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A Generic model of a multi-terminal VSC-HVDC network has been constructed using improved
modelling techniques. This is an extension of work from the original Supergen Project
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Executive Summary

The aim of this report is to outline the work that has been carried out for the “DC Grid
Control 2” Work Package. The objective of this WP is to further develop and verify the
DC grid control concepts which were initially proposed by Alstom Grid in 2010. This
involves giving a clear description of the different DC grid control layers and

implementing these control layers to assess their performance to various events.

In this report, the main layers of the overall DC grid control architecture have been
described. The key interface signals between the different control layers and their
bandwidths have been defined for this work. A power flow solver has been developed in
MATLAB with a PSCAD interface. The solver is shown to be able to accurately calculate
the target DC converter voltages required to obtain the desired power flow, without
exceeding the nominal operating limits of the system. A method for selecting the droop
gain for the Autonomous Converter Controllers (ACC) to prevent operating frame

violations is also proposed.

A six terminal HVDC grid model, based on the DC configuration for the Northern section
of the Atlantic Wind Connection (NAWC) has been developed in PSCAD. The grid
consists of six 1GW VSC converters which are represented using average value models.
The three onshore VSCs are connected to simplified traditional AC systems and the three
offshore VSCs are connected to 1GW windfarms. The control systems required for the
VSCs connected to traditional AC networks have been implemented based on ACC, which
was originally proposed by Alstom Grid.

The developed model has been simulated for a range of tests including wind power
variations and converter blocking. The simulation results show that the HVDC control
system is able to accurately control DC power flow in steady-state and to maintain grid

stability for transient events without violating the system’s operating frame.
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1 Introduction

The purpose of this report is to outline the work that has been carried out for the “DC Grid
Control 2” Work Package (WP). The objective of this WP is to further develop and verify
the DC grid control concepts which were initially proposed by Alstom Grid in 2010 [1, 2].

The overall DC grid control architecture which has been proposed by Alstom Grid has yet
to be formally described or implemented. A key objective of this WP is therefore to
formalise the grid controller architecture. This includes a clear description of the different

DC grid control layers including their interface signals and bandwidths.

The DC grid control work which has been conducted so far has focused on the main
control principles operating under normal conditions. This work therefore looks at the
supplementary control layers, such as the DC power flow solver and converter control,

when the DC grid is working near the limit of its operating frame.

2 Grid Control Architecture Overview

An overview of the simplified grid control architecture is shown in Figure 1. A HVDC grid
could be connected to one or more AC systems. These AC systems could be a mixture of
traditional onshore AC networks, windfarm power plants and passive loads. It should be
noted that this figure only shows an example of a DC grid control architecture and that it

does not include every potential signal between the different control layers.

The Energy Management System’s (EMS) key function is to determine the DC power
(Pgc*) orders for each VSC. In order to do this, the EMS requires DC grid data and
information from the connected AC systems. The EMS could issue DC power orders to the
Power Flow Solver (PFS) based on energy transfer agreements between the connected AC
systems. The EMS could also provide services such as AC frequency regulation at an
additional cost. If the requested power orders are likely to result in the HVDC grid
operating near to its limits, an error message is sent to the EMS resulting in a new set of

power orders.

The droop gain (Kgrop) for each converter affects how much the power of that converter
changes due to a transient event. Some AC system operators may wish to pay to have a
droop gain which results in minimal power variation, while other system operators could
be compensated for taking a bigger proportion of the power change. The droop gain

settings would be set by the EMS.
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The main function of the PFS is to calculate the target DC voltage (Vq4c*) for each node, in
order to obtain the target DC node powers without exceeding the operating limits of the
equipment within the DC grid. The PFS sends the DC voltage order, DC power order and
droop gain setting to each VSC’s control system. The VSC control systems manipulate
their AC converter voltage references (V,.*) to achieve the target DC voltage and local

reactive power order (Q*).

Control signal

AC system(s) ——— Electrical connection

Porder A mwnr
Freq

¥ Va

Pavailable

Energy Management System

DC grid_data Pac1x* Error
v Karoop1-x
Power Flow Solver
Vdcl* Vdcz* Vdcx*
Pdcl* Pdcz* Pdcx*
" Kdroopi "Kdroopz " Kdroopx
VSC1 VSC2 VSCx
» Controls Controls Controls [«
A
Q1 Vac1* Vac2* Vacex* Q¥
A Y
VSC1 VSCx
AC Q.* AC
systeml @L A @L systemx
o
_

Q

P T a_‘j'
>

L]l AC

system?2

Figure 1: Example DC Grid Control Architecture

The focus of this work is on control architecture below the EMS, since the development of
the EMS is highly dependent upon policy and is therefore considered to be out of the scope
of this Work Package (WP). To aid understanding, the design of the control architecture
will be described in relation to the Northern section of the Atlantic Wind Connection
(NAWC).

3 Northern Atlantic Wind Connection Model
A model based on the DC configuration for the NAWC has been implemented in PSCAD

and is shown in Figure 2. The grid consists of three 1GW offshore windfarms which are
connected to three 1GW offshore VSCs. The offshore VSCs are connected together via
two pairs of HVDC cables (20km and 30km) and to the three onshore 1GW VSCs via three
pairs of HVDC cables (200km, 50km and 50km). The DC voltage for the NAWC is
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expected to be around 600kV. The onshore MMCs are connected to three strong simplified

AC systems. The onshore AC systems are not based on the New York/New Jersey power

system. The key parameters for this model are given in the Appendix A.

New York MMC1 - 1GW MMC4 - 1GW
ldc1 200km laca
PCCL oo o * > Xr=15%
SCR=3.5 4Q0kv 870KV arokv 2200 PCC4
|
" ( : ) L} > EI ( g § ) J Vc1=600kv @L
Z, s1(abc) 400kv
Vsi(abe) Y,4/D
ACC and reactive power AC voltage magnitude and
control frequency control Active and reactive power
20km control
MMC2 - 1GW MMCS - 1GW
Xo=15% lac2 50km lacs
T=107%0 < 4 X7=15%
SCR=3.5 pcc2 400kv 3T0kV arokv 2200 PCC5
i
i H L
Z, Is2(abe)
Vs abe) Y¢/D
ACC and reactive power AC voltage magnitude and
New control frequency control Active and reactive power
Jersey 30km control
MMC3 - 1GW 5ok lecs MMC6 - 1GW
c c
Xr=15% < m N

Al

PCC3 400KV 370KV

X7=15%

PCC6

370KV 220kV/

SCR=3.5
J
i J
Zn Is3(abe)

Vsatanc) Y,/D

&ﬂ_

AC voltage magnitude and
frequency control

ACC and reactive power
control

Active and reTactlve power
control

Figure 2: Test model based on the DC configuration for the northern section of the AWC

3.1 Voltage Source Converter

Since its inception in 1997 and until 2010 all VSC-HVDC schemes employed two or three
level VSCs [3]. In 2010, the Trans Bay cable project became the first VSC-HVDC scheme
to use Modular Multi-level Converter (MMC) technology. The MMC has numerous
benefits in comparison to two or three level VSCs; chief among these is reduced converter
losses. Today, the main HVDC manufacturers offer a VSC-HVDC solution which is based

on multi-level converter technology.

It is assumed that the AWC would employ the Half-Bridge (HB) MMC since the
advantages of fault blocking converters for DC cable systems is not yet apparent. The basic
structure of a three-phase HB-MMC is shown in Figure 3. Each leg of the converter
consists of two converter arms which contain a number of Sub-Modules (SMs), and a
reactor, Lam, connected in series. Each SM contains a two-level HB converter with two
IGBTs and a parallel capacitor. The module is also equipped with a bypass switch to
remove the module from the circuit in the event that an IGBT fails, and a thyristor, to

protect the lower diode from overcurrent in the case of a DC side fault.

10
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Sub-module

Figure 3: Three-phase HB-MMC

The SM terminal voltage, Vsw, is effectively equal to the SM capacitor voltage, Vcap, When
the upper IGBT is switched-on and the lower IGBT is switched-off. The capacitor will
charge or discharge depending upon the arm current direction. With the upper IGBT
switched-off and the lower IGBT switched-on, the SM capacitor is bypassed and hence
Vs is effectively at zero volts. Each arm in the converter therefore acts like a controllable
voltage source, with the smallest voltage change being equal to the SM capacitor voltage.
The converter output voltages, V), are effectively controlled by varying their respective

upper and lower arm voltages, V@b, and Viap,c) as described by equation (1) for phase A

[4].
V. =2a"Yia_ “am Tla _ Ram (1)

The number of discrete voltage levels the MMC is able to produce is dependent upon the
number of SMs in the converter arms. As the number of SMs increase, the harmonic
content of the output waveform decreases. Commercial MMC-HVDC schemes contain
hundreds of SMs per converter arm [5]. The primary reason that such a large number of
SMs per converter arm are required is to reduce the voltage stress across each SM to a few
KV, it is however possible to use significantly less SMs and still not require AC filters. The
HB-MMCs employed for the model have a nominal power rating of 1GW at 600kV
(£300kV).

The choice of the SM capacitance value, Csy, is a trade-off between the SM capacitor
ripple voltage and the size of the capacitor. A capacitance value which gives a SM voltage
ripple in the range of +5% is considered to be a good compromise [6]. The analytical
approach proposed by Marquardt et al. in [7] was used to calculate the approximate SM

capacitance required to give a £5% voltage ripple for a 1GW converter.

11
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The converter arm currents consist of three main components as given by equation (2) for
phase A. The circulating current, I, is due to the unequal DC voltages generated by the
three converter legs. The circulating current is a negative sequence (a-c-b) current at
double the fundamental frequency, which distorts the arm currents and increases converter
losses [8].

| =Ii+|—a+l
3 2

ua

1, :%—I—aﬂ (2)

The valve reactors, also known as converter reactors and arm reactors, which are labelled
Lam in Figure 3, have two key functions. The first function is to suppress the circulating
currents between the legs of the converter and the second function is to reduce the effects
of faults both internal and external to the converter. By appropriately dimensioning the
limb reactors, the circulating currents can be reduced to low levels and the fault current
rate of rise through the converter can be limited to an acceptable value. As the size of the
limb reactor increases, the circuiting current, and the rate of rise of arm current in the event

of a DC side fault decreases.

According to [9], the Siemens HVDC Plus MMC converter reactors limit the fault current
to tens of amps per microsecond even for the most critical fault conditions, such as a short-
circuit between the DC terminals of the converter. This allows the IGBTs in the MMC to
be turned-off at non critical current levels. A minimum value of limb reactance to ensure
that the arm current does not exceed 20A/us for the worst case scenario is therefore a good
starting point. The limb reactance can then be increased further as a compromise between
the size of the reactor and the magnitude of circulating current. The circulating current can
also be suppressed by converter control action or through filter circuits [6]. For this work a
45mH (0.1p.u.) limb reactor used in conjunction with a Circulating Current Suppressing

Controller (CCSC) was found to offer a good level of performance.

3.1.1 MMC-AVM

There are many different techniques for modelling a MMC [10-12]. These range from very
detailed semi-conductor physics based models, which are too complex to model a full
MMC, to very simple power flow models. The accuracy and simulation speed of a wide
range of MMC models have been compared in numerous publications [10, 11, 13, 14].
Average Value Models (AVMs) are used to represent the HB-MMCs for this work since
their accuracy is sufficient for the studies being conducted and they are significantly more
computationally efficient than the more detailed models [10]. The MMC-AVM is shown in

12
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Figure 4, where the IGBT switch, S, is closed during normal operation and is open when

the converter is blocked.

2 Larm 2 R

arm

L I
— | . 4
Larm ! I con
AC System o Razrm <l z: I
o ==

Y,/D mZ é @
IC
Block =0 — S =closed
Block =1—S =open— I, =0

Figure 4: MMC-AVM

The internal converter voltage for phase A, V, is the

ca’

is given by equation (3) where V

refca

voltage reference generated by the control system, and V , and V, are the positive and

negative pole to ground voltages.
Vca :Vrefca + (Vpg +Vng )05 (3)

To account for DC offset 0.5(Vpg +Vng) is added to the AC converter voltage references.

The internal converter voltages are also limited by the instantaneous values of the positive
and negative pole to ground voltages to prevent the AC side of the converter model from

generating voltages in excess of the capability of a HB-MMC.

The value for the DC current source, | is calculated using equation (4). It should be

noted that |, is set to zero when the converter is blocked.

|y = 2 (4)

The equivalent capacitance for the AVM, C__, is 230uF, which is based on the total stored

eq?
energy of a 600kV, 1GW MMC with a maximum SM capacitor voltage ripple of £5% .
However, it should be noted that only half of the MMCs SM capacitors are in-circuit at any
one time during normal operation and hence the MMCs equivalent capacitor during normal
operation is 115 pF. The impact of using a single capacitance value to represent the MMCs

capacitance is discussed further in section 4.2.3.

13
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The power losses for the AVM can be calculated using equation (5). An arm resistance
value of 0.9Q is employed in the model which represents converter losses of 0.5% at rated

power.

R 2R
2 Marm 2 arm (5)

R cjrms 2 I dc 3

loss

=3x

Additional components can be added to the AVM to improve its accuracy for converter
energisation and DC fault studies, however neither of these studies are conducted in this

work and therefore no further discussion is warranted.

3.2 Onshore AC Network
The strength of an AC system is often characterised by its Short-circuit Ratio (SCR),
which is defined by equation (6), where V, is the network voltage, Z, is the network

impedance and Pyrateq IS the power rating of the HVDC system.

VHZ/ZH

SCR = (6)

drated

An AC system with a SCR greater than three is defined as strong [15]. The SCR of the AC
system in this model is selected to be strong with a SCR of 3.5. The AC network
impedance is highly inductive and consequently the AC system impedance is modelled
using an X/R value of 20. The SCR is implemented in PSCAD using an ideal voltage
source connected in series with a resistor and an inductor. The values of resistance and

inductance are 2.28Q and 0.145H (0.34p.u.) respectively.

The winding configuration of the converter transformer in the model is delta/star, with the
delta winding on the converter side of the transformer as is the case for the Trans Bay
Cable project [16]. A tap-changer is employed on the star winding of the transformer to
assist with voltage regulation. The transformer leakage reactance is set to 0.15p.u. with
copper losses of 0.005p.u., which are typical values for a power transformer [17]. Power
losses per converter station (MMC and transformer) are 1% at rated power for this model.
The nominal transformer parameters are given in Table 1, and a simplified diagram of the

onshore system is shown in Figure 5.

Transformer parameters
S(MVA) | Vi (kV) | Vg (kV) | Lr(H) | Rr(Q)
1000 370 410 0.065 0.68

Table 1: Nominal transformer parameters

14
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MMC
— X71=15%
PCC
370KV 410kV SCR=35
Iabc
L :
Zy
D/Y, Vs

Figure 5: Onshore AC system

3.2.1 HVDC Cable

The system’s HVDC cables are rated for a nominal power of 1GW at 300kV. The cables
are modelled using the Frequency Dependent Phase Model (FDPM) which is said to be the
most accurate and robust cable model commercially available [18]. In the absence of
publicly available data for a commercial HVDC cable model, the geometric and material
properties for the layers of the cable, which can be represented in the cable model, have

been estimated and are given in Table 2.

Layer Material Radial Resistivity Relative Relative
Thickness (mm) (Q/m) Permittivity | Permeability

Conductor Stranded Copper 24.9 2.2x10% 1 1
Conductor Semi-conductive 1 - - -
Insulation XLPE 18 - 2.5 1
Insulator screen Semi-conductive 1 - - -
Sheath Lead 3 2.2x107 1 1
Inner Jacket Polyethylene 5 - 2.3 1
Armour Steel 5 1.8x107 1 10
Outer cover Polypropylene 4 - 1.5 1
Sea-return Sea water/air - 1 - -

*Copper resistivity is typically given as 1.68*10°Q/m. It has been increased for the cable model in PSCAD
due to the stranded nature of the cable which cannot be taken into account directly in PSCAD.

Table 2: Physical data for a 300kV 1GW submarine HVDC cable

The conductor parameters are based on a stranded copper conductor installed in a moderate
climate with close spaced laying [20]. The PSCAD default value for the semi-conducting
screen’s thickness is employed in this work which is 1mm. There is no official
documentation regarding the insulation thickness of the HVDC cables, however a
representative from a leading cable manufacturer has stated that a 320kV HVDC cable has
an insulation thickness of about 18mm. The representative also stated that using the
electrical parameters from an AC cable of similar thickness would yield similar results.
This indicates that the relative permittivity of XLPE and DC-XLPE is similar. The relative
permittivity of XLPE is given as 2.5 [21]. The relative permittivity of polypropylene yarn

is assumed to be very similar to that of polypropylene which is 1.5 [22].
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The calculation of the sea-return impedance is complex. In order to calculate the sea-return
impedance accurately, accurate values of sea resistivity, sea-bed resistivity, sea depth,
cable burial depth and frequency are required. A number of these parameters also vary
with the tide and the cable route. PSCAD can only consider the air/sea interface for a
submarine cable and therefore only the sea resistivity and cable depth below the sea
surface are required. The resistivity of sea water varies in the range of 0.25-2Qm™ due to
the temperature and the salinity of the water [23], which makes it difficult to obtain an
accurate value. The sea resistivity and cable depth are assumed to be of 1Qm™ and 50

metres respectively.

The positive and negative cables may be installed in separate trenches tens of meters apart,
to prevent a ships anchor from damaging both cables [24, 25]. This is however
approximately 40% more expensive than installing both cables in a single trench, [25] and
laying both cables close together means that their magnetic fields effectively cancel out.
Unless the cable route has a lot of fishing activity it is therefore more likely that the cables
will be buried in a common trench. It has been assumed that the horizontal distance

between the two cables would be approximately two cable diameters (0.25m).

The sheath and armour in the submarine cable are bonded to ground at both ends of the
cable [24] through a small resistor. The last metallic layer (armour in a submarine cable), is
eliminated from the impedance matrix. This is often a valid assumption for a submarine
cable, where the armour is a semi-wet construction which allows water to penetrate [26].
The starting frequency for the frequency dependent models is set to 0.1Hz and equal
weighting is given to the entire frequency range. The DC correction function is enabled
with shunt a conductance value of 1x10™° S/m. It should be noted that a 300kV DC-XLPE
cable will typically have a shunt conductance value of less than 1x10™%S/m [27, 28],
however using such a small value of shunt conductance increases the likelihood of

passivity violations. All other settings are left at their default value.

3.2.2 DC Braking Resistor

DC braking resistors are normally required on VSC-HVDC schemes used for the
connection of windfarms [29]. There are situations, such as an onshore AC grid fault,
which diminish the onshore converter’s ability to export the energy from the windfarm.
The bulk of this excess energy is stored in the scheme’s SM capacitors leading to a rise in
the DC link voltage. The DC braking resistor’s function is to dissipate this excessive

energy and to therefore prevent unacceptable DC link voltages.
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MMC

v

PCC

L - lan
Ve Ceq - I_ 3 In
Z
Rbrak "

DIY,

Figure 6: DC braking resistor

The worst case scenario is where the onshore MMC is unable to effectively export any
active power. This can occur for severe AC faults such as a solid three-phase to ground
fault at the PCC as shown in Figure 6. The braking resistor should therefore be rated to
dissipate power equal to the windfarm power rating, Puwrteqd. The braking resistor, Rpra, IS
turned-on once the DC voltage exceeds a set limit (640kV) and is then turned-off once the
DC voltage has returned below the set limit (611kV) [29]. These voltage thresholds
prevent the braking resistor from interfering under normal operating conditions. In this
work, the DC braking resistor is designed to prevent the DC link voltage from exceeding

1.1p.u. and is calculated using equation (7).

(1'1Vdcnom )2 _ 660kV2
P 1000MW

wrated

= 435.60 (7)

Rbrak =

A small safety margin is added by employing a braking resistor of 420€2 for this work. The

IGBT braking valve would therefore be required to conduct up to approximately 1.6kA.

3.3 Offshore AC Network

A 1GW offshore windfarm would typically contain 200 wind turbines based on a 5SMW
turbine design. A simplified diagram of a full scale converter wind turbine is shown in
Figure 7. The DC link voltage varies due to the generated power. The function of the grid
side converter is to maintain the DC link voltage and to supply/absorb reactive power if
required. The power generated by the wind turbines is transmitted at 33kV to two 500MW
AC substations which step-up the voltage to 220kV for transmission to the HVDC link.

33kv

IRazer=

Figure 7: Simplified diagram of a full scale converter wind turbine
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The focus of this work is the HVDC scheme, and therefore a simplified representation of
the offshore AC system is employed as shown in Figure 8. The voltage sources, Vy, which
represent the windfarm generators, are controlled using a dqg controller to inject active

power into the offshore HVDC converter.

MMC

X1=15% X71=15%
33kV  220kv  PCC o0y 370KV

Y /Y Vso Yy /D

Figure 8: Representation of the offshore network

4 Control Systems

This section describes the numerous control functions which are required for the MMC-
HVDC grid.

4.1 Power Flow Solver

In order to calculate the DC node voltages for the given target DC node powers, one DC
node voltage must be known. This node is typically referred to as the DC slack bus. The
objective of the power flow solver is to determine the node power for the slack bus and the

node voltages for the other nodes.

The power injected into node i from the other nodes can be calculated using equation (8).

V, and V; are the voltages at nodes i and j respectively, Y; is the self-admittance of node i

and Y; is the branch admittance between nodes i and j.

=Vl = [ZYU JJ (8)

Using the system shown in Figure 9 as an example, the power at node 1 can therefore be

calculated using equation (9).
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Figure 9: Example system
P =Vl =V, (Y, + YV, +Y,.Vs) (9)
Where the admittance of node 1:
Yy ==Y, +Ys) (10)

In generalized form, the node powers for a system with n nodes can be calculated using

equation (11), where “. x” denotes element-wise multiplication.

[R]= [\/I]X([YIJ][\/]]) (11)
Where:
Fi Vl V1 Y11 Y12 Y1n
[P|] — F:)Z [V|] — V:2 [VJ] — V:Z I:Yij] _ Y21 Y22 an (12)
Pn Vn Vn Ynl Yn2 e Ynn
Yy =— Zn: Yij (13)

j=1, j#i

Equation (11) can be solved using the widely used Newton Raphson (NR) method [30, 31].
The NR method is an iterative solution which requires an initial estimate of the node
voltages in order to calculate the injected power at each node. The calculated injected
powers at each node are then compared with the target node powers in order to calculate
the error. If the error is within the required tolerance then no further calculations are
required. However, if the error is outside the required tolerance then it is used to calculate

the change in the node voltages for the next iteration, as described by equation (14).

[\/new] = [Vold]+ Inv([‘] ])[Err] (14)

[J] is the Jacobian matrix and can defined in its general form for a DC system by equation
(15) [30].

19



DC Grid Control 2

[J]{S—\ﬂ (15)

The Jacobian matrix only considers the change in the target injected powers due to the
change in unknown voltages. The node which is operating as a slack bus is therefore not
considered since its node voltage is known and its injected power is not. The Jacobian
matrix is therefore a n-1 square matrix and its elements can be calculated using equations
(16) and (17).

oP “

P+ SV, 16

avi ivi j_lzjii ijivj ( )
P _vy, (17)
v,

Hence, using the example system shown in Figure 9 and selecting node 1 as the DC slack

bus, the Jacobian matrix can be given by equation (18).

o/ ok

[J ] _ ov, 0V, _ Y,V, +2Y,V, +Y,.V, Y,.V, (18)
% @ YoV, YoV + Y3V, +2Y,5V,
N, oV,

Equation (11) is based on the assumption that there are no shunt losses in the DC grid. The
shunt losses in a grid will normally be very small and hence little error is introduced by
assuming that they are zero. However, for grids where the shunt losses are relatively high,
the error in the power flow calculation can be significant. By assuming that the shunt
conductance can be lumped together and split equally at each end of the cables, equation
(11) can be modified to equation (19).

[R1= V1< (DY, IV, 14+ VT < Y g 11) (19)

Equation (19) is used for the power solver in this work because it is more accurate than

equation (11) as shown in Appendix B.

A Power Flow Solver has been developed in MATLAB with a PSCAD interface for the
NAWC model. The main function of the PFS is to calculate the required DC voltage orders
in order to obtain the desired DC power for each of the onshore converters without

exceeding the system’s nominal operating limits.
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The key steps for the PFS are as described below and a flow chart is presented in Figure
10:

1. The user enters the DC system data directly into the MATLAB file. The DC system
data includes the admittance values for each cable, the converter power rating, the
nominal DC voltage limits and the cable current limits.

2. Using the PSCAD GUI, the user enters the target DC voltage for the first onshore
VSC and the target DC power values for the other onshore converters. The user
also selects if the PFS should be run automatically at a specific frequency or
manually.

3. The algorithm checks that the power required by the grid is within the slack bus’s
capability. If it is not an error code 1 is generated and the program stops.

4. PSCAD passes the user input data and the DC power values for each of the
windfarms to the MATLAB file.

5. The power flow is initially calculated based on the assumption that all node
voltages are equal to the slack bus node voltage (MMC1).

6. If the error is greater than the required error, then the Jacobian matrix is solved, the
node voltages are updated and the powers at each node are recalculated. This step is
repeated until the error is within the required tolerance.

7. The node power, voltages and cable currents are checked to make sure that they are
within nominal operating frame for the system.

8. Providing none of the system operating limits have been violated, MATLAB sends
the calculated DC power and voltages to PSCAD. However, if any of limits have
been exceeded, then MATLAB sends the previous DC power and voltages to
PSCAD. MATLAB also sends an error code to PSCAD, so that the user can
identify which limit has been breached. Error code 2,3 and 4 are generated for a
power overload, DC voltage violation and cable current overload respectively.
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Enter DC
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Enter target
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Jacobian matrix and +»
update

A

A\ 4 \ 4

Pass VSC DC voltage Pass error code to
orders to PSCAD PSCAD

Figure 10: Flow chart for power flow solver

4.2 Overview of VSC Controls

For a VSC-HVDC scheme which connects two active networks, one converter controls
active power or frequency and the other converter controls the DC link voltage. The
converters at each end of the link are capable of controlling reactive power or the AC
voltage at the Point of Common Coupling (PCC). For a point-to-point VSC-HVDC link
which is employed for the connection of an offshore windfarm, the offshore MMC’s
function is to regulate the offshore AC network’s voltage and frequency [32] and the
onshore MMC’s function is to regulate the DC voltage. In a MTDC network, such as the
one shown in Figure 2, the offshore converters can be controlled in the same way as they
are in a point-to-point link. The regulation of the DC link voltage for a MTDC system is

however more complex than in a point-to-point link.

Figure 11 shows the different ways a typical VSC controller can be configured depending
upon the type of AC network the VSC is connected to (traditional onshore AC network or

a weak offshore AC network) and the type of control employed.
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Figure 11: MMC control system basic overview

The internal VSC controls for an MMC typically include a modulation controller, a
Capacitor Balancing Controller (CBC) and a Circulating Current Suppressing Controller
(CCSC). These controls are specific to the converter topology and are therefore not
modelled in this work.

4.2.1 Current controller

Unlike the internal MMC controls, the current controller, outer controllers and MTDC
controllers are generally not VSC topology specific. The current controller is typically a
fast feedback controller, which produces a voltage reference for the MMC based upon the
current set-point from the outer feedback controller. Positive sequence dq control, which is
commonly used for VSCs is employed for the MMC in this work because it can limit the
phase currents under balanced operating conditions and can provide a faster response than

direct control of the voltage magnitude and phase.

The impedance between the internal converter voltage, V.., and the AC system voltage,
Vs, for phase A is shown in Figure 12. The phase shift and change in voltage magnitude
introduced by the converter transformer, is accounted for in the implementation of the

controller as shown in Figure 19, and it is therefore not discussed in this analysis.

Larm/2 Rarm/2 I—T RT Zn

la

Vca Va Vsa

Figure 12: MMC phase A connection to AC system
Equation (20) describes the relationship between the internal converter voltage and the AC

system voltage for phase A.

L di R
V, -V, =] 20 +L |2+ 20 +R, I 20
o= J G o B ar (20)

Equation (20) can be reduced to (21).
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di,

Vea =L—2+RI, (21)
dt
where:
Vcsa :Vca _Vsa I‘:ﬁ—'—I‘T R:M-i_RT (22)
2 2
For the three-phases:
Vcsa Ia
Vcsb :(R+ pL) Ib (23)
v I

csc c

In the dg synchronous reference frame equation (23) becomes equation (24).

Vd _ Id Id 0 —1 Id
el ]
Where {(1) _01} is the matrix representation of the imaginary unit j.

Expanding equation (24) and noting that v, =V,, -V, and v, =V, -V,

sq !

equations (25) and
(26) are produced.

V,, ~V,, =Rl +Lpl, —Ll, (25)
V,, V., =RI, +Lpl, +aLl, (26)

The equivalent circuit diagrams for the plant in the dq reference frame are given in Figure
13.

b L R W y L R Wkl
Vcd Vsd ch Vsq

Figure 13: Equivalent dq circuit diagrams

Applying the Laplace transform with zero initial conditions to equations (25) and (26)

gives equations (27) and (28).
Vo (8) =V (8) =RI,(8) + Lsl 4 (s) — Ll () (27)

V4 (8) =V, () = Rl (8) + Lsl () + L1, (s) (28)
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The plant equations in the Laplace domain can be represented by state-block diagrams,

with the (s) notation neglected, as shown in Figure 14.

Figure 14: State-block diagram for system plant in dq reference frame

The state-block diagram in Figure 14 clearly shows that there is cross-coupling between
the d and g components. The effect of the cross-coupling can be reduced by introducing
feedback nulling, which effectively decouples the d and g components as shown in Figure
15.

Figure 15: State-block diagram with feedback nulling

The d and g currents are controlled using a feedback PI controller as shown in Figure 16.
The d and g components of the system voltage (Vsq and V) act as a disturbance to the
controller. The effect of this disturbance is mitigated through the use of feed-forward
nulling, highlighted in Figure 15. The MMC is represented as a unity gain block (i.e.
Vi*=Vcq), Which is representative of its operation providing that the converter has a high
level of accuracy with a significantly higher bandwidth than the current controller. The d-
axis current control loop in Figure 16 can be simplified to Figure 17, due to the

cancellation of the disturbance term. This is equally applicable to the g-axis.

! Vsd

g * :I Iy o jvw

I, C Iy ol jch,

Figure 16: Decoupled d and g current control loops
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' PI Vea

Figure 17: d-axis current loop without d-axis system voltage disturbance

Using Mason’s rule the plant representation is simplified to a single block as shown in

Figure 18.

Iy K. Vg MMC Vcdk 1 lg
Py = Ls+R

~
+
|
A 4

Figure 18: Simplified d-axis current control loop

The transfer function for the control loop can be calculated as follows [33]:

_ s(K‘+K"S)(le+Rj (29)

1+7(K. +K s)(LSiR)xl

i p
The closed loop transfer function can be reduced to a first order transfer function which

to
*
Id

allows the PI controller to be tuned for a specific bandwidth, BW, with a critically damped
response [33, 34]. Equation (29) can be reduced to a first order transfer function as

follows:

e _ (30)

By selecting Ki :% equation (30) is reduced to equation (31)
p

KP

o K
ld*_ s%( & 1 (31)
L K sbeK, (L

sL P

The full closed loop transfer function is therefore reduced to a first order transfer function

with a time constant 7, =L/K, . The bandwidth in radians for a first order system is equal
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to 1/z,, . Hence equation (31) can be re-written as equation (32), where BWj is the inner

controller bandwidth.

1
S
BW.

Ic

G = (32)

+1

The proportional gain, K, and integral gain, K;, can be calculated for given values of L, R

and BW from equations (33) and (34) respectively.

K, = BW, xL (33)
R
K =K =BW._xR (34)
i L p ic

The advantage of this method, as opposed to simplifying the transfer function to that of a
classic 2™ order system, is that the exact bandwidth for the control loop can be selected
through a very simple tuning process. Also a phase margin of 90° with an infinite gain
margin is assured. The disadvantage is that since only the bandwidth can be selected, there

is less flexibility when optimising the controller to meet set performance criteria.

The performance criteria for the inner current loop are that it is fast, stable and has no
overshoot. Tuning the PI controller to provide sufficient bandwidth using the first order
transfer function is therefore a suitable approach. A bandwidth of 320Hz was found to
offer good performance.

The block diagram for the implementation of the current controller is shown in Figure 19.
The phase voltages and currents, measured at the PCC are scaled, and the output converter
voltage set-points are advanced 30° to compensate for the transformer. The d-axis and g-
axis current orders from the outer controller have limits to prevent valve overcurrents

under balanced conditions.
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Figure 19: dg current controller implementation

4.2.2 Active and reactive power controllers
In the magnitude invariant dg synchronous reference frame, the power flow at the PCC can
be described by equations (35) to (37).

3 3 . .
Sta = Vaala* =5 Vg + V)0 = i) (35)
P=3(v 1, +v.I 36
_E( sdla T sq q) ( )
3
Q _E(Vsqld ~Vyly) (37)

The g-axis is aligned with V, such that v_=0. Equations (36) and (37) are therefore
reduced to equations (38) and (39).

P= gvsd Iy (38)
3
Q =—§Vsd I, (39)

Equations (38) and (39) show that the active power is controlled by 4 and the reactive
power is controlled by Iy The Iy and Iy references to the current controller are set using
feedback Pl controllers. The K, and K; values for the controllers can be calculated

according to equations (40) and (41), where BW,, is the bandwidth of the power controller.

BW
K =@ (40)
P 1‘5\/sd BVVIC
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Ki = BVVicKp (41)

Vg is the value of d-axis voltage at the PCC, which has a nominal value in this model of
300kV. Providing that the AC system is relatively strong this value is effectively fixed, and
therefore the PI controller parameters can be calculated based on the nominal value for V.
In any case, a variation in V¢ produces a proportional change in the power controller
bandwidth; hence a relatively large variation in Vg of 10% produces only a 10% change in

Bw,. Note that the relationship %:iis ensured irrespective of V. Feedback Pl

p Tic

controllers are employed to give the Iq and Iy set-points to the inner current controllers

based on the active and reactive power orders respectively.

The active and reactive power demands for a VSC-HVDC converter are typically ramped
at 1GW/min under normal operating conditions and at 1GWY/s for emergency power
control'. The outer power loop does not therefore require a large bandwidth and hence a
bandwidth of 30Hz is more than sufficient.

4.2.3 DCvoltage controller

MMCs, unlike two-level VSCs, do not normally employ DC side capacitor banks and
therefore the MMC’s equivalent capacitance, Ceq, IS used in the DC side plant model
shown in Figure 21. The equivalent capacitor value based on the total stored energy in the
MMC is calculated according to equation (42). However, during normal operation only
half of the MMC’s capacitors are in-circuit and therefore the equivalent MMC capacitance

Is given by equation (43).

Ceq = Tsm (42)
3C,,
Ceq = T (43)

In the following test case, the DC voltage step response for a MMC Detailed Equivalent
Model (DEM) is compared with the Standard AVM (SAVM) when employing a 230uF
capacitor (eq (42)) and a 115uF (eq (43)) capacitor. Figure 20 shows that the initial
response of the SAVM with a 115uF capacitor is more accurate than the SAVM with a
230uF capacitor. However, after the initial response the SAVM with a 230uF capacitor is

more accurate.

! Based on discussions with a HVDC controls expert from a leading HVDC manufacturer.
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Figure 20: The models’ DC voltage response to a SkV step change in the DC voltage controller
reference voltage at 1.8s.

This result indicates that the faster DC dynamics can be modelled more accurately using a
capacitance value based on the MMC’s in-circuit capacitance, while the slower dynamics
can be modelled more accurately using a capacitance value based on the MMC’s total
stored energy. The overall DC dynamics for an MMC can therefore not be modelled using
a single value fixed capacitor. The user must therefore select the equivalent capacitance
value with care. In this work, a capacitance value based on the MMC'’s total stored energy

Is considered to be more appropriate.

MMC
In Idc
» 4 PCC
wr|c
— L R
V| Cea L w:l—\-lzl—@—{“
Vs(abc)

Figure 21: DC side plant

With reference to Figure 21 the DC link voltage can be described by equation (44) and the
power balance between the AC and DC system can be described by equation (45),

assuming no converter losses.

av,,
Ceq d; = In + Idc (44)
Ichdc = 1'5\/sd Isd (45)
Hence:
dvdc — I_n+ wsd Isd (46)
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Taking partial derivatives gives equation (47), where the subscript ‘0’ denotes operating

point:
dAVdC :i In _ v sdo Isdg AVdc + W_Sdo Alsd (47)
dt Ceq 2CqudCO 2CqudC0
C. % = Al ~15K, K AV, +15K, Al (48)
where:
Ve, lsao
K, = V_d Ks = V_d (49)

dco dco

The State Feedback System Block diagram (SFSB) for the DC voltage control loop is

shown in Figure 22.

Al

Inner |Alsd 1

Alsd*
" loop=1 1.5K, -

AVdc

Avdc*

y

Pl

O
h 4

n |k

1.5K\Ke

Figure 22: SFSB for DC voltage control loop

The transfer function for the control loop can be derived as follows:

1.5K,
K, +K,
AV, _ s (sK, +K)) (50)

AVa™  C s +15K,Kq + 1'5SKV (K, +K,)

AV, 15K, (sK, +K;) (51)
AV, *  Cs*+1.5K, (K +K,)s+1.5K K,

Typically Kg <<K, and hence equation (51) can be reduced to equation (52):

AV, 15K, (K, +K;)
AV *  C,s* +(1.5K,K,)s+1.5K K;

dc

(52)

The key performance criteria for the DC voltage outer controller are that it is stable, with

excellent steady-state tracking and good disturbance rejection.

The outer DC link voltage loop is tuned assuming that the inner current loop is a unity gain
block. This is a valid assumption providing that the outer loop is significantly slower than

the inner current loop. The maximum available bandwidth for the outer controller is
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therefore limited to one order of magnitude smaller (<30Hz) than the inner current loop
bandwidth (=320Hz). The controller’s ability to reject disturbances, particularly low
frequency disturbances, improves with bandwidth due to the increase in integral gain.
Tuning the outer loop controller for a bandwidth of 20Hz (point at which the gain of
equation (52) is -3dBs) and using a damping ratio of 0.7 was found to offer a good level of

performance.

4.2.4 MTDC Control

A review of MTDC control methods is given in [35, 36]. Generally speaking these
methods can be categorised as centralised DC slack bus, voltage margin control, droop
control or a combination of the aforementioned control methods. Typical DC
voltage/current characteristics for a converter employing the different MT control methods

are shown in Figure 23.

Ve Ve Ve
Vdc-High J /’J
Vaet, B $a_ [TPTTIITITC
Vdc—Lcuw r/
ldmn REC 0 IV ladmax TldlenRec i 0 IV ledmax ludmm REC 0 IV ladmax
(@) (b) (©)

Figure 23: Typical MT control DC voltage/current characteristics: (a) slack bus; (b) voltage margin;
(c) droop

Employing a centralised DC slack bus means that one of converters operates in DC voltage
control and must import/export the necessary active power in order to regulate the DC
voltage. However, if the required active power is outside of the DC slack bus converter’s
capability then it will no longer be able to control the DC voltage, resulting in grid
instability. An alternative is to operate another converter in voltage margin control. The
converter employing voltage margin control operates as a constant power controller and
transitions to DC voltage control if the DC voltage violates pre-set limits. VVoltage margin
control therefore improves the reliability of the system in comparison to a centralised DC
slack bus. There are however a number of limitations when employing voltage margin
control, such as the inability of more than one converter to participate in DC voltage

regulation simultaneously.

In droop control more than one converter is able to participate in regulating the DC voltage

and therefore the burden of continuously balancing the system’s power flow is not placed
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upon a single converter. There are many types of droop controller, however they all work
on the principle of modifying the converter’s active power flow in order to regulate the DC
voltage in accordance to their droop characteristic. The gradient of the droop slope
determines the converter’s response to a change in the DC voltage/current. The converter

operates in current limit mode when the DC voltage thresholds are reached.

The droop controller used for this work is referred to as the Autonomous Converter
Controller (ACC) which was originally proposed by Alstom Grid [1]. The implementation
of ACC for this work is shown in Figure 24 and Figure 25.

Pac*, Voo * FS V.
dco DC voltage Dq current Vac Inner VSC ac
LRSP(Vyc*), —| ACC VSC >
(Vac?) controller controller control
droop
Reactive power Ig*
*
Q ) controller

Figure 24: Basic VSC control structure for ACC

Vdcmax

*
Kdroop VdCO

LRSP

Figure 25: ACC implementation

The controller receives the DC power order, the Load Reference Set-Point (LRSP) and the
droop gain from the PFS. It should be noted that the LRSP is the same as the target DC
voltage. The term LRSP is used in this report as it is in keeping with the original literature
on the ACC. At steady-state, l4c will be equal to l4.* providing that the PFS is accurate, and
hence the voltage order sent to the DC voltage controller, Vy*, is equal to the LRSP.
However, during transients, Vge* varies in accordance to the droop characteristic ((lgc-

lac*)Karoop). The setting of the droop gain is discussed in section 5.

4.2.5 Control System for VSC Connected to a Windfarm

In situations where the VSC is connected to an islanded or very weak network, the VSC’s
function is to regulate the AC network’s voltage and frequency [32]. In this mode of
operation, the VSC absorbs all of the power generated by the offshore windfarm. The AC
voltage magnitude and frequency for the offshore network can be controlled with or
without an inner current loop [32, 37]. In this work, the voltage magnitude is set by
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controlling the d-axis voltage without an inner current loop and by using a voltage
controlled oscillator to set the angle based on the frequency set-point for the offshore
network as shown in Figure 26. This approach was found to offer good stability, however
it should be noted that the arm currents cannot be limited for an offshore AC network fault
without supplementary control.

PCC

Figure 26: Implementation of the AC voltage controller for the offshore network

4.3 Windfarm Control

A 1GW offshore windfarm would typically contain 200 wind turbines based on a 5SMW
turbine design. The wind turbines are typically connected to two 500MW AC collector
stations where the voltage is increased from 33kV to 220kV for transmission to the
offshore converter. A range of modelling approaches exists for windfarms [38-40].
Modelling such a large number of wind turbines in detail in EMT simulation packages is
very computationally intensive and unnecessary for some VSC-HVDC studies. Simplified
windfarm models are therefore often employed [32]. For this work a simple windfarm
model consisting of a three phase voltage connected to a 33kV/220kV transformer is

employed since the HVDC link is the focus.

A simplified diagram for the offshore windfarm control system is shown in Figure 27 and

Figure 28.

1

1+sz, Power lag* dg current | Viyag*

controller controller
Qu* d/dt

Figure 27: Block diagram for the windfarm power controller

Pu' )
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Figure 28: Implementation of the windfarm power controller
The wind turbine, generator and back-to-back converter are represented as a first order
transfer function with a time constant,z,. The natural time constants, r,, for three

commercial wind turbines have been calculated in [41] and are presented in Table 3.

Prated (MW) Urated (m/s) To (S)

1.5 13 16.4
2.5 12.5 22.6
3.6 14 25.8

Table 3: Calculated time constants for commercial wind turbines modified from [41]

Extrapolating the data given in Table 3 for a 5SMW wind turbine gives a natural time
constant of approximately 30s. Small signal analysis carried out in [41] has shown that the
actual wind turbine time constant, r, varies with wind speed, v, and can be described by
equation (53).
T=r1,  Vrated (53)
\"

The maximum cut out speed for a large commercial wind turbine is typical 25 m/s with a
rated wind speed of 12-14 m/s [42, 43]; hence the smallest time constant for a typical
5MW wind turbine is approximately 15s. Setting the windfarm first order transfer function

time constant,r,, to 15s would require very lengthy simulation times and therefore it is

reduced to 0.15s which is suitable for this model.

The windfarm reactive power order to the power controller is limited to a rate of change of
1MVAr/ms. The structure of the power controller and the current controller employed for
the windfarm are effectively the same as for the MMC and are therefore not repeated here.
The power controller and current controller are tuned using the first order transfer function
to give a bandwidth of 10Hz and 100Hz respectively. The power controller time constant is
therefore approximately one order of magnitude smaller than the reduced windfarm time

constant.
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5 Operating frame

The operating frame of the system defines amongst other parameters, the DC voltage and
DC current limits in the system at steady-state and for transient events. During normal
operation, it is the PFS responsibility to ensure that the nominal operating frame is not
breached. However, for fast transient events the PFS has no effective control over the
system. In this case, the system’s DC voltages and currents are predominantly determined
by the system configuration, system parameters, initial operating conditions, and converter

controls.

The maximum DC voltage and current values due to transient events are defined by the
dynamic operating frame. The dynamic operating frame has two levels; the first defines the
maximum DC voltage and current values which the system can be subjected to for a pre-
determined period of time and the second defines the maximum instantaneous DC voltage
and current values. The pre-determined period of time is dependent upon how quickly the
PFS can regain control of the system to bring the DC current and voltage values to within
the nominal operating frame. It should be noted that it is not the responsibility of the grid
control system to prevent dynamic level 2 violations for some fault scenarios. For example,

the DC voltage will collapse below the 0.8p.u. limit for a DC line-to-line fault.

An example of DC voltage operating frame limits is given in Table 4. The nominal limits
will typically be defined by the maximum voltage drop in the system. The upper dynamic
voltage limits are determined by the converters’ and cables’ DC voltages withstand
capabilities. The lower DC voltage limit should not be set below the MMC’s rectified
mean DC voltage since a half bridge MMC will become uncontrollable. The impact of
higher DC current values on equipment ratings and losses should also be considered when
setting the lower DC voltage limits. A further refinement on using fixed limits is to employ

sloped limits as proposed by Alstom Grid in [2].

Parameter Nominal | Dynamic Level 1 (<5s) Dynamic Level 2
Upper DC voltage limit (p.u.) 1.0 1.02 1.15
Lower DC voltage limit (p.u.) 0.96 0.9 0.8
Maximum Cable current (p.u.) 1.05 1.12 1.3

Table 4: Example operating frame limits

In order to ensure that the dynamic level 1 operating frame will not be violated, the DC
voltage and current values must be known for the new operating point following the worst

case transient event.
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In this work, a method has been proposed to give an initial estimation of the maximum and
minimum DC voltage and current operating points for the system following a severe
transient event. Providing these values are within level 1 of the dynamic operating frame,
the system will be able to obtain a safe operating point without the need for protective
action.

The following guidelines could be used for selecting the scenario(s) which are likely to

result in the highest short-term DC voltage:

1. A scenario where only one converter is able to regulate the DC voltage. This means
that the burden of balancing the systems power flow is placed on a single converter
resulting in the greatest deviation in the DC voltage. This could be because the
other converters that are operating in ACC are blocked or are exporting maximum
power.

2. The converter regulating the DC voltage has the steepest voltage/current droop
characteristic. The steeper the droop, the greater the change in DC voltage for a
given change in DC current.

3. Before the transient event, the converter regulating the DC voltage is importing
maximum power from the AC system at the upper limit of the nominal DC voltage.

4. Consider the transient event which results in the greatest surplus of active power in
the DC grid. The converter regulating the DC voltage will be forced to export the
surplus of the DC power into the AC grid. The increase in the DC voltage at the
converter’s terminals is proportional to the change in the DC current.

In addition to guidelines 1 and 2, the following guidelines could be used for selecting the

scenario(s) which are likely to result in the lowest short-term DC voltage:

5. Before the transient event, the converter regulating the DC voltage is exporting
maximum power to the AC system at the lower limit of the nominal DC voltage.

6. Consider the transient event which results in the greatest deficit of active power in
the DC grid. The converter regulating the DC voltage will be forced to import the
deficit of the DC power from the AC grid. The decrease in the DC voltage at the
converter’s terminals is proportional to the change in the DC current.

Once the worst case scenarios have been identified, the new voltage and current values
(after the transient event) can be calculated. In order to do this the DC voltage, DC current
and droop gain before the transient event, and the DC power after the transient event for
the last converter regulating the DC voltage must be known. The DC current and DC
voltage after the transient event (OP2) can be calculated using equations (54) and (55)

respectively. The derivation of these equations is given in the Appendix C.

J@X Ky X Py + A°) + A

op2
dc—op2 — 2%« K

(54)

droop
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Vdc—opz = ( Idc—op2 - Idc—opl) x Kdroop +Vdc—op1 (55)

Where:

A=1__ xK (56)

dc—opl droop _Vdc—opl

Equation (55) calculates the DC voltage at the terminals of the converter which is
regulating the DC voltage. This DC voltage value is entered into a modified PFS along
with the known DC node powers to determine the DC voltage at the other nodes. The node

voltages can then be used to calculate cable currents if required.

This methodology is used in this work to determine the maximum droop gains which can
be employed to ensure that the system does not exceed the dynamic level 1 limits. High
droop gains for ACC (steep droop) increases the likelihood of operating frame violations
and can degrade the stability of the system. However, small gains reduce the ability of the
ACC to influence converter power sharing for transient events. When tuning the ACCs in
this work a starting droop gain of 10 (kV/kA) is used. This gain is then reduced in an
iterative fashion until there are no operating frame violations for the selected worst case

scenario.
Example — ACC droop gain selection for NAWC

Based on the guidelines for selecting the scenario(s) which are likely to result in the
highest DC voltage, the following scenario for the AWC system has been selected.
Consider the scenario where there is no wind power on the grid, VSC2 is blocked and
VSC1 is importing maximum DC power from the AC system at the upper limit of the
nominal DC voltage. The operating point (OP1) for VSCL1 is shown in Figure 29.

It is assumed in this scenario that up to 1400MW of wind power could be injected into the
system before the PFS would have time to act®. The wind power is supplied by windfarm 2
(400MW) and windfarm 3 (1000MW). Since VSC3 is exporting maximum power it is
unable to regulate the DC voltage. VSC1 must therefore go from importing 1000MW to
exporting approximately 400MW to the AC system in order to regulate the DC voltage.
The new operating point (OP2) can then be calculated for a given droop gain using
equation (55). Figure 29 shows that the new operating point for VSC1, when using a

% In reality, it is likely that the PFS would be updated several times before the wind power on the system

would change by 1400MW, but this assumption is useful for the purpose of this example.
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default droop gain of 10 results in a DC voltage which is well in excess of the upper DC

voltage limit.

Vae | op2:
V4:=623.1kV
13.=0.64kA
Viedlor— — — — — — — — — — _—
OP1:
V4=600kV
Vdc-dl_1+_|df '1_'66_'(A ___________
Vdc—n0m+— ———————————————————
Vdc-nom-— ———————————————————
Viedly — + — — — — — — — — - — — — — — — — — — —
Viedlor — — — — — — - —
d 1§

| 4
|dcl_min Rec(Import) 0 Inv(Export) Idl_max

Figure 29: Operating characteristic for VSC1

An algorithm has been developed for this work in MATLAB in order to determine the

maximum droop gain which can be used without operating frame violations for a given

scenario. The key steps for the algorithm are described below with a simplified flow chart

shown in Figure 30.

1.

The user enters the DC voltage, DC current and droop gain before the transient
event (OP1), and the DC power after the transient event (OP2) for the last converter
regulating the DC voltage (VSC1 in this example). The user also enters the
expected node powers after the transient event.

The algorithm calculates the DC voltage (OP2) for the last converter regulating the
DC voltage using equation (55)

The calculated DC voltage and the estimated node powers are then used to
determine the other node voltages and cable currents using the PFS.

The code then checks that all of the node voltages and cable currents are within the
limits set by dynamic level 1. If any of the limits have been violated, the droop gain
is reduced and the DC voltages and cable currents are re-calculated. This process
continues until the DC voltages and cable currents are within the set limits.

Once the node voltages and cable currents are within the set limits, the maximum
ACC gain is presented on the MATLAB console.

This algorithm determined that the maximum ACC gain should be 3.79 for the example

scenario. The droop gain for this work is therefore set to 3.5. It should be noted that this

algorithm is not suitable for every scenario since the user must be able to estimate the node
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power at the new operating point. A diagram showing the overall control architecture and
the key control layers which affect the different operating frame limits is given in

Appendix D.

Enter
scenario
data and
ACC gain

Calculate the DC

.| voltage for the last
DC voltage

regulating VSC

v

Use PFS to calculate
Reduce ACC gain other node voltages
and cable currents

A ¢

No

quantities within

Output maximum
ACC

Figure 30: Flow chart for ACC gain algorithm

6 Simulation results

This section of the report presents the simulation results for the agreed case studies. Unless
stated otherwise, the target DC voltage for VSC1 is 588kV and the droop gain for all
ACCs is 3.5.

6.1 Steady-state error

The active power injected into the DC system by windfarm 1, Pyc4, windfarm 2, Pycs, and
windfarm 3, Py, are approximately 500MW, 250MW and 600MW respectively. The
target DC power orders for VSC2, Pyc, and VSC3, Pycs, are set to 600MW and 400MW
respectively. The system’s DC power flow at steady state is shown in Figure 31 and the
accuracy of the target power flow is given in Table 5. It should be noted that only the DC
power values for VSC2 and VSC3 are included in Table 5 as these are the only values
which the user is able to control. This result shows that the PFS and the VSC controls are

able to accurately control active power flow in steady-state.
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Figure 31: DC power flow at steady-state; x-axis is time in seconds

Target Simulated Error Error
Node (MW) (MW) (MW) (%)
Pdc2 600 600.277 0.277 0.046
Pdc3 400 400.146 0.146 0.037

Table 5: Power flow accuracy

6.2 Droop control using same droop constants

The initial DC power and voltage orders to the converters are set to the same values as in
the previous test. The droop gains for all of the converters employing ACC (1, 2 & 3) are
set to 3.5 and the PFS is disabled. At 5s, the power injected by windfarm 2 increases from
250MW to 750MW using a time constant of 0.15s. Figure 32 shows that all of the
converters operating in ACC regulate the DC voltage by sharing the DC power increase.
The onshore converters share the increase in wind power according the systems
configuration, droop gain, initial operating conditions and the point in the system where
the wind power is increased.
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Figure 32: System’s response to variations in windfarm power when employing the same droop
constant; x-axis is time in seconds

6.3 Droop control using different droop constants

This scenario is the same as the previous scenario, except that the droop constant for VSC3
is reduced to 0.1. Figure 33 shows that VSC3 participates more actively in the regulation
of the DC voltage as a result of reducing the droop constant.
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Figure 33: System’s response to variations in windfarm power when employing the same droop
constant; x-axis is time in seconds

6.4 Droop control using same droop constants with PFS

This scenario is the same as the scenario in section 6.2, except that the PFS is enabled with
an update frequency of 10Hz. The PFS automatically adjusts the converter set-points to
obtain the target DC power flows for VSC2 and VSC3 as shown in Figure 34.
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Figure 34: System’s response to variations in windfarm power when employing the same droop
constant with the PFS engaged using an update frequency of 10; x-axis is time in seconds.

6.5 Force power overload

The purpose of this test is to check that the PFS issues the correct error code for a DC
power overload. In order to do this, the power order for VSC2 is decreased from 600MW
to -100MW at 4s. The next time the PFS is updated (4.1s), it issues error code 1, which
means that the PFS can no longer ensure that VSC2 and VSC3 can obtain their target DC
power values as this would overload VSC1. Hence, the PFS does not issue any set-point

changes to the converters.
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Figure 35: System’s response to a DC power overload; x-axis is time in seconds.

6.6 Force DC voltage overload

The purpose of this test is to check that the PFS issues the correct error code for a DC
voltage overload. In order to do this, the target DC voltage for VSCL1 is increased from
588kV to 598kV at about 4s. The PFS checks the new target voltage at 4.1s and re-solves
the power flow. Due to the increase in the target voltage for VSC1, one of the other nodes
would exceed its upper voltage limit of 600kV, if the new converter orders were issued.
The PFS therefore maintains the previous converter orders and issues error code 3 as
shown in Figure 36. Error code 3 informs the user that the solved DC voltages are out of

the limits imposed by steady-state operating frame.
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Figure 36: System’s response to a DC voltage overload; x-axis is time in seconds.

6.7 Force DC cable current overload

In this scenario, the cable current rating for the cable connected between VSC2 and VSC5
(cable25) was reduced to 1.1kA from the nominal rating of 1.75kA. At 4s the power order
for VSC2 is increased from 600MW to 700MW. The PFS issues error code 4 as shown in
Figure 37, which indicates that the PFS cannot operate VSC2 at 700MW without

exceeding the current rating for cable 25.
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Figure 37: System’s response to a cable overcurrent; x-axis is time in seconds.

6.8 Block of an onshore converter

The active power injected into the DC system by windfarms 1, 2 and 3 are approximately
500MW, 900MW and 600MW respectively. The target DC power orders for VSC2 and
VSC3 are set to 1000MW and 500MW respectively and the PFS is enabled. At 5s VSC2 is
blocked and the systems response is shown in Figure 38. This figure shows that VSC1 and
VSC3 respond to the event by rapidly exporting more active power in order to regulate the
DC voltage. It should be noted that if VSC1 and VSC3 were unable to export the active
power lost by VSC2 then the DC voltage would increase until approximately 640kV, at

which point the dynamic braking resistors would be enabled.
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Figure 38: System’s response to VSC2 being blocked at 5s; x-axis is time in seconds.

6.9 Block of an offshore converter

The active power injected into the DC system by windfarms 1, 2 and 3 are approximately
500MW, 1000MW and 500MW respectively. The target DC power orders for VSC2 and
VSC3 are set to 1000MW and 500MW respectively and the PFS is enabled. At 5s, VSC5 is
blocked and its AC circuit breakers are opened 40ms later. The system’s response is shown
in Figure 39. This figure shows that blocking VSC5 causes a deficit of 2000MW and that
the DC power at the terminals of the onshore converters decreases. The PFS responds to
this event at about 5.1s by controlling VSC1 to import 500MW so that VSC2 and VSC3

are able to maintain their pre-fault DC power levels.
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Figure 39: System’s response to VSC5 being blocked at 5s; x-axis is time in seconds.

6.10 Operating Frame Test

In order to test the accuracy of the operating frame calculation method described in Section
5, the following test is conducted. VSC2 is blocked and VVSC3 is set to export 980MW to
the AC system. The power for all of the windfarms is initially set to 0. The target DC
voltage for the PFS is set to 600kV which means that VSC1 is importing full power at the
upper steady-state DC voltage limit. At 5s the active powers for windfarms 2 and 3 are
increased to 400MW and 1000MW respectively and the PFS is disabled as shown in
Figure 40. VSC3 exports an additional 20MW to its 1000MW limit and then VSC1 must
regulate the DC voltage by exporting close to 380MW. Based on the methodology
described in Section 5, the maximum DC voltage for this scenario when using a droop gain
of 3.5 was calculated to be 611.33kV. The maximum simulated DC voltage was found to
be 611.202kV which is close to the calculated value.
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Figure 40: Operating frame test; x-axis is time in seconds.

6.11 Emergency power control

In some cases AC systems require their connected HVDC systems to provide fast active
power support. In the following scenario, the AC system connected to VSC3 requests an
increase of its active power level from 500MW to 1000MW at 5s. This is achieved by
sending a signal to the PFS to request a new set of dispatch orders to obtain the requested
power order for VSC3. The total processing and telecommunications time delays are
assumed to be 12ms. Figure 41 shows that the system is able to increase the active power
exported by VSC3 from 500 to 1000MW within 200ms. This response time is expected to
be more than sufficient for the majority of AC systems. However, if this is considered to be
too slow, the speed of the response can be improved by reducing the time constant of the
first order transfer functions at the input of the ACC from their default value of 30ms. The
system’s response for a decrease in the active power at VSC3 from 500MW to OMW is

shown in Figure 42.
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Figure 41: System’s response to a power order increase for VSC3 from 500MW to 1000MW at 5s when

using the PFS; x-axis is time in seconds.
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Figure 42: System’s response to a power order increase for VSC3 from 500MW to 0MW at 5s when

using the PFS; x-axis is time in seconds.
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In the event that the emergency power support is required to work without
telecommunications, the power order can be modified locally by manipulating the ACC’s
power order. The power set-point for the ACC at VSC3 is increased from 500MW to
1000MW at 5s and the system’s response is shown in Figure 43. The active power increase
at VSC3 is approximately 200MW rather than the requested 500MW. This is because
manipulating the active power set-point to the ACC alone cannot accurately control active

power in a DC grid.

The actual power level obtained can vary significantly depending upon the system
configuration, initial operating conditions and droop constant. Figure 44 shows that the
power increase for VSC3 is significantly less for the same scenario when its droop gain is
decreased from 3.5 to 0.5. If accurate local power control is required without
telecommunications, then another MTDC control method such as voltage margin control
can offer better performance than standalone droop controllers. However, it should be
noted that changing the power level locally can result in operating frame violations in other

parts of the system.
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Figure 43: System’s response to a power order increase for VSC3 from 500MW to 1000MW at 5s
without using telecommunications; x-axis is time in seconds.
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Figure 44: System’s response to a power order increase for VSC3 from 500MW to 1000MW at 5s
without using telecommunications and employing a droop constant of 0.5; x-axis is time in seconds.

7 Summary

This report has described the work which has been undertaken for the “DC grid control 2”
Work Package. The main layers of the overall HVDC grid control architecture have been
described and the key VSC control signals and their bandwidths have been defined. A
power flow solver algorithm has been developed in MATLAB to calculate the node
voltages required to obtain the desired DC power at each converter without exceeding the
nominal operating framework for the system. Guidelines and a MATLAB algorithm have
also been developed to estimate the droop gains which should be employed for the ACCs
to maximise the ACCs influence on active power sharing without exceeding level 1 of the

dynamic operating frame.

A model based on the DC configuration of the northern section of the Atlantic wind
connection has been developed in PSCAD with all the necessary controls. A range of tests
have been conducted to assess the system’s steady-state and transient performance. The
simulation results show that the control system is able to accurately control DC power flow
in steady-state and to maintain grid stability for fast transient events without exceeding the

dynamic operating limits.
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8 Further work

All objectives of this work package have been met and in some areas further work has been
undertaken, however significantly more work should be conducted. This section provides

some recommendations for future work.

The simulation results have shown that there are some small oscillations in some of the DC
traces for certain tests, the exact cause of these oscillations is unknown at this time and

further investigation is therefore warranted.

The functionality and flexibility of the PFS can be improved significantly with further
coding. The PFS can be made more generic in terms of the number of nodes and
cables/lines which are connected to each node. It should also be modified so that any of the
converters could be selected as the slack bus, by modifying the PFS matrix. Currently the
PFS may not function correctly if any of the cables are disconnected. This is because
setting the admittance value between nodes in the matrix to zero can result in a non-in
veritable matrix. This could be solved by reconfiguring the matrix based on the network
configuration. The error codes generated by the PFS should also be more extensive to give
more detailed information regarding the operating frame violations. More complex
algorithms could also be employed for the PFS to optimise power losses or to
automatically adjust some parameters such as target DC voltage if an error code is

generated.

The methodology for selecting the droop gains can also be improved by carrying out more
work to determine the worst case scenarios for potential operating frame violations. This
may be achieved by extending the code written for this work so that it is capable of

determining the worst case scenarios.

Detailed models of the AC systems (onshore and offshore) would also enable the necessary

AC/DC interactions studies to be conducted.
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Appendix A — Table of Key System Parameters

Active power rating P 1000MW
Reactive power rating Q +330MVAr
DC voltage Ve 600kV
MMC-AVM -
DC Capacitance Coc 230uF
Arm resistance’ Rarm 0.9Q
Arm inductance Larm 0.045H
Leakage reactance Xt 0.15p.u.
Star Primary winding voltage, L-L V1o 370kVv
Onshore MMC transformer Delta Secondary winding voltage, L-L Vi 410kV
Apparent power base Spase 1000MVA
Network voltage, L-L V, 400kV
Onshore AC system Network resistance Rn 2.280
Network inductance L, 0.145H
ACC Nominal droop gain Kdroop 10
Proportional gain Kp 0.000208
MMC power controllers -
Integral time constant T; 2.387s
Proportional gain Ko 0.0270
MMC DC voltage controller -
Integral time constant T; 0.826s
Proportional gain Kp 175
MMC current controller Integral time constant T 0.000442s
Leakage reactance Xt 0.15p.u.
Windfarm transformer Star Primary winding voltage, L-L V1o 33kv
Star Secondary winding voltage, L-L Vs 220kV
Proportional gain Ko 0.00246
Windfarm power controller Integral time constant T 0.645s
Windfarm time constant Tw 0.15s
) Proportional gain Kp 0.327
Windfarm current controller -
Integral time constant T; 0.29s
Proportional gain Ko 0.5
Offshore MMC voltage controller Integral time constant T; 0.005s
Frequency freq 50Hz
Leakage reactance Xt 0.15p.u.
Offshore MMC transformer Star Primary winding voltage, L-L V1, 370kV
Delta Secondary winding voltage, L-L \7% 220kV

1. Value includes the on-state resistance of the semi-conductor devices in each arm.
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Appendix B — Comparison of power flow solver equations

In this appendix, the accuracy of the power flow solver which does account for the cables’

shunt conductance is compared with the standard power flow solver which does not. The

cable configuration is shown in Figure 45. The VSCs are represented as DC voltage

sources for this power flow study. The cables are modelled using the frequency dependent

cable model with a shunt conductance value of 1x107°S/m. Table 9.1 shows that the PFS

with shunt conductance correction is more accurate than the standard PFS.

VSCA1 VSC2
—O— = = —

‘ ) 200km O~

AC Grid
300km
130km 175km AC Grid
VSC3 VSC4
W @ av 125km S
1GW Windfarm
Figure 45: Four terminal PFS test model
Power Flow Solver with Windfarm power at 400MW
VSC - 1 2 3 4
Power Order (MW) - Slack 500.00 | -400.00 | 300.00
Calculated Power (MW) -402.96 | 500.00 | -400.00 | 300.00
Standard PES Calculated Voltages (kV) 600.00 597.50 600.25 | 598.62
Simulated Power (MW) -408.65 | 496.69 | -402.34 | 294.65
Error (%) -1.41 0.66 -0.58 1.78
Calculated Power (MW) -419.70 | 500.00 | -400.00 | 300.00
PES with Shunt correction Ca-lculated Voltages (kV) 600.00 597.47 600.23 598.58
Simulated Power (MW) -419.72 | 500.04 | -400.01 | 300.00
Error (%) -0.01 -0.01 0.00 0.00

Table 9.1: Comparison between the standard PFS and the PFS with shunt conductance correction.
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Appendix C- Derivation of operating point equations

The set-point for the DC voltage controller is calculated according to equation (57).

Vio = ( I — 1y *) Keroop +Vae ™ (57)

Where:
l,.*=P, */LRSP (58)
V,.*= LRSP (59)

Multiplying both sides by 1. gives equation (60).

2
Pdc = Idc Kdroop - Idc(ldc * Kdroop _Vdc*) (60)
Noting that 1,.* =14 1, Vae™ =Vec oprs Pic = Pic_opz @Nd 1y = 1y o2+ the solution to lge-opz i

given by equation (61).

J@XK oy X Py + A7) + A

lieop = o2 (61)
feop? 2 x Kdroop
Where:
A= Idc—opl x Kdroop _Vdc—opl (62)
Hence the DC voltage at the new operating point (OP2) is given by equation (63).
Vdc—op2 = ( Idc—opz - Idc—opl) x Kdroop +Vdc—op1 (63)
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Appendix D — Control architecture with operating frame

This diagram shows the overall control architecture and the different control layers which have the greatest influence on the different operating frame limits.
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