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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 MATLAB™ 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;

A grid-connected converter to control the DC link voltage and reactive power flow;

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.

w N

2.1. Wind Farm with AC-to-DC Conuverter 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.

/dcyv ‘Iw
/CW" 4
Vaw_1
Vo | Viaw
qw ch
A A

I—d, Lq,R ﬂ‘m ) CUW

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
Viw Vaw dg voltages of the AC side of the converter;
Vi, Vg dq voltages of the generator output;
I, 1 dq currents on the AC side of the converter;
Ly, Ly dq axis inductances of the PMSG;
R winding resistance of the PMSG;
Apm flux linkage of the PMSG;
Wy electrical speed of the PMSG;
W rotor speed of the PMSG;
1p number of pole pairs of the PMSG;
Ly transmission line inductance;
T induced torque;
Tm mechanical torque given by the turbine;
View DC voltage of the converter;
VI;E{U reference DC voltage of the converter;
Mgy, Maw d and g 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

dl
Viw = RI; + (Lo + Ld)de — Wi (Lo + Lg) I 1)
dI,
Vew = RIg+ (Lo + Lg) = + wo(Low + La) g + wwApm )

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

Cuw

+ Idcw + IZU =0 (3)

Vieo = Kpao (17 = 1a) + Kiaw [ (17 = 1)t @
. ref ref
Vio = Kpguo (17 = 1) + Kigw | (117 = 1y )t )
where:
I;ef and I;ef = respective dg reference currents;
Kpaw and Kjgy, = proportional and integral gains, respectively, of the controller on the
d-axis;
Kpgqw and Kjg,, = proportional and integral gains, respectively, of the controller on the
g-axis.

The outer control loops for frequency control and reactive power flow control were
introduced as:

1Y =Ko (@ - Q) +Kig [ (@ — Q)a ®)
1 = Ky (£ = F) + Ky / (£ — )t @)

where Q is the reactive power, Q" is the desired reactive power, f is the frequency, and f
is the desired frequency.

2.1.2. Rotor Dynamics Model
For the PMSG, the rotor dynamics can be given by:

dw
Tltm =Ty —T (8)
Since wy = 27t f = nywp, (8) was written as:

Znﬂ_

af _
;Tpdt*lefT’” T )

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

T = 15npApml; = Mzl (10)
Hence: af . M,
i Erm - Elq (11)
2.1.3. Reactive Power Dynamic Model
The reactive power was expressed as:
Q= Viwls — Vauly (12)

Since Vg = "4 Ve and Vi = %Vdcw Equation (12) was modified as:

m m
Q= " Vacwls = =5 Vicwly (13)
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Assuming that V., can reach Ve fast enough, then:

0= qw refI mdwvref

dcw o ldew Iq (14)

By taking the first derivative with respect to time:

dQ  Mgw refdly Mgy refdlg
dt = 2 Vdrcwﬁ_ Zw V(;cwE (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 = Vyly+ qulq = Vicwlicw (16)
By using the definitions of the modulation indexes, then:

m m
licw = =5 la + =1y (17)

With 1., + Iew + Iw = 0 and since the DC link capacitor Iy = Cey d‘gitcw’ the DC link
dynamic model becomes:
AVicw Mgy I — Mgw 1

I, — C—Cwlw (18)

dt " 2Cew 2Cew

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:
wg = 17 = ta]at ag = [ [~ 1) at,

Bo = [[Q* —Q|atand p; = [ [/ — fat

Then, by defining the states as:

x=[1; I a5 o PBg Br Q f Vi ]Tand the input as

u=|[ Qe fef 1, Iy ]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 N R Kpdw Kidw KpdwKiQ KpdprQ Kpdw pQ

—_— = I — I+ wply + o+ — +
dt (Lo+La) % (LotLy) @ " " (Ly+Ly) ¢ (Lo+ Ly < (Lw+Ld)Q (Ly + Ly)

Qe (19

dlg _ R Kpqw Kiguw KpquKif KpquKpy KpgwKpf ref Apm
ol I, — I - + ef _ p—P" (20
M T L ) T Tt i) et ) ot 1) 1) T L) ety 0
du
Ttd —I;+ KigBg — KpoQ + Kpo Q' 1)
g _ ik Kyif + Ky f1f 2
= ot KigBy — Kppf + Kprf (22)
d
ﬁ =—Q+ erff (23)
dt
dﬁf

f + f"ff (24)
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ref ref ref ref
d7Q — _ quwvdcw - Kpdwmqudcw I +w mdwv”ff ’ Rmdwvdcw I Kp‘iwmdwvdcw L +w Mgw V”ffl
dt 2(Lo + Lg) 2(Lo + Lg) Co2 dew T oLy +Ly) T 2(Le+Lg) T 2 e
Kido Mg Vgeh g — Ko™ Vieh . KpduwKiggo Ve . KpgoKima Vi
2(Ly + Ly) 2(Lo +Lg) " 2Ly +Lg) "9 2(Low + Lg) 25)
ref ref ref ref
~ KyawKpommgw Ve, 0+ KpguKprawView KpawKpomgw Ve, Qref — KpguoKp e Ve fref
2(Ly + Ly) 2(Low + Ly) 2(Ly + Ly) 2(Lw + Ly)
s Vin A
2 (Lw + Lq)
af M, 1
- =——"I 4+ — 26
dt M; 1 + M " (26)
dvdcw My Mgw 1
= — I — I, — —1I 27
dt ZCCw d zccw 9 CCZU ¢ ( )

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.

I o
| les
Vaed ¢, p4-VYorVas
L [

R

L11 Idl, Iql
ngl, ngl
Grid 1

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
Vi, Vi dg voltages of converter AC side;
Vea1,Veq1 dg voltages of grid; 1
I, Ig1 dq currents of the AC side of the converter;

Rq transmission line resistance;

Ly transmission line inductance;

Wy grid 1 frequency in rad/s;

Vic1 DC voltage of the converter;

V’x{ reference DC voltage of the converter;
Mg1, Mgl dq modulation indexes of the converter.

2.2.1. Grid-Connected Transmission Line Model

The following equations were obtained in the dq reference frame:

dl
Var = Vemr + Rl + L1ﬁ —wslilp (28)
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dl
Vin = Ve + Rilpn + LlTZ +wsLilpn (29)

2.2.2. Inner Current Controller Model

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

Vin = Kpar (1 = Lar) + Kian [ (15 = L)t (30)
Vo = Kot (1 = In) + Ky [ (15 = Iy )t (31)

where:
i f ref . X
i and I g = respective dg reference currents;
Kpa1 and Ky, = proportional and integral gains of the controller on the d-axis;
Kpq1 and Kj;1 = proportional and integral gains of the controller on the g-axis.

2.2.3. DC Link Voltage and Reactive Power Flow Controller Model

The current references were obtained using a PI controller as:
Ifflf =Ky (Q;gf - Ql) + Kio1 /(Q;ﬁf - Ql)dt (32)

17 = Kpaer (Vi = Vi) + Kiaea [ (Viel = Vaer )t (33)

where Q) is the reactive power, Q; ref is the desired reactive power, V.1 is the grid side DC
link voltage, and V41" 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 _ Mg _refdlyy  ma refdlg
a2 Ve gy T~ Vaa g (34)

Vi _ _Ma1 _ M1, _1
it 20, M T2, " T G

L. (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:

ag = f {I;if — Idl]dl’; Ng1 = f[];if — q1}dt;

Bor= [ [Q;ﬁf - Q1}dt; Bict = | {ng{ - Vdcl}dt'

Then, by defining the states as:

xp=[In In an ap Por Pia Q Via ]T and the input as
T

Uy = [ Q;Ef Vdfi{ Lioc Vo Va } , the state equations were obtained as in (36)

to (43):
dlp 1 R4 pd1 Kin Kpa1Kio1 Kpa1Kpo1 Kpa1Kpo1 ref
' L AP P L I P g 36
pr L Ve~ ==l +wslg + L ag1 + L Bo1 L Q1+ I Q (36)
dly 1 R Ky Kigt Ky Kiger Kpg1Kpicr Kpg1Kpac1
q_ 1 Py iq pql Nide pql S pdc pal8pdcl o ref
ar _fl gql — fllql - L Iql —wslp + L Xq1 + L ,Bdcl - L Vi + L Vdcl (37)
da
=l )
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du 1
q1 _ ref
7 = g1 + Iql (39)
Ao
Por i+ (0)
dBac1
Pict — v,y vy @)
dQq Mgl _ ref Rq Mgl _ref Kpdl mgn < ref Mgy < ref R4 Mmg1 « ref qul
a2 Veap a5 Vaa -t Ve wslan + = Voo ol 5 Vea - I
Ma1 _ref Kigy mg1 ref Kiql Mgt reprdlKin mgq reprqlKidcl
o Vaa T, T Vit Via— o o Ty Via o Paa
42
mql Vref KpdleQl mg Vref quledcl v m;elf Vrer mg Vrer ( )
T p Ydel L Q1+ T del L del — 2L, dcl Ved1 + m de1 Ygql
i mqledleQl V;s{ Qref . mdleqledcl V;S{ Vref
214 1 214 del
dVia Mgy g1 1
=L — I, —=I 43
dt 20, T2 ot )

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.

I2 /dc2

ngz, ngZ
Grid 2

Figure 3. Grid-connected converter with active power control and reactive power control.

2.3.1. Active Power and Reactive Power Controller

The current references were obtained using a PI controller as:

I;l;f = Kp2 (Q;Ef - Qz) + Kio /(Q;ef - Qz)dt (44)
1 = Koma (B} = P2) + Kipo / (P — o)t (45)

where (Q; is the reactive power flow and 0, is the desired reactive power flow, while P,
is the active power flow and P,"¥ 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:

Py = Vil + Viplp (46)
By considering the d and g axis modulation indexes (4, m,) of the converter are
as follows: .
Py = "2Vl + “E Vol (47)
Assuming that V ;. reaches Vo' fast enough:
mMygp < ref Mg2 _ ref
P, = > —~ Vi lip + —— 5 —Vialp (48)

By taking the time derivative:

APy _ map refdlyy | Mgz rer Al

dt 2 42 gt 2 A2 gt )

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:

w = [ |1 = Lo|dt ap = [[1§ — 1a]at

Bor = [[Q)7 — Qu]dt; B = [ | PSP .

By choosing the state vectoras x, = [ I Ip ap ap Br2 P2z P Q2 Vi ] T
and the input vector as u; = [ pgef Q;ef b Var Ve }T, the state equations were
obtained as in (50) to (58):

dI 1 R, Ky K; Ky Kigo Ky Kpo2 Ky Kpo2
7‘? =T Vs T — I — Lpz Ip + wslp + L%zt%dz + PTIQ[;QZ — - sz Q+ -F sz Q;ef (50)
dl R K K; K, »K; K, »K K,»K
q2 2 qu iq2 pg2ip2 pq2™pP2 pg28\pP1 ref
— = —— —1 I I — —= — P, P. 1
it L, ngz L, 2~ Ly g2 — Wslgp + L, Kgo + L, Br2 L 2+ L 2 (51)
du
T?Z = —Ip + Kigafo2 — Kpg2Q2 + Kszfo (52)
du 2
TZ = —Ipp + Kipopp2 — Kppo Po + Kppzpzref (53)
d
B2 — b+ 2y (54)
d
Pz _ 10y (55)
ap, Ry mgy _ ref Kde Mgy ref ref Ry g2 yef quZ Ma2  ref
Gt L, 2 Vaele = = Viale - ws > BVl - L, 2 Vel = - Viale
K K; K Kipp m
+ws 2’”2 Vi1 + dez mzdz Viag + L”’Z 2”72 Vidag + 7‘? P2 2y By
2
(56)
KpaKiga mdz Vet  KyppKpp2 Mgz ref Kya2KpQo mgy - ref
L, dc2 IB L, TVdCZ P - L, Vch Q2
K, »K,p1 m K 1 1
pa2pP1 g2 o oref ref pd2 pQ2 mdz ref ref Mmgo - ref q2 ref
T, 2 Vael L Vi Q" — 1,7 Vaa Ve = 1,5 Vi Vane
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dQ, Mg2 _ref Ry Mg2 _ref Kde Mgy < ref Mgy - ref Ry Mgy - ref quZ
—_— = —Ip——V, 5 —1 —=V I —=V, ) —= —=V,,—1
dt o Vdce2 L, a2 o Vde2 L, a2+ o Tde2 wslap + o Vdc2 L, 2+ o Vde2 L, q2
Mg ref Kign Mg ref KiqZ Ma2 _ ref KdeKiQZ Mgy ref quZKiPZ
—V - —=V —V, , —— -—=V,
+ o Vde2 L, &qd2 o Vdc2 L, Xg2 + o Vde2 L, IBQ2 7 'dc2 L, Br2 )
Mgy ref KpaKpgo My ref KpgaKppa Mq2 sref May yref
_TVdcz Lo Q TVdcz Lo P - Evdd Vear + TLZVdcz Vg2
ref ref
" Mg Kpi2Kp2Vyr o Mo KpgaKppaVy o Vet
2L, 2 2L, dc2
dVica Mo g2 1
S O ) P 58
dt 26,22 PTGt (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.

Offshore | Onshore ~ GSC #2 Onshore
! P2, Q; )
! _ —» ACGrid#2

| —

! %
| Ve H - %

~
Los Roz !
! t
1 Pand Q
Ofish HVDC : Controller
shore NETWORK . .
Grid #3 ' Pt to.
Wind Farm Py WFC #3 i GSC #1 P.Q, Onshore
Model - ~ ! - s AC Grid #1
- (V2 | | /<,
oy = ‘. rT ~ %
j R
Controll |
o Contater |~ & | Yomard Q
ontroller
1
I
1

t

Figure 4. Overall system block diagram for the MTDC network.

Veer® | tar

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 dSPACE™
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.
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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 Unidrive™ inverter. The reference
torque was multiplied by a droop gain, k7, 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 WEC, as illustrated in Figure 4. The DC cable
parameters shown in Figure 4 were Ly3 = 2.4 mH, Ry3 =0.045 (), L13 = 3.4 mH, Ry3 = 0.064 Q).
Figure 5 shows the hardware setup.

M

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 dg-reference frame. The outer control loop
provides the references for the inner current controllers. As such, the outer DC link voltage
(V1) control loop provides the g-axis current reference and the outer reactive power (Q1)
control loop provides the d-axis current reference. The v, and i, are the ac voltages
and currents in the three phases a, b and c.

The reference value of DC link voltage, Vel , is compared with its actual value, V1.
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 g-axis
current, iql*, flowing through the inductance, L1, of the GSC1.

The iqf is compared with the actual g-axis current, iql. 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, v1_o, which is compared with the
measured g-axis voltage, v41, in order to compute the reference g-axis voltage, Uql*.

The reference reactive power, Q1 , is compared with its actual values, Q;. 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, ij; , flowing through the AC grid inductance, L;.

The idl* is compared with the actual d-axis current, ;1. 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, v;1 o, which is compared with the
measured d-axis voltage, v;1, in order to compute the reference d-axis voltage, vdl*.
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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, P, is controlled using the g-axis, while the reactive power, Q, is controlled using
the d-axis.
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Figure 7. Active and reactive power control schemes for GSC2.
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The reference value of active power, Py, is compared with its actual value, P,. 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 g-axis
current, iqz*, flowing through the inductance, L,, for GSC2. The ig;" is compared with the
actual g-axis current, i5>. The error between the two current signals is processed using a
PI controller, whose output is added to a term Ly.ig2, to produce a voltage signal, v5; o, as
shown in Figure 7. The v;, g is compared with the measured g-axis voltage, v, in order to
compute the reference q-axis voltage, v, . Similarly, the reactive power loop is used to in
order to compute the reference d-axis voltage, v, -

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 g-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 g-axis current, iq*.
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Figure 8. Frequency and reactive power control for WFC.

Here, iq* is compared with the actual g-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, —v,L, is added to the PI controller output, v;, to compute the
reference g-axis voltage, Uq*, where L, is the g-axis inductance of the PMSG. The reactive
power controller has a similar design as the grid-side converter computing the reference
d-axis voltage, v, .
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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, G5C1 connected
to WFC, and GSC1 connected to GSC2 and WEC.

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, V1", from 250 V to 270 V at t =5 s;
2. Step change in reactive power reference, Q; ", from 200 VAr to 400 VAr at t = 10 s.

The resulting V.1 response to the step change in V" is shown in the upper part of

Figure 9. Further, the resulting Q; response to the step in Q; " is shown in the lower part of
Figure 9.

280 T T T T T T T

— ¥dc - experiment
Vdc - simulation

240 1 1 1 1 1 1 1
4 5 6 7 8 9 10 11 12

— Q - experiment
— Q- simulation

4 5 6 7 8 9 10 11 12
time(s)

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 V. follows the reference V" 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 Q; response, which follows
the reference well. In addition, the dq cross-coupling is present to different degrees in
the two cases. In the V.1 control, cross-coupling in the simulation is lower than the
experimental corresponding to the step change in Q;". In the Q; 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, P,", from 100 W to 600 W at t =5's;
2. Step change in reactive power reference, Q,", from 100 VAr to 600 VAr at t = 10 s.
The resulting P, response to the step change in P," is shown in the upper part of

Figure 10. Further, the resulting Q, response to the step in Q," 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 P, response is faster and with virtually no overshoot, while the experimental
version has non-zero overshoot that is not significant. In addition, the dg cross-coupling
is also present. However, the Q; 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, f3", 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, response, which is observed as the mechanical shaft speed w;;, re-
sponse to the step change in f3", is shown in the upper part of Figure 11. The operation of
the Q, 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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Figure 11. Comparison of experimental and simulation step responses in wind farm frequency and
reactive power flow for GSC1 connected to WFC.
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In this verification step, the f, control and Q, control follow their respective references.
The experimental f; transients are slower, most probably because of unmodeled dynam-
ics in the experimental setup. In addition, the dg 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, P, *, from 100 Wto 900 W att="7s;
3. Step change in GSC2 reactive power reference, Q3 ", from 0 VAr to —500 VAratt=11s.
The resulting V. 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 12. Comparison of experimental and simulation results in terms of DC link voltage for GSC1

connected to GSC2 and WFC.
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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.
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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 Qs follows the reference with
some insignificant dg cross-coupling in both the experimental and simulation results. The
active power P, 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
WEC, 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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