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INTERNATIONAL ELECTROTECHNICAL COMMISSION

POWER LOSSES IN VOLTAGE SOURCED
CONVERTER (VSC) VALVES FOR HIGH-VOLTAGE
DIRECT CURRENT (HVDC) SYSTEMS -

Part 2: Modular multilevel converters

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote
international co-operation on all questions concerning standardization in the electrical and electronic fields. To
this end and in addition to other activities, IEC publishes International Standards, Technical Specifications,
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee interested
in the subject dealt with may participate in this preparatory work. International, governmental and non-
governmental organizations liaising with the IEC also participate in this preparation. IEC collaborates closely
with the International Organization for Standardization (ISO) in accordance with conditions determined by
agreement between the two organizations.

2) The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an international
consensus of opinion on the relevant subjects since each technical committee has representation from all
interested IEC National Committees.

3) IEC Publications have the form of recommendations for international use and are accepted by IEC National
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of IEC
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any
misinterpretation by any end user.

4) In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their national and regional publications. Any divergence
between any IEC Publication and the corresponding national or regional publication shall be clearly indicated in
the latter.

5) IEC itself does not provide any attestation of conformity. Independent certification bodies provide conformity
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for any
services carried out by independent certification bodies.

6) All users should ensure that they have the latest edition of this publication.

7) No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and
members of its technical committees and IEC National Committees for any personal injury, property damage or
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC
Publications.

8) Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is
indispensable for the correct application of this publication.

9) Attention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of
patent rights. IEC shall not be held responsible for identifying any or all such patent rights.

This consolidated version of the official IEC Standard and its amendments has been
prepared for user convenience.

IEC 62751-2 edition 1.2 contains the first edition (2014-08) [documents 22F/303/CDV and
22F/322A/RVC], its amendment 1 (2019-08) [documents 22F/479/CDV and 22F/488B/RVC]
and its amendment 2 (2023-08) [documents 22F/712/CDV and 22F/726/RVC].

In this Redline version, a vertical line in the margin shows where the technical content
is modified by amendments 1 and 2. Additions are in green text, deletions are in
strikethrough red text. A separate Final version with all changes accepted is available
in this publication.
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International Standard IEC 62751-2 has been prepared by subcommittee 22F: Power
electronics for electrical transmission and distribution systems, of IEC technical committee 22:
Power electronic systems and equipment.

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

A list of all parts in the IEC 62751series, published under the general title Power losses in
voltage sourced converter (VSC) valves for high-voltage direct current (HVDC) systems, can
be found on the IEC website.

The committee has decided that the contents of this document and its amendments will
remain unchanged until the stability date indicated on the IEC website under webstore.iec.ch
in the data related to the specific document. At this date, the document will be

e reconfirmed,

e withdrawn,

e replaced by a revised edition, or
e amended.

IMPORTANT - The ‘colour inside’ logo on the cover page of this publication indicates
that it contains colours which are considered to be useful for the correct
understanding of its contents. Users should therefore print this document using a
colour printer.
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POWER LOSSES IN VOLTAGE SOURCED
CONVERTER (VSC) VALVES FOR HIGH-VOLTAGE
DIRECT CURRENT (HVDC) SYSTEMS -

Part 2: Modular multilevel converters

1 Scope

This part of IEC 62751 gives the detailed method to be adopted for calculating the power
losses in the valves for an HVDC system based on the “modular multi-level converter”, where
each valve in the converter consists of a number of self-contained, two-terminal controllable
voltage sources connected in series. It is applicable both for the cases where each modular
cell uses only a single turn-off semiconductor device in each switch position, and the case
where each switch position consists of a number of turn-off semiconductor devices in series
(topology also referred to as “cascaded two-level converter”). The main formulae are given for
the two-level “half-bridge” configuration but guidance is also given in Annex A as to how to
extend the results to certain other types of MMC building block configuration.

The standard is written mainly for insulated gate bipolar transistors (IGBTs) but may also be
used for guidance in the event that other types of turn-off semiconductor devices are used.

Power losses in other items of equipment in the HVDC station, apart from the converter
valves, are excluded from the scope of this standard.

This standard does not apply to converter valves for line-commutated converter HVDC
systems.

2 Normative references

The following documents, in whole or in part, are normatively referenced in this document and
are indispensable for its application. For dated references, only the edition cited applies. For
undated references, the Ilatest edition of the referenced document (including any
amendments) applies.

IEC 60633, Terminology for high-voltage direct-current (HVDC) transmission

IEC 61803, Determination of power losses in high-voltage direct current (HVDC) converter
stations

IEC 62747, Terminology for voltage-sourced converters (VSC) for high-voltage direct current
(HVDC) systems

IEC 62751-1:2014, Power losses in voltage sourced converter (VSC) valves for high-voltage
direct current (HVDC) systems — Part 1: General requirements

ISO/IEC Guide 98-3, Uncertainty of measurement — Part 3: Guide to the expression of
uncertainty in measurement (GUM:1995)

3 Terms, definitions, symbols and abbreviated terms
For the purposes of this document, the terms and definitions given in IEC 60633, |IEC 62747,

IEC 62751-1, as well as the following apply. ocuments
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3.1 Terms and definitions

3.11

modular multi-level converter

MMC

multi-level converter in which each VSC valve consists of a number of MMC building blocks
connected in series

Note 1 to entry: This note applies to the French language only.

3.1.2

MMC building block

self-contained, two-terminal controllable voltage source together with d.c. capacitor(s) and
immediate auxiliaries, forming part of a MMC

3.1.3
IGBT-diode pair
arrangement of IGBT and free-wheeling diode connected in inverse parallel

3.1.4
switch position
semiconductor function which behaves as a single, indivisible switch

Note 1 to entry: A switch position may consist of a single IGBT-diode pair or, in the case of the cascaded two
level converter, a series connection of multiple IGBT-diode pairs.

3.1.5

cascaded two-level converter

CTL

modular multi-level converter in which each switch position consists of more than one
IGBT-diode pair connected in series

Note 1 to entry: This note applies to the French language only.

3.1.6
submodule
MMC building block where each switch position consists of only one IGBT-diode pair

3.1.7

cell

MMC building block where each switch position consists of more than one IGBT-diode pair
connected in series

3.1.8

turn-off semiconductor device

controllable semiconductor device which may be turned on and off by a control signal, for
example an IGBT

3.1.9

insulated gate bipolar transistor

IGBT

turn-off semiconductor device with three terminals: a gate terminal (G) and two load terminals
emitter (E) and collector (C)

Note 1 to entry: This note applies to the French language only.

3.1.10
operating state
condition in which the HVDC substation is energized and the converters are de-blocked

Documents
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Note 1 to entry: Unlike line-commutated converter, VSC can operate with zero active/reactive power output.

3.1.11

no-load operating state

condition in which the HVDC substation is energized but the IGBTs are blocked and all
necessary substation service loads and auxiliary equipment are connected

Note 1 to entry: In the no-load state, in principle no switching should occur as the valve is blocked. However, in
some designs, it may be necessary to make occasional switching operations to balance voltages between different
parts of the converter. Here, some losses may occur and need to be accounted for. The integration time over which
such losses are averaged might need to be longer than during normal operation, so as to obtain the correct
weighted average of the losses while blocked and the losses while switching.

3.1.12

idling operating state

condition in which the HVDC substation is energized and the IGBTs are de-blocked but with
no active or reactive power output at the point of common connection to the a.c. network

Note 1 to entry: The “idling operating” and “no-load” conditions are similar but from the no-load state, several
seconds may be needed before power can be transmitted, while from the idling operating state, power transmission
may be commenced almost immediately (less than 3 power frequency cycles).

Note 2 to entry: In the idling operating state, the converter is capable of actively controlling the d.c. voltage, in
contrast to the no-load state where the behavior of the converter is essentially “passive”.

Note 3 to entry: Losses will generally be slightly lower in the no-load state than in the idling operating state,
therefore this operating mode is preferred where the arrangement of the VSC system permits it.

3.1.13

modulation index of PWM converters

M

ratio of the peak line to ground a.c. converter voltage, to half of the converter d.c. terminal to
terminal voltage

— \/E.Ucl

M=—<
o

where

U,; isthe r.m.s value of the fundamental frequency component of the line-to-line voltage U_;
U, s the output voltage of one VSC phase unit at its a.c. terminal;

U4. is the output voltage of one VSC phase unit at its d.c. terminals.

Note 1 to entry: Some sources define modulation index in a different way such that a modulation index of 1 refers
to a square-wave output, which means that the modulation index can never exceed 1. The modulation index
according to that definition is given simply by M:(n/4). However, that definition is relevant mainly to two-level
converters using PWM.

3.2 Symbols and abbreviated terms

3.2.1 Valve and simulation data

Ni. number of MMC building blocks per valve

N, number of series-connected semiconductor devices per switch position

N, total number of series resistive elements contributing to conduction losses in the
valve, other than in the IGBTs and diodes

Ng, number of d.c. capacitors in the valve

N number of switching cycles (on or off) experienced by each VSC valve level
during the integration time ¢

Ny total number of parallel resistive elements contributing to d.c. voltage dependent

losses in the valve Documents

Document Sharing Hub

Full document details: IEC 62751-2-2023


http://avadocuments2026.com/doc/iec-62751-2-2023
http://avadocuments2026.com/doc/iec-62751-2-2023

N,

sn

t:

1

-10 - IEC 62751-2:2014+AMD1:2019
+AMD2:2023 CSV © IEC 2023

number of snubber circuits per valve
integration time used in the simulation

3.2.2 Semiconductor device characteristics

E ¢

Eon,Tl_j,k

Eon,T2_j,k
Eote 1 jk
Eote 12 jk
E

rec,D1_j,k

Erec,D2_j,k

average IGBT threshold voltage for the relevant operating conditions

average IGBT slope resistance for the relevant operating conditions, valid at the
device terminals

average diode threshold voltage for the relevant operating conditions

average diode slope resistance for the relevant operating condition, valid at the
device terminals

average turn-on energy dissipated in the IGBT for the relevant operating
conditions

average turn-off energy dissipated in the IGBT(s) for the relevant operating
conditions

turn-on energy dissipated in IGBT T1 in the ;" MMC building block for the £t
turn-on event for the relevant operating conditions (voltage, current and junction
temperature)

turn-on energy dissipated in IGBT T2 in the ;" MMC building block for the £t
turn-on event for the relevant operating conditions (voltage, current and junction
temperature)

turn-off energy dissipated in IGBT T1 in the ji" MMC building block for the ith
turn-off event for the relevant operating conditions (voltage, current and junction
temperature)

turn-off energy dissipated in IGBT T2 in the ji" MMC building block for the ith
turn-off event for the relevant operating conditions (voltage, current and junction
temperature)

diode recovery energy dissipated in diode D1 in the jt MMC building block for
the k" diode turn-off event for the relevant operating conditions (voltage, current
and junction temperature)

diode recovery energy dissipated in diode D2 in the jt MMC building block for
the k" diode turn-off event for the relevant operating conditions (voltage, current
and junction temperature)

3.23 Other component characteristics

Rs_k

Rye k
Rgsr

Esn,on_/',k

sn,off_j,k

total resistance of the k" series resistive elements in the valve contributing to
other conduction losses

resistance of the kth parallel resistive component in the valve
average equivalent series resistance of the j" d.c. capacitor

energy dissipated in the snubber resistor of the jth snubber circuit for the kth turn-
on event for the relevant operating conditions (voltage, and current where
relevant to the design of the snubber)

energy dissipated in the snubber resistor of the jth snubber circuit for the k" turn-
off event for the relevant operating conditions (voltage, and current where
relevant to the design of the snubber)

3.2.4 Operating parameters

[Tlav_j
[T2av_j

[Tlrms_j

mean current of IGBT T1 in the ;" MMC building block, averaged over an
integration time ¢

mean current of IGBT T2 in the ;" MMC building block, averaged over an
integration time ¢

rms current of IGBT T1 in the j" MMC building block, averaged over an

integration time ¢ Documents
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Itomms_j rms current of IGBT T2 in the ;" MMC building block, averaged over an
integration time ¢,

Iptay j mean current of diode D1 in the ;" MMC building block, averaged over an
integration time ¢,

Ipgay mean current of diode D2 in the ;" MMC building block, averaged over an
integration time ¢,

Ipirms_j rms current of diode D1 in the ;" MMC building block, averaged over an
integration time ¢,

Inorms_j rms current of diode D2 in the ;" MMC building block, averaged over an
integration time ¢,

Lims & rms current flowing in the k" series resistive element for the relevant operating

B conditions
Uins « rms value (including d.c. component) of the voltage across the kit parallel
- resistive component in the valve

Lorms_j rms current flowing in the ;™" d.c. capacitor of the valve

PGU_/-,k average power input to the power supply of k" IGBT in j" MMC building block

pGU_]-,k(t) instantaneous power input to the power supply of £ IGBT in jt" MMC building
block

ugy_j (1) instantaneous voltage input to the power supply of £ IGBT in jt" MMC building
block

iGu_jx(t) instantaneous current input to the power supply of 4t IGBT in jt" MMC building
block

Py j average power input to the power supply in ;" MMC building block

pGU_]-(t) instantaneous power input to the power supply in ji* MMC building block

uGUJ(t) instantaneous voltage input to the power supply in jt" MMC building block

iGU_]-(t) instantaneous current input to the power supply in ji" MMC building block

3.2.5 Loss parameters

Py, IGBT conduction losses

Py, diode conduction losses

Py other valve conduction losses

Pyy d.c. voltage-dependent losses

Pys d.c. capacitor losses

Py IGBT switching losses

Py diode turn-off losses

Pyg snubber losses

Pyq valve electronics power consumption
Py, total valve losses

4 General conditions

4.1 General

Modular multi-level converters (MMC) are a family of converters in which each valve forms a
controllable voltage source. The converter a.c. voltage is synthesized by switching large
numbers of relatively small, self-contained, two-terminal controllable voltage sources at
different times, thereby obtaining a high-quality converter waveform with low switching losses
and therefore a high overall efficiency. The MMC building blocks from which the overall
converter is built up may use multiple IGBT-diode pairs connected in series (in which case the
converter is referred to as the “Cascaded two level converter”, CTLC) or only a sﬂm:cﬁﬂ‘nents|
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diode pair per switch position. A detailed description of these types of converter is beyond the
scope of this standard; however, Annex A includes a general description of the operation of
the MMC (see also IEC TR 62543).

4.2 Principles for loss determination

Theoretically, the losses of a converter station can be determined either by direct
measurements of the input and output powers or by means of component characteristics,
using suitable mathematical models of the individual components of a converter. The
selection of the principle under which the losses are to be determined shall take into
consideration the uncertainties. The manufacturer shall explain, in the loss calculation report,
how the uncertainties have been considered.

The overall uncertainty of the value of losses is an important parameter for a converter and
for a converter station since it is used to compare investment cost to capitalised cost over the
life-time of the converter station. To ensure that estimates are undisputed, adherence to the
provisions of this standard and the provisions of ISO/IEC Guide 98-3 is indispensable. All
measurements shall furthermore be traceable to national and/or international standards of
measurement.

As mentioned above, a determination of the losses of a converter station could in principle be
performed by making a direct measurement a.c. and d.c. side power. The difference between
these two power values is however small, and a good accuracy will be very difficult to reach.
In practice, this measurement would require the use of state-of-the-art measurement
equipment that rivals the best equipment available at national metrology institutes;—equipment
thotomettadtondod e en oo e s MBS nol feasecelble thile caoined o ealilenls te be vecd
To date, although some industry/academic partnership projects have demonstrated prototypes
of measurement equipment claiming sufficient accuracy, there is little industry experience with
using such equipment on site. The feasibility of using laboratory measurements on VSC
valves to support a more accurate determination of valve losses has been studied by CIGRE
WG B4-75 and is summarised in Annex C.

In rare cases, where there are two converters in a substation, there may be an opportunity to
connect the two converters in a temporary back-to-back configuration and circulate d.c. power
between them, with their total loss being supplied by the a.c. grid. This loss can be measured,
using standard energy meters and voltage transformers, but with special current transformers
that have a rated current that is on the order of 5 % to 10 % of the normal operating current of
the converters in order to reach sufficient accuracy at the power levels to be measured. In
order to enable back-to-back measurements, additional equipment and/or control and
protection enhancements could be needed, which will increase the investment cost of the
converter station.

For most cases, however, the losses have to be estimated from component characteristics,
using suitable mathematical models of the converters, as discussed in this standard. It is
however important that all such estimates have a base in actual measurements having

suff|C|entIy low uncertamty%a%e—shea#dﬁalse—be—taken—te—s#mw—me—prepagahea—ef

4.3 Categories of valve losses
The various components of valve losses are subdivided into terms referred to as Py, to Pyy:

Py,  IGBT conduction losses
Py,  diode conduction losses
Py;  other valve conduction losses
Py,  d.c.voltage-dependent losses
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Pys  d.c. capacitor losses
Pye  IGBT switching losses
Py,  diode turn-off losses
Pyg  snubber losses

Pyy  valve electronics power consumption

For the MMC topology, because the switching frequency is usually low (less than 200 Hz) the
largest contributors to the valve losses are usually the IGBT and diode conduction losses Py
and Py,. With half-bridge converters, Py, is dominant in inverter mode and Py, is dominant in
rectifier mode, while with full-bridge converters there is no major difference between rectifier
and inverter modes. IGBT switching losses Py and diode turn-off losses Py, are also a
significant (although not dominant) contribution. The other components of valve losses are
generally minor.

4.4 Loss calculation method

The proposed method for determining valve losses is based on analytical formulae for the
operating conditions. However, some of the necessary input parameters are difficult to obtain
by purely analytical means. Numerical solutions using real-time or non-real-time simulations

shall be applied, to derive such input parameters;—for-example—valve-currents—and-switching
energies. For that, the input parameters described in 4.5 are required.

An important requirement for such simulations is an accurate modelling of the system under
investigation. Multi-level converters offer a high degree of freedom in terms of control
strategies. Therefore the resulting valve-currents losses strongly depend on the realization
and the algorithms of the control itself.

In alignment with the statement presented in 4.2, uncertainties of numerical simulations shall
be clearly stated-and-justified by the manufacturer. The main benefit of the numerical offline
simulation is the determination of the average distribution of the switching events across a
cycle.

The remaining calculations can be performed analytically with a reasonable accuracy. If it can
be shown by the manufacturer that the distribution of switching events is reasonably accurate,
then the remaining calculations shall be allowed to be performed analytically.

4.5 Input parameters
4.5.1 General

This subclause describes the input parameters necessary for the calculation of power losses
in the valves of an MMC to take place. These input parameters refer to the data needed for
the performance of numerical simulations as well as the converter and component data
needed for calculation of losses. At the same time, converter and component data is divided
into two categories: converter station data such as the number of MMC building blocks per
valve and the on-state characteristics of the IGBT and free-wheeling diode, and operating
parameters such as the converter a.c. and d.c. currents, converter voltage (amplitude and
waveshape, including 3@ harmonic injection where applicable), a.c. system frequency and
mean MMC building block switching frequency.

4.5.2 Input data for numerical simulations

For numerical simulations, the following requirements shall be considered.

— The S|mulat|on model shall |nclude a control block wh|ch—r-er.)resreJnts—the—reen—eentr&L

mter—leemngtmeS—ete reproduces the correct valve current and SW|tch|ng pattern used |n
the complete system.
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— The calculations shall be performed for a period of time with stable conditions in terms of
active and reactive power transfer on the a.c. side and active power on the d.c. side.

— After the simulation has settled to steady-state conditions, a minimum integration time ¢, of
1 s shall be used for operating state losses, but a longer time may be required for standby
and no-load operating states, depending on the switching strategies used.

— The simulation models shall represent real conditions of the converter station in terms of
number of MMC building blocks, main components—parasitic—elements, original control
algorithms, voltage and current sensors. For the calculation of valve losses, all redundant
VSC levels shall be assumed to be in operation.

— A simplification of the simulation model—with—a—+reduced—number—of using a lumped
representation of the MMC building blocks is possible if it can be demonstrated that the
resulting valve currents are not influenced by the simplification.

There are two different approaches/methods which may be applied:

1) Two-stage simulation and calculation method on the basis of simulated input values

In this approach, the input parameters required for a calculation shall be simulated using a
model which at least represents the on-state characteristics of the converter as well as the
switching pattern or control pattern for the switching of the cells. The on-state
representation may be chosen on the basis of worst-case characteristics (at high junction
temperatures) or on-state characteristics for lower junction temperatures. The simulated
values (voltages, currents and switching pattern) shall be used as input for the
calculations. For the calculations with the simulated values, the following two approaches
may be used.

a) The semiconductor parameters are chosen for the rated or worst-case junction
temperature condition and the losses shall be calculated on the basis of the rated
junction temperature.

NOTE Due to the assumption of a worst-case temperature condition, this calculation will result in higher
losses than what can actually be observed in the real application.

b) Using a thermal model, the temperature-dependent semiconductor properties shall be
considered to calculate the losses for all semiconductors in the converter. Since only
steady-state scenarios are the basis for the loss calculation, the thermal heat
capacitances may be considered as negligible for the thermal model. The
temperature-dependent loss calculation may be executed in an iterative manner. For
the iterative calculation approach with the simulation values input, a steady-state
condition shall be reached to end the iteration process (as a suggestion +1 K iteration
error border).

2) Loss calculation with an exclusive simulation approach

In this approach, the junction temperature dependent semiconductor properties, such as
on-state voltages, and switching and recovery losses, shall be included in the simulation
model (i.e. a thermal model shall be included in the simulations, as for the mixed
calculation and simulation approach the thermal heat capacitances may be neglected for
steady state conditions). The simulation model shall represent the switching pattern or
control pattern for the switching of the cells. On the basis of the simulations, the losses
shall be extracted directly from the simulation model for all semiconductors in the
converter. Similarly to option 1), it is possible to simplify the model by using
semiconductor parameters applicable only to the maximum rated junction temperature, but
this will result in a more conservative calculation.
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4.5.3 Input data coming from numerical simulations

From the numerical simulations the currents through the devices of the valve that are needed
as input for calculation of losses are determined. The list of parameters to be derived
includes:

— mean and rms current through diodes,

— mean and rms current through IGBTs,

— rms currents though series resistive elements,

— rms currents though parallel resistive elements,

— rms currents flowing in the d.c. capacitors of the valve,

— switching energies in IGBTs and diodes.

Additionally, from numerical simulations, a selection of a suitable integration time can be
derived. The mean and rms currents in IGBTs and diodes are not required if conduction
losses in IGBTs and diodes are calculated using polynomials as discussed in 5.1. The

required parameters to be derived from the simulations may vary depending on the chosen
calculation approach.

4.5.4 Converter station data

The following converter station data are necessary for calculation of losses:

interface transformer turns ratio and leakage reactance;

— filter configuration, if any;

— phase reactor inductance, if any;

— valve reactor(s) inductance;

— number of MMC building blocks per converter arm;

— number of VSC levels per cell (for CTL designs); |
— capacitance per MMC building block;

— coolant inlet temperature; where several heat sinks are connected in series, the effect of
the bulk water temperature rise shall be taken into account;

— average IGBT threshold voltage ¥V, for each type of IGBT used;

— average IGBT slope resistance R, for each type of IGBT used,;

— average IGBT turn-on energy per turn-on process E_ for each type of IGBT used;
— average IGBT turn-off energy per turn-off process E . for each type of IGBT used;
— average diode threshold voltage V¥, for each type of diode used;

— average diode slope resistance R, for each type of diode used,;

— average-corrected diode recovery energy per turn-off process E,. for each type of diode
used;

— equivalent thermal model representing relevant thermal resistances from average junction
temperature of IGBTs and diodes to local coolant inlet temperature;

NOTE The average junction temperature of the IGBT or diode represents both a spatial and a temporal
average, to remove effects such as lateral temperature variations and cyclic temperature ripple.

— snubber circuit parameters, if any, such as snubber capacitor, snubber resistor and
inductance; for the case that the energy dissipated in the snubber resistor is determined
by measurements (characterisation testing), the values of the energies have also to be
provided;

— resistance R, , of series resistive elements in the valve;

— resistance Rd:  of parallel resistive elements in the valve;

_ equivalent series resistance Rgsg_; of d.c. capacitors. Documents
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4.5.5 Operating conditions
The following data concerning operation conditions are needed for calculation:

— active power at a defined point,

— reactive power at a defined point,
— a.c. line voltage,

— tap changer position, if applicable,
— d.c. voltage.

In the report of determination of losses to be provided by the converter manufacturer, the
input data above described shall be presented.

4.6 Contents and structure of valve loss determination report

The manufacturer or bidder shall prepare and submit to the purchaser a detailed report
explaining how the losses in the VSC valves have been determined at the project execution
stage, including a breakdown of the valve losses into the constituent parts P4 to P4 for each
operating condition at which losses are required to be guaranteed.

At the bid stage, and (where requested in the contract) after contract award but before the
manufacturing of valve components, the report shall document the assumptions used in
arriving at the calculated value of losses. After manufacturing, the report shall document the
actual values of test data derived from characterisation tests and routine tests on
components.

Although a breakdown of the valve losses into the constituent parts P4 to Pyq is requested,
only the total valve losses Py shall be subject to financial evaluation.

A recommended list of data to be included in the report is presented in Annex B.

5 Conduction losses

5.1 General

Each MMC building block of the MMC contains a half-bridge configuration and a d.c.
capacitor. Basically the design of the MMC building block is of one of the two following
versions shown in Figure 1:

O—

Usm

u
——

IEC

Figure 1 — Two basic versions of MMC building block designs

The designations D1, D2, T1 and T2 of the FWDs and IGBTs are defined so that the devices
T1 and D1 are connected to the positive terminal of the capacitor, and T2, D2 are connected

to the negative terminal. Documents
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In case of CTL converters, T1, T2, D1 and D2, respectively, represent a series connection of
N, IGBTs or diodes.

Dependent on the current direction and on the voltage at the terminals, the conducting paths
shown in Figure 2, are possible during steady state operation.

ivso V<o
Ugm =0
D1 LT1 D1 LT1
+ +
O = = O i
Usm D2 LT2 Usm D2 L2
Yo Yo
Usm = u¢
‘ (o o=
Ugm | D1 LTt Usm D1 | T1
¢ . v .
O+ o O~ 7
D2 LT2 D2 LT2

IEC

Figure 2 — Conduction paths in MMC building blocks

To simplify the process of mathematically analysing conduction losses, the on-state voltage of
IGBTs and diodes is usually represented as a piecewise-linear approximation with a threshold
voltage 7 and a slope resistance Ry, as shown in Figure 2 of IEC 62751-1:2014.
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It is possible to obtain greater accuracy by using a more exact model of the device on-state
voltage (for example, using a polynomial function to represent the on-state voltage) rather
than the piecewise-linear approximation, and then performing a direct numerical integration.
However, the piecewise-linear approximation is preferred because it simplifies the calculation
process, allows greater transparency and still permits good accuracy to be obtained, provided
the measurements used to derive the piecewise-linear approximation are made at appropriate
values of current. Therefore, it is recommended that V; and R, are determined by measuring
on-state voltage at 100 % and 33 % of the device rated current and performing a linear
extrapolation.

NOTE When the rated DC current of the HVDC scheme is significantly lower than the rated current of the IGBT,
additional measurement points might be necessary in order to obtain acceptable accuracy.

In the event that the purchaser prefers to use the more accurate method using a polynomial
function, then this shall be clearly stated in the purchasing specification, and all bidders are
expected to calculate power losses in a comparable way.

5.2 IGBT conduction losses

Where the piecewise-linear approximation is used, the total IGBT conduction losses per valve
may be calculated by summing the conduction losses of all IGBTs per valve:

N[(‘
2 2
Pv1 = Nc Z(VOT 'ITlavfj +R0T .ITlrmsfj +VOT 'ITZavij +R0T 'ITzrmsJ ) (1)
j=1
where
N is the number of MMC building blocks per valve;,
N, is the number of series-connected semiconductor devices per switch position;
Vot is the average IGBT threshold voltage for the relevant operating conditions;
Ryt is the average IGBT slope resistance for the relevant operating conditions, valid at
the device terminals;
Itiay is the mean current of IGBT T1 in the jth MMC building block, averaged over an
integration time ¢;;
Ithay is the mean current of IGBT T2 in the jth MMC building block, averaged over an
integration time ¢;;
Itimms ;1S the rms current of IGBT T1 in the jh MMC building block, averaged over an
integration time ¢;;
Ityms j 1S the rms current of IGBT T2 in the jh MMC building block, averaged over an

integration time #;.

By means of numerical simulation, the currents-have-te shall be calculated for the IGBTs T1
and T2 for each MMC building block, respectively:

I3

1%
I, = ! iy (1) dt 2)
I —l-tji (t)-dt (3)
T2av — tl« ) T2
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[Tlrms = (4)
]TZrms = (5)

where

t; is the integration time used in the simulation;

t; shall not be less than 1 s.

If different IGBT types are used for T1 and T2,—the corresponding values for threshold
voltages and slope resistances-have-to shall be used accordingly. An analytical approach to
calculate the current distribution for the individual submodule elements may be acceptable
(e.g. use of switching vector derived from simulation).

For parallel connected semiconductors, the current sharing may be calculated on the basis of
the forward characteristics of the semiconductors (usually an equal current sharing).

5.3 Diode conduction losses

Where the piecewise-linear approximation is used, the total diode conduction losses per valve
may be calculated by summing the conduction losses of all diodes per valve:

Nlc
Pvz = Nc 'Z;(K)D 'IDlavij + ROD ']Dlrmsijz + VOD .ID2av7j + ROD 'ID2m57_/2) (6)
=
where
N is the number of MMC building blocks per valve;
N, is the number of series-connected semiconductor devices per switch position;
Vop is the average diode threshold voltage for the relevant operating conditions;
Rop is the average diode slope resistance for the relevant operating condition, valid at the

device terminals;

Ipiay ; IS the mean current of diode D1 in the jh MMC building block, averaged over an
integration time ¢;

Ipyay ;IS the mean current of diode D2 in the jh MMC building block, averaged over an
integration time ¢;

is the rms current of diode D1 in the ;1" MMC building block, averaged over an

IDlrms_j . . )
integration time ¢;;

Ipomms_j 1S the rms current of diode D2 in the j" MMC building block, averaged over an
integration time ¢,

By means of numerical simulation, the currents-have-te shall be calculated for the diodes D1
and D2 for each MMC building block, respectively:

i

IDIaV -

1 in, (1)-dt (7)
ti 0
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(8)

(9)

(10)

where

t; is the integration time used in the simulation;

t; shall not be less than 1 s.

NoTFEIf different diode types are used for D1 and D2,-the corresponding values for threshold
voltages and slope resistances-have-te shall be used accordingly. An analytical approach to
calculate the current distribution for the individual submodule elements may be acceptable
(e.g. use of switching vector derived from simulation).

For parallel connected semiconductors the current sharing may be calculated on the basis of
the forward characteristics of the semiconductors (usually an equal current sharing).

5.4 Other conduction losses

This subclause covers the power losses due to conduction in components other than IGBTs
and diodes. For modular multi-level converters, this mainly-includes—the—valvereactors—and
consists of interconnecting busbars. The resistances of the busbars shall include not only the
internal busbars within the MMC building blocks but also the busbars connecting between
MMC building blocks and between the different stacks that make up the valve. Losses in valve
reactors shall be considered separately from valve losses and calculated using the principles
defined for AC filter reactors in IEC 61803.

Calculation of such losses is relatively straightforward and depends only on the resistance of
each conducting element and the rms current that flows through it. The relevant rms currents
within the MMC building blocks can be derived from the simulations of the current stresses
according to 5.2 and 5.3. Also the rms currents through reactors and between the MMC
building blocks respectively can be derived accordingly.

The value of these losses per valve is given by:

NSI
PV3=ZIrmsfk2'Rsfk (11)
k=1
where
N, is the total number of series resistive elements contributing to conduction losses in the

o valve, other than in the IGBTs and diodes;

is the rms current flowing in the kh series resistive element for the relevant operating

rms_k ”
conditions;

R, , s the total resistance of the kt" series resistive elements in the valve contributing to

other conduction losses.
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6 DC voltage-dependent losses

The d.c. voltage-dependent losses of the valve are simply the U2/R losses in resistive
components connected in parallel with the valve or with parts of the valve.

In principle, the total d.c. voltage-dependent losses in the valve can be found by calculating
the power dissipation in each resistive component connected in parallel with part or all of the
valve and summing them.

N 17 2
PV4:Z rms_k (12)
k=1 Rdcfk
where
Ny is the total number of parallel resistive elements contributing to d.c. voltage
dependent losses in the valve;
Ums + 1S the rms value (including d.c. component) of the voltage across the kth parallel

resistive component in the valve;
Ry « is the resistance of the kth parallel resistive component in the valve.

In an MMC valve these resistive components fall into two main categories: those that are
connected in parallel with the d.c. capacitor of each MMC building block (such as capacitor
discharge resistors) and those that are connected in parallel with the complete valve or large
parts of the valve (for example water cooling pipes).

NOTE The power supply circuit for the valve electronics is equivalent to a parallel resistive load across part of the
valve, but these circuits are not included in the assessment of d.c. voltage-dependent losses because they are
separately accounted for under “valve electronics power consumption”, 9.2.

7 Losses in d.c. capacitors of the valve

Power losses in the MMC d.c. capacitors of the valve cannot be neglected. They represent
I2-R losses in the metallic components within the capacitor, chiefly the film metallisation and
internal leads, and dielectric losses within the dielectric material.

The total d.c. capacitor losses per valve are then calculated as follows:

NCV
2
s =Zlcrmsfj 'RESRJ (13)
J=l
where
N, is the number of d.c. capacitors in the valve;
Ieims_j is the rms current flowing in the jth d.c. capacitor of the valve;

Regr is the average equivalent series resistance of the jth d.c. capacitor.

The rms current in the d.c. capacitor can be derived by the calculations of 5.2 and 5.3.

NOTE 1 The MMC building block capacitor can be a series connection of individual capacitor units. The
equivalent series resistance of that series connection has to be considered for the calculations.

NOTE-3 2 There can also be a third component of loss caused by the finite insulation resistance of the dielectric
material, but this is normally very small. It is covered by d.c. voltage-dependent losses as desfy i
preceding subclause. ﬂbtuments
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NOTE-4 3 Losses in balancing resistors in parallel with capacitor units connected in series are covered by d.c.
voltage-dependent losses as described in the preceding subclause.

8 Switching losses

8.1 General

The devices in the MMC building block will be stressed with current and voltage during
switching events. How the event will occur is dependent on the operational mode of the
system. Because of the cyclic charging and discharging of the capacitor, each switching event
occurs at a different voltage. The instances for switching can vary much dependent on-centre}
principles switching regime and a general formula to be applied at any type of converter valve
is not feasible.

The integration time shall be at least one second in order to ensure reliable results also for
control strategies where the switching pattern varies from one fundamental period to the next.

As input data from device characterisation, typical values representative for the whole

population shall be used for £, E and E.

8.2 IGBT switching losses

The total IGBT switching losses per valve are calculated by summing all the turn-on energies
E,, and the turn-off energies E g for all of the VSC valve levels in the valve, and for both T1
and T2 over an integration time ;.

1 e N
F = t_'Nc ’ [Eon,Tlij,k + Eon,Tij,k +Eoff,T17j,k + Eoff,Tij,k] (14)
i Jj=1 k=1

where

Ni. is the number of MMC building blocks per valve;

N, is the number of series-connected semiconductor devices per switch position;

N is the number of switching cycles (on or off) experienced by each VSC valve level
during the integration time ¢;

Eonti jx 1S the turn-on energy dissipated in IGBT T1 in the jth MMC building block for the
kth turn-on event for the relevant operating conditions (voltage, current and
junction temperature);

Eont2 jx 1S the turn-on energy dissipated in IGBT T2 in the jth MMC building block for the

kth turn-on event for the relevant operating conditions (voltage, current and
junction temperature);

Eose1_jk 1S the turn-off energy dissipated in IGBT T1 in the jth MMC building block for the
kth turn-off event for the relevant operating conditions (voltage, current and
junction temperature);

Eoteo_jk 1S the turn-off energy dissipated in IGBT T2 in the jth MMC building block for the
kth turn-off event for the relevant operating conditions (voltage, current and
junction temperature);

t.

; is the integration time used in the simulation;

t; shall not be less than 1 s.

For parallel connected semiconductors, the current sharing may be calculated on the basis of
the forward characteristics of the semiconductors (usually an equal current sharing).
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8.3 Diode switching losses
The total diode switching losses per valve are then calculated by summing all the recovery

energies E, .. for all of the valve levels in the valve, and for both D1 and D2, over a defined
integration time ¢,

1 N N
7:_ Nc (E['CCDle recDZJ',k) (15)
A J=1 k=1

where

Ny is the number of MMC building blocks per valve;

N, is the number of series-connected semiconductor devices per switch position;

N is the number of switching cycles (on or off) experienced by each VSC valve level
during the integration time ¢;;

E.ecp1_jk s the diode recovery energy dissipated in diode D1 in the jth MMC building block
for the kth diode turn-off event for the relevant operating conditions (voltage,
current and junction temperature);

Erec,pa_jk 18 the diode recovery energy dissipated in diode D2 in the jth MMQ building block
for the kth diode turn-off event for the relevant operating conditions (voltage,
current and junction temperature);

t; is the integration time used in the simulation.

t; shall not be less than 1 s.

For parallel connected semiconductors, the current sharing may be calculated on the basis of
the forward characteristics of the semiconductors (usually an equal current sharing).

9 Other losses

9.1 Snubber circuit losses

Valves for modular multi-level converters are frequently not provided with snubber circuits;
however this clause will provide general guidance to the method to be used to calculate the
losses in snubber circuits where these are provided.

In case of using RC snubbers or other kind of snubbers (RCD and so on) in a design for
Modular Multi-level Converters the losses in the resistor shall be included in the calculation.

The losses can be calculated as the energy in the snubber capacitor multiplied by the number
of charge/discharging events that happen during the integration time. This is however very
conservative for snubbers with very short time constant, since in this case part of the snubber
capacitor energy will appear as additional switching energy in the IGBT.

NOTE Including a snubber parallel to a VSC valve level influences the turn-on/turn-off
behaviour of the IGBT/diode which means that the snubber circuits—are shall be correctly
represented during the characterisation tests on the semiconductor devices.

To get a more realistic value, it is needed to do a simulation of the real snubber and evaluate
it together with the switching times of the circuit and the switching energies.

N, N

1
=— E
. (

snon_/k snoff_/k)
i=1 k=1

5
2

(16)

1

~.
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N, is the number of snubber circuits per valve;

N, is the number of switching cycles (on or off) experienced by each VSC valve level
during the integration time ¢;

Egon jk IS the energy dissipated in the snubber resistor of the jth snubber circuit for the 4th
turn-on event for the relevant operating conditions (voltage, and current where
relevant to the design of the snubber);

Egor j& 18 the energy dissipated in the snubber resistor of the jt snubber circuit for the &th

turn-off event for the relevant operating conditions (voltage, and current where
relevant to the design of the snubber);

t.

; is the integration time used in the simulation.

t; shall not be less than 1 s.

Egnon jk @nd Eg e ;jx mMay be derived either by calculation based on the design of the

sn,on

snubber circuit or by measurement as part of the IGBT and diode characterisation testing.

9.2 Valve electronics power consumption
9.2.1 General

The valve electronics consist of local IGBT gate drive units together with their associated
auxiliary circuits for power supply, measurement, monitoring etc. In most cases, the power
supply takes the power from the main circuit and feeds the valve electronics. Then, the power
consumption of the valve electronics is given by measuring the power input to the power

supply.

The gate circuit applies positive and negative voltages to the gate terminal of the IGBT for
turn-on and turn-off respectively. At the instant of gate voltage application, some charge or
discharge current flows in the gate capacitance and small amount of energy is consumed. The
amount of the gate current is affected by the current flowing through the IGBT. Since the
power is defined as energy per second, then, the gate power is also affected by the switching
frequency of the IGBT.

NOTE Power consumption of valve electronics is generally small when IGBTs are used, but in the event that other
types of semiconductor devices are used, such as gate turn-off thyristors (GTOs) or integrated gate-commutated
thyristors (IGCTs), the power consumption can be significantly greater because of the much larger turn on and turn
off energy required for the gate circuit.

Since the IGBTs in the modular multi-level converter are controlled individually, the
instantaneous valve level power consumption varies from IGBT to IGBT, similar to the
conduction loss or the switching loss already described in Clauses 5 and 8. Then, the
averaging process is again required to evaluate the valve electronics power consumption.

The power consumption of each valve electronics unit should be determined by direct
measurement on a sample of real valve electronics unit under representative switching
conditions (voltage, current, switching frequency etc). Tests shall be performed on a minimum
quantity of valve electronics units equivalent to five submodules or 10 VSC valve levels (for
the CTL design). As noted above, the measurement should be averaged over a period of at
least one second, in order to smooth out the variations which take place from cycle to cycle.
The measurement may be performed either with the valve electronics connected to a real
IGBT or to a dummy capacitive load representing the gate capacitance of a worst-case IGBT.

The total valve electronics power consumption per valve is calculated by summing up the
valve electronics power consumption per valve level.

Two basic methods exist for deriving the power supply for the valve electronics:

— type A: from the off-state voltage across each IGBT;

— type B: from the MMC building block d.c. capacitor. Documents
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9.2.2 Power supply from off-state voltage across each IGBT

In case that the power is derived from the off-state voltage across each IGBT, the total power
consumption of the valve electronics is calculated by the following equation.

Ntc Nc
PV9:ZZPGUJ',1{ (17)
j=1 k=1
where
Nie number of MMC building blocks per valve;
N, number of series-connected semiconductor devices per switch position;

PGy i is the average power input to the power supply of £th IGBT in jth MMC building
block.

The average power input to the power supply is calculated by the following equation.

1 4
PGUJ',k :Z'IO pGUJ’,k(t)dt (18)

where

Pau 1 (1) =ty 14 () i 14 (2) , and
pgu_jx(H) is the instantaneous power input to the power supply of Kh IGBT in jth MMC
building block;

ugy_j k(0 is the instantaneous voltage input to the power supply of kth IGBT in jth MMC
building block;

igu_jx(0) is the instantaneous current input to the power supply of £th IGBT in jth MMC
building block;

t.

; is the integration time used in the simulation.

t; shall not be less than 1 s.
NOTE Where the valve electronics derives its power from a passive snubber circuit, the power consumption of the

valve electronics can already be counted in the losses of the snubber circuit as described in the previous
subclause.

9.2.3 Power supply from the d.c. capacitor

In case that the power is derived from d.c. capacitor terminals in the MMC building block, the
total power consumption of the valve electronics is calculated by the following equation.

PV9:ZPGU_/ (19)

where
N,

te is the number of MMC building blocks per valve;

PGU_]- is the average power input to the power supply in jth MMC building block.

The average power input to the power supply is calculated by the following equation.

1 [
Py, =7.IO Pou,(t)dt (20)
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where

Pou, (1) =ty ; (1) igy, (¢) and

pGU_]-(t) is the instantaneous power input to the power supply in jth MMC building block;
”GU_j(t) is the instantaneous voltage input to the power supply in " MMC building block;
iGU_/-(t) is the instantaneous current input to the power supply in jt" MMC building block;

t is the integration time used in the simulation.

t; shall not be less than 1 s.
10 Total valve losses per HVDC substation
The total losses per valve are calculated by summing the contributions Py, to Py:
9
Pyr = ZPVi
=l (21)

The total VSC valve losses per converter substation are equal to the losses per valve, Py
multiplied by the number of valves in the converter substation.

Not all contributions to the valve losses are present in every operational mode. They may also
need to be calculated with different input data dependent on operation mode. Table 1 below
shows which loss contributions to apply in each state.

The total losses in the operating state include the losses appearing in no-load and/or standby
states. It is not correct to add the no-load or standby losses to the operating state losses,
since this would imply that the no-load or standby losses are counted twice.
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Table 1 — Contributions to valve losses in different operating modes

Operating state
losses

(deblocked valve

Idling operating
state losses

(deblocked valve

No-load operating
state losses

(blocked valve)

operating state

idling operating
state

with load) without load)

Py, |IGBT conduction losses X xa b

. . b
P,, diode conduction losses P, X X a
P, other valve conduction losses X xa b
Py, d.c.voltage-dependent losses X X X
P, d.c. capacitor losses X X X
Py, 1GBT switching losses X Xa b
Py, diode turn-off losses X X2 b
Py, snubber losses X Xa XP
Py, valve electronics power consumption X X X
P,, total valve losses Total losses in Total losses in Total losses in no-

load operating state

Idling state is defined as deblocked valve. Here some current and switching can occur. The losses will
depend very much on the control strategy, how the switching occur and at what current level. It may be at a
different switching frequency and with a different harmonic content than at operating load. The fundamental
current is only required to balance the reactive power generated by the filters, if any.

At no-load state in principle no switching shall occur as the valve is blocked. However in some designs it
may be necessary to make occasional switching operations to balance voltages between different parts of
the converter. Here some losses may occur and need to be accounted for.
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Annex A
(informative)

Description of power loss mechanisms in MMC valves

A.1 Introduction to MMC Converter topology

Modular multi-level converters (MMC), including the cascaded two level converter (CTL) are a
family of converters whereby each valve is a controllable voltage source. They use a large
number of relatively small, two-terminal controllable voltage sources connected in series in
each valve. Two series-connected valves form a “Phase Unit” and are used to connect each
a.c. phase to the d.c. terminals of the converter. Each phase unit can synthesise a stepped
voltage waveform that can be controlled in amplitude and phase independently of the other
phase units in the converter.

The CTL converter is distinguished from other types of MMC by using two or more IGBTs
connected in series in each switch position. Figure A.1 and Figure A.2 show the main
differences between the MMC with submodules (without series-connection of IGBTs), and
MMC with CTL, illustrated for the most common variant of each type, the “half-bridge”
configuration.
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Figure A.1 — Phase unit of the modular multi-level converter (MMC)
in basic half-bridge, two-level arrangement, with submodules
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Figure A.2 — Phase unit of the cascaded two-level converter (CTL) in half-bridge form

The output voltage produced by each valve is an offset sinusoidal voltage with a mean value
equal to half the d.c. line to line voltage, and the two valves in each phase unit are controlled
such that the a.c. components of their output voltages are 180° out of phase (Figure A.3). In
this way, the sum of the two valve voltages is almost a pure d.c. voltage (equal to the d.c. line
to line voltage of the converter), and the difference between the two valve voltages is an
almost pure a.c. voltage representing the a.c. output voltage of the converter.

The sum of the two valve voltages in each phase needs to be controlled accurately, in real
time, to be equal to the converter d.c. voltage. However, since the complete converter
consists of three phase units connected in parallel to a common d.c. bus, “valve reactors”
need to be connected in series with each valve in order to prevent excessive circulating
currents between phases caused by the inevitable slight errors in controlling the d.c. voltages
of the three phase arms.
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The operation of the converter, in so far as it affects the power losses in the valves, is
described in the following Clauses A.2 to A.5 for the most commonly used variant of this
family of converters, the MMC topology using “half-bridge”, two-level submodules, without
series-connection of IGBTs. Other variants are possible, and their main differences are
discussed, along with the CTL topology, in Clause A.6.

Valve voltage
1q
2 g . g + %2 Uy
1.2
-
14/3
b 12
[C
E \j
- o > =% Uy
Iq
IEC

Figure A.3 — Basic operation of the MMC converters

A.2 Valve voltage and current stresses

A.2.1 Simplified analysis with voltage and current in phase

In contrast to converter topologies of the “controllable switch” type, such as the 2-level
converter, or the classic “Gratz” bridge used in line-commutated converter HVDC systems, the
MMC topology has the unusual feature that all six valves in the converter conduct current all
the time.

Figure A.3 shows that the current flowing from each a.c. terminal of the converter splits into
two equal parts — one flowing through the upper valve of that phase unit; the other flowing
through the lower valve of the phase unit. Similarly the d.c. current splits into three equal
branches flowing through each of the phase units. As a result, each valve carries a current
equal to one third of the d.c. current plus half of the a.c. current of its associated phase,
giving an offset sinusoidal current with a mean value of 7,/3

Figure A.4 shows the typical waveforms of valve voltage and current. The condition shown on
Figure A.4 applies when the converter a.c. output voltage and a.c. current are in phase, which
means that the valve voltage and valve current are 180° out of phase. Hence, when the valve
voltage is at its minimum, valve current is at its peak. This is approximately true when the
converter is being used for transmitting active power only, without reactive power generation
or absorption. However, even when the converter is not generating or absorbing reactive
power, the valve voltage and current will generally not be exactly 180° out of phase, because
of the phase shift across the interface transformer and valve reactors. Nevertheless the 180°
phase shift shown on Figure A.4 is a useful simplifying assumption in order to aid the

understanding of the circuit. Documents
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It will also be noted from Figure A.4 that the valve voltage varies cyclically from just above
zero to just below the d.c. line to line voltage. When “half-bridge” MMC building blocks are
used, the valve voltage can never exceed Uy, nor fall below zero, otherwise the free-wheeling
diodes in parallel with each IGBT will conduct. This is an important limitation of the half-bridge

design.
Inverter mode Rectifier mode
Valve Valve
voltage voltage
ot (013
Iq Peak valve current = 14/3
Ig/3 + 1o x N2/2 = g,

Valve Valve

current current

0

ot

Y 775 T PR, RS S ————— —14/3

1, X\[2/2

ot

/. Peak valve current =
—14/3 -14 I14/3 + 1o x \2/12 =~ I3,

IEC

Figure A.4 — MMC converters showing composition of valve current

Optimum efficiency is obtained when the peak converter voltage is equal to 2 U,. Operating
with a peak converter voltage lower than %2 U, implies that the a.c. current has to be
increased to reach the desired value of power; therefore, when “half-bridge” MMC building
blocks are used, the controller usually attempts to keep the peak valve voltage just below Uy,
so as to minimise the a.c. current (and hence the losses) required for a given amount of
active power.

When the d.c. current is flowing into the positive d.c. terminal of the converter, as shown on
Figure A.3, the converter is importing power to the a.c. network from the d.c. network and is
therefore operating as an inverter. In rectifier operation, d.c. current flows out of the positive
d.c. terminal and into the negative d.c. terminal.

In the remainder of this annex, the sign convention adopted is that the valve current is
positive when it is flowing towards the negative d.c. terminal of the converter. This means that
the valve current is mainly negative at a rectifier and mainly positive at an inverter.

A.2.2 Generalised analysis with voltage and current out of phase

In general, the converter a.c. voltage and a.c. current will not be exactly in phase, because of
two effects:

— reactive power demand at the point of common connection with the a.c. system;
— the phase shift between the a.c. system voltage and the converter a.c. voltage.
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A major advantage of VSC technology over LCC technology in HVDC is that the converter is
inherently capable of generating or absorbing significant amounts of reactive power. Similarly
to an electrical machine, the converter has various constraints which may limit the amount of
reactive power available at a given operating point, such as an overall MVA limit, a (valve)
current limit, a converter voltage limit (where “half-bridge” MMC building blocks are used), etc.
Typically, purchasers of HVDC systems specify that the converter should be able to operate
at full rated active power with a power factor (cos ¢) in the range 0,925 lagging to 0,925
leading, which equates to a phase shift of 22° and the generation or absorption of up to
+0,4 p.u. reactive power at rated active power. At lower values of active power, more reactive
power is generally available and when the active power is zero, the converter can operate
with a power factor of 0, becoming a STATCOM.

The phase shift between the a.c. system voltage and the converter a.c. voltage is equal to the
phase shift across the interface transformer and valve reactors (the two valve reactors for a
given phase are considered to be in parallel in this case). It is well known from a.c. power
system theory that, under sinusoidal conditions, the active power flow through an inductance
is related to the phase shift 0 across the inductance, by the equation:

U, -U;-sind
XL

P (A.1)

where U and U are the rms line to line voltages either side of the inductance and X is the
inductive reactance.

At maximum rated power, sin § becomes approximately equal to the per-unit impedance of the
interface transformer and valve reactors. Hence with a typical impedance of 0,15 p.u., the
phase shift 6 at rated power is typically in the range 8° to 9°.

The relationship between a.c. system voltage, converter a.c. voltage and converter current is
best presented by a phasor diagram as in Figure A.5.

Uckr

Uirr Ucgl

IEC

Figure A.5 — Phasor diagram showing a.c. system voltage,
converter a.c. voltage and converter a.c. current

A.2.3 Effects of third harmonic injection

The description above is based on the premise that the converter a.c. voltage is sinusoidal, or
as close to sinusoidal as possible with the number of MMC building blocks available.
However, a commonly used technique in many power electronic converters involves
deliberately adding a proportion of third harmonic to the converter voltage. ACt“a”Wlﬂﬂi‘lents

multiples of 3" harmonic can also be used, as for example 9" or 15t harnicnics.
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The advantage of this technique is that it can allow the peak of the fundamental component of
the converter voltage to be higher than the peak of the actual converter voltage. This means
that the peak of the fundamental component of the converter voltage can exceed the d.c. line
to line voltage and allows a lower a.c. current to be used than would otherwise be possible,
reducing the conduction losses of the converter. With 3™ harmonic, the maximum benefit is
obtained when amplitude of the injected 3 harmonic is 1/6 of the fundamental component.
Because the injected harmonics are multiples of three, they cancel in the line-to-line voltage
at the a.c. terminals of the converter; hence if the converter transformer has a delta
secondary, the injected harmonics do not transfer to the connected power system.

Figure A.6 illustrates this technique, which is now becoming widespread in VSC HVDC
converters because the significant reduction of a.c. current (of the order of 15 %) that it
permits leads in turn to substantial reduction of conduction losses.

Without 3 harmonic injection With 3" harmonic injection
A
% Uy % Uy
Uc UC
-% Uy -% Uy
v
43 I I3 g F-——— -
I, I \ /_ of
—4/3 1 — 43 T
J
IEC

Figure A.6 — Effect of 34 harmonic injection on converter voltage and current

A.3 Conduction losses in MMC building blocks

A.3.1 Description of conduction paths
Figure A.7 shows an MMC building block of a basic “half-bridge” MMC valve using a two-level

converter arrangement. It will be seen that the MMC building block contains four main
semiconductor devices: two IGBTs, T1 and T2, and two diodes D1 and D2.
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Figure A.7 — Two functionally equivalent variants of
a “half-bridge”, two-level MMC building block

NOTE 1 Usually the IGBT and its anti-parallel diode are supplied as a single, integrated package.

NOTE 2 An additional bypass thyristor can also be included for protection against fault currents, but this is
usually arranged not to conduct current in steady-state operation and therefore contributes nothing to the losses of
the converter.

Figure A.7 shows two variants of a half-bridge, two-level MMC building block which are
functionally equivalent to each other. In both cases, the MMC building block has two possible
operating states: bypassed and active. In Figure A.7 a), the bypassed mode is obtained by
turning on IGBT T2 and active mode is obtained by turning on IGBT T1. In Figure A.7 b) the
roles are reversed.

For the remainder of this annex, descriptions are based around the circuit shown in Figure A.7
a).

Since the valve carries current in both directions at different times, there are a total of four
possible conducting states per MMC building block, listed below and shown on Figure A.8:

— negative current, bypassed: D2 conducting;
— negative current, active: T1 conducting;
— positive current, bypassed: T2 conducting;

— positive current, active: D1 conducting.
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Figure A.8 — Conducting states in “half-bridge”, two-level MMC building block

Figure A.9 illustrates how the patterns of conduction differ between rectifier and inverter

operation.
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Inverter mode Rectifier mode
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Figure A.9 — Typical patterns of conduction for inverter

operation (left) and rectifier operation (right), based on the submodule configuration
of Figure A.7 a)

An example of a converter with, for illustrative purposes, only one MMC building block per
valve, is shown in Figure A.10 below.

Documents

Document Sharing Hub

Full document details: IEC 62751-2-2023


http://avadocuments2026.com/doc/iec-62751-2-2023
http://avadocuments2026.com/doc/iec-62751-2-2023

Figure A.10 — Example of converter with only one MMC

— 38 —

IEC 62751-2:2014+AMD1:2019
+AMD2:2023 CSV © IEC 2023

Valve
reactor
Y YY"\
Phase
reactor
_NYY\—.
Ic, P) 0]

Valve
reactor

V2D1

LV2T1

LV2T2

building block per valve to illustrate switching behaviour

+ % Uy

- % Uy

IEC

Inverter operation of this converter in a typical case is shown in an example in Figure A.11

and in rectifier operation in Figure

T2 IGBT11

A12.
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Figure A.11 — Inverter operation example of switching events
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Figure A.12 — Rectifier operation example of switching events

As the two switches in each valve (S1 and S2 with its respective devices here denoted T1, D1
and T2, D2) are stressed with different current and switching events, they need to be
calculated separately.

The time of the switching events and the amplitude of the current are dependent on the
operational condition of the converter:

— a.c. voltage;

— d.c. voltage;

— active power;

— reactive power;

— modulation strategy.

All series connected MMC building blocks will be stressed with the same switching events, but

at different occasions. Thus the same average and rms currents are valid for all MMC building
blocks.

The upper valve arm and lower valve arms are also stressed in a similar way.

In rectifier mode, it can be seen that the highest currents flow in either T1 or D2. However, at
the time when the current is highest, the valve voltage is near zero, so most MMC building
blocks are bypassed and current flows predominantly in D2. D2 therefore has the highest
conduction loss in rectifier mode, with only modest conduction losses in T1 and D1, and very
low conduction losses in T2.

Conversely, in inverter mode, T2 experiences the highest conduction losses with only modest
conduction losses in T1 and D1, and very low conduction losses in D2.

In Figure A.9 it can be seen that the peak valve current is approximately equal to the d.c.
current; however this is in general not exactly the case, as the peak valve current may be
higher or lower than the d.c. current, depending on the modulation strategy, amount of
reactive power and transformer tapchanger position (if appropriate).
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A.3.2 Conduction losses in semiconductors
A.3.21 Approximate analytical solution

It will be noted from Figure A.8 that at any time there is always one, and only one, current
path conducting in each MMC building block.

If the on-state voltage characteristics of the four switch positions in the MMC building block
were identical, calculation of the semiconductor device conduction losses would be
straightforward, since there would be no need to know the operating state of the MMC
building block at any time. The total semiconductor conduction loss per MMC building block
would then simply be given by:

Poa =N (Vy Ly + Ry 1) (A.2)

C

N, is the number of series-connected semiconductor devices per switch position;
7y, Ry are the threshold voltage and slope resistance of the device;

1 is the mean value of the rectified current in the valve, averaged over one power-
frequency cycle (Figure A.13).

2

1
IvaVZE'.[

0

vit

i, (or)|-d(er) (A.3)

where

i,,(wt) is the instantaneous current between the terminals of the valve.

I, is not the same as the mean valve current, which is simply 7,/3. For these purposes, the

vav

rectified current is needed because current will only flow in those semiconductor device(s)
which are forward biased.

I, ms is the rms current in the valve, averaged over one power-frequency cycle.

2z
. =\/i [ (@) - d(an) (A4)

0
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Figure A.13 — Valve current and mean rectified valve current
Knowing that the valve current can be expressed as:
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i ()= %d L '2‘/5 x sin(@r) (A.5)

An analytical solution can easily be found:

:l%.(ze_ﬁ)uc-ﬁ-sme} (A.6)
T

12 I’
I, :1/%+T (A.7)

0 =cos™ {ﬁ} (A.8)
3.1

C

vav

where

The angle 6 corresponds to the point where valve current crosses zero.

Since the current flows mainly in diodes in rectifier mode, and mainly in IGBTs in inverter
mode, a reasonable approximation to the conduction losses per MMC building block may be
obtained from Equations (A.2), (A.6) and (A.7) as follows:

Rectifier mode:

— 2
cond_rec I/O_Diode : Ivav + RO_Diode ) Ivrms (A9)
Inverter mode:
2
Pcond_inv =V ieer Lo + RO_IGBT g (A.10)

A.3.2.2 Exaet Improved analytical solution

The approximate analytical solution presented in the previous subclause assumes that V, and
R, are the same for all the IGBTs and diodes in the MMC building block. Generally this is not
true: the IGBTs normally have different values of 7, and R, to the diodes (generally, 7, and R,
are higher for the IGBT than the diode) and it is possible for different types of IGBT and diode
to be used in the upper and lower switch positions in the MMC building block. In addition, this
approach neglects the circulating currents which may occur between phases, depending on
the design of controller.

In many cases these assumptions could introduce an unacceptably large error into the
calculation process.

A more exact process involves separately calculating the values of 7, and /. for each of the
four switch positions in the MMC building block and thus calculating the conduction loss

separately for each device.

As noted in the previous subclause, the location of the one switch position that s carr Iﬁrﬁ
M ents

current at a given time depends on the direction of the current and the switching
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MMC building block (bypassed or active state). Since the switching state may change several
times per fundamental-frequency cycle, it is not practical to calculate the instantaneous
conduction loss in each switch position, but neither is it necessary. What is needed is to
calculate the conduction loss in each switch position averaged over a period of some few
cycles or seconds. However, this is also not straightforward to calculate, since it depends in a
complex way on the control strategy for the converter.

For some operating points, for example when the valve current and valve voltage are exactly
180° out of phase, an exact (though complex) analytical solution is possible. Such solutions
rely on a statistical approach to the operating state (active or bypassed) of the MMC building
block. Although it is not possible to know the exact operating state of an MMC building block
at any given time, it is possible to calculate the probability that the MMC building block will be
in a given state at that time, since the probability that the MMC building block is in the active
state is directly proportional to the valve voltage. It is therefore possible to construct a
mathematical equation linking the valve current to the valve voltage, both of which can be
described mathematically.

The statistical probability that a given MMC building block will be in the active state can be
expressed by the term p_(w?):

u, (ot
p.(wr) . (A11)
Ntc .uc_av (a)t)
where
Ni. is the number of MMC building blocks per valve;

#, ~ewty——is-the-valve-voltage-asafunction-of-time;
u,,(ot) is the valve terminal-to-terminal voltage as a function of time;

U ay (wt) is the mean MMC building block d.c. capacitor voltage as a function of time.

The probability that a given MMC building block is in the bypassed state is then simply
(1 = p(wi)).

T1 and D1 only conduct when the link is in the active state. So the average and rms currents
are found by integrating the product of valve current and p_(wt) over the conduction period
appropriate to each semiconductor.

oty

I, == [ i, (ar)- p.(er)-d(er) (A.12)
2

ot

@t

L= |== [ i’ (@) p.(@1)-d(@1) (A.13)
2w

ot

where
wt; and wt, are the points at which the valve current changes sign.
T1 only conducts when current is negative. Hence for evaluation of the current in T1, w¢, is

taken to be where current changes from positive to negative and wt, is taken to be where
current changes from negative to positive.

D1 only conducts when current is positive. Hence for evaluation of the current in D1, ot is
taken to be where current changes from negative to positive and wt, is taken to _be where

current changes from positive to negative. Documents
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T2 and D2 only conduct when the link is in the bypassed state. So the average and rms
currents are found by integrating the product of valve current and (1 - p (wt)) over the
conduction period appropriate to each semiconductor:

wt,

I, == [ i (@)1= p.(or)-dn) (A 14)
2r o
I = 1. j i, (ot)-(1- p (b)) -dwr) (A.15)
2r

ot

T2 only conducts when current is positive. Hence for evaluation of the current in T2, wt, is
taken to be where current changes from negative to positive and wt, is taken to be where
current changes from positive to negative.

D2 only conducts when current is negative. Hence for evaluation of the current in D2, ot is
taken to be where current changes from positive to negative and wt, is taken to be where
current changes from negative to positive.

Even when it is possible to represent i, and p, mathematically, and even for the simplified
case where the valve current and valve voltage are exactly 180° out of phase, the analytical
solution to these equations is complex. At the time of publication, no exact analytical solution
has been found for the general case where valve current and valve voltage are not exactly
180° out of phase.

A further improvement to the analytical calculation of semiconductor conduction losses can be
made by using a more sophisticated approximation for the device on-state voltage instead of
the piecewise-linear model using ¥y and R,. For example:

v

ce(sat)?

V,=A+B-1+C-In(I+1)+ D1 (A.16)

However, this improved model comes at the price of increased simulation complexity and
reduced transparency and should only be used when specifically agreed by the purchaser.

A.3.3 MMC building block d.c. capacitor losses

To calculate the MMC building block d.c. capacitor losses, it is necessary only to know the

rms current in the capacitor, 7. .. The mean current in the capacitor is zero in steady-state:

[Dl_av+[T1_av =0 (A17)

Once the rms current has been determined for each of the four semiconductor devices,
according to the preceding subclause, the rms capacitor current can be found easily from the
vectorial sum of the rms currents in T1 and D1:

Icn‘ns :\/IDl_rmsz +[T1_rmsz (A18)
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Other conduction losses

Other conduction losses in the valve are dominated by the resistive (/2R) losses in busbars
from each MMC building block to its neighbours. Here, only the rms valve current [, ., as
given in Equation (A.7), is required.

A.4 Switching losses

A.4.1 Description of state changes

A.4.1.1 General

Every time an MMC building block changes state from bypassed to active state or vice versa,
or the direction of current reverses, one switch position in the MMC building block turns off
and another turns on. The turn-on of an IGBT is always accompanied by the turn-off of a
diode, and vice-versa.

Switching events may be categorised as “soft” or “hard”. Transitions which occur as a result of
the reversal of valve current that occurs twice per cycle are referred to as “soft”, while those
that occur as a result of state changes from bypassed to active state or vice versa, are
referred to as “hard”. Only the hard switching events are of significance in the calculation of
losses, because the rate of change of current (di/d¢) is several orders of magnitude higher
than for soft-switching events.

A.4.1.2 Hard switching events

Table A.1 summarises the effects of the four possible hard switching events in the MMC
building block.

Table A.1 — Hard switching events

Effects

Current direction

MMC building block
state change

Total switching energy

Negative Bypassed to active T1 turns on; D2 turns off E, 1% E. p2
Negative Active to bypassed T1 turns off; D2 turns on E ¢ 11
Positive Bypassed to active T2 turns off; D1 turns on E ¢ 12
Positive Active to bypassed T2 turns on; D1 turns off E m+tEq p

Since diodes are not controllable, hard switching events are always initiated by the switching
of an IGBT. The transition from IGBT to diode is initiated by turning off the IGBT while current
is flowing in it. The current, which is flowing through a substantial external inductance, then
has nowhere else to flow except into the diode in the other switch position of the MMC
building block. Current then commutates from the IGBT to the diode at a rate determined by
the inductance of the loop formed by the IGBT, diode and capacitor. The IGBT experiences a
voltage overshoot as a result of this event.

The transition from diode to IGBT is initiated by turning on the IGBT while the diode in the
other switch position of the MMC building block is conducting. This temporarily creates a short
circuit with the d.c. capacitor connected in series with the diode and the IGBT that has just
turned on. The current in the diode falls very rapidly at a rate given by the capacitor voltage
divided by the inductance of the loop formed by the IGBT, diode and capacitor. After the
current in the diode passes through zero, the diode experiences a short period of reverse
current and then finally turns off, incurring a “recovery energy”.

Each hard switching event results in a switching energy dissipation in the IGBT (E,, or E )
and those events that involve the turn-off of a diode also result in a recoverymements
(diodes have negligible turn-on loss). £, E, and E .. depend on the instantan
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current at the time of switching, the d.c. capacitor voltage and the junction temperature. The
dependence on current is illustrated on Figure A.14. Switching and recovery energies also
increase with voltage (almost linearly) and with temperature.

IGBT switching energy Diode recovery energy

A
F{m A Erec
E ~
‘off
Eon
Lot
0 > 0 >
IC
JA
IEC ¢

IEC

Figure A.14 — IGBT and diode switching energy as a function of collector current

In order to be able to calculate the switching losses for any operating condition, the IGBT and
diode used should be characterised thoroughly to define £, E  and E . as functions of
voltage, current and temperature. The characterisation results may be presented graphically
or in a look-up table but a mathematical model is preferred, since it permits the subsequent
calculation process to be more easily automated.

A.4.1.3 Soft switching events

Table A.2 summarises the effects of the four possible soft switching events in the MMC
building block.

The soft switching events are mentioned only for the sake of completeness, since they do not
directly result in switching energy dissipation in the semiconductors. However, the changes of
current direction may indirectly provoke some hard switching events, as the capacitor voltage
balancing algorithm may cause some MMC building blocks to change from active to bypassed
and some others to change from bypassed to active.

Table A.2 — Soft switching events

Change of current direction MMC building block state Effects

Negative to positive

Bypassed

D2 turns off; T2 turns on

Negative to positive Active T1 turns off; D1 turns on
Positive to negative Bypassed T2 turns off; D2 turns on
Positive to negative Active D1 turns off; T1 turns on

A.4.2 Analysis of state changes during cycle

In principle, calculation of the total switching losses in the MMC building block requires only
that the instantaneous voltage and current is known for each of the various switching events
during a cycle. The switching energy per event can then be calculated from knowledge of how
E,.. E.ee and E .. vary with voltage and current for the applicable junction temperature, and
the switching losses in the complete cycle are obtained by summing each individual event.

However, unlike a 2-level converter, where the d.c. capacitor voltage is fixed and the
switching pattern is deterministic and easily analysed, calculating the switching conditions for
every switching event in a modular multi-level converter—is—very can, denendB;DQumentS
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