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Abstract: With the development of offshore wind generation, the interest in cross-country connections
is also increasing, which requires models to study their complex static and dynamic behaviors. This
paper presents the mathematical modeling of an offshore wind farm integrated into a cross-country
HVDC network forming a multi-terminal high-voltage DC (MTDC) network. The voltage source
converter models were added with the control of active power, reactive power, frequency, and DC
link voltages at appropriate nodes in the MTDC, resembling a typical cross-country multi-terminal
type of HVDC scenario. The mathematical model for the network together with the controllers were
simulated in MATLABTM and experimentally verified using a real-time digital simulator hardware
setup. The resulting static and dynamic responses from the hardware setup agreed well with those
from simulations of the developed models.

Keywords: dynamic response; experimental verification; modeling; multi-terminal high-voltage
DC; simulation

1. Introduction

The goal to limit climate-change-induced temperature increases to 1.5 ◦C is at best
uncertain, with analyses predicting that even with the implementation of the current
commitments [1–3], the global average temperature increase will be close to 2.4 ◦C and
will be catastrophic for environmental systems. While technological developments to
replace fossil-fuel-based energy systems are challenging, it is becoming increasingly clear
that decarbonizing electricity grids is a must. During this journey, the development of
renewable energy sources (RESs) both onshore and offshore will play a key role. Of the
different RESs, the offshore wind capacity continues to increase and was not impacted
by the COVID-19 pandemic. In 2020, more than 6 GW of offshore wind power capacity
was added globally, bringing the cumulative global capacity to 34 GW. It is expected that
approximately 83 GW of offshore wind will be connected to the North Sea regional grid in
Europe by 2030 [4,5].

When considering offshore wind farms, the challenge lies in how this wind power
can be harvested efficiently, in terms of both cost and performance. The extent of the
challenge is largely dependent on the scale of the project considered, pace of growth and
the distance at which it is to be located offshore. In fact, many of the largest wind farms are
located at considerable distances from shore. This causes problems in the transmission of
energy using conventional high-voltage alternating current transmission cables, because
the capacitance of the cables causes excessive charging currents, leaving less capacity for
useful current flow [6–9]. High-voltage direct current (HVDC) transmission, by its very
nature, does not involve oscillatory charging currents. As such, it has been thoroughly
explored as a solution to overcome the limitations of AC connections for offshore wind
farms [10,11].
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With the development of offshore wind generation, the interest in cross-country
connections is also increasing. The Airtricity Foundation proposes a 10 GW offshore wind
farm (OWF) located between the UK, Germany, and the Netherlands as a foundation project
for a European supergrid [12]. Greenpeace suggests approximately 65 GW of offshore wind
capacity to be connected to 7 countries [13]. Seven European transmission system operators
have signed a Memorandum of Understanding for the launch of Eurobar, an initiative for
interconnecting offshore wind platforms across Europe [14]. Even though many possible
options are available for these cross-country connections, multi-terminal high-voltage DC
(HVDC) grids (MTDC) that utilize voltage source converters (VSCs) have been widely
investigated [13–18].

Current XLPE cable technology permits voltages of up to 420 kV AC for single-core
cables and 275 kV AC for triple-core cables. Although single-core cables typically provide
higher ratings, three separate conductors must be laid, which increases the installation
costs [19]. Compared to AC connections, HVDC requires a lower number of cables and for
the distances associated with cross-country connections, while limitations due to increased
capacitance generating a large amount of reactive power along the cable’s length do
not exist.

If more offshore wind farms and countries are connected through MTDC networks,
the resulting DC grid could be very complex, requiring models to study the static and
dynamic behaviors. Even though the connections can be complex, the basic building blocks
of the network will involve AC grids to which the MTDC network is connected through
VSCs, wind farms, and HVDC lines. In order to study the dynamic behavior of MTDC
grids, it is essential to develop mathematical models for these building blocks. In [20],
a small-signal model of a voltage source converter-based multi-terminal direct current
system was presented by constructing a non-linear state-space model and linking equations
for each subsystem. Step-by-step modeling of the MTDC network using average-value
models of VSCs with a systematic approach for steady-state and dynamic operation studies
was presented in [21]. Based on the small-signal model, the coupling mechanism between
converter stations and on the AC/DC side of the converter stations in a VSC-MTDC was
presented in [22]. In addition, such models have been presented in [23–27]. However, their
validation for MTDC networks, especially using a prototype, is not found in the literature.
Furthermore, such models are not used to assess the capacity of wind farms that can be
connected to MTDC networks.

In this paper, grid component models are developed from the first principles to
investigate MTDC grids, which are validated using a scaled-down three-terminal MTDC
test rig. Dynamic studies are carried out to assess the stability of the MTDC network with
wind power injection, and the stability is also demonstrated using a case study. Although
the case study involves a simplified network, the approach followed in this work enables
future system expansion for more detailed studies. Mathematical modeling is carried out in
MATLAB using state-space representations suitable for small-signal stability assessments
through eigenvalue analysis.

To validate these results, the system is implemented on a scaled-down experimental
three-terminal MTDC test rig. The experimental results show good consistency with the
eigenvalue analysis.

In this paper, Section 2 highlights the development of modeling tools from funda-
mentals, while Section 3 covers the hardware-in-the-loop experimental verification of the
modeling tools developed in the previous section. The results of the experimental verifica-
tion of the modeling tools presented and discussed in Section 4 and the conclusions are
presented in Section 5.

2. System Modeling Tools

In this section, we develop modeling tools consisting of state-space models of the funda-
mental components of wind-farm-connected MTDC networks. The modeling will include:
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1. A wind farm with an AC-to-DC converter for frequency control and reactive power
flow control;

2. A grid-connected converter to control the DC link voltage and reactive power flow;
3. A grid-connected converter to control the active power flow and reactive power flow;
4. The models for points 2 and 3 above are similar up to the inner current control, with

only the outer most control loops differing.

2.1. Wind Farm with AC-to-DC Converter for Frequency Control and Reactive Power Flow Control

In this section, a model of a wind farm scenario based on wind turbines equipped
with a permanent magnet synchronous generator (PMSG) is considered. The PMSG is
mechanically connected to a wind turbine and is electrically connected to a transmission line.
The other end of the transmission line is connected to an AC-to-DC converter. The output
of the AC-to-DC converter is connected to the DC grid. The corresponding configuration is
shown in Figure 1.
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Figure 1. Block diagram of the wind farm, transmission line, and AC-to-DC converter. 
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Figure 1. Block diagram of the wind farm, transmission line, and AC-to-DC converter.

The definitions of symbols used in Figure 1 are given in Table 1.

Table 1. Definitions of symbols used in Figure 1.

Symbol Definition

Vdw, Vqw dq voltages of the AC side of the converter;
Vd, Vq dq voltages of the generator output;
Id, Iq dq currents on the AC side of the converter;
Ld, Lq dq axis inductances of the PMSG;

R winding resistance of the PMSG;
λpm flux linkage of the PMSG;
ωw electrical speed of the PMSG;
ωm rotor speed of the PMSG;
np number of pole pairs of the PMSG;
Lw transmission line inductance;
τ induced torque;

τm mechanical torque given by the turbine;
Vdcw DC voltage of the converter;
Vre f

dcw
reference DC voltage of the converter;

mdw, mqw d and q modulation indexes of the converter;

The fundamental voltage relationships were derived for each component as outlined below.

2.1.1. PMSG, Transmission Line, and Converter Model

Vdw = RId + (Lw + Ld)
dId
dt

− ωw
(

Lw + Lq
)

Iq (1)

Vqw = RIq +
(

Lw + Lq
)dIq

dt
+ ωw(Lw + Ld)Id + ωwλpm (2)
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Cw
dVdcw

dt
+ Idcw + Iw = 0 (3)

Inner current controllers consisting of proportional and integral controllers were
introduced to the d and q loops as follows:

Vdw = Kpdw

(
Ire f
d − Id

)
+ Kidw

∫ (
Ire f
d − Id

)
dt (4)

Vqw = Kpqw

(
Ire f
q − Iq

)
+ Kiqw

∫ (
Ire f
q − Iq

)
dt (5)

where:
Ire f
d and Ire f

q = respective dq reference currents;
Kpdw and Kidw = proportional and integral gains, respectively, of the controller on the

d-axis;
Kpqw and Kiqw = proportional and integral gains, respectively, of the controller on the

q-axis.
The outer control loops for frequency control and reactive power flow control were

introduced as:
Ire f
d = KpQ

(
Qre f − Q

)
+ KiQ

∫ (
Qre f − Q

)
dt (6)

Ire f
q = Kp f

(
f re f − f

)
+ Ki f

∫ (
f re f − f

)
dt (7)

where Q is the reactive power, Qref is the desired reactive power, f is the frequency, and fref

is the desired frequency.

2.1.2. Rotor Dynamics Model

For the PMSG, the rotor dynamics can be given by:

J
dωm

dt
= τm − τ (8)

Since ωw = 2π f = npωm, (8) was written as:

J
2π

np

d f
dt

= M1
d f
dt

= τm − τ (9)

Assuming that the PMSG is a non-salient pole type, the induced torque was written as:

τ = 1.5npλpm Iq = M2 Iq (10)

Hence:
d f
dt

=
1

M1
τm − M2

M1
Iq (11)

2.1.3. Reactive Power Dynamic Model

The reactive power was expressed as:

Q = Vqw Id − Vdw Iq (12)

Since Vdw = mdw
2 Vdcw and Vqw =

mqw
2 Vdcw Equation (12) was modified as:

Q =
mqw

2
Vdcw Id −

mdw
2

Vdcw Iq (13)
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Assuming that Vdcw can reach Vdcw
ref fast enough, then:

Q =
mqw

2
Vre f

dcw Id −
mdw

2
Vre f

dcw Iq (14)

By taking the first derivative with respect to time:

dQ
dt

=
mqw

2
Vre f

dcw
dId
dt

− mdw
2

Vre f
dcw

dIq

dt
(15)

2.1.4. DC Link Voltage Dynamic Model

By taking the active power in the converter on AC side and DC side into consideration
and assuming a loss-less converter, then:

P = Vdw Id + Vqw Iq = Vdcw Idcw (16)

By using the definitions of the modulation indexes, then:

Idcw =
mdw

2
Id +

mqw

2
Iq (17)

With Idcw + Icw + Iw = 0 and since the DC link capacitor Icw = Ccw
dVdcw

dt , the DC link
dynamic model becomes:

dVdcw
dt

= − mdw
2Ccw

Id −
mqw

2Ccw
Iq −

1
Ccw

Iw (18)

2.1.5. State-Space Model of the Wind Farm with AC-to-DC Converter for Frequency
Control and Reactive Power Flow Control

In order to simplify the PI controllers, four new state variables were defined as:
αd =

∫ [
Ire f
d − Id

]
dt, αq =

∫ [
Ire f
q − Iq

]
dt,

βQ =
∫ [

Qre f − Q
]
dt and β f =

∫ [
f re f − f

]
dt.

Then, by defining the states as:
x =

[
Id Iq αd αq βQ β f Q f Vdc

]T and the input as

u =
[

Qre f f re f τm Iw
]T , the state-space model of the wind farm with the AC-

to-DC converter for frequency control and reactive power flow control can be simplified.
The state equations are given in (19) to (27):

dId
dt

= − R
(Lw + Ld)

Id −
Kpdw

(Lw + Ld)
Id + ωw Iq +

Kidw
(Lw + Ld)

αd +
KpdwKiQ

(Lw + Ld)
βQ −

KpdwKpQ

(Lw + Ld)
Q +

KpdwKpQ

(Lw + Ld)
Qre f (19)

dIq

dt
= −ωw Id −

R(
Lw + Lq

) Iq −
Kpqw(

Lw + Lq
) Iq +

Kiqw(
Lw + Lq

)αq +
KpqwKi f(
Lw + Lq

) β f −
KpqwKp f(
Lw + Lq

) f +
KpqwKp f(
Lw + Lq

) f re f − ωw
λpm(

Lw + Lq
) (20)

dαd
dt

= −Id + KiQβQ − KpQQ + KpQQre f (21)

dαq

dt
= −Iq + Ki f β f − Kp f f + Kp f f re f (22)

dβQ

dt
= −Q + Qre f (23)

dβ f

dt
= − f + f re f (24)



Wind 2022, 2 22

dQ
dt

= −
RmqwVre f

dcw
2(Lw + Ld)

Id −
KpdwmqwVre f

dcw
2(Lw + Ld)

Id + ωw
mdw

2
Vre f

dcw Id +
RmdwVre f

dcw
2
(

Lw + Lq
) Iq +

KpqwmdwVre f
dcw

2
(

Lw + Lq
) Iq + ωw

mqw

2
Vre f

dcw Iq

+
KidwmqwVre f

dcw
2(Lw + Ld)

αd −
KiqwmdwVre f

dcw
2
(

Lw + Lq
) αq +

KpdwKiQmqwVre f
dcw

2(Lw + Ld)
βQ −

KpqwKi f mdwVre f
dcw

2
(

Lw + Lq
) β f

−
KpdwKpQmqwVre f

dcw
2(Lw + Ld)

Q +
KpqwKp f mdwVre f

dcw
2
(

Lw + Lq
) f +

KpdwKpQmqwVre f
dcw

2(Lw + Ld)
Qre f −

KpqwKp f mdwVre f
dcw

2
(

Lw + Lq
) f re f

+
ωsmdwVre f

dcwλpm

2
(

Lw + Lq
)

(25)

d f
dt

= −M2

M1
Iq +

1
M1

τm (26)

dVdcw
dt

= − mdw
2Ccw

Id −
mqw

2Ccw
Iq −

1
Ccw

Iw (27)

2.2. Grid-Connected Converter to Control the DC Link Voltage and Reactive Power Flow

This setup consists of the DC–AC converter, where the DC side is connected to the
MTDC network and the AC side is connected to a transmission line. The other end of the
transmission line is connected to an AC power grid, as shown in Figure 2.
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Figure 2. Grid-connected converter with DC link voltage control and reactive power control.

The definitions of symbols used in Figure 1 are given in Table 2.

Table 2. Definitions of symbols used in Figure 2.

Symbol Definition

Vd1, Vq1 dq voltages of converter AC side;
Vgd1,Vgq1 dq voltages of grid; 1

Id1, Iq1 dq currents of the AC side of the converter;
R1 transmission line resistance;
L1 transmission line inductance;
ωs grid 1 frequency in rad/s;

Vdc1 DC voltage of the converter;
Vre f

dc1
reference DC voltage of the converter;

md1, mq1 dq modulation indexes of the converter.

2.2.1. Grid-Connected Transmission Line Model

The following equations were obtained in the dq reference frame:

Vd1 = Vgd1 + R1 Id1 + L1
dId1
dt

− ωsL1 Iq1 (28)
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Vq1 = Vgq1 + R1 Iq1 + L1
dIq1

dt
+ ωsL1 Id1 (29)

2.2.2. Inner Current Controller Model

The inner current controllers formed using PI controllers were obtained as:

Vd1 = Kpd1

(
Ire f
d1 − Id1

)
+ Kid1

∫ (
Ire f
d1 − Id1

)
dt (30)

Vq1 = Kpq1

(
Ire f
q1 − Iq1

)
+ Kiq1

∫ (
Ire f
q1 − Iq1

)
dt (31)

where:
Ire f
d1 and Ire f

q1 = respective dq reference currents;
Kpd1 and Kid1 = proportional and integral gains of the controller on the d-axis;
Kpq1 and Kiq1 = proportional and integral gains of the controller on the q-axis.

2.2.3. DC Link Voltage and Reactive Power Flow Controller Model

The current references were obtained using a PI controller as:

Ire f
d1 = KpQ1

(
Qre f

1 − Q1

)
+ KiQ1

∫ (
Qre f

1 − Q1

)
dt (32)

Ire f
q1 = Kpdc1

(
Vre f

dc1 − Vdc1

)
+ Kidc1

∫ (
Vre f

dc1 − Vdc1

)
dt (33)

where Q1 is the reactive power, Q1
ref is the desired reactive power, Vdc1 is the grid side DC

link voltage, and Vdc1
ref is the desired grid side DC link voltage.

The derivations of the dynamic models of reactive power flow and the DC link voltage
were obtained following a similar procedure to those presented in Sections 2.1.3 and 2.1.4,
respectively. The respective dynamic models are:

dQ1

dt
=

mq1

2
Vre f

dc1
dId1
dt

− md1
2

Vre f
dc1

dIq1

dt
(34)

dVdc1
dt

= −md1
2C1

Id1 −
mq1

2C1
Iq1 −

1
C1

I1. (35)

2.2.4. State-Space Model of the Grid-Connected Converter Used to Control the DC Link
Voltage and Reactive Power Flow

As in the previous case, to simplify the PI controllers, four new state variables were
defined as:

αd1 =
∫ [

Ire f
d1 − Id1

]
dt; αq1 =

∫ [
Ire f
q1 − Iq1

]
dt;

βQ1 =
∫ [

Qre f
1 − Q1

]
dt; βdc1 =

∫ [
Vre f

dc1 − Vdc1

]
dt.

Then, by defining the states as:
x1 =

[
Id1 Iq1 αd1 αq1 βQ1 βdc1 Q1 Vdc1

]T and the input as

u1 =
[

Qre f
1 Vre f

dc1 Idc2 Vd1 Vq1

]T
, the state equations were obtained as in (36)

to (43):

dId1
dt

= − 1
L1

Vgd1 −
R1

L1
Id1 −

Kpd1

L1
Id1 + ωs Iq1 +

Kid1
L1

αd1 +
Kpd1KiQ1

L1
βQ1 −

Kpd1KpQ1

L1
Q1 +

Kpd1KpQ1

L1
Qre f

1 (36)

dIq1

dt
= − 1

L1
Vgq1 −

R1

L1
Iq1 −

Kpq1

L1
Iq1 − ωs Id1 +

Kiq1

L1
αq1 +

Kpq1Kidc1

L1
βdc1 −

Kpq1Kpdc1

L1
Vdc1 +

Kpq1Kpdc1

L1
Vre f

dc1 (37)

dαd1
dt

= −Id1 + Ire f
d1 (38)
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dαq1

dt
= −Iq1 + Ire f

q1 (39)

dβQ1

dt
= −Q1 + Qre f

1 (40)

dβdc1
dt

= −Vdc1 + Vre f
dc1 (41)

dQ1

dt
= −

mq1

2
Vre f

dc1
R1

L1
Id1 −

mq1

2
Vre f

dc1

Kpd1

L1
Id1 +

md1
2

Vre f
dc1 ωs Id1 +

md1
2

Vre f
dc1

R1

L1
Iq1 +

md1
2

Vre f
dc1

Kpq1

L1
Iq1

+
mq1

2
Vre f

dc1
Kid1
L1

αd1 −
md1

2
Vre f

dc1

Kiq1

L1
αq1 +

mq1

2
Vre f

dc1

Kpd1KiQ1

L1
βQ1 −

md1
2

Vre f
dc1

Kpq1Kidc1

L1
βdc1

−
mq1

2
Vre f

dc1

Kpd1KpQ1

L1
Q1 +

md1
2

Vre f
dc1

Kpq1Kpdc1

L1
Vdc1 −

mre f
q1

2L1
Vre f

dc1 Vgd1 +
md1
2L1

Vre f
dc1 Vgq1

+
mq1Kpd1KpQ1Vre f

dc1
2L1

Qre f
1 −

md1Kpq1Kpdc1Vre f
dc1

2L1
Vre f

dc1

(42)

dVdc1
dt

= −md1
2C1

Id1 −
mq1

2C1
Iq1 −

1
C1

I1 (43)

2.3. Grid-Connected Converter Used to Control the Active Power Flow and Reactive Power Flow

The setup shown in Figure 3 is exactly the same as in Section 2.2, except that the
DC link voltage control in the outer loop is replaced with the active power flow control.
Therefore, all derivations up to the inner current control are the same except for the use of
subscript 2 in place of subscript 1. However, the outer most control loop consists of active
power flow control.

Wind 2022, 2 24 
 

 

𝑑𝐼௤ଵ𝑑𝑡 = − 1𝐿ଵ 𝑉௚௤ଵ − 𝑅ଵ𝐿ଵ 𝐼௤ଵ − 𝐾௣௤ଵ𝐿ଵ 𝐼௤ଵ − 𝜔௦𝐼ௗଵ + 𝐾௜௤ଵ𝐿ଵ 𝛼௤ଵ + 𝐾௣௤ଵ𝐾௜ௗ௖ଵ𝐿ଵ 𝛽ௗ௖ଵ − 𝐾௣௤ଵ𝐾௣ௗ௖ଵ𝐿ଵ 𝑉ௗ௖ଵ + 𝐾௣௤ଵ𝐾௣ௗ௖ଵ𝐿ଵ 𝑉ௗ௖ଵ௥௘௙ (37)𝑑𝛼ௗଵ𝑑𝑡 = −𝐼ௗଵ + 𝐼ௗଵ௥௘௙ (38)𝑑𝛼௤ଵ𝑑𝑡 = −𝐼௤ଵ + 𝐼௤ଵ௥௘௙ (39)𝑑𝛽ொଵ𝑑𝑡 = −𝑄ଵ + 𝑄ଵ௥௘௙ (40)𝑑𝛽ௗ௖ଵ𝑑𝑡 = −𝑉ௗ௖ଵ + 𝑉ௗ௖ଵ௥௘௙ (41)𝑑𝑄ଵ𝑑𝑡 = − 𝑚௤ଵ2 𝑉ௗ௖ଵ௥௘௙ 𝑅ଵ𝐿ଵ 𝐼ௗଵ − 𝑚௤ଵ2 𝑉ௗ௖ଵ௥௘௙ 𝐾௣ௗଵ𝐿ଵ 𝐼ௗଵ + 𝑚ௗଵ2 𝑉ௗ௖ଵ௥௘௙𝜔௦𝐼ௗଵ + 𝑚ௗଵ2 𝑉ௗ௖ଵ௥௘௙ 𝑅ଵ𝐿ଵ 𝐼௤ଵ + 𝑚ௗଵ2 𝑉ௗ௖ଵ௥௘௙ 𝐾௣௤ଵ𝐿ଵ 𝐼௤ଵ+ 𝑚௤ଵ2 𝑉ௗ௖ଵ௥௘௙ 𝐾௜ௗଵ𝐿ଵ 𝛼ௗଵ − 𝑚ௗଵ2 𝑉ௗ௖ଵ௥௘௙ 𝐾௜௤ଵ𝐿ଵ 𝛼௤ଵ + 𝑚௤ଵ2 𝑉ௗ௖ଵ௥௘௙ 𝐾௣ௗଵ𝐾௜ொଵ𝐿ଵ 𝛽ொଵ − 𝑚ௗଵ2 𝑉ௗ௖ଵ௥௘௙ 𝐾௣௤ଵ𝐾௜ௗ௖ଵ𝐿ଵ 𝛽ௗ௖ଵ− 𝑚௤ଵ2 𝑉ௗ௖ଵ௥௘௙ 𝐾௣ௗଵ𝐾௣ொଵ𝐿ଵ 𝑄ଵ + 𝑚ௗଵ2 𝑉ௗ௖ଵ௥௘௙ 𝐾௣௤ଵ𝐾௣ௗ௖ଵ𝐿ଵ 𝑉ௗ௖ଵ − 𝑚௤ଵ2𝐿ଵ 𝑉ௗ௖ଵ௥௘௙𝑉௚ௗଵ + 𝑚ௗଵ2𝐿ଵ 𝑉ௗ௖ଵ௥௘௙𝑉௚௤ଵ+ 𝑚௤ଵ𝐾௣ௗଵ𝐾௣ொଵ𝑉ௗ௖ଵ௥௘௙2𝐿ଵ 𝑄ଵ௥௘௙ − 𝑚ௗଵ𝐾௣௤ଵ𝐾௣ௗ௖ଵ𝑉ௗ௖ଵ௥௘௙2𝐿ଵ 𝑉ௗ௖ଵ௥௘௙ 

(42)
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The setup shown in Figure 3 is exactly the same as in Section 2.2, except that the DC 

link voltage control in the outer loop is replaced with the active power flow control. 
Therefore, all derivations up to the inner current control are the same except for the use 
of subscript 2 in place of subscript 1. However, the outer most control loop consists of 
active power flow control. 
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The current references were obtained using a PI controller as: 
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2.3.1. Active Power and Reactive Power Controller

The current references were obtained using a PI controller as:

Ire f
d2 = KpQ2

(
Qre f

2 − Q2

)
+ KiQ2

∫ (
Qre f

2 − Q2

)
dt (44)

Ire f
q2 = KpP2

(
Pre f

2 − P2

)
+ KiP2

∫ (
Pre f

2 − P2

)
dt (45)

where Q2 is the reactive power flow and Q2
ref is the desired reactive power flow, while P2

is the active power flow and P2
ref is the desired active power flow of the converter.
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2.3.2. Active Power Dynamic Model

The active power flowing to the grid is expressed as:

P2 = Vd2 Id2 + Vq2 Iq2 (46)

By considering the d and q axis modulation indexes (md2, mq2) of the converter are
as follows:

P2 =
md2

2
Vdc2 Id2 +

mq2

2
Vdc2 Iq2 (47)

Assuming that Vdc2 reaches Vdc2
ref fast enough:

P2 =
md2

2
Vre f

dc2 Id2 +
mq2

2
Vre f

dc2 Iq2 (48)

By taking the time derivative:

dP2

dt
=

md2
2

Vre f
dc2

dId2
dt

+
mq2

2
Vre f

dc2
dIq2

dt
(49)

2.3.3. State-Space Model of the Grid-Connected Converter to Control the Active Power
Flow and Reactive Power Flow

To simplify the PI controllers, four new state variables were defined as:
αd2 =

∫ [
Ire f
d2 − Id2

]
dt; αq2 =

∫ [
Ire f
q2 − Iq2

]
dt;

βQ2 =
∫ [

Qre f
2 − Q2

]
dt; βP2 =

∫ [
Pre f

2 − P2

]
dt.

By choosing the state vector as x2 =
[

Id2 Iq2 αd2 αq2 βP2 βQ2 P2 Q2 Vdc2
]T

and the input vector as u1 =
[

Pre f
2 Qre f

2 I2 Vgd2 Vgq2

]T
, the state equations were

obtained as in (50) to (58):

dId2
dt

= − 1
L2

Vgd2 −
R2

L2
Id2 −

Kpd2

L2
Id2 + ωs Iq2 +

Kid2
L2

αd2 +
Kpd2KiQ2

L2
βQ2 −

Kpd2KpQ2

L2
Q2 +

Kpd2KpQ2

L2
Qre f

2 (50)

dIq2

dt
= − 1

L2
Vgq2 −

R2

L2
Iq2 −

Kpq2

L2
Iq2 − ωs Id2 +

Kiq2

L2
αq2 +

Kpq2KiP2

L2
βP2 −

Kpq2KpP2

L2
P2 +

Kpq2KpP1

L2
Pre f

2 (51)

dαd2
dt

= −Id2 + KiQ2βQ2 − KpQ2Q2 + KpQ2Qre f
2 (52)

dαq2

dt
= −Iq2 + KiP2βP2 − KpP2P2 + KpP2Pre f

2 (53)

dβP2

dt
= −P2 + Pre f

2 (54)

dβQ2

dt
= −Q2 + Qre f

2 (55)

dP2

dt
= −R2

L2

md2
2

Vre f
dc2 Id2 −

Kpd2

L2

md2
2

Vre f
dc2 Id2 − ωs

mq2

2
Vre f

dc2 Id2 −
R2

L2

mq2

2
Vre f

dc2 Iq2 −
Kpq2

L2

mq2

2
Vre f

dc2 Iq2

+ωs
md2

2
Vre f

dc2 Iq2 +
Kid2
L2

md2
2

Vre f
dc2 αd2 +

Kiq2

L2

mq2

2
Vre f

dc2 αq2 +
Kpq2KiP2

L2

mq2

2
Vre f

dc2 βP2

+
Kpd2KiQ2

L2

md2
2

Vre f
dc2 βQ2 −

Kpq2KpP2

L2

mq2

2
Vre f

dc2 P2 −
Kpd2KpQ2

L2

md2
2

Vre f
dc2 Q2

+
Kpq2KpP1

L2

mq2

2
Vre f

dc2 Pre f
2 +

Kpd2KpQ2

L2

md2
2

Vre f
dc2 Qre f

2 − 1
L2

md2
2

Vre f
dc2 Vgd2 −

1
L2

mq2

2
Vre f

dc2 Vgq2

(56)
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dQ2

dt
= −

mq2

2
Vre f

dc2
R2

L2
Id2 −

mq2

2
Vre f

dc2

Kpd2

L2
Id2 +

md2
2

Vre f
dc2 ωs Id2 +

md2
2

Vre f
dc2

R2

L2
Iq2 +

md2
2

Vre f
dc2

Kpq2

L2
Iq2

+
mq2

2
Vre f

dc2
Kid2
L2

αd2 −
md2

2
Vre f

dc2

Kiq2

L2
αq2 +

mq2

2
Vre f

dc2

Kpd2KiQ2

L2
βQ2 −

md2
2

Vre f
dc2

Kpq2KiP2

L2
βP2

−
mq2

2
Vre f

dc2

Kpd2KpQ2

L2
Q2 +

md2
2

Vre f
dc2

Kpq2KpP2

L2
P2 −

mq2

2L2
Vre f

dc2 Vgd2 +
md2
2L2

Vre f
dc2 Vgq2

+
mq2Kpd2KpQ2Vre f

dc2
2L2

Qre f
2 −

md2Kpq2KpP2Vre f
dc2

2L2
Vre f

dc2

(57)

dVdc2
dt

= −md2
2C2

Id2 −
mq2

2C2
Iq2 −

1
C2

I2 (58)

3. Hardware-in-the-Loop Experimental Verification of Modeling Tools

Next, the models derived in Section 2 were experimentally verified using a hardware-
in-the-loop test-rig. These were referred to as:

1. WFC: Wind farm with AC-to-DC converter with frequency control and reactive power
control;

2. GSC 1: Grid-connected converter used to control the DC link voltage and reactive
power flow;

3. GSC 2: Grid-connected converter used to control the active power flow and reactive
power flow.

These were in the same order as those derived in the Section 2. Figure 4 shows
the overall hardware system block diagram, which corresponds to the MTDC network.
Different configurations such as GSC1 only, GSC1 connected to GSC2, GSC1 connected
to WFC, and GSC1 connected to GSC2 and WFC were used to highlight the respective
controller implementations in the model verification process.
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Figure 4. Overall system block diagram for the MTDC network. 
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3.1. Hardware-in-the-Loop Experimental Setup

The main components of the hardware-in-the-loop (HIL) experimental platform are
shown in Figure 5. These comprise a real time digital simulator (RTDS), a grid simulator
(GS), and an HVDC test rig.
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Figure 5. Hardware-in-the-loop experimental platform: (a) VSC-MTDC test rig and dSPACETM graphical user interface; 
(b) power amplifier (left) interfacing the MTDC test rig and the RTDS (right); (c) 10 kW PMSGs in the WFG. 
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Figure 5. Hardware-in-the-loop experimental platform: (a) VSC-MTDC test rig and dSPACETM

graphical user interface; (b) power amplifier (left) interfacing the MTDC test rig and the RTDS (right);
(c) 10 kW PMSGs in the WFG.

3.1.1. Main AC Grid Model in RTDS

For simplicity, the mainland AC grid was modeled as a 400 kV single-bus system
connected to a load and a fault resistance instrument using the RSCAD software in RTDS.



Wind 2022, 2 28

However, this network can be easily expanded to represent generators, loads, transformers,
and transmission lines of more complex AC systems.

3.1.2. Grid Simulator

The major function of the grid simulator is to produce a three-phase mains supply
voltage from the analog outputs of the RTDS. This is achieved using a four-quadrant
amplifier rated at 2 kVA and 270 V (L-G rms). In this study, the output of the grid simulator
was connected to the DC GSC1 of the HVDC test rig.

3.1.3. Three-Terminal HVDC Test Rig

The AC grids were represented using a 415 V AC mains supply. An autotransformer
was used to regulate the supply voltage of the grid-side converter (GSCs) to 140 V. The
wind farm was implemented using a motor–generator set with permanent magnet syn-
chronous machines.

The motor torque, T3, was controlled using a UnidriveTM inverter. The reference
torque was multiplied by a droop gain, kT, with a droop constant of 0.001. The output of
the droop gain was fed through a rate limiter with a slew rate of ±0.5. The generator’s
synchronous speed was controlled using the WFC, as illustrated in Figure 4. The DC cable
parameters shown in Figure 4 were L23 = 2.4 mH, R23 = 0.045 Ω, L13 = 3.4 mH, R13 = 0.064 Ω.
Figure 5 shows the hardware setup.

3.2. Controllers

The implementation of the controllers in GSC1, GSC2, and WFC is presented in
this section.

3.2.1. DC Link Voltage and Reactive Power Controllers

Figure 6 shows the DC link voltage and reactive power control scheme for GSC1. This
consists of the inner current control loops in the dq-reference frame. The outer control loop
provides the references for the inner current controllers. As such, the outer DC link voltage
(Vdc1) control loop provides the q-axis current reference and the outer reactive power (Q1)
control loop provides the d-axis current reference. The vabc1 and iabc1 are the ac voltages
and currents in the three phases a, b and c.

The reference value of DC link voltage, Vdc1
*, is compared with its actual value, Vdc1.

The error between the two DC voltages is fed to a proportional gain, whose output is
processed using a PI controller. The output of the PI controller is the reference q-axis
current, iq1

*, flowing through the inductance, L1, of the GSC1.
The iq1

* is compared with the actual q-axis current, iq1. The error between the two
current signals is fed to a proportional gain, whose output is processed using a PI controller.
The output of the PI controller is a voltage signal, vq1_0, which is compared with the
measured q-axis voltage, vq1, in order to compute the reference q-axis voltage, vq1

*.
The reference reactive power, Q1

*, is compared with its actual values, Q1. The error
between the two reactive power signals is fed to a proportional gain, whose output is
processed using a PI controller. The output of the PI controller is the reference d-axis
current, id1

*, flowing through the AC grid inductance, L1.
The id1

* is compared with the actual d-axis current, iq1. The error between the two
current signals is fed to a proportional gain, whose output is processed using a PI controller.
The output of the PI controller is a voltage signal, vd1_0, which is compared with the
measured d-axis voltage, vd1, in order to compute the reference d-axis voltage, vd1

*.
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Figure 6. Reactive power and DC link voltage control schemes for GSC1. 

The reference value of DC link voltage, Vdc1*, is compared with its actual value, Vdc1. 
The error between the two DC voltages is fed to a proportional gain, whose output is 
processed using a PI controller. The output of the PI controller is the reference q-axis 
current, iq1*, flowing through the inductance, L1, of the GSC1. 

The iq1* is compared with the actual q-axis current, iq1. The error between the two 
current signals is fed to a proportional gain, whose output is processed using a PI 
controller. The output of the PI controller is a voltage signal, vq1_0, which is compared with 
the measured q-axis voltage, vq1, in order to compute the reference q-axis voltage, vq1*. 

The reference reactive power, Q1*, is compared with its actual values, Q1. The error 
between the two reactive power signals is fed to a proportional gain, whose output is 
processed using a PI controller. The output of the PI controller is the reference d-axis 
current, id1*, flowing through the AC grid inductance, L1. 

The id1* is compared with the actual d-axis current, iq1. The error between the two 
current signals is fed to a proportional gain, whose output is processed using a PI 
controller. The output of the PI controller is a voltage signal, vd1_0, which is compared with 
the measured d-axis voltage, vd1, in order to compute the reference d-axis voltage, vd1*. 

3.2.2. Active and Reactive Power Controllers 
Figure 7 shows the active power and reactive power controllers for GSC2. The active 

power, P2, is controlled using the q-axis, while the reactive power, Q2, is controlled using 
the d-axis. 

Figure 6. Reactive power and DC link voltage control schemes for GSC1.

3.2.2. Active and Reactive Power Controllers

Figure 7 shows the active power and reactive power controllers for GSC2. The active
power, P2, is controlled using the q-axis, while the reactive power, Q2, is controlled using
the d-axis.
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Figure 7. Active and reactive power control schemes for GSC2. 

The reference value of active power, P2*, is compared with its actual value, P2. The 
error between the two active power signals is fed to a proportional gain, whose output is 
processed using a PI controller. The output of the PI controller is the reference q-axis 
current, iq2*, flowing through the inductance, L2, for GSC2. The iq2* is compared with the 
actual q-axis current, iq2. The error between the two current signals is processed using a PI 
controller, whose output is added to a term Lq.iq2, to produce a voltage signal, vq2_0, as 
shown in Figure 7. The vq2_0 is compared with the measured q-axis voltage, vq2, in order to 
compute the reference q-axis voltage, vq2*. Similarly, the reactive power loop is used to in 
order to compute the reference d-axis voltage, vd2*. 

3.2.3. Frequency Controller and Reactive Power Controller 
Figure 8 shows the wind farm frequency and reactive power controller of the wind 

farm converter. The frequency is controlled using the q-axis and the reactive power is 
controller using the d-axis. The reference value of offshore frequency, f *, is compared with 
the actual frequency, f, of the synchronous generator. The error between the two signals 
is fed to a proportional gain, whose output is processed using a PI controller. The output 
of the PI controller is the reference q-axis current, iq*. 

Figure 7. Active and reactive power control schemes for GSC2.
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The reference value of active power, P2
*, is compared with its actual value, P2. The

error between the two active power signals is fed to a proportional gain, whose output
is processed using a PI controller. The output of the PI controller is the reference q-axis
current, iq2

*, flowing through the inductance, L2, for GSC2. The iq2
* is compared with the

actual q-axis current, iq2. The error between the two current signals is processed using a
PI controller, whose output is added to a term Lq.iq2, to produce a voltage signal, vq2_0, as
shown in Figure 7. The vq2_0 is compared with the measured q-axis voltage, vq2, in order to
compute the reference q-axis voltage, vq2

*. Similarly, the reactive power loop is used to in
order to compute the reference d-axis voltage, vd2

*.

3.2.3. Frequency Controller and Reactive Power Controller

Figure 8 shows the wind farm frequency and reactive power controller of the wind
farm converter. The frequency is controlled using the q-axis and the reactive power is
controller using the d-axis. The reference value of offshore frequency, f *, is compared with
the actual frequency, f, of the synchronous generator. The error between the two signals is
fed to a proportional gain, whose output is processed using a PI controller. The output of
the PI controller is the reference q-axis current, iq*.
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Figure 8. Frequency and reactive power control for WFC. 

Here, iq* is compared with the actual q-axis current, iq. The error between the two 
current signals is fed to a proportional gain, whose output is processed using a PI 
controller. A cross-coupling term, −𝑣ௗ𝐿௤  is added to the PI controller output, vq, to 
compute the reference q-axis voltage, vq*, where Lq is the q-axis inductance of the PMSG. 
The reactive power controller has a similar design as the grid-side converter computing 
the reference d-axis voltage, vd*, 

4. Results and Discussion 
In this section, the simulation results are compared against the experimental results 

for verification of the four cases, namely GSC1 only, GSC1 connected to GSC2, GSC1 
connected to WFC, and GSC1 connected to GSC2 and WFC. 

4.1. Verification 1: GSC1 Only 
The objective of this verification step was to verify the DC link voltage and reactive 

power flow control implementation of GSC1. In the test, the following step changes were 
applied: 
1. Step change in DC voltage reference, Vdc1*, from 250 V to 270 V at t = 5 s; 
2. Step change in reactive power reference, Q1*, from 200 VAr to 400 VAr at t = 10 s. 

The resulting Vdc1 response to the step change in Vdc1* is shown in the upper part of 
Figure 9. Further, the resulting Q1 response to the step in Q1* is shown in the lower part of 
Figure 9. 

It can be observed that the Vdc1 follows the reference Vdc1* in principle, although the 
experimental transient results are slower than the simulation model results in the step 
change, which may be attributed to possible parameter mismatches in the controller 
implementations. However, this trend is not prominent in the Q1 response, which follows 

Figure 8. Frequency and reactive power control for WFC.

Here, iq* is compared with the actual q-axis current, iq. The error between the two
current signals is fed to a proportional gain, whose output is processed using a PI controller.
A cross-coupling term, −vdLq is added to the PI controller output, vq, to compute the
reference q-axis voltage, vq

*, where Lq is the q-axis inductance of the PMSG. The reactive
power controller has a similar design as the grid-side converter computing the reference
d-axis voltage, vd

*.
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4. Results and Discussion

In this section, the simulation results are compared against the experimental results for
verification of the four cases, namely GSC1 only, GSC1 connected to GSC2, GSC1 connected
to WFC, and GSC1 connected to GSC2 and WFC.

4.1. Verification 1: GSC1 Only

The objective of this verification step was to verify the DC link voltage and reactive
power flow control implementation of GSC1. In the test, the following step changes were
applied:

1. Step change in DC voltage reference, Vdc1
*, from 250 V to 270 V at t = 5 s;

2. Step change in reactive power reference, Q1
*, from 200 VAr to 400 VAr at t = 10 s.

The resulting Vdc1 response to the step change in Vdc1
* is shown in the upper part of

Figure 9. Further, the resulting Q1 response to the step in Q1
* is shown in the lower part of

Figure 9.
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The objective of this verification step was to test the active power and reactive power 
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Figure 9. Comparison of experimental and simulation step responses in DC link voltage and reactive
power flow for GSC1 only.

It can be observed that the Vdc1 follows the reference Vdc1
* in principle, although

the experimental transient results are slower than the simulation model results in the
step change, which may be attributed to possible parameter mismatches in the controller
implementations. However, this trend is not prominent in the Q1 response, which follows
the reference well. In addition, the dq cross-coupling is present to different degrees in
the two cases. In the Vdc1 control, cross-coupling in the simulation is lower than the
experimental corresponding to the step change in Q1

*. In the Q1 control, however, the
cross-coupling in the simulation is larger than in the experiment.

4.2. Verification 2: GSC1 Connected to GSC2

The objective of this verification step was to test the active power and reactive power
flow control implementation for GSC2. The following step changes were applied:

1. Step change in active power reference, P2
*, from 100 W to 600 W at t = 5 s;

2. Step change in reactive power reference, Q2
*, from 100 VAr to 600 VAr at t = 10 s.

The resulting P2 response to the step change in P2
* is shown in the upper part of

Figure 10. Further, the resulting Q2 response to the step in Q2
* is shown in the lower part

of Figure 10.
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Figure 10. Comparison of experimental and simulation step responses in active power flow and
reactive power flow for GSC1 connected to GSC2.

As observed in Figure 10, both controllers follow their respective references. The
simulated P2 response is faster and with virtually no overshoot, while the experimental
version has non-zero overshoot that is not significant. In addition, the dq cross-coupling
is also present. However, the Q2 responses in the simulation and experiment are similar,
with no overshoot or cross-coupling. Hence, the mismatches in the former case may be
attributed to possible parameter mismatches and unmodeled dynamics.

4.3. Verification 3: GSC1 Connected to WFC

The objective of this verification step was to test the AC frequency control and wind
turbine torque control implementation for WFC. The following step changes were applied:

1. Step change in frequency reference, f 3
*, from 75 Hz to 85 Hz at t = 5 s.

2. Step change in torque reference, T3
*, from 5.6 Nm to 10 Nm at t = 10 s.

The resulting f 2 response, which is observed as the mechanical shaft speed ωm re-
sponse to the step change in f 3

*, is shown in the upper part of Figure 11. The operation of
the Q2 controller is shown in the lower part of Figure 11, which is achieved by holding its
reference despite the change in the input torque.
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In this verification step, the f2 control and Q2 control follow their respective 
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capability of the MTDC systems. The following step changes were applied: 
1. Step change in wind turbine torque reference, T3*, from 7 Nm to 12.8 Nm at t = 3 s; 
2. Step change in GSC2 active power reference, P2*, from 100 W to 900 W at t = 7 s; 
3. Step change in GSC2 reactive power reference, Q3*, from 0 VAr to −500 VAr at t = 11 s. 
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In this verification step, the f 2 control and Q2 control follow their respective references.
The experimental f 2 transients are slower, most probably because of unmodeled dynam-
ics in the experimental setup. In addition, the dq cross-coupling is also present in both
scenarios.

4.4. Verification 4: GSC1 Connected to GSC2 and WFC

The objective of this verification step was to demonstrate the power transfer capability
of the MTDC systems. The following step changes were applied:

1. Step change in wind turbine torque reference, T3
*, from 7 Nm to 12.8 Nm at t = 3 s;

2. Step change in GSC2 active power reference, P2
*, from 100 W to 900 W at t = 7 s;

3. Step change in GSC2 reactive power reference, Q3
*, from 0 VAr to −500 VAr at t = 11 s.

The resulting Vdc response is shown in Figure 12, where the system tries to maintain
the 250 V reference despite the above step changes. Further, the active power flow control
and the reactive power flow control operations are shown in the upper and lower sections
of Figure 13, respectively.
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Figure 13. Comparison of experimental and simulation step responses in active power flow and 
reactive power flow for GSC1 connected to GSC2 and WFC. 

As can be observed in Figure 12, the experimental and simulated results are in 
agreement in terms of reactions to the transients caused by the step changes in the 
reference inputs. However, the experimental transient responses are slower and show less 
overshoot, while the simulated ones are faster with higher overshoots. 

In Figure 13, it can be observed that the reactive power Q3 follows the reference with 
some insignificant dq cross-coupling in both the experimental and simulation results. The 
active power P2 also follows its reference, although with some DC shifts at lower power 
levels, which may be due to unmodeled non-linearities. 

4.5. Discussion 
Generally, in all control verifications considered in this study, the hardware 

verifications showed slower responses compared to their simulation model counterparts. 
The possible reasons for this could have been that linear models were used as the 
simulation models, while the actual systems may have contained unmodeled non-

Figure 12. Comparison of experimental and simulation results in terms of DC link voltage for GSC1
connected to GSC2 and WFC.
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As can be observed in Figure 12, the experimental and simulated results are in agree-
ment in terms of reactions to the transients caused by the step changes in the reference
inputs. However, the experimental transient responses are slower and show less overshoot,
while the simulated ones are faster with higher overshoots.

In Figure 13, it can be observed that the reactive power Q3 follows the reference with
some insignificant dq cross-coupling in both the experimental and simulation results. The
active power P2 also follows its reference, although with some DC shifts at lower power
levels, which may be due to unmodeled non-linearities.

4.5. Discussion

Generally, in all control verifications considered in this study, the hardware verifica-
tions showed slower responses compared to their simulation model counterparts. The
possible reasons for this could have been that linear models were used as the simula-
tion models, while the actual systems may have contained unmodeled non-linearities.
In addition, cross-coupling was observed between the DC link voltage control loop and
the reactive power control loop in GSC1, between the active and reactive power control
loops in GSC2, and between the frequency control loop and reactive power control loop in
WFC, which is why there were disturbances on one loop when the reference on the other
loop was changed. This may be treated using line resistance corrections in the controller
implementations.

5. Conclusions

The mathematical modeling of an offshore wind farm integrated with a cross-country
HVDC network, i.e., MTDC network, has been presented along with simulation results
relating to the dynamic behavior and backed up by experimental verifications.

The dynamic behavior results for the GSC1 system equipped with DC link voltage
control and reactive power control agreed with the simulation results for the mathematical
modeling. Similarly, the experimental results for the dynamic behavior of GSC1 and
GSC2 connected configurations, with the latter equipped with active and reactive power
control, matched the results obtained in the simulation. In addition, for the same scenario
with the WFC equipped with frequency and reactive power control, forming the full
MTDC, the dynamic behavior obtained from the hardware experiment and the simulation
results agreed.

Despite the unmodeled nonlinearities and mild cross-coupling between control loops,
the modeling tools followed the actual behavior of the MTDC under both dynamic and
steady-state conditions. Hence, it was concluded that the developed tools can be used to
conduct dynamic studies of cross-country MTDCs.
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