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ABSTRACT: The integration of large-scale new energy and high-capacity DC transmission leads to a reduction in
system inertia. Grid-forming renewable energy sources (GF-RES) has a significant improvement effect on system
inertia. Commutation failure faults may cause a short-term reactive power surplus at the sending end and trigger
transient overvoltage, threatening the safe and stable operation of the power grid. However, there is a lack of research
on the calculation method of transient overvoltage caused by commutation failure in high-voltage DC transmission
systems with grid-forming renewable energy sources integration. Based on the existing equivalent model of high-
voltage DC transmission systems at the sending end, this paper proposes to construct a model of the high-voltage
DC transmission system at the sending end with grid-forming renewable energy sources. The paper first clarifies the
mechanism of overvoltage generation, then considers the reactive power droop control characteristics of GF-RES, and
derives the transient voltage calculation model of the DC transmission system with GF-RES integration. It also proposes
a calculation method for transient overvoltage at the sending-end converter bus with GF-RES integration. Based
on the PSCAD/EMTDC simulation platform, this paper builds an experimental simulation model. By constructing
three different experimental scenarios, the accuracy and effectiveness of the proposed transient overvoltage calculation
method are verified, with a calculation error within 5%. At the same time, this paper quantitatively analyzes the
impact of grid strength, new energy proportion, and rated transmission power on transient overvoltage from three
different perspectives.

KEYWORDS: Grid-forming renewable energy; commutation failure; transient overvoltage; high-voltage direct current;
sending-end direct current system

1 Introduction
Compared to traditional direct current (DC) transmission methods, high-voltage direct current

(HVDC) power transmission demonstrates significant advantages, including extended transmission dis-
tances, reduced line losses, and enhanced transmission capacity, making it widely adopted in long-distance,
high-capacity power transmission projects [1]. Commutation failures represent a common fault in HVDC
transmission systems [2]. During such failures, substantial fluctuations occur in the reactive power exchange
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between the converter and power grid, resulting in transient overvoltage at the converter bus, which poses
serious risks to the power grid’s safe and stable operation [3].

The existing literature primarily addresses transient overvoltage suppression methods in response to
commutation failure-induced issues. Reference [4] proposed a fault suppression strategy for commutation
failure in HVDC systems. This strategy centers on the disturbance of the AC bus voltage within the
converter station, revealing a significant correlation between the instantaneous voltage disturbance of the
AC bus caused by faults and commutation failure in HVDC transmission systems. Reference [5] establishes
mathematical correlations among rectifier reactive power consumption, DC voltage, and DC current during
commutation failures, examining the mechanisms of transient overvoltage generation and proposing a
constant reactive power control method. This approach enhances rectifier reactive power consumption while
reducing alternating current (AC)-DC system reactive power exchange, effectively suppressing transient
overvoltage. Additional research focuses on minimizing rectifier reactive power absorption through various
perspectives, simultaneously increasing the inverter turn-off angle’s minimum value to prevent potential
commutation failures [6]. Reference [7] proposed a collaborative optimization method for DC and wind
power control parameters, analyzed the influence mechanism of DC and wind power control parameters on
the instantaneous voltage at the sending end, studied the impact of control parameters on the DC control
system, and constructed a multi-objective and multi-device collaborative optimization model for high-
voltage DC transmission systems considering the grid connection of large-scale wind power. The validity and
accuracy of the method have been verified. Furthermore, Reference [8] constructed a four-machine two-area
system, which included a direct-drive wind turbine unit. By establishing different fault models, it studied the
dynamic characteristics and “virtual” attack angle characteristics of the wind turbine system during high-
voltage penetration under various conditions, and by studying the “virtual” power angle of the phase-locked
loop (PLL), it investigated the transient stability of the entire system. Reference [9] analyzed the mechanism
of overvoltage caused by commutation failure and established the power operation area of the sending-
end hybrid cascaded high-voltage direct current transmission system considering the transient overvoltage
constraint. Thus, a transient overvoltage suppression strategy was proposed, which can fundamentally reduce
the reactive power surplus of the sending-end system and ultimately suppress the transient overvoltage.
Reference [10] proposed a quantitative calculation and suppression strategy, derived a calculation method for
transient overvoltage at the sending end, based on the upper limit of transient overvoltage at the sending end,
obtained the minimum values of DC current and reactive power consumption of the rectifier, and designed
a coordinated control strategy for suppressing overvoltage, effectively suppressing the transient overvoltage
while avoiding subsequent commutation failures. Reference [11] analyzed the transient voltage characteristics
of the rectifier station on the inverter side in case of commutation failure, and examined the influence of high-
voltage direct current transmission on the AC bus voltage of the rectifier station. Thus, a dynamic model of
the AC bus voltage of the rectifier station under the coupling of AC/DC systems was established, effectively
suppressing the transient overvoltage.

To control transient overvoltage during commutation failures, accurate calculation of the transient
overvoltage is essential. Consequently, the calculation of transient overvoltage caused by DC commutation
failures has garnered significant scholarly attention. Reference [12] examines the reactive power change
characteristics of the sending-end converter during commutation failure recovery based on the traditional
equivalent model of sending-end DC systems, derives the transient overvoltage calculation formula, and
quantitatively analyzes its influencing factors. Additionally, some researchers have simplified the equivalent
model of sending-end systems, considering the voltage-dependent characteristics of reactive power com-
pensation devices to calculate transient overvoltage during faults [13]. Reference [14] develops an equivalent
model of the ultra-high voltage direct current (UHVDC) sending end with wind turbines, thoroughly
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analyzes power change characteristics among the converter station, filter bank, and wind turbine, and
derives the transient overvoltage calculating formula. Reference [15] based on the structural characteristics
of actual AC/DC hybrid power transmission projects in China, through simplifying the four-machine two-
area system, summarized the characteristics of transient overvoltage, derived the calculation formula for
transient overvoltage, described the fault crossing characteristics, and proposed a fast calculation method
for transient overvoltage trajectories based on network transformation and improved Euler method.

Few studies address the calculation method for transient overvoltage caused by DC blocking. Refer-
ence [16] presents a calculation method for converter bus transient overvoltage at DC blocking initiation
based on sub-transient power flow analysis of phase modifier suppression. Furthermore, Reference [17]
establishes the relationship between transient overvoltage and resonance frequency based on post-DC
blocking resonance circuits, addressing the potential absence of real solutions in transient overvoltage
calculations under extremely low short-circuit ratio conditions. Reference [18] proposed a peak expression
for transient overvoltage caused by DC blocking and commutation failure. The proposed method does not
require modeling of the complex AC-DC system, but it neglects the interaction between the high-voltage
DC system and the other systems.

With the integration of large-scale renewable energy sources and high-capacity DC power transmission,
system equivalent inertia decreases, reducing resilience to fault impacts such as commutation failures.
Grid-forming renewable energy sources (GF-RES) can enhance system resilience to reactive power impacts
through active voltage and frequency support. However, current research rarely examines DC commutation
failure-induced transient overvoltage in systems connected to GF-RES.

This paper initially explains the generation mechanisms of commutation failures and transient over-
voltage, establishes a DC system equivalent model at the sending end incorporating GF-RES, considers the
reactive power-voltage droop characteristics of GF-RES, and proposes a calculation method for converter bus
transient overvoltage in sending-end DC systems with GF-RES. The paper concludes with model verification
using the PSCAD/EMTDC simulation platform to validate the accuracy and effectiveness of the proposed
calculation method, followed by an analysis of transient overvoltage influencing factors.

2 Equivalent Model of the HVDC Sending-End System

2.1 Generation Mechanism of Transient Overvoltage
In a converter, commutation failure occurs when either the valve intended for turn-off fails to recover

its blocking capability under reverse voltage within a specified period, or when commutation remains
incomplete, resulting in backward commutation from the intended conducting valve to the intended
blocking valve upon positive valve voltage [19]. This phenomenon is characterized by an extinction angle γ
falling below the preset minimum limit γmin.

During commutation failure events, the sending-end converter station consumes significant reactive
power, causing voltage reduction in the sending-end AC system [20]. During recovery, the controller
regulation decreases the triggering angle, reducing the converter station’s reactive power consumption.
Simultaneously, operational AC filters introduce excessive reactive power into the AC grid, creating an
imbalance that generates transient overvoltage at the sending end [21].

2.2 Equivalent Modeling of HVDC Sending-End System
Traditional transient overvoltage calculation models typically represent the AC system as a voltage

source with internal impedance, while AC filters connect in parallel to the converter bus [22], as shown
in Fig. 1.
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Figure 1: Traditional HVDC terminal equivalent circuit model

In Fig. 1:

• Utrad_s represents the root mean square (RMS) value of the ideal voltage source phase voltage;
• Xtrad_s represents the equivalent system reactance;
• Utrad_p represents the RMS value of the converter bus phase voltage;
• Qtrad_cp represents the reactive power compensation capacity;
• Ptrad_acp and Qtrad_acp represent the active and reactive power on the transmission line;
• Udc represents the DC voltage;
• Idc represents the DC current.

Fig. 1 illustrates the calculation method for transient overvoltage in conventional HVDC transmission
systems. However, the integration of grid-forming renewable energy systems presents unique control
characteristics that cannot be adequately modeled using synchronous generator equivalents. Consequently,
this paper implements an alternative transient overvoltage calculation model.

3 Grid-Forming Integrated HVDC Sending-End Equivalent Model
The integration of grid-forming renewable energy sources introduces rapid reactive power and voltage

regulation capabilities that differ fundamentally from traditional synchronous generators’ excitation voltage
regulation systems. Furthermore, the reactive voltage control of grid-forming sources exhibits dynamic
interactions with transient overvoltage fluctuations. As depicted in Fig. 2, the equivalent model of the HVDC
sending-end system incorporating grid-forming sources represents the grid-forming renewable energy
source as an independent voltage source with droop characteristics, while maintaining consistency with the
conventional model for other components.
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Figure 2: Equivalent circuit model of the HVDC feeder for grid-forming renewable energy access

3.1 Steady-State Voltage Calculation
The calculation of transient overvoltage requires the initial determination of the steady-state voltage

under normal system operation. The calculation circuit is shown in Fig. 2.
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In Fig. 2:

• Us and Uvsg represent the effective phase voltages for the equivalent AC power source branch and the
grid-forming renewable energy branch, respectively;

• Xs and Xvsg denote the equivalent reactances of the AC power source branch and the grid-forming
renewable energy branch, respectively;

• Up indicates the effective value of phase voltage at the converter bus;
• Qcp corresponds to the reactive power compensation capacity;
• Pacp and Qacp are the active and reactive power transmitted through the AC power source branch;
• Pvsg and Qvsg represent the single-phase active and reactive power transmitted through the grid-forming

renewable energy branch;
• Qacp0 and Qvsg0 refer to the reactive power injected into the system from the AC power source branch

and the grid-forming renewable energy branch, respectively.

During ideal steady-state operation, the reactive power Qcp generated by the reactive power compensa-
tion device in the rectifier station maintains approximate equilibrium with the reactive power Qdc consumed
in the rectifier station. Consequently, the reactive power exchange capacity between the DC system and the
AC system at the sending end typically approaches zero [23], resulting in:

Qac p0 + Qvs g0 = 0 (1)

The reactive power loss occurring in the equivalent reactance of both the equivalent AC power source
branch and grid-forming renewable energy branch can be calculated using the following formula:

ΔQvs g =
U 2

p −U 2
vs g

Xvs g
(2)

ΔQac p =
U 2

p −U 2
s

Xs
(3)

In Eqs. (2) and (3), ΔQvsg and ΔQacp denote the reactive power losses in the equivalent reactances of the
grid-forming renewable energy branch and the AC power source branch, respectively. Consequently, Eq. (1)
can be expressed as:

Qvs g − ΔQvs g + Qac p − ΔQac p = 0 (4)

By substituting Eqs. (2) and (3) into Eq. (4), the following expression is obtained:

Qvs g −
U 2

p −U 2
vs g

Xvs g
+ Qac p −

U 2
p −U 2

s

Xs
= 0 (5)

During steady-state operation, when the HVDC transmission power reaches significant levels, the
reactive power consumed by the equivalent reactances on the branches becomes considerable. Consequently,
the voltage drop resulting from this reactive power consumption requires attention. Under these conditions,
the converter bus voltage can be expressed through the following equations when analyzing the grid-forming
source branch and the equivalent AC power source branch independently:

Up =

�
���(Uvs g −

Qvs g Xvs g

Uvs g
)

2

+ (
Pvs g Xvs g

Uvs g
)

2

(6)
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Up =

�
���(Us −

Qac p Xs

Us
)

2

+ (
Pac p Xs

Us
)

2

(7)

Combining Eqs. (5)–(7) yields a system of simultaneous equations:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Qvs g −
U 2

p −U 2
vs g

Xvs g
+ Qac p −

U 2
p −U 2

s

Xs
= 0

(Us −
Qac p Xs

Us
)

2

+ (
Pac p Xs

Us
)

2

= (Uvs g −
Qvs g Xvs g

Uvs g
)

2

+ (
Pvs g Xvs g

Uvs g
)

2

U 2
p = (Us −

Qac p Xs

Us
)

2

+ (
Pac p Xs

Us
)

2

(8)

In this system of equations, the known parameters include: the effective AC power supply voltage Us,
the effective grid-forming renewable energy voltage Uvsg , the equivalent reactance Xs on the AC power
supply branch, and the equivalent reactance Xvsg on the grid-forming renewable energy branch. The variables
to be determined are the single-phase reactive power Qacp transmitted through the AC power supply
branch, the single-phase reactive power Qvsg transmitted through the grid-forming renewable energy branch,
and the steady-state voltage Up of the converter bus. The simultaneous solution of these equations determines
the steady-state voltage Up of the converter bus.

3.2 Transient Overvoltage Calculation
During commutation failure-induced transient overvoltage, the system experiences substantial changes

in voltage and reactive power. To better illustrate the physical quantities during this transient process, Fig. 2
is redrawn as Fig. 3. Here:
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Figure 3: Equivalent model of the HVDC commutation failure terminal with renewable energy grid access

• Q′cp represents the reactive power supplied by the reactive power compensation device during commu-
tation failure.

• Q′vsg indicates the reactive power flowing from the grid-forming renewable energy branch to Xvsg during
commutation failure.

• Q′′vsg denotes the reactive power absorbed by GF-RES during commutation failure.
Additionally, owing to the reactive power droop characteristics of grid-forming sources, the voltage

of grid-forming units varies during transient conditions. Specifically, U′′vsg is defined as the transient
overvoltage of grid-forming renewable energy during commutation failure.



Energy Eng. 2025;122(10) 4231

Under transient conditions, the voltage-reactive power relationship for grid-forming renewable energy
branches can be expressed considering their voltage-reactive power droop characteristics [24]:

K (U
′′

vs g −Uvsgn) = Q
′′

vs g − Qvsgn (9)

where:

• K represents the reactive power droop coefficient;
• Uvsgn indicates the rated voltage of the grid-forming renewable energy source;
• Q′′vsg signifies the reactive power absorbed by the grid-forming renewable energy source during

commutation failure;
• Qvsgn denotes the reactive power setpoint of the grid-forming renewable energy source.

Given that GF-RES connections typically operate with zero reactive power output (i.e., their reactive
power setpoint equals 0), Eq. (9) can be simplified into:

K (U
′′

vs g −Uvsgn) = Q
′′

vs g (10)

The reactive power generated by the system’s reactive power compensation device exhibits variation in
response to voltage fluctuations. When the voltage at the converter bus increases, the reactive power output
from the compensation device increases proportionally [25]. Consequently, during a commutation failure
fault in the system, the mathematical expression for the reactive power output of the compensation device
can be represented as:

Q′c p =
U ′2p

U 2
p

Qc p (11)

In the equation:

• Up represents the transient overvoltage value at the converter bus;
• Up denotes the steady-state voltage value at the converter bus;
• Qcp indicates the reactive power generated by capacitors under steady-state conditions.

During transient processes, the reactive power consumed by the equivalent reactance of the grid-
forming renewable energy branch is expressed as:

ΔQ′vs g =
U ′2p −U

′′2

vs g

Xvs g
(12)

For grid-forming renewable energy branches, the reactive power balance equation is:

Q′vs g = Q
′′

vs g + ΔQ′vs g (13)

In the equation:

• Q′vsg represents the reactive power flowing towards Xvsg from the grid-forming renewable energy branch
during the commutation failure process;

• Q′′vsg denotes the reactive power absorbed by the grid-forming renewable energy source during the
commutation failure process.
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During the commutation failure event, the system’s reactive power maintains an equilibrium equation:

Q′vs g + Q′ac p = Q′c p − Q′r (14)

In the equation:

• Q′acp represents the reactive power flow from the AC power supply branch to Xs during commutation
failure;

• Q′cp indicates the reactive power generated by the reactive power compensation devices during
commutation failure;

• Q′r represents the minimum reactive power consumed by the rectifier station during commutation
failure, where Q′r = 0.4Qcp [12].

Through the substitution of Eqs. (10)–(13) into Eq. (14), the reactive power balance equation for the
system can be expressed as follows:

K (U ′′vs g −Uvsgn) +
U ′2p −U ′′2vs g

Xvs g
+ Q′ac p =

U ′2p

Up
2 Qc p − Q′r (15)

During transient processes, the converter bus voltage can be calculated independently through the
grid-forming power source branch and the AC grid branch. Specifically, the grid-forming renewable energy
branch yields:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

U ′p =
√
(U ′′

vs g + ΔU ′′
vs g)

2 + (δU ′′
vs g)

2

ΔU
′′

vs g =
Q′vs g Xvs g

U ′′
vs g

δU
′′

vs g =
Pvs g Xvs g

U ′′
vs g

(16)

The translation may be expressed as:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

U ′p =
√
(Us + ΔUs)2 + (δUs)2

ΔUs =
Q′ac p Xs

Us

δUs =
Pac p Xs

Us

(17)

In the equation:

• ΔU′′vsg and ΔUs represent the longitudinal voltage drop components along the two branches;
• δU′′vsg and δUs indicate the transverse voltage drop components along the two branches.

During transient processes, power transfer between the converter station and the AC system remains
minimal. For computational simplification, the transverse voltage components can be disregarded. Under
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these circumstances, the transient overvoltage calculation formula for the converter bus in the grid-forming
renewable energy branch simplifies from Eq. (16) to:

U ′p = U
′′

vs g +
Q′vs g Xvs g

U ′′
vs g

(18)

The computational expression for transient overvoltage at the converter bus in the AC power supply
branch is subsequently modified to:

U ′p = Us +
Q′ac p Xs

Us
(19)

Through simultaneous solution of Eqs. (13) and (18), we obtain:

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

Q′vs g = K (U ′′vs g −Uvsgn) +
U ′2p −U ′′2vs g

Xvs g

U ′p = U
′′

vs g +
Q′vs g Xvs g

U ′′
vs g

(20)

The transient overvoltage U′′vsg of the grid-forming power source can be derived from Eq. (20) as:

U
′′

vs g =
U
′2

p −Uvsgn Xvs g K
U ′p − Xvs g K

(21)

Through the combination of Eqs. (15), (19), and (21), the following system of simultaneous equations
emerges:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

U ′p = Us +
Q′ac p Xs

Us

K (U ′′vs g −Uvsgn) +
U ′2p −U ′′2vs g

Xvs g
+ Q′ac p =

U ′2p

U 2
p

Qc p − Q′r

U ′′vs g =
U ′2p −Uvsgn Xvs g K

U ′p − Xvs g K

(22)

In this system of equations, the known quantities comprise: the effective AC power supply voltage Us,
the effective steady-state voltage Uvsg of the grid-forming renewable energy branch, the equivalent reactance
Xs on the AC power supply branch, the equivalent reactance Xvsg on the grid-forming renewable energy
branch, the reactive power droop coefficient K, the steady-state voltage Up of the converter bus, the voltage
set-point Uvsgn of the grid-forming renewable energy branch, and the reactive power compensation capacity
Qcp. The three unknown quantities are the transient overvoltage U′′vsg of the grid-forming renewable energy
branch during the commutation failure, the reactive power Q′acp flowing into the AC power supply branch
during the commutation failure, and the transient overvoltage U′p of the converter bus. Based on these three
equations, the transient overvoltage value of the converter bus can be determined.

We rearrange Eq. (22) into the form of a quartic equation in one variable:

aU ′4p + bU ′3p + cU ′2p + dU ′p + e = 0 (23)
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The corresponding expressions for each term are presented as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

a = −
Qc p Xvs g

U 2
p

b = Us

Xs
Xvs g − 2Xvs g K +

2X2
vs g KQc p

U 2
p

+ Xvs g K

c = −
Qc p X3

vs g K2

U 2
p

+ Xvs g Q′r −
Xvs g

Xs
U 2

s + Xvs gUvsgnK − 2X2
vs g

Us

Xs
K

d = Us

Xs
X3

vs g K2 − 2X2
vs g KQ′r + 2

X2
vs gU 2

s

Xs
K + X2

vs gUvsgnK2

e = (Q′r −
U 2

s
Xs
)X3

vs g K2 − X2
vs gU 2

vsgnK2

x = U ′p

This study employs the Tianheng Formula methodology to solve Eq. (22). The discriminant for multiple
roots in the Tianheng Formula is:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

D = 3b2 − 8ac
E = −b3 + 4abc − 8a2d
F = 3b4 + 16a2c2 − 16ab2c + 16a2bd − 64a3e
A = D2 − 3F
B = DF − 9E2

C = F2 − 3DE2

(24)

The general discriminant of the Tianheng Formula can be expressed as:

Δ = B2 − 4AC (25)

For Δ > 0, the analytical expression is represented by: U ′p =
−b+sgn(E)

√
D+ 3√z1+ 3√z2

3 +
√

2D−( 3√z1+ 3√z2)+2
√

z
3

4a . The
corresponding coefficients for each term are as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

z1,2 = AD + 3(−B ±
√

B2 − 4AC
2

)

z = D2 − D ( 3
√

z1 + 3
√

z2) + ( 3
√

z1 + 3
√

z2)2 − 3A

sgn (E) =
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

0, E = 0

abs (E)
E

, E ≠ 0
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For cases where Δ < 0, the analytic expression is represented by: U ′p =
−b−sgn(E)√y1−

√y2+
√y3

4a . The
corresponding coefficients for each term are as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

θ = arccos 3B − 2AD
2A
√

A

y1 =
D − 2

√
A cos θ

3
3

y2,3 =
D +
√

A(cos θ
3
±
√

3 sin θ
3
)

3

Following the derivation of the transient overvoltage expression through the Tianheng Formula, an
analysis of various parameter influences on transient overvoltage becomes possible, enabling a quantitative
assessment of transient overvoltage characteristics.

4 Simulation Analysis
To verify the accuracy and reliability of the proposed transient overvoltage calculation method, a

simulation model was developed in PSCAD/EMTDC. The steady-state operation validation results are
presented in Fig. 4. The system’s rated transmission capacity is set to 4000 MW, with a simulation step size
configured at 50× 10−6 s. The compilation environment utilizes Intel

R©
Visual Fortran Compiler XE 12.0.5.221.

For high-voltage direct current (HVDC) transmission, the LCC-HVDC (Line-Commutated Converter
HVDC) configuration is selected. A phase-A ground fault is introduced at the inverter side exit for 100 ms to
simulate commutation failure under fault conditions. The detailed simulation parameters are documented
in Tables 1 and 2.
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Figure 4: System steady-state operation verification diagram
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Table 1: Simulation parameters

Parameter Numerical value
Rated transmission power (PdN) 4000 MW

RMS value of AC power supply (Us) 303 kV
Grid-forming renewable energy RMS value (Uvsg) 303 kV

Ac power branch impedance (Xs) 0–100 Ω
Grid-forming renewable energy branch impedance (Xvsg) 0–200 Ω
Single-phase reactive power compensation device (Qcp) 600 MW

Reactive droop coefficient (K) 20,000
Grid-forming renewable energy voltage setpoint (Uvsgn) 303 kV

Grid-forming renewable energy reactive power setpoint (Qvsgn) 0 MVAr
The minimum reactive power consumption (empirical value) of

the rectifier station during commutation failure process (Qr
′)

240 MVAr

Table 2: Technical datasheet of grid-forming renewable energy

Parameter Numerical value
Filter inductor 0.15 mH
Filter capacitor 6 × 10−6 μF
DC bus voltage 700 V

Rated output voltage 311 V
Rated Power 4000 MW

line impedance 10−8 Ω
Active power reference value 500,000 W

Reactive power reference value 0 MVAr
Active power droop coefficient 79,442

Reactive power droop coefficient 20,000

The accuracy of the formula was verified through three distinct experimental scenarios.
Scenario 1: The impedance Xs of the AC source branch was configured at 30 Ω, while the rated

transmission power was maintained at 4000 MW. The base voltage values for both the AC power supply and
GF-RES were established at 525 kV. The experimental data set was expanded by modifying the proportion of
GF-RES. Fig. 5 displays the resulting commutation failure voltage waveforms, with different colored curves
representing various proportions of GF-RES.

The maximum voltage during the transient process was extracted from Fig. 5. Table 3 presents the error
comparison between the simulated and analytically calculated values of the transient overvoltage.
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Figure 5: Voltage waveform of the system during commutation failure in Scenario 1

Table 3: Calculation error results of transient overvoltage in Scenario 1

Transmission power (MW) Grid-forming proportion (%) Up (p.u.) Error (%)
Simulated value Calculated value

4000 18.75 1.139 1.156 1.493
4000 25 1.112 1.133 1.888
4000 37.5 1.095 1.096 0.091
4000 50 1.066 1.069 0.281

Scenario 2: The impedance Xs of the AC source branch was configured at 28 Ω, while other parameters
were consistent with Scenario 1. The commutation failure voltage waveforms are illustrated in Fig. 6, where
distinct color curves represent different proportions of GF-RES.
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Figure 6: Voltage waveform of the system during commutation failure in Scenario 2

The peak voltage during the transient process was extracted from Fig. 6. Table 4 presents the compara-
tive analysis between the simulated and analytically calculated values of the transient overvoltage, including
their error margins.
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Table 4: Calculation error results of transient overvoltage in Scenario 2

Transmission power (MW) Grid-forming proportion (%) Up (p.u.) Error (%)
Simulated value Calculated value

4000 18.75 1.131 1.135 0.380
4000 25 1.110 1.117 0.558
4000 37.5 1.084 1.086 0.203
4000 50 1.062 1.063 0.047

Scenario 3: With the AC power supply branch impedance maintained at Xs = 25 Ω and the base values
of the AC power supply and the grid-forming renewable energy system fixed at 525 kV, the experimental
investigation was expanded by modifying the rated transmission power. The voltage waveforms observed
during commutation failure are illustrated in Fig. 7, where distinct colored curves represent different rated
transmission power conditions.
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Figure 7: Voltage waveform of the system during commutation failure in Scenario 3

The peak voltage during the transient process was extracted from Fig. 7. A comparative analysis of the
error between simulated and analytically calculated transient overvoltage values is summarized in Table 5.

Table 5: Calculation error results of transient overvoltage in Scenario 3

Transmission power (p.u.) Xs (Ω) Up (p.u.) Error (%)
Simulated value Calculated value

0.50 25 1.062 1.046 1.507
0.75 25 1.088 1.075 1.195
1.00 25 1.107 1.110 0.271

As demonstrated in Tables 3–5, all computational errors remain within 3%, validating both the accuracy
and precision of the proposed transient overvoltage calculation methodology.

Based on the transient overvoltage calculation Formula (22) established in this paper, the calculated
transient overvoltage values are influenced by parameters including the AC power source branch impedance,
proportion of grid-forming-based renewable energy units, and rated transmission power capacity. This
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study examines different scenarios by adjusting these three parameters to analyze their effects on transient
overvoltage characteristics.

4.1 Transient Overvoltage Analysis of Converter Bus under Different Grid Strength Conditions
Select scenarios with fixed penetration levels of grid-forming renewable energy (e.g., 18.75%, 25%, 37.5%,

50%, and 75%). Under each penetration level, vary the branch reactance (grid strength) of AC power supply
paths [20] to analyze its influence on transient overvoltage.

As illustrated in Fig. 8, under five different penetration levels of GF-RES, higher reactances in the
AC source branch correspond to weaker system strengths, resulting in more severe transient overvoltage
during commutation failure. Conversely, lower reactance values produce milder transient overvoltage under
identical fault conditions.
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Figure 8: Transient overvoltage waveform diagram under different conditions of AC power supply branch impedance

4.2 Transient Overvoltage Analysis of Converter Bus under Different Penetration Levels of GF-RES
In scenarios where the AC power source branch impedance (Xs) is set to specific values (e.g., 30,

28, 25, 22, and 19 Ω), the impact of penetration levels of grid-forming renewable energy on transient
overvoltage requires systematic analysis. For each fixed Xs value, the proportion of GF-RES (such as inverter-
based resources with grid-forming capabilities) should be adjusted to evaluate their dynamic interactions
and transient overvoltage responses under different network configurations. This analysis should focus on
quantifying overvoltage magnitudes, durations, and spatial distribution patterns caused by renewable energy
penetration variations.

As shown in Fig. 9, with increasing proportions of GF-RES, the transient overvoltage magnitude caused
by commutation failure events decreases. This demonstrates that grid-forming renewable energy provides
voltage support to the power grid, thereby enhancing the system’s resilience against reactive power impacts.
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Figure 9: Transient overvoltage waveform under different conditions of grid-forming renewable energy

4.3 Analysis of Transient Overvoltage on Converter Bus under Different Rated Transmission Power Levels
Under a constant proportion of GF-RES (18.75%) and fixed AC source branch impedance (with

reactance values Xs of 30, 28, 25, 22, and 19 Ω), transient simulation experiments were conducted at varying
rated transmission power levels. The analysis examined the impact of different rated power capacities on
transient overvoltage phenomena.

As shown in Fig. 10, when the rated transmission power increases while maintaining a constant
proportion of GF-RES and fixed AC source branch impedance, the transient overvoltage exhibits a positive
correlation with the power level. Higher DC transmission power requires more reactive power compensation
from filters. During commutation failure recovery periods, the surplus reactive power remaining in the filter
system leads to increased reactive power influx into the AC grid, thereby exacerbating the transient over-
voltage caused by commutation failures. Consequently, under weak system strengths, selecting appropriate
rated transmission power parameters is crucial.
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Figure 10: Transient overvoltage waveform under different rated transmission power

5 Conclusions
This paper proposes a calculation method for transient overvoltage caused by commutation failure in the

high-voltage direct current transmission system for grid-connected new energy. The transient characteristics
of reactive power consumption changes of the filter and converter station during the commutation failure
process are considered in the paper, the drooping control characteristics of grid-connected new energy are
taken into account, and the influencing factors of transient overvoltage in the high-voltage direct current
system for grid-connected new energy are quantitatively analyzed. The conclusions obtained are as follows:
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(a) Under conditions where the proportion of grid-forming renewable energy transmitted power remains
constant, increases in AC source branch impedance result in weaker grid strengths. This leads to greater
reactive power impacts during commutation failures and thus more pronounced transient overvoltage
phenomena in the system.

(b) Under constant AC source branch impedance, when the proportion of renewable energy transmission
power increases, the magnitude of transient overvoltage resulting from commutation failure decreases,
while the system’s overall resilience to reactive power disturbances is enhanced.

(c) When the transmission power of grid-forming renewable energy systems and the impedance of AC
power supply branches remain constant, an increase in rated transmission power during commutation
failure leads to greater residual reactive power compensation from filters being transferred to the AC
system, consequently intensifying the overvoltage severity.
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Nomenclature
Utrad_s Effective root mean square (RMS) value of phase voltage in alternating current (AC) power supply
Xtrad_s Equivalent reactance
Utrad_p RMS value of the bus phase voltage
Qtrad_cp Reactive compensation capacity
Ptrad_acp Active power on transmission lines
Qtrad_acp Reactive power on transmission lines
Udc Direct current (DC) voltage
Idc DC current
Us RMS value of the equivalent AC power supply phase voltage
Uvsg RMS value of the phase voltage of grid-forming renewable energy
Xs Equivalent reactance on the AC power supply branch
Xvsg Equivalent reactance on grid-forming renewable energy branch circuits
Qcp Reactive compensation capacity
Pacp Active power on transmission lines
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Qacp Reactive power on transmission lines
Pvsg Active power transmitted on the branch lines of grid-forming renewable energy
Qvsg Reactive power transmitted on the branch lines of grid-forming renewable energy
Qacp0 Reactive power flowing into the system from the AC power supply branch
Qvsg0 Reactive power flowing into the system from the grid-forming renewable energy branch circuits
ΔQvsg Reactive power loss of equivalent reactance on the grid-forming renewable energy branch circuits
ΔQacp Reactive power loss of equivalent reactance on the AC power supply branch
Q′cp Reactive power generated by the reactive power compensation device during the com-mutation failure

process
Q′vsg Reactive power flowing to Xvsg on the grid-forming renewable energy branch during the commutation

failure process
Q′′vsg Reactive power absorbed by grid-forming renewable energy during the commutation failure process
U′′vsg Transient voltage of grid-forming renewable energy during the commutation failure process
K Reactive power sag coefficient
Uvsgn Voltage rating of grid-forming renewable energy
Q′′vsg Reactive power absorbed by grid-forming renewable energy during the commutation failure process
Qvsgn Reactive power setting values for grid-forming renewable energy
U′p Transient voltage value of the converter busbar
Up Steady-state voltage value of the converter busbar
Q′acp Reactive power flowing to Xs on the AC power supply branch during the commutation failure process
Q′r Minimum reactive power consumed by the rectifier station during the commutation failure process
ΔU′′vsg Longitudinal component of the voltage drop on the grid-forming renewable energy branch during the

commutation failure process
ΔUs Longitudinal component of the voltage drop on the AC power branch during the com-mutation

failure process
δU′′vsg Transverse component of the voltage drop on the grid-forming renewable energy branch during the

commutation failure process
δUs Transverse component of the voltage drop on the AC power branch during the com-mutation failure

process
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