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Abstract: A predictable uncertainty bound backstepping variable structure control strategy was proposed to improve the
dynamic performance of the voltage sourced converters based high voltage direct current (VSC–HVDC) under disturbance.
By analyzing the voltage source converter in dq0 synchronous rotating coordinate, the control strategy of the converter
can be derived step by step through traditional backstepping method. To eliminate the effects of disturbance in the actual
operation, a PI link was added to predict the bound of the uncertainties of system, so that each subsystem can meet Lyapunov
asymptotically stable condition under disturbance. Finally, the conditions of VSC–HVDC system for two-phase AC-side
short-circuit fault under the proposed control strategy was simulated in the MATLAB/Simulink environment, and the result
was contrasted with that using the traditional double-loop vector PI control strategy. The simulation results show that the
proposed control strategy can further improve the dynamic performance of VSC–HVDC system, and enhance the robustness
of the system.
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1 ÚÚÚóóó(Introduction)
>Ø.pØ�6Ñ>XÚ(voltage source con-

verter-high voltage direct current, VSC–HVDC), Ó/
¡È�!(�;n!́ u�¬z!��(¹!ØÉÑx

ål���,´)û�ål°þº>¿��Y¥�`
k�Ä�Eâ[1–3]. �±�6ý>Øð½,¢yüà�
6XÚ�õÇDÑ,´VSC–HVDCXÚ���Ì�
8I,·�����Y�Jp>åXÚ½5,�>

�Jø>Ø|±[4–5], VSC���ì�O,´Æâ.'
5�9:.

DÚV4�¥þ>6��(double-loop vector cur-
rent control, DVCC),(�{ü,Ôn¿Â�ß,��
3õÇ)ÍØv!Ä��A�Ýú9êÆ�.�65

r�¯K[6–8],�d,Cc5°�g·A��!�`�
�!<ó�U����«k?���{k�A^�
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Ø�ª�{(LMI)�O
VSC–HVDCXÚ�°�
��ì,XÚÉ6�,�¢�`zLMIÝ
ëê,\¯
XÚÄ��A,��{��ê�p,¢SA^¥¢
yJÝ��.©z[14]$^�"�5znØ,�O

VSC–HVDCXÚ�)Í��ì,Q{z
>6��
�"L§,�Jp
XÚ�Ä�¬�,��"�5z
�YIéXÚëê°(��,éëêÚ�.Cz°�
5ØZ.¯¢þ,XÚ¥�3���5Ï����±
æ^��5���{)û,�d,©z[15]æ^w�C
(�ÚPID�(Ü���üÑ,¦VSC–HVDCXÚk
�p½üÝ,°�5Ð, PID��ì�Ð/³�
C
(��k�Ë�y�,�T��(��5U�ûu
PID��ì��J,EI`zN�PID(�ëê. ©
z[16]JÑ�«È©C(���õÇ��üÑ,¢y

XÚ)Í��,Or
VSC–HVDCXÚ�°�5,
��{��E,.

ép�XÚó,�Ú{(backstepping design)´
�«1�k����ì�O�{,ÏLÅÚ?��{
�OXÚ	½��ì,�OL§{²,´�ó§<

¤�É[17]. ©z[18]æ^�
g·A��Ú{(Ü�
�{�O
p��1ì�p��1��ì,�Uõ�
�XÚ�½5. ©z[19]JÑ
�«Äu�Ú{�
g·Aªàw�C(����{,³�
���6Ä
éXÚ�K�,¿±ÔÅ���XÚ�~?1
�ý
�y.

�éVSC–HVDCXÚ��,(Ü©z[15,20]JÑ
�ÚC(���(backstepping variable structure con-
trol, BVSC)üÑ.3ïáVà>Ø�6Õ�.�Ä
:þ,À�Ü·�Lyapunov¼ê(áVSC–HVDCX
Ú��Ú)Í��üÑ,{z��ì�OL§. A^
C(����{�ØXÚØ(½Ï��K�,¦�Ñ
>XÚ=¦3�6ÄeÑ\ÑÑþU�Ñ¯�O(

��,ïá
MATLAB/Simulink�¸e�XÚ�.,
�ýÁ��y
¤J��üÑ�k�5.

2 VSC–HVDC���ïïï���(Model of VSC–HVDC)
ü>²VàVSC–HVDCXÚ(�Xã1¤«.

ã 1 �6XÚpé�VSC–HVDCXÚ(�
Fig. 1 Block diagram of VSC–HVDC connecting to

AC system

XÚ�)CØì!�6>|ì!ÈÅì!��ì

�; AC1�Õá�6XÚ,��º>|;ÑÑõÇPf�

Qf ,�6ý>ØUdc,>�ýAC2áÂõÇPd, Qd. ü
ýC6ìæ^�Ó(�,y±�àXÚ�~©Û,X
ã2¤«.

ã 2 �6ì(�µã

Fig. 2 Block diagram of converter

dã2���6ýn��©¥þ�§:
diabc

dt
=

1
L

usabc − 1
L

ucabc − R

L
iabc, (1)

²PARKC���



İd = −R

L
Id + ωIq +

Usd − Ucd

L
,

İq = −R

L
Iq − ωId +

Usq − Ucq

L
.

(2)

VSC–HVDC�6ý>´d>NÚ�6�´|¤,
Xã3¤«.

ã 3 �6ý>´(�ã

Fig. 3 Circuit diagram of the DC–side

�6ý>´�§�

C
dUdc1

dt
= Idc1 − IL. (3)

Ï�6ì�Ñ®d��>{L«,�6ý5\�6ì
õÇPc1�u�6ì5\�6ýõÇPdc1,�6ý>
6Idc�deªO�

Idc1 =
Pdc1

Udc1

=
3(Usq1Iq1+Usd1Id1)

2Udc1

. (4)

òª(3)�\ª(4)�
dUdc1

dt
=

3Usq1Iq1

2CUdc1

+
3Usd1Id1

2CUdc1

− IL

C
. (5)

b½üý�6�ä�n�é¡XÚ�½$1,
òÓÚ^=�IX�d¶½�u>�>Ø�m¥
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þUs��þ,=Usd�uUs�Ì���, Usq�u".
nþ, dq0�IeVSC–HVDC�Ä�êÆ�.�





U̇dc =
3UsdId

2CUdc

− IL

C
,

İd = −R

L
Id + ωIq +

Usd − Ucd

L
,

İq = −R

L
Iq − ωId +

Ucq

L
,

(6)

ª¥: Vdc, IL��6ý>Ø!>6; Id, Iq©O��6

ý>6�dq©þ; Vsd, Vsq©O��6ý>Ø�dq©

þ; Vcd, Vcq©O�m'à>Ø�dq©þ.

VàõÇd]�õÇnØ�Ñ[21],k



P1 =
3
2
(Usq1Iq1 + Usd1Id1) =

3
2
Usd1Id1,

Q1 =
3
2
(Usq1Id1 − Usd1Iq1) = −3

2
Usd1Iq1,

(7)




P2 =
3
2
(Usq2Iq2 + Usd2Id2) =

3
2
Usd2Id2,

Q2 =
3
2
(Usq2Id2 − Usd2Iq2) = −3

2
Usd2Iq2.

(8)

3 ������ììì���OOO(Controller design)
�6�´{|Cz¬ÚåVSC–HVDCXÚëê

�Ø(½5. Ï~,�´{|�âXÚá´Nþ�½,
XÚ�$1ó¹¬�{|�CzUC,3ù«�
¹e,Ø(½Ï�´ð½�. 3��ì�O¥XÚ�
Ø(½Ï�3�§¥dF2, F3, F4, F5L«,�L�6
ýXÚ{|ëêduXÚá´�æ!íÿ�¸�Ï

�Úå�Cz.

�Ú{��[22–23]´�«ÄuLyapunov½nØ
nÜ�Ä��Æ�XÚg·A5����{,�ò�
�E,�p�XÚ©¤eZ�fXÚ,�O�fXÚ
�/J[��Æ0,¿$^È©��ª?�J[��
þ,éXÚ?1·�Ö�.XÚ(�C��A�î�
ëê�"XÚ½aq��5XÚ.

C(����A¯�,é	.Z6Ú��é�ë
ê�ÄØ¯a,Ä�5Ú°�5Ð,�¢SXÚ¥,�
.�Ø(½5  ´����,p�êÆ�.���
ì�O�5�½JÝ[24],(Ü�Ú{U{z��ì�
OL§. VSC–HVDCXÚ���üÑ,��â�Ú{
ÅÚ�Ñ,ÏL\\C(����ØØ(½Ï�éX
Ú�K�,UõXÚ�Ä��A5UÚ°�5.

3.1 ���666ýýý������ììì���OOO(Rectifier controller design)
�6ý���8I��6ý>Ø�ÃõõÇ,À

�G�Cþ(x1, x2, x3) = (Udc, Id1, Iq1),��Ñ\
�Ucd1ÚUcq1,�6ýêÆ�.�£ã�





ẋ1 =
ax2

x1

− T,

Lẋ2 = −Rx2 + ωLx3 + Usd − Ucd + F2,

Lẋ3 = −Rx3 − ωLx2 − Ucq + F3,

(9)

ª¥: a = 3Usd/(2C), T = IL/C, F2, F3�XÚdu

{|ëêCÄ�)�Ø(½Ü©.

�â�Ú{�n,Äk�Äx1fXÚ.½Â�l
Ø��z1 = x1d − x1,Kkż1 = ẋ1d − ẋ1,À�Lya-
punov¼êV1 = z1

2/2,k

V̇1 = z1ż1 = z1(ẋ1d + T − a
x2

x1

). (10)

�¦x1fXÚ½,òx2��x1fXÚ�J[Ñ\,
½Â�lØ��z2=β − x2,�\ª(10)��

V̇1 = z1(ẋ1d − aβ

x1

+ T ) +
az1z2

x1

. (11)

À�x2�Ï"Ñ\

β =
x1

a
(T + ẋ1d + k1z1), k1>0. (12)

�UõXÚ�°�5,Ú\w��,½Â��¼ê

σ = mz1 + Lz2, m>0. (13)

�Lyapunov¼êV2 = V1 + 1σ2/2,Kk

V̇2 =−k1z1
2 +

az1z2

x1

+ σ(mż1 + Lż2) =

−k1z1
2 +

az1z2

x1

+ σ
[
m(−k1z1 +

az2

x1

) +

Lβ̇ + Rx2 − ωLx3 − Usd + Ucd − F2

]
.

(14)

�O��ìÑ\

Ucd1 =−m
(−k1z1+

az2

x1

)−Lβ̇−Rx2 + ωLx3+

Usd − F̄2sgn σ − h(σ + nsgn σ), (15)

ª¥F̄2�Ø(½��þ..

�Ä�6ýÃõ��,ª(2)¥Iq���§�

Lẋ3 = −Rx3 − ωLx2 − Ucq + F3. (16)

½Â�lØ�z3 = x3d − x3,À�Lyapunov¼ê
V3 = Lz3

2/2,K

V̇3 = z3(Lẋ3d + Rx3 + ωLx2 + Ucq − F3).

(17)

�O��ìÑ\�

Ucq1
=−Lẋ3d −Rx3 − ωLx2 − F̄3sgn z3 −

k3z3, (18)



1 11Ï du�: >Ø.pØ�6Ñ>XÚ��ÚC(��� 1551

Ù¥k3>0.

duXÚ3É6L§¥�´{|ëêCzØ��,
ÏdÃ{��Ø(½Ï�þ. F̄2 , F̄3�äNê�,ù
pæ^��PI�!5éF̄2, F̄3?1ýÿ,^T��Ø
6ÄéXÚ�K�:




F̄2 = Kp(z1 + z2) + Ki

w
(z1 + z2)dt,

F̄3 = Kpz3 + Ki

w
z3dt.

(19)

3.2 ___CCCýýý������ììì���OOO(Inverter-side controller de-
sign)
�ýÀ�kõÚÃõõÇ���8I,À�G�

Cþ(x4, x5) = (Id2, Iq2),��Ñ\�Vcd2ÚVcq2. �
ì�6ý,æ^�Ú{�O��Ñ\,�ýÓÚ^=
�Ie�êÆ�.�{

Lẋ4 =−Rx4 + ωLx5 + Usd2 − Ucd2 + F4,

Lẋ5 =−Rx5 − ωLx4 − Ucq2 + F5,

(20)

ª¥F4ÚF5�XÚdu{|ëêCÄ�)�Ø(

½Ü©.

½Â�lØ�z4 = x4d − x4, z5 = x5d − x5,�
Lyapunov¼ê�





V4 =
1
2
Lz4

2,

V5 =
1
2
Lz5

2.

(21)

aq/�O��ìÑ\�




Ucd2 =− Lẋ4d −Rx4 + ωLx5 + Usd2−
k4z4 − F̄4sgn z4,

Ucq2 =− Lẋ5d −Rx5 − ωLx4 + Usq2−
k5z5 − F̄5sgn z5,

(22)

Ù¥: k4>0, k5>0.

Ó�,duÃ{��Ø(½Ï�þ.F̄4, F̄5�ä

Nê�,æ^��PI�!ýÿF̄4, F̄5,^T��Ø6Ä
éXÚ�K�:




F̄4 = Kpz4 + Ki

w
z4dt,

F̄5 = Kpz5 + Ki

w
z5dt.

(23)

3.3 ������ììì½½½555©©©ÛÛÛ(Controller stability analy-
sis)
d±þ�Ñ
J[��þª(12)±9�6ý�_

Cý��ì���Ñ\ª(15), (18)Úª(22),e¡é
�OÑ\eXÚ�½5?1©Û.

ò¤À½�J[Cþª(12),�\®À½�Lya-

punov¼êª(10),k

V̇1 = −k1z1
2 +

az1z2

x1

. (24)

w,,�÷v^�z2 =0¦x2¤õ�lβ�,kV̇1

= −k1z1
2 6 0. �âLyapunovnØ, x1fXÚìC

½.

ò¤À½��6ý��Ñ\ª(15),�\®À½
�Lyapunov¼êª(14)k

V̇2 =
az1z2

x1

− k1z1
2 − hσ2 − hn |σ| − F̄2 |σ| −

F2σ 6 −k1z1
2 + z1z2 − hσ2 − hβ |σ| =

−zTQz − hβ |σ| . (25)

�

Q =




k1 + hm2 hmL− 1
2

hmL− 1
2

hL2


 ,

eQ�½,KV̇2 6 zTQz−hβ |σ| 6 0.À�h, k1�m

�,¦|Q| = h(k1L
2 + mL)− 1/4 > 0,Kx1fXÚ

ìC½.

ò¤À½��6ý��Ñ\ª(18),�\®À½
�Lyapunov¼êª(17)k

V̇3 = −k3z3
2 − F3z3 − F̄3 |z3| 6 0, (26)

U�yªf�K,Kx3fXÚìC½.

�±wÑ,duXÚ¥�3Ø(½Ï�Fi(i = 2,

3, 4, 5)�K�,k�U����ì��½. ÏLÚ
\C(�Ö��F̄isgn zi(i = 2, 3, 4, 5),¦XÚ3ë
ê�Ä��ÎU
÷vLyapunovìC½^�,¦X
ÚéZ6äk�½�°�5.

aq��y_Cý½5,ùpØ�Kã. Ïd,
üà�6Õ���(�µãXã4−5¤«.

ã 4 �6ý�6Õ��(�

Fig. 4 Control structure of converter for rectifier side
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ã 5 _Cý�6Õ��(�

Fig. 5 Control structure of converter for inverter side

4 ���ýýýïïïÄÄÄ(Simulation study)
DÚ�5��ì,XDÚV4�¥þ>6��,Ñ

´ÄuXÚëêð½�^�e�O�,XÚëê�Ä
¬���ó¹:�Cz,�ÚC(���üÑ¿
Ø�¦�.ëê°(��,�3�½§Ýþ�ØTa
K�.ÏL�ýïÄ,é'©Û
æ^DVCCÚBVSC
üa��üÑ����J.

�ýÔn�.Xã6¤«. ��[XÚ3ëêu)
CÄ��$1ó¹,b½�6ýÚ_Cý��6�´
©Ou)ü�á´�æ,�æ �3�´1Ú�´2¥
ã,�´�má´>{�2 Ω.

ã 6 �ýÔn�.(�

Fig. 6 Physical model structure of simulation

�ýëê: üà�6ý�½>Ø�10 kV,�6�
´{|�0.00217+j0.00726, 10 km�6�´��{
|�0.1+j0.092,�6ý>N�C1 = C2 =5700 µF,
�½�6ý>Ø�20 kV,�½Nþ�20 MW. (À�Ä
OõÇ20 MVA,ÄO>Ø20 kV),æ^SVPWMN�
�ª.

óóó¹¹¹ 1 t < 0.41 s�,XÚ?u½$1,�t =
0.41 s�,�6�´1u)BC�m²2 Ω{|á´�æ,
Øæ^Ü¹,¿±Y��0.1 s��Ø�æ.

óóó¹¹¹ 2 T < 0.41 s�,XÚ?u�$1,�t =
0.41 s�,�6�´2u)BC�m²2 Ω{|á´�æ
�æ,Øæ^Ü¹,¿±Y��0.1 s��Ø�æ.

ùp¤æ^�ÚC(���ìëê�k1 = 800,

k2 = 1500, k3 = 2000, k4 = 1500, k5 = 1500, h =

11.8, m = 200, n = 4, Kp = 2000, Ki = 500. ë
ê��½,é�§Ýþ�ûu�ýXÚ�$1�J,
�7´�`�,Ï`¯K�'©zk�ã,�©Ø�
?Ø.

ã7−8�Ñ
�ý(J,�-ë��d�[:�
�L.dd��,�ó¹e,DÚV4�¥þ>6�
�ìDVCCUéÐJl�-&Ò,���æu)�,
XÚ�Ä��AØZ.ü«�æó¹e,þÃ{Jl
�-&Ò, ���.�Ò´`,�5��ì=U3�
6Ä�¹e�±XÚ½.

ã 7 ó¹1e�XÚ�A

Fig. 7 System response in case 1
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ã 8 ó¹2e�XÚ�A

Fig. 8 System response in case 2

VSC–HVDCXÚæ^�ÚC(���üÑBVSC
�,3ü«�æó¹e,XÚþUÅÚ�C�-&Ò,
¿3�æ�Ø��á�mSJl�-&Ò�¡E

½$1. �Ò´`, BVSC��ìU3�6Ä�¹e�
±XÚ½,3�½§Ýþ�ÑXÚ$1¥¤���
Ø(½5Ï�,°�5Or,XÚÄ��A²w`u
DÚ�5��ì.

5 (((ØØØ(Conclusions)
VSC–HVDCXÚ´����5!rÍÜXÚ,A

^�Ú�O�{,�òp�XÚ���Ok�ü��
eZ$���fXÚ�O,�OL§{z. ��(�
¥\\�ýÿØ(½Ï�þ.�C(�����Ø

Ø(½Ï�éXÚ�K�,¦�XÚ3��6Äe½
U¯�O(½,�ý(JL²,�DÚ�5��ì
�J�',¤J�ÚC(���üÑ�Ñ
Ø(½Ï
�éVSC–HVDCXÚ$1K�,Jp
XÚ�Ä�
5UÚ°�5.
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