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Summary
In this study, a nonlinear control of a 5‐level T‐type converter topology‐based multiter-

minal voltage source converter high‐voltage direct current system is proposed. The

idea of the proposed control is to combine the backstepping control and direct power

control with virtual flux concept into one controller able to improve the performance of

the transmission system. In the other side, the use of a 5‐level space vector modulation

with a balancing strategy based on effective use of the redundant switching states of

the converters voltage vectors guarantees the objective of maintaining balanced volt-

ages in DC‐capacitors. Finally, simulations of the 5‐level T‐type multiterminal voltage

source converter high‐voltage direct current system validate the effectiveness of the

proposed control law. The obtained results are compared with those performed by a

conventional Proportional Integrator (PI) controller. These outcomes allow to exhibit

excellent transient response during a range of operating conditions.
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1 | INTRODUCTION

With the development of renewable energy sources, there is
an urgent need to integrate decentralized and relatively
small‐scale power stations in the network with the objective
to offer technical, economical, and environmental benefits.1

Among the renewable generation technologies, offshore
wind farms (OWF) promise to become an important energy
source in the near future.2 The connection to the OWF can
be either via a high‐voltage alternating current transmission
system or via a high‐voltage direct current (HVDC) transmis-
sion system.

Nowadays, the dominant transmission technology is still
the classical AC transmission.3 However, it suffers from
several disadvantages such as the existence of reactive power
flow and the difficulty in controlling the power flow and
guaranteeing the network's stability.4,5 Compared with high‐
voltage alternating current transmission system, HVDC tech-
nology is gaining much attention in the power sector, and it is
wileyonlinelibrary.com/journ
recognized as a suitable solution for OWFs located more than
50 km from shore. This is primary because once the cable is
charged, almost its entire current carrying capacity is
available for real power transfer and the possibility of
interconnecting asynchronous networks. Furthermore, in this
kind of transmission system, the power control through a DC
link is fast and precise, and the DC links are reliable and can
improve transient stability and dynamic damping of electrical
system oscillations.4,6–8

On the other hand, line commutated converter and volt-
age source converters (VSCs) are the 2 main types of con-
verter technology used in HVDC transmission systems.6

However, the conventional HVDC using thyristor technol-
ogy has several drawbacks limiting the range of its applica-
tion.7 The thyristor cannot be turned off with gate signal
directly; the power flow reversal with line commutated con-
verter HVDC is limited and is performed by changing the
DC voltage polarity, and besides all these, the reactive
power required to the thyristor valves in the converter.7,9,10
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Recent developments in semiconductor technology of high‐
power switches, eg, insulated gate bipolar transistor, have
resulted in a widespread acceptance of the VSC for high‐
power applications.11 The benefits of using VSC are
independent control of both active and reactive power,
high‐dynamic performance, and multiterminal possibility.
In addition, VSC has other positive aspects such as power
reversal without changing DC voltage polarity, possibility
of static synchronous series compensation characteristics,
no need of reactive power compensators, and no line com-
mutation problems.6,11,12

Transmitting electrical energy across long distances
between nodes of an interconnected network can be accom-
plished by a point‐to‐point VSC‐HVDC configuration sys-
tem. In this scheme, the DC link is used to transmit the
bulk power between converters, which are at different
locations.6,13,14

Although most of these VSC‐HVDC interconnections are
2‐terminal, their modus operandi can also be extended to
multiterminal HVDC (MTDC) systems.

Unlike the 2‐terminal HVDC interconnection, the MTDC
system is more versatile and better capable to use the eco-
nomic and technical advantages of the VSC‐HVDC technol-
ogy. It is also better suited if futuristic integration of
renewable energy sources are planned.13,14

Many recent works have been done in the VSC‐HVDC
system based on multilevel converters,15–19 which have
well‐known attractive features in high‐voltage and high‐
power applications.15–18

Indeed, multilevel converters have shown some signifi-
cant advantages over traditional 2‐level converters. They pro-
vide higher power quality at the AC side, can operate at
higher AC voltage levels and minimize or even eliminate
the interface transformer and reduce switching losses.19–21

Generally, multilevel VSC can be divided into various topol-
ogies such as neutral point clamped (NPC), flying capacitor
Cascade H‐Bridge, and modular multilevel converters
(MMC).22–25 Recently, a new topology called T‐type was
proposed as a potential alternative to NPC structure. This
converter merges the merit to operate at reduced conduction
losses and the well‐known advantages of multilevel con-
verters.24,26,27 Compared to the NPC and MMC topologies,
T‐type topology presents fewer semiconductors, which leads
to a cost‐effective multilevel structure.28 In addition, its mod-
ulation techniques are simpler compared to the MMC topol-
ogy. However, the DC bus capacitors voltage balancing
problem has been recognized as the major limitation of this
kind of multilevel converter. Several techniques have been
already proposed to achieve voltage balancing in multilevel
converters. One category of these techniques suggests the
use of auxiliary power circuits.11 However, this solution
increases the cost and the complexity of the converter. To
overcome the drawbacks of the hardware solution, an
interesting solution based on multilevel space vector modu-
lated (SVM) is proposed in the previous studies.19–21 In this
approach, the multilevel SVM algorithm is equipped by a
balancing strategy based on the effective use of the redundant
switching states of the converters voltage vectors.

Various control strategies have been proposed to control
the HVDC system.19,29 One of these strategies is the direct
power control (DPC). The basic idea of the classical DPC is
the direct control of active and reactive power without any
internal control loop or Pulse Width Modulation (PWM)
modulator.30,31 The switching states are selected via a
switching table, and the states are chosen on the basis of the
instantaneous error between the estimated and the desired
active and reactive power. Simple structure and very good
dynamic behavior are main features of classical DPC.30,31

However, the main disadvantages of the classical DPC are
the variable switching frequency and lack of fast current regu-
lation, which increases the risk of device failure during faults.
The DPC can be forced to operate at a constant frequency by
substituting the switching table by an SVM.21,32 On the other
hand, AC‐line voltage sensor can be replaced by a virtual flux
(VF) estimator to establish the so‐called VF‐DPC‐SVM,
which brings benefits such as simplification and isolation
between the power circuit and control system.21,33

In this study, a nonlinear control strategy based on
backstepping controller associated to VF‐DPC‐SVM is
applied to a 5‐level T‐type MTDC transmission system. The
control objectives are (1) controlling the active and reactive
power of the network sides, (2) generating sinusoidal currents
in the AC sides of converters, and (3) regulating the DC bus
voltage between the terminals of the MTDC system.

The rest of the paper is organized as follows. In Section 2,
a mathematical model of the MTDC system based on T‐type
converters is presented. In this section, the principle of oper-
ation of 5‐level T‐type converter, the SVM‐based switching
strategy, and the DC capacitor voltage balancing method
are detailed. In Section 3, nonlinear control for MTDC sys-
tem based on backstepping method is developed. Simulation
results are presented and illustrated in Section 4. At last, con-
clusions are drawn in Section 5.
2 | MTDC SYSTEM STUDY AND
MODELING

Figure 1 shows a schematic representation of an MTDC
transmission system. MTDC is composed of 2 parts: OWFs
sides and grid side. At the OWFs side, a 5‐level rectifier is
used to perform AC to DC conversion. A DC cable is used
to join the terminals to the sending end. Each DC transmis-
sion line is modeled by 2 T‐sections.

Electricity will be transferred through DC cables to the
receiving end point, and finally reaching inverter terminal.



FIGURE 1 A schematic representation of virtual flux direct power‐backstepping control of 5‐level T‐type multiterminal voltage source converter
high‐voltage direct current system
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At the 5‐level inverter terminal, electricity will be converted
again from DC back to AC.

The presence of the reactance Ls and Rs in AC sides of
both OWFs and grid, and the use of 5‐level SVM to control
the 5‐level converters, help to stabilize the AC currents and
reduce the currents harmonics.

To avoid repetition in the problem formulation, the quan-
tities of OWF‐VSC1 and AC system‐1 are indexed by k = 1,
and OWF‐VSC2 and AC system‐2 are indexed by k = 2,
while those of GS‐VSC3 and AC system‐3 are indexed by
k = 3.
2.1 | Modeling and analysis of the 5‐level
T‐type converter
The basic topology of the 5‐level T‐type converter is depicted
in Figure 2.

Five‐level T‐type topology is composed by dual 3‐level
T‐type modules. Each leg consists of eight insulated gate
bipolar transistors with antiparallel diodes and 2 clamping
diodes. These switches operate in switch pairs Sijk; Sijk

� �
; i ¼

a; b; c; j ¼ 1; 2; 3; 4and in a complementary manner. Among
the 8 active devices in a converter leg, only 2 devices are
involved in the transition between the adjacent states.
As shown in Table 1, five different output voltage
levels can be synthesized according to their switching
states.

The expressions of instantaneous converters phase
voltages are given by

vtak
vtbk
vtck

2
64

3
75 ¼ 1

3

∑
4

j¼1
2Fajk−Fbjk−Fcjk
� �

∑
j

i¼1
vCik

� �

∑
4

j¼1
2Fbjk−Fajk−Fcjk
� �

∑
j

i¼1
vCik

� �

∑
4

j¼1
2Fcjk−Fajk−Fbjk
� �

∑
j

i¼1
vCik

� �

2
6666666664

3
7777777775
; (1)

where vtxk , x= a , b , c are the output voltages of the
T‐type converter and vCik , i=1 , 2 , 3 , 4 are the voltages
of Cik capacitors. The output voltages are expressed using
the switching functions of the 5‐level T‐type converter as
follows:

Fx4k ¼ Sx4kSx3kSx2kSx1k
Fx3k ¼ Sx4kSx3kSx2kSx1k
Fx2k ¼ Sx4kSx3kSx2kSx1k
Fx1k ¼ Sx4kSx3kSx2kSx1k

x ¼ a; b; c: (2)



FIGURE 2 A basic topology of the 5‐level T‐type converter

TABLE 1 Definition of switching states

Si1k Si2k Si3k Si4k Si1k Si2k Si3k Si4k vi0k

1 1 1 1 0 0 0 0 vC3k+ vC4k

0 1 1 1 1 0 0 0 vC3k

0 0 1 1 1 1 0 0 0

0 0 0 1 1 1 1 0 −vC2k

0 0 0 0 1 1 1 1 −(vC1k+ vC2k)
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For each terminal station, the dynamic equations of AC
side are expressed as

dixk
dt

¼ 1
Ls

vtxk−vsxk−Rsixkð Þ; x ¼ a; b; c; (3)

where ixk are the line currents, vsxk are the source voltages,
and Rs and Ls represent series‐connected phase reactors.

To make the model in a more simplified form, the
Concordia transformation is applied inEquation 3,whichgives

d iαk
dt

¼ 1
Ls

vtαk−vsαk−Rs iαkð Þ
d iβk
dt

¼ 1
Ls

vtβk−vsβk−Rs iβk
� �

8>><
>>: ; (4)
where vsαk and vsβk are the αβ axes components of the
respective source voltages, iαk and iβk are the line current
components, and vtαk and vtαk are the converter output volt-
age components.

On the other hand, the DC side is governed by

dVdck

dt
¼ idck

Ceqk
−

Pk

CeqkVdck
; (5)

where Vdck is the DC bus voltage, idck is the current of
the line transmission, Pk is the power of DC‐side, and
Ceq=Cik/4, i=1 , 2 , 3 , 4 is the DC‐link equivalent
capacitor.



FIGURE 3 Reference voltages project in the first sector
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2.2 | Five‐level space vector modulation

2.2.1 | Determination of the space vector
location

The space vector location is fulfilled in 2 steps. The first
step determines the sector number of where the reference
voltage vector lies. The second step is dedicated to the com-
putation of the triangle number in which the reference volt-
age vector is located.34

Step 1. Sector number computation

The module and the position of the reference voltage
vector are determined from

vtkref ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2tαkref þ v2tαkref

q
θk ¼ tan2−1

vtβkref
vtαkref

� �
;

(6)

where tan2−1 is the C‐function, which returns the inverse
tangent in the 4 quadrants of the unit circle. Once the value
of θk is calculated, the numbers of sectors are given by

Sk ¼ ceil
θk
π=3

� �
∈ 1; 2; 3; 4; 5; 6f g; (7)

Where ceil is the C‐function that returns the smallest inte-
ger value greater than or equal to the argument passed to it.

Step 2. Triangle identification

For triangle identification, reference vector vtk_ref is
projected on the axes of 60° coordinate system.21 The

projected components are vSk1ref and vSk2ref , which are

expressed by

vSk1ref ¼ 4m cos θk− Sk−1ð Þπ
3

� �
−

1ffiffiffi
3

p sin θk− Sk−1ð Þπ
3

� �� �

vSk2ref ¼ 4m
2ffiffiffi
3

p sin θk− Sk−1ð Þπ
3

� �� �
;

(8)
where the modulation rate m is given by

m ¼ vtkrefffiffiffiffiffiffiffiffi
2=3

p
Vdck

: (9)

Figure 3 presents vtk_ref project in the first sector. To iden-
tify the triangle where the required reference is located, the
following integers are used:

lSk1 ¼ int vSk1ref

� �
lSk2 ¼ int vSk2ref

� �
;

(10)

where int() is a C‐function giving the integer part of a given
real number.
The triangle number is obtained according to the value of

lSk1 and lSk2 , as shown in Table 2.
2.2.2 | Duration time calculation

The average value of the reference voltage vector is synthe-
sized by averaging the 3 adjacent voltage vectors according
to the following equation:

1
Tc

∫
tþTc

t

vtkref dt ¼
1
Tc

∫
tþt

Δ
Sk
i

x

t

v
ΔSk

i
x dt þ ∫

tþt
Δ
Sk
i

x þt
Δ
Sk
i

y

tþt
Δ
Sk
i

x

v
ΔSk

i
y dt þ ∫

tþTc

tþt
Δ
Sk
i

x þt
Δ
Sk
i

y

v
ΔSk

i
z dt

0
BBB@

1
CCCA;

(11)

where t
ΔSk

i
x ; t

ΔSk
i

y and t
ΔSk

i
z are the application time of the adja-

cent vectors v
ΔSk

i
x ; v

ΔSk
i

y and v
ΔSk

i
z , respectively.

During a small switching cycle Tc, the voltage vectors can
be assumed constant, which leads to

v
ΔSk

i
x t

ΔSk
i

x þ v
ΔSk
i

y t
ΔSk

i
y þ v

ΔSk
i

z t
ΔSk
i

z ¼ vtkref Tc

t
ΔSk

i
x þ t

ΔSk
i

y þ t
ΔSk

i
z ¼ Tc:

(12)

The projection of Equation 12 in the coordinate system
formed by the 2 axes making 60° between them results in

v
ΔSk

i
x1 t

ΔSk
i

x þ v
ΔSk

i
y1 t

ΔSk
i

y þ v
ΔSk

i
z1 t

ΔSk
i

z ¼ vSk1ref Tc

v
ΔSk

i
x2 t

ΔSk
i

x þ v
ΔSk

i
y2 t

ΔSk
i

y þ v
ΔSk

i
z2 t

ΔSk
i

z ¼ vSk2ref Tc

t
ΔSk

i
x þ t

ΔSk
i

y þ t
ΔSk

i
z ¼ Tc:

(13)



TABLE 2 Triangle identification

ΔSk
i Condition of triangle identification

ΔSk
16 vSk1ref<1; vSk2ref<1 and vSk1ref þ vSk2ref<1

ΔSk
14 vSk1ref<1; vSk2ref<1 and vSk1ref þ vSk2ref≥1

ΔSk
13 vSk1ref<2; vSk2ref<1 and vSk1ref þ vSk2ref<2

ΔSk
9 vSk1ref<2; vSk2ref<1 and vSk1ref þ vSk2ref≥2

ΔSk
8 vSk1ref<3; vSk2ref<1 and vSk1ref þ vSk2ref<3

ΔSk
2 vSk1ref<3; vSk2ref<1 and vSk1ref þ vSk2ref≥3

ΔSk
1 vSk1ref<4; vSk2ref<1

ΔSk
15 vSk1ref<1; vSk2ref<2 and vSk1ref þ vSk2ref<2

ΔSk
11 vSk1ref<1; vSk2ref<2 and vSk1ref þ vSk2ref≥2

ΔSk
10 vSk1ref<2; vSk2ref<2 and vSk1ref þ vSk2ref<3

ΔSk
4 vSk1ref<2; vSk2ref<2 and vSk1ref þ vSk2ref≥3

ΔSk
3 vSk1ref<3; vSk2ref<2

ΔSk
12 vSk1ref<1; vSk2ref<3 and vSk1ref þ vSk2ref<3

ΔSk
6 vSk1ref<1; vSk2ref<3 and vSk1ref þ vSk2ref≥3

ΔSk
5 vSk1ref<2; vSk2ref<3

ΔSk
7 vSk1ref<1; vSk2ref<4

TABLE 3 Duration time calculation

ΔSk
i x; y; zð Þ t

ΔSk
i

x t
ΔSk

i
y t

ΔSk
i

z

ΔSk
1 D;E; Ið Þ Tc−t

ΔSk
1

y −tΔ
Sk
1

z vSk1ref−3
� �

Tc vSk2ref Tc

ΔSk
2 I;H;Dð Þ Tc−t

ΔSk
2

y −tΔ
Sk
2

z 3−vSk1ref
� �

Tc 1−vSk2ref
� �

Tc

ΔSk
3 H; I; Lð Þ Tc−t

ΔSk
3

y −tΔ
Sk
3

z vSk1ref−2
� �

Tc vSk2ref−1
� �

Tc

ΔSk
4 L;K;Hð Þ Tc−t

ΔSk
4

y −tΔ
Sk
4

z 2−vSk1ref
� �

Tc 2−vSk2ref
� �

Tc

ΔSk
5 K;L;Nð Þ Tc−t

ΔSk
5

y −tΔ
Sk
5

z vSk1ref−1
� �

Tc vSk2ref−2
� �

Tc

ΔSk
6 N;M;Kð Þ Tc−t

ΔSk
6

y −tΔ
Sk
6

z 1−vSk1ref
� �

Tc 3−vSk2ref
� �

Tc

ΔSk
7 M;N;Oð Þ Tc−t

ΔSk
7

y −tΔ
Sk
7

z
vSk1ref Tc vSk2ref−3

� �
Tc

ΔSk
8 C;D;Hð Þ Tc−t

ΔSk
8

y −tΔ
Sk
8

z vSk1ref−2
� �

Tc vSk2ref Tc

ΔSk
9 H;G;Cð Þ Tc−t

ΔSk
9

y −tΔ
Sk
9

z 2−vSk1ref
� �

Tc 1−vSk2ref
� �

Tc

ΔSk
10 G;H;Kð Þ Tc−t

ΔSk
10

y −tΔ
Sk
10

z vSk1ref−1
� �

Tc vSk2ref−1
� �

Tc

ΔSk
11 K; J;Gð Þ Tc−t

ΔSk
11

y −tΔ
Sk
11

z 1−vSk1ref
� �

Tc 2−vSk2ref
� �

Tc

ΔSk
12 J;K;Mð Þ Tc−t

ΔSk
12

y −tΔ
Sk
12

z
vSk1ref Tc vSk2ref−2

� �
Tc

ΔSk
13 B;C; Jð Þ Tc−t

ΔSk
13

y −tΔ
Sk
13

z vSk1ref−1
� �

Tc vSk2ref Tc

ΔSk
14 G;F;Bð Þ Tc−t

ΔSk
14

y −tΔ
Sk
14

z 1−vSk1ref
� �

Tc 1−vSk2ref
� �

Tc

ΔSk
15 F;G; Jð Þ Tc−t

ΔSk
15

y −tΔ
Sk
15

z
vSk1ref Tc vSk2ref−1

� �
Tc

ΔSk
16 A;B;Fð Þ Tc−t

ΔSk
16

y −tΔ
Sk
16

z
vSk1ref Tc vSk2ref Tc
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The calculation of t
ΔSk

i
x ; t

ΔSk
i

y and t
ΔSk

i
z requires the substitu-

tion of the coordinates of v
ΔSk

i
x ; v

ΔSk
i

y and v
ΔSk

i
z vectors. The

on‐duration time intervals are summarized in Table 3.
TABLE 5 Simulation conditions

Time, s 0‐0.3 0.3‐0.5 0.5‐0.7 0.7‐1

P1_ref −100 MW −85 MW −85 MW −100 MW

P2_ref −85 MW −85 MW −100 MW −100 MW

TABLE 4 Simulation parameters

Parameter Value

Source voltage vsk_abc 25 kV

Frequencies of the grids f1 , f2 , f3 60 Hz,60 Hz,50 Hz

Line impedance Rs , Ls 0.04 Ω, 0.006 H

DC‐link capacitance Ckj 1mF
2.3 | DC‐capacitor voltages balancing strategy

In this section, minimum energy property is used to avoid
voltage drift phenomenon. Assuming that all the capacitors
have equal capacitance C1k=C2k=C3k=C4k=C, the total
energy of 4 capacitors is given by

Ek ¼ C
2
∑
4

i¼1
v2Cik: (14)

When all capacitors voltages are balanced, Ek reaches the
following minimum value:

Ekmin ¼ 1
2
C
V2
dck

4
: (15)

To reduce the gap between each DC voltage and its refer-
ence value, a cost function Jk is defined. This function is
based on the sum of the squared differences between the
capacitor voltages and their reference values.
Jk ¼ 1
2
C ∑

4

i¼1
vCik−

Vdck

4

� �2

(16)

Based on a suitable choice of the redundant vectors, the
cost function Jk can be minimized to zero. Consequently,



FIGURE 4 Simulation results of DC‐links voltages: (A) with PI
control, (B) with backstepping control
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the capacitor voltages will be maintained at their reference
values, and Ek will be reduced to Ekmin. The mathematical
condition ensuring the convergence of the cost function Jk
to its minimum value is given by

dJk
dt

¼ C ∑
4

i¼1
ΔvCik

dvCik
dt

¼ ∑
4

i¼1
ΔvCikiCik≤0; (17)

where ΔvCik= vCik− (Vdck/4) is the error voltage of the capac-
itor Cik. Note that the currents of capacitors iC1k , iC2k , iC3k,
and iC4k are affected by the intermediate input DC currents

iSk3k; i
Sk
2k and iSk1k . On the other hand, as the input current can

be calculated from the switching vectors and their application
time, it is advantageous to express the Equation 17 on the

basis of the current iSk3k; i
Sk
2k and iSk1k .

19,20 Indeed, the DC‐
capacitor currents are expressed as

iCik ¼ 1
4
∑
3

j¼1
xki

Sk
jk−∑

3

j¼i
iSkjk ; i ¼ 1; 2; 3; 4: (18)

If the total DC voltage is kept at a constant value, it
results in

∑
4

i¼1
ΔvCik ¼ 0: (19)

By substituting for iCik from Equation 18 and ΔvC4k from
Equation 19, the balancing condition can be reduced to

∑
3

i¼1
ΔvCik ∑

3

j¼i
iSkjk

 !
≥0: (20)

The application of the mean operator in Equation 20
during a switching period Tc gives

1
Tc

∫
Kþ1ð ÞTc

KTc

∑
3

i¼1
ΔvCik ∑

3

j¼i
iSkjk

 !" #
dt≥0: (21)

Assuming that the switching period is small compared to
the response time of the capacitor voltages, capacitors
voltages can be considered as constants,19,20 and therefore,
Equation 21 can be simplified to

∑
3

i¼1
ΔvCik Kð Þ ∑

3

j¼i
i
Sk
jk Kð Þ

 !
≥0; (22)

where ΔvCik(K) is the voltage error of capacitor Cik at sam-

pling period (K) and i
Sk
jk Kð Þ is the mean value of the input

current ijk.
When the tip of reference voltage vector vtk_ref is located

in sector Sk=1, the average values of the DC‐side intermedi-
ate branch currents are
i
Sk
3k

iSk2k

iSk1k

2
664

3
775 ¼ 1

Ts

iSk3xk iSk3yk iSk3zk

iSk2xk iSk2yk iSk2zk

iSk1xk iSk1yk iSk1zk

2
664

3
775

t
ΔSk

i
x

t
ΔSk

i
y

t
ΔSk

i
z

2
6664

3
7775; (23)

where iSkjxk; iSkjyk and iSkjzk; j ¼ 1; 2; 3ð Þ are the charging cur-

rents for switching states x, y, and z in the triangle ΔSk
i mini-

mizing the cost function Jk.
3 | VIRTUAL FLUX DIRECT
POWER ‐BACKSTEPPING CONTROL

In this section, direct power‐backstepping control with space
vector modulation based on the concept of VF is investigated.
The backstepping VF‐DPC‐SVM control strategy main
scheme is presented in Figure 1.
3.1 | Virtual flux estimator

The concept of the VF for power estimation is introduced by
Malinowksi.33 The principle of VF is based on a duality with
the PWM converter fed induction motor, where Rs and Ls rep-
resent the stator resistance and leakage inductance of the
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virtual motor.33 Based on this approach, VF components can
be estimated by

ψ sαk ¼ ∫vsαkdt

ψ sβk ¼ ∫vsβkdt:
(24)

The voltages vsαk and vsβk are estimated by the following
equation

vsαk ¼ vtαk−Ls
diαk
dt

vsβk ¼ vtβk−Ls
diβk
dt

:

(25)

The integration of both sides of Equation 25 gives

ψ sαk ¼ ∫vtαkdt−Lsiαk
ψ sβk ¼ ∫vtβkdt−Lsiβk:

(26)
FIGURE 5 Simulation results of active and reactive power: (A,B,C) with
3.2 | Active and reactive power estimator

The estimated active and reactive power can be described by
the following formulas:

Pk ¼ ωk ψ sαkiβk−ψ sβkiαk
� �

Qk ¼ ωk ψ sαkiαk þ ψ sβkiβk
� �

;
(27)

where ωk is the angular frequency of the network k.
3.3 | Backstepping control design

In the MTDC system, the inverters stations are charged to
control both the active and reactive power exchanges between
the AC systems and DC links. At the same time, the rectifier
station controls the DC voltage and the reactive power, where
the reference value of the active power is delivered by the DC
voltage controller.
PI control, (D,E,F) with backstepping control
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To make the application of nonlinear control possible,
the approach adopted herein is based on breaking down a
complex nonlinear system into smaller subsystems, and
then the control law is designed for each subsystem.21

To design the control algorithm for MTDC system with
the aid of backstepping method, the system model is por-
tioned in 3 single‐input single‐output subsystems in the
following form:
FIGURE 6 Simulation results of DC capacitors voltages: (A,B,C) with P

TABLE 6 Harmonic spectrum of line currents

OWF‐VSC1 (60 Hz)

PI control Fundamental = 2473 A
THD = 1.35%

Backstepping control Fundamental = A
THD = 0.75%

Abbreviations: OWF‐VSC, offshore wind farms voltage source converter (VSC); THD
_ζnk ¼ Lf nk hnk þ Lgnkhnkunk
ynk ¼ hnk ζnkð Þ; n ¼ 1; 2; 3;

(28)

where ζnk ,unk and ynk represent state, control input, and
output of nth subsystem, respectively. fnk and gnk are
smooth fields, and hnk is a smooth scalar function. The
term Lf nk hnk stands for the Lie derivative of hnk with
respect to fnk, similarly with Lgnkhnk.
I control, (D,E,F) with backstepping control

OWF‐VSC2 (60 Hz) GS‐VSC3 (50 Hz)

Fundamental = 2474 A
THD = 1.34%

Fundamental = 4832 A
THD = 0.96%

Fundamental = 2481A
THD = 0.76%

Fundamental = 4837 A
THD = 0.18%

, total harmonic distortion.
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By identifying the first subsystem, on the basis of
Equation 5, with Equation 28, it can be yield:

ζ13 ¼ Vdc3; u13 ¼ P3; y13 ¼ h13 ¼ Vdc3

Lf 13h13 ¼
idc3
Ceq3

; Lg13h13 ¼
−1

Ceq3Vdc3
:

(29)

The second and the third subsystems are built on the basis
of the active and reactive power expressions. The derivative
of Equation 27 yields

dPk

dt
¼ −ωkQk þ

ωkψ tαk

Ls
−Rsiβk−ωkψ tαk þ vtβk
� �

−
ωkψ tβk

Ls
−Rsiαk þ ωkψ tβk þ vtαk
� �

dQk

dt
¼ ωkPk þ ωkψ tαk

Ls
−Rsiαk þ ωkψ tβk þ vtαk
� �

þ ωkψ tβk

Ls
−Rsiβk−ωkψ tαk þ vtβk
� �

:

(30)

The identification of Equation 30 with Equation 28
leads to

ζ2k ¼ Pk; u2k ¼ vtαk ¼ ωk

Ls
−ψ sβkvtαk þ ψ sαkvtβk
� �

y2k ¼ h2k ¼ Pk; Lg2k h2k ¼ 1

Lf 2k h2k ¼ −ωkQk þ
ωkψ sαk

Ls
−Rsiβk−ωkψ sαk

� �
−
ωkψ tβk

Ls
−Rsiαk þ ωkψ tβk

� �
ζ3k ¼ Qk; u3k ¼ vtαk ¼ ωk

Ls
ψ sαkvtαk þ ψ sβkvtβk
� �

y3k ¼ h3k ¼ Qk; Lg3k h3k ¼ 1

Lf 3k h3k ¼ ωkPk þ ωkψ tαk

Ls
−Rsiαk þ ωkψ tβk

� �
þωkψ tβk

Ls
−Rsiβk−ωkψ tαk

� �
:

(31)

In the following sections, the backstepping method will
be used for developing the DC voltage and power controllers.
FIGURE 7 Simulation results of DC‐links voltages: (A) with PI
control, (B) with backstepping control
3.3.1 | DC voltage controller synthesis

The purpose of this control is to monitor the DC voltage to its
reference, so the first tracking error is defined as

z13 ¼ y13−y13d; (32)

where y13d=Vdc_ref.
The differentiation of Equation 32 with respect to time

yields to

_z13 ¼ Lf 13h13 þ Lg13h13P3ref− _y13d: (33)
Consider the Lyapunov function candidate given by

V13 ¼ 1
2
z213: (34)

And its respective first time derivative is

_V13 ¼ z13 _z213 ¼ z13 Lf 13h13 þ Lg13h13P3ref− _y13d
� �

: (35)

To ensure stability, the following command must be
chosen:

P3ref ¼
−k13z13−Lf 13h13 þ _y13d

Lg13h13
; (36)

where k13 is appositive constant.
3.3.2 | Power controller synthesis

The control of active and reactive power is done on basis of
the second and third subsystems. Their outputs must follow
the paths that impose their references Pk_ref and Qk_ref.
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The error variables are chosen as

z2k ¼ y2k−y2kd
z3k ¼ y3k−y3kd;

(37)

where y2kd=Pk_ref , y3kd=Qk_ref.
Their derivatives are given by

_z2k ¼ Lf 2k h2k þ Lg2k h2kvtαkref− _y2kd
_z3k ¼ Lf 3k h3k þ Lg3k h3kvtβkref− _y3kd:

(38)

Choosing the following Lyapunov functions

V2k ¼ 1
2
z22k

V3k ¼ 1
2
z23k:

(39)
FIGURE 8 Simulation results of active and reactive power: (A,B,C) with
By differentiating the Lyapunov functions with respect to
time, it follows that

_V2k ¼ z2k _z2k ¼ z2k Lf 2k h2k þ Lg2k h2kvtαkref− _y2kd
� �

_V3k ¼ z3k _z3k ¼ z3k Lf 3k h3k þ Lg3k h3kvtβkref− _y3kd
� �

:
(40)

To make negative the derivatives of Lyapunov functions,
the intermediate control laws vtαkref and vtβkref are proposed in
the following equation:

vtαkref ¼
−k2kz2k−Lf 2k h2k þ _y2kd

Lg2k h2k

vtβkref ¼
−k3kz3k−Lf 3k h3k þ _y3kd

Lg3k h3k
;

(41)

where k2k and k3k are positive constants.
PI control, (D,E,F) with backstepping control
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The final control laws are given by

vtαkref
vtβkref

" #
¼ ωk

Ls

−ψ sβk ψ sαk

ψ sαk ψ sβk

" #−1
vtαkref
vtβkref

" #
: (42)
4 | SIMULATION RESULTS

The 3 terminals VSC‐HVDC system, shown in Figure 1, was
simulated using Matlab/Simulink environment. There are two
100 MW OWFs connected to the VSC‐MTDC network. The
3 VSCs use the 5‐level T‐type converter configuration. The
rated DC voltage is 100 kV. DC cables were used to connect
the 3 terminals, and each cable has the equivalent parameters
of Rline=0.0699 Ω/km, Lline=0.19 mH/km, and
Cline=0.308 μF/km. The VSCs units operate at unity power
factor. The rest of simulation parameters are gathered in
Table 4.
FIGURE 9 Simulation results of DC‐links voltages during converter
disconnection: (A) with PI control and (B) with backstepping control
4.1 | Step change of OWFs' power reference

Step changes of the input power were used to evaluate the
control strategies. Table 5 illustrates the conditions of powers
changes in the proposed test.

Figure 4 shows the results of DC‐link voltage at each
terminal. In the third terminal, the proposed control methods
are able to maintain the voltage almost constant during the
power changes. The DC‐links voltages in the first and
the second terminal are in proportion to the changes of the
reference powers. It is evident from these results that
the backstepping controller has given oscillations free
transient response.

Figure 5 shows the dynamic response of the system
under various step changes in active power demands of
the MTDC system for PI and backstepping controllers,
respectively. During this test, changes in active power
references of OWF‐VSC1 and OWF‐VSC2 are introduced,
whereas the reactive power references of all units are set
to zero. It can be observed that the active and reactive
power are very close to their references and are well
decoupled from each other. Also, according to these
results, it is worth to point out that the unity power factor
operation is successfully achieved at different stations.
Compared to the traditional PI control, a smaller overshoot
and fast stabilization can be achieved under backstepping
control.

As shown in Figure 6, the capacitor voltages on the DC
bus are balanced before and after the power variations. It is
important also to note that the application of the proposed
redundant vectors‐based 5‐level SVM control maintains
capacitor voltages balanced to their references.

Table 6 gives an idea about the harmonic spectrum of line
currents. The total harmonic distortion values demonstrate
that the distortions in line currents with backstepping control-
ler are less than in the case of PI controller.
4.2 | Variation of OWFs'reference power

In this test, the reference power is chosen to imitate thereal
wind variation.

Figures 7 and 8 present the responses of the multiterminal
HVDC transmission system under variable reference power
generated by the wind farms. From this response, it is clear
that the control strategies give a good transmission of active
and reactive power and regulate the DC voltage to its refer-
ence. On the other hand, the DPC combined with
backstepping controllers behaves more efficient in reference
power tracking compared to that with traditional PI
controllers.
4.3 | OWF converter disconnection

In this case, the OWF‐VSC1 is disconnected at 0.5 second,
whereas the OWF‐VSC2 remains injecting the same power
level.

Before the disconnection, the system operates at nominal
mode where the 2 OWFs delivered 100 MW. At time instant
t = 0.5 second, OWF‐VSC1 is disconnected, whereas the



FIGURE 10 Simulation results of active and reactive power during converter disconnection: (A,B,C) with PI control,(D,E,F) with backstepping
control
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OWF‐VSC2 remains to inject the same power level. Figure 9
illustrates the DC voltage of each converter. It can be
observed that the DC voltage is nearly constant and is
regulated at its corresponding reference value.

As a consequence of the disconnection of OWF‐VSC1,
the proposed control method is active to regulate the DC volt-
age and ensure adequate transmission of the power generated
in the OWF‐VSC2, as shown in Figure 10.

It is clear from the disconnection test that the perfor-
mance of the nonlinear controller is satisfactorily compared
to its counterpart traditional PI controller.
5 | CONCLUSION

In this study, a VF‐DPC based on backstepping approach has
been proposed to control a 5‐level T‐type multiterminal VSC‐
HVDC transmission system. This study confirms that the
proposed control scheme is able to control the power flow
in a long distance as well as establish sinusoidal grid currents
on sending and receiving ends with low harmonic distortion.
Also, DC voltage regulation and capacitor voltages balancing
are effectively achieved. Simulation results corroborate the
capability of the proposed MTDC system to operate in dis-
connection mode. The comparison between the proposed
nonlinear controller and the conventional PI controller points
out the excellent performance of the backstepping control
under various operating conditions.
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