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Abstract—In future power systems reduced overall inertia
caused by an increased dominance of asynchronous generation
and interconnections would make frequency control particularly
challenging. As the number and power rating of Voltage Source
Converter (VSC) HVDC systems increases, network service
provision would be expected from such systems and to do so
would require overload capacity to be included in the converter
specifications. This paper studies the provision of frequency
services from Modular Multilevel Converter (MMC)-based VSC
HVDC interconnections using temperature-constrained overload
capability. Overload of the MM C-based HVDC system is achieved
through controlled circulating currents, at the expense of higher
losses, and subject to a control scheme which dynamically
limits the overload available in order to keep the semiconductor
junction temperatures within operational limits. Two frequency
control schemes that use the obtained overload capacity to
provide frequency response during emergency conditions are
investigated. The controllers’ performance is demonstrated in
the context of the future Great Britain transmission grid through
a reduced equivalent test system. Simulation results show that
even modest temperature margins which allow overload of MMC-
based HVDC systems for a few seconds are effective as a primary
frequency reserve and also reduce the loss of infeed requirements
of such interconnections.

Index Terms—Frequency Control, HVDC, Modular Multilevel
Converters (MMC), Power System Dynamics, VSC Overload.

I. INTRODUCTION

VER the past decade, Voltage Source Converter (VSC)

HVDC schemes have become an increasingly popular
option for long distance and sub-sea transmission systems.
This is due to increasing efficiency levels, new applications
such as off-shore wind farms, as well as an opening of the
market with several vendors now supplying competing prod-
ucts. The Modular Multi-level Converter (MMC) was proposed
in [1] and at present is the standard topology employed in
VSC HVDC applications. The MMC consists of six converter
arms, each of which contains a valve comprised of a large
number of series connected sub-modules, usually in a half-
bridge arrangement with two IGBTs and a floating sub-module
capacitor. By controlling the switching of each individual
sub-module, a highly sinusoidal voltage waveform can be
produced, while keeping the average switching frequency of
the power electronics low [2].
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The maximum power ratings currently available for VSC
systems are in the region of 1.8 GW in a single sub-sea
cable based link and 2.5 GW in an on-shore system [3]. As
the technology further matures, even higher power ratings are
anticipated and VSC converters of such high power rating may
be expected to provide ancillary services to the AC systems
in which they are located [4]. The provision of these features
implies that the converter must have some level of power
capability reserved above its nominal rating.

Overload capability is available for Current Source Convert-
ers (CSC) based HVDC systems [5] and is a desirable requi-
site, from a system level perspective, for multi-gigawatt HVDC
schemes. However, such overload capability has not yet been
demonstrated or presented as an option by VSC manufacturers.
This is due to a combination of technology limitations and
customer requirements. The thyristor technology used in CSC
is very robust and much less susceptible to failure caused by
over-currents than the IGBT technology used in VSC. IGBT
switches are sensitive to both over-voltage and over-current
induced failure mechanisms, as well as thermal runaway [6].
For HVDC applications, where reliability is critical, designing
overload capacity into such systems therefore requires special
consideration to the limitation of these devices.

In order to provide system support features during emer-
gency conditions, when already operating at rated capacity,
a VSC must be capable of moving outside its rated P/Q
specification, into an overload region. While doing so, the
operational limits of the IGBT devices, both in terms of
junction temperature and safe operating area (SOA), must
be respected. This could be achieved through the use of an
over-sized IGBT, which is capable of reliably switching the
increased peak current magnitudes during operation in the
overloaded area. Alternatively, overload capability might be
achieved without significantly over-sizing the semiconductor
devices through the use of controlled circulating currents that
reduce the peak current flowing through the converter for a
given set-point. Such techniques were initially proposed in
[71, [8] as a method of maximizing the overall P/Q capability
of MMCs and are now well established strategies [9]. These
methods can expand the active power processing capability of
the converter by approximately 30%. Although the increased
losses within the converter caused by the circulating currents
make it un-attractive for steady-state operation, they could be
used during emergency conditions, as suggested in [10].

In addition to the peak current handling capability limita-
tions of MMC:s, restrictions on the junction temperatures of the
IGBT devices also have to be enforced. In [7]-[9] the influence
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of converter temperature dynamics on the achievable overload
were neglected. Overload capability of MMC-based HVDC
systems considering the temperature dynamics within the
converter has arguably only been discussed in [10] and [11].
However, in [11], simplified temperature dynamics were used
and implications on the converter design were not addressed.

Provision of network services such as frequency support
and power oscillation damping through VSC HVDC has
been reported extensively [12] with some papers focusing
specifically on MMC-based HVDC [13], [14]. In these works,
the headroom for dynamic modulation of active/reactive power
was made available by either considering the expensive option
of de-loaded operation (below the rated capacity of the con-
verter, e.g. [13], [14]) or by assuming some overload capability
without considering the physical constraints of the converters
properly [15], [16]. Application of a realistically designed
overload capability of MMC-based HVDC for network support
has not been demonstrated in a multi-machine system.

This paper builds upon the results presented in [10] to
examine the application of the overload capability of an MMC-
based HVDC interconnection in order to provide frequency
support to an AC grid. Overload is achieved through controlled
circulating currents using a proposed control scheme that
ensures that the operating limits and thermal constraints of
the IGBT modules are respected while providing this network
service. This paper is the first to show the potential benefits
of MMC-based HVDCs designed with overload capability
for grid frequency control. Two different control schemes
for frequency response are presented and their benefits for
the operation of a representative AC network are analyzed.
Furthermore, the influence of the semiconductor junction tem-
perature on the support duration with the different controllers
is also studied. The effectiveness of the proposed approach
is evaluated through a case study for a representative future
scenario in the Great Britain (GB) transmission system with
several interconnectors, corresponding either to a connection
to a remote AC system or to an off-shore DC network.

The structure of the paper is as follows. Section II describes
the MMC reduced dynamic model and its energy control
scheme while Section III presents the MMC thermal model.
The implementation of the overload capability within MMCs
is discussed in Section IV. Section V covers the application
of this feature to frequency service provision, proposing two
different solutions. The case study is introduced in Section VI
and the simulation results to verify the control performance in
Section VII. Finally, Section VIII presents some conclusions.

II. MMC REDUCED DYNAMIC MODEL FOR POWER
SYSTEM STUDIES

A Reduced Dynamic Model (RDM) of an MMC, imple-
mented within a large-scale power system simulation platform
(DigSILENT PowerFactory), is used to carry out detailed
system level studies. The use of an RDM allows the main char-
acteristics of an MMC to be captured, while approximating the
switching behaviour with simplified functions and controlled
sources [17]. The MMC RDM employed in this work was first
introduced in [18] and its main features and control philosophy

are summarized in this section. The circuit arrangement of
the RDM is shown in Fig. 1. It comprises two three-phase
controlled voltage sources (Vj"p,leow) which represent the
stack of sub-modules within each arm and two arm inductors
and a phase reactor per phase. The DC side is formed by a DC
voltage source controlled to supply the specified DC voltage
(u®¢). AC and DC sides are virtually connected by the control
scheme. These modelling choices were driven by the software
limitations, as discussed in [18]. For a detailed description of
the MMC inner variables, one can refer to [8].
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DC Line
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Fig. 1. MMC reduced dynamic model (RDM) single line diagram.

The MMC control scheme is based on an energy balance
approach which regulates the amount of energy contained in
the arms of the converter [19]. It generates a set of reference
signals for the two AC voltage sources in order to nullify
the energy deviation between arms and maintain the energy
within each arm at a nominal value. Three energy balancing
controls (horizontal, vertical and average) perform these tasks.
An overview of this control scheme is shown in Fig. 2 and
further details of it can be found in [18].

porid

L >
>
- > AC Signal
i Harmonic Generator|
up
PLL mjection | Tnm, | IE, 1%
Controller]
Overload | Pi™ | Power
i T Control Mgmt. Jlow Slow
i Ly errj %
| Enerey Pref /7 — —>
i Calculation Q
> ref——>
up
v . 7.
“— B, Elov > Vertical | 1V;
plow J 0 7 Balance
J
——> up low
B}, B} Horizontal | 11,
ige Balance
: up  plow ext
Ude| | E B Average 1
Balance DC Signal
Generator | q,5¢t
—>
Py >

Fig. 2. MMC reduced dynamic model control scheme.

Two additional control blocks have been added to the
control system described in [18] and are referred to in Fig. 2
as “Harmonic Injection” and “Overload Control”. These
blocks control the response of the converter during overload
conditions and are described in detail in Section IV.
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III. MMC THERMAL MODEL

This section discusses the MMC thermal model adopted
in the simulations. Power-loss estimates and transient IGBT
thermal models have been considered to derive the junction
temperatures of the devices within the converter, following
the work presented in [20] and [10]. Limits on these junction
temperatures during overload conditions would ultimately de-
termine the effective available response of the MMC.
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Fig. 3. IGBT power-loss tables and MMC thermal model.

An overview of the thermal model presented in [10] is
shown in Fig. 3. We adopt the same modelling scheme and the
same IGBT module data (SSNA 1200E330100 [21]) to derive
the limiting junction temperature 7). This temperature is the
larger of the diode junction temperature (7/°%¢) and the IGBT
junction temperature (Tj] GBT) These junction temperatures
correspond to the average value of the recorded measurements
at each sub-module in the converter.

Note that only the junction temperatures of the lower IGBT
module of each sub-module are considered, as in MMCs this
module is under significantly more thermal stress than the
upper IGBT module [22]. In the simulations presented next
we assume the coolant inlet temperature 7,5 equal to 60°C.

The power-losses within the IGBT and diode of the lower
IGBT module within each sub-module (P/GBT, pdiode) qre
determined using look-up tables, using the data in [10], which
considered the power-loss distribution between diode dies and
IGBT dies within the lower IGBT module for active powers in
the range of -1.3 to 1.3 p.u. using a detailed switching model
of a full-scale converter. Loss values are taken assuming the
AC voltage at the converters PCC is at its nominal level. The
thermal impedances of the IGBT modules are represented by
the transfer functions Zy,(t), taken from [10]:

Zin(t) =Y Ri(1—e ™) (1)

where R; is an equivalent thermal resistance and 7; a ther-
mal time constant for each conduction path. The thermal
impedances used within this paper are derived from an ANSYS
IcePak FEM model of a heat-sink mounted device, which is
shown in Fig. 4 and was previously presented in [22] and [10].
In [20], the heat-sink was found to contribute significantly to
both the overall thermal impedance and heat-spreading effect
between dies within the module so was considered necessary
to model. This thermal model has been validated against the
experimental results presented in [20].

Fig. 5 shows the layers of the cooling path in an IGBT
module from the silicon die to the ambient cooling liquid, as
well as simulation results showing the difference in temper-
atures between the internal layers of the IGBT in response
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Fig. 4. Thermal impedance of IGBT and diode within IGBT module
performed within ANSYS IcePak. (a) Transient thermal impedance of 1 kW
evenly distributed between the 24 IGBT dies within the module. (b) Transient
thermal impedance of 1 kW evenly distributed between the 12 diode dies
within the module.

to a stepped change in heat dissipated at the IGBT dies. The
upper layers of the IGBT module, such as the silicon die,
copper substrate and ceramic insulation can be seen to heat
up very quickly. The lower layers in the cooling path, such
as the baseplate and the heat-sink, heat up at much lower
rates, as well as contributing a large part of the overall thermal
impedance from the silicon die to the ambient cooling liquid.
When considering dynamic thermal rating it is mostly the
slower response of the IGBT baseplate and heat-sink that will
be exploited.
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Fig. 5. Difference in layer temperatures in IGBT module in response to a
stepped 1 kW of heat at the IGBT dies.

IV. MMC OVERLOAD CAPABILITY

The P/Q operating envelope of MMCs is limited by four
main factors [2], [23]: the peak arm current limit, the peak
sub-module voltage, the arm voltage capability and the over-
modulation limit of the converter. The peak arm current limit,
imposed by the need to respect the safe operating area (SOA)
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of the IGBTsS, represents the most significant barrier to in-
crease the active power processing capability of the converter.
This limit can be overcome using techniques like the ones
reported in [7], [8] where controlled circulating currents are
used to reduce the peak of the arm currents, allowing up to
30% increased capacity. The limits imposed by both the peak
sub-module voltage limit and the arm voltage capability are
influenced by the level of energy stored within the converter
and likely to be overcome at some design cost, either in terms
of an increased sub-module capacitor size or an increased
number of sub-modules within the converter. This may result
in some sacrifice of either the converters volume or the
efficiency in order to achieve the desired overload capability.

In addition to the four restrictions mentioned previously,
the junction temperature limits of the IGBT devices must
be respected when designing VSCs. The maximum specified
operating temperature for high power IGBT modules is usually
125°C. This is typically not a concern in MMCs due to
the high efficiency which results in relatively low junction
temperatures [22], [24]. In [10] however, it was found that
utilizing circulating currents to achieve an overload capability
of 30% causes approximately a 20°C increase in the steady-
state junction temperatures, when compared against the case
where the converter is operating at rated power.

Considering the associated high costs of unplanned outages
and failures of HVDC links, manufacturers may desire to
maintain significant safety margins on the device junction
temperatures, even under such emergency conditions where
overload capability would be required. For this reason ref-
erence [10] proposed that the available level of overload
capability that the converter could achieve be dynamically set
so as to limit the peak device junction temperatures, an idea
that is adopted and expanded in this work.

It must be acknowledged that other elements in the HVDC
system, such as the cable system and converter transformers,
may also impose thermal limits on the amount of time the
overload capability is available. Overloading of transmission
scale transformers is a well understood and utilised in practice
in many power-systems [25]. The temperature dynamics of
transformers under overload conditions occur over long time-
scales, for example in [26], an approximate 30% overload was
found to be acceptable for a 1 hour period. Dynamic rating
of overhead lines and cables has also been investigated (albeit
for AC systems) and found to have similar time constants
[27]. The short-term response of an HVDC system, is there-
fore expected to be dominated exclusively by the limitations
imposed by the converter itself, with the other elements within
the overall system limiting the power transfer capability at
longer time-scales.

A. MMC Overload through Harmonic Current Injection

This work considers the use of controlled circulating cur-
rents to facilitate the provision of short-term overload capacity
within MMC:s, as in [7]. The MMC control scheme described
in Section II is updated to include a block which generates
the circulating current references (Ip,,; with j = a,b,c) to
allow the converter to move into the overloaded region. The

harmonic currents are comprised of even components (2nd
and 4th) and are defined in the “Harmonic Injection” block
in Fig. 2, as follows:

Tjm, = —Izsin(2(wt + 0) + g) — Iysin(4(wt + 0) + g)

Iim, = —lasin(2(wt + 0 — 2%) + g) — Isin(4(wt + 0 — 2?”)) + g) 2)
A 2m s A 27 T
Inm, = —Lsin(2(wt + 0 + ?)) + 5) — Iysin(4(wt + 0 + ?)) + 5)

where 0 = tan™ (Qres/Pres), Io = 0.3947k, I, = 0.0603k. Note
that & = 0.6(v2|I,cs|/2 + ide/3 — Imaz) is designed such to
limit the converter peak arm current to I... In addition,
\oes|=(Ples + QFep)"?/(V3J077)).

The current references Ifgfj, Iﬁ‘é% for each arm in the
converter, passed to the current controller in the scheme of
Fig. 2, are now a combination of AC current reference I,.. fio
DC current reference i4., balancing current I, plus the

injected harmonic current Ip,;:

N Z‘d ’ I ;
;:fj = ?0 + rels + Ibal + Ihmj
3)
flow — e _ Lret, + Dyt + I,
ref; — 3 2 bal hm;

The circulating harmonic currents are set to allow up to
a 27.5% overload of the MMC beyond its active power limit
Prateq that was set by the peak arm current [10]. Such currents
are suppressed during normal operation and will only start
circulating to enable the extra capacity when the peak of the
arm current to be tracked (v/2|1,|/2+144c/3) goes above the
converter arm current limit ([,,4z).

B. IGBT Temperature Control for Extended Thermal Overload

As mentioned before, the obtained overload capability
through the circulating currents is subject to thermal con-
straints of the IGBT modules. Following [10], an overload
controller is adopted to establish a dynamic power limit
Pfﬁ@m which restricts the MMC overload capacity that can be
achieved depending on the maximum allowable junction tem-
perature of the semiconductor devices T},4,. This controller
is shown in Fig. 6 and it uses the junction temperature derived
by the MMC thermal model (see Section III) to determine this
limit.

Pmaw
L
Pac Thermal T} i +E Piherm
Model L
—/
Tmaz P'rated

Fig. 6. MMC overload control considering its temperature dynamics (“Over-
load Control” block in Fig. 2).

A saturable integrator with a limit corresponding to the
maximum active power capability P,,,, sets the allowable
maximum power that the converter can transfer!. When the

Note that Pras corresponds to the converter peak arm current limit

(Imaz) Whereas Ptl}il’;;m is meant to restrict this value according to the

thermal limits of the IGBT modules.
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junction temperature limit of a device T} is breached, the
integrator reduces PY™ = so as to maintain this junction
temperature below T}, 4.

The MMC overload control can be extended to an HVDC
point-to-point configuration following Fig. 7. Note that Ptlﬁ@m
corresponds to the more restrictive value between the two
obtained at rectifier and inverter stations where the overload
control is implemented. The rectifier station is set to operate
in P-Q control mode, while the inverter end is set to operate
in Vg.-Q mode, to track a set-point V*/. The AC power
reference of the inverter is set equal to the measured DC power

on the inverter side to maintain the AC/DC power balance.
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Fig. 7. MMC-based point-to-point HVDC system with overload control.

V. MMC OVERLOAD APPLICATION TO FREQUENCY
SERVICE PROVISION

The short-term overload capability described in Section IV
can be used during emergency conditions by MMCs connected
to an AC grid to provide ancillary services like, for instance,
primary frequency response. This feature will be critical as
power systems evolve towards low inertia scenarios. A generic
frequency control scheme is presented in this paper to activate
the response P* of an MMC-based HVDC interconnection
after a frequency event. The scheme is shown in Fig. 8 and it
covers the main characteristics of a primary frequency support
controller while also accounting for the overload limits of the
two converter stations.

Dead band

1+18T_>@_>7-|-L

Filter Tfo

Fig. 8. MMC-based HVDC system overload control for frequency support

Frequency f(t) is measured through a phase locked loop at
the AC connection point and filtered with a first order filter
with 7' = 0.05 s, which also accounts for any communica-
tion delay. A frequency dead-band of + 0.15 Hz is initially
assumed to trigger the response P*, which contributes to the
power reference P,..r, for the rectifier converter. Note that
this dead-band value is chosen such to enable the overload
capability only during abnormal frequency conditions. Two
alternatives are explored to provide primary frequency support:

1) Frequency-power droop controller: the converter support
is proportional to the AC system frequency deviation A f
with a gain K.

Pr=K-Af(t) = K- (fo—f(t)) )

where fj is the nominal frequency of the AC system. In
this way, the change in power across the interconnector
for a given change in frequency follows a linear char-
acteristic K known as droop [28]. This supplementary
control would try to maintain the AC frequency within
an acceptable range and has already been contemplated
in the literature (although without realistically accounting
for the link overload) to fully exploit the support capa-
bilities of HVDC interconnectors [28], [29].

2) Maximum power release controller: the converter pro-
vides the maximum support available P,,,;, correspond-
ing to a 27.5% overload, as discussed in Section TV-A.

P = Pmaw - Prated =0.275- P’r‘ated (5)

This option is particularly effective as an emergency ac-
tion for fast frequency recovery during severe imbalance
conditions. Such action could be activated only under
extreme scenarios by selecting a more restrictive activa-
tion frequency dead-band. In addition, the fast response
achieved with this controller would lead to reduced
RoCoF (rate of change of frequency) values across the
system. Mitigating large RoCoFs is a major concern in
future low inertia systems as it could trigger the loss
of mains protections of embedded generators, creating
cascading disconnections and further accelerating the
frequency fall [30].

In both cases, the support provision P* would ultimately be
limited by the converters thermal constraints through PJ™ .
Both control strategies are implemented in the MMC control
scheme of Fig. 7 and tested in Section VII for a frequency
disturbance in a representative AC network.

Alternative ways of providing frequency support could be
considered within the proposed MMC overload framework.
For instance, an hybrid approach could be effective wherein
the maximum power release controller switches over to droop
control after the inertial period to cope with different loss of
infeed sizes while maintaining a very fast initial response.

VI. CASE STUDY: GB TRANSMISSION SYSTEM

A three-generator equivalent model of the Great Britain
(GB) transmission system including two future interconnectors
(shown in Fig. 9) is used to demonstrate the MMC overload
control strategy for frequency support. Such a simplified
system model is used to run EMT (Electromagnetic Transient)
simulations (with 50 us time step) within a reasonable time in
order to capture the instantaneous variations of phase, arm and
circulating currents. It is to be noted that the reported overload
control technique for frequency support is generic and could
be demonstrated for larger systems using phasor (averaged)
models.

The three-machine GB equivalent test system described in
[31] has been extended to accommodate two HVDC corridors
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Fig. 9. Three-area GB test system with two MMC-based HVDC intercon-
nections (HVDC link A and HVDC link B) to mainland Europe.

to exchange bulk amounts of power with mainland Europe
(represented as an infinite voltage source). This arrangement
represents one of the potential interconnections of a future
European Super Grid [32], but it can also be seen as a future
connection to off-shore wind farm locations [33].

The onshore GB test system consists of three generation
areas: Area 1 (southern Scotland), Area 2 (northern Scotland)
and Area 3 (England and Wales). In the test system, Line A
and Line B are double circuit tie-lines that connect Area 1
(closely coupled) and Area 2 (relatively remote) to the large
Area 3 (see [31] for further details). Each area is represented
by an aggregated round rotor synchronous generator. These
generators are steam turbine-driven, equipped with excitation
control and local PSS, according to the control models used
by the system operator National Grid (NG) in their dynamic
system studies [33].

The two HVDC interconnectors are arranged as balanced
monopoles as described in Section IV-B. The rectifier station
set-points are 2.55 GW, 0.1 Gvar and the inverters are 1050 kV,
0.1 Gvar. The data for the converter stations and DC cable
are presented in Table I. The cables used in the study are
based on [3]. The power-rating of the converter stations is
currently beyond the capability of any available individual
converter design. For this reason each converter station is
considered to consist of two 1.275 GW converters, to the same
specification reported in [10], operated in parallel in order to
achieve the desired power rating.

TABLE I
HVDC SYSTEM DATA

Vie Converter rated DC voltage +525 kV
Vae Converter rated AC voltage 525 kV
Prated Converter rated power 2.55 GW
Imax Converter arm current limit (peak) 2.8 kKA
Lup, [low Arm inductances 140 mH
Lph Phase inductance 35 mH
Xif Transformer leakage reactance 14 %
l DC line length 300 km
Irated DC line rated current 2.4 kA
R DC line resistance 0.0113 Q/km
r DC line inductance 0.362 mH/km
c’ DC line capacitance 0.212 pF/km

The operating condition chosen for the GB system is
very similar to the one described in [31]. It assumes a low
demand scenario where the total synchronous generation is
22.14 GW and in addition 5 GW is supplied via the two HVDC
interconnectors. The total system inertia is low in line with
NG projected future scenarios [30] and equal to 93.5 GW-s.
Loads have been modeled as constant impedance type. The
spinning reserve in the test system is kept at 2.5 GW to secure
it against the loss of a single interconnector. In the actual GB
transmission network, the maximum possible infeed loss is
currently 1.8 GW [34].

Given the time frame in which MMC overload can be ex-
pected to be sustained, we only focus on the primary frequency
response in the GB transmission system. This is a service
that performs rapid power changes within 10 s of a generator
outage, which have to be sustained for further 20 s [35]. The
objective is to prevent frequency from going outside certain
security thresholds. For instance, the Security and Quality
of Supply Standard (SQSS) in GB requires that frequency
does not vary outside an acceptable range of + 0.5 Hz for
more than 60 seconds and NG further imposes a limit on the
maximum frequency deviation of 0.8 Hz for large infrequent
infeed losses [34]. In order to secure the system against
these limits, sufficient power reserves need to be deployed.
However, as the system evolves towards low inertia scenarios
and larger maximum possible infeed loss due to new DC con-
nections, frequency response from conventional sources alone
would become insufficient [30]. Role of short-term overload
capability of the planned MMC-based HVDC interconnectors
in circumventing the above situation is demonstrated next
through simulation results.

VII. SIMULATION RESULTS

Simulation results are presented in two subsections. The
first analyzes the frequency service provision in the GB test
network from an MMC-based HVDC interconnection with
overload capability following the controllers introduced in
Section V. The second one focuses on the controllers sensitiv-
ity to different temperature limits 7, for the IGBT modules
to be exploited during overloaded operation. In both cases
the frequency event under consideration corresponds to the
outage of one of the two DC connections (HVDC link B)
which occurs at ¢ = 10 s, causing a 2.5 GW infeed loss in
the GB grid. Note that the worst case scenario in which both
HVDC links are operating at rated power in pre-fault condition
is assumed, which results in narrow thermal margins available
for overload.

A. MMC Overload for Frequency Service Provision

This subsection evaluates the performance of the de-
scribed MMC overload control during frequency support.
Three different cases are analyzed in the results presented
in Fig. 10: 1) no frequency response from HVDC, 2) fre-
quency response from HVDC with a frequency-power droop
controller and 3) frequency response from HVDC with a
maximum power release controller. For these simulations
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a safety limit of T;,,, = 106°C' (10°C' above the maxi-
mum steady-state junction temperature observed) was set and
kp = 0.1 pu, k; = 0.3 p.u,, K = 0.5 p.u.. Note that in the
junction temperature curves presented next there is no cycle-
by-cycle power ripple as the power-losses are derived from
look-up tables characterized from a detailed switching model.
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Fig. 10. System response to HVDC link B outage: 1) no frequency

response from HVDC (blue traces); 2) frequency response from HVDC with
a frequency-power droop controller (red traces); 3) frequency response from
HVDC with a maximum power release controller (orange traces).

Without frequency support (blue traces), the system fre-
quency drops significantly after outage of the HVDC link B
and goes below the security limit of 49.2 Hz, despite the
2.5 GW spinning reserve allocation. The power at the rectifier
terminal of HVDC link A is kept equal to 2.55 GW. As there is
no change in the DC power transfers, the junction temperatures
at rectifier and inverter terminals remain constant. The system
frequency response is much improved when the support from
HVDC link A was enabled through the overload capability.
With the maximum power release controller (orange traces)
the frequency reaches a nadir of 49.54 Hz, while with the
droop controller (red traces) it reaches 49.43 Hz. In addition,
the maximum power release controller is shown to improve the
system RoCoF? to -0.29 Hz/s. With the droop controller this
value is -0.32 Hz/s and without frequency support -0.33 Hz/s.

2RoCoF is calculated using a moving measuring window of 500 ms and
then selecting the minimum value [36].

The difference between the RoCoFs achieved here is not
much but this could be significant under low inertia scenarios
[30]. The associated power changes at the rectifier terminal
are depicted in the second subplot of Fig. 10. The final
power (P, ) is seen in solid traces and the total requested
power (P..;y, + P*) in dashed traces. For operation at a
given active power set-point, the expected diode junction
temperature within the lower IGBT module during rectifying
operation will be higher than the IGBT junction temperature
at an equivalent inverting power set-point. This is due to the
higher thermal impedance from junction to ambient of the
diode [22] in comparison to the IGBT. For this reason the limit
Plim s set by the diode junction temperature at the rectifier
end and so the transferred power is regulated to keep this
temperature at the maximum allowable T, value of 106°C.
This can be seen to be respected by both types of frequency
support controllers. The performance of these two frequency
controllers is found to be satisfactory, with the maximum
release case making the most utilization of the available
overload capacity. Note that, in the case of the droop controller,
the converter is not thermally limited due to the droop gain
chosen. The variation of the mechanical power AP, of all
three generators in the GB system is also shown in Fig. 10.
This value is reduced by the frequency support from the
HVDC link. This means that the spinning reserve requirements
could be lowered while keeping the system within security
limits when considering frequency service provision from
MMC-based HVDC systems with overload capability.
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Fig. 11. Resulting converter current waveforms during frequency service
provision using maximum power release controller (case 3).

Fig. 11 shows the currents within the rectifier converter
for the maximum power release controller case. Harmonic
currents start circulating to enable the converter overload
capacity using the peak shaving technique described in Section
IV-A. Similar curves are obtained for the frequency-power
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Fig. 12. Comparison of HVDC frequency support controllers for different AT} = Tyqq — T values in terms of frequency variation, active power at rectifier
end (set-point references in dashed lines, achieved active power with overload restrictions in solid lines) and diode temperature variation at rectifier end.

droop controller case, although they build up over a longer
time and are not presented here due to space restrictions.

B. Sensitivity Analysis to Security Temperature Limit T,

To account for these variable factors a sensitivity study
on the available temperature margin was performed. Fig. 12
shows a comparison of three temperature margins of AT; =
Tmax — T at 5, 10 and 15°C, applied to three controller
configurations: (a) frequency-power droop controller with gain
K, (b) frequency-power droop controller with gain 2K and
(c) maximum power release controller. The lower subplots in
the figure show the junction temperatures of the diodes in the
rectifier station since this is the limit that applies first and in
turn sets the limit on the overload power, Ptl,i’e’;m.

In Fig. 12, for all three controllers, the frequency dip after
the outage of HVDC link B is improved as the allowed
temperature margin is increased. Considering the frequency-
power droop controller with gain K (Fig. 11 (a)), the overload
response with AT; = 5°C' is subject to a limitation on the
available power but at 10°C' and 15°C' it is not and the
recovery of the frequency is quicker. With twice the droop gain
(Fig. 12 (b)) higher powers are injected with limitation now
seen for the 10°C case. The unrestricted response for 15°C' is
seen to give a quicker recovery but a broadly similar nadir. The
third case, the maximum power release controller (Fig. 12 (c))
achieves the fastest recovery (but similar nadir) and achieves
this for AT; of 10 and 15°C. At 5°C the initial response
only very briefly achieves the full overload of 127.5% and is
rapidly reduced toward a long term overload of 110% with a
consequently slow recovery of frequency. In the 15°C case, the
greater margin allows close to the 127.5% maximum overload
to be deployed for 20 s with a slow reduction thereafter.

All frequency controllers, even those with a very small tem-
perature margin available, show a significant positive impact
on the frequency response of the overall system in comparison
to the base case where no overload capacity is available. With
proper consideration of the limitation of junction temperature

to the available margin, MMC-based HVDC interconnections
are capable of providing primary frequency reserve.

VIII. CONCLUSION

Exchange of frequency support through MMC-based HVDC
systems with overload capability has been demonstrated in this
paper. The overload of the MMC beyond its normal maximum
power is achieved through harmonic circulating currents that
limit the peak current through the semiconductors, enabling
overloads of up to 127.5%. The available overload is dynam-
ically set based upon the estimated junction temperatures of
the IGBT devices, limiting the maximum temperature reached.

The efficacy of this short-term and dynamically limited
overload was tested with two variants of a frequency support
controller applied to an HVDC interconnector. Simulation
results have been presented for a large disturbance in a repre-
sentative AC transmission network, corresponding to the future
Great Britain transmission grid. Significant improvements to
the frequency nadir following a large outage of 2.5 GW
were observed. Useful improvements in recovery times were
also observed for temperatures margins as small as 5°C'
and overloads of circa 5 s and so it is realistic to expect
that overload operation for service provision in commercial
schemes is feasible.

With greater use of non-synchronous sources, frequency
response may become a functional requirement for future
HVDC interconnectors. Oversizing converters to provide this
service is unattractive but the short-term overload capabil-
ity demonstrated here provides the headroom to deliver an
effective service. It was also shown that the fast response
from one HVDC link can significantly reduce the frequency
nadir caused by the outage of a neighbouring link. This
could notably reduce the burden of securing against the large
infeed loss risk of future HVDC interconnectors. It must be
acknowledged that the implementation of schemes described
here would ultimately require a frequency support agreement
between interconnected system operators (TSOs). Note that the
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proposed overload scheme is beneficial for the AC networks
at both ends as it would reduce the frequency deviation in
both grids. Exchange of frequency support would decrease
the extent of over-frequency at the sending-end and under-
frequency at the receiving-end. Specific payment schemes
associated to the provision of this service are out of the scope
of this work.

Finally, it is important to mention that the overload control
technique for MMC-based HVDC links is generic and could
be exploited to provide other forms of network support (e.g.
power oscillation damping) through HVDC links and meshed
DC grids.
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