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The main task of IEC technical committees is to prepare International Standards. How

INTERNATIONAL ELECTROTECHNICAL COMMISSION

LVDC SYSTEMS — ASSESSMENT OF STANDARD
VOLTAGES AND POWER QUALITY REQUIREMENTS
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System aspects of electr|cal energy supply.

The text of this Technical Report is based on the following documents:

Draft TR Report on voting
8/1549/DTR 8/1556/RVDTR

nittee 8:

Full information on the voting for the approval of this Technical Report can be found in the
report on voting indicated in the above table.

This document has been drafted in accordance with the ISO/IEC Directives, Part 2.
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The committee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under "http://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e withdrawn,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 if contains colours which are considered to be useful for the correct understapding
of its|contents. Users should therefore print this document using a colour'printef.
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INTRODUCTION

LVDC (Low voltage direct current) distribution systems have recently been recognized by a
number of stakeholders as an alternative approach to provide efficient power supply to the
consumers. LVDC covers a wide range of power applications from USB-C up to megawatts for
aluminium melting. LVDC is now seen not only as a solution for electricity access in developing
economies but also as a solution for greener and more sustainable energy in developed
economies.

In industrial applications, LVDC is utilized where processing of resources results in the
production, distribution and storage of physical goods, especially in a factory or special area of
a factopy-

The standardization of DC voltages is a key issue, and urgent work is needed. Existing LVAC
systemls have different standard voltages, depending on the geography and application| LVDC
distribytion voltages should be optimized to provide a good context for industries that|import
and export equipment but also for general travellers. Appropriate internatiomal LVDC Yyoltage
ranges|will provide a basis for design and testing of electrical equipment and systems ar|d ease
of trangition for equipment from AC to DC supply.

LVDC voltages should meet the range of use cases where LVDC<&ystems can make a difference.
The lisfp of standard voltages should be as short as possiblekand allow for cost-effective and
safe operation.

The power quality phenomena for the distribution ‘ef 'DC power are not identical|to AC
phenomena while there are some common issues. Power quality considerations are well $tudied
and standardized on AC power systems, but many-power quality phenomena and EM{C have
not yet|been fully evaluated for DC distribution,systems.

Power electronic converters/inverters adddurther demands. Power quality phenomena in LVDC
distribdyted systems can be related to ‘the topology of the entire system, and the opfrating
conditipn of sources and loads. Atxthe same time, the DC output performance of a single
converfer and the coordination ameng several converters can also result in different| power
quality|issues and grid stability-

Requirements for power quality and EMC in LVDC distribution should be established ip order
to provjde a solid basis fonthe planning and operation of LVDC distribution systems. In addition,
the degign and configuration of the protection system is to be addressed with the obje¢tive to
enhange the availability of the source, the reliability, and the lifetime of the system.

Generally, theistandardization of voltage level and PQ phenomena of LVDC distribution|should
greatly|stimulate the wide adoption of LVDC.

Besides the main contents concerning voltage level and power quality, the following topics are
also presented:

Clause 4 discusses architectures and topologies for LVDC networks.

Clause 7 recommends permissible limits for voltage bands and PQ phenomena.
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LVDC SYSTEMS — ASSESSMENT OF STANDARD
VOLTAGES AND POWER QUALITY REQUIREMENTS

1 Scope

The purpose of this document is to collect information and report experience in order to make
recommendations for the standardization of voltage levels and related aspects (power quality,
EMC, measurement ...) for LVDC systems (systems with voltage level lower than 1 500 V d.c.).

Rationale for the proposed voltage values are given. Variation of parameters for-the

(power|
the ted
identifi

Attenti

Systen
voltage

Tractio

2 Ndg

There are no normative references in this document.

3 Te

For the

ISO an

addres
e |EQ
e |S(

quality) and recommendation for their boundaries are defined. Nevertheless, s

bd for future work.
bn is paid to the definition of DC voltage.

s in which a unipolar voltage is interrupted periodically for'certain purposes, e.dg
, are not considered.

h systems are excluded from this document.

rmative references

rms and definitions
purposes of this document, the following terms and definitions apply.

d IEC maintain terminological databases for use in standardization at the fo
5es:

Electropedia: available at http://www.electropedia.org/

Online browsing platform: available at http://www.iso.org/obp

[SOUR

3.2

oltage
pme of

hnical items are not exhaustively explained in this document and.‘some gaps are

. pulse

lowing

CE: IEC 60050-601:1985, 601-01-21]

DC supply voltage

line-to-

3.3

line or line-to-midpoint voltage at the supply terminals

bipolar DC system
DC system comprising positive, midpoint and negative lines

3.4

unipolar DC system
DC system comprising of two lines
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3.5

DC system nominal voltage

U,

n

suitable approximate value of voltage used to designate or identify a DC system

Note 1 to entry:

3.6
DC vol

tage deviation

voltage deviation due to the slow change in power system operation state

3.7
voltag
conditi

3.8

ripple
set of
supplie
of som

Note 1 t
deviation]

Note 2 t
source,

Note 3 t
frequeng

[SOUR
to entr

3.9
over-v
voltage

[SOUR

3.10
under-

e unbalance
bn in a bipolar system in which the line to mid-point voltages are not'equal

A bipolar DC system is preferred to use a dual notation, for example, "tU, ,, "or "U _/ U,

"
-L -

vhen the
ceptable

unwanted periodic deviations with respect to the average-value of the meas
d quantity, occurring at frequencies which can be related\to that of the mains su
b other definite source, such as a chopper

b entry: Ripple is determined under specified conditions’ and is a part of PARD (Periodic and/of
). It may be assessed by instantaneous value or RMS value.

entry: Sources of ripple may include, but are not.Jimited to, voltage regulation instability of the O
ommutation/rectification within the DC power sout€e, and load variations within utilization equipm

b entry: Ripple is determined as well in pércentage to DC component and in RMS value com
y range < 150 kHz (in line with SC77A and<ISPR for conducted disturbances).

CE: IEC 60050-312: 2001, 312-07-02, modified — A sentence has been added to
; Notes 2 and 3 to entry have been added]

pltage
, the value of which'exceeds a specified limiting value

CE: IEC 60050-151:2001,151-15-27]

voltage

red or
ply, or

random
C power
bnt.

puted in

Note 1

voltage

, the value of which is lower than a specified limiting value

[SOUR

3.1

CE: IEC 60050-151:2001,151-15-29]

voltage swell
sudden increase of the voltage at a point in the electrical supply system followed by voltage
recovery after a short period of time

Note 1 to entry: Application: for the purpose of this document, the swell start threshold is equal to the 110
reference voltage (see CLC/TR 50422, Clause 3, for more information).

Note 2 to entry:

the level

of which is determined by both voltage and time (duration).

% of the

For the purpose of this document, a voltage swell is a two dimensional electromagnetic disturbance,
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3.12

voltage dip

sudden voltage reduction at a point in the electrical supply system, followed by voltage recovery
after a short period of time

Note 1 to entry: The residual voltage may be expressed as a value in volts, or as a percentage or per unit value
relative to the reference voltage.

[SOURCE: IEC 60050-614:2016,614-01-08, modified — Reference to sinusoidal voltage has
been removed and time interval has been changed to period of time]

3.13

voltaggsurge Ja
transient voltage wave propagating along a line or a circuit and characterized by @ rapid

increage followed by a slower decrease of the voltage

[SOURICE: IEC 60050-161:1990, 161-08-11]

3.14
voltage supply interruption
disappearance of the supply voltage for a time interval whose duratian is between two sgecified
limits

3.15
rapid yoltage change
RVC
quick transition in voltage occurring between two steady-state conditions, and during wHich the
voltagqg does not exceed the dip/swell thresholds

3.16
active [distribution system
ADS
distribytion networks that have systems in place to control a combination of distributed jenergy
resourges (i.e., distributed generation, controllable loads or energy storage)

Note 1 t¢ entry: Protection can also be included in ADS.

3.17
passive distribution'system
PDS
distribytion systéms in which the energy balance is controlled by the voltage sourc¢ (e.g.,
outsidg grid or'battery)

3.18
droop imaD€-system

ratio of per-unit change in voltage to the corresponding per-unit change in power of the demand

3.19

distribution network operator

DNO

party operating a distribution network

3.20

distribution system operator

DSO

party extending the function of a DNO to incorporate active management of some power
resources
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positiv
U+
voltage
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e voltage
between the positive line and the midpoint

Note 1 to entry: Only defined for bipolar DC systems.

3.22

negative voltage

U-
voltage

between the midpoint and the negative line

Note 1t

3.23
baland
Uy

entry:  Only defined for bipolar DC systems.

ed voltage

averagg of the positive and the negative voltage

Note 1 t
Note 2 t

3.24

entry: U, = (Up+Un)/2.

entry: Only defined for bipolar DC systems.

unbalanced voltage

U,

u

averaggp difference of the positive and the negative voltage

Note 1t

entry: U, = (Up-Un)/Z.

ch are

led]

Note 2 t¢ entry: Only defined for bipolar DC systems:

3.25

midpo|(nt

commdn point between two symmetrical circuit elements the opposite ends of wh
electridally connected to differgnt\line conductors of the same circuit

Note 1 t¢ entry: Only defined forbipolar DC systems.

[SOURICE: IEC 60050-195:1998, 195-02-04, modified — The note to entry has been add
3.26

under-voltage'ride through

capability of'equipment to stay connected and continue functioning during loss or drop of|supply
voltage

3.27

DC voltage

voltage equal to its average value during a defined time interval

3.28

over-voltage ride through
capability of equipment to stay connected and continue functioning during voltage swells
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General
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A LVDC system is a combination of different electronic devices, whose operation is strongly
based on different control strategies. Thus, as far as the recommended voltages and power
qualities of certain LVDC systems are concerned, different analysis dimensions and elements
should be taken into consideration, including different architectures, operation modes, etc..

4.2

Several

Architecture

use cases concerning existing technologies and projects have been introdu

ced to

support

LVI
LVI

Details
also un

Unipolar or bipolar DC systems can be designed with two or three output lines, respe]

Taking
shows.

In the
(PE) w
earth (

DC system in buildings,

DC systems between buildings.

N-S system, the midpoint connection (M) is direetly connected to the protectiv
hile in the IT system, the midpoint connectionlis ‘not directly connected to the prg
PE) and there are intentional (by design) or unintentional impedances which are b

the analysis and classification of LVDC systems, including but not limited to:

and examples can be found in Annex D, Annex E and Annex F. Eormal use cas
der work in the frame of the SyC LVDC WG2.

the earthing into account, it can be divided into TN-S system and IT system as F

bES are

ctively.
igure 1

b earth
tective
btween

condudtors and earth.
A list of differences between unipolar and bipolar systems can be seen in Table 1.
o
' 1 oL+
]
4+ \ ® L A | z+ =
Si # I_f —————— ———— @ PE
D¢ - DC - —
1@ Y _ [ 1
+ O L |1 |Z—
l—————————:————o PE : ® Y O L-
| o |
S S
= Unipolar TN-S e Unipolar IT
[ ]
N I 1 ® L ¥ T Y S
S 3 | Tz > z
DC -~ 2= DC - w | =
e T T ok | o
+ | Si w + | Mz el | F
vy = e Ay y
DC - : O L- DC - : L O L-
l Bipolar TN-S _!_ Bipolar IT

IEC

NOTE All IT systems will have impedances between conductors and earth. These impedances can be parasitic and
poorly defined, or can be well designed.

Figure 1 — Unipolar, balanced and bipolar DC systems
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Table 1 — Difference between unipolar and bipolar systems

Item Unipolar Bipolar

Cable utilization* U*rl 2 20113

(U * 113 with PE) (U* 11 2 with PE)
Available operating voltage(s) U+ nominal U+ nominal, U- nominal, 2 U nominal
Maximum fault voltage U nominal 2 U nominal
Protection and Control Complexity Low Higher

High in case of multiple sources

Connectors ,2;pip T ?A-pip T

(3-pir-with-RE) 4—pir-with-REy
Switching and breakers Single-pole Double-pole
RCD 2-pole 3-pole
* Cable utilisation = (Max voltage to ground) x (Max conductor current) / (number of conductors)

NOTE

introduc
including
introduc

4.3
4.3.1

In pass
input f

Both positive earthing and negative earthing are possible. However, the‘positive earthed sy9
b negative leakage currents, and in the case of very high voltages, the” metal structure of DC
earthing conductors might become more brittle. On the other hand{ the negative earthed sy
e positive leakage currents that can result in corrosion issues.

Dperation modes
Passive DC systems

ive DC systems, most of the integrated sources, which need control objectives
om outside, can be either voltage source “or current source. The control stra

tem will
systems
tem will

as an
egy of

passive sources is frequently based on mastersstave control and the energy balance margin of

the sys

is designed to support the power supply ofthe system. The system voltage can only vary

a narrg

4.3.2

In acti
control
on dro
the U-]
than th
voltage
wider V

tem mostly relies on the capability of\the voltage source. Normally, the voltage

w range under normal operating-eonditions.

Active DC systems

able electronic devices. The control strategies of active sources are frequently
pped control and(the energy balance of the system is realized automatically by
curves configured in the devices. In this case, the voltage can fluctuate in a wide
at in passiveDC systems, which is regarded as voltage band. The normal op
band cafi“be adjusted by different configurations of control parameters in dev
oltageband brings higher technical requirements to the system and equipment.

5 LV

source
within

e DC systems, nearly all the sources and loads are connected to the DC bus by self-

based
tracing
r range
eration
ces. A

DC’voltage division

5.1 General

In active DC systems, the voltages are divided into different levels for temporary and continuous

operati

on.

Between zero and maximum, the voltages are divided into 6 different stages: U, ... Ug and in
the centre U, for continuous and steady state operation.

To cover steady state and transient voltage levels, a matrix with all the voltages, voltage bands,

operati

ng states and areas is made. The matrix is presented in Figure 2.
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5.2 Voltage bands
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The range between two voltages is called a voltage band. Voltage bands are useful for
describing voltage limits without going into the level of detail of time limits. Ui is corresponding

to the upper limit of band B: (i=1,2,3,4,5,6).

B7

U6
B6

U5
B5

U4
B4

U3
U nominal B3

U2
B2

U1
B1

B1: Blackout band

In this yoltage band,only short dips to zero (State S1, as shown in Figure 3) are allowed.

IEC

Figure 2 — Voltage bands in DC systems

events|will cause-aishutdown of the whole system in S2 to S4.

B2: Enmpergency band

This is|[thé/band in which the voltage may drop below the normal operation band due

|_onger

to high

overload.

NOTE Emergency devices and infrastructure relevant devices can operate in this voltage band.

B3: Nominal band

This is the normal operation band (between U2 and U3; see Figure 2).

B4: Switching, commutation and protection devices operation band

In this band, the voltage may overshoot or rise due to a sudden change of current. Surge

protection devices do not operate in this band.
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B5: Overvoltage protection devices operation band

This band is dedicated to the operation of the overvoltage protection devices. Above B5,
semiconductors can be destroyed by an overvoltage lasting for a very short time.

B6: Overvoltage trip band

In this band, voltages are not tolerated by the equipment and are likely to cause breakdown.

B7: Prohibited band

In this band, permanent equipment damage is very likely.

5.3 Dperation ranges with respect to DC voltage and time
To acHieve continuity of operation, 4 states are defined, of which 3 states(S1 to $3) are
transient states and 1 state (S4) is the steady state. These states may ogecur routinely or in
exceptlonal situations. In each state, the allowed overvoltage and dynamiics are different.
Voltag¢ bands are divided in these 4 states. See Figure 3.
2A
S
B7 Q o
Us Q
B6 A6 AB Q
Us 0\\ A7
By A4 A5 @s\
U4 X0
B4 A4 A4 Ad
U3 W
A3 A3 <\F A3 A3
ot
Ulominal | B3 b4
A3 a@. A3 A3
2 AN
B2 A4 A4 A4 A2
Ut
B1 A4 A1 A1 A1
:»
s | s2 | S3 | S4 | Time
IE
Figure 3 — DC Voltage areas for safe interoperability

To account for time-limited capabilities of the system components, the following time-limited
states are defined in the graphic.

NOTE In Figure 3, the widths of the states only indicate that:

S1 < S2 < 83 < Continuous operation (S4)
States S1 through S3 are transient states and can have different durations.
S1: Transient range

The transient state is limited to a very short time. After being in the transient state, the system
will return to a steady state.
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S2: Fault range
A system state which involves, or is the result of, failure of a system circuit or item of system
plant or equipment or apparatus and which normally requires the immediate disconnection of

the faulty circuit, plant or equipment or apparatus from the power system by the tripping of the
appropriate circuit-breakers. [IEC 60050-448:1995, 448-13-02, modified]

S83: Voltage control range

In this state, action is required by the system to address system balance issues.

S4: Steady range

The sygtem may remain in this state indefinitely.

5.4 States

The arg¢a between these voltages and states is defined as follows:

A1: Blackout state

Supply|in this area is insufficient for operation to be maintaineds

A2: Emergency state

The voltage in this area indicates that the supply is uAder stress. Loads should still be [able to
operatg correctly, but perhaps not meet all performance requirements. Action may be taken to
reduce| the stress on the system, for example through load-shedding or the introdugtion of
additiopal power sources.

A3: Narmal operating band/nominal band (U, to U,)

For thg normal operation of a DC system, the voltage difference between the power tefminals
should|be maintained between Usr-and Us; under all conditions. All equipment perfofmance

requirgments should be met wjithin this band.

Operatjon between thesellimits includes all normal operating states of the system, and |normal
droop ¢ontrol ranges. Fhe'voltage delivered to a load should be within this band allowing for /R
voltagq drop in cabling-

The ngminal voltage (U,: U nominal)

As stated’in-I[EC 60050-161:1985, 601-01-21, nominal voltage is a suitable approximat¢ value
of voltgge tsed to designate or identify a system. The nominal voltage U, is within the fominal

band but is not always half-way between U, and Us; however, we may say that in all cases,

A4: Abnormal state

In exceptional circumstances, voltage may stray into this area for an extended period.
Installation and equipment shall be designed to withstand this, and continue to operate normally,
but possibly with reduced performance. Overvoltage protection devices shall not operate.
Action may be taken to modify power input to rebalance the system.


https://iecnorm.com/api/?name=00312717aa58a7175a89caa2ef975c78

IEC TR 63282:2020 © IEC 2020 -17 -

A5: Overvoltage state without clamping

Area in which the voltage may overshoot due to operation of switching or protection devices.
Overvoltage clamping shall not clamp these voltage overshoots.

A6: Overvoltage with clamping

In this area, overvoltage protection devices shall operate to clamp overvoltage.

AT7: Prohibited state

In this area, permanent equipment damage is very likely. If technically possible, all power
sourcep shall be switched off.

6 Pdgwer quality phenomena relevant to LVDC networks

6.1 Seneral

Voltag¢ quality is important for ensuring that systems function as intendéed. Voltage quality shall
be spetified in order to provide a system designer with a reference to design the supply, load
and digtribution system. Voltage quality requirements may be different for different usgq cases
and regpective system layouts. Designers’ responsibility is tonensure that regardless| of the
system layout and network topology, the voltage variation, transients and other yoltage
disturbpnces do not exceed the application and use-case.§pecific limits of the operatingjranges
nor the values tolerated by the devices used in the installations.

Ideally] a perfect voltage source is considered, with' a stable voltage within a normal yoltage
band. Yoltage quality is defined in terms of limits t0 deviations outside this band or disturgances.
These feviations outside this band or disturbances may be continuous and discontinuoys.

Use cgse, application and electromagnétic environment specific compatibility levels shall be
defined for temporary voltage variation, voltage dips and swells, flicker, and the mgximum
duration and magnitudes of DC voltage fluctuations.

The chpracteristics of good power quality are:

e Volfage is maintained\within agreed limits in normal operation (Subclause 6.2 to Sulyclause
6.8);

e Ripple and highifrequency voltages/current disturbances are below permissible limits (6.4).

6.2 Relationships between voltage band and power quality in LVDC systems

For thg
at the = . - =
condltlons A constant DC voltage |nd|cates a balance of the power |njected |nto or exported
from the DC system.

normal operatlon of a DC system the voltage at a certaln node should be mai

DC system control shall be designed to ensure that at any transmission power level and in any
operating mode, the line-to-earth DC voltage in TN systems and the line-to-line or line-to-
midpoint DC voltage in IT systems shall remain within the normal operating range of the DC
voltage.

There are some events that may cause the DC voltage to deviate transiently or temporarily from
the normal operating band or to fluctuate. The irregular operating or the trip of a station may
result in a steep voltage dip, high voltage rise or fluctuation as DC power quality problems. The
frequency and magnitude of the events leading to these DC voltage excursions or fluctuations
need to be limited.
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As an example of a time-domain voltage acceptability curve for the DC voltage, Figure 4 shows
voltage band and power quality that are to be considered in DC systems.

(0]
ol
5 Surge
- = Voltage swell Voltage deviation
Transient
Nominal
1 —
extended Voltage dip Voltage deviation E
droop 4
Normal operation rgnge
Blackout c .
e Voltage interruption
0 Some Some Some | Some | Some |  Some | Time
ms 10ms 100 ms s 10s  {min min IEC

W

Figyre 4 — Relationships between voltage band and power quality in LVDC systpms

6.3 Bupply voltage deviation

The D@ voltage in the system can be controlled by converter.Controls within specified linits for
power [flows including overload rating. If a central DC vgltage controller is implemented, its
responge time shall be adequate to meet the specified pesformance.

The ablove considerations apply to undisturbed openration. Possible deviations may be felated
to the :[yllowing:

— If the operating DC voltage is outside the steady-state DC voltage band, then the pystem
and system elements may disconneef and shut down when a safe operation|is not
gudranteed.

— If the operating DC voltage is ,outside the normal operating band, then the systgm and
system elements will not meet all performance criteria.

Large yoltage deviations from the nominal values will shorten the life of electrical equipment,
possibly threaten system.stability and increase the cost of network operation. Equipment
operating under this condition in a repetitive manner or for long periods of time may malfynction,
breakdpwn or become.ifreversibly damaged.

The equipmentrshall withstand those excursions and fluctuations for the defined limited| period
ing of

Particular attention should be paid to under-voltage ride through capabilities and over-voltage
ride through capabilities of active elements as this will be very important for the stability of the
system during temporary fault situations.

In steady state operation of a DC system, there needs to be a balance between the power
injected into the DC system and the power withdrawn from the DC system, including losses. If
this balance is disturbed, the DC voltage will rapidly deviate from the nominal voltage band.
The main objective of the primary control is to limit the DC voltage deviation to an acceptable
range and to find a new balanced operating point for the power flow in the DC system.
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6.4 Ripple and high frequency noise

In a LVDC system, there is no fundamental frequency and the concept of harmonic distortion
does not apply. Previous definitions of power quality typically involving harmonic distortion limits
in AC systems are not applicable. But a comparison of average DC and AC RMS values might
be the basis for setting power quality indices for LVDC systems.

Since a solid-state power converter connected to a DC distribution bus averages DC current
and some other frequency components, which are a function of the converter internal switching
frequency and power topology, the impact of the power converter on the DC power bus shall be
evaluated. Any non-DC component of load current that flows over the LVDC bus will result in a
ripple voltage appearing at all points along the bus. The ripple currents flow between connected
loads gdnd the DT power source. Fast swiiching of converters and rapid change of potentials in
specifi¢ commutation schemes can generate Common Mode (CM) voltage level shifts| which
can interfere with communication or control systems. Perturbations in both Differential] Mode
(DM) apd Common Mode have to be considered.

If a pulse width modulated (PWM) inverter is used to produce the DC voltage, a high-frefjuency
wavefarm resulting from pulse width modulation switching is superimpesed on the DC rTnd AC
side and this often is called noise. Noise also can come from the invertef-based loads corjnected
to the PC bus.

Maximym RMS ripple amplitude: The root mean square voltage of all the AC components.

Periodic and random variations shall be given for the fellowing three bands:

a) lowtfrequency noise:
source frequency and its harmonics only (a.¢z;sources only);
b) switching noise:
power converters switching frequency'and its harmonics;
c) totdl, including spikes (the bandwidth of the measuring equipment shall be stated).

Some ¢prganizations have mentioned ripple as DC harmonics and presented several njethods
for calgulation.

Beside| additional losses;the main adverse effect of ripple on neighbouring systemsg is the
disturbpnce of communjeation systems. An indicator to assess the degree of disturbapces is
the equivalent disturbing current.

LVDC ¢onverters/generate characteristic and non-characteristic ripple voltages on the D|
Ripple voltages drive ripple currents through the DC system. The characteristic ripple vpltages
depend on-the DC voltage, current, DC circuit reactance, converter topology, cohverter
switchi i istic ri Itages
are caused by measurement and control errors, unbalance between impedances and possibly
asymmetry in the AC system voltage feeding the converter. Resonance conditions within the
DC system resulting in potential amplifications are to be considered.

As it can be expected that more than one user may affect the ripple levels at a certain DC node,
sufficient headroom shall be specified between maximum acceptable ripple levels and the
individual shares that each DC user has to respect. All users have to ensure by appropriate
design that their individual contribution is within the allowed individual share. Resonance effects
have to be taken into account. The DC system operator shall provide information to evaluate
potential ripple resonances.

The connection should not result in levels of distortion or fluctuation of the existing DC system
voltage and current at the connection point, exceeding that allocated to them.
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Studies to characterize distortion of voltage/current waveforms at the point of connection shall
be performed. These shall take into consideration the ripple impedance and background ripple
of the existing DC system. Ripple generation of new connections may be subject to verification
of compliance at commissioning.

There will also be harmonic distortion requirements for the new connection for power export to

the AC

system.

6.5 Voltage swell

Voltage swell phenomena may frequently occur, but it is unpredictable and random. Depending

on the

magnitude and duration, voltage swell may affect different types of load differe

the sa
consid

me voltage swell event. Recommended limitations of voltage swells are still
bration.

ntly for
under

Where [assessment is performed or statistics are collected to be provided to-network ugsers or
authorIies, for measurements of voltage swell and dip in bipolar systems,fit is recommended
that the number of lines affected by each event is detected and stored.

All connections will be required to safely operate without tripping during and followin

voltage
The ne

events to support regulation of the DC system voltage back to pre-disturbance

j over-
levels.

W connection will be able to withstand the maximum sustained over-voltage limit and will

have an over-voltage protection consistent with the existing system.
The sige and response characteristics of DC energy‘\dissipation devices should glso be
consisfent with the operation of the existing DC system:
An exgmple of voltage swell can be seen in~Figure 5. Normally, swell threshold and time
duration are used to identify a voltage swell event.
% '
) i E 5
o ! ' H
g ! : :
S | s |
Swell threshold
i _____________ i_:I_-\ Hysteresis voltage i
i i ; ,
Time

Time duration
(from some 10 ms to some seconds)

Figure 5 — Voltage swell example

IEC
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6.6 Voltage dip

Voltage dips typically originate from system faults, load faults (protection, lightning, short-
circuits, disconnection, etc.) in the public network or in network users’ installations and
appliances, or from direct connection of capacitive loads. The annual frequency depends on
the reliability of the electrical installation and its supply system. Moreover, the distribution over
the year can be very irregular.

The power quality characteristics of individual events are defined for each line, by residual
voltage and duration, despite the specific shape of the voltage variation.

For bipolar measurements, it is recommended that the number of lines affected by each event

is dete

cted and stored.

Generally, according to the network user connection, or the concrete situation, line-to-line, line-

to-eart

N and line-to-midpoint voltage shall be considered.

All conjnections will be required to safely operate without tripping duringcand following|under-
voltagq events to support regulation of the system DC voltage back to/pre-disturbance|levels.

Fault-t

plerant transient under-voltage characteristics in terms _of “retained voltage

clearance, the connection should return to normal operating cenditions subject to nor
voltagqg and power control, within a defined time period.c-Fhe under-voltage ride

depending on duration of the event for the DC system should also.be defined. FOHOWiE fault

requirgments shall be defined to ensure desired behaviout

DC vol

tage excursions may be experienced in the whole DC system. Power exports 1

levels

al DC
rough

rom or

importg to the DC system shall be in the limits that\can be permanently balanced by copverter

station

functio
DC vol

An exa
threshd

Voltage (L'RMS)

M

N as power import or export. The number and magnitude of the events leading t¢
age excursions or fluctuations negd’to be limited.

mple of voltage dip can be _seen in Figure 6. Normally, dip up threshold, dip
Id and time duration are.used to identify a voltage dip event.

controls. Thus, any power unbalance willthave direct impact on the DC voltage. The trip
of a cgnverter station may result in a steep voltage dip or high voltage rise depending

on its
these

down

Time duration
(from some 10 ms to some seconds)

Figure 6 — Voltage dip example
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Similar to AC systems, voltage dips in DC systems are likely to cause equipment and devices
malfunction, loss of data and general nuisance for the users.

It is also noteworthy that LVDC systems are less susceptible to voltage dips and swells
occurring in the AC system in case the interconnecting inverter is actively controlling the DC
voltage. In data center, today the overall reliability of power distribution in the AC installation is
based on the use of UPS systems and could be similarly insured by active DC systems with the
appropriate requirements. Electronic loads, such as computers and lighting, can be used in
systems where these loads cannot be affected by disturbances on the utility system. Both the
software and the hardware of important computer systems may be damaged due to voltage
transients or power outages, and lighting which is used to illuminate emergency exits or
important processes that cannot be shut off either.

6.7 VYoltage supply interruption

On unjpolar systems, a voltage interruption begins when the residual voltage falls| under
interruption threshold.

On bipolar systems, a voltage interruption occurs when the line-to-midpoint voltage drop$ below
an intefruption threshold.

Interruption threshold is generally 5 % or 10 % of the nominal veltage.

6.8 Rapid voltage change (RVC)

Under pormal operating conditions (excluding events), rapid voltage changes should not gxceed
indicatjve values.

Rapid yoltage change indicative values are in‘the range of 3 % to 5 % of the nominal vdltage.

These palues specifically refer to relativé 'steady-state voltage changes aggregated ovgr very-
short time intervals e.g. 200 ms time(intervals (all variations during these intervals arg to be
aggregpted in the so-called steadydistate voltage). They are based on the usual design [criteria
for highh power supply or load starting, for example.

An example of RVC eveni 'can be seen in Figure 7. Normally, the threshold of RVC in yoltage
amplityde is between the swell threshold and the dip up threshold.
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Figure 7 — RVC event: example of a change in average voltage
that results in an RVC event

Rapid ¢hanges to DC voltage may originate from events inithe DC System or from the gxternal
AC system.
6.9 VYoltage surges

Voltag¢ surges are transient overvoltages with. durations of several milliseconds. A transient
overvo|tage due to lightning, switching, or other causes can exceed the insulation rating of the
electridal equipment causing degradation.ef insulation and damage to the equipment.

Figure |8 gives an example of voltage 'surge in a real system.
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Figure 8 — Example of voltage surge

When & circuit is struck by lightning or switchied on/off inductance load or large load, |t often
produces a high switching overvoltage Thisshigh switching overvoltage is called voltag¢ surge
(or current surge) and it is a transient intetference. For example, when the coil relay of PC 6 V
is disconnected, the voltage surge of 300 V to 600 V will appear. When the incandescent lamp
is connected, the current surge of 8*t9’10 times the rated current will appear. When the large
capacifive load is connected, such-as capacitor bank, the current surge impact will often occur,
which Will make the power supply-voltage drop suddenly. Operating overvoltage up to B to 10
times the rated voltage will occur. Voltage surge phenomenon is increasingly endangering the
safety pf the automation equipment. Eliminating surge noise interference and preventinj; surge
damagg have always been the core issues related to the safe and reliable operdtion of
automgtion equipment. )The integration of modern electronic devices is increasing, but their
ability {o resist voltage surge is declining. In most cases, voltage surge will damage thq circuit
and it§ componénts. The degree of damage is closely related to the voltage withsfanding
strength of components and the convertible energy in the circuit.

61204

(all parts), the

limits of surge for DC

power input/output in different conditipns are

\/

6.10 Voltage unbalance

In case the currents through the positive and the negative lines are not perfectly matched
because of unequal load distribution, the positive and negative voltages will become unequal.
The condition in which the positive and negative voltages differ is referred to as voltage
unbalance. The amount of voltage unbalance varies continuously as the loads and generators
in the system are randomly turned on or off by the customers.
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Figure 9 — A schematic of a bipolar system (the CIGRE B4 DC test system)

The bipolar LVDC system can be regarded as two series-connected unipolar LVDC sy

namel

that ca

power

such as neutral-point clamped inverters and three-level

control
control

a positive and a negative part (see Figure 9). The positive and negative Woltage
e separately controlled by means of separate power converters. Nevertheless
converters exist with three output terminals for connecting to a(bipolar LVDC
DC-DC<c¢onverters. Inst
ing the positive and the negative line-to-midpoint voltage, three-terminal con
the balanced and unbalanced voltage, as defined in Clause_ 8.

7 Regcommendations

7.1

Seneral

The pyrpose of this document is to offer technical input to several TCs in charge

standa

The do

rdization of different issues and coordinated by SyC LVDC.

cument makes recommendations ofR‘the following topics: standard voltages in 7.2

EMC requirements in 7.3 (SC77A), Power quality in 7.4 (TC8), and measurement met
7.5 (SQ77A).

TC64,
consid

NOTE

7.2

Consid
control
used v
ELVD

TC109, TC21, TC22, TIC23, SC 121A, SC121B, SC32B and TC 82 are also in
er information relatingto their scopes.

[he low voltage limits-in IEC 61140 are considered to be the U, limit of the nominal band.

Recommended voltages

ering «different factors such as topology, load distance, insulation, cable ec
strategies, protection requirements, equipment characteristic, etc., different c
bl{ages have been listed in use cases which have been included in Table 2 and T|

stems,
b are in
single
5ystem
bad of
verters

of the

(TC8),
hods in

ited to

bnomy,
bmmon
able 3.

voIltages, such as 1£ V, Z4 V, 40 V, €1C. Nave Not been fisted—asanm exa

ple of

recommended voltages in the following tables but they could be included as LVDC voltages for
some distribution purposes.

TC 8 is in charge of specifying the recommended voltages for LVDC distribution as one of the
system aspects. These recommendations are expected to be the result of a factual state of the

art. He

reafter are the proposals for implementation in IEC 60038.
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or line and midpoint (bipolar systems)

UNominaI U2 U3
380 V*
350V 320V
440 V**
700 V 640 V 760 V
* for commercial
o for non-commercial

7.3

Electro
compo
waves.
have it
immun

Table 3 — Voltage between lines (bipolar systems)

UNominaI U2 U3
760 V*
+350/700 V 640 V
880.V*«
+700/1 400 V 1280V 1500 V

*

for commercial

* for non-commercial

magnetic compatibility (EMC)

EMC and compatibility levels

Probability density

Compatibility level
(conventional value)

Planning level
(network internal target)

/N "

Power quality
(recommended value)

Immunity level

is the ability of different electronic devicds and
nents to work correctly even in the presence of other devices that emit electrom
This means that each piece of equipment emitting electromagnetic disturbange shall
limited to a certain level and thati'each individual equipment shall have adequate
ty to electromagnetic disturbance\in"the environment it is meant to operate in.

hgnetic

System
disturbance
level

\

{"‘::‘:T.::"""""'""" >

Susceptibility
of equipment

Figure 10 — Relation between disturbance

|
Disturbance level

IEC

levels (schematic significance only)
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Power quality requirements need to be consistent with EMC conceptions. As described in
EN 50160 and IEC TS 62749 for AC, they are usually identical or close to compatibility levels

for the

related phenomena (see Figure 10).

Some existing standards dealing with compatibility levels and immunity levels should be taken
into account in the context of LVDC distribution:

e |EC 61000-2-2
e |EC 61000-2-12
e |EC 61000-2-4

641000-4-13

e |E

o |EC
e |EC
e |EC
e |EC
e |EC
e |EC
e |EC
NOTE

output p

For LV

61000-4-19
61000-4-17
61000-4-29,
61204-3,

TS 62053-41,
61869-14:2018,
61869-15:2018.

EC 61000-6-1 and 61000-6-2 (generic immunity standards) cgyer high frequency phenomena for
bwer ports.

DC application, joint work is expected to be carried out under SC77A leadership i

DC input

n order

to revigw whether environments defined for AC (e.g. public, residential, commercial and light

industr
compa
power
Table §

Example

y/industrial environments) are relevant for establishing DC compatibility levelg
ibility levels have to be specified for éach LVDC phenomenon as a driver for d
quality requirement and EMC requirements (emission and immunity, see Tablg

).
. comparison of existing LVAC voltage compatibility and immunity levels (for class 2 device, see Fi

RMSE value in % to the value at fundamentalf1 =50 Hz

l B |EC 61000-2-2 LV.CV(V%)It 4 |EC 61000-4-13 IL(V%)Test_CL2

. Then
efining
4 and

ure 11):

Harmonic number for 1,(Hz) =50

Figure 11 — LVAC voltage compatibility and immunity levels

IEC
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Table 4 — Immunity: DC input and output power ports, residential,
commercial and light industrial environment

Environmental Test item Test Unit Basic standard
phenomenon specification
Peak line-to-ground voltage 0,5 kV
Fast transients T/T, 5/50 ns IEC 61000-4-4
Repetition frequency 100 kHz
TIT, 1,2/50 (8/20) s
Surges Peak line-to-ground voltage 0,5 kV IEC 61000-4-5
Peak line-to-line voltage 0,5 kV
Frequency 0,15 to 80 MHz
CR::tii‘r’]Lgi‘l“Cegﬁé’ucte g Amplitude 3 v {EC"61000-4-6
AM (1 kHz) 80 %

Thble 5 — Immunity: DC input and output power ports — Indastrial environment

Ephvironmental Test item Test Unit Basic standard
ghenomenon specification
Peak line-to-ground voltage +2 kV
Fast trgnsients Tr/Th 5(50 ns IEC 61000-4-4
Repetition frequency 100 kHz
Tr/Th 1,2/50 (8/20) s
Surges Peak line-to-ground voltage 10,5 kV IEC 61000-4-5
Peak line-to-line voltage +0,5 kV
Frequency 0,15 to 80 MHz
Radio-frequency Amplitude AM(1-kHz) 10 v IEC 61000-4-6
contingous conducted
80 %

7.4 Power quality recommendations

TC8 should specify pawger quality requirements covering the relevant phenomena in view of the
operatipon of the LVDC system. Joint work should be done with SC77A in order to defijne DC
power [quality assessment methods.

o A yoltagé ripple indicator paying attention to aggregation time interval and sgmpling
frequenecy.

e To decide upon utiiiLillg theRMSor dvclagillg operatot mordertoevatuate vuitage dips
and swells in LVDC systems, and the associated aggregation time interval to apply. Current
aggregation time intervals for AC systems are inadequate to detect power quality deviations.
It is recommended to adopt the averaging operator.

As for AC, power quality requirements in LVDC systems require coordination with the
compatibility level (conventional value) and immunity level (protection) of equipment.

Some existing standards which have already given some recommended values for the PQ
indexes in LVDC distribution or equipment should be taken into account in the context of LVDC
systems:

e |EC 60092-101,

e |EC 61000-4-29,

e |EC 61204-3.
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7.5 Measurement methods
7.5.1 General

Most of the voltages stated in the document are DC values with AC components during a given
time. DC RMS value is computed by the same formulas as in an AC system (see Annex C for
detailed explications).

SC77A/TC8 are invited to propose appropriate measurement methods.

7.5.2 DC system RMS value integration time

DC sys$tem RMS value infegration iime or measurement window length should be_{lefined

accord|ng to the power quality domain; the following are recommended:

e 200 ms and 10 min values for continuous phenomena;

e 10 ms for transient values such as voltage dip/surge, in line with most existing UVRT|(under
volfage rid-through) curves.

7.5.3 DC power quality measurement methods

For DQ power supply systems, it is referred to IEC 61000-4-30(Further work is recommended
to fill infthe gap of DC power quality measurement methods in this and other relevant documents
such ag IEC 61000-4-7 and IEC 61000-4-15. More precisely!

o for ponducted disturbances < 9 kHz, SC77A, measurement method appears relevant;

e for|conducted disturbances 9 kHz to 150 kHz, the methods defined by IEC SC 7TA/TC8
codld be adopted or re-adopted for DC application.
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(informative)

PQ waveforms collected from a certain LVDC project

Worthy PQ waveforms could be obtained from the operating projects. As supplementary
information, Figure A.1 to Figure A.3 are parts of the waveforms corresponding to some PQ
phenomena captured from a practical £750 V/+375 V LVDC system in Tongli, China.

Voltage (p.u)

o
N
[

0,5

a s ; i
e : : ; Voltage band
<3 : : :
g1 j : ; :
S 5 ! : i
s | | :
.......... S A SR RS |
O fmmmmmmmmmne e pommmmmmmmmm e P N -
05 j i i |
~ o 0,05 0,1 0,15 02 1(s)
IEC
Figure A.1 — Voltage deviation caused by load switching
E)
0,944 : : : :
] i i i i
(o)) 1 | 1 1
8 ! ! ! !
2 | | |
0,943+-1--t---4--1+--k--4--W-t--+--F--+——%++t-—F% Bkt
0,942 v y v F 2 LA :
AWk ! !
2 0,941+ --H---+--§--@--¥---®---t----t---¢----t-----4-r---4--f %1
i ’ — I
; i i i

60 120 180 240
1(s)

0,94

30 45 60 (s
IEC

Figure A.2 — Voltage ripple in steady state
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Figure A.3 — Voltage dip caused by the start-up of motor load
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Load distance in DC distribution systems

Load distance calculation in DC distribution systems should consider voltage level, conductor
nominal section, maximum long-term operating temperature and other factors. The load
distance calculation of the DC distribution system should be based on the content of voltage
deviation in different voltage levels in Clause 7 of this technical report. Considering that the
conductor temperature and the DC resistance of overhead lines increasing with the growing
transmission current, the load distance of all typical nominal sections at operating temperature

of 70 {CIm a DT distribution system 15 calculated based on the unit DC resistance
overhepd line conductor at 20 °C. The results of the load distance in different voltagelev

shown|in Table B.1 and Table B.2 (based on the preferred DC voltages in China)-

Table B.1 - 1,5 (¥0,75) kV typical load distance of overhead DCllines

(unit:

of the

els are

W-km)

Voltage level (kV)

Nominal section (mm?)

Voltage deviation 10 %

1,5 (+0,75)

1,5 (+0,75)

Voltage deviation 15 9

120 390 585
150 477 715
185 589 883
240 769 1153
NOTE | The load distance values of 1,5 (£0,75) kV overhead lines are based on an aluminium strand conductor.
Table B.2 — 750 (+375) V, 220 (¥110) V typical section load distance of overhead DC lines
(unit: kW-km)
Vditage level(V) 750.(£375) ‘ 220 (%110) 750 (£375) 220 (x110)
Nomifal section (mm?2) Voltage deviation 10 % Voltage deviation 20 %
95 77 7 154 13
120 98 8 195 17
150 119 10 238 21
185 147 13 294 25

strand fonduector.

NOTE | Thestoad distance values of 750 (+375) V and 220 (£110) V overhead lines are based on an aly|

minium



https://iecnorm.com/api/?name=00312717aa58a7175a89caa2ef975c78

IEC TR 63282:2020 © IEC 2020 - 33 -

Annex C
(informative)

Electric power and power quality computation in DC systems

C.1 DC RMS value of voltage or current

The DC RMS value is the root mean square value of the DC component (or mean value) and
RMS value of all AC components in a given measurement window’s length, i.e.:

In the tfme domain, computation of the RMS value is identical in DC and AC systems duling the

given measurement window:
1 T
_ 2
Vaws = - !V (¢)de

In the frequency domain with FFT or DFT transforms, the DC RMS yalue is computed with the
same fprmula as for AC system during the given measurementwindow:

Vocrws = A fZVkZ
k=Q

half of the sampling points during the diven window FFT or DFT;

where

S

Vi i$ the RMS value at indice £, i.e. at:frequency k*fw;
fw i$ the window frequency referred’to the width of the Fourier transform window;
k=0 i$ the DC component.

C.2 |[General electric power system: decomposition of a general electric lpad

In an glectric power system, an electric load may call different types of currents from| power
grid: sinusoidal wave\forms with different phase angles, and non-sinusoidal wave forms| In the
general case, load consumption can be represented by linear and nonlinear components
referrefl to different electric powers (Figure C.1).
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S
Z :
Power supply General load
Rs, Ls:
Power supply impedance (transformer,
line/cable, upstream loads,etc.)

Key

activ|
react

OO0 T w!w

C.3
In timdg

The in
sample

The m
during

Power supply

Equivalent modélofthe load

IEC

apparent power

B power
ive power

defomation power resulted from deformation of voltage and current

Figure C.1 — Equivalent model, of a general electric load

Computation of electric powefs and PQ indices
domain:

stantaneous active power is defined by the multiplication of voltage and cun
d values:

p(t) =u(®)-i(?)

ban value)of active power P is computed by integration of the instantaneous p
the pre-defined analysis period T:

rent in

ower p

Pz%-Ip(t)-dtz%iu(t)-i(t)-dt

In the above formula, DC components are included.

RMS values of voltage U and current I:

If waveforms U and I are sinusoidal: P =1-U -cos(¢)
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Computation of electric values in frequency domain:

Generally, in electric power system monitoring, electrical values such as voltage and current
are sampled in the analogical time domain, by means of Fourier transform within a defined
window length; they are decomposed into frequency domain values as DC components and AC
components (magnitude and phase):

u=U, +2[U1-sin(wr + ¢1) + Uz-Sin(at + ¢2) + Us - Sin(3@t + ¢3) + ...+ U - Sin(neot + )]

where
n is the maximal harmonic referred to measurement window frequency, fy.
f4 is the measurement window frequency, @ = 21Tf1;

Uy, Iy |are the DC components;

Uy, I |are the AC components (k > 0) in RMS values.

Relevant electrical values may be computed with frequenty domain components:

Root mean square values or RMS values:

U=\UZ+U2 +U2 02 + U2 +....+U? = |> U7

=¥+ 2+ 2+ 14 12 = D12

Electri¢ powers of single-phase system:

=

0= [Uk-]k-Sin(¢k)]

=0

bl

D: SZ_PZ_QZ

where

# is the phase angle deference between voltage and current at frequency f = k f; (£>0).
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¢o: either 0 or .

Total harmonic distortion Tm:

Based on the frequency domain decomposition, the total harmonic distortion can be computed:

1

o 2 172,172 2
Total voltage harmonic distortion: 7T'an v =7\/U2 +U;+U; +....+U; -100%
1
Total cuerert-harmonie—cistortion: T = 1 /12 72 72 72 1000
ToTrTuTmariTmmuriIiTe UtToturT uivTT. L Uit 1= 11’Vl2 T 13 T l4 T eeeese T ln LA~ A4 U

In pure| sine wave system: Ty, = 0.

According to IEC definitions, the total harmonic distortion is computed up'to"harmonic pumber
40 or 0 (2 000 Hz or 2 500 Hz) depending on the countries. In Europe;“harmonic frefjuency
ends af 2 kHz.

If the ffequency range of above formulas exceed 2 kHz, it canbe’called as Total distoftion T,
instead of T},4, SO Ty 2 T} 4.

Computation of other power quality indices: see IEC 64000-4-30 for AC system.

The relation of different electric powers:

S =JP*+0%+D?
v

Power factor is generally camputed as:

P

JP?+ 0%+ D?

In a pure sinusoidal system (D = 0), A becomes:

F

P :£:
S

P = and tg(¢) :% (French case)

P
————==c0s(p)
JP?+0?
¢ or ¢: the phase angle difference between voltage and current at fundamental frequency.

The values of cos(¢) and tg(¢) are computed only by phase angle between voltage and current
at fundamental frequency.

In a non-sinusoidal system, the power factor A takes into account both reactive power O and
deformation power D, but the terms cos(¢) and tg(¢) take into account only the reactive power
at fundamental frequency.
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C.4

Representation of electric powers in AC system

These different powers may be represented by an equivalent 3D vector diagram See Figure C.2.

y

/"

(o]

C.5

In a DQ
the diff|

P

a) General case (non-sinusoidal) b) Particular gase(sinusoidal)

Figure C.2 — Representation of electric powersiin AC system

Representation of electric powers in DC system

system with the presence of AC components\(or disturbances in voltages and cu
erent electric parameters can be also reprgsented by 3D vector diagram (see Figu

EC

rents),
re C.3):

Figure C.3 — Representation of electric powers in DC system

IEC

The powers O, D are only computed with AC components. Active power P, is resulted from

the AC

In a pu

In a pu

voltages and currents, and Pp is resulted from of DC components.
re AC system, Ppc = 0.

re DC system, D=0, 0 =0, Ppc = 0.

Remark:

A DC system with the presence of AC components represents theoretically the general electric
power system, that is to say, in a DC system, there may be some power quality issues as well
as in AC system. In so-called today’s world-widely used AC power system, the DC components
are very small and just considered as negligible.
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e General case of electric power system: DC + AC;
e AC power system is a particular case: DC component is considered as negligible.

C.6 Power quality indices in DC system

The DC value may include ripples (or AC components) (see Figure C.4):

600 -
500 -}

400
300
200/

100}

oft - ; - - - - - - - O r . . ‘ . . 1
0 0001 0,002 0,003 0,004 0,005 0,006 0,007 0,008 0,009 0,01 0011 0012 0,013 0,014 0015 0,016 00370048 0019 0,02

Time, #(s) EC

Figure C.4 — Ripples

Time dpmain computation with sampled values:

U= /i-iuz(t) and~D>" [ = ’i-zﬂliz(t)
ns t=ty ns t=ty

DC valpes (or mean values):

RMS values:

U0=i-2u(t) and 10=i-2i(t)
s 1= s t=ly

where pi4 is the sampled number during the observed period.

DC ripple in RMS~yvalues:

Urpl = U2 _U(? and Irpl = 12 _Ig
DC ripple rates in %:
U2 _ U2 12 _ ]2
Uy =~——2-100 % and i, =~—-2-100 %
U, 1

0 0

Frequency domain computation of DC power quality values with sampled values:
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DC electric parameters and power quality values based on FFT (or DFT) transform:

U=JU2+U? + U2 +U2 +U2 +....+U?

RMS m
2 12,72, 72, 12 2
[=R+ P42+ 124124+
Ripple jn RMS U= JUR 4+ U2 4 U2 4 U 4 ...t U
Ioi= I+ 2+ 12412 4+ 1
U, JU?-UZ
Ripple fin % Upy = 7.100% =~+——2-100%
Uo Uo
I I?+15
o = L. 100 % = 4100 %
Io 1o
Where[m is the maximal harmonic referred to windows’ frequency f;.

The maximum measurement frequency f,-is to be defined. In compliance with on-goi

EMC s

C.7

Computation of DC\powers based on sampled values of Upc and Ipc (512 points) d

window

andards, it is recommended to choose:

— fm > 2 kHz for harmanic frequency range defined by IEC;

- fm >150 kHz fordisturbances 2kHz to 150 kHz.

Illustration example of deformation power in DC system

of 20 ms (see Figure C.5):

hg IEC

bring a
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Values’ evolution
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Figure C.5 - DC.powers

With tHese voltage and current, different powers can be computed during 20 ms (just as an
example) (see Table C.1):

Table C.1 - Different powers

DC electric parameters Values
U (V) 99,999 78
1(A) 70,650 26
S (VA) 7 065,01
P (W) 4 997,337
0 (VAr) -0,005 851
D (VAr) 4994,096
Pe (") 0,707 336 1

C.8 Main conclusions on electric value computation in DC systems
e Active power may be smaller than apparent power in a DC system if nonlinear load is
connected.

e Reactive power may be very small in a DC system if the ripple of DC supply voltage is
negligible.

e Deformation power may be important in a DC system if a nonlinear load is connected. It
should be taken into account in overall system design.

e Power factor Pg should be taken into account in the DC load profile assessment.
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e DC system power quality mitigation: the key figure is to reduce as much as possible the
deformation power (or increase Pg to 1) in order to increase the efficiency of DC power

sup

C.9

ply.

Need of characteristics of DC voltage

One of the assessments of DC power quality is to define characteristics of DC power supply
voltage in public networks. Characteristics of DC voltage supply may be defined similar as:

e For disturbance frequencies less than 2 kHz: IEC TS 62749 (EN 50160 as well) is to be
adapted into relevant DC voltage ripple values.

mo
phe
loa

. Co:l\ducted disturbances 2 kHz to 150 kHz in LV AC network: IEC 61000-2-2 for compptibility
volfage levels is to be adapted in DC systems (Figure C.6 below, measured in‘diff

je values with CISPR 16 measuring method). For LV DC, the extension ofrpewer
nomena to the frequency range < 150 kHz is necessary because DC power’sourg
s are almost all with power electronic interfaces.

Levels in dByV ~ —— 61000-2-2_NIE_CL_DM

rential
quality
es and

130
125 -

120
115 -
110 4
105 -
100
95 1
90 -

Frequency: 2 kHz to 150 kHz

Figure C.6 — Compatibility level measured in differential mode values
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Annex D
(informative)

District LVDC system demonstration project in Tongli, China

Project overview

IEC TR 63282:2020 © IEC 2020

District LVDC system demonstration project in Tongli, China is composed of four different
microgrids: £ 750 V LVDC, + 375 V LVDC, 220 V LVDC and 380 V LVAC, which is sponsored
by the 2017 National key research and development project of China. This project is aimed at

distrib
of diff
constrd

As Fig
transfo
interco

ction mode of low energy consumption DC building.
ure D.1 shows, the above four microgrids are connected through.‘power elg

nnection and complementation of multiple energy sources.

10 kV Suzhou-tongli line 10 kV'wangta line

; y mode
rent applications, develop high efficiency DC distribution equipment and)fisplay

ctronic

rmers (PET), powered by a 10 kV AC line and can realize flexible power control and the

| | 10 kM AC
e J
| L,, #1 PET b #2 PET
R 3MVA RS 5vva
S «:i ~ 7| #1vsc A #2VSC (7
B =|2,5MVA = 25MVA | =
Distributed AN
bhotovoltaic 380 VAC |LVAC Microgrid 1| | +375V DC KVAC Microgrid 380 VAC LVAC Microgrid 2
power I | | | l | I
supply of . 4 o o) ¥ S
Mingzhi q/\ ” ﬁ m E ﬂ,
technology Wind pow‘e, " Street Charging Energy,_\“\Battery Triad Solar- Battery Virtual Load of
genexation. _ lamp pile stoage ™ swap electronic thermal _ _ _swap. _ _ synchro junction
e ] device) — station highway power— station center
[| | = | [ ] | | .
ey @l A a1 em w28
? R7power PV power PVpower  Charging Cascade utiization ~ Charging PV power
Energy stfrage  DC of of of  pile of energy storage pile generation of
device mixed by server , \ciirtain wall roof carport device roof
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d lith
220 v DC
= >
o: g )
220 V LVDC Nanogrid 750 LVDC Midrogrid

Figure D.1 — Architecture of the district LVDC system in Tongli
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D.2

Voltage level selection principle

Various types of sources and loads are connected to different voltage levels of the Tongli
system. The selection principles are given as follows:

Due to the adaptability of MPPT strategy range of PV string and relatively long transmission
distance and large transmission capacity, the + 750 V DC microgrid is connected to a 2,9 MW

PV power and energy storage.

Similarly, the voltage between poles of £ 375 V LVDC grid is 750 V, which is connected to the
energy storage equipment, battery swap station and electronic highway.
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Furthermore, there is a 220 V DC Nanogrid connected to the bus of £750 V DC through a

DC/DC

converter, which provides the DC power for some home appliances in a residential community
such as air conditioner, washing machine and some kitchen appliances. The reason for
choosing 220 V DC as the voltage level is that there is a relatively complete supply chain
foundation in the existing DC system of substation and data center. However, it should be noted
that as the tests and operations show, the DC modified appliances can withstand higher voltage

and thus have higher efficiency.

As for the small household appliances whose power capacity is below 500 W, such as electric
fans, air purifiers, etc., considering the safety and power supply radius, they are all powered by

a 48 V DC bus which is connected to the 220 V Nanogrid by a DC/DC converter.

D.3 |System operation

The LVDC system in Tongli can operate in various modes according to the extérnal pow
conditipns. When the light intensity or/and energy storage capacity is sufficient) it can ag
active gystem and achieve self-sufficiency. The surplus power can be fed‘back to the €
grid. When the PV power and energy storage is insufficient, the system,can realize the
configyration by the control of PET. Besides, the system can be controlfed in APF or STA
modes|in different occasions to improve the power quality of AC power grid. Since
operatipon in October, 2018, the Tongli LVDC system has been rupning stably for 18 mon
providgs valuable platform and data for our team to study related technical problems o
system.

er grid
t as an
xternal
bptimal
TCOM
ts first
hs and
LvDC
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Annex E
(informative)

An office building with general building utilities and office work places

Sustainable circular building

The ABN AMRO Pavilion at the Zuidas in Amsterdam aims to be the most sustainable circular
building and DC takes this one step further. It has 3 000 m2 of meeting venues with LED and
PV panels connected to a complete DC grid on 350 V DC. See Figure E.1.
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Figure E.1 — Office building with general building utilities and office work places

This use case shows an office building with general building utilities and office workplaces
where mainly information equipment is connected.

The office is designed to operate CO, neutral, through generation of renewable energy with
solar power and energy storage by means of batteries.

The main operating voltage between L+ and M is in the voltage band 320 V DC to 380 V DC.

There is an AC/DC converter that serves as a reference for the voltage and exchange of excess
energy and energy source in case of energy shortage in the system.


https://iecnorm.com/api/?name=00312717aa58a7175a89caa2ef975c78

IEC TR 63282:2020 © IEC 2020 - 45—

On the side of the users there is also a storage unit and there is the building lighting by means
of LED’s and power outlets by means of USB-C (5/12/20 V up to 100 W). Users that require
more power than 100 W can be connected to the 350 V level. On this level, the user can plug-
in his/her equipment for use.

All the equipment, converters, switches, chargers are semiconductor based and bidirectional
operating for current/power.

For the proper functioning and protection of the equipment in the installation, zones are defined.
These zones are marked with a yellow triangle. See overview for DC zones. DC zones are
separated by protection devices. The protection is an electronic switch that can be controlled
by the aperating em manager that manage he energ pply and the demand in the
installati

Active|DC installation consists of:
1) 3 AFE (3 x 50 kW);
2) S:Ild state protection devices
a) 16 A,
b) |RCD included;
3) PVlinstallation 150 kW
a) [Every PV has his own optimizer (one defective panel will not infect the whole sygtem);

4) Stograge (Batteries)

a) [Peak shaving,
b) [UPS,
c) [Ilsland mode;

5) USB-C (100 W)
a) [Flexible output voltage (5 V to 20~V output range),
b) |Power and data combined in one connector/cable;
6) 35(Q Vpc wall socket (protected by solid state)
7) DCJAC converter (230 Vpe 2 kW),

a) [For normal AC devices;
8) Mopile DC/AC cenyerters (For users to charge laptop without USB-C).

Advantages:
e additionakfunctions;
e intdgrated UPS;

e |ess conversion losses;

e island mode enabled;
e congestion management is easier with droop curves implementation;

e connected to the fire alarm.
DC zones

This is part of the Dutch IEC 60364 (NEN1010). Figure E.2 shows an overview of DC-zones for
DC systems. It is placed in zones because DC have different kind of sources; this means the
protection will be different per DC zone. For example, a current limited converter with a fuse:
the fuse will not be a protective device in fault conditions.
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Figure E.2 — Overview of DC-zones for DC system

Risk classification of DC installations

Depending on the design, a certain risk can be assigned to a DC installation. Based on the
energy stored in batteries and the power that can be delivered by the installation at a certain
point, a classification into hazardous and less hazardous installation components can be made.
Five different risk categories have been defined for DC installations, ranging from DC zone 0
(highest risk) to DC zone 4 (lowest risk). These DC zones are described here.

Depending on the DC zone in question, different requirements may be set on the knowledge,
expertise and skills of the designer, fitter, installer and the operators.


https://iecnorm.com/api/?name=00312717aa58a7175a89caa2ef975c78

IEC TR 63282:2020 © IEC 2020 - 47 -

DC zone 0: unprotected source

DC zone 0 features autonomous supply sources with high power. Examples of what is covered

by this

DC zone are:

— batteries (multiple batteries connected together or batteries with high energy content);

— synchronous machines;

— the

public electricity network;

— large PV installations.

These power sources are characterized by their high power, impervious directly, and free from

the cu

depending on the nature of the source.

The fol

— ma

— no
2

—_

- ver

— noninal current not limited;

- multiple sources possible.

DC zo

DC zo
source
overcu
60VD

The fol

— Mma
= Ung

120
— hig
— non

DC zo

o H H P £ s | 1 s H o Do Tl 4 lo |- H
Tt mmmativiio UT PgrutTulTU TITITTITTIIS 1T o D'V ZUTIC. TTTC LCUITTTTIt LAl VT UITUITT

lowing is characteristic of this DC zone:

imum voltage < 1 500 V DC;
ELV: Upom
PO V DC (dry environment);

2 30 V DC (wet environment) or U, ,,, 2 60 V DC (moist environment) ¢

/ high overcurrent possible;

e 1: protected source with high short-circuit.current

ne 1 features outgoing conductors (possibly combined in bus bars) from the
5 from DC zone 0 on the secondary sides~’when viewed from the source — of a |
rent protective device. This DC zone may also feature ELV sources (< 120 V D(
C or respectively 30 V DC in moister-respectively wet environments).

lowing is characteristic of this<DC zone:

imum voltage < 1 500 V\DEC;

m < 30 V DC (wet environment) or Uy, < 60 V DC (moist environment) or U,
V DC (dry environment);

N overcurrent possible;
ninal current.<*500 A;

tiple sodrces possible.

e 2t protected source with low (limited) short-circuit current

ctional,

nom

supply
assive
or

IA

Characteristic of this DC zone is a further limitation of the current and possibly an adjusted
voltage level.

The fol

lowing is also characteristic of this DC zone:

— maximum voltage < 1 500 V DC;

— Upom < 30 V DC (wet environment) or U, < 60 V DC (moist environment) or U,q, <
120 V DC (dry environment);

— [n

om < 50 A (per device);

— overcurrent possibly too low for fuses or circuit breakers, preventing them from performing
their protective functions;
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— multiple sources possible;
— bi-directional current direction possible.

DC zone 3: electronic source

DC zone 3 may contain ‘prosumers’ (generators or consumers of current or a combination of
these two).

Characteristic of this DC zone is the highly limited overcurrent. Where this is not inherent in the
source, this will be provided by electronic systems that monitor current and voltage levels and
intervene where necessary.

The following is characteristic of this DC zone:

— Updm =400V DC (to PE) or U, < 800 V DC (between L+ and L-);

nom —

- Ioth < 50 A (per device);

nor
— highly limited overcurrent;
— multiple sources possible;
— bi-directional current direction possible.

DC zone 4: single electronic source

DC zorne 4 only features consumers of electrical energy.Every load in this DC zone is ppwered
from omly one supply point.

The foljowing is characteristic of this DC zone:
— Updm =400V DC (to PE) or U,

L < 50 A;

<800 V DC (between L+ and L-);

ng nom

- Inor
— no pvercurrent of any relevance;
— multiple sources not allowed;

— dirgction of the current only_towards the devices (not bi-directional).

The letters in the figure refer to the protection measures in Table E.1.
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Table E.1 — Aspects

— 49—

regarding the DC zone classification in DC installation

Zone Limit DC zone | DC zone | DC zone | DC zone | DC zone | DC zone | DC zone

zone 0-1 1 2 2 3 3 4a 4b

Location in diagram A B C D E F G H

Aspect

Residual current ) ) . . . " .

protective device option option option option N/A

Overcurrent

protection (NEN mandatory | mandatory * * * * * *

1010:2015 H 43)

Arc profection (NEN recom- recom- recom- recom-

1010:2415 421.7) mended mended mended mended

Isolatiop during manda- manda- manda-

maintenance (NEN mandatory | mandatory | mandatory | mandatory tory** tory** farv* N/A

1010:2415 H 536) ry ry Y

Plug with an early- option option option option option option option N/A

break cpntact P P P P P P P

Physicall shielding of

equipment + zone mandatory | mandatory | mandatory | mandatory | mandatory .mandatory | mandatory N/A

marking (NEN (IP2x) (IP2x) (IP2x) (IP2x) (IP2x) (IP2x) (IP2x)

1010:2015 H 132 .5)

Corrosipn prevention

(NEN 1010:2015 C mandatory | mandatory | mandatory | mandatory | fandatory | mandatory | mandatory N/A

542)

Temperpture alarm option option option option option option option bption

* These|

Mandat

Advice:
heat of

he fuses.

bry** An alternative to isolation during maintenance is shorting and earthing.

combinations are mandatory as soon as the necessary’protection components are available.

Ensure 1 m of cable between the fuse and(the electronics to prevent the electronics being damagef by the

DC zor
the ins|
zone 0
zone 1

Designrs, fitters-and installers shall take the limited short-circuit current into accoun
P and 3~This applies specifically when applying DC circuit breakers, DC fuses|
b with fuses. The minimum short-circuit currents of the DC sources shall be inclyided in
allation documents.

zones
device
the ins

es 2 and 3 are not always‘required to be present. For example, they are not required if
tallation does not contain any sources that are characteristic of these DC zonps. DC
always leads to DC\zone 1, but it also is possible to go directly to DC zone 4 flom DC

in DC
or DC

This also applies to the minimum currents needed to trip the circuit breakers or fuses applied,
also those in permanently installed devices.
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Annex F
(informative)

An example of configurations for active DC systems

F.A1 General

Active system operating system is an operating system that enables congestion management
in systems and is based on voltage levels without the need of real time communication, which
makes DC systems independent and autonomous.

F.2 [Structure

The aclive system is a method of controlling the power balance in the last mile}efa grid dystem.
The adtive grid of the last mile may be connected to a passive AC or BCl/system and may
contairl other (local) sources like renewable energy sources and storage means prosumers.
The pgwer that can be distributed can be limited when the renewables are not avgilable.
Therefpre, the operating system needs to control the available energy. A principle diagfam for
the actjve grid in the last mile is shown in Figure F.1.

Devicep used in DC systems are mainly active electronic devices. Electronic (switching) devices
like converters and switches have limited overvoltage and-0overcurrent capabilities and therefore
the volfage and current need to be controlled.

Prosumer not managed

4 D
T Oveiload managed T
Prosumer ADC Prosuther* DNO Prosumer “D% Prosumer
| Y/ bc N N \
Df | )i
[ | DC Congestli:())génanaged DC Congestli:(’)gcr)nanaged y
-
”DC| 1400V /&700,V /700 V/+350 V| ” DC| 400V /+700V/ 700V /+350 V| BoC
T T DC, -
¥4 loc 4 | AD% 4 DC
Prosumer v DC Prosumer Prosumer Y bC Prosumer
\ l J. J

DNO: Distribution network operdtor
DSO: Distribution system operafor
IEC

Figure F.1 — Active DC distribution system

DNO and DSO don't have the same roles in the active DC distribution system. By separating
the roles of DNO and DSO, higher stability and availability are enabled by making agreements
between consumer or prosumer and network provider. This may result in highly improved
system organization.

F.3 State of grid (SOG)

Grid can be nominally loaded (0 %), maximally loaded (100 %) and minimally loaded (=100 %).
The state of the grid has nothing to do with the power in the system but is purely an indication
of the state of the system, seen through a voltage level.


https://iecnorm.com/api/?name=00312717aa58a7175a89caa2ef975c78

IEC TR 63282:2020 © IEC 2020 -51-
Nominal state of grid is within the — droop to + droop range in the nominal voltage band.
The SOG becomes negative when the voltage is below the nominal bus voltage.

The SOG becomes positive when the voltage is above the nominal bus voltage.

The SOG becomes > 100 % when the voltage is more than the maximum value of the nominal

voltage band.

The formula to calculate the SOG is as follows:

SOG = U, (actual)-U,, (nominal)

U, (nominal)— Uy, (NOminal)

busMax

Table F.1 — Examples in case of 350/700 V DC systems

U, s(actual) in 350 V DC U, s(actual) in 700 V DC SOG
250 500 -333 %
300 600 -167 %
320° 6402 -100 %
330 660 -67 %
3502 700 @ 0 %
370 740 67 %
380° 760 ° 100 %
400 800 167 %
2 nominal bus voltage (Ubus(nominal)).
b min/max bus voltage (Ubus,minlmax(nominal)) for bipolar systems line to line shall
stay below the 1 500\DC limit.

The vaJue of the maximum' tolerated losses in active DC systems shall be as low as pqssible,

as shown in Table F. 1.

There gre severakreasons why low allowed voltage drop on the cable is a good choice:

1) [Theoretically, in DC, losses up to 20 %, even 30 % are possible. However, such
voltage drop is not recommended if we want to achieve an efficient and strong s

2) Going further and assuming 10 % is not a good choice either because such voltag

a high
stem.

e drop

would adversely influence earthing point design, because many diodes would be

required to compensate circulations.

3) Third point are the droop curves. In case of, for example £10 % droop and 10 %

cable

losses, the end user will highly be influenced because of the high voltage difference and

already implemented droop curves. To avoid a discrimination between users, s

maller

voltage drop is desired. If low cable loss and deviation is taken, then droop curves are

not directly influenced.

4) The cable sizes. If higher voltage drop is allowed, it will directly impact dissipations and
thermal characteristics of the cable, which will result in bigger investment in enabling

bigger spacing for such an installation.

The strong compromise between thermal losses, efficiency of the system, length of the

cable,

protection schemes earthing points and other aspects of importance is achieved, as shown in

Table F.2.


https://iecnorm.com/api/?name=00312717aa58a7175a89caa2ef975c78

- 52—

IEC TR 63282:2020 © IEC 2020

Table F.2 — Allowed voltages cable drop

Nominal voltages

Allowed voltages cable drop AU,
AU %=1,4 %

350 V 5V
700 vV 10V
1400V 20V

d) Droop mode

There is one dominant voltage source that acts as a reference directing the state of the

grid of

the system. The dominant source establishes the state of the grid. However, the grid can
sources that should not be bigger in power than the dominant sourcé)an

of mo

contribpte to balancing the congestion in the grid by means of voltage droop.

The do|

the gri

If there
level in
and cu
consun

Figure

inant source may represent the connection between a passive AC/passive DC
and an|active DC system. It serves as the voltage reference and it balancés the power

, as shown in Figure F.2.

Passive
AC /DC

SOG

Dominant
source

grid

DC

Load

bus

Source

IEC

Figure F.2 — DC distribution system with one load and one source

is an energy produgetion from the sources, for example PV, in the active grid, the

consist
d they

5ystem
flow in

oltage

the voltage band generally increases. This enables devices to be connected to the grid,

F.3.

rrently connected dynamic loads, like electric vehicle, are enabled to increase th
hption. This‘voltage increase occurs up to a maximum voltage level (U, ax),

as sk

Bir own
own in
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Passive
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bus
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Figure F.3 — DC distribution system with more than one-load
and a source and increasing source power

When the voltage reaches U5, and excess power is getting higher than a maximum power of
all loads combined, dump loads, if available, may be activated &@s’shown in Figure F.4.[This is
done ir] order to prevent the bus voltage from further rising and causing possible over-vdltages.
In this ¢ase, active sources also get activated, limiting the power, if the voltage keeps increasing.
However, if none of this is enough to limit the rise of the.bus voltage, then the system|enters
the protection state.

Passive

AC/DC
grid

S0G2>S0G1>S0G Dominant
source
DC
bus
Load1 Load2 Source1 Source2 Dump
load

PVs

IEC

Figure F.4 — Distribution system with more than one load
and a source and DUMP LOAD active

On the other hand, as the voltage level of the grid decreases, due to the higher power
consumption and low production, only higher priority devices are allowed to still operate, as
shown in Figure F.5. When the voltage further decreases below its minimum level (U,,,) and
enters the emergency area, the current that can be withdrawn is limited. If additional power is
still required from devices, the voltage is scaled down until it reaches its lowest value and the
grid is then in the down state.
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Figure F.5 — Distribution system with more than one'\load
and source in overloaded mode

NOTE [he dominant source is not the necessary component but in case that/the-dominant source is not g

the syst¢gm might have to be differently configured and designed, specifically reférring to protection schemsq.

e) Control

Each g4ctive device connected to the DC system has/tovncomply with the droop curves

vailable,

of the

system. The droop curve is a set of parameters that.are stated on each device when stafted up

for the|first time. The values of the droop curve telated to a specific device can be m
during pperation. These values (parameters) willldetermine under which operating volta

odified
pes the

consumer device can operate and how much*power it can consume. In the case of soufrces, it

will stafte under which operating conditions:ithe source device will operate acting as a
source

current

The parameters are set in the device*(converter) itself with the possibility of changing fhem in

the futlire. Thus, external communication is not needed for the device to regulate. On
are sef], the device is expected to regulate its power on its own following the state of gr
speed pf regulation depends’on the type of converter or device. Nevertheless, this is ex
to be fast (order of ms, ps):

Parameterizing is nat time critical and is not used as a mean of fast control.

Additiohally, knowing that the load converters [converter + load] will follow and regulate

te they
d. The
pected

ooking

changipglits”’behavior. For this, the source can also behave as a voltage source, pro

iding a

at the state~of grid, a source converter [source + converter] can also influence the sy;ltem by

steady \/nHagp with variable current In this case the state of grid can be influedced to

increase/decrease load consumption.

f) Inertia

Depends on the source type. It is possible for some devices to deliver inertia, like AFE’s or

battery systems. Inertia in the system is important for stabilization and fast response
system.

of the
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