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This paper proposed a command-filtered backstepping controller to improve the dynamic performance of back-to-back voltagesource-converter high voltage direct current (BTB VSC-HVDC). First, the principle and model of BTB VSC-HVDC in 𝑎𝑏𝑐 and
𝑑-𝑞 frame are described. Then, backstepping method is applied to design a controller to maintain the voltage balance and realize
coordinated control of active and reactive power. Meanwhile, command filter is introduced to deal with the problem of input
saturation and explosion of complexity in conventional backstepping, and a filter compensation signal is designed to diminish the
adverse effects caused by the command filter. Next, the stability and convergence of the whole system are proved via the Lyapunov
theorem of asymptotic stability. Finally, simulation results are given to demonstrate that proposed controller has a better dynamic
performance and stronger robustness compared to the traditional PID algorithm, which also proves the effectiveness and possibility
of the designed controller.

1. Introduction
With the rapid development of economy, the demand for
energy is rising [1]. There is a great technological development in the power generation, transmission, distribution,
and other aspects [2]. However, with the development of
power energy, there are a lot of new technical problems
in terms of transmission, such as economic grid-connected
technology of decentralized and small renewable energy
power generation, power supply technology of isolated island
and other passive load, expansion of urban electric load
capacity and reconstruction technology of urban power
grid, remote power supply, and grid connection of nonsynchronous power grid and microgrid. The traditional AC
and DC transmission technology is still unable to effectively
solve the above problems in the technical and economic
benefits [2]. With the development of power electronics and
control technology, the above problems can be solved by
using voltage-source-converter high voltage direct current

(VSC-HVDC) composed of IGBT, IGCT, and other new full
controlled power electronic devices, which can realize the
independent control of active power and reactive power [3].
VSC-HVDC has the following two main advantages, one is
that VSC-HVDC transmission technology supplies power to
the passive load without the commutation voltage of the AC
system, the other one is that VSC-HVDC does not need
AC power grid to provide reactive power to stabilize DC
voltage, which can work as static synchronous compensator
(STATCOM) [2–4]. Moreover, the other advantages are the
following: large transmission capacity, small harmonic of
output voltage, low cost and little loss, and the current of the
AC-side being controlled so that the short-circuit capacity of
the system can not be added [2–5]. Therefore, VSC-HVDC
play a very significant role in the gird-connection of largescale wind farm and the development of new technologies
such as urban power supply and isolated island power supply,
which meet the energy demand of continued rapid growth
and efficient use of energy.
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Nowadays, the back-to-back VSC-HVDC (BTB VSCHVDC) is playing a significant part from the start of HVDC,
which gets extensive attention in the field of interconnection
of synchronous and asynchronous AC system, wind power
networking, and so forth [6]. Power flow control range of BTB
VSC-HVDC is greater than unified power flow controller
(UPFC); meanwhile UPFC is a series structure, so it will
withstand large short-circuit current for series part when
the feeder is fault, while the BTB VSC-HVDC is parallel
structure, which has the higher security. So BTB VSC-HVDC
technology has become a hot research topic in the field of
transmission [7–10].
Recently, there are many relevant researches about BTB
VSC-HVDC [7–12]. In [7], a DC side capacitor voltage
balance control based on space vector modulation (SVM)
is proposed, which is used for five-level BTB VSC-HVDC
to control and maintain the voltage balance of the DC side
capacitors. In [8], a phase-disposition sine-wave pulse-width
modulation (SPWM) strategy including voltage balancing
strategy is applied for modular multilevel BTB VSC-HVDC,
which focuses on the dynamic performance of system under
both balanced and unbalanced operation condition. Reference [9] proposed a model predictive control for BTB VSCHVDC to eliminate the circulating currents of converter arm,
control real and reactive power, and maintain the voltage
balance of DC-link. These methods improve the control performance and have good stability and fast dynamic response.
However, their control scheme has added complexity and
cost to the system, which contributes to the fact that the
design scheme of the controller and the determination of the
parameters are more difficult.
In recent years, the backstepping method, as a design
tool for nonlinear control [13], has received great attention
from scholars, which has become an effective method for
nonlinear control design. The method is designed on the basis
of nonlinear system, which can retain some useful nonlinear
terms. The basic idea of backstepping is to decompose the
complex nonlinear system into several subsystems; then
Lyapunov function and virtual control are designed in each
subsystem. Finally, they go “back to” the entire system
until the completion of the entire control law [13, 14]. The
whole design process and the adjustment of parameter in
backstepping controller are convenient, which is easy to be
accepted by the engineering staff. Backstepping is widely
used in the control system design of VSC-HVDC, which
has obtained some achievements [15–22]. But this kind of
controller has the following two main disadvantages: (1) the
derivative of each virtual controller needs to be analyzed and
calculated, and the calculation process is very complicated,
so it is difficult to be applied in practical engineering; (2)
physical limitations in practical systems are not considered
in the design process of controller, which may cause the
problem of control saturation [14]. Currently, there are many
ways to solve the above problems, such as dynamic surface
control [23, 24] and command filter [25, 26]. Among them,
command filter is a more effective method compared to the
dynamic surface control, because the constraint of amplitude,
rate, and bandwidth are introduced in the filter process of
command filter, which is more convenient to modulate and
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limit the virtual control signal and the actual control signal to
meet the actual control requirements. By adding constraints
on input control signals, the control effect and stability of
the controller can be effectively guaranteed, which increases
the feasibility of the controller in engineering application.
Moreover, filter compensation is introduced in the control,
which can realize the asymptotic tracking of reference signal
rather than bounded tracking in dynamic surface control.
The rest of paper is organized as follows. In Section 2,
the model of BTB VSC-HVDC in 𝑎𝑏𝑐 and 𝑑-𝑞 frame
are described. In Section 3, command-filtered backstepping
control is designed for BTB VSC-HVDC and the stability of
system is proved by Lyapunov stability theory. In Section 4,
simulation results are shown to demonstrate the effectiveness
of the designed controller. Finally, some conclusions are
discussed in Section 5.

2. Model of Back-to-Back VSC-HVDC
Mathematical modeling is the basis of the research on control
strategy, so in this section, the mathematical models of main
circuit of BTB VSC-HVDC in 𝑎𝑏𝑐 and 𝑑-𝑞 reference frame
are described, which lays the foundation for the research
of coordinated control of active and reactive power and the
voltage balance of BTB VSC-HVDC.
2.1. Model of Back-to-Back VSC-HVDC in 𝑎𝑏𝑐 Frame. The
equivalent system model for BTB VSC-HVDC is shown
in Figure 1 [7], which is composed of two VSC converter
stations, DC side capacitor 𝐶 and reactor (𝐿 1 and 𝐿 2 ). Among
them, the DC capacitor provides voltage support for the VSC
and reduces the DC side harmonics, the reactor is used to
filter out the harmonic of output current, and the loss of the
converter and line is represented by equivalent resistances 𝑅1
and 𝑅2 .
The dynamic mathematical model of AC-side voltage in
the 𝑎𝑏𝑐 frame can be expressed as follows [15]:
L𝑘

𝑑i𝑎,𝑏,𝑐
𝑎,𝑏,𝑐
𝑘
+ u𝑎,𝑏,𝑐
= −R𝑘 i𝑎,𝑏,𝑐
𝑘
𝑠𝑘 − u𝑟𝑘 ,
𝑑𝑡

(1)

where 𝑘 = 1 as AC1 and VSC1 system, 𝑘 = 2 as AC2 and VSC2
system, u𝑎,𝑏,𝑐
is the vector of the grid-side phase voltages
𝑠𝑘
𝑎
𝑏
𝑐
, 𝑢𝑠𝑘
, 𝑢𝑠𝑘
), i𝑎,𝑏,𝑐
is the vector of the grid-side currents
(𝑢𝑠𝑘
𝑘
𝑎 𝑏 𝑐
voltages (𝑖𝑠𝑘 , 𝑖𝑠𝑘 , 𝑖𝑠𝑘 ), L𝑘 is the vector of equivalent inductance,
R𝑘 is the vector of equivalent resistance, and u𝑎,𝑏,𝑐
𝑟𝑘 is the vector
of phase voltages in the AC-side of the VSC. Meanwhile, the
active power 𝑃𝑘 and reactive power 𝑄𝑘 can be expressed as
follows [15]:
𝑎 𝑎
𝑏 𝑏
𝑐 𝑐
𝑃𝑘 = 𝑢𝑠𝑘
𝑖𝑘 + 𝑢𝑠𝑘
𝑖𝑘 + 𝑢𝑠𝑘
𝑖𝑘

𝑄𝑘 =

1
(𝑢 𝑖 + 𝑢𝑏𝑐 𝑖𝑎 + 𝑢𝑐𝑎 𝑖𝑏 ) ,
√3 𝑎𝑏 𝑐

(2)

where 𝑢𝑎𝑏 , 𝑢𝑏𝑐 , 𝑢𝑐𝑎 are the grid-side line voltages and 𝑖𝑎 , 𝑖𝑏 , 𝑖𝑐
are the grid-side line currents.
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Figure 1: Equivalent physical model for BTB VSC-HVDC system.

The dynamic changes of DC-bus voltage can be drawn
from Figure 1 as follows:
𝐶

𝑢
𝑑𝑢dc
= 𝑖dc1 + 𝑖dc2 − dc ,
𝑑𝑡
𝑅𝑝

(3)

where 𝑅𝑝 is the total estimation of switching losses of VSC.
2.2. Model of Back-to-Back VSC-HVDC in 𝑑-𝑞 Frame. VSCHVDC is transformed to 𝑑-𝑞 synchronous rotating reference
frame as follows [16]:
VSC-1 converter stations:
𝐿1
𝐿1

𝑑𝑖𝑑1
= 𝜔1 𝐿 1 𝑖𝑞1 − 𝑅1 𝑖𝑑1 + 𝑢𝑟𝑑1 − 𝑢𝑠𝑑1
𝑑𝑡
𝑑𝑖𝑞1
𝑑𝑡

(4)

𝑑𝑖
𝐿 2 𝑑2 = 𝜔2 𝐿 2 𝑖𝑞2 − 𝑅2 𝑖𝑑2 + 𝑢𝑠𝑑2 − 𝑢𝑟𝑑2
𝑑𝑡
𝐿2

𝑑𝑡

𝑃𝑟1 ≈ 𝑃1 =

Then, the 𝑑-axis is located in the direction of the voltage
vector of the AC system by phase-locked loops (PLL);
therefore 𝑢𝑠𝑞1 , 𝑢𝑠𝑞2 are equal to 0, while 𝑢𝑠𝑑1 , 𝑢𝑠𝑑2 are equal
to the magnitude of 𝑢𝑠𝑘 ; therefore, (8) can be calculated as
follows:
3
(9)
𝑃1 = 𝑢𝑠𝑑1 𝑖𝑑1
2
3
𝑃2 = 𝑢𝑠𝑑2 𝑖𝑑2 .
2

(5)

where 𝜔1 , 𝜔2 are the angular frequencies of two sides’ AC
system, respectively, 𝑖𝑑𝑘 , 𝑖𝑞𝑘 are the 𝑑-axis and 𝑞-axis currents
of the power grid, respectively, 𝑢𝑠𝑑𝑘 and 𝑢𝑠𝑞𝑘 are the 𝑑-axis
and 𝑞-axis grid-side voltages, respectively, and 𝑢𝑟𝑑𝑘 and 𝑢𝑟𝑞𝑘
are the 𝑑-axis and 𝑞-axis voltages in the AC-side of the VSC.
When the losses in the converters are ignored, the active
power balance equation can be described as follows [17]:
(6)

where 𝑃𝑟1 , 𝑃𝑟2 are the active power supplied by VSC-1 and
VSC-2, respectively, and 𝑃𝑟1 , 𝑃𝑟2 can be given as
𝑃𝑟1 =

3
(𝑢 𝑖 + 𝑢𝑟𝑞1 𝑖𝑞1 )
2 𝑟𝑑1 𝑑1

3
𝑃𝑟2 = (𝑢𝑟𝑑2 𝑖𝑑2 + 𝑢𝑟𝑞2 𝑖𝑞2 ) .
2

(8)

(10)

Similarly, reactive power can be calculated as follows:

= −𝜔2 𝐿 2 𝑖𝑑2 − 𝑅2 𝑖𝑞2 + 𝑢𝑠𝑞2 − 𝑢𝑟𝑞2 ,

𝑃dc = 𝑃𝑟1 + 𝑃𝑟2 ,

3
(𝑢 𝑖 + 𝑢𝑠𝑞1 𝑖𝑞1 )
2 𝑠𝑑1 𝑑1

3
𝑃𝑟2 ≈ 𝑃2 = (𝑢𝑠𝑑2 𝑖𝑑2 + 𝑢𝑠𝑞2 𝑖𝑞2 ) .
2

= −𝜔1 𝐿 1 𝑖𝑑1 − 𝑅1 𝑖𝑞1 + 𝑢𝑟𝑞1 − 𝑢𝑠𝑞1 ,

VSC-2 converter stations:

𝑑𝑖𝑞2

Generally, the losses in the transformer are very small, so
(7) can be approximated as follows [17]:

(7)

3
𝑄1 = − 𝑢𝑠𝑑1 𝑖𝑞1
2

(11)

3
𝑄2 = − 𝑢𝑠𝑑2 𝑖𝑞2 .
2

(12)

In the synthesis, according to (6), (8)–(10), the power
balance equation for the DC-bus voltage can be derived as
follows:
𝐶𝑢dc

𝑑𝑢dc 3
= (𝑢𝑠𝑑1 𝑖𝑑1 + 𝑢𝑠𝑑2 𝑖𝑑2 ) .
𝑑𝑡
2

(13)

Remark 1. In steady state, 𝑢𝑠𝑑1 and 𝑢𝑠𝑑2 are constant, so the
active and reactive power exchanging between VSC1 and
AC1 can be adjusted by controlling the currents 𝑖𝑑1 and 𝑖𝑞1 .
Similarly, the active and reactive power exchanging between
VSC2 and AC2 can be adjusted by controlling the currents 𝑖𝑑2
and 𝑖𝑞2 .
Remark 2. In order to ensure the safe operation of system, it
is necessary to maintain the DC side capacitor voltage near
its rated value in the process of operation. And we can see
from (13) the operation constraint that the exchange of active
power between the two sides AC system and back-to-back
converter must be kept balanced.

4
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Figure 2: Structure of constrained command filter.

𝑐

So the control problem of power exchanging between
BTB VSC-HVDC and two sides AC system can be converted
to power tracking problem under the constraint condition of
the constant voltage balance of DC capacitor voltage.

In this section, command-filtered backstepping controller is
designed for BTB VSC-HVDC. First, backstepping control
technique is applied to the overall controller design of the
system. Then, the command filter is used to overcome
complex problems of derivation of virtual control signal in
the design of conventional backstepping control law, which
avoids the unacceptable defects of differential operation in
engineering applications. Moreover, constrained command
filter can also handle problem of input saturation in backstepping controller. However, command filter will generate filter
error which can affect the performance of the controller, so
filter compensation signal is designed to eliminate this effect.
The BTB VSC-HVDC usually adopts constant DC voltage
control and reactive power control in the one-side converter,
and active and reactive power control are adopted in the
other side of the converter. The outer loop control is used to
determine the current reference, and the inner loop control
is used to realize the fast tracking of the current reference.
The design procedure of the controller for BTB VSCHVDC is deduced as follows. First, the controller of VSC-1
controlling the DC voltage and reactive power is derived step
by step as follows.
Step 1. For the VSC-1, the tracking errors are defined as
𝑐
𝑒1 = 𝑢dc − 𝑢dc

(14)

𝑐
̇ .
𝑒3̇ = −𝜔1 𝐿 1 𝑖𝑑1 − 𝑅1 𝑖𝑞1 + 𝑢𝑟𝑞1 − 𝑢𝑠𝑞1 − 𝑖𝑞1

(17)

1
𝑉1 = 𝑒12 .
2

𝑐
𝑐
where 𝑢dc
is the reference voltage of DC side, 𝑖𝑞1
is the
reference current in 𝑞-axis which can be obtained from (11),
𝑐
𝑑
and 𝑖𝑑1
is the filtered command from virtual controller 𝑖𝑑1
.
From (4), (13), and (14), the differential of the tracking
errors can be computed as

(15)

(18)

And the time derivative of Lyapunov function 𝑉1 is
derived as
𝑉̇ 1 = 𝑒1 𝑒1̇
= −𝑘1 𝑒12

(19)

3
+ 𝑒1 [
(𝑢 𝑖 + 𝑢𝑠𝑑2 𝑖𝑑2 ) − 𝑢̇ 𝑐dc + 𝑘1 𝑒1 ] .
2𝐶𝑢dc 𝑠𝑑1 𝑑1
𝑑
can be chosen as
So the virtual controller 𝑖𝑑1
𝑑
𝑖𝑑1
=

2𝐶𝑢dc 𝑐
𝑢 𝑖
(𝑢̇ dc − 𝑘1 𝑒1 ) − 𝑠𝑑2 𝑑2 ,
3𝑢𝑠𝑑1
𝑢𝑠𝑑1

(20)

where 𝑘1 is a designed positive constant. Substituting (20)
into (19), we can obtain that 𝑉̇ 1 < 0. Therefore, the
subsystem is asymptotically stable according to Lyapunov
stability theory.
Step 3. A command filter is applied to solve the effect of
differential expansion of time derivative of (20) and input
saturation of the controller, which is shown in Figure 2.
𝑑
through the command filter, we can obtain the
Passing 𝑖𝑑1
𝑐
𝑐
̇ . Moreover, the
filtered command 𝑖𝑑1
and its derivative 𝑖𝑑1
state space expression of constrained command filter is
represented as
𝑞2
[
]
2
[ ]=[
],
𝜔𝑛
𝑞̇ 2
2𝜉𝜔𝑛 [𝑆𝑅 (
(𝑆𝑀 (𝑢) − 𝑞1 )) − 𝑞2 ]
2𝜉𝜔𝑛
[
]
𝑞̇ 1

𝑐
𝑒3 = 𝑖𝑞1 − 𝑖𝑞1
,

3
(𝑢 𝑖 + 𝑢𝑠𝑑2 𝑖𝑑2 ) − 𝑢̇ 𝑐dc
𝑒1̇ =
2𝐶𝑢dc 𝑠𝑑1 𝑑1

(16)

Step 2. The candidate Lyapunov function is chosen to stabilize (15) as follows:

3. Design of Command-Filtered
Backstepping Controller

𝑐
𝑒2 = 𝑖𝑑1 − 𝑖𝑑1

̇
𝑒2̇ = 𝜔1 𝐿 1 𝑖𝑞1 − 𝑅1 𝑖𝑑1 + 𝑢𝑟𝑑1 − 𝑢𝑠𝑑1 − 𝑖𝑑1

(21)

where 𝑞1 = 𝑥𝑑𝑐 , 𝑞2 = 𝑥̇ 𝑐𝑑 , 𝑢 = 𝑥𝑑 , 𝜉 is the damping of the
command filter, 𝜔𝑛 is the bandwidth, and 𝑆𝑅 (⋅) and 𝑆𝑀(⋅)
represent the rate and magnitude limit, respectively.
Remark 3. According to (21), if the input 𝑥𝑑 is bounded,
𝑥𝑑𝑐 and 𝑥̇ 𝑐𝑑 are bounded and continuous. The error 𝑥𝑐 − 𝑥𝑑
can be adjusted by bandwidth 𝜔𝑛 . With the increase of the
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Figure 3: Block diagram of command-filtered backstepping designed for VSC-1.

bandwidth 𝜔𝑛 , the signal 𝑥𝑑𝑐 implemented by the controller
can be faster and more accurate to converge to 𝑥𝑑 . And
the first-order differential signal is obtained by the integral
method, which can effectively overcome the effect of the
amplified noise signal caused by the differential operation to
the desired signal.
However, there is a filtering error generated by command
filter, which will increase the difficulty to get minor tracking
error and degrade the dynamic response of system. So the
influence of filter error is considered in the controller design
and the tracking error needs to be redefined as
𝑒1 = 𝑒1 − 𝜓.

(22)

3𝑢𝑠𝑑1 𝑐
(𝑖 − 𝑖𝑑 ) .
𝐶𝑢dc 𝑑1 𝑑1

(23)

Step 4. In order to stabilize (16) and (17), Lyapunov function
𝑉2 is designed as
𝑉2 =

1 2 2 2
(𝑒 + 𝑒 + 𝑒 ) .
2 1 2 3

(25)

According to (13), (20), and (23), the time derivative of 𝑒1
can be calculated as
𝑒1̇ =

3
(𝑢 𝑖 + 𝑢𝑠𝑑2 𝑖𝑑2 ) − 𝑢̇ 𝑐dc + 𝑘1 𝜓
2𝐶𝑢dc 𝑠𝑑1 𝑑1
−

=

2𝐶𝑢dc (𝑢̇ 𝑐dc − 𝑘1 𝑒1 ) − 3𝑢𝑠𝑑2 𝑖𝑑2
3𝑢𝑠𝑑1 𝑐
[𝑖𝑑1 −
] (26)
2𝐶𝑢dc
3𝑢𝑠𝑑1

3𝑢𝑠𝑑1
𝑒 − 𝑘1 𝑒1 .
2𝐶𝑢dc 2

−

𝑢 − 𝑢𝑠𝑑1 𝑐̇
𝑅1
𝑖 + 𝑟𝑑1
− 𝑖𝑑1 + 𝑘2 𝑒2 ) + 𝑒3 (−𝜔1 𝑖𝑑1
𝐿 1 𝑑1
𝐿1

−

𝑢𝑟𝑞1 − 𝑢𝑠𝑞1 𝑐
𝑅1
̇ + 𝑘3 𝑒3 ) ,
𝑖𝑞1 +
− 𝑖𝑞1
𝐿1
𝐿1

(27)

where 𝑘2 and 𝑘3 are the designed positive constant. Finally,
we choose two control inputs for VSC-1 as
3𝑢𝑠𝑑1
𝑢
𝑅
𝑐
̇
𝑒 − 𝜔1 𝑖𝑞1 + 1 𝑖𝑑1 + 𝑠𝑑1 + 𝑖𝑑1
2𝐶𝑢dc 1
𝐿1
𝐿1

(28)

− 𝑘2 𝑒2 )
𝑢𝑟𝑞1 = 𝐿 1 (−𝜔1 𝑖𝑑1 +

𝑢𝑠𝑞1 𝑐
𝑅1
̇ − 𝑘3 𝑒3 ) .
𝑖 +
+ 𝑖𝑞1
𝐿 1 𝑞1 𝐿 1

(29)

Then, we can obtain
(24)

The time derivative of Lyapunov function 𝑉2 can be
computed as
𝑉̇ 2 = 𝑒1 𝑒1̇ + 𝑒2 𝑒2̇ + 𝑒3 𝑒3̇ .

3𝑢
𝑉̇ 2 = −𝑘1 𝑒21 − 𝑘2 𝑒22 − 𝑘3 𝑒32 + 𝑒2 ( 𝑠𝑑1 𝑒1 + 𝜔1 𝑖𝑞1
2𝐶𝑢dc

𝑢𝑟𝑑1 = 𝐿 1 (−

And the filter compensation signal is designed as
𝜓̇ = −𝑘1 𝜓̇ +

Substituting (16), (17), and (26) into (25), 𝑉̇ 2 can be
calculated as

𝑉̇ 2 = −𝑘1 𝑒21 − 𝑘2 𝑒22 − 𝑘3 𝑒32 < 0.

(30)

Thus, it is proven that the subsystem for VSC-1 is
asymptotically stable by Lyapunov stability theory. In order
to clarify the design of subsystem, the block diagram of the
designed controller for VSC-1 is displayed in Figure 3.
Remark 4. Since the command filter is applied in the back𝑑
̇ of the
stepping controller to avoid the derivation signal 𝑖𝑑1
𝑐
̇ , the designed
virtual control by use of the integrated signal 𝑖𝑑1
controller in this paper is more concise than the traditional
backstepping controller [18], which simplifies the program
and reduces the amount of calculation of the controller.
Therefore, command-filtered backstepping is more suitable
for engineering applications.
Then, the controller that controls the active and reactive
power for VSC-2 is derived as follows.

6

Journal of Control Science and Engineering
a,b,c
us2

PLL
id2
P2ref

c
id2

Eq. (10)

iq2
c
iq2

Q2ref
Eq. (12)

Current
loop control
eq. (35)

Current
loop control
eq. (36)

𝜔2

urd2

a,b,c
ur2

dq
urd2

abc

P
W

VSC-2

M

Figure 4: Block diagram of designed controller for VSC-2.

The tracking errors about the VSC-2 are defined as
𝑐
𝑒4 = 𝑖𝑑2 − 𝑖𝑑2
𝑐
𝑒5 = 𝑖𝑞2 − 𝑖𝑞2
,

Table 1: The main parameters of BTB VSC-HVDC.

(31)

𝑐
𝑐
where 𝑖𝑑2
and 𝑖𝑞2
are the reference current in 𝑑-axis and 𝑞-axis
which can be obtained from (10) and (12), respectively.
The candidate positive definite Lyapunov function 𝑉3 is
designed as

1
1
𝑉3 = 𝑒42 + 𝑒52 .
2
2

(32)

Parameters
Equivalent resistances 𝑅1 and 𝑅2
Equivalent inductances 𝐿 1 and 𝐿 2
DC-link capacitor 𝐶
Nominal net DC voltage
Each AC system nominal voltage
Each transformer voltage ratio
Nominal frequencies 𝑓1
Nominal frequencies 𝑓2
Switching frequency 𝑓𝑠

Value
40 mΩ
6 mH
4000 𝜇F
60 kV
138 kV
138 kV/30 kV(Y/Δ)
50 Hz
60 Hz
10 kHz

According to (5) and (31), the time derivative of 𝑒4 and 𝑒5
can be calculated as
𝑒4̇ = 𝜔2 𝑖𝑞2 −

𝑢 − 𝑢𝑟𝑑2 𝑐̇
𝑅2
𝑖𝑑2 + 𝑠𝑑2
− 𝑖𝑑2
𝐿2
𝐿2

𝑢𝑠𝑞2 − 𝑢𝑟𝑞2 𝑐
𝑅
̇ .
𝑒5 = −𝜔2 𝑖𝑑2 − 2 𝑖𝑞2 +
− 𝑖𝑞2
𝐿2
𝐿2

Thus, based on the above analysis, we can reach the goal
of stability by Lyapunov stability theory because
(33)

Then, from (32)–(33), the time derivative of Lyapunov
function 𝑉3 is derived as follows:
𝑉̇ 3 = 𝑒4 𝑒4̇ + 𝑒5 𝑒5̇
= −𝑘4 𝑒42 − 𝑘5 𝑒52
+ 𝑒4 (𝜔2 𝑖𝑞2 −

𝑉̇ 3 = −𝑘4 𝑒42 − 𝑘5 𝑒52 < 0.

(37)

In summary, the whole system is proved to be asymptotically stable.
The block diagram of the designed controller for VSC-2
is shown in Figure 4 to obtain a clear thought.

4. Simulation Results
𝑢 − 𝑢𝑟𝑑2 𝑐̇
𝑅2
𝑖 + 𝑠𝑑2
− 𝑖𝑑2 + 𝑘4 𝑒4 )
𝐿 2 𝑑2
𝐿2

+ 𝑒5 (−𝜔2 𝑖𝑑2 −

(34)

𝑢𝑠𝑞2 − 𝑢𝑟𝑞2 𝑐
𝑅2
̇ + 𝑘5 𝑒5 ) ,
𝑖𝑞2 +
− 𝑖𝑞2
𝐿2
𝐿2

where 𝑘4 and 𝑘5 are the designed positive constant. Finally,
based on (34), the two control inputs for VSC-2 are designed
as
𝑢𝑟𝑑2 = 𝐿 2 (𝜔2 𝑖𝑞2 −

𝑢 − 𝑢𝑟𝑑2 𝑐̇
𝑅2
𝑖𝑑2 + 𝑠𝑑2
− 𝑖𝑑2 + 𝑘4 𝑒4 ) (35)
𝐿2
𝐿2

𝑢𝑟𝑞2
= 𝐿 2 (−𝜔2 𝑖𝑑2 −

(36)
𝑢𝑠𝑞2 − 𝑢𝑟𝑞2 𝑐
𝑅2
̇ + 𝑘5 𝑒5 ) .
𝑖𝑞2 +
− 𝑖𝑞2
𝐿2
𝐿2

In order to verify the effectiveness of the designed commandfiltered backstepping controller for the BTB VSC-HVDC,
some simulations are carried out in this section. The structure
of the system and control scheme of VSC on both sides
are shown in Figures 1, 3, and 4, respectively. The main
parameters of BTB VSC-HVDC are summarized in Table 1
[11]. In addition, with the purpose of making the proposed
controller have better control effect, the remaining control
parameters are selected as 𝑘1 = 260, 𝑘2 = 100, 𝑘3 = 60,
𝑘4 = 100, 𝑘5 = 60. The parameters of constrained command
filter are chosen as 𝜉 = 0.707, 𝜔𝑛 = 300, and the magnitude
limit and rate limit are 500 A and 50000 A/s.
The whole system simulation process is 1 s, which is
divided into 5 intervals. Originally, the system runs in the
standby phase from 0 to 0.05 seconds. Then, at 𝑡 = 0.05 s,
𝑃2 is set as a step response to 10 MW from AC system 1 to AC
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Figure 5: System response results of command-filtered backstepping control compared with PID control and 𝐻∞ controller.

system 2. At 𝑡 = 0.3 s, 𝑄1 is changed as a step response to
−5 MVar. At 𝑡 = 0.5 s, 𝑃2 is ramped from 10 MW to −10 MW,
which changes as a power flow reversal from AC system 2
to AC system 1. At 𝑡 = 0.7 s, 𝑄2 is step changed from 0 to
3 MVar for AC system 2. Meanwhile, in order to demonstrate

the advantages of the designed controller, the command-filter
backstepping is compared with the commonly used PID controller [12] and 𝐻∞ controller [27], and the simulation results
are shown in Figure 5. The parameters of PID controller
applied for VSC-1 and VSC-2 of BTB VSC-HVDC are listed in
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Figure 6: Three-phase AC-side currents via command-filter backstepping controller.

Table 2: The parameters of PID controller in BTB VSC-HVDC.
PID controller
DC-link voltage
Real power in VSC-1
Reactive power in VSC-1
Real power in VSC-2
Reactive power in VSC-1

𝑘𝑝
40
400
400
100
100

𝑇𝑖 (ms)
2
20
20
2
2

𝑇𝑑 (ms)
0
1
1
1
1

Table 2, and the parameter 𝛾1 = 0.1 of 𝐻∞ controller is used
for VSC-1, and 𝛾1 = 0.2 of 𝐻∞ controller is used for VSC-2.
As can be seen from Figure 5(a), the DC-bus voltage
is maintained closely to reference by use of the proposed
control. The proposed controller and 𝐻∞ controller have
better voltage balancing performance and robustness than
conventional PID control. In addition, command-filter backstepping controller has faster response speed than 𝐻∞ controller; however, the 𝐻∞ controller has smaller overshoot
when the power flow changes suddenly. Figure 5(b) shows
the dynamic response of 𝑃1 under the different step change.
From Figure 5(b) we can see that proposed control has
nonovershoot, smaller tracking error, and faster dynamic
performance than PID control and 𝐻∞ controller. Figure 5(c)

shows the dynamic response of reactive power components
𝑄1 of AC system 1. Figure 5(d) shows the dynamic response
of real power components 𝑃2 of AC system 2. Figure 5(e)
shows the dynamic response of reactive power components
𝑄2 of AC system 2. Moreover, three-phase AC-side currents
of AC system 1 and AC system 2 controlled by command-filter
backstepping controller are shown is Figure 6.
Figures 5 and 6 show that the control system tracks
the desired signal correctly and controls the actual and
reactive power requirements independently. From Figure 5,
we can see that the designed controller has better dynamic
performance and stronger robustness compared with the
traditional PID controller and has faster response speed than
𝐻∞ controller. And the tuning of the parameters of proposed
command-filtered backstepping controller is easier than that
of the traditional PID controller. Figure 6 shows that the
currents change their phases during the power flow reversal
period and the operation state is well controlled according to
the power reference; meanwhile, the current harmonics meet
requirement of grid connection.

5. Conclusion
In this paper, a command-filtered backstepping controller has
been designed successfully to maintain DC voltage balance

Journal of Control Science and Engineering
and coordinated control of active and reactive power in BTB
VSC-HVDC. First, the design process of the controller is
very simple and clear, because the controller is derived from
backstepping method step by step. Then, the problems of
input saturation and tedious calculation of time derivative
of virtual control in conventional backstepping are solved
by use of command filter. Meanwhile, a filter compensation
signal is considered to eliminate the adverse effects caused
by command filter. Next, the stability and astringency of
whole system are proved theoretically by Lyapunov method.
Finally, simulation results clearly verify that the designed
controller can improve the dynamic performance of the
system compared to the conventional PID controller and 𝐻∞
controller and has stronger robustness compared with the
traditional PID controller, which proves the effectiveness of
proposed controller.
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