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Abstract. Commutation failure is a key issue that affects the safe operation of HVDC transmission systems. 
Scholars at home and abroad have conducted research on the mechanism, evaluation indicators, and control 
strategies of commutation failure. However, most of the researches are aimed at the working conditions of 
commutation failure caused by a short-circuit fault on the AC side. There are few studies on the commutation 
failure caused by the harmonic injection on the AC side and the distortion of the AC bus voltage waveform. 
This paper clarifies the mechanism of commutation failure caused by waveform distortion, and proposes an 
index of harmonic commutation margin. On this basis, an evaluation method for commutation failure caused 
by waveform distortion is proposed. By predicting the commutation voltage-time area and optimization 
methods to assess whether the current voltage conditions have the risk of commutation failure. Finally, an 
electromagnetic transient simulation model is established on PSCAD/EMTDC, and the evaluation method in 
this chapter is verified by simulating the working conditions of the inverter side bus voltage waveform 
distortion. The results show its effectiveness in evaluating the commutation failure. The research provides a 
theoretical basis to the implementation of the control function and has broad engineering application prospects. 

1 Introduction 

Compared with the AC transmission, HVDC has better 
economic benefits in long distance, high-capacity 
transportation, wide application in power system 
networking [1].HVDC projects have played a vital role in 
China. Commutation failure is one of the common faults 
of HVDC systems, which causes DC systems to be 
disturbed, and the DC current rapidly increases. Moreover, 
the reactive power consumption of the converter is 
increased, affecting the life of the converter valve. 
Therefore, it is of great significance to effectively master 
the characteristics of the commutation failure, which 
effectively solves the problem of commutation failure in 
actual projects. 

Scholars at home and abroad have studied the 
mechanism, assessment indicators, and suppression 
measures of commutation failure. One study [2] defines 
the necessary time-voltage area for the commutation 
process, and when the actual time-voltage area is less than 
the threshold, it is determined that commutation failed, but 
the measurement of the phase start time causes its results 
to be conservative. 

Another study [3] proposed an advanced firing angle 
inner loop controller for the asymmetry fault on the 
inverter side to effectively suppress continuous 
commutation failures. For symmetrical and asymmetrical 
faults, Commutation Prevention Control (CFPREV) is 
proposed[4]. Its drawback is that continuously increasing 

the firing angle will limit the transmission power and it 
ignores the influence of the voltage waveform distortion 
caused by harmonic. While the CFPREV detection 
method has the defect that the zero-sequence voltage 
detection starts slowly when the AC voltage crosses zero. 
Based on [4], The sin-cos component detection 
discrimination is added to the original method[5]. One 
study[6] proposes an improved CFPREV control strategy 
that integrates current and voltage criteria, which 
improves the speed and sensitivity of fault detection. But 
most studies on commutation failure are designed for AC 
system short-circuit fault conditions and most of the 
criteria of these methods are based on the amplitude of the 
voltage, so it is impossible to consider the influence of 
voltage waveform distortion such as harmonics on the 
commutation process in the transient process of the 
system[7]. One study [8] simulates different degrees of 
two-phase and three-phase AC bus voltage waveform 
distortion by switching a set of AC filters on the 
Tianguang DC RTDS platform. The results show that for 
the weak AC system on the inverter side, the voltage 
distortion fault caused by the voltage non-zero-crossing 
point closing is easy to cause the commutation failure, in 
severe cases the CFPREV control cannot avoid the 
commutation failure. One study [9] uses an optimized 
method to present the index LTHD, which characterizes 
the influence of the magnetizing inrush current on 
commutation, and provides a quantitative basis for solving 
the commutation failure caused by waveform distortion. 
However, there exists an error in the harmonic estimation 
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analysis method based on Fourier analysis, and the 
performance of the algorithm is not good. Therefore, it is 
of great significance to study the influence mechanism of 
voltage waveform distortion on commutation and propose 
corresponding evaluation indicators to implement the 
control effect in advance. 

In this paper, the harmonic commutation margin is 
proposed to characterize the maximum disadvantage of 
waveform distortion to the commutation area under the 
premise of successful commutation. The commutation 
area is predicted by the method of numerical integration. 
Based on this, the commutation area is solved by an 
optimized method. The maximum line-line voltage 
change allowed under the premise of phase success is used 
as the threshold value, which is compared with the actual 
sampled value as an evaluation method for whether 
commutation failure will occur. Moreover, the paper 
establishes an electromagnetic transient simulation model 
in PSCAD/EMTDC, and compares with the traditional 
commutation failure predictive control simulation, it is 
verified that the evaluation method in this paper can 
accurately assess whether the current commutation 
voltage situation has the risk of commutation failure. The 
research provides a theoretical basis to the implementation 
of the control function and has broad engineering 
application prospects. 

2 Materials and Methods 

2.1 Mechanism of LCC-HVDC Commutation 
Failure Caused by Waveform Distortion 

During the commutation process, if the valve that exits the 
conduction fails to close in time under the action of the 
reverse voltage, or when the voltage is reversed, the 
commutation phenomenon occurs to the valve that is 
scheduled to be turned off, the commutation fails. 
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Figure 1. Six-pulse converter bridge equivalent circuit diagram 

Figure 1 shows the equivalent circuit of the 
commutation process of a standard six-pulse converter 
bridge. The commutation from VT1 to VT3 is being 
completed, according to Kirchhoff’s law: 
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i1, i3 are the currents flowing through VT1 and VT3 
respectively, and Lc is the commutation reactance 

converted to the valve side; Id is the direct current to be 
transmitted. From equations (1) and (2), 
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Integrate both ends of equation (3). The lower limit of 
the integral is the time when the commutation starts 
/,and the upper limit of the integral is the time when 
the commutation ends (+μ)/。For thyristor VT1, the 
current flowing through it at the beginning of 
commutation is 0, and the current flowing through it at the 
end of commutation is Id, 
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In actual systems, constant current control is often 
used on the rectifier side, that is, the transmitted DC 
current is constant. This formula shows that the 
commutation voltage required for the commutation 
process is constant with respect to the area of time, which 
is determined by the DC current Id [10]. 

Short-circuit faults in the system, such as no-load 
closing of transformers during transmission and 
distribution, some non-linear electrical equipment will 
generate harmonics in the power system, which will be 
amplified during the propagation process, resulting in the 
occurrence of voltage waveforms on the commutation bus. 
Distortion is no longer a standard sine wave. 
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U0 is the DC component of the voltage, Un, n are the 
fundamental wave and the amplitude and phase of each 
harmonic voltage. At this time, the formula (4) can be 
expressed as: 
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Among them, t0=/, t1=(π- -γ)/ respectively 
represent the start and end moments of the commutation 
process, and  is the offset angle of the line voltage zero-
crossing point caused by voltage distortion, which is 
represented by U0, Un, n uniquely. If the commutation is 
successful, t1=+μ≤ π-γmin, if the equation does not hold, 
that is, the integral of the fundamental wave voltage and 
each harmonic voltage on the right side of equation (6) is 
not enough to make the thyristor 4 When the current drops 
from Id to 0, the thyristor 4 will continue to conduct at this 
time, and commutation failure occurs. 

2.2 An evaluation method of commutation failure 
caused by waveform distortion 

In order to propose an evaluation method for commutation 
failure caused by waveform distortion, it is necessary to 
find the conditions for successful commutation. The value 
of the extinction angle is a determining factor for 
measuring the success of the commutation failure, but in 
the case of voltage waveform distortion, it is difficult to 
accurately predict the value of the extinction angle. 
Starting from the theory of commutation time-voltage area, 
it can be obtained from equation (6) that during the 
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commutation process, the required commutation time-
voltage area is constant. The voltage amplitude and phase 
angle of each harmonic satisfies: 
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Among them, t0=/,t1=(π- -γ)/ respectively 
represent the starting and ending moments of the 
commutation process. If the commutation is to be 
successful, t1 must satisfy: t1=+μ≤π-γmin, that is, the 
commutation needs to be completed before(π-γmin)/. 
Under the premise of ensuring the success of commutation, 
the maximum value of the effects of the factors that are 
not conducive to the commutation, such as the 
fundamental voltage drop, the waveform distortion caused 
by the harmonic voltage, etc., is defined as the harmonic 
commutation margin M: 
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(8) 
Among them, U1N is the fundamental wave amplitude 

of the line-line voltage. It can be seen from (8) that the 
physical meaning of M is the maximum value of the area 
of voltage versus time in the commutation process that 
reduces the factors that are not conducive to commutation. 
When the actual harmonic time-voltage area is less than 
M, it means that the prolonged commutation time will not 
make the actual extinction angle less than the minimum 
extinction angle, that is, no commutation failure will occur, 
otherwise the risk of commutation failure is considered. 
When the firing angle  changes, the value of M changes 
accordingly. 

In the case of waveform distortion (not sine wave), due 
to the unpredictable influence of the commutation voltage, 
it is necessary to effectively predict the harmonic 
commutation time-voltage area, and define the 

commutation bus commutation voltage change Δu(t) 
caused by the waveform distortion at t is: 

nor act( )u t u u                             (9) 
Among them, unor is the instantaneous voltage value at 

t under undistorted conditions, and uact is the actual 
voltage sampled value. At t, Δu(t) can be obtained by 
sampling the commutation bus voltage and expressed as 
the sum of harmonics: 
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For any time t+Δt in the future, the line-line voltage 
variation u(t+Δt) satisfies: 
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Let Ki=sin(it+i), use the trigonometric formula to 
simplify equation (11): 
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(12) 
Among them, cos(iΔt), sin(iΔt) are known 

quantities, so the line-line voltage change at any time in 
the future can be expressed by Ui, Ki, and then the 
harmonic conversion can be expressed by the method of 
numerical integration. Take the trapezoidal integration 
method as an example. As shown in Figure 2, t0 is the time 
corresponding to the natural commutation point, t is the 
current sampling time, and t1 and t2 are the start and end 
times of the commutation respectively. Suppose the time 
intervals between the start and end times of the 
commutation and the sampling point are Δt1 and Δt2, 
respectively, and u(t+Δt1) and u(t+Δt2) can be obtained by 
(12), then the commutation time of the harmonics-the 
voltage area S is: 
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Figure 2. Schematic diagram showing the area of harmonic commutation by numerical integration 

At t, the line-line voltage change Δu(t) can be 
calculated in real time by sampling the voltage value of 
the commutation bus. Based on the above derivation, the 
optimization method is used to find out that the next 

commutation is successful, allowing Waveform distortion 
causes the maximum absolute value of the line-line 
voltage change at t: |Δumax(t)|, when |Δumax(t)|< |Δu(t)| 
indicates that there is a risk of commutation failure. In 
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summary, the optimized model for evaluating 
commutation failure caused by waveform distortion is as 
follows: 

obj. i i i i
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n n

i i

u t U i t U K 
 

      

s.t.     
S<M                                      (14) 

U1min≤U1≤U1N, 0≤Un≤Unmax 
-1≤Ki≤1 

(1) Harmonic commutation voltage-time area 
constraint: In order to ensure successful commutation, the 
harmonic commutation time-voltage area should be 
smaller than the harmonic commutation margin. 

(2) Voltage amplitude constraint: For the nth harmonic 
voltage, its harmonic commutation area can be expressed 
as: 

n
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Among them, n is an additional angle to simplify the 
process. It can be seen from equation (15) that the 
maximum possible harmonic commutation area of the nth 
harmonic is 

n min
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In order to ensure the success of commutation, it is 
necessary to satisfy that each maximum harmonic voltage-
time area is less than the commutation margin M: 

min( )
M 2sin( )

2n
n

U n
    

                (17) 

min
max

( )
M 2sin( )

2n
n

U n
   

           (18) 

For the fundamental wave voltage, the drop of the 
fundamental wave voltage is not conducive to 
commutation. The lower limit of the fundamental wave 
voltage should meet the conditions for successful 
commutation. Therefore, 

min( )
1min

d
c

sin( )
d =

2

U t
t I

L

 

 



         (19) 

d c
1min

min

2

cos cos( )

I L
U


 


 

        (20) 

(3) Phase constraint: Since the initial phase of each 
harmonic satisfies: -π≤i≤π, so -1≤Ki≤1. 

Study [10] proposes that the harmonic commutation 
coefficient An is used to evaluate the maximum possible 
influence of the nth harmonic on the commutation process 
in a certain operating state, because the harmonic 
impedance (nL) is proportional to the harmonic order, as 
the harmonic order increases, An shows a decreasing trend. 
Therefore, low-order harmonics play a major role in the 
commutation failure of DC systems. Therefore, the 
accuracy of the results can be satisfied by considering the 
low-frequency harmonics in the main frequencies in the 
model. 

3 Results & Discussion 

The simulation model of this paper is established based on 
the CIGRE HVDC standard test model. The main 
parameters of the model are shown in Table 1. By 
connecting a harmonic voltage source in series with the 
equivalent power supply on the AC side to simulate the 
working conditions of the voltage waveform distortion of 
the commutation bus, the amplitude and phase of each 
harmonic are shown in Table 2: 

Table 1. Main parameters of the simulation system. 

System parameters Value 

L-G voltage (RMS, kV) 217 
Commutation reactance (Ω) 10.85 

Firing angle (°) 140 
Normal extinction angle (°)  15 

Minimum extinction angle (°)  7 
Normal direct current (kA)  2 

Table 2. Nth harmonic parameters (A- Amplitude, P-Phase). 

Nth harmonic 
Phase A Phase B Phase C 

A /kV P/° A/kV P /° A /kV P /° 
1 22.5 41 22.5 161 22.5 -79 
2 16.6 -20 16.6 -140 16.6 100 
3 20.9 68 20.9 -52 20.9 -172 
4 19.2 -142 19.2 -22 19.2 98 
5 6.0 17 6.0 137 6.0 -103 

In order to simulate the transient component on the 
commutation bus voltage, the attenuated DC component 
is superimposed on the three phases: 
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The harmonic injection time on the inverter side is 2.6s 
and the duration is 0.08s. When the harmonics are injected, 
the three-phase voltage waveform of the inverter bus is 
distorted, as shown in Figure 3: 
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Figure 3. Diagram of three-phase voltage waveform 

After the 2.6s harmonic injection, the measured values 
of the valve side current and the extinction angle of the 
converter transformer are shown in Figure 4. From the 
current graph on the valve side in the figure, it can be seen 
that a total of two commutation failures have occurred. 
During 2.608s-2.616s, the valve phase A current 
continues to be positive and the phase B current continues 
to be negative, as shown in Figure 1, take a six-pulse 
inverter as an example. In the process of commutation of 

thyristor VT4 to VT6, VT6 is not normally turned on, and 
VT1 is turned on again after being subjected to a forward 
voltage, that is, a commutation failure has occurred. In the 
same way, during 2.67s-2.678s, the valve phase A current 
continues to be positive and the phase C current continues 
to be negative, indicating that the thyristor VT3 is in the 
process of commutation to VT5, VT5 is not normally 
turned on, and VT6 is turned on again under commutation 
voltage, a commutation failure occurred. 
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Figure 4. Waveform diagram of valve current and extinction angle 

For the traditional CFPREV control, its principle and 
parameters refer to the setting values in the ABB software 
of Suzhou Station in [11]: U0-ref=0.14, Uαβ-ref=0.15. 

CFPREV operation under the above conditions is 
simulated, and the results are shown in Figure 5.  
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Figure 5. Schematic diagram of CFPREV parameter values 

Because the three-phase harmonics are symmetrical 
and the voltage amplitude drops to a small degree, the 
above operating conditions do not meet the CFPREV 
single-phase criterion and three-phase criterion. Because 
of the threshold of the phase criterion, CFPREV will not 
adjust the trigger angle in time, and the original 
commutation failure predictive control is invalid. Using 

the rapid evaluation method proposed in this chapter, the 
optimization model takes into account the 1-5 harmonics. 
It can be seen from equation (18) that the upper and lower 
limits of the voltage are related to the size of the trigger 
angle, and its value is constantly changing during 
optimization. For example, the firing angle α=140°, the 
calculation results are shown in the following table: 

Table 3. Upper limit of each harmonic amplitude. 

Nth harmonic 
Lower limit of fundamental wave amplitude and upper limit of 

harmonic amplitude /kV 

1 191.612 

2 10.558 

3 11.344 

4 12.589 

5 14.500 

The waveforms of the firing signal, the maximum 
value Umax of the off-line voltage change after successful 
commutation, and the actual line voltage change ΔU are 
shown in Figure 6 and Figure 7. The time when |ΔU|>Umax 
occurs in the commutation process before 2.608s and 
2.67s, respectively Paragraph, indicating that there is a 
risk of commutation failure in the upcoming commutation 
process, and corresponding control measures need to be 
taken. However, the constant extinction angle control did 

not reduce the firing signal in time, resulting in 
commutation failures in 2.608s-2.616s and 2.67s-2.678s. 
It can be seen that the algorithm proposed in this chapter 
is more suitable for rapid evaluation of commutation 
failure under voltage distortion conditions than the 
traditional CFPREV control. 
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Figure 6. Firing Signal of Inverter Side 

 

Figure 7. Schematic diagram of Simulation Results 

4 Conclusions 

Combining the commutation area theory and optimization 
method, this paper proposes a commutation failure 
evaluation method suitable for voltage waveform 
distortion conditions. Through theoretical analysis and 
simulation verification, the following conclusions can be 
drawn:  

1) The influence of harmonics on the commutation 
process is a complicated process. The voltage waveform 
distortion caused by harmonics affects the size of the 
commutation area and the offset of the line voltage zero-
crossing point. Therefore, the study needs to consider the 
comprehensive influence of amplitude and phase.  

2) The evaluation method in this paper has the 
following advantages: (1) The AC voltage, which is one 
of the system state variables, has the characteristics of 
being easy to grasp and control in real time, and is suitable 
as a basis for evaluation. (2) The start-up criterion does 
not rely on simulation, has clear physical meaning, and 
ensures the reliability of prediction. (3) Because there are 

few data in the harmonic estimation data window at the 
beginning of the complex electromagnetic transient 
process, it is impossible to accurately calculate the 
harmonic parameters of each order. The algorithm uses 
the method of numerical integration and optimization to 
use the line voltage change as the judgment basis in order 
to avoid the error in the calculation of each harmonic.  

3) This evaluation method does not consider the 
influence of the DC control system. The inverter side of 
the DC system contains a constant extinction angle control. 
When the extinction angle is too small, the control method 
is put into operation. It can suppress commutation failure 
to a certain extent by adjusting the firing angle. So the 
evaluation method has a certain degree of 
conservativeness. 
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