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Abstract: This paper studies the coordination control of active and reactive power of the voltage
source converter-high voltage direct current transmission (VSC-HVDC) grid side converter. Firstly,
the high-order VSC-HVDC converter system is decomposed into three subsystems by using the
backstepping control method, and the control laws are designed for each subsystem to realize the
control of VSC-HVDC converter systems. Secondly, the dynamic surface control method is used to
deal with the problem of “explosion of complexity” in the traditional backstepping control method.
Finally, the simulation results demonstrate that the VSC-HVDC converter systems can provide a
certain capacity of reactive power compensation under the proposed method in this paper. In addition,
the control method proposed in this paper does not require the information of the second derivative
of active power and reactive power.
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1. Introduction

The offshore wind power generation has developed rapidly with the advantages of low cost
and environmental protection [1–4]. At the same time, the scale of offshore wind farms which are
far from land was increasing. At present, the technology of wind power generation is relatively
mature. However, the offshore power needs to be delivered to land before it can be used. Thus,
the long distance transmission technology of electricity is the key technology to promote the further
development of the offshore wind farms.

The insulated gate bipolar transistors (IGBT) has the advantages of large safe working area, current
shock resistance, and high switching speed [5–9]. Therefore, the voltage source converter-high voltage
direct current transmission (VSC-HVDC) based on IGBT switch technology [10–13] has been widely
used in the offshore wind power grid connected technology. However, the VSC-HVDC converter
system is a high-order system. In recent years, scholars have applied sliding mode control [14–18],
backstepping control [19–23], and some other control methods [24–30] to the study of electric power
systems and high-order systems. The proportional-integral (PI) double closed-loop control method
has been studied in [31,32], and Ref. [31] realized the decoupling control of active power and reactive
power. However, the conventional PI regulator based on linear system theory can not guarantee the
good dynamic performance of the control systems. In [33,34], the robust control method is introduced
to the control of HVDC, which can suppress the control error caused by inaccurate parameters and
disturbance to some extent. Fuzzy control technology is introduced in [35,36], but the calculation of
the control method is large and the calculation process is complex. In [37], the backstepping control
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method is applied to solve the complex problem of controller design in higher-order systems, and it is
proved that the controller designed by the backstepping method can improve the transient stability
of the systems. The control methods of fixed active power and reactive power are applied to the
control of VSC transmission systems in [38], which gives good control effect. In practical power grid
engineering, a great number of the large capacity power grid systems use LCL filters instead of pure
inductance filter to improve the quality of power grid connection. In [39], the designed method of filter
parameters is studied, and the design process of LCL filters is given by the research results. However,
LCL filters exist the resonance peak, which may lead the control system to fail to maintain stability.
Considering the existence of the resonance peak in LCL filters, an active damping control method is
proposed in [40,41] to overcome the problem caused by the resonance peak.

As one of the most effective approaches to control the high-order systems, the backstepping
control method is applied to the power control of VSC-HVDC converter systems in [22], where the
high-order system is handled by the backstepping control method. Compared with the traditional
double closed loop vector control method, the convergence speed of VSC-HVDC converter systems
is faster under the backstepping control method [22]. However, there are two main shortcomings
in the traditional backstepping control method. One is the problem of “explosion of complexity”
existing in the traditional backstepping control method, which is caused by the repeated derivation
of virtual control function.The problem of “explosion of complexity” greatly increases the amount
of calculation in the process of the backstepping controller design. Nevertheless, how to solve the
problem of “explosion of complexity” was not considered in [19,22]. It is of practical significance to try
to solve the problem above. According to [22], it can be seen that the traditional backstepping control
can not achieve the coordination control of active and reactive power of VSC-HVDC converter systems
without the second derivative information of expected active and reactive power. How to overcome
the above two shortcomings and realize the coordinated control of active power and reactive power of
VSC-HVDC converter systems is a challenging problem.

Taking the above analysis as motivation, a dynamic surface control method via backstepping
control for voltage source converter-high voltage direct current transmission converter systems is
proposed in this paper. Compared with the method of series damping resistance of filter capacitor
branch [42,43], the control method in this paper can avoid the additional loss of damping resistance
effectively. Considering the control method in [44], the control method in our work does not require
to measure the current value of the filter capacitor, thereby reducing the number of sensors used.
From another perspective, in our work, the backstepping control method is utilized to decompose the
high-order VSC-HVDC converter systems into three second-order subsystems, and the control laws
are designed for each subsystem to realize the coordinated control of active and reactive power of the
overall system. Moreover, the dynamic surface control method [26] is used to overcome the two main
shortcomings in the traditional backstepping control method. Compared with the traditional control
method, the control strategy proposed in our work mainly has the following novelties and advantages:

(1) In this paper, at each step of the backstepping, the dynamic surface control method is
introduced to solve the problem of “explosion of complexity” in [22], which can greatly improve
the efficiency of the power regulation.

(2) Different from the traditional backstepping control method, the method proposed in this paper
can achieve the power coordination control of VSC-HVDC converter systems without the information
of the second derivative of active power and reactive power.

Simulation results illustrate the validity of the proposed design scheme.

2. Mathematical Model and Preliminaries

The structure of VSC-HVDC transmission systems is shown in Figure 1. The VSC-HVDC
transmission system includes transformer, converter station, alternating current (AC) network, etc.
Network 1 and Network 2 are independent AC power grid systems. Network 1 is the offshore wind
farm side, and Network 2 is the grid side. This paper takes VSC-HVDC grid side converter as the
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research object to study. The power loop is regulated by the PI control method and the current loop is
controlled by dynamic surface control method via backstepping.

Consider the mathematical model of grid side converter in the VSC-HVDC system [22] as follows:

L2
di2d
dt = Esd − R2i2d − ucd + ωL2i2q

L2
di2q
dt = −R2i2q − ucq −ωL2i2d

C2
ducd

dt = (i2d − i1d) + ωC2ucq

C2
ducq

dt = (i2q − i1q) + ωC2ucd

L1
di1d
dt = ucd − R1i1d − ud + ωL1i1q

L1
di1q
dt = ucq − R1i1q − uq + ωL1i1d

(1)

where ucd and ucq are the d–q axis components of the three phase filter capacitor voltage, ud
and uq are the d–q axis components of the AC side voltage of the converter, i1d and i1q are the
d–q axis components of the current on AC side of converter, i2d and i2q are d–q axis components
of three phase current on the grid side, ω is the angular frequency of the grid, C2 is the filter
capacitor, L1 and L2 are the filter reactance, R1 is the equivalent resistance of the DC side capacitor,
R2 is the equivalent resistance of the filter capacitor, and Esd is the d-axis component of the grid voltage.
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Figure 1. The structure of the VSC-HVDC transmission system.

Redefine the following variables: x1 = i2d, x2 = i2q, x3 = ucd, x4 = ucq, x5 = i1d, x6 = i1q,
b2 = R2/L2, b1 = R1/L1, T1 = Esd/L2. Based on the above definition, the mathematical model of
VSC-HVDC grid side converter can be transformed into

ẋ1 = −b2x1 − x2/L2 + ωx2 + T1

ẋ2 = −b2x2 − x4/L2 −ωx1

ẋ3 = (x1 − x5) /C2 + ωx4

ẋ4 = (x2 − x6) /C2 + ωx3

ẋ5 = −b1x5 + x3/L1 + ωx6 − ud/L1

ẋ6 = −b1x6 + x4/L1 + ωx5 − uq/L1.

(2)

Remark 1. Both station 1 and station 2 in Figure 1 adopt the voltage source converter; that is to say, the structure
of VSC-HVDC system is symmetrical. Therefore, this paper takes the grid side converter as the research object.



Electronics 2020, 9, 333 4 of 16

3. Dynamic Surface Backstepping Controller Design

Define the following error variables:{
z1 = x1 − x1d, z2 = x2 − x2d, z3 = x3 − α3d,
z4 = x4 − α4d, z5 = x5 − α5d, z6 = x6 − α6d,

(3)

where x1d is the expected signal of x1, and x2d is the expected signal of x2. The working principle
of the dynamic surface filter is shown in Figure 2. αid (i = 3, 4, 5, 6) is the output of dynamic surface
filters. The purpose of introducing dynamic surface filter is to generate variable αid and α̇id. |αid − αi|
is a sufficiently small value.

Remark 2. The dynamic surface filter (DSF) is a first-order low-pass filter. The structure of the DSF is given
in Equation (6) and Equation (11). Compared with the control method in [22], the DSF is introduced to solve
the two main shortcomings in backstepping. One is the problem of “explosion of complexity”, which exists in
backstepping, and another is that the traditional backstepping control method requires the information of high
order derivative of the expected signal.

i
a

id
a
id

a 1

s

id
a

id
a

Figure 2. The principle diagram of the dynamic surface filter.

Step 1: Choose V1 = 1
2 z2

1 +
1
2 z2

2 as the Lyapunov function of the first subsystem. Then,

V̇1 = z1ż1+z2ż2=z1(ẋ1 − ẋ1d)+z2(ẋ2 − ẋ2d)

= z1(−b2x1 − α3d−α3
L2
− z3

L2
− α3

L2
+ ωx2 + T1 − ẋ1d) + z2(−b2x2 − α4d−α4

L2
− z4

L2
− α4

L2

+ωx1 − ẋ2d).
(4)

In this paper, the d-axis component of the grid voltage has a bound; therefore, T1 is a bounded
value and satisfies |T1| ≤ d. It can be obtained from the Young’s inequality:

z1T1 ≤
1

2ε2
1

z2
1 +

1
2

ε2
1d2. (5)

Then, the new variables α3d and α4d are introduced. Let α3 and α4 pass through the dynamic
surface filter with the time constant ε3 and ε4, respectively; the output signals of the dynamic surface
filter are α3d and α4d:

εiα̇id + αid = αi, αid(0) = αi(0), (i = 3, 4). (6)

Substituting Inequality (5) into Equation (4), the following inequality can be obtained:

V̇1 ≤ z1(−b2x1 − α3d−α3
L2
− z3

L2
− α3

L2
+ ωx2 − ẋ1d +

1
2ε2

1
z1) + z2(−b2x2 − α4d−α4

L2
− z4

L2
− α4

L2

+ ωx1 − ẋ2d) +
1
2 ε2

1d2.
(7)

The virtual control laws of the first subsystem are selected as{
α3=L2(k1z1 − b2x1+ωx2 − ẋ1d)

α4=L2(k2z2 − b2x2 −ωx1 − ẋ2d)
(8)
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where k1 = k̄ + 1
2ε2

1
, k̄ > 0 and k2 > 0. Substituting Equation (8) into Inequality (7) results in

V̇1 ≤ −k1z2
1 − k2z2

2 −
z1(α3d−α3)

L2
− z2(α4d−α4)

L2
− z1z3

L2
− z2z4

L2
+ 1

2 ε2
1d2. (9)

Step 2: For the second subsystem, choose the Lyapunov function candidate as V2 = V1 +
1
2 z2

3 +
1
2 z2

4. Taking the derivative of V2 yields

V̇2 = V̇1 + z3ż3+z4ż4

= V̇1 + z3(
x1
C2
− x5

C2
+ ωx4 − α̇3d)+z4(

x2
C2
− x6

C2
−ωx3 − α̇4d).

(10)

Then, the new variables α5d and α6d are introduced. Let α5 and α6 pass through the dynamic
surface filter with the time constant ε5 and ε6, respectively, the output signals of the dynamic surface
filter are α5d and α6d:

εiα̇id + αid = αi, αid(0) = αi(0), (i = 5, 6). (11)

Substituting Equation (6) into Equation (10) results in

V̇2=V̇1 + z3(
x2
C2
− z1

L2
− α5d−α5

C2
− z5

C2
− α5

C2
+ ωx4 +

α3d−α3
ε3

) + z4(
x1
C2
− z2

L2
− z6

C2

− α6d−α6
C2
− α6

C2
−ωx3 +

α4d−α4
ε4

).
(12)

The virtual control laws of the second subsystem are selected as{
α5=C2(k3z3 +

x1
C2
− z1

L2
+ωx4)

α6=C2(k4z4 +
x2
C2
− z2

L2
−ωx3)

(13)

where k3 > 0 and k4 > 0. Substituting Equation (13) into Equation (12) gives

V̇2 ≤ −k1z2
1 − k2z2

2 − k3z2
3 − k4z2

4 −
z1(α3d−α3)

L2
− z2(α4d−α4)

L2
− z3(α5d−α5)

C2
− z4(α6d−α6)

C2

+ z3(α3d−α3)
ε3

+ z4(α4d−α4)
ε4

− z3z5
C2
− z4z6

C2
+ 1

2 ε2
1d2.

(14)

Step 3: Choose V3 = V2 +
1
2 z2

5 +
1
2 z2

6 as the Lyapunov function of the third subsystem. Taking the
derivative of V3 yields

V̇3 = V̇2 + z5ż5+z6ż6

=
4
∑

i=1
−kiz2

i −
z1(α3d−α3)

L2
− z4(α6d−α6)

C2
− z2(α4d−α4)

L2
− z3(α5d−α5)

C2
+ 1

2 ε2
1d2

+ z3(α3d−α3)
ε3

+ z4(α4d−α4)
ε4

+ z5(−b1x5 + x3/L1 + ωx6 − ud/L1 +
α5d−α5

ε5
)

+z6(−b1x6 + x4/L1 + ωx5 − uq/L1 +
α6d−α6

ε6
)− z3z5

C2
− z4z6

C2
.

(15)

The actual control laws of the first subsystem are selected as{
ud=L1(k5z5 − b1x5 +

x3
L1
+ωx6 − z3

C2
)

uq=L1(k6z6 − b1x6 +
x4
L1
−ωx5 − z4

C2
),

(16)

where k5 > 0 and k6 > 0. The stability proof part is given in Appendix A.
The structure of the controller in our work is given by Equation (16). Compared with the controller

designed by the traditional backstepping control method, the structure of the controller under the
dynamic surface backstepping control method is simpler. The controller designed by the traditional
backstepping control method [22] is shown as follows:
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ud=− k5z5 + ωx6 + x3/L1 − b1x5 + z3/C2 − C2(−k3z3 − L2(−k1(ẍ1re f − (−b2 ẋ1

− ẋ2/L2 + ωẋ2 + Ṫ1))− ẍ1re f − b2(Ṫ1 − b2 ẋ1 − ẋ2/L2 + ωẋ2) + ω(−b2 ẋ2

− ẋ4/L2 −ωẋ1) + T̈1) + ωx4 + (ẋ1re f − (−b2x1 − x2/L2 + ωx2 + T1))/L2)

+ b2x1 + x2/L2 −ωx2 − T1,
uq=− k6z6 −ωx5 + x4/L1 − b1x6 + z4/C2 − C2(−k4(L2(−k2ż2 − ẍ2re f −ωẋ1

− b2 ẋ2)− 1
C2
(x1 − x5) + ωx3) + ẋ2 − L2(−k2(ẍ2re f +

db2x2
dt + dωx1

dt
+ dx4/L2

dt )− ẍ2re f + b2
db2x2

dt + b2
dx4/L2

dt + b2
dωx1

dt −ωẍ1)

−ωẋ3 + ż2/L2).

(17)

Remark 3. By comparing Equation (17) with Equation (16), it should be emphasized that the structure of the
controller designed in our work is simpler than that under the backstepping method. Additionally, compared
with [22], the controller designed in this paper does not require the information of the second derivative of active
and reactive power, which makes the control method in our work more suitable for practical application.

In this paper, the active power and the reactive power are taken as the control object, and the
principle of the control system of the grid side converter is shown in Figure 3. Compared with the
control method proposed in [44], the control method in this paper does not need to measure the current
value of the filter capacitor, which effectively improves the calculated efficiency of the control systems.
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Figure 3. The control structure diagram in this paper.

Remark 4. The output of dynamic surface filter can approximate the derivative of virtual control function. Thus,
the problem of “explosion of complexity” caused by repeated derivation of virtual control law in backstepping
control is solved. The problem of “explosion of complexity” in [22] is described in Equation (17).

4. Simulation Analysis

In this part, the simulation model of the VSC-HVDC converter systems is built in the MATLAB
environment, and the control system is implemented in the continuous-time domain to verify the
feasibility and validity of the proposed control method in our work. The designed system capacity is
20 MVA, and adopts the space vector PWM modulation mode. Then, the parameters are standardized.
The values of controller parameters and system model parameters are given in Table 1.

Table 1. Parameter values and simulation model settings.

Systems Parameter Value Controller Parameter Value

L1 6 mH k1 8850
C2 10 uF k2 3600
L2 1.7 mH k3 555
R1 0.25 Ω k4 7100
R2 0.25 Ω k5 59,000
E 35 kV k6 80,000
ε3 0.066 ε4 0.00088
ε5 0.08333 ε6 0.00191



Electronics 2020, 9, 333 7 of 16

The parameters of PI regulation are selected as: Kp1 = Kp2 = 900, Ki1 = Ki2 = 1000. Choose the
following expected signals as active and reactive power set points:{

Pr = 0.6 p.u.,
Qr = 0.5 p.u.

Figure 4 shows the response curve of active power under the control method in this paper, where
Pr is the given value of active power, and P2 is the active power of the VSC-HVDC converter system
under the control method in this paper. Figure 4 shows that the controller designed in this paper can
realize fast and accurate regulation of active power. Similarly, Figure 5 presents the response curve of
reactive power. The simulation results show that the dynamic surface backstepping control method
can regulate the active and reactive power rapidly and precisely. Note that Figure 6 shows the power
regulation error curve of the VSC-HVDC converter systems under the control method presented in this
paper. The simulation results show that the power regulation error converges to a small neighborhood
around the origin at 0.004 s. Compared with the double closed-loop vector control method in [45],
the PI regulator of current loop is not needed in our work, which ensures that the control method in
this paper has a good dynamic response.

Remark 5. From Figures 4 and 5, it can be observed that the control method proposed in this paper can
achieve fast and accurate regulation of power compared with the control method proposed in [22]. Moreover,
the VSC-HVDC converter systems can provide a certain reactive power while providing active power under the
proposed method in our work.

Figures 7 and 8 show the active power and reactive power curves under the traditional
backstepping control method, where P1 and Q1 are response curves of active power and reactive
power. Figure 9 shows the power regulation error curve of the VSC-HVDC converter system under the
control method in [22]. As can be seen from Figures 4–9, the convergence speed of power regulation
error is faster under the dynamic surface control method via backstepping. The above results are
mainly due to the introduction of dynamic surface control method in our work, which can solve the
problem of “explosion of complexity” in the traditional backstepping control, so that the convergence
speed of the power regulation error is faster. In the process of simulation, it is difficult to adjust the
controller parameters under the PI control method [30]. Compared with the PI control method, one
of the advantages in our work is that the parameter adjustment of the controller is simple, and the
regulation of parameter adjustment is shown in Appendix A.

Figures 10 and 11 are the tracking curves of x1 and x2 in the control of current loop. The simulation
results show that x1 and x2 can track the desired signal quickly and accurately. It can be seen from
Figure 12 that the control errors of x1 and x2 converge to a small neighborhood around the origin at
0.004 s. Compared with the control method in [44], the control method in our work does not need to
measure the current of the filter capacitor, thus reducing the calculation of the controller. Therefore,
the simulation results show that x1 and x2 can track the expected singal quickly.
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 Figure 4. P2 and Pr in this paper.

 Figure 5. Q2 and Qr in this paper.

 Figure 6. Tracking error of P2 and Q2 in this paper.
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 Figure 7. P1 and Pr under method in [22].

Figure 8. Q1 and Qr under method in [22].

Figure 9. Tracking error of P1 and Q1 under method in [22].
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 Figure 10. x1 and x1d under the method proposed in this paper.

 Figure 11. x2 and x2d under the method proposed in this paper.

 Figure 12. Tracking error waveform of x1 and x2 in this paper.
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Verify that the proposed control method in this paper is still valid when the second derivative
of active and reactive power does not exist. Then, reselect the following expected signals as the
active and reactive power set points, where the second derivative information of the set point cannot
be calculated: {

Pr = 0.2 sin(10 ∗ t4/3) + 0.53 p.u.,
Qr = 0.2 sin(10 ∗ t4/3) + 0.26 p.u.

Note that Figure 13 shows the active power curve under the dynamic surface control method via
backstepping. Figure 14 shows the active power curve in this paper and Figure 15 shows the power
error curve of VSC-HVDC converter systems in this paper.
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Figure 13. P2 and Pr in this paper.
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Figure 14. Q2 and Qr in this paper.



Electronics 2020, 9, 333 12 of 16

0 0.5 1 1.5 2

 Time(sec)

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Regulation error of   P
2
 in this paper

Regulation error of  Q
2
 in this paper

0 0.01

0

0.2

0.4

0.5 1 1.5

-0.5

0

0.5

Figure 15. Tracking error of P2 and Q2 in this paper.

Remark 6. According to Equation (17), the information of the second derivative of active power and reactive
power is needed under the traditional backstepping control method. Figures 13–15 note that the proposed method
in this paper is still effective without the information of the second derivative of active power and reactive power.
Therefore, the method proposed in this paper has a wider range of applications.

5. Conclusions

In this paper, a dynamic surface control method via backstepping control is proposed to solve the
problem of coordinated control of active power and reactive power for VSC-HVDC converter systems.
In the proposed approach, the backstepping control method is introduced to handle the high-order
VSC-HVDC converter systems. The dynamic surface control method can overcome the two main
shortcomings of traditional backstepping control method. Furthermore, the proposed method can also
guarantee that the power regulation error converges into a small neighborhood around the origin and
that the VSC-HVDC system can provide a certain capacity of reactive power. The simulation results
show that the dynamic response in this paper is obviously better than that in [22]. Future research will
focus on how to deal with the influence of dynamic surface filter error.
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Appendix A. Stability Proof

Substituting Equation (16) into Equation (15) results in

V̇3 ≤
6
∑

i=1
−kiz2

i −
z1(α3d−α3)

L2
− z2(α4d−α4)

L2
− z3(α5d−α5)

C2
− z4(α6d−α6)

C2
+ z3(α3d−α3)

ε3

+ z4(α4d−α4)
ε4

+ z5(α5d−α5)
ε5

+ z6(α6d−α6)
ε6

+ 1
2 ε2

1d2.
(A1)

Define the errors of dynamic surface filter as

yi = αid − αi, (i = 3, 4, 5, 6). (A2)

Then, from Equation (A2), the following equations can be obtained:

ẏi = −
αid − αi

εi
− α̇i=−

yi
εi

+ Di, (i = 3, 4, 5, 6), (A3)

where D3 = −α̇3, D4 = −α̇4, D5 = −α̇5,D6 = −α̇6.
By [25], |Di| has a maximum value DiM on compact |Ωi| (i = 3, 4, 5, 6). Therefore, |Di| ≤ DiM. It

can be obtained from Young’s inequality

yi ẏi ≤ −y2
i /εi + |DiM| |yi| ≤ −y2

i /εi +
1

2τ D2
iMy2

i +
τ
2 , (A4)

where τ > 0 and i = 3, 4, 5, 6. By Young’s inequality, the following inequalities can be obtained:{ −y3z1
L2
≤ y2

3/4L2 + z2
1/L2, −y4z2

L2
≤ y2

4/4L2 + z2
2/L2, −y5z3

C2
≤ y2

5/4C2 + z2
3/C2,

−y6z4
C2
≤ y2

6/4C2 + z2
4/C2, yizi

εi
≤ y2

i /4εi + z2
i /εi,

(A5)

where i = 3, 4, 5, 6. In order to prove the stability of the control system, choose the Lyapunov function
as V = V3 +

1
2 y2

3 +
1
2 y2

4 +
1
2 y2

5 +
1
2 y2

6, then

V̇ ≤
6
∑

i=1
−kiz2

i −
z1
L2

y3 − z2
L2

y4 − z3
C2

y5 − z4
C2

y6 +
6
∑

i=3

zi
εi

yi +
6
∑

i=3
yi ẏi +

1
2 ε2

1d2. (A6)

Substituting Inequalities (A4) and (A5) into Inequality (A6) results in

V̇ ≤
6
∑

i=1
−kiz2

i +
y2

3
4L2

+
z2

1
L2

+
y2

4
4L2

+
z2

2
4L2

+
y2

5
4C2

+
z2

3
C2

+
y2

6
4C2

+
z2

4
C2

+
y2

3
4ε3

+
z2

3
ε3
+

y2
4

4ε4
+

z2
4

ε4

+
y2

5
4ε5

+
z2

5
ε5
+

y2
6

4ε6
+

z2
6

ε6
− y2

3
ε3

+ 1
2τ D2

3My2
3 +

τ
2 −

y2
4

ε4
+ 1

2τ D2
4My2

4 −
y2

5
ε5

+ 1
2τ D2

5My2
5

+ τ
2 −

y2
6

ε6
+ 1

2τ D2
6My2

6 +
τ
2 + τ

2 + 1
2 ε2

1d2

≤ −aV + b

(A7)

where a = min{2(k1 − 1
L2
), 2(k2 − 1

L2
), 2(k3 − 1

C2
− 1

ε3
), 2(k4 − 1

C2
− 1

ε4
), 2(k5 − 1

ε5
), 2(k6 − 1

ε6
), 2( 3

4ε3
−

1
4C2
− 1

2τ D2
3M), 2( 3

4ε4
− 1

4L2
− 1

2τ D2
4M), 2( 3

4ε5
− 1

4C2
− 1

2τ D2
5M), 2( 3

4ε6
− 1

4C2
− 1

2τ D2
6M)}, b = 2τ + 1

2 ε2
1d2.

(A7) indicates that

V (t) ≤ (V (t0)− b
a )e
−a(t−t0) + b

a ≤ V(t0) +
b
a , ∀t ≥ t0. (A8)

From Inequality (A8), it can be concluded that zi(i = 1, 2, 3, 4, 5, 6) are in the compact Ω =

{vi |V ≤ V(t0) +
b
a , ∀t ≥ t0}; it is easy to obtain that lim

t→∞
| zi| ≤

√
2b/a. The control error zi of the

system is small enough when a is large enough by choosing appropriate controller parameters; at the
same time, all signals in the VSC-HVDC converter systems are bounded.
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