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HVDC auxiliary emergency control can improve the transient stability of the AC/DC 
interconnected power grid. A coordination and optimization strategy of multi-infeed HVDC 
auxiliary power/frequency combination control is proposed in this paper. According to tie-line 
faults and regional internal faults, the combined controller is coordinated and optimized by 
multi-infeed effective short circuit ratio proportion coefficient (MESCR-PC) and multi-infeed 
power support factor proportion coefficient (MPSF-PC). Finally, the multi-infeed HVDC 
transmission system is built on the PSCAD simulation platform. The power grid voltage, 
frequency and generator power angle are took as the control objectives, the effectiveness of the 
proposed method is verified by the simulation results.  
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1. Introduction 

 

HVDC is an important way to interconnect large-scale power grids, enabling large-

capacity, long-distance transmission of electrical energy [1-3]. Transient stability of 

AC/DC interconnected power grid can be improved by using HVDC overload capacity and 

fast regulation characteristics [4,5], which commonly known as HVDC auxiliary 

emergency control, otherwise known as DC power modulation. For this aim, the PID 

damping controller using a pole placement technique has been regarded as the first choice 

[6,7]. This technique tries to tune the parameters of PID damping controller in order to 

place the dominant poles of the system on the desired locations of the complex plane. 

According to the different emergency control purpose, which is divided into: 1) 

emergency power support [8,9]; 2) auxiliary frequency control [10,11]; 3) supplementary 

damping control [12]. For power angle damping control, several control strategies and 

design methods has been proposed, such as classical modal analysis techniques [13-15], 

modern control techniques and intelligent control have been proposed [16–18], sliding 

mode control [19], probabilistic collocation method [20], and auto disturbance rejection 

control method [21]. The study in [22] has presented a hybrid method based on generalized 

predictive control and shuffled frog leaping algorithm to design stabilizing signals for 

damping low frequency oscillations in a multi-machine power system. 

Although the purpose of emergency control is altered, they are essentially achieved by 

changing the HVDC transmission power. 

When normal operation of AC/DC interconnected power grid is disturbed, it will lead to 

system power imbalance. According to the location of the disturbance, which is divided 

into two types: 1) the disturbance in the internal regional power grid caused by short circuit 

faults, load start and stop or generator faults. For this type of power disturbance, due to the 

isolation of the HVDC system only affects the generator rotor and grid frequency in the 

troubled area, while the grid at the other end is nearly unaffected. 2) the tie-line faults, for 
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this type of power disturbance, will cause a power imbalance at both ends of the AC 

system. That just says, the power of the sending end power grid is temporarily surplus, and 

the power of the receiving end power grid is temporarily insufficient. Therefore, the 

generator rotor of the transmitting end grid is accelerated and the grid frequency is 

increased, and the generator rotor of the receiving end grid is decelerated and the grid 

frequency is lowered. 

For the two types of power imbalance above, the auxiliary power/frequency controller 

and the switching control strategy are developed. The multi-infeed HVDC auxiliary 

power/frequency controller is coordinated and optimized with the MESCR-PC and MPSF-

PC. Finally, a multi-infeed HVDC transmission system is built on the PSCAD simulation 

platform. Take the voltage and frequency of the power grid as well as the generator power 

angle as the control objectives, through the simulation analysis, the effectiveness of the 

proposed method is confirmed. 

 

2.  Analysis of HVDC emergency power control mechanism under two types of power 

disturbance 
Take a two-area AC/DC parallel transmission system as an example is shown in Fig.1. 

The system consists of an AC transmission line and two DC transmission lines connected in 

parallel. The transmitting end grid is represented by an equivalent generator GS and an 

equivalent load power PL1; the receiving end grid is represented by an equivalent generator 

GA and an equivalent load power PL2. 
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Fig.1. Two-area AC/DC parallel system 

The oscillation of the AC/DC parallel transmission system can be equivalent to the 

oscillation between the two regions, and is named as region S and region A [6]. The 

equivalent generator rotor equation of motion as follows [23, 24]: 
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Where M, δ, ω and P represent equivalent inertial time constant, power angle, angular 

frequency and power, respectively; the subscripts S, A, m, e, i and j represent region S, 

region A, mechanical, electromagnetic, generator variable in region S and region A, 

respectively.  
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Combining equation (1) and equation (2), the two-machine mode is further equivalent to 

the single-machine rotor motion equation mode is: 
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where δSA=δS-δA, ωSA=ωS-ωA. Regardless of the change in mechanical power, the 

linearization of equation (4) is expressed as: 
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For the tie-line faults, that is, ∆Pac=0-Pac, substitute it into (5): 
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Therefore, in order to guarantee
SA

ω∆ & equal to 0, it is necessary to increase the 

transmission power of HVDC1 and HVDC2, that is, make ∆Pdc1+∆Pdc2= Pac.  

The mechanism of DC emergency power support can be explained by the expansion of 

equal area rule [25, 26], as shown in Fig.2.  
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Fig.2 Mechanism of DC emergency power support 
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The system is divided into four phases in each oscillation cycle after a fault: forward 

acceleration, forward deceleration, reverse acceleration and reverse deceleration. A detailed 

explanation can be found in the literature [24]. 

For multi-HVDC system, once one of which is out of operation due to a fault, as HVDC 

transmission power is generally larger, therefore, in general, only one DC can’t achieve full 

transfer of faulty DC power, so multiple DCs need to be shared to achieve the complete 

transfer of faulty DC power. Even if a HVDC can bear full power transfer of faulty HVDC, 

it will inevitably have a big impact on the power grid due to the unidirectional transfer of 

large-scale power flow, resulting in potential risk of power limit. Therefore, in order to 

rationalize the distribution of power flow and realize the smooth transition of the transient 

process of the power grid, it is a good choice to share the power of the faulty HVDC with 

multiple HVDCs. 

For the disturbance in the internal regional power grid, in the same way, transfer control 

of unbalanced power is realized by changing the power of HVDC 1 and HVDC2, so as to 

maintain the normal operation of the disturbed power grid. Different from the tie-line faults, 

this type of disturbance is an internal disturbance of the power grid. By changing the 

HVDC transmission power, the unbalanced power in the disturbed region is transferred to 

the normal operation grid to stabilize the power grid. Therefore, for regional internal 

disturbances, a default prerequisite is that the capacity of another area grid is large. That is. 

Unbalanced power transferred by the disturbed area has almost no influence on the other 

normal operational power grid. 

 

3. Multiple DC power sharing strategy 

 
For multi-infeed HVDC transmission system, theoretically, during the fault period, each 

HVDC can achieve power balance for the AC/DC interconnected system by increasing the 

amount of power, but additional control effect on different HVDC has certain difference. 

Almost all previous studies are built on MPSF to select one optimal HVDC to implement 

power support, which can achieve cost minimization of control, but the unidirectional 

transfer of large-scale power flow may cause a potential risk of the power limit. In addition, 

the above method of selecting the optimal HVDC is only applicable to the tie-line faults 

and does not apply in respect of the disturbance of the regional internal grid. Therefore, in 

view of the above two types of power disturbances, multi-HVDC emergency 

power/frequency coordinated optimal control is achieved by using MESCR-PC and MPSF-

PC, respectively. 

Multi-infeed interaction factor (MIIF) is used to measure the electrical coupling between 

DC and DC systems of multiple DC parallel transmission, the greater the value is, the 

closer the relationship between the two DC is, which is defined as follows [23]: 

,

j

MIIF ji

i

U
F

U

∆
=

∆
                                                             (7) 

where ∆Uj is the bus voltage variation of the DC converter station to be observed; ∆Ui is 

the bus voltage change of converter caused by switching a shunt reactive power branch on 

it. 

MESCR reflects the degree of electrical coupling between AC system and DC system, 

defined as follows [23]: 
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where Saci is the three-phase short-circuit capacity of the converter i; PdNi and PdNj are rated 

capacity of DC system i and j; QCNi is the reactive power supplied by filter and shunt 

capacitor at AC bus of the converter station. 

For regional internal disturbance, MESCR-PC is used to realize the coordinated power 

distribution of multiple HVDCs. Suppose the total amount of power modulation is ∆PS, 

then the amount of power boost for each HVDC is: 

1

=MESCRi
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i
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P P r P
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∆ = ∆ ⋅ ∆

∑
                               (9) 

where N represents the total number of HVDC, rKi represents the ratio of HVDC i power 

increase to the total power. 

For tie-line faults, MPSF-PC is used to realize the coordinated power distribution of 

multiple HVDCs. MPSF is defined as the product of MIIF and MESCR, defined as follows: 

, ,j i MIIF ji MESCRiF Kλ = ×                                          (10) 

where λj,i represents the support factor of DC i to DC j. For tie-line faults, also suppose the 

total amount of power modulation is ∆PS, then HVDC i power boost is: 
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where N represents the total number of HVDC, rλi represents the ratio of HVDC i power 

increase to the total power [23]. 

 

4. Auxiliary power/frequency combination controller design 
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Fig.3. Auxiliary emergency combination control structure 

 

In order to fully utilize the rapid control function of DC power, the emergency power 

control is optimized to improve the transient stability of the AC-DC interconnect system, 

this paper designed a auxiliary power/frequency combination controller constructed by 

active power modulation (APM) and dual frequency difference modulation (DFDM). 

The APM principle structure is shown in Fig.3(a),  s/(1+TPds) is the differential link, the 

function of this link is to extract the change tendency of the signal so that better dynamic 
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control effect can be achieved; The combination of s/(1+TPws) and s/(s+εP) is a band-pass 

filter combined by low-pass filtering and high-pass filtering; (s2+sA+B)/(s2+sC+D) is the 

trap filter; Kp is power modulation gain; Pmodmin and Pmodmax are lower limit and upper limit 

of DC power modulation. 

Auxiliary frequency control adopts double frequency difference modulation (DFDM), 

which consists of measuring link, blocking link, amplification link and clipping link. The 

principle structure is shown in Fig.3(b). fR and fI are AC bus frequency at the rectifier side 

and the inverter side,  respectively; Tf and Tfw are are the measurement time constant and 

the blocking filter time constant, respectively; Kf is frequency modulation gain; Imodmin and 

Imodmax are the lower limit and upper limit of DC frequency modulation.  

Auxiliary power/frequency combination controller is shown in Fig.3(c), εSum represents 

the sum of the power errors of all DC tie-lines, εSum_other represents the sum of the power 

errors of all other DC tie-lines except this DC. The limiting dead zone is added before the 

power error of each DC tie-line to avoid unnecessary and frequent DC power fluctuations 

to ensure that the auxiliary controller will only function if there is a DC tie-line faults. The 

DFDM sets the limiting dead zone is the same as APM. 

 

5. Coordination and optimization of auxiliary power/frequency combination 

controller 

 
5.1. BUS voltage constraint of AC system  

 

When DC transmits active power, it needs to consume reactive power. The expression of 

DC delivered active power P and consumed fundamental wave reactive power Q is [27]: 

2

2

3
[cos 2 cos 2( )]

4
r

E
P

X T
δ δ γ

π
= − +                                  (12) 

2

2

3
[sin 2 sin 2( ) 2 ]

4
r

E
Q

X T
δ δ γ γ

π
= − − + +                           (13) 

where E is the AC commutation bus voltage; X is the commutation reactance; T is the 

commutation ratio; δ is the extinction angle; γ is the commutation angle. 

By dividing the formula (13) by the formula (12), the following proportional relationship 

can be obtained: 
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Where K represents the ratio of reactive power consumption to active power. It can be seen 

from equation (14) that if there is no additional reactive power compensation device, 

reactive power will become the main limiting factor for DC power boost, and the lack of 

reactive power will cause the DC voltage to drop. 

    To measure the effect of voltage on DC emergency power boost, a voltage sensitivity 

factor (VSF) is defined, specifically defined as: 
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where ∆U is the AC bus voltage drop caused by DC power increase (usually a unit power 

increase); UN is the bus voltage rated value of AC system; FVSF can be obtained by a small 

disturbance. Therefore, when the power boost is ∆P, the AC system bus voltage drops to as 

follows: 

VSF
Total

N

P F
U

U

∆ ⋅
∆ =                                                      (16) 

Therefore, the constraints of the actual system power boost can be expressed as:  

max
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where ∆Umax is the maximum voltage fluctuation allowed. 

 

5.2 Power support margin of DC system   

 

    Another limitation factor to enhance the power is the transmission capacity of the DC 

system itself. The HVDC system generally has 1.1 time long-term overload capabilities and 

1.5 times short-time overload abilities. This constraint can be expressed as: 

1.1 , 3

1.5 , 3

Bi N Actual

Bi N Actual

P P P t s

P P P t s

∆ = ⋅ − ∆ ≥


∆ = ⋅ − ∆ <
                                 (18) 

where PActual is the actual transmission power of a DC system, PN is the rated power of the 

DC system, ∆PBi is power margin of DC system, ∆t is power boost time. 

Under the influence of bus voltage level limitation and DC power support margin, the 

maximum power increase value of each DC is: 

_ max min( , )i Ai BiP P P∆ = ∆ ∆                                     (19) 

 

5.3 An emergency power lifting redistribution strategy considering restrictive factors   

 

    According to the analysis in section 3 of this paper, when the disturbance in the internal 

regional power grid, then each DC power modulation is ∆PSKi; when the DC tie-line faults, 

each DC power modulation is ∆PSλi. Therefore, when considering the bus voltage level 

limit and the DC power support margin limit, it is necessary to compare the size of ∆PSki, 

∆PSλi and ∆Pi_max. If ∆PSki and ∆PSλi are less than ∆Pi_max, then the power of each DC is 

improved according to ∆PSKi (internal distubance) or ∆PSλi (tie-line faults). If ∆PSki greater 

than ∆Pi_max, then sort the all DC according to the size of the MESCR. The amount of 

power modulation that exceeds the power limit, that is ∆PSki-∆Pi_max, which is borne by 

other adjacent DCs, and so on. If ∆PSλi greater than ∆Pi_max, the same strategy as above 

 

5.4 Auxiliary emergency combination controller control strategy   

 

    In order to realize the rationalization of the distribution of the power flow, power 

optimization distribution is realized by multiple HVDC coordinated control in this paper. 

For a multi-infeed HVDC system, when one of the HVDC systems is out of operation due 

to a fault, the APM and DFDM control modules of other HVDC systems are started at the 



Congshan Li, et al: Coordination and Optimization Strategy of LCC-HVDC...  
 

 506 

same time to increase the emergency power, and the power of faulty DC line is transferred 

to the normal operation DC line, in order to achieve the purpose of the stability of the 

interconnected system; when the faulty DC is recovery, the APM control module exits 

immediately, and only DFDM continue to run, which will be out of operation until the 

system frequency fluctuation is lower than the limit dead band; the APM control module is 

shielded and only the DFDM module is used for modulation when the sending-end or the 

receiving-end power grid is disturbed so as to ensure the frequency stability of the sending-

end and the receiving-end. Detailed control logic flow chart is shown in Fig.4. 

_ max+SKi S i iP P Pλ∆ ∆ > ∆
_ maxSKi iP P∆ > ∆

+SKi S iP P λ∆ ∆ SKi
P∆

_ maxiP∆ _ maxiP∆

f∆ f∆

 
Fig.4. Combinatorial control logic process 

 

6. Simulations 

 

Take the three-HVDC transmission system with three generators as an example to verify 

the effectiveness of the proposed method, and the topology is illustrated in Fig.5. In this 

system, three HVDC lines all adopt standard CIGRE model, rectifier side fixed DC current 

control and inverter side fixed turn-off angle control. The generator model adopts detailed 

six-order model, which both contains excitation and speed regulation system, and all of 

them do not have a power system stabilizer.  
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Fig.5. Three HVDC transmission system with three generators 
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The main parameters of the system are shown in Table 1. 

Table 1. Main parameters of the system  

parameters Pdc(MW) Vdc(kV) Inertia time constants(s) Rrated capacity(MVA) 

value 1000 500 H1=H2=H3=6.5 G1=G3=700, G2=512 

The parameters of the combination controller are set mainly according to the engineering 

experience. After repeated testing, the final controller parameter tuning results is shown in 

Table 2. 

Table 2. Parameters of combination controller  

ADM parameters TPd TPw εP A=B=C=D KP 

value 0.1 0.1 0.1 1 1 

DFDM parameters Tf Tfw Kf   

value 0.03 0.1 40   

For the three-infeed HVDC system is shown in Fig.5, the MIIF is calculated according to 

the formula (7). The calculation results are shown in Table 3. 

Table 3. Interaction factor matrix of DC/DC 

Observed converter  

station 

1% change convertor station 

HVDC1 HVDC2 HVDC3 

HVDC1 1 0.831 0.793 

HVDC2 0.975 1 0.911 

HVDC3 0.816 0.793 1 

The MESCR calculation results: HVDC1 is 3.56, HVDC2 is 3.78 and HVDC3 is 4.67. 

Finally, the MPSF is calculated according to formula (10), as shown in Table 4. 

Table 4. DC power support factors  

 Supported  

    DC 

DC used to support 

HVDC1 HVDC2 HVDC3 

HVDC1 -- 3.14 3.70 

HVDC2 3.47 -- 4.25 

HVDC3 2.90 2.997 -- 

From table 4, it can be seen that if HVDC1 faults, the power support effect of the 

HVDC2 is better than the HVDC3; if HVDC2 faults, the power support effect of the 

HVDC1 is better than the HVDC3; If HVDC3 faults, the power support effect of the 

HVDC2 is better than the HVDC1.  

The following two common grid faults are simulated to verify the effectiveness of the 

proposed method. 

 

6.1 HVDC1 is out of operation due to a fault at 3 s, fault clearance at 5 s and recovery 

operation 

 
Fig.6. BUS 6 frequency change curve in case1 

    Through simulation, we can get the frequency curve and the voltage curve of BUS 6, as 

shown in Figs.6 and 7. The power angle variation curve of three generators is shown in 

Fig.8. In all the figures below, No indicates no DC modulation; S-DC indicates single DC 

modulation; M-DC indicates multiple DC co-modulations, but only APM functions; M-
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DC-C indicates multiple DC co-modulation, and APM and DFDM work together during 

fault, and only DFDM works after the fault is cleared. 

As can be observed in the comparison of frequency change curves in Fig.6, when 

HVDC1 fault, if the DC emergency control is not used, the BUS frequency will drop to 

47.5 Hz, causing the grid frequency to lose stability. When DC emergency control is 

adopted, either single DC modulation or multiple DC modulation can keep the frequency of 

the power grid stable. From the curve of BUS frequency, it can be clearly seen that using 

multiple DC modulations, the modulation effect is obviously better than that of adopting 

single DC modulation; among them, multiple DC auxiliary power/frequency control is the 

optimal, which is better than only multiple DC auxiliary power control. The reason is 

perhaps that the frequency of the grid can be reflected in real time due to the addition of the 

frequency modulation signal in the combinational control. Therefore, the steady state grid 

frequency closest to 50 Hz. However, when only auxiliary power control is supposed to be 

adopted, there is less adjustment error in the grid frequency when the grid is in steady state. 

 
Fig.7. BUS6 voltage change curve in case1 

 

  As can be seen from the Fig.7, the BUS voltage level is very low during the period of the 

fault when only use single DC modulation, resulting in voltage instability. When DC 

modulation is used, the BUS voltage is slightly lower than the BUS voltage without DC 

modulation. This is due to the reactive power increase of DC caused by the active power 

increase of DC. There is no significant differences in voltage levels between M-DC control 

and M-DC-C control. 

 

 
Fig.8. Generator power angle change curve in case1 
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As can be observed in Fig.8, the effect of multiple DC combination control is also 

optimal. 

In summary, it can be seen from the BUS frequency changes. BUS voltage changes and 

generator power angle changes that the effect of using multiple DC combination control is 

optimal for the tie-line faults, proving the effectiveness of the proposed method. 

In the following, through the simulation of the fault in the region, the validity of the 

proposed method in this paper is further verified. 

 

6.2 One feeder branch in the BUS 1 is removed due to a fault, and 862 MW load is lost  

    The frequency curve and the voltage curve of BUS 6, as shown in Figs. 9 and 10. The 

power angle variation curve of three generators is illustrated in Fig.11. In all the figures 

below, No, S-DC, and M-DC have the meaning assigned above, but only the DFDM 

controller work because of an intra-area fault. 

 
Fig.9. BUS6 frequency change curve in case2 

 

As can be seen from the comparison of frequency change curves in Fig.9, after a large 

amount of load is lost due to an internal fault in the area, if there is no DC emergency 

control, the grid frequency will increase to 53.5Hz, causing the grid frequency to lose 

stability. When multi-DC modulation is adopted, the frequency error of the grid is slightly 

higher than that of the single DC modulation, but the grid frequency under both control is 

within the stable range. 

 
Fig.10. BUS6 voltage change curve in case2 

As can be seen from the BUS voltage curve in Fig.10 that when multiple DC 

modulations are used, the BUS level is better than single DC modulation. It can be 

explained from the side that the use of multiple DC modulation makes the power flow 

distribution more reasonable. 

    It can be observed in the curve of the power angle changes in Fig.11 that the power angle 

of the G1 and G3 can be kept stable with DC modulation. For power angle of the G2, when 

there is no additional control, power angle oscillation amplitude of G2 gradually increases 

and loses stability. When there is additional control, the amplitude of the oscillation does 

not increase, so it can remain relatively stable. 

Especially for the generator 2, if there is no DC modulation, the power angle of the 

generator 2 will continue to fluctuate and drop, which will cause the power angle to lose 

stability. However, compared with single DC modulation and multi-DC modulation, there 

is no obvious difference in the power angle. 
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In summary, through the BUS frequency changes, BUS voltage changes and power angle 

changes can be observed that multiple DC modulation can make the power flow 

distribution more equitable, the BUS voltage is higher, the power angle changes more 

smoothly. Therefore, the integrated control effect of multiple DC modulations is also the 

best, which proves the effectiveness of the proposed method. 

 
Fig.11. Generator power angle change curve in case2 

     

6.3 Comparison with existing methods 

 

In order to further prove the effectiveness of the proposed method, a simulation 

comparison is made with the existing method [28], in which a DC amplitude stepped 

incremental emergency power support based on dynamic estimation of unbalanced power is 

proposed.  

Set HVDC2 to fail at 3 s, 5 s to be cleared, and the system resumes normal operation. 

The frequency and voltage of BUS 6 and the power angles of generators G1, G2 and G3 are 

still used as observation targets. The simulation results are shown in Figs 12, 13 and 14. 

     
Fig.12. BUS 6 frequency change curve 
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Fig.13. BUS6 voltage change curve 

 

 
Fig.14. Generator power angle change curve 

 

    It should be noted that in Fig.13, the bus voltage level is low by adopting the method 

proposed in this paper, which is caused by the increase of reactive power consumption due 

to the increase of DC active power, the lowest point of voltage is higher than that without 

additional control. Through comprehensive comparison, it can be concluded that the control 

method proposed in this paper can better maintain the voltage, frequency stability and 

generator power angle stability of the grid bus when the grid is disturbed. Compared with 

the reference [28], since the proposed method does not require an extended state observer to 

estimate the system unbalanced power, the controller structure is simplified. 

 

7. Conclusion 

 

In this paper, aiming at multi-infeed HVDC transmission system, a coordinated 

optimization strategy of DC auxiliary power/frequency combination control is proposed. 

According to the tie-line fault and the regional internal fault, the combined controller is 

coordinated and optimized by MESCR-PC and MPSF-PC respectively. The effectiveness 

of the proposed method is verified by simulation. The main conclusions are: 

(1) For power grid disturbance, the effect of multiple DC combined modulation is better 

than that of a single DC, which can make the distribution of power flow more reasonable 

and avoid the potential power overrun danger caused by large-scale power flow transfer. 

(2) For the tie-line fault, the control effect under combined power/frequency modulation 

is better than that of a single power modulation. Because the combined controller has a 
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frequency modulated signal, the steady state frequency error is small when the power 

system is stable. 

(3) The combined controller strategy designed in this paper can automatically switch 

according to the faulty condition of the power grid, so it can achieve the relative optimal 

control and improve the adaptability to power grid disturbance. 
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