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Harmonic Stability of VSC Connected Low Frequency AC Offshore
Transmission with Long HVAC Cables
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®FElectrical Engineering Department, University College Dublin, Ireland
YESB Networks, Dublin, Ireland

Abstract

Low Frequency AC (LFAC) transmission has been proposed as an alternative to HVDC
transmission for the integration of offshore wind. The LFAC offshore grid as a fully power
electronic grid with a long HVAC cable provides significant challenges to harmonic stability.
This paper presents an impedance based stability analysis to determine the stability of the
power electronic offshore system across the harmonic frequency range. The stability analysis
is introduced and applied to the LFAC system. The impact of different current and voltage
control bandwidths and component sizes on the dynamic impedance of the converters is then
examined and their impact on harmonic stability of the LFAC grid is determined. It is found
that detailed knowledge of the control parameters and the ability to tune the bandwidths
can mitigate significant harmonic instability with the presence of a long HVAC cable. Three
phase simulations are then used to validated the impedance based stability technique.

Keywords: Low Frequency AC, Impedance measurement, Harmonic stability

1. Introduction

In recent years the development of offshore wind has increased dramatically. Conse-
quently there has been a significant drive in research and industry to improve the compet-
itiveness of offshore wind compared to other energy sources. Low Frequency AC (LFAC)
transmission, typically at a frequency of 16.7 Hz has been proposed as an alternative to
conventional 50 Hz AC or VSC-HVDC transmission [1, 2, 3]. LFAC is an interesting alter-
native transmission option for offshore wind, primarily due to the extension of AC power
transmission distance at lower frequency. Offshore cables operated at low frequency (usually
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16.7 Hz) extend the maximum power transmission distance of the cable from 60-80 km at
50 Hz to 180-200 km. The key advantage of LFAC compared to HVDC is the removal of the
offshore power electronic converter station [1, 4]. The elimination of the offshore converter
station is based on the assumption that the wind turbines have the ability to produce AC
at a lower frequency [1], which is possible with full converter Type IV wind turbines. The
LFAC transmission cable transmits power at low frequency to the shore where a frequency
changing converter converts from low frequency to the grid frequency. This technology re-
duces the complexity offshore and therefore may reduce the capital investment costs and
increase reliability, with the impact of decreasing the overall cost of offshore wind. LFAC
has been used in the rail systems in parts of Europe for many years, trains operate at a
frequency of 16.7 Hz and as such LFAC has an already established industry base, produc-
ing equipment at low frequency, albeit, primarily single phase and lower voltage. Potential
drawbacks to LFAC transmission include the size of low frequency transformers and induc-
tive elements at low frequency. A review of the research has shown that LFAC transmission
is an economically competitive transmission option for offshore wind farms between 100 km
and 200 km from shore [5]. The LFAC grid offshore is a fully power electronic defined grid
where the onshore BtB converter in grid forming control mode establishes and maintains
the offshore grid voltage. The offshore wind turbines synchronise to this grid via a Phase
Locked Loop (PLL).

Power electronic grids provide advantages over traditional grids including full control-
lablity and improved efficiency. However, they also introduce new challenges. High frequency
switching introduces harmonics which may interact with higher frequency resonances [6], also
power converter control interactions may exist between converter controls and between con-
trol and passive components. In planning for large power electronic grids it is important to
determine the stability of a system across a range of frequencies [7]. The first real experi-
ence with inverter dominated offshore grids has been BorWinl, a HVDC connected offshore
wind farm in the North Sea [8]. Stability problems due to interaction of converters and
grid resonances were observed and caused significant outages [8, 9]. These problems are of
particular interest to an LFAC system due to the presence of very long HVAC cables.

A number of analysis methods exist to determine the stability of a system including
passive harmonic impedance scans, eigenvalue analysis (requires a lot of detail about pro-
prietary controllers and system variables) and full 3 phase time domain analysis. In generic
power systems state space models are developed to determine stability, where the dynam-
ics are primarily dictated by rotating machines. However, with power electronics the fast
dynamics of controllers and non linearity’s require more detailed state space modelling of
loads and the network to understand their dynamic response to the much smaller system
time constants [6]. An approach to overcome this limitation is the Component Connection
Method (CCM) where the power system components and network dynamics are separately
modelled by a set of vector-matrix equations [10]. CCM is a particular form of state space
analysis which reduces state equations to lessen the computation burden. The separation
allows the interactions and critical parameters to be more easily determined [6]. A state
space approach to stability in power electronic grids would require full detail of the dynamics
of the mechanical and electrical subsystems involved in the wind farm. In a real system this
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may not be applicable due to the complexity of wind turbine control and the unavailability
of data about these subsystems [9].

Impedance based analysis provides a practical tool for the assessment of stability in
power electronics based power systems. The impedance measurement approach separates
the system into source and load subsystems and examines the interaction between the two
subsystems [11]. The impedances in general are composed of contributions from the con-
verter controllers and the actual physical impedances. The impedance can be measured in
the abe (positive and negative sequence) frame [12, 9, 6, 13], or dg domain [14, 15, 16] which
may have advantages from the perspective of control analysis. Reference [14] proves math-
ematically the relationship between the two domains and shows that both can be viewed
equally as a method for stability analysis. An assumption present in the majority of se-
quence impedance analysis to date is that the positive and negative sequence impedances
of the inverters are decoupled from each other. This is true if the inner current and voltage
control loops of the inverters have symmetric structures and equal parameters and if there
is no PLL or the PLL has a low enough bandwidth that it’s effect is negligible. Under these
conditions impedance measurement for stability has been used to determine the harmonic
stability between HVDC converters and offshore wind farms [17, 18] and the stability of
systems with multiple power electronic inverters [6, 14, 19].

In contrast to the state space approach which examines the eigen-properties of the state
matrix, the impedance measurement predicts system stability based on the ratio of the
output and load impedance. A comparison of the state space approach and the impedance
based approach can be found in [20], concluding that both methods are applicable for the
determination of system stability. The advantages of the impedance based approach are that
the impedance data is measured data from the real system and can potentially be measured
on-line [21]. Impedance measurement is a more straightforward approach for power system
planners than eigenvalue analysis or CCM as the unavailability of proprietary information
from vendors is not a critical issue, provided accurate impedance data is supplied, or there
is the ability to take measurements.

In addition to its practical advantages the impedance stability approach has proved to be
an intuitive approach to determining stability. The first applications of the method involved
the investigation of stability in cascaded de-dc converter systems [22, 23|. In recent years
there has been considerable interest for application in power systems as power electronics
connected generation and transmission becomes more prevalent. For example, it has been
used investigate the stability of paralleled inverters in systems with high penetrations of
distributed generation [24] and as the basis for performing real time stability analysis in
distribution systems [25]. The use of impedance stability analysis has also been employed
to study various aspects of the stability of HVDC systems including the dc side stability
26, 27, 28], and the impacts of changing power flow directions [29]. Reference [30] provides a
comprehensive overview of the impedance stability method and its applications. Considering
these previous applications of the impedance stability method, it can be concluded that it
provides a strong basis for investigation of the stability of the LFAC transmission system,
which to the authors knowledge has not been done to date.

The key contribution of this paper is an investigation of the harmonic stability of an LFAC
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offshore transmission system making use of the impedance based stability analysis approach.
As noted above, the harmonic stability is of particular importance given that LFAC system is
a converter based AC transmission system where the converters are interconnected using long
HVAC cables. While some previous publications have made reference to potential harmonic
issues, to the best of the authors knowledge this is the first time a thorough stability analysis
has been performed for an LFAC transmission system. The approach accurately predicts
the harmonic stability of the LFAC grid in the presence of long HVAC cables by examining
interactions between the onshore BtB converter and the LFAC cable resonances. The factors
affecting the stability of the power electronic grid are analysed including the parameters of
the current and voltage controllers of the onshore BtB converter and the length of the LFAC
cable. In addition the ability of the impedance method to predict harmonic instability is
validated by application to a scaled hardware version of the LFAC transmission system.

2. Control of LFAC transmission system

Figure 1 displays the layout of an LFAC transmission system. Offshore, type IV wind
turbines are used and the power is collected by a 16.7 Hz collector system. At the AC
platform an LFAC transformer connects the offshore wind farm to the LFAC cable. In this
analysis the wind turbine converters are lumped into one large converter representing the
offshore wind farm. Onshore, the frequency is converted from 16.7 Hz to 50 Hz via a BtB
converter onshore. The BtB converter is comprised of two Voltage Source Converters (VSC).
The VSC on the low frequency side is required to establish and maintain the offshore low
frequency voltage. The LFAC system is unique in the fact that it comprises a fully power
electronic grid offshore, fed by power electronic inverters and includes a long AC cable with
low frequency resonant points providing potential harmonic stability issues.

Variable Controlled Controlled
Frequency bC Controlled DC
VsC Voltage i L frequency| - Voltage
converter Power M vse Power
port VSC Port
16.7 Hz 16.7 Hz
Transformer =

v, Transformer _ v
I P 3

Grid forming control
Frequency and Voltage control

Mi abe.
WTG inverter
current
control

My abe

Flux Torque
controller

DC Voltage
Control

Vigq e
dq ref
Wo ref

Figure 1: LFAC transmission system.

Figure 2 outlines the control schemes used in this analysis for the current controlled
inverter and the voltage controlled inverter.

2.1. Voltage Control Scheme

The voltage control scheme shown in Figure 3a inputs a reference dq voltage, which is
compared to the measured dg voltage at the capacitor of the LC filter. An output reference
current is added to a feed forward measurement to provide the reference 44, for the dg current
control scheme.
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Figure 2: Control schemes of (a) current controlled inverter and (b) voltage source inverter.
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Figure 3: Control schematics of (a) voltage control Scheme block and (b) dg current control scheme block.

The compensator k(s) is a PI controller:

Kiv
k(s) = Kpy + 00 = 217
S

! 1)

In this paper it is assumed z is a zero which is dependent on the current controller time
constant and the phase margin chosen for the voltage controller [31]. The compensator gain
k is obtained from the solution of Equation 2 where w, is the required bandwidth of the
voltage controller, C't, C. and n are the filter capacitance, cable capacitance and transformer
turns ratio.

k= (Cy+n(C.))w. (2)



2.2. Current Control Scheme

Figure 3b outlines the structure of the inner dq current control block of Figure 2a. The
objective is to regulate the dg currents, ¢4 and 7, to their reference values. The value of Ly in
the control is the interface reactor inductance. Typically k4(s) and k,(s) are PI controllers,
which are designed according to Equations 3 - 5

K, s+ Kz
ha(s) = ky(s) = == (3)
L
K= (4)
l;
K, = L Lo (5)

K, and Kj; are the proportional and integral constants, respectively. These constants are
chosen according to the desired system time constant, ¢;, phase reactor resistances and turn
on resistance for IGBTs, (R + R,,), and phase reactor inductance, L.

3. Stability Analysis by Impedance Measurement

The basis of the impedance measurement based stability criteria is to split the system
into a source and load subsystem. The source subsystem of a voltage controlled inverter
consists of a Thevenin equivalent circuit with an ideal voltage source in series with an
output impedance (Zs(s)). The load subsystem is modeled by its load impedance (Z(s)).
For the current controlled inverter based system the source subsystem consists of a Norton
equivalent circuit with an ideal current source in parallel with an output admittance (Y;(s)).
The load subsystem is modeled by its input admittance (Y7 (s)). Figures 4a and 4b depict
the equivalent small signal circuit of voltage controlled converter and current controlled
inverter for impedance based analysis [11]. In Figure 4 G(s) is the closed loop reference to
output transfer function which controls the dynamics of the inverters.

Equations 7 and 6 show the closed loop transfer functions of the inverter small signal
systems in Figure 4. On the assumption that G, (s) and G.;(s) are independently stable
the stability of the output of both the voltage controlled inverter and the current controlled
Z() V(o)

Z1(s) Yi(s)
minor feedback gains the stability of the system can be determined.

Based on these

converter is dependent on the minor loop feedback of

Va(s) 1

= Gyp(s)——— 6
Vi (s) wl )1+ Z:lg (6)
[1(5) 1

= Gloi(§) ———— 7
I (s) il )1+ 2 ()

The source and load impedances and admittances can be found by injecting perturba-
tions at the connection point between the subsystems. The resulting impedances across
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Figure 4: Small signal representation of (a) voltage source inverter with a load and (b) current source
inverter with a load.

a frequency range can be examined to identify potentially unstable frequencies for a wide
range of operating conditions.

3.1. LFAC Impedance Scan Technique

Figure 5 represents an extension of Figure 4a where the load impedance is replaced by
the LFAC cable and the LFAC transformers (Z.ape(s)) and the impedance of the current
controlled inverter (Z.(s)). Figure 6 display the small signal representation of the setup to
determine the stability of the current controlled inverter, showing the components of the
load admittance. The stability of each inverter is assessed separately using the appropriate
circuit setup.

Go (I3 (5) Vi(s) Va(s) ?de )V (5)

Figure 5: Small signal representation of Z;(s) and Z,(s) to find the stability of the LFAC voltage controlled
inverter.

In both cases the load subsystem (Z.(s) and Y7(s)) includes the LFAC transmission
cable and the LFAC transformers. Similar to Figure 4 the stability of the LFAC transmission

Z(s Y.(s
system depends on the stability of the minor loop feedback of () and ()
Z L(S) YL(S)
inverter. The LFAC system is split into two subsystems at the point of connection of the
onshore converter to the offshore grid. Figure 7 shows the single line diagrams of the circuit

setup to obtain the impedance measurement Z,(s) and Z(s). Figure 8 displays the circuit

7
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Figure 6: Small signal representation of Y;(s) and Y;(s) inverter with a cable and load.

setup used to determine Y;(s) and Y7, (s). For both voltage controlled converter cases (Figures
7a and 8b) the subsystem is connected to a stiff current source, at 1 pu, corresponding to
full loading, at the fundamental frequency of 16.7 Hz (wp). A current perturbation is added
at a disturbance frequency of wy and an amplitude of 0.01 pu to maintain the small signal
integrity of the model. The voltages and currents at the input perturbation can be measured
and a Fast Fourier Transform (FFT) performed on them to identify the voltage and current
components at wy and the impedance or admittance can be calculated from the measured
voltages and currents.

Is Iz I¢ Zys
SIS [ ] JVoheee 77
ontrolie DC
1pu 0.01pu Inverter _T
wW=wo W=Wgqg T
= = _ — = My apc

Ve Current _|

Controlled
Inverter

!

mj abc

Figure 7: Single line diagram of impedance measurement circuit setup to find (a) Zs and (b) Zp,.

Similarly for the current controlled inverter side (Figures 7b and 8a) the subsystem
is connected to a stiff voltage source and a voltage perturbation is added at w,. Figure
9 displays a flowchart of the methodology for performing the impedance measurement to
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calculate the admittance or impedance as required.

0.01pu
\% Current Lu I; I W%
DC
Controlled _
Inverter e 1pu
W=wy

! l

M abce
(a)
I Zeable I I Zys
T " Voltage
Controlled Vie
1pu 0.01pu Inverter
m_pm _ P Vs \% Zcs
=Wo W=wWq T
= = - - = My abe
(b)

Figure 8: Single line diagram of impedance measurement circuit to find (a) Yz, and (b) Y.

frequency array —» For n=[1:end] > disturbance —» AR e Admittance vs.
of length n o) 1L,V Impedance/
d Admittance ©d

No

Figure 9: Flowchart methodology for determining impedance and admittance.

3.2. Voltage Controlled Inverter Impedance

In order to give some insight into the origin of the impedance curves and as a form of
validation, the obtained impedance scans are first compared to the physical impedances of
the cable, transformers and filters connected to an open circuit, without the influence of
converter control. The parameters used in this analysis are outlined in Table 1. In Figure
10 the measured impedance Z; is compared to the impedance of the cable, transformers
wind farm inductance and VSC, without the influence of the controllers. It can be clearly
seen from Figure 10 that the impedance scan matches the physical impedance outside of the
bandwidth of the current control loop. Within the current control bandwidth the impedance
rises as frequency approaches zero, which is expected for a current controlled inverter. For
an ideal current controller the impedance at the fundamental frequency is equal to the
unloaded cable impedance, as at this frequency the controller allows no disturbance current.
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Parameter

Value

Voltage Controller Bandwidth (w,)
Voltage Controller (K,,K;)

1
Current Controller Bandwidth (t—)

Current Controller (K,,K;)
Filter Inductance (L)
Filter Capacitance (Cy)
Cable Inductance

Cable Capacitance
Transformer turns ratio
Vbe

Vsaref, Vsqref

1, reference

334.2 rads™*
0.0113, 1.2628

1000 rads™!

85.77, 181.82
85.8 mH
4.03 yuF
222.8 uH/km
198 nF /km
2.2:1

400 kV

100 KV, 0 V
1000 A

Table 1: LFAC transmission system parameters for impedance measurements.

The first LC resonance associated with Ly and the cable capacitance falls within the current
control bandwidth and is therefore not present in the impedance measurement as it has been

controlled out.

Phase (deg)

[\ I )
===

Magnitude (dB)

=}

10°
Frequency (Hz)

Figure 10: Comparison of directly measured impedance of 150 km cable and wind farm inductance with

impedance Z,.

Similarly Figure 11 displays the measured impedance of Z; compared to the impedance
of the LC filter. At frequencies above the current controller bandwidth the impedance is
dominated by the capacitor in the LC filter. Again within the current control bandwidth the
current controller dominates the dynamic impedance. The influence of the voltage controller
can be seen where Z; tends to go to zero at the fundamental, 16.7 Hz. This is due to the
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integrator in the voltage controller and the fact that at the fundamental frequency in the
abc frame, the dg component is at 0 Hz. Therefore 1/s becomes infinite, implying infinite
gain which results in zero impedance. Below the fundamental frequency the frequency in
the dgq frame is negative which is treated the same as the equivalent positive one by the
voltage controller and the impedance from zero to the fundamental mirrors the impedance
from the fundamental to twice the fundamental. For example, a disturbance at wy = 5 Hz,
corresponds to -11.7 Hz in the dg frame. The voltage controller responds in the same way
as for 11.7 Hz. Converting this back to the abc frame gives the same response as wy = 28.4
Hz.

% 60 - Currént Coﬂtrollér Bandw1dfh

3 40

2

=20

‘2%0 0 gl_t‘a_gé‘-(:(‘)_pfrz)l-lér-‘ﬁgﬂdWia?h - R
10' 10° 10°

180 ,—‘ ZS impedance measurement — Impedance of LC filter =

g@ 90 L . . o
g O 1
S -90r
[ay
180 bbb ]
10" 107 10’
Frequency (Hz)

Figure 11: Comparison of directly measured impedance of LC filter with impedance Z;.

3.8. Current Controlled Inverter Impedance

Figure 12 show the source and load admittance of the current controlled inverter system
which has the PLL included in the source admittance. The factors which effect the source
admittance in the lower frequency range are the PLL, the current controller and the inductive
filter.

The effect of the PLL is to cause a decrease in the source impedance resulting in an
increased admittance [32]. The factors which impact the load admittance are the voltage
and current controllers and the LFAC cable. Decreasing the voltage control bandwidth
decreases the load admittance. It can be clearly seen that the combined phase in the high
frequency range cannot be below -180°, indicating the minor loop response will be stable

and therefore the current controlled inverter has no harmonic stability issues resulting from
the LFAC cable.

4. Harmonic Stability of LFAC transmission

Harmonic instability in power electronic grids can be caused by a combination of factors.
These include fast inner current or voltage controllers and high frequency switching harmon-
ics interacting with passive elements in the grid such as capacitors, filters or underground
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Figure 12: Source and load admittance of current controlled inverter.

cables [13]. The aspects of interest in an LFAC grid are the current and voltage controllers
of the onshore voltage controlled converter, the LC output filter and the LFAC cable. In this
harmonic analysis the stability of the voltage controlled converter is analysed by examining
the minor loop response of Z; and Zg and their variation with capacitance in the offshore
grid, the length of the LFAC cable and control parameters. The load impedance consists of
the LFAC cable and the wind farm current controlled inverter.

4.1. Impact of Filter Capacitance

Initially the current controller bandwidth for the voltage controlled inverter is set to
2000 rads™!. Figure 13 displays the load and source impedances for the voltage controlled
inverter with a 100 km cable. To illustrate the effect of filter parameters, in Figure 13 the
filter capacitance Cy is changed from 4 pF to 11 pF. This has the impact of decreasing Z
above the LC corner frequency and therefore causing Z, and Z; to cross at more points,
increasing the chance of the system becoming unstable when connected to the load subsystem
which includes the LFAC cable.

Figure 14 shows the minor loop response of both scenarios. The minor loop magnitude
is the ratio of Z—S and the phase is the difference of the angles at the given frequency. For

L
the minor loop response and the inverter to be stable, when the minor loop magnitude is

equal to 0 dB, i.e. |Zg| = |ZL|, the phase must be greater than -180°.

It can be seen from the minor loop plot that the combined impedance crosses 0 dB
at the frequencies and phases outlined in Table 2 and that the 11 pF capacitor causes an
instability at 1372 Hz. Decreasing the capacitance to 4 uF increases the impedance Z;,
thereby increasing the minor loop response and removing the instability.

4.2. Impact of Voltage Controller Bandwidth

An advantage of the impedance measurement approach is to measure the dynamic
impedance of the converter including the impact of the control systems and their parame-
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Figure 13: Impedance scans of voltage controlled side with changing filter capacitance compared to wind
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Figure 14: Minor loop responses varying filter capacitance with 100 km cable.

ters. Figure 15 shows the impact of changing the voltage control bandwidth on the source
impedance. The control bandwidth is changed from 334 rad s~' to 669 rad s~'. It can
be seen that in the lower frequency range the impedance is slightly reduced with a higher
voltage control bandwidth. Outside of the current control bandwidth the impedance returns
to the physical impedance of the LC filter.

4.3. Impact of Current Control Bandwidth

Figure 16 displays the impedance of the system again with an 11 uF capacitor. The
impact of changing the current controller bandwidth is shown for two bandwidths, low
(1000 rads™!) to high (2000 rads™') for the voltage controlled inverter. The high control
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Figure 15: Z;, and Z, for LFAC voltage controlled inverter.

bandwidth scenario here has the same parameters as the unstable scenario in Figure 13. It
can be clearly seen in Figure 17 that the minor loop with high current controller bandwidth is
unstable at a frequency of 1372 Hz and is stable for all frequencies with a low current control
bandwidth. This shows the impact control parameters can have on harmonic stability. The
minor loop response does cross 0 dB at other frequencies, however the phase in those cases
is not below -180°. The frequencies at which the minor loop responses are equal to 0 dB
and the corresponding phase angles are outlined in Table 2.

Phase (deg)

- 1 80 C i i | H i i | i i i |
10' 10° 10
Frequency (Hz)

Figure 16: Impedance scans of voltage controlled with 11 pF Cf varying current controller bandwidth
compared to wind farm impedance with 100 km cable.
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Figure 17: Minor loop responses with varied current controller bandwidth with 100 km cable, unstable for
high current controller bandwidth and stable for low current controller bandwidth.

Table 2 summarises the responses shown in Figures 16 - 17, outlining the parameters

changed and the responses observed at the stability points.

Z
Z, Z Z:1=0dB
L | ZL|
Current Control Frecuenc Anole
Figure  BandWidth, € Cable (qHZ) Y (do ot os)
(K,, K;) Length &
. 689 174
17 é%oggrafgi g MuF 100 km 830 20
(0, 205 1351 177
. 700 172
14, 17 (fg(l)%iag;s g 1LWF  100km 818 28
0% 20 1370 1182
2000 rad s~ 1450 -168
14 (17154, 363.6) A7 100k 45

Table 2: Details of parameters used and the frequencies where minor loop responses are 0 dB below 1500

Hz.

4.4. Impact of Cable Length

It has been seen in Figures 13 and 16 that increasing current control bandwidth and

filter capacitor size in isolation can have an adverse effect on stability.
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Figure 18: Source and load impedance for 3 cable lengths.

Figure 18 shows the source and load impedance for three different cable lengths with a
current control bandwidth of 1000 rads™'. Interestingly increasing the cable length appears
to have a positive impact on harmonic stability in the LFAC case. For longer cables the
resonant frequencies decrease to below or close to the current controller bandwidth, meaning
that the source impedance is higher at the cable resonant frequencies therefore Z; and Z; do
not cross at frequencies where the combined phase is close to -180°. Higher frequency reso-
nances for longer cables tend to be more damped than lower frequency resonances meaning
that the load phase at higher frequencies is not close to 90°. This means the minor loop will
not cross -180°.

5. Time Domain Simulations

Time domain simulations are performed to verify the harmonic stability analysis. The
offshore wind farm is connected to shore via an LFAC cable. Onshore the BtB converter
consists of the voltage controlled converter on the LFAC side and a DC voltage controlled
power port on the 50 Hz side. The inner current and outer voltage controllers are as outlined
in Figures 2a and 2b and average models of the converters are used. Figure 19 shows the
three phase circuit setup used to perform the simulations.
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Figure 19: Three phase circuit layout for harmonic stability time domain simulations.

Initially the LFAC cable is not connected to the BtB converter. The voltage controller
brings the AC voltage at the terminals of the VSC to 100 kV. At t = 0.3 s the switches are
closed, LFAC cable is switched into service and the offshore wind farm is connected to the
onshore grid. This is done to allow any start-up transients to dissipate and show that the
system has no harmonic instability without the cable connected.
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Figure 20: Voltage, Current and FFT of Voltage showing harmonic instability for 11uF capacitor and 100
km LFAC cable with a current control bandwidth of 2000 rads™!.

Figure 20 displays the results of the unstable case with the 2000 rads™" current control
bandwidth in Figure 17. The LFAC voltage and current at the voltage controlled inverter
terminals is shown, with the FFT of each below. The FFT is taken for the first 10 cycles (0.6
s) after the cable is switched in. In Figures 14 and 17 it was shown that the minor loop plot
crosses 0 dB at 1370 Hz with a phase of -182°indicating that the voltage controlled inverter
will be unstable. It can be seen from Figure 20 that the system is unstable and has a large
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high frequency harmonic instability at 1370 Hz. Less significant harmonic components can
be seen in the current at the other points where the source and load impedance cross each
other.

Figure 21 shows the response of a stable LFAC system for the case with lower current
control bandwidth in Figure 17 without any harmonic instability present. The cable is
connected and after a brief transient normal operation begins and the offshore wind farm is
connected to the grid. It can be seen from the FFT of the current that there are harmonic
components in the initial transient at all the frequencies which the source and load impedance
cross in Figure 16. These simulations verify the accuracy of the impedance based approach
for predicting potential harmonic instability in an LFAC transmission system
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Figure 21: Voltage, Current and FFT of Voltage showing for 11uF capacitor and 100 km LFAC cable with
a current control bandwidth of 1000 rads!.

6. Hardware Experiment Result

In order to further verify the impedance based harmonic stability analysis, a 100 V, 2 kVA
scaled prototype of the LFAC system has been implemented with the hardware in the loop
real-time simulation platform from OPAL-RT. The LFAC transmission system hardware
setup schematic is similar to the one described in Figure 19. The hardware setup shown
in Figure 22, includes the OPAL-RT system implementing the control, the converters, their
filters, and the LFAC cable. The offshore wind farm is modelled as a 300 V DC source
connected to the current controlled inverter. The BtB converter is comprised of two 2 kVA
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Parameter

Value

Voltage Controller Bandwidth (w,.) in high/low case
Voltage Controller (K,,K;) in high/low case

1
Current Controller Bandwidth (t—)

Current Controller (K,,K;)
PWM frequency

Filter Inductance (Ly, ry)
Filter Capacitance (Cy)
Cable Inductance

Pi section (L+rg,C)

BtB DC voltage

Varef, Vg ref

Pref7 Qref

%

334.2 rads™ / 111.5 rads™*
0.09, 9.97 / 0.27, 29.9

1000 rads™*

33.02, 169.9
1352.7 Hz

33 mH, 126 mQ

4.03 uF

80 pH /km

71.9 pH + 63.6 mQ, 71.9uF
500 V

100 V,0V

1000 W, 1000 VA

Table 3: LFAC transmission system parameters for the hardware experiment.

VSCs, with a 680 pF capacitor on the DC link. The cable is implemented as 5 pi sections.
Table 3 gives the parameters of the hardware system. In this section, we use the hardware
to verify the impact of voltage controller bandwidth which is analysed in section 4.2 on the
harmonic stability. The compared voltage controller bandwidths are 334.2 rads™' and 111.5

rads™! with corresponding PI gains given in Table 3.
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ﬁ Ssheut 0 gy
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Figure 22: Picture of hardware setup.

Figures 23 and 24 show the measured time domain voltage and current waveforms and a
Fourrier analysis of the current, for both a stable and unstable case , with the real /reactive
power flow at 1000 W /1000 VA. The stable case corresponds to the higher voltage controller



bandwidth and the unstable case has the lower bandwidth. It can be seen that for the stable
case the only significant harmonics present are those associated with the switching frequency

at 1.3 kHz.

at approximately 550 Hz.

For the unstable case these is a considerable oscillation present in the current

LXK

X XN

XK

X AN

Voltage
W)
=

-100

XX
AN

XN AN

AAXNXNA

) 0.9
AXN

93

93.05 93.

1

93.15
Time (s)

3.2 93.25

933

10

X

’/

Current
)
8 o

ANXNANA

AAANNAAN

933

93.05 93.1 93.15 932 93.25
Time (s)
43
4 T
S =
$E2
§ £
E] |
g i
ol " 1L ! N 11
0 500 1000 1500 2000 2500
Frequency (Hz)

3000

Figure 23: Measured Voltage, Current and FFT showing stable for high voltage controller bandwidth
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Figure 24: Voltage, Current and FFT showing harmonic unstable for low voltage controller bandwidth

we=111.5 rads™!

The corresponding minor loop responses of the tested hardware cases are shown in Figure
25. These are generated from a Matlab/Simulink model using the hardware paramters in
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Table 3. These plots indicate that the minor loop for low voltage controller bandwidth
crosses 0 dB at 538 Hz with a phase of -181 indicating an instability which matches closely
with the current oscillation observed in the measured response. On the other hand the minor
loop associated with the high voltage controller bandwidth indicates that it is stable which
is again reflected in the hardware measurements.

4 4
g 20 = i
z T \ 0 :
E" kT A% 2
20 -4
540 550
10! 10° 10
180 1
R S L AL N E A R A T N A A O A A A R )
— 9 R B e ey A P
m
E b
g o ——Minor loop low voltage controller BW (W =111 rad s_l) ‘\\ / PN -180
------ Minor loop high voltage controller BW (WE:334 rads’) \\ / U
-1 ; S S S s e -

10 TS 184 540 550

Frequency (Hz)

Figure 25: Minor loop responses with varied voltage controller bandwidth analysed by Simulink with the
hardware experiment parameters, which indicates that it is unstable for low voltage controller bandwidth
and stable for high voltage controller bandwidth.

7. Conclusion

This paper has examined in detail the stability of an LFAC transmission system via
impedance analysis and 3 phase simulations. The impedance scan methodology is used to
determine the harmonic stability of the LFAC transmission system. The impact of different
control parameters and filter sizes on stability is examined. It is found that decreasing the
magnitude of the voltage controlled converter source impedance by increasing either the
current controller bandwidth or the filter capacitor size can have an adverse effect on har-
monic stability. It is clear that control parameters, particularly current control bandwidth
can have an effect on harmonic stability by changing the source impedance Zg. The voltage
control bandwidth has little impact on harmonic stability as it’s influence is at lower fre-
quency. In the LFAC system Z; will generally not change at high frequencies as it is only
influenced by cable length. To mitigate harmonic stability issues Zg can be adapted, either
by varying the filter components, or the controller bandwidths. It is also found that shorter
LFAC cables are more susceptible to harmonic instability than longer cables since with the
longer cables the resonant points are at lower frequency and therefore usually within or
close to the current controller bandwidth. This causes the source and load impedance scans
not to intersect at any frequency where the combined phase may be close to -180°. The
obvious caveat is that longer cables require significantly more reactive power compensation.
A proportional resonant filter could help mitigate harmonic stability issues however perfect
knowledge of the resonant frequencies is required and the movement of resonant frequencies
due to changes in grid conditions must be taken into account.
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It is clear there is no substitute for having complete knowledge of the system and per-
forming detailed 3 phase simulation studies and eigenvalue analysis for a range of disturbance
scenarios to determine stability issues. However as mentioned this may not always be the
case. Impedance based stability analysis can be used as a practical approach to determine
the stability of an inverter based system, where complete information of system parameters
is not always available. A major problem for system planners is the black box nature of
control systems around both the wind turbine and the large substation converters. Mod-
els will be provided by the manufactures however it is not always possible that accurate
voltage/current controller parameters will be known. It is important for system planners to
determine the harmonic stability of the system in the design stage, so that controls can be
adjusted to mitigate these issues.
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