactive
power[J]. Automation of Electric Power Systems, 2019, 43(10): 150-154, 161.

[13] Cao Shengshun, Zhang Wenchao, Wang Meng, et al. Study on fast analysis
method of transient fundamental frequency overvoltage of wind turbine genera-
tors in sending system when serious power disturbances occur in large-capacity
UHVDC[J]. High Voltage Engineering, 2017, 43(10): 3300-3306.

[14] Xiao Hao, Duan Xianzhong, Zhang Yi, et al. Analytically assessing the effect
of strength on temporary overvoltage in hybrid multi-Infeed HVdc systems[J].
IEEE Transactions on Power Electronics, vol. 37, no. 3, pp. 2480-2484, March
2022.

[15] Tang Wangqianyun, Zhang Rui, Hu Jiabing. Modelling of DFIG-based WT
for power system transient responses analysis in rotor speed control timescale[J].
Proceedings of the CSEE, 2021, 41(9): 3037-3045.

[16] IEEE Standard for Interconnection and Interoperability of Inverter-Based
Resources (IBRs) Interconnecting with Associated Transmission Electric Power
Systems[S]. IEEE Std 2800-2022, 2022: 1-180.

[17] Davies J. CIGRE WG B4.41 report: systems with multiple DC infeed[R].
CIGRE Electra, 2007.

[18] Pan Guoqing, Zeng Dehui, Wang Gang, et al. Fault analysis on distribution
network with inverter interfaced distributed generations based on PQ control
strategy[J]. Proceedings of the CSEE, 2014, 34(04): 555-561.

chinarxiv.org/items/chinaxiv-202210.00053 Machine Translation

https://chinarxiv.org/items/chinaxiv-202210.00053


[19] Xin Huanhai, Dong Wei, Yuan Xiaoming, et al. Generalized short circuit
ratio for multi power electronic based devices infeed to power systems[J]. Pro-
ceedings of the CSEE, 2016, 36(22): 6013-6027.

[20] Xin Huanhai, Gan Deqiang, Ju Ping. Generalized short circuit ratio of
power systems with multiple power electronic devices: analysis for various re-
newable power generations[J]. Proceedings of the CSEE, 2020, 40(17): 5516-
5527.

[21] Manitoba Hydro International Ltd. PSCAD knowledge base. IEEE 39 Bus
System. Manitoba, Canada; 2018. Available online: https://www.pscad.com/knowledge-
base/article/28.

Appendix A
Solving 𝑈𝑡(𝑠) from Equation (1) yields:

𝑈𝑡(𝑠) = 𝐴𝑑(𝑠)
𝐺𝑢(𝑠)𝐼𝑣𝑞𝑓(𝑠) + 𝐴𝑞(𝑠)

𝐺𝑢(𝑠)𝐸(𝑠)

Substituting each variable expression gives:

𝐺𝑢(𝑠) = 𝑠4 + 𝐷𝑠3 + 𝐾𝑠2 + 𝐽𝑠 + 𝐻

The characteristic equation is:

𝐺𝑢(𝑠) = 𝑠4 + 2𝜏𝑠3 + (𝜔2
0 + 𝜔2

1 + 𝜔2
2)𝑠2 + 2𝜏𝜔2

0𝑠 + 𝜔2
0𝜔2

2

The numerator expression of Equation (A.28) is:

𝐴𝑑(𝑠) = 𝑠2 + 2𝜏𝑠 + 𝜔2
0 + 𝜔2

1

where the transfer function matrix 𝑌3(𝑠) is:

𝑌3(𝑠) = 1
𝑅𝑙1 + 𝑠𝐿𝑙1

+ 1
𝑅𝑙2 + 𝑠𝐿𝑙2

Under typical line parameters, 𝜏 is very small, and the second term of Equation
(A.29) is positive. After factorization, the two second-order factors have:

𝜔2
𝑛1,2 = 𝜔2

0 ± √𝜔4
0 − 𝜔2

1𝜔2
2

It is evident that both constant terms are positive and much larger than 𝜏 ,
resulting in underdamped oscillations in both second-order factors obtained from
the decomposition.
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Appendix B
First, ignoring the dynamic components and energy storage of dynamic elements
in Equation (1), i.e., the 𝑠 terms in the transfer function 𝐺(𝑠), and the initial
currents and voltages of inductors and capacitors, we obtain:

𝑈𝑡(𝑠) = 𝐻𝑑
𝑠 + 𝐽𝑑

𝑠2 + 𝐾𝑑
𝑠3 + 𝐷

𝑠4

After matrix inversion and rearrangement, the analytical expression for the grid-
connection point voltage is:

𝑈𝑡(𝑠) = 𝐻𝑑
𝑠 + 𝐽𝑑

𝑠2 + 𝐾𝑑
𝑠3 + 𝐷

𝑠4

The definitions of 𝐻𝑑, 𝐽𝑑, 𝐾𝑑, and 𝐷 are as follows:

⎧{{
⎨{{⎩

𝐻𝑑 = 𝑅𝑙𝐼𝑣𝑑
𝐽𝑑 = 𝜔𝐿𝑙𝐼𝑣𝑞 − 𝜔𝐶𝑓𝑅𝑙𝐼𝑣𝑑
𝐾𝑑 = 𝜔2𝐿𝑙𝐶𝑓𝐼𝑣𝑑 − 𝜔𝑅𝑙𝐶𝑓𝐼𝑣𝑞
𝐷 = 𝜔2𝐿𝑙𝐶𝑓𝑅𝑙

From Equations (B.2)-(B.6) and applying the final value theorem:

lim
𝑠→0

𝑠𝑈𝑡(𝑠) = 𝐻𝑑

Considering that the active current of equipment remains unchanged during the
delay period after fault clearance, i.e., 𝑖𝑣𝑑 = 𝑖𝑣𝑑𝑓 = 0, and since the network
is inductance-dominated with small resistance, system TOV is primarily the
d-axis component, i.e., 𝑈𝑡 ≈ 𝑈𝑡𝑑. Ignoring line resistance, the expression for 𝑈𝑡
can be written as:

𝑈𝑡 = 𝑈𝑠 − 𝑋𝑔𝐼𝑣𝑞𝑓

where 𝐵𝑓 = 𝜔𝐶𝑓 and 𝑋𝑙 = 𝜔𝐿𝑙. Considering that the filter capacitor 𝐶𝑓 is very
small, the 𝐵𝑓 term can be ignored, giving:

𝑈𝑡 ≈ 𝑈𝑠 − 𝑋𝑔𝐼𝑣𝑞𝑓

where 𝑋𝑔 = 0.5𝑋𝑙 is the total reactance of the double-circuit line from the
voltage source to the grid-connection point. Since typically 𝑈𝑠 ≈ 𝑈𝑡0:

Δ𝑈𝑡 ≈ −𝑋𝑔Δ𝐼𝑣𝑞𝑓
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Appendix C
From Equation (7), when ignoring the active current component injected by
converters during faults, the injected current can be rearranged as:

𝐼𝑣𝑞𝑓 = 𝐼𝑣𝑞0 + 𝑘(0.9 − 𝑈𝑡) = (𝑘 + 𝐼𝑣𝑞0) − 𝑘𝑈𝑡 = 𝐼𝑣𝑠𝑐 − 𝑌𝑘𝑈𝑡

Therefore, the renewable energy station can be equivalently represented as a
parallel combination of a constant reactive current source 𝐼𝑣𝑠𝑐 = 𝑘 + 𝐼𝑣𝑞0, a
virtual reactance 𝑋𝑘 = 1/𝑌𝑘 = 1/𝑘, and a variable reactive current source 𝐼𝑣.

Appendix D
Table D Rated Parameters of Multi-Infeed System

Parameter AC System 1 AC System 2
Reactive power coefficient (k) 0.1 p.u. 0.1 p.u.
Filter time constant (Tf) 30 ms 30 ms
Current saturation value (Imax) 2 p.u. 2 p.u.
Equipment 1 capacity 1.2 p.u. 0.5; 0.75
Equipment 2 capacity 0.75; 1 0.75; 1
Equipment 3 capacity 0.75; 1 -
Line resistance-reactance ratio 0.1 0.1
Voltage level 230 kV 230 kV
Base capacity 200 MVA 400 MVA

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.
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