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Research on Reactive Power Control Strategy for 

Small Extinction Angle Operation of Hybrid  

Commutation Converters 

Jiaxing Ning, Xiaoguang Wei, Zhichang Yuan, Longlong Chen, Hui Du, and Zhanqing Yu 

Abstract—Hybrid commutation converters (HCCs) 

utilizing reverse-blocking integrated gate commutation 

thyristors (IGCTs) have gained significant attention due 

to their immunity to commutation failure. Leveraging the 

recovery enhancement characteristics of IGCTs, HCCs 

demonstrate superior performance at reduced extinction 

angles, thereby minimizing reactive power consumption. 

This study presents a comprehensive investigation into 

reactive power control strategies for HCCs operating at 

small extinction angles. First, the topological configura-

tion and commutation principle of HCC are elucidated. 

Subsequently, the mechanism of HCC reactive power 

control is analyzed, and a reactive power control strategy 

is proposed by combining the converter transformer taps 

with extinction angles. Moreover, the relationship be-

tween transformer taps and reactive power exchange 

under different rated extinction angles is calculated, and 

the theoretically rated extinction angle is proposed. Fi-

nally, to validate the proposed control strategy, a 

four-terminal ultra-high voltage direct current power 

grid incorporating HCC technology is modeled and sim-

ulated using PSCAD/EMTDC. The simulation results 

demonstrate that the proposed strategy effectively sup-

ports AC systems by reducing reactive power absorption 

in HCCs, while simultaneously exhibiting enhanced reli-

ability and economic efficiency. 

Index Terms—Commutation failure, extinction angle, 

HCC, reactive power, tap position. 
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Ⅰ.   INTRODUCTION 

ith the continuous promotion of the “carbon 

peaking, carbon neutrality” goals, energy trans-

formation is becoming increasingly intense [1]. 

Large-scale development and utilization of renewable 

energy, such as solar and wind energy, becomes an 

inevitable trend. However, in China, a significant geo-

graphical disparity exists between renewable energy 

resources and load centers [2], necessitating the adop-

tion of high voltage direct current (HVDC) transmission 

technology as an essential solution for efficient renewable 

energy integration [3]. Among HVDC technologies, line 

commutated converter-based HVDC (LCC-HVDC) is a 

predominant solution for large-capacity, long-distance 

power transmission, owing to its superior voltage tol-

erance and high-power transmission capabilities [4]. 

Nevertheless, since thyristors used in LCC are 

semi-controlled devices, the commutation of LCC relies 

on the connected AC grid voltage [5]. Therefore, 

commutation failure (CF) may occur when there is a 

fault in the AC grids, which has become a key factor 

restricting the reliability of LCC. 

The root cause of CF problem stems from the inher-

ent uncontrollable turn-off characteristic of thyristors. 

In contrast, voltage source converter-based HVDC 

(VSC-HVDC) using fully-controlled insulated-gate 

bipolar transistor (IGBT) does not have CF problem [6]. 

However, due to the limitation of the current carrying 

capacity of IGBTs, VSC-HVDC is restricted in terms of 

maximum transmission capacity and distance [7]. 

Therefore, it is urgent to explore a new type of semi-

conductor device that combines the advantages of thy-

ristors and IGBTs to compensate for the shortcomings 

of existing HVDC technologies. 

With the development of high-power semiconductor 

technology, reverse-blocking integrated gate commuta-

tion thyristors (IGCTs) have emerged, which combine 

high voltage resistance, big transmission power, strong 

controllability, etc. [8][11]. IGCTs can provide de-

vice-level support for the development of novel converter 

technologies, e.g., the hybrid commutated converter 
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(HCC) adopts IGCT devices, utilizing the controllable 

turn-off performance of IGCTs [12]. This technological 

integration effectively addresses the CF issue while 

maintaining suitability for large-capacity, long-distance 

power transmission [13]. 

China is currently planning the world’s first demon-

stration project for large-scale renewable energy 

transmission through a multi-terminal ultra-high volt-

age direct current (UHVDC) system [14], marking a 

significant milestone in power transmission technology. 

Furthermore, HCC is being actively considered for 

implementation at the receiving end of the mul-

ti-terminal UHVDC power grid. IGCTs used by HCC 

have recovery enhancement characteristics [15]. During 

natural commutation, the time for IGCTs to restore their 

blocking ability after the current crosses zero is shorter 

than that of thyristors [16]. Compared to LCC, HCC has 

the potential to operate at smaller extinction angles, 

thereby reducing reactive power demand. This ad-

vantage is particularly valuable in UHVDC applications, 

where operating at smaller extinction angles offers sig-

nificant economic benefits. In the context of new device 

characteristics, it is important to study reactive power 

control strategies suitable for small extinction angle 

operation of HCC. 

As HCC is a relatively recent technological devel-

opment, there only has been limited research on its 

reactive power control strategies. Current HCC projects 

still rely on the reactive power control approach used for 

LCC systems. LCC achieves reactive power control by 

switching reactive power compensation devices, such as 

AC filters and shunt capacitors [17]. However, there is a 

risk of CF caused by switching reactive power com-

pensation devices. For example, the Lingbao I converter 

station in China experienced 445 commutation failures 

from 2005 to 2022, of which 5% were caused by 

switching shunt capacitors [14]. Therefore, the reactive 

power control strategy needs further improvement. 

Researches have been conducted for reactive power 

control strategies for different scenarios. In [18] and 

[19], a reactive power control method is proposed by 

co-operatively controlling the switched shunt devices 

and DC voltage. Although this method improves reac-

tive power controllability at the LCC rectifier side of 

hybrid HVDC systems, it depends on the cable type, 

system strength, and other parameters. A coordinated 

reactive power control strategy based on adaptive 

voltage droop is proposed in [20]. This strategy can 

realize the dynamic voltage support for AC systems, 

however, there are stability issues in extremely weak 

grids. Besides, the above methods still require switching 

reactive power compensation devices, which may affect 

power systems’ stable operation. Moreover, a large 

number of reactive power compensation devices occupy 

a large area of converter stations and have high costs. A 

reactive power control method for low-power operation 

is proposed in [21], which improves reactive power 

consumption by increasing the extinction angle. How-

ever, this method cannot provide reactive power support 

for AC systems. In [22], a constant reactive power 

control strategy is proposed for suppressing the transi-

ent overvoltage caused by CF. However, the mechanism 

of consequential CF requires further analysis. Although 

the methods in [21] and [22] do not require switching 

reactive power compensation devices, they cannot pro-

vide reactive power support for AC systems and may 

not apply to HCC. 

Research on reactive power control strategies for 

HCC remains limited. In [23], a control strategy for 

ultra-low reactive power operation of HCC is proposed 

by utilizing IGCTs’ active turn-off and bidirectional 

voltage-withstanding capability. This strategy largely 

eliminates the extinction angle by improving the driving 

of IGCTs. However, the resulting extinction angle be-

comes so small that further engineering verification is 

needed to ensure its reliability. 

In summary, the existing research has three key is-

sues that need to be solved. First, reactive power should 

be regulated with minimal reliance on switching reac-

tive power compensation devices to improve operation 

reliability. Second, reducing the reactive power demand 

during steady-state operation is essential to improve the 

economic efficiency of DC transmission systems. Third, 

reactive power support methods for AC systems suita-

ble for HCC should be explored. 

To address the issues mentioned above, a reactive 

power control strategy is proposed for small extinction 

angle operation of HCC, which is realized by the coor-

dination of the converter transformer taps and extinction 

angles. The main contributions of the proposed strategy 

are as follows: 

1) The proposed strategy can achieve reactive power 

regulation while maintaining constant active power. 

Instead of switching reactive power compensation de-

vices, the proposed strategy only needs to adjust the 

transformer taps and coordinate with the extinction 

angle; 

2) The proposed strategy can regulate reactive power 

in forward and reverse directions. Therefore, reactive 

power support for AC systems can be provided by 

controlling the HCC station to absorb less reactive 

power; 

3) The theoretical rated extinction angle for HCC is 

proposed, which can reduce the reactive power demand. 

Compared to LCC using traditional reactive power 

control strategies, HCC using the proposed strategy has 
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higher economic efficiency. 

The rest of this paper is organized as follows. In 

Section Ⅱ, the topology and commutation principle of 

HCC are described. The reactive power control strategy 

for small extinction angle operation of HCC is proposed 

in Section Ⅲ, while the theoretical adjustment capabil-

ity under different rated extinction angles is also cal-

culated, and a rated extinction angle recommended. 

Section Ⅳ presents simulation tests to verify the effec-

tiveness and superiority of the proposed strategy. Fi-

nally, Section Ⅴ concludes the paper. 

Ⅱ.   HCC COMMUTATION TECHNOLOGY 

Before analyzing the reactive power control strategy 

of HCC, the topology and commutation principle of 

HCC are first elucidated. 

A. Topology of HCC 

Taking a six-pulse converter as an example, the top-

ological distinctions between the novel HCC and con-

ventional LCC are shown in Fig. 1. In contrast to the 

thyristors employed in LCC, the HCC utilizes ful-

ly-controlled IGCTs, which are capable of active 

turn-off. The main branch of a HCC’s bridge arm 

comprises IGCTs connected in series. Each IGCT is 

connected in parallel with an RC damping circuit for 

dynamic voltage equalization and a resistor for static 

voltage equalization. Unlike in LCC, an arrester is 

connected in parallel with two series connected IGCTs 

in HCC for managing additional stresses caused by the 

active turn-off of IGCTs. In addition, each HCC bridge 

arm is connected in parallel with an arrester to limit the 

electrical stress during the commutation process. 

 

Fig. 1.  Topologies of the conventional LCC and novel HCC. 

Owing to the inability of thyristors to control their 

turn-off, LCC commutation relies entirely on AC volt-

age. Once the AC voltage decreases due to faults or 

disturbances, the normal commutation of LCC may be 

affected, leading to CF. In contrast, HCC can resist CF 

by controlling the active turn-off of IGCTs and shorten 

the time for IGCTs to restore blocking ability after 

turn-off. 

B. Commutation Principle of HCC 

HCC is called a hybrid commutation converter be-

cause its commutation mode includes natural and active 

commutation. 

1) Natural Commutation 

Due to IGCTs being active turn-off devices, they 

cannot turn off naturally like thyristors when the current 

passing through it drops to zero. Therefore, the current 

and voltage of an IGCT can be monitored in real-time. If 

more than half of the IGCTs’ current crosses zero in 

each bridge arm, a turn-off signal will be issued actively 

to achieve the natural turn-off. Since the active turn-off 

of IGCTs does not rely on the reverse recovery process 

required for thyristors, the blocking speed of IGCTs is 

faster than that of thyristors. Therefore, the feature is 

called IGCTs’ recovery enhancement mode. This mode 

means that compared to LCC, HCC has the potential to 

operate at smaller extinction angles to reduce reactive 

power demand and converter station costs. The princi-

ple comparison with LCC under natural commutation is 

illustrated in Fig. 2. 

 

Fig. 2.  The principle comparison with LCC under natural 

commutation. 

As illustrated in Fig. 2, LCC undergoes a reverse 

recovery process following the zero-current crossing. 

For HCC, due to the detection of current crossing zero 

by the IGCT drive circuits, a reverse voltage can be 

applied to the gate and cathode of IGCTs, greatly re-

ducing the time required to restore their blocking ability. 

The reverse recovery time in HCC is sufficiently short 

to be considered negligible, and its impact of its ne-

glection on the conclusions of this study is therefore 

insignificant. 

2) Active Commutation 

In addition to the recovery enhancement mode, 
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IGCTs also have a commutation enhancement mode, 
which contributes to the active commutation of HCC. 
IGCTs can forcibly turn off the current that is flowing. 
Therefore, when the commutation capability is insuffi-
cient, an active turn-off command can be issued to turn 
off the bridge arm, thereby avoiding CF. The principle 
comparison with LCC under active commutation is 
shown in Fig. 3. 

 

Fig. 3.  The principle comparison with LCC under active 
commutation. 

As evident from the analysis, when AC voltage de-
pression occurs due to system faults, the current in 
bridge arm 4 of the LCC fails to reach zero before the 
AC voltage reverses polarity, leading to CF. In contrast, 
for HCC, an active signal is issued to turn off the 
commutation bridge arm, and the bridge arm current is 
forced to drop to zero to active commutation, thereby 
preventing CF. 

Ⅲ.   REACTIVE POWER CONTROL STRATEGY FOR HCC 

A. Mechanism Analysis of Reactive Power Control 

For HCC systems, the converter station absorbs re-
active power in both rectifier and inverter states. The 
reactive power consumption can be obtained by the 
following equations: 

C dc tanQ P                             (1) 

2

bridge dio

dc

tan 1
N U

U


 
  

 
                  (2) 

dc dc dcP U I                             (3) 

where CQ  is the reactive power consumption by HCC 

stations; dcP  is the active power; φ is the power factor 

angle; 
bridgeN  is the number of six-pulse bridges con-

nected in series; dioU  is the ideal no-load DC voltage; 

dcU  is the DC voltage; and dcI  is the DC current. 

Equations (1)(3) can be combined to obtain another 

expression of reactive power consumption: 
2 2

C bridge dio dc dc( )Q N U I P                   (4) 

As indicated by (4), the reactive power consumption 

of the converter station is related to dcI , dioU , and dcP . 

Taking the derivative of dcI  on both sides of (4) yields: 

2

bridge dio dc

2 2
dc bridge dio dc dc

( )d

d ( )

C
N U IQ

I N U I P



                (5) 

From (5), it can be seen that dcd dCQ I  is greater than 

0. According to the steady-state mathematical model of 

HVDC systems, it can be concluded that: 

 dc bridge dio T dccos 3 πU N U X I             (6) 

where   is the extinction angle of the HCC inverters; 

and TX  is the commutation reactance. 

As shown in (4), the reactive power consumption of 

the converter station can be controlled by adjusting dcI . 

From (6), dcI  can be adjusted by changing the extinc-

tion angle  . 

For a single-pole six-pulse converter, the change in 

reactive power consumption of the inverter station when 

  changes is further discussed. Equation (6) can be 

changed to: 

dc dio T dccos 3 πU U X I                   (7) 

Then, dcP  can be expressed as: 

2

dc dc dc dio dc T dccos 3 πP U I U I X I            (8) 

Therefore, dcI  can be further solved by: 

2

dio dio dc T

dc

T

cos ( cos ) 12 π

6 π

U U P X
I

X

  
      (9) 

By taking the derivative of   on both sides of (9), 

there is: 

dc dio dio

2
T dio dc T

d sin cos
1

d 6 π ( cos ) 12 π

I U U

X U P X

 

 

 
   
  

   

(10) 

From (10), it can be seen that dcd dI   is greater than 

0. Therefore, the relationship between reactive power 

consumption and extinction angle can be obtained: 

C C dc

dc

d d d
0

d d d

Q Q I

I 
  ＞                    (11) 

As indicated by (11), the reactive power consumption 

of the inverter station is a monotonically increasing 

function of the extinction angle .  Specifically, as   

increases, the reactive power consumption of the in-

verter station also increases. Therefore, the   value of 

HCC can be used as a control variable to design the 

reactive power control strategy for HCC. 

B. The Proposed Reactive Power Control Strategy 

According to the external characteristics of HCC 

inverters, dcU  can also be expressed as: 
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 dc bridge T dc1.35 cos 3 πU N E X I           (12) 

where E is the valid value of no-load line voltage on the 
valve side of the converter transformer, and 

dio 1.35E U . 

The reactive power consumption of HCC inverters 
can also be expressed as: 

2

bridge dio

C dc dc dc

dc

tan 1
N U

Q P U I
U


 

   
 

      (13) 

According to (12), assuming E remains constant, 

adjusting   of HCC will cause changes in dcU  and dcI . 

According to (13), for maintaining dcP  constant, CQ  

can be adjusted by dioU , which depends on the tap of the 

converter transformer. This analysis reveals that during 
steady-state operation, if it is necessary to adjust the 

reactive power exchange CQ  between HCC and AC 

system while maintaining the same operation mode, the 

idea of coordinating the tap and   can be adopted. 

Therefore, the reactive power control strategy is pro-
posed, as shown in Fig. 4. The specific process is de-
scribed as follows. 

1) Initialization: Following the determination of main 
circuit parameters, the correlation between transformer 

tap positions and CQ  is computationally established. 

This relationship is subsequently tabulated and inte-
grated into the reactive power control algorithm as a 
reference database. 

2) Reactive power: The actual CQ  is monitored in 

real-time. When CQ  surpasses predefined operational 

thresholds, the system automatically adjusts the trans-
former tap position according to the pre-established 

correlation table. Then, dioU  changes with the tap, and 

CQ  is adjusted. 

3) Active power: The modification of dioU  inherently 

affects dcU , dcI , and dcP . Then, the constant current 

controller will detect the current deviation and adjust   

to ensure dcU , dcI , and dcP  remain stable. 

 

Fig. 4.  The flowchart of the proposed control strategy. 

C. Calculation under Different Rated Extinction Angles 

For quantitatively analyzing the correspondence re-

lationship between the tap and CQ  of HCC, the 

equivalent circuit on the AC/DC side is established, as 

shown in Fig. 5. 

 
Fig. 5.  The equivalent circuit on the AC/DC side. 

In Fig. 5, NQ  and CQ  are the rated reactive power 

and reactive power exchange of a double-pole HCC; K 

is the transformer ratio; acNU  is the rated AC bus volt-

age; acU  is the change in AC bus voltage; and dcP  is 

the active power of a single-pole HCC. The HCC con-

sists of four six-pulse bridges connected in series to 

form a single-pole converter. The mathematical model 

of the HCC AC/DC side can be expressed as follows: 

 

 

dio acN ac

N pu k

dc bridge dio T dc
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K
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
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
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




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



          (14)

 

where NK  is the rated transformer ratio; 
puK  is the tap 

step, and 
pu 1.25%K  ; kT  is the tap position; acS  is 

the capacity of the AC system; and 
CQ  is the total 

capacity provided by reactive power compensation 

equipment. 
In (14), there are seven equations and ten state varia-

bles, including dio ac k dc dc C dc,  ,  , , , , , , ,U U K T U I Q P    

and NQ . The operational state of the HCC converter can 

be uniquely determined when any three independent 

variables are specified as operation conditions. 

Equation (14) can be solved by Newton’s method. 

Key state parameters such as CQ  and   correspond-

ing to different tap positions under different rated ex-

tinction angles N  are obtained. Three typical N  of 
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17°, 12°, and 7° are selected for calculation. The results 

are as follows. 

1) Rated Extinction Angle N 17    

If N 17 ,    dioU  of the HCC converter is: 

 
dc T

dio

N xN

bridge

rNc
230.8656 k

os
V

U U
U

d

N

d







      (15) 

where TU  is the voltage drop of the IGCTs in con-

ducting states; xNd  is the relative inductive voltage drop; 

and rNd  is the relative resistive voltage drop. 

The commutation reactance TX  can be calculated as: 

xN dio

T

dc

π
4.3517 

3

d U
X

I
                  (16) 

The rated reactive power NQ  of HCC under N 17    

is: 

2

bridge dio

N dc

dc

1 4612.8 Mvar
N U

Q P
U

 
   

 
    (17) 

The rated transformer ratio NK  is calculated as: 

acN

N

dio

3 2
3.071

π

U
K

U
                     (18) 

It should be noted that the range of   is 0°25°. The 

relationship between reactive power adjustment capa-

bility and tap position under N 17    is calculated as 

shown in Table I. 

TABLE Ⅰ 

THE RELATIONSHIP BETWEEN REACTIVE POWER ADJUSTMENT 

CAPABILITY AND TAP POSITION UNDER 
N 17    

Tap dioU (kV) acU (%)  ( )   
NQ (Mvar) CQ (Mvar) 

-7 246.2 2.70 26.3 4612.8 1128.4 

-6 243.8 2.31 25.0 4612.8 965.4 

-5 241.5 1.92 23.9 4612.8 803.3 

-4 239.3 1.54 22.7 4612.8 641.8 

-3 237.1 1.15 21.4 4612.8 481.0 

-2 235.0 0.77 20.0 4612.8 320.5 

-1 232.9 0.38 18.6 4612.8 160.2 

0 230.9 0.00 17.0 4612.8 0.0 

1 228.9 -0.38 15.3 4612.8 -160.3 

2 227.0 -0.77 13.4 4612.8 -320.9 

3 225.1 -1.15 11.2 4612.8 -482.0 

4 223.3 -1.54 8.6 4612.8 -643.9 

5 221.5 -1.93 4.6 4612.8 -806.8 

6 219.7 -2.32 0.0 4612.8 -971.0 

As evidenced by the data presented in Table I, the 

increase in tap position leads to gradual decrease of 

dio.U  Furthermore, the reactive power consumption 

gradually decreases, and the AC bus voltage gradually 

increases. The extinction angle also gradually decreases. 

When N 17 ,    the proposed strategy can increase the 

consumption by 965.4 Mvar with a tap of -6, while 

reduce the consumption by 806.8 Mvar with a tap of 5. 

For each adjustment of the tap position, the AC bus 

voltage changes by about 0.4%, and the reactive power 

changes by about 160 Mvar. 

2) Rated Extinction Angle N 12    

If N 12 ,    dioU , TX , NQ , and NK , calculated by 

(15)(18), are 225.1878 kV, 4.2447 Ω, 4139.5 Mvar, 

and 3.1485, respectively. The relationship between the 

reactive power adjustment capability and tap position 

under N 12    is calculated as shown in Table Ⅱ. 

The data presented in Table II demonstrates consistent 

behavioral patterns with those observed in Table I, 

maintaining identical trends in electrical parameter 

variations. When N 12 ,    the proposed strategy in-

creases absorption by 1333.0 Mvar with a tap of -8, and 

reduces consumption of 336.7 Mvar with a tap of 2. For 

each adjustment of the tap position, the AC bus voltage 

also changes by about 0.4%, and the reactive power 

changes by about 167 Mvar. 

TABLE Ⅱ 

THE RELATIONSHIP BETWEEN REACTIVE POWER ADJUSTMENT 

CAPABILITY AND TAP POSITION UNDER 
N 12    

Tap dioU (kV) acU (%)  ( )   NQ (Mvar) CQ (Mvar) 

-9 244.7 3.55 25.8 4139.5 1501.4 

-8 242.3 3.15 24.6 4139.5 1333.0 

-7 240.0 2.76 23.4 4139.5 1165.4 

-6 237.7 2.36 22.1 4139.5 998.5 

-5 235.5 1.97 20.7 4139.5 832.0 

-4 233.3 1.58 19.2 4139.5 665.8 

-3 231.2 1.18 17.7 4139.5 499.7 

-2 229.1 0.79 16.0 4139.5 333.5 

-1 227.1 0.40 14.1 4139.5 167.0 

0 225.2 0.00 12.0 4139.5 0.0 

1 223.3 -0.40 9.4 4139.5 -167.8 

2 221.4 -0.80 5.9 4139.5 -336.7 

3 219.7 -1.20 0.0 4139.5 -507.0 

3) Rated Extinction Angle N 7    

If N 7 ,    the calculated dioU , TX , NQ , and NK  

are 221.5953 kV, 4.1770 Ω, 3816.7 Mvar, and 3.1995, 
respectively. The relationship between the reactive 
power adjustment capability and tap position under 

N 7    is calculated as shown in Table Ⅲ. 

As seen, when N 7 ,    the proposed strategy can 

increase consumption by 1538.1 Mvar with a tap of -9. 

For each tap adjustment, the AC bus voltage changes by 
about 0.4%, and the reactive power changes by about 
171 Mvar. Differently, when the tap position changes 
from 0 to 1,   becomes 0, which is not allowed in real 
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application. Therefore, when N 7 ,    the proposed 

strategy cannot absorb less reactive power to support 
AC systems. 

TABLE Ⅲ 

THE RELATIONSHIP BETWEEN REACTIVE POWER ADJUSTMENT 

CAPABILITY AND TAP POSITION UNDER 
N 7    

Tap dioU (kV) acU (%)  ( )   
NQ (Mvar) CQ (Mvar) 

-10 243.1 4.02 25.2 3816.7 1709.9 

-9 240.7 3.61 24.0 3816.7 1538.1 

-8 238.3 3.21 22.6 3816.7 1366.9 

-7 236.0 2.81 21.3 3816.7 1196.3 

-6 233.8 2.41 19.8 3816.7 1026.1 

-5 231.6 2.01 18.3 3816.7 856.0 

-4 229.5 1.61 16.6 3816.7 685.9 

-3 227.4 1.21 14.8 3816.7 515.5 

-2 225.4 0.81 12.7 3816.7 344.6 

-1 223.5 0.41 10.2 3816.7 172.8 

0 221.6 0.00 7.0 3816.7 0.0 

1 219.8 -0.41 0.0 3816.7 -174.2 

D. Analysis of Recommended Rated Extinction Angle 

The flowchart in Section Ⅲ.B demonstrates that the 
proposed reactive power control strategy can adjust 
reactive power while maintaining active power un-
changed. Then, the recommended rated extinction angle 
when applying the proposed strategy is further analyzed. 
The selection criteria primarily consider two critical 
factors: 

1) During steady-state operation, the rated reactive 
power demand at the rated extinction angle should be 
minimized as much as possible; 

2) The total reactive power consumption should be 
minimized after applying the proposed strategy for 
reactive power adjustment. 

In accordance with these criteria, the rated reactive 
power demand, reactive power support of the proposed 
strategy, and total reactive power consumption after 
adjustment are further calculated at various extinction 
angles, as shown in Fig. 6. 

 

Fig. 6.  Comparison of reactive power under various N . 

From Fig. 6, the post-adjustment total reactive power 

consumption reaches its minimum value at N 8    and 

attains its maximum at N 16   . Therefore, the theo-

retically recommended N  is 8°, while N  of 16° is not 

recommended. In addition, it is necessary to consider 

the ability to absorb reactive power comprehensively. 

The reactive power absorptions at various extinction 

angles are shown in Fig. 7. 

 

Fig. 7.  The reactive power absorption adjusted by the proposed 

strategy at various extinction angles. 

From Fig. 7, the smaller the rated extinction angle, 

the better the ability of the proposed strategy to absorb 

reactive power. Thus, the recommended rated extinction 

angle is chosen as 8°. 

Ⅳ.   SIMULATION AND VERIFICATION 

A. Simulation System 

1) Test Model 

To verify the effectiveness of the proposed reactive 

power control strategy, a four-terminal UHVDC simu-

lation model is built in PSCAD/EMTDC, as illustrated 

in Fig. 8.  

 
Fig. 8.  Simulation model of four-terminal UHVDC. 

The sending end of the model consists of two 100% 

renewable energy MMC stations, and the receiving end 

consists of one HCC station and one MMC station, 

respectively. V/f control is adopted at the two MMC 

stations at the sending end, and constant current control 

and voltage control are adopted at the HCC and MMC 
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stations at the receiving end, respectively. The lengths 

of the two sections of ultra-high voltage overhead lines 

(OHLs) are 875 km and 362 km, respectively. 

2) Simulation Parameters 

Given that HCC is the focus of this paper, the system 

parameters of the HCC are mainly introduced, as shown 

in Table Ⅳ, where 
poleN  is the number of poles; 

leakpuX  

is the transformer leakage reactance; SCR  is the short 

circuit ratio; and 
filgroupS  is the capacity of a single filter 

group. 

TABLE Ⅳ 

THE SYSTEM PARAMETERS 

Parameters Value Parameters Value 

dcU (kV) 800 T (kV)U  0 

dcP (MW) 8000 ac (MVA)S  46 406 

dc (kA)I  5 acN (kV)U  525 

poleN
 

2 pu (%)K  1.25 

bridgeN
 

4 SCR
 

5.8 

leakpuX
 

0.18 filgroup ( )MvarS  220 

The simulation parameters corresponding to different 

rated extinction angles are different. According to (15), 

dioU  can be obtained at different rated extinction angles. 

Furthermore, equation (17) can be used to calculate N ,Q  

which can determine the capacity and number of reactive 

power compensation devices. According to (19), the 

rated voltage on the valve side can also be solved. The 

parameters under different rated extinction angles are 

shown in Table Ⅴ, where VNU  is the rated voltage on the 

valve side; filterQ  is the capacity of AC filters; and filterN  

is the number of AC filters in operation. 

dio

VN

π

3 2

U
U                            (19) 

TABLE Ⅴ 

SIMULATION PARAMETERS UNDER DIFFERENT RATED EXTINCTION 

ANGLES 

N  (°) 
VNU  (kV) 

filterQ  (Mvar) 
filterN  

17 170.9515 4620 21 

12 166.7472 4180 19 

7 164.0870 3740 17 

B. Simulation Result 

In this section, the ability of the proposed strategy to 

adjust reactive power in both forward and reverse di-

rections is verified under different N . The forward 

direction refers to absorbing more reactive power, while 

the reverse direction refers to absorbing less reactive 

power. 

1) Rated Extinction Angle N 17    

The forward direction adjustment results at N 17    

are presented in Fig. 9. As the tap position changes from 

0 to -6, the reactive power exchange CQ  gradually 

changes from 167 Mvar to 1327 Mvar. The inverter 

absorbs an additional 1160 Mvar from the AC side, with 

an average reactive power exchange of 193 Mvar for 

each tap step. Meanwhile, the firing angle   changes 

from 109.2° to 105.9°, and the extinction angle   

changes from 17.2° to 24.9°. It is generally considered 

that the upper limit of the extinction angle does not 

exceed 25°, so the simulation ends after the extinction 

angle exceeds 25°. Throughout the adjustment process, 

dcU  and dcP  maintain stable operation at 800 kV and 

4000 MW, respectively. As the tap decreases, the reac-

tive power absorbed from the AC side gradually in-

creases, resulting in a gradual decrease in the AC bus 

voltage acRMSU . The voltage decreased by 13 kV in six 

tap steps, with an average reduction of 2.2 kV per step. 

This accounts for about 0.4% of the rated AC voltage 

acNU , which is consistent with the theoretical results. 

 

Fig. 9.  The results of forward direction adjustment at N 17   . 

The reverse direction adjustment results at N 17    

are illustrated in Fig. 10. As the tap position gradually 

changes from 0 to 5, the reactive power exchange 

gradually changes from 167 Mvar to -874 Mvar, and 
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CQ  of the five tap steps is 1041 Mvar. On average, the 

converter absorbs 208 Mvar less from the AC side for each 

step.   changes from 109.2° to 112.0°, and   changes 

from 17.2° to 6.6°. dcU  and dcP  maintain 4000 MW and 

800 kV. As the tap increases, the reactive power ab-

sorbed from the AC side decreases, causing the AC bus 

voltage to increase step by step. The variation per step is 

about 0.4% of acNU , which is consistent with the theo-

retical results. 

 

Fig. 10.  The results of reverse direction adjustment at 
N 17   . 

When the tap position changes from 5 to 6,   un-

dergoes further reduction to maintain dcP  stability. 

Since   becomes very small that it is below its lower 

limit in the model, resulting in abnormal measurements 

of   and .  Meanwhile, CQ and acRMSU also undergo 

significant changes. The active power decreases, and 

there are large fluctuations in dc.U  Consequently, at 

N 17 ,    the tap adjustment is operationally limited to 

five steps, achieving a maximum reactive power ab-

sorption reduction of 1041 Mvar while maintaining 

system stability. 

2) Rated Extinction Angle N 12    

The forward direction adjustment results at N 12    

are presented in Fig. 11. As the tap position progres-

sively changes from 0 to -8, CQ  gradually changes 

from 134 Mvar to 1727 Mvar, representing a change of 

1593 Mvar in eight steps. On average, the converter 

absorbs an additional 199 Mvar from the AC side for 

each step. α changes from 111.5° to 106.7°, and   

changes from 12.5° to 24.6°. dcP  and dcU  operate 

smoothly at 4000 MW and 800 kV. acRMSU  decreases 

step by step, with each step decreasing by about 0.4% of 

acNU . 

 

Fig. 11.  The results of forward direction adjustment at 
N 12   . 

The reverse direction adjustment results at N 12    

are presented in Fig. 12. The tap position gradually 

changes from 0 to 2, and CQ  gradually changes from 

134 Mvar to -292 Mvar, accounting for a change of 

426 Mvar in two steps. On average, the converter ab-

sorbs 213 Mvar less from the AC side for each step.   

changes from 111.5° to 112.7°, and   changes from 

12.5° to 7.9°. dcP  and dcU  still remain stable at their 

rated values. acRMSU  increases by about 0.4% of acNU  

per step. When the tap position changes from 2 to 3,   

further decreases. CQ  changes to -946 Mvar, and dcP  

decreases. dcU  experiences large fluctuations, while 

acRMSU  experiences a significant increase. Therefore, 

when N 12   , the tap can be adjusted up to two steps, 

which can reduce the absorption of reactive power by 

426 Mvar. 
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Fig. 12.  The results of reverse direction adjustment at 

N 12   . 

3) Rated Extinction Angle N 7    

The forward direction adjustment results at N 7    

are presented in Fig. 13. Consistent with the aforemen-

tioned analysis, CQ  changes by 1875 Mvar with tap 

changing by nine steps. The converter absorbs an addi-

tional 208 Mvar from the AC side for each step.   

changes from 113.3° to 107.5°, and   changes from 

7.8° to 23.6°. dcP  and dcU  remain stable, while acRMSU  

decreases step by step, with each step decreasing by 

about 0.4% of acNU . The reverse direction adjustment 

results at N 7    are illustrated in Fig. 14. 

In contrast to the previous scenarios, the tap is only 
adjusted by one step, and the measured α and γ cannot 
maintain regular operation after a brief transition. Sig-

nificant changes are made in CQ  and acRMS.U  dcP  

decreases, and there are large fluctuations in dc .U  

Therefore, when N 7 ,    the proposed strategy cannot 

provide reactive power support. 

In summary, the proposed strategy can be utilized to 

increase or reduce reactive power absorption. The above 

simulation results verify the effectiveness of the pro-

posed strategy. In particular, 1041 Mvar reactive power 

can be supported when N 17   and 426 Mvar reactive 

power can be supported when N 12 .   When N 7 ,    

no reactive power can be supported by utilizing the 

proposed strategy. 

 
Fig. 13.  The results of forward direction adjustment at 

N 7   . 

 

Fig. 14.  The results of reverse direction adjustment at N 7   . 

C. Error Analysis 

From Section III.C and Second IV.B, the reactive 
power consumption with five steps is reduced by 
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806.8 Mvar theoretically, while the simulation result is 

1041 Mvar when N 17 .    Similarly, when N 12   , 

the reactive power consumption is decreased theoreti-
cally by 336.7 Mvar after two steps, compared to the 
simulation result is 426 Mvar. Considering the rated 
reactive power of 4612.8 Mvar and 4139.5 Mvar, the 
errors are 1.02% and 1.08%, respectively, which are 

within the required 5% error range. The errors of CQ  

in the forward and reverse direction adjustments under 
different rated extinction angles are shown in Fig. 15. 

 

Fig. 15.  The errors under different rated extinction angles. 

It is evident that the errors in various situations are 

much lower than 5%. The reason for the error is that 

during the simulation analysis, the filters are added one 

by one, with 220 Mvar per group. Consequently, the 

capacity of the reactive power compensation device in 

operation cannot precisely equal to the converter’s re-

active power demand. In contrast, in theoretical analysis, 

the rated state is calculated based on C 0Q   Mvar, 

resulting in errors between the theoretical and simula-

tion results. Nevertheless, the results are adequate since 

the errors are well within the required range. 

D. Verification of Recommended Rated Extinction Angle 

In Section III.D, 8° is selected as the recommended 

N.  The waveforms of various electrical quantities 

during steady-state operation at N 8    are shown in 

Fig. 16. When N 8 ,    the DC voltage and active 

power can remain stable at the rated values. Moreover, 

the voltage and current waveforms of the bridge arm are 

normal, and there is no CF. 

 
Fig. 16.  Waveforms of key electrical quantities at N 8   . 

E. Superiority Analysis 

There is almost no research on reactive power control 

strategies for HCC in existing studies. In addition, the 

reactive power control strategy of LCC is still used in 

the current HCC project. Therefore, to further highlight 

the advantages of the proposed strategy, comparisons 

are made between the proposed strategy for HCC and 

the traditional strategy of LCC, as shown in Fig. 17. The 

specific explanations are as follows. 

1) Rated Extinction Angle N  

The traditional reactive power control strategy ap-

plied to LCC typically has a rated extinction angle of 

17°. However, the proposed strategy applied to HCC 

can operate at a reduced rated extinction angle of 8°, 

leading to lower reactive power consumption during 

steady-state operation. 

2) Cost Savings 

A small group of AC filters typically have a cost 

ranging from ¥5×105 to ¥3×106. Compared to the 

traditional strategy, the proposed strategy can reduce 4 

groups of AC filters per phase at the same voltage and 

active power level. This means that the proposed strat-

egy can save up to 36 million for three phases when 

compared to the traditional strategy, leading to better 

economic efficiency. 

3) Operation Reliability 

The traditional strategy relies on switching reactive 

power compensation devices to adjust reactive power, 

which introduces CF risks. However, the proposed 

strategy can achieve reactive power adjustment through 

tap and   coordination, with higher operation reliabil-

ity. Furthermore, the inherent CF resistance of HCC 

further enhances the reliability of the proposed strategy. 

4) Reactive Power Demand 

For 800 kV/8000 MW HVDC systems, LCC using 

the traditional strategy requires a reactive power 

consumption of 4612.8 Mvar at N 17 .    In compar-

ison, HCC using the proposed strategy only requires 

3868.5 Mvar at N 8 .    This represents a reduction in 

reactive power demand of approximately 800 Mvar, 

significantly improving the operating power factor of 

the DC transmission system. 

5) Cover Area 

In LCC systems using the traditional control strategy, 

the AC filters occupy approximately 33% of the total 

converter station area. By contrast, HCC systems im-

plementing the proposed strategy can have four fewer 

filter groups, reducing the cover area to 27%. 
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Fig. 17.  Comparison with the traditional reactive power control 

strategy. 

Ⅴ.   CONCLUSION 

In this paper, a reactive power control strategy is 

proposed for small extinction angle operation of HCC 

converter. The strategy has the following advantages. 

1) Strong support capability: Compared with tradi-

tional strategies, the proposed strategy can improve the 

reactive power control capability of HCC, and provide 

reactive power support for weak AC power grids at the 

receiving end. 

2) High reliability: Reactive power regulation can be 

achieved by adjusting the taps of converter transformers 

in conjunction with the extinction angle, avoiding fre-

quent switching of reactive power compensation de-

vices. Therefore, the proposed strategy further enhances 

the reliability of HCC systems, while HCC systems 

further increase the reliability due to the ability to 

withstand CF. 

3) Significant economic efficiency: By supporting 

HCC operation at small extinction angles, the proposed 

strategy significantly reduces reactive power consump-

tion. This reduction leads to substantial savings in 

converter station investment costs, making the strategy 

economically advantageous. 

4) Wide applicability: The proposed strategy is im-

plemented by analyzing the coupling mechanism be-

tween HCC and AC systems. Therefore, it is applicable 

to HCC-based two-terminal and multi-terminal DC 

transmission systems, as long as the HCC does not 

employ a constant extinction angle control. 

The proposed strategy exhibits a relatively slow re-

sponse speed, making it suitable primarily for 

steady-state reactive power regulation. Therefore, it 

cannot be applied to transient reactive power regulation 

in fault situations, which will be further studied in the 

future work, alongside control and protection hard-

ware-in-the-loop validation. 
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