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Abstract

Recent developments and trends in the electric power industry clearly indicate an increasing use of
DC in end-user equipment for the home and the office. Computers, TVs, and other electronic-based
apparatus always use low-voltage dc obtained by means of a single-phase rectifier usually followed
by a dc voltage regulator. To avoid this AC/DC conversion, all electronic equipment could be directly
supplied by a dedicated DC circuit. This would lead to a more efficient use of electricity, with
conseqguent savings. Other expected advantages are easier incorporation of distributed generation
and back-up batteries.

This report analyzes the feasibility of low-voltage dc distribution systems for homes and offices and
evaluates advantages and drawbacks with respect to the existing ac distribution.

The work has focused on the analysis of a “case study”, i.e. an existing system taken as example
and used for calculations. For this system, a detailed monitoring of the loads has been carried out to
get an understanding of the characteristics of the loads in the system under consideration.

Data obtained from the measurements have been used for the calculation of voltage drops and
power losses for the existing system, when dc is substituted to ac, but loads and cables are the
same. Different dc voltage levels, ranging from 48 V to 326 V, have been considered in order to
choose the most suitable for the proposed application. Results indicate clearly that a very low
voltage, like 48 V, cannot be used, as the corresponding voltage drops in the cables would be too
high. On the other hand, higher voltage levels like 230 V and 326 V are feasible, with the former
being more suitable to households and the latter to offices, because of the massive presence of
electronic loads.

Moreover, a back-up supply for the dc system, consisting of a large battery block, has been designed
by using commercially available lead-acid batteries. It has been demonstrated that the cost of this
back-up system is much lower as compared with the current solution, consisting in a number of small
UPS.

The same circuit breakers as for low-voltage ac distribution may be used for protection of the dc
system, although with slightly higher interrupting rating.

Finally, an economical evaluation of the dc system has been done, by considering both initial and
operational costs. It has been demonstrated that, with proper choice of the rectifier at the entrance of
the system and of the voltage level, the choice of the dc system leads to savings in both installation
costs and costs of the losses.

Keywords
direct current, distribution system, voltage drop, power losses, uninterruptable power system (UPS).
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Recent developments and trends in the electric power industry clearly indicate an
increasing use of DC in end-user equipment for the home and the office. Computers,
TVs, and other electronic-based apparatus always use low-voltage dc obtained by
means of a single-phase rectifier usually followed by a dc voltage regulator. To avoid
this AC/DC conversion, al electronic equipment could be directly supplied by a
dedicated DC circuit. This would lead to a more efficient use of electricity, with
consequent savings. Other expected advantages are easier incorporation of distributed
generation and back-up batteries.

This report analyzes the feasibility of low-voltage dc distribution systems for homes
and offices and evaluates advantages and drawbacks with respect to the existing ac
distribution.

The work has focused on the analysis of a “case study”, i.e. an existing system taken
as example and used for calculations. For this system, a detailed monitoring of the
loads has been carried out to get an understanding of the characteristics of the loadsin
the system under consideration.

Data obtained from the measurements have been used for the calculation of voltage
drops and power losses for the existing system, when dc is substituted to ac, but loads
and cables are the same. Different dc voltage levels, ranging from 48 V to 326 V,
have been considered in order to choose the most suitable for the proposed
application. Results indicate clearly that a very low voltage, like 48 V, cannot be used,
as the corresponding voltage drops in the cables would be too high. On the other
hand, higher voltage levels like 230 V and 326 V are feasible, with the former being
more suitable to households and the latter to offices, because of the massive presence
of electronic loads.

Moreover, a back-up supply for the dc system, consisting of alarge battery block, has
been designed by using commercially available lead-acid batteries. It has been
demonstrated that the cost of this back-up system is much lower as compared with the
current solution, consisting in anumber of small UPS.

The same circuit breakers as for low-voltage ac distribution may be used for
protection of the dc system, although with slightly higher interrupting rating.

Finally, an economical evaluation of the dc system has been done, by considering
both initial and operational costs. It has been demonstrated that, with proper choice of
the rectifier at the entrance of the system and of the voltage level, the choice of the dc
system leads to savings in both installation costs and costs of the |osses.
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1. Introduction: why DC?

1 Introduction: why DC?

1.1 Background and aim of thethesis

The choice of aternate current as a worldwide standard for power systems has been
historical and mainly due to the necessity of using transformers for transferring power
between different voltage levels. Another reason was the use of asynchronous
(induction) motors, having higher efficiency than the corresponding dc ones, and the
use of synchronous generators for producing electrical energy. The choice of 50 Hz in
Europe and 60 Hz in USA has been due to the necessity of finding the optimal
frequency for lights not to flicker (different types of lighting equipment where used).
Today, the scenario has completely changed with the advent of power electronics in
the power system. Recent developments and trends in the electric power industry
clearly indicate an increasing use of direct current, at least as an intermediate stage.
Loads that need ac for correct operation are today only afew in atypical household or
office. More and more loads at home and in the offices have a built-in rectifier,
usually preceded by atransformer, in order to convert the ac voltage to a dc voltage at
convenient level to power electronic equipment. Newer loads may have this single-
phase rectifier directly supplied via the plug and followed by a dc voltage regulator,
asshowninFig.l.

Low-power electronic loads (PC, TV, ...)

ac bus eI !
e @ 7 digita
i de electronics |
o |ac d 7| digital
dc de electronics
ac d 7| digital
d de electronics

Fig.1 - Scheme of the existing ac supply to electronic loads.

In factories, the same input stage is used for process-control equipment, while
directly-fed ac machines have been replaced by ac drives that include a two-stage
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conversion process (ac power is rectified to a capacitor, which keeps the voltage
constant, and then inverted again, Fig.2).

SN

PESTMIETETE
|

~—e

()

5335 53

DIODE RECTIFIER INVERTER

Fig.2 - Scheme of an ac drive.

A drawback is that there are losses in the conversion from ac to dc. Moreover, while
newer equipment has an input rectifier followed by a dc-dc converter for regulation of
the dc voltage as shown in Fig.1, in most equipment the input stage consists of a
transformer followed by a diode rectifier. This input transformer is still powered at
no-load, although the equipment is not working (stand-by losses). The total EU
domestic power consumption of consumer electronic equipment in stand-by mode has
been estimated to be around 36 TWh and it is predicted to increase to 62 TWh by year
2010[1].

By using dc for distribution systems it would be possible to skip one stage in the
conversion in all these cases, with consequent savings due to the lower number of
components, as in the system shown in Fig.3. Moreover, energy delivery at dc is
characterized by lower losses and voltage drops in lines.

dc bus R SREEEEE R e ;
ac suppl | Joe 71 digital !
Y = e electronics |
dc o
rectifier

« 7] digitd
de electronics

d_~| digita
de electronics

_______________________________

Fig.3 - Scheme of the proposed dc supply to electronic loads.
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In this thesis, an aternative power system based on direct current is proposed for
supplying homes and offices. Aim of this thesis is to analyze the feasibility of low-
voltage dc distribution systems for homes and offices, evaluate advantages and
drawbacks with respect to the existing ac distribution, isolate problems and study
possible solutions.

1.2 Expected advantages of the proposed dc system

As mentioned above, the use of direct current for low-voltage distribution in homes
and offices would make it possible to achieve a high overall efficiency: eiminating
the ac/dc conversion leads to lower losses, as well as eliminating the input transformer
cancels stand-by losses. Taking away the transformer also leads to smaller and lighter
equipment.

Moreover, distributed generation units of all kinds could be directly connected to this
lower-voltage dc network. Solar cells [2], which are very suitable to household
applications, generate energy directly at dc. This also holds for fuel cells [3], which
are considered a very promising technology. Variable-speed wind turbines, connected
to the grid via a rectifier, a dc-link and a VSC as front-end stage are becoming more
and more common. Natural-gas microturbines rotate at very high speed and produce
energy at high frequency: this is injected into the 50 (or 60) Hz system by using the
same two-stage conversion. A scheme of the current ac low-voltage distribution
system including distributed generation sources is presented in Fig.4: a number of
small convertersis needed to connect the generators to the ac network.

i UPS e
LS dc "
ac supply : de a sensitive load
. [battery block
i g UPS 14 pTTTTTTTTTTTTTTTTT
< i de . sensitive |oad
fuel cell o e EE S SRR
i battery block
solar cell de i
a .
' other loads
. . ac dc
microturbine N e 2

Fig.4 - Scheme of the current ac low-voltage distribution system, including distributed generation
sources and sensitive loads.

Note also in Fig.4 the Uninterruptible Power System (UPS), constituted by a rectifier,
a battery block and an inverter, which is the typical arrangement used for providing
uninterruptible power to low-power loads like computers. A dc distribution system
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allows connecting directly the battery block for back-up energy storage to the
network, thus saving two conversions in this case. Moreover, by having all computers
directly connected to a dc-network together with a larger battery block, the same
result is obtained, but the cost is expected to be lower.

In the proposed dc distribution system presented in Fig.5, a much lower number of
converters is needed (in principle only a big one at the system entrance, not
considering the rectifier for the microturbine). Reliable supply to the sensitive loads is
ensured by means of only one big battery block.

Dc networks also offer better possibilities for home automation [4]. This means:

efficient systems for centrally controlling appliances in the house, which make life
easier for peopleliving there;

possibility of communication with the utility about consumption and tariffs;
possibility of controlling the consumption by interrupting loads and/or activating
them automatically during the night or during hours of low loading/low tariffs (the
latter aspect is very important for utilities, see [5]).

dcbus .
ac supply — ———  sensitiveload
dc e
battery block <+ r ____________
(covering only the 1 sensitiveload
sensitive loads) > L iemeee
fuel cell *  sensitive load
solar cell :
— other loads
. . ac ! i
microturbing el e

Fig.5 - Scheme of the proposed dc low-voltage distribution system.

Other advantages with such a system may be:

Safety: direct current is not as dangerous as alternate current for the human body,
as it does not lead to involuntary contractions of the muscles. Moreover, a very
low voltage could be chosen to design an inherently safe system. This may be of
more importance for households than for offices.

Reduction of electromagnetic fields.

Improvement of electric power quality: the dc network would be de-coupled from
the ac supply, which reduces its exposure to disturbances from the ac network in
the form of voltage dips and transients.

Moreover, since only one rectifier is needed for the whole system, it can be worth
spending more to have, instead of the standard diode rectifier, a higher-quality
rectifier, such as an IGBT-based PWM-modulated converter. This reduces the
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impact of the electronic loads on the ac network by decreasing the harmonic
content of the current drawn from the ac supply. Note that the IGBT-converter
becomes anyway necessary if renewable sources are connected to the system in
such amount that they generate more power than needed in the local system under
consideration. If power has to be exported to the ac network, a converter that
allows bi-directional power flow is needed.

1.3 Structure of thethesis

Possible advantages with the proposed system have been listed above. Obvioudly, a
number of problems are also likely to be expected, apart from the possible reluctance
from the public towards a completely new system and from the manufacturers to
change their products. This thesis will try to tackle some of those problems. In
particular, it has been chosen from the beginning of this study to first analyze the
technical issues connected with this solution, and only later look at a comparison with
the existing ac distribution in terms of costs and savings. It is obvious, in fact, that an
economical evauation makes sense only when the technical feasibility has been
assessed. Thisis done in the thesis by analyzing a “case study”: an existing system is
taken as example and used for calculations. Later in the thesis, an economical
evaluation is presented.

The structure of the thesisis asfollows:

e Chapter 2 presents a survey of the loads present in houses and offices and
motivates the choice of the office as a case study on the basis of the results of this
survey. Moreover, the existing ac system configuration of the office is described
and a number of dc alternatives are discussed, together with suitable voltage
levels.

e Once the case study had been chosen, a more detailed monitoring of the loads has
been done to get a deeper understanding of the characteristics of the loads present
in the system under consideration. The results of this monitoring activity are
presented in Chapter 3.

e One important question to be answered in this study was if it is possible to
substitute the existing ac supply in buildings by dc with minor changes, e.g. by
using existing cables. For this reason, the next step has been the calculation of
voltage drops and power losses for the existing system, when dc is substituted to
ac, but loads and cables are the same. Results are presented and commented in
Chapter 4.

e |In Chapter 5, a back-up supply for the dc system, consisting of a large battery
block, is designed by using commercialy available lead-acid batteries. Moreover,
the costs of such a system are compared with the current solution, consisting in a
number of small UPS.

e A search has been done in the literature and in catalogues for circuit breakers
suitable for such applications. Results of this survey are reported in Chapter 6.

e Chapter 7 presents an economical evaluation of the results, by analysing both
initial and operational costs.

e Finaly, conclusions are drawn in Chapter 8.



1. Introduction: why DC?




2. Choice of The Case Study

2 Choice of The Case Study

2.1 Introduction

Since the beginning of this work, it was decided to carry out the analysis on the basis
of a case study. The basic idea was to choose a suitable existing ac system as exam-
ple, substitute the ac network with a dc one and analyze the resullts.

This seemed the best procedure to study the possibility of using dc in existing ac sys-
tem (for instance, by using the same cables) and to find out the advantages and draw-
backs, possible technical limitations and also economical aspects (costs and savings).
Later, these considerations would have been extended to new systems.

To decide which system was best suited as case study (the choice being mainly be-
tween an office or a private house), an analysis of the typical loads in residential sys-
tems, with their operating principle and power consumption, has been carried out.

The results are reported in this Chapter. The case study chosen is aso presented in
this Chapter, with its existing ac configuration and the proposed dc alternatives. Volt-
age levelsfor the dc system are a so discussed.

2.2 Inventory of Typical Loads

In this paragraph a description of the most common loads in low-voltage distribution
Is given. The loads are classified according to their functional features, behavior and
connection to the network, in three groups:

l. Resistive
. Inductive and slightly not linear
I1. Electronic

For each category of loads, a description is given in the following subsections, and the
results of the survey are summarized in corresponding tables (Tab.1 through Tab.3).
In each table, the loads that fall under the category are listed, together with the power
consumption. The latter is not an exact value, rather a rough evaluation based on ob-
servations and on values found in the literature [7, 9]. Power factor and harmonic
content are also indicated, but only qualitatively (low/high), without specifying val-
ues. Both power consumption and power factor have later been measured for those
loads that have been used in the case study analyzed. Results of the measurements are
reported in Chapter 3.

Moreover, it is specified if the load is common in private houses and/or in offices. In
this respect, the difference between northern Europe (e.g., Sweden) and Mediterra-
nean countries (e.g., Italy) has been taken into account. In fact, it is common to find
very high power appliances in Sweden, where the price of the electric energy is very
low (among the lowest in the world, probably because the 50% of energy is produced
by nuclear plants) and electrical energy is thus used for heating and cooking. In Italy
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instead, the price of electrical energy is very high (among the highest in Europe), so
alternative forms are used for heating and sanitary uses, e.g. natural gas, and the most
common contract with the energy supplier limits the power consumption to 3 kW.
This limit is normally trespassed in households in Sweden by only the cooker or the
dryer. For these reasons, differences have been highlighted as appropriate in the fol-
lowing analysis of the loads and different results are expected from the study in the
two cases.

.  RESISTIVE LOADS

These appliances, listed in Tab.1, are mainly composed by a resistance and their
function is warming up water or air for uses like heating, cooking and similar.
They generally draw high power, have unitary power factor and are harmonic
free. They are usually connected to the system by a simple plug, without any
internal voltage regulation. Being “constant impedance” loads, their resulting
performance depends on the voltage level. The rms value of the current is what
really produces the heat. In low-voltage ac systems the rms voltage is 230 V in
Sweden (220 V in Italy), and according to the formula

V=7ZxI (2.1

where V' isthe rms value, Z the impedance and / the rms current, alower voltage
rms will give a lower current, thus a lower performance (a typical example is
the luminosity of an incandescent lamp). A higher voltage instead will result in
an excessive current, with the risk of breaking the appliance or anyway reducing
itslife, like for an incandescent lamp.

All loads in this category will in principle work exactly in the same way if sup-
plied by dc, provided that the dc voltage is equal to the rms value of the rated ac
voltage. They are very common in houses, not so much in offices, although in
Sweden a small kitchen is usualy present, including cooker, coffee machine,
water heater etc.

About the different diffusion in the two countries considered, it is useful to re-
mark that the common practicein Italy isto use gas for heating functions, which
results in the absence of most of the high-power resistive loads used in the
kitchen, from cookers to kettles.
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TAB.1 - RESISTIVE LOADS MAIN FEATURES AND DIFFUSION

RESISTIVE LOADS
Italy Sweden power | harmonic
load power [W] home office home office factor content
electric heating not
(each radiator) 2000 common no no no
electric stove 1000 yes no no no
water heater 1500 yes no no no
cooker 4500 not no yes yes
common
electric oven 2500 yes no yes yes
coffee machine 1300 yes no yes yes I nhqrently Low_or
unitary nothing
kettle 2200 no no yes yes
toaster 500 yes no yes no
iron 1200 yes no yes no
steamiron 2000 yes no yes no
. not not
incandescent lamp |~ 50+150 yes common yes common

INDUCTIVE AND SLIGHTLY NON LINEAR

Loads of this type are listed in Tab.2. All the motors not controlled by a con-
verter and some fluorescent lamps belong to this category. The motors could be
induction motors or universal ones. Refrigerators, washing machines, dryers and
pumps are induction motors and require an ac connection. To supply them with
adc voltage, an inverter is needed. Universal motors instead - vacuum cleaners,
food processors, hair dryers, electric fan and most high-speed motors — can be
supplied by either ac or dc voltage, without any modifications [8, p. 26].
Inherently they do not necessarily require very high power, but in some cases
they are connected to a big resistance like for the washing machine or the dryer,
so that the load draws high power anyway.

Another common load falling within this category is the fluorescent lamp
equipped with choke ballast, i.e. with a big reactor that is used for switching the
lamp on. Thislamp will not function if supplied directly with dc: in this case, an
inverter is required or otherwise a different lamp should be used (for instance
the fluorescent lamp with electronic ballast belonging to the third category of
loads).

For the presence of the inductance the power factor is quite low while the har-
monic distortion is not so high [8, p.1143].

Excluding the clothes dryer that is not common in Italy, the appliances of this
category are present in both countries with the same diffusion.
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TAB.2- INDUCTIVE LOADS: MAIN FEATURES AND DIFFUSION

INDUCTIVE AND SLIGHTLY NON LINEAR

Italy Sweden power  harmonic
load power [W] 3
home office home office factor content
Inductive motors
washing machine 2200 yes no yes no
clothes dryer 4000+-6000 no no yes no
dish washer 2000 yes no yes yes
air conditioner 750 yes no yes no
refrigerator/freezer | 100+-150 yes no yes yes
floor polisher 500 yes no yes no
Universal motors

hair blower 1200 yes no yes no Low Low
food processor 50+200 yes no yes no
hand dryer 1000 no yes no yes
exhaust fan 150 yes no yes yes
vacuum cleaner 1000 yes yes yes yes
electric fan 50 yes yes yes yes

Others
fluo lamps with 15:36 yes yes yes yes
choke ballast ’

1. ELECTRONIC EQUIPPED APPLIANCES
These are the loads that “naturally” require dc and usually do not draw a high
power. Therefore they are best suited for a dc supply. As pointed out earlier in
the Introduction, it is because of the increasing presence of this kind of loads
that dc low-voltage distribution has been proposed. These loads are listed in

Tab.3.
TAB.3 - ELECTRONIC APPLIANCES: MAIN FEATURES AND DIFFUSION
ELECTRONICS EQUIPPED APPLIANCES
Italy Sweden power | harmonic
|
oad power [W] home office home office factor content
PC with monitor 180 yes yes yes yes
printer 900 yes yes yes yes
fax machine 450 no yes no yes
copy machine 1800 no yes no yes
. not not
security system 40 common yes common yes
: not not .
fire alarm system 40 common yes common yes Low High
microwave oven 1200 yes no yes yes
TV 50+100 yes no yes no
Hi-Fi 60 yes no yes no
radio 25 yes no yes no
fluo lamp with elec- 36 no s no s
tronic ballast y y

10
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For appliances like PC, printer, fax, alarm systems and all the “data-handling”
machines, dc is necessary for the functional electronic circuits. Controlled mo-
tors also fall in this category, since a dc stage is required to de-couple the pres-
ent network frequency from the one that really supplies the motor (a controlled
inverter gives the wanted speed of the motor).

Fluorescent lamps with electronic ballast are controlled to behave as “constant
power” loads. It means that they produce a constant lighting, not subordinate to
the voltage variability, that in a constant impedance load results in a variable
current and power (see also Section 1).

Because the current network is ac, it is necessary to create a power supply input
stage consisting of a rectifier. The most used ac/dc converter in these cases is
the diode rectifier, because of its low price with respect to other ones. It gives as
output the peak value of the single-phase voltage (326 V for Sweden, 311V in
Italy) —if asuitable capacitor is used to smooth the output voltage ripple. Due to
the presence of the diode rectifier al these appliances draw a current with high
harmonic content from the network. The current spectrum includes the odd
harmonics (see al so measurements reported in Chapter 3).

2.3 The Case Study

On the basis of the previous analysis, it was chosen to analyze the supply to an office
as case study. This because the office has a concentration of low-power electronic
loads, i. e. loads falling within the third group analyzed above.

Thisisthus a case in which the advantages of using a dc network should be more evi-
dent (reduction of conversion and stand-by losses, smpler system with a smaller
number of components). Moreover, since most |oads absorb low power, it could even
be possible to use very low voltage levels. The supply to an office will be briefly pre-
sented in the following section. A more detailed description of the case study chosen
will be given in Chapter 4.

2.3.1 Theexisting ac system configuration

Usually residential distribution systems are structured as in the one-line diagram of
Fig.1. From a substation where voltage is transformed from medium to low voltage
level (in Sweden from 11 to 0.4 kV), a three-phase cable connects the transformer to
the switchgear and several feeders depart from the switchgear to reach different
rooms. From every feeder several loads are derived, each with a different power and
power factor, three-phase or single-phase type.

The length of the feeders depends on the location of the loads. Their cross-section is
chosen so that the total current drawn by the supplied loads does not exceed the
maximum alowable current for the cable. Moreover, it has to be verified that the
voltage drop on the feeder does not trespass recommended limits (usually 5%).

The cables have the typical cross-sections used in residential applications (1.5 mm?
and 2.5 mm?). Usually in ac system with 230 V line-to-ground voltage these sizes al-
low remaining widely under voltage drop limits.
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SUBSTATION

11/0.4 kV

__________

Pi

Pn

dc load

Fig.1 - Ac distribution system.

Three-phase appliances (if present) and ac single-phase loads (like motors, resistive
loads, incandescent lamps) can be connected directly to the feeders. Electronic loads
instead need a transformer to reduce the voltage further on, followed by arectifier to
change the voltage type from ac to dc, and then usually a dc/dc converter is present to
adjust the dc voltage to the level required by the electronics inside. In the most mod-
ern appliances, the transformer is not necessary and the rectifier is directly coupled to
230V ac(asshownin Fig.1).

2.3.2 Proposals for dc configurations

In this section some suggestions for the configuration of the proposed dc system are
given. The system has again a transformer in the substation, a switchgear, some feed-
ers and some loads derived. The difference is that in this case a common rectifier for
the whole system is required. But since some high-power loads are till fed by ac to
take advantage of three-phase supply or because necessary for some appliances, two
different options have been considered.

a) Therectifier could be put in the substation right after the transformer. This means
that the cable connecting the substation to the switchgear is a dc cable and all the
dc loads can be derived directly from the switchgear.

For the ac loads there are three options:

e continuing to feed them from the substation in a separate way (not using the
same main cable but another dedicated);

e install an inverter at the switchgear and supplying all the three-phase feeders
viathe inverter;

e useasmaller inverter for each load requiring ac supply.
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2. Choice of The Case Study

It could be objected that the last solution proposed for the ac loads is the dual of the
one currently in use (amain supply in ac and then arectifier at each load that supplies
dc for the inside electronics). But one has to keep on mind that the basic assumption
made here is that the number of loads requiring ac is considerably lower than those
using dc. The third solution (reported in Fig.2) is thus considered the best among the
proposed ones, while the first two would make the system rather complex, as both ac
and dc cables would be present at the same time.

SUBSTATION

11/0.4kV

BUILDING
15 1
1 1
1 1
1 1
1 1
1 1
1 1
1 ==-r--° i Fe==-=F--- --—1--- 1

1 H 1 1
i Pli D |de i i dc i | dc , i
! o B v ! V|
! : i : ! : V!
, 1 . ! 1 ! 1 ,

1 1 1
P Sl (F2 Pl ey, 1
: ! ' i l-acload ! | !
i i
1 1
1 1

Fig.2 - Dc distribution system. Case @): rectifier in the substation.

b) In Fig.3 the different solution of putting the rectifier not in the substation but at
the switchgear (in the building) is presented. This alows using three-phase ac for
the connecting cable, thus reducing the current in the cable and then the voltage
drop (and power losses) on it. Moreover the ac loads could be easily connected di-
rectly to the ac supply, without inverters.

Two switchgears and two sets of busbars would thus be needed: one for the ac
loads and one for the dc loads.
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SUBSTATION
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| |
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: 11/04kV 1
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1 1
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|____________________________________________________________I
: 1
[ |
1
[ |
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| = |
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RN o R
o | e B
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Fig.3 - Dc distribution system. Case b): rectifier in the building.

Both solutions (@) and (b) seem to be feasible, although it will be shown later by the
results of the voltage drop analysis that, depending on the dc voltage level chosen,
only solution (b) isfeasible in some cases.

These solutions accommodate high-power three-phase loads by making the system
somewhat complex. Another idea, applicable to all the schemes proposed above, that
would simplify the electrical system, could be to improve the use of gas, considering
that usually high power loads are resistive and their function is heating (even if in dif-
ferent ways). The cooker can be driven by gas, as it is done in many countries, e.g.
Italy, and gas can also be used for warming water for heating and for washing ma-
chines, which could take directly hot water instead of warming it up, thus reducing
their consumption (the motor inside is not so powerful, usually not more than 400 W).
Technology already exists, but the wide application depends on the availability of the
energy carrier. For example, gas is not much used in south of Sweden, but there are
plans for improving its distribution.

2.3.3 Dcvoltagelevels

One important point is which voltage level to use in the proposed DC system. For this
reason, several different levelswill be studied:

14



2. Choice of The Case Study

326 V dc:

230 V dc:

120 V dc:

48 V dc:

this voltage has been chosen because many electronic appliances are
fed by an ac-dc single-phase converter (diode rectifier) that supplies
them with the voltage peak value. So if the appliances are supplied di-
rectly with the peak value (326 is equal to the peak value of the 230
ac voltage), it is possible to remove just the converter keeping the rest
of the appliance unmodified.

adopting this voltage should allow the use of resistance equipment
(heating, incandescent lights) with no changes, because it has the
same rms value as the 230 ac (the currently used line-to-ground volt-

age).

when using this voltage, no protection against indirect contacts is re-
quired. This means that the system could be ssmpler due to the ab-
sence of grounding.

this voltage level does not require any protection at al (not even
against direct contacts) since a voltage lower than 50 V is considered
inherently safe. Moreover, another reason to use 48 V isthat it is the
commonly used voltage for telecommunications equipment, therefore
system components working with this voltage already exist on the
market.

2.4 Conclusions

This first research conducted to understand the behavior of the most common resi-
dential loads has resulted in choosing the office as the most suitable candidate for the
project.
The reason for this is the massive presence of electronic loads and the lack of high
power consumption appliances. This means that it is not expensive to continue feed-
ing some big loads by ac, if necessary, because just a few dc/ac converters are suffi-
cient.
Another point is the reliability and the power quality required by an office and gener-
aly not by a house. It will be shown that it is simpler and less expensive to ensure
high reliability when using a dc system than ac.
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3 Monitoring of Loads

3.1 Introduction

Once chosen the office as a study case for the reasons exposed above, a part of an ex-
isting system was taken as example, to collect data about system dimensions (wire
length and cross section) and |oads.

One of the two switchgears feeding the Electric Power Engineering Department of
Chamers University of Technology was chosen for the analysis. The appliances con-
nected to the switchgear were listed and the most common in offices measured with a
Power Quality Monitor (Dranetz PP1). This kind of analysis was deemed necessary to
get an understanding of the behavior of the loads and to get exact data for further
analysis. Loads typical of a kitchen, even if present and considered in the rest of the
project, were not included in this phase.

The appliances have been divided by groups, according to some common characteris-
tics. The groups are:

1) personal computer
2) diode rectified loads in combination with an heating function
3) lightning loads

The first one is the computer, the most common load in every office.

To the second group belong machines like fax, copy machine and printer. Their par-
ticular feature is that, although they handle data and thus have a similar behavior to
the computer, they also have a heating function to melt the toner before printing and
so from time to time draw high power and have linear behavior.

Another category is the lightning. In an office, generally, and this case confirmed it,
most of the light are fluorescent ones. But there are severa types of them (in this case
study three kinds have been found and analyzed) and the only thing they have in
common is the function. Their internal structure and way of operation will be shown
to be different.

3.2 Personal computer

Measurements have been performed on a personal computer including the monitor
and voltage and current waveforms have been recorded in the two cases in which the
monitor is off (Fig.1) and on (Fig.2). The resulting waveform of the current is typical
of the single-phase rectifier in both cases, only the peak vaue of the current changes
because of the power required by the monitor. During the transient in which the
monitor is switched on, the waveforms of Fig.3 have been recorded.
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Event waveforms
Wolts
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13:43:20.000 13:43:20,005 13:48:20.010 13:43:20.015 13:43:20,020
CHA Yol CHA Amps
Snapshot event at 06:/23/01 13:49:20.000
Load : Personal Computer
Fig.1 — Recorded voltage and current waveforms for PC with monitor off.
Event waveforms
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Snapshot event at 06/286/01 13:47:00.000
Load : Personal Computer

Fig.2 — Recorded voltage and current waveforms for PC with monitor on.
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Event waveforms

Wolts Amps
400 4

200 3

N |
/T |
)

N

-200

-300 -3

-400 -4
13:65:38.000 13:55:35 005 135538000 13:65:38.015 13:55:35.020
CHA Yol CHA Amps

Snapshot event at 06:/23/01 13:55:38.000
Load : Personal Computer

Fig.3 — Recorded voltage and current waveforms for PC during the monitor switching-on transient.

The measured RMS value of the current, shown in Fig.4, clearly does not follow the

variations of the voltage RMS value, shown in Fig.5. In particular, the monitor is

switched on at about 12:40 and off again at 13:45, and the current drawn while work-

ing on the computer with the monitor on is rather constant at alevel of about 1.15 A.
Timeplot chart
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Load : Personal Computer

Fig.4 - RM S value of current for PC measured in three hours.
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Timeplet chart
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Load : Personal Computer

Fig.5 - RM S value of voltage for PC measured in three hours.

When the monitor is off (before 12:40) and the computer is standing by, the current
also looks rather constant at a lower level of about 0.65 A, except for a variation of
about 0.1 A in a5-minute period starting at about 11:25. Thisis probably due to some
function performed automatically by the PC (like automatic saving of files, for exam-
ple). Thisis also confirmed by the fact that a similar variation is present at the same
time and for the same duration in the measured power consumption, shown in Fig.6.
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Load : Personal Computer

Fig.6 — Power consumption of the PC measured during three hours.
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The power drawn by the PC is pretty constant both when the monitor is off (about
90 W) and when it is on (about 165 W). It is difficult to conclude if the load behaves
as a “constant-current” or “constant-power” load, especially because the voltage
variations are not very large (just about 2 V).

But carefully looking at the plot at the current RMS value in Fig.4 one can see very
small variations both with monitor off (current goes up between 12:20 and 12:30) and
with monitor on (current goes down between 13:15 and 13:35). These variations do
not correspond to power fluctuations, but to inverse variations in RMS voltage value
(voltage goes down between 12:20 and 12:30 and up between 13:15 and 13:35).
Therefore it can be concluded that the personal computer is definitely a constant-
power load. The three-dimensional plot reported in Fig.7 that allows comparing the
measured power, voltage and current clearly shows the same trends for current and
power. The vertical black line in many of the RMS value plots indicates the instant in
which the corresponding waveforms have been recorded.

Timeplot chart 3D

" 2330

[- 2325

[ 05000

iy >k
F 2310

[ 2306

06/28/01 11:00:00.00 - 06/28/01 14:00:00.00
Load : Personal Computer

Fig.7 - Three-dimensional plot of RMS voltage, RM S current and power for PC measured in a three-
hour period.

The average values of voltage, current and power, in the two cases of monitor off and
on, together with the excursion between them, are summarized in Tab. 1.

TAB. 1 — AVERAGE ELECTRICAL PARAMETERS WITH MONITOR ON AND OFF FOR A PC

Voltage [V] Current [A] Power [W]
Off | On | AV | Off | On Al off | On AP
Personal | 5597 | 5335 | 38 | 065 | 115 | 05 91 165 74
Computer
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Finally, the harmonic content of voltage and current for the personal computer has
been measured and reported in Fig.8 and Fig.9, respectively, for the case in which the
monitor was off and the PC in stand by. The THD (Total Harmonic Distortion) of the
current up to the 50™ harmonic is very high (about 134% of the fundamental). In ac-
cordance with the theory, the current harmonics present are mostly of odd order and
their amplitude decreases with increasing harmonic order [10]. The behavior is any-
way not exactly ideal: there is also a small contribution of even harmonics and odd
harmonics appear to increase again between the 15" and 21%. This is because of the
background voltage distortion, which is anyway rather small, as shown in Fig.8: the
voltage THD isonly 2.1% of the fundamental.

Yoltage harmonics and THD

v af FMD
il

zn

s

I_I I w Bl
Thd Hog Hio HiG Hzo HzG Hin Hz5
CHA Yaols

Total RMS: 232.05 Volts
DC Level : 2.M Volts
Fundamental{H1) RMS: 231.99 Volts

Total Harmonic Distortion (HO2-H50): 211 % of FHD
Even contribution (H02-H50): 0.34 % of FHD
0Odd contribution (HO3-H49): 2.09 % of FHD

Snapshot event at 06:28/01 13:45:30.000
Load : Pergonal Computer

Fig.8 - Voltage harmonic content and total harmonic distortion for the PC.
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Current harmonics and THD
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Total RMS: 0.65 Amps
DC Level : 0.00 Amps
Fundamental(H1) RMS: 0.39 Amps

Total Harmonic Distortion (H02-H50): 133.82 % of FHD
Even contribution (HO2-H50): 5.58 " of FHD
Odd contribution (H03-H49): 133.71 % of FHD

Snapshot event at 06:28/01 13:45:30.000
Load : Pergonal Computer

Fig.9 — Current harmonic content and total harmonic distortion for the PC.

Note that these results are valid for all loads including a single-phase diode rectifier as
an input stage. In an office where many loads including electronics are present, har-
monics may become a concern.

3.3 Fax, printer, copy machine

In this paragraph, the measurements concerning electronic/heating loads are shown.
These loads have basically two modes of operation, as it will be explained by consid-
ering first the copy machine.

The machine draws normally a very low current, which shows the characteristic
waveform of the single-phase diode rectifier (Fig.10). Thisistypica of the first mode
of operation, which is the stand-by position.
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Event waveforms
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Snapshot event at 09/06/01 11:43:33.000
Load : Copy maching

Fig.10 — Recorded voltage and current waveforms for the copy machine in stand by position.

In the second mode of operation, when printing, the machine warms up to melt the
toner. The current drawn is sinusoidal and approximately in phase with the voltage, as
shown in the plot of Fig.11; moreover, it is much higher, with a peak of approxi-
mately 25 A (note that the scale for the current is different as compared with Fig.10).
The machine behaves in this phase like a resistance. The transition between the two
phases, from stand by to printing, is captured in the plot of Fig.12.

Event waveforms
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Pre/Post-trigger at 090601 12:05:12.559
Load : Copy maching

Fig.11 — Recorded voltage and current waveforms for the copy machine during warming up.
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Event waveforms
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Load : Copy machine

Fig.12 — Recorded voltage and current waveforms for the copy machine when changing operation from
stand by to warming up.

The peaks in current due to warming up are evident when measuring the RMS value
of the current during one hour (Fig.13). These peaks correspond to peaks in active
power drawn by the machine, shown in Fig.14 over the same period. Note that the
peaks do not have al the same value, indicating that the machine warms up regularly
anyway, even when it is actually not printing. The highest peaks correspond most
likely to phases in which the machine was actually copying.
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Fig.13 - Current RMS value for copy machine measured during one hour.
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Timeplot chart
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Fig.14 - Power for copy machine measured during one hour.

When a high current is drawn, a corresponding dip in voltage will occur, as can be
noticed in Fig.15. These variations in voltage can get as high as 15 V, which may cre-
ate problems to other sensitive loads connected to the same feeder. The three-
dimensiona plot reported in Fig.16 that allows comparing the measured power, volt-
age and current, clearly shows the same trends for current and power. This confirms
that thisload may be regarded as constant power load in further analysis.

Timeplot chart

Vols

MHM“E'MFI e et

2irh J

2EA0 ‘

2a2h T ‘

200

2176

2150
10:54 04 1114 124 1134 144 1154 12:08 1219

CHA vVrms=
090601 11:00:00.00 - 0906504 12:20:00.00
Load : Copy machine

Fig.15 - Voltage RMS value for copy machine measured during one hour.
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Timeplot chart 3D
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Fig.16 - Three-dimensional plot of RM S voltage, RMS current and power for copy machine measured
in atwo-hour period.

Similar comments may be given for the fax machine, for which the waveforms of
voltage and current are shown in Fig.17 during stand by. The current drawn shows
again the typical waveform of the single-phase rectifier, but it is much smaller as
compared with the previous case.
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Fig.17 — Recorded voltage and current waveforms for fax machine in stand by position.
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This can also be noticed from the plot of the measured RM S value of current in Fig.18
and power in Fig.19: the fax has a much lower power consumption with respect to the
copy machine and it does not warm up regularly, but only when actually printing.
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Fig.18 - Current RM'S value for fax machine measured in a two-hour period.
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Fig.19 - Power value for fax machine measured in a two-hour period.

The average power consumption is thus expected to be much lower. The minimum
power drawn during stand by is about 4.5W.
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The peaks in the current in this case do not appear to influence the variations in the
measured RM S value of the voltage, shown in Fig.20.
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Fig.20 - Voltage RM S value for fax machine measured in a two-hour period.

The three-dimensional plot reported in Fig.21 again shows the same trend for current
and power.
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Fig.21 - Three-dimensional plot of RM S voltage, RM S current and power for fax machine measured
during atwo-hour period.
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The third load for which a similar behavior has been noticed is the laser printer. Re-
corded waveforms of voltage and current for thisload are reported in Fig.22.

Event waveforms
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Fig.22 — Recorded voltage and current waveforms for printer in stand by position.

Also in this case there are stand-by periods in which the current and power drawn are
very low (Fig.23 and Fig.24, respectively), and peaks of both current and power, cor-
responding to the phases in which the machine is printing. Note that the peak power
drawn is more or less constant at about 600 W, while not all of the current peaks have
the same value (most of them reach 2.5 A, but there are some which are as high as
11 A).
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Fig.23 — Current RM S value for printer measured in a three-hour period.
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Fig.24 - Power value for printer measured in a three-hour period.

These higher peaks in the current are associated with dips in the voltage, shown in
Fig.25.
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Fig.25 - Voltage RM S value for printer measured in a three-hour period.

The three-dimensional plot reported in Fig.26 shows that there is no evident connec-
tion between the variations in voltage and in current. The load behaves as constant-
power, which in turn results in “almost constant” current. The negative value in the
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RMS value of the voltage is a spurious value, to be considered as a mistake of the in-
strument. The vertical black line in many of the RMS value plots indicates the instant
in which the corresponding waveforms have been recorded.

10.0 7

75

5.0

251

0.o-

CHA WMz

090401

Timeplot chart

CHA Ims

0§:20:00.00 - 09/04/01 10:40:00.00
Load : Printer

Fig.26 - Three-dimensional plot of RM S voltage, RM S current and power for printer measured in a
three-hour period.

In Tab.2 maximum and minimum values of voltage, current and power, together with
the excursion between them, are summarized for all three loads analyzed here.

TAB.2 - VOLTAGE, CURRENT AND POWER LIMIT VALUES FOR ELECTRONICS/HEATING LOADS

Voltage | V] Current [A] Power [W]
Vmin Vmax AV Imin Imax AI l)min Pmax AP
Fax 229.21 | 2315 2.29 0.05 1.78 1.73 4.5 410 405.5
Printer 230 228 2 0.15 11.17 11.02 20 710 690
Copy | 51582 | 20064 | 1382 | 038 | 2159 | 2121 | 60 1740 | 1680
Machine
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3. Monitoring of Loads

3.4 Fluorescent lamps

Fluorescent lamps are generally used in offices, instead of incandescent ones, due to
their higher efficiency. In the case study considered, three different types of fluores-
cent lights have been found and analyzed. They are:

= desk lamp;
* |ow consumption lamp;
= celling lamp.

The desk lamp is atypical linear appliance with a sinusoidal current lagging the volt-
age as the waveformsin Fig.27 show.

Event waveforms
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Snapshot event at 06,2901 09:22:46.000
Load : Desk fluo lamp

Fig.27 — Recorded voltage and current waveforms for the desk lamp.

The measured RMS value of the current, shown in Fig.28, follows exactly the same
variations as the measured RM S value of the voltage, shown in Fig.29, thus implying
a “constant-impedance” behavior for the load. Measured power consumption in
Fig.30 also shows the same variations as for the voltage plot, since for a constant im-
pedance the power varies with the square of the voltage.

Because of this characterigtic, this lamp is potentially not a very good one: the power
drawn varies with the voltage, thus giving a continuously variable lighting.
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Timeplot chart
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Fig.28 — RM S value of current for desk lamp measured in a three-hour period.
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Fig.29 - RM S voltage value for desk lamp measured in a three-hour period.
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Timeplot chart

k'
004300

004275

004260 — L

004226

004200 F—"

004178 T

0.04150

0.04125

0.04100
0E:13 0623 0653 0713 [iFpc:] 0753 0213 03249 059 0213 09:33

CHA W

06,29/01 06:20:00.00 - 06/29/01 09:40:00.00
Load : Desk fluo lamp

Fig.30 - Power consumption of the desk lamp measured during three hours.

Note the sudden increase in voltage at around 7:00 AM in Fig.29, which is most likely
caused by the insertion of capacitors somewhere in the system prior to the transition
from the light-load to the full-load period. This is done in order to prevent an exces-
sive decrease in voltage later in the morning, when all loads in the system are
switched on.

The three-dimensional plot of voltage, current and power reported in Fig.31 allows a
better comparison of the three plots and shows an evident connection between the
variationsin al three quantities, as pointed out earlier.

Note that the negative peak voltage in Fig.29 and Fig.31 is a spurious value, to be
considered as a mistake of the instrument. The vertical black line in many of the RMS
value plots indicates the instant in which the corresponding waveforms have been re-
corded.
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3. Monitoring of Loads

Measurements for the ceiling lamp have shown a very different behavior: the wave-
form of the current (reported in Fig.32 together with the voltage) is somewhat dis-
turbed, but still looks pretty sinusoidal. This is clear sign of the presence of a high-
frequency switched rectifier, which provides a good-quality current if compared with
the usual diode rectifier (for example with the current waveform shown in Fig.22).

Amy
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02875 7
0.3650 7
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0.3526 =

CHAWmME
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CHAIms

06,29/01 08:20:00.00 - 06:29:01 09:40:00.00

ad : Desk fluo lamp

Fig.31 - Three-dimensional plot of RMS voltage,
RMS current and power for desk lamp measured in a three-hour period.

Note that in Fig.32 the current appears to somewhat |ead the voltage.

Event waveforms
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Fig.32 — Recorded voltage and current waveforms for ceiling lamp.
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3. Monitoring of Loads

The measured RMS value of the current, shown in Fig.33, appears to vary as the in-
verse of the RMS value of the voltage, shown in Fig.34. This implies a “constant-
power” behavior for the load, which is confirmed by the measured power consump-
tion shown in Fig.35.
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Fig.33 — RMS value of current for ceiling lamp measured in athree-hour period.
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Fig.34 - RM S value of the voltage for ceiling lamp measured in a three-hour period.
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Timeplot chart
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Fig.35 - Power consumption of the ceiling lamp measured during three hours.

This more sophisticated (and expensive) lamp is in fact electronically controlled to
mitigate the excursions in voltage by regulating the power consumed, in order to ob-

tain a constant lighting.

For clarity, the three plots are reported once more in the three-dimensional plot of

Fig.36.
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Fig.36 - Three-dimensional plot of RM S voltage, RM S current and power for ceiling lamp measured in

athree-hour period.
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3. Monitoring of Loads

The third lamp analyzed here is the low-consumption one, for which the waveform of
voltage and current are reported in Fig.37. The current is highly disturbed, again most
likely because of the presence of a power-electronics converter, and the behavior is
somewhat capacitive, with the current slightly leading the voltage.

Event waveforms
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Load : Low consumption fluo lamp

Fig.37 — Recorded voltage and current waveforms for low consumption lamp.

The measured RMS value of the current, shown in Fig.38, appears to be constant re-
gardless of the variations of the voltage RMS value, shown in Fig.39. Unlike either of
the previous cases, here the measured power consumption, shown in Fig.40, follows
the voltage variations.
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Fig.38 - RM S value of current for low consumption lamp measured in three hours.
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Timeplot chart
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Fig.39 - RM S va ue of voltage for low-consumption lamp measured during three hours.
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Fig.40 — Power drawn by the low-consumption lamp during three hours.
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3. Monitoring of Loads

This is best seen in Fig.41, where the two measurements are plotted together and in
the three-dimensional plot (including also the current) of Fig. 42. The behavior of the
load can thus be characterized as “ constant-current”.
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Fig.41 - RMSvalue of voltage and power for low-consumption lamp measured during three hours.
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3. Monitoring of Loads

In Tab. 3 maximum and minimum values of voltage, current and power, together with
the excursion between them, are summarized for all three loads analyzed here.

TAB. 3- VOLTAGE, CURRENT AND POWER LIMIT VALUES FOR FLUORESCENT LAMPS

Voltage | V] Current [A] Power [W]
Vmin Vmax AV lmin Imax AI l)min Pmax AP
Desk lamp| 228.6 | 233.6 5 0.35 0.37 0.02 41 42.8 1.8
Clzil';‘l;g 2269 | 2325 | 56 | 045 | 046 | 001 | 1039 | 1047 | 08
L‘;Vlvmcl‘)’“' 2273 | 2322 | 49 014 | 015 | 001 196 | 208 1.2
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4. Voltage Drop Calculations for Dc System

4 Voltage Drop Calculationsfor Dc System

4.1 Introduction

In this Chapter, a comparison is made between ac and dc distribution for low voltage
as far as voltage drops and power losses are concerned. Comparison is made on the
basis of a case study. The system anayzed is a part of the distribution system of the
Department of Electric Power Engineering at Chalmers University of Technology
(Gothenburg-Sweden). Voltage drops and power losses are calculated for this system
with both ac and dc supply and results are compared. For the ac supply the existing
voltage level of 400 V line-to-line is considered (voltage currently used in Sweden).
The dc voltages chosen for the case study are, as explained in 2.3.3, 326 V, 230 V,
120V and 48 V.

4.2 System description

4.2.1 Genera scheme

The one-line diagram of the system is shown in Fig.1. The system considered here
includes 15 offices with a total of 26 people, with typical office loads, such as com-
puters and lighting. A copy room is considered, with printer, fax, and copy machine.
Moreover, a lunchroom is present, which includes refrigerators, cooker, dishwasher,
coffee machine, microwave ovens, awater boiler and an exhaust fan.

Power consumption and power factor for the loads in the case study considered are
indicated in Tab.1. The power consumption is known from the load nameplates. The
power factor of the first five loads has been deducted from the results of the long-term
measurements of voltages and currents reported in Chapter 3. Where measurements
were not available, an estimation has been made based on the principle of operation.

A description of the different feeders, with type of load connected, load power, cable
length and cross-section is given in Tab.2. For each person working in an office, ato-
tal power consumption of 210 W has been considered, which includes computer with
monitor (180 W) and asmall table lamp (30 W). Thisisindicated in Tab.2, in the col-
umn “load type’, as “office”’. The total power supplied by the studied system is ca. 29
kKW.

Note that the high-power three-phase loads, like the cooker and the coffee machine,
have aso been considered in the following calculations. Of course it is assumed that
they be replaced by similar loads suitable for being supplied by dc.
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4. Voltage Drop Calculations for Dc System

TAB.1— LOADS POWER CONSUMPTION AND POWER FACTOR

POWER
LOAD TYPE POWER [W] FACTOR
[cos @]
PC (with monitor) 180 1
Fluorescent lights 15+36 depending 0.62+0.98
on the type
Fax 450 0.985
Copy machine 1800 0.985
Printer 900 0.985
Dish washer 2000 0.8
Fridge 100 0.8
Freezer 150 0.8
Exhaust fan 150 0.8
Microwave oven 1300 1
Cooker 4500 1
Water boiler 2000 1
Coffee machine 4700 1

Finaly, the impedance “Z” in Fig.1 represents a cable between the substation trans-
former and the switchgear under consideration. This cable has been considered in both
ac and dc calculations. It will clearly emerge from the results that, in some of the dc
cases considered, the voltage drop on this cable is too high. Therefore, in these cases,
the rectifier will have to be placed at the switchgear and the connection between the
transformer and the switchgear will till have to be done using ac (as suggested in
2.3.2, b).
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Fig.1 - One-line diagram of the system.
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TAB.2— LOAD AND FEEDER DATA FOR THE EXAMPLE SYSTEM

Feeder Load power | Cable Maximum Wire .
number Load type (W] length [m] current cross-segtlon
[A] [mm~]
1 reserve 3x20 2.5
2 microwave oven 1300 15 20 2.5
3 kitchen (cooker) 4500 19 3x20 2.5
4 coffee machine 4700 22 3x20 2.5
5 microwave oven 1300 15 20 2.5
6 water boiler 2000 15 20 25
7 corridor lights 1012 80 14 15
8 office 1050 22 14 15
9 office 1050 40 14 15
10 reserve 14 15
11 office 420 20 14 15
12 office 840 12 14 15
13 office 1050 30 14 15
14 outlet 22 14 15
15 reserve 14 15
19 dish washer 2000 21 20 25
20 printer 900 14 14 15
21 fax machine 450 14 14 15
22 copy machine 1800 14 14 15
23 outlet 14 15
24 outlet 14 15
25 outlet 14 15
26 printer 900 20 14 15
27 fridge 100 20 14 15
28 freezer 150 20 14 15
29 exhaust fan 150 20 14 15
31 office lighting 720 40 14 15
32 office lighting 720 40 14 15
33 office lighting 864 15 14 15
34 office lighting 1008 30 14 15
35 kitchen lighting 904 30 14 15
38 reserve 14 15
39 reserve 14 15
40 reserve 14 15
41 reserve 14 15
41 reserve 14 15
42 reserve 14 15
43 reserve 14 15
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4.2.2 Modeling the system for calculations

There are 43 feeders departing from the switchgear and several loads derived from
each cable, at different distances along it.

It is common practice in voltage drop calculations for residential systems to substitute
the loads along a feeder with a single load equal to the sum of them placed, at the end
of the line. In this way, conservative results are obtained. Alternatively, if al loads
consume approximately the same power, one can use the well-known formula for
loads equally distributed along the feeder:

n(n+1)

AV = 2§><1£>< (4.1)

where p is the specific resistance [Qx mm?m], S the cable cross-section, / the current
drawn by each load, /¢ the distance between two subsequent loads and » the number
of loads.

Equation (4.1) resultsin:

AV =22 % x” (4.2)
S 2

with L = /7 (n+1) the total length of the feeder.

Both approximations are acceptabl e for residential 230 V ac systems, because the cur-
rent flowing is anyway not so high to give either relevant voltage drop or alarge per-
cent error between the approximated model and the exact one.

To give an example in the ac case, consider a 40 m long wire with 5 loads derived,
each with arated power of 210 W for atotal power of 1050 W. The first load is at 20
m from the switchgear and the other ones are placed at 8, 2, 8, 2 m from each other.
Thetotal length of the feeder isthus 40 m. The following results are found:

230 V ac:
e 17% percent voltage drop in the exact calculation
e 23% percent voltage drop in the approximate model

The voltage drop is anyway much below the 5 % limit recommended by the standards.
Note that the calculation has been done considering a power factor equal to one.

Completely different is the situation in dc case: for example, for the same feeder of
the example above, but considering 120 V dc, the consequent results make impossible
any approximation:

120 Vdc:
e 64% percent voltage drop with the exact calculation
e 83% percent voltage drop in the approximate model

When considering a dc voltage of 48 V, in the same example it is obtained:
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48 V dc:
e 402% percent voltage drop with the exact calculation
e 526% percent voltage drop in the approximate model

We can conclude that exact calculations can be quite important in this anaysis. For
this reason, a program has been written in Matlab, which calcul ates voltage drop (and
power losses) along the 35 feeder actually in use in the example case, with the correct
method. In Appendix A this Matlab program called “voltage drop”, which calculates
voltage drop, is reported together with its subroutine “previous’. They are used both
for ac and dc, the difference being in the data matrices. In this study case two 100 x 7
matrices have been used, which are also reported in Appendix A.

4.3 Voltage drop calculations and power losses

4.3.1 Caculationsfor the ac system

To calculate voltage drops in the ac case, loads are divided into single-phase and
three-phase type. Results are shown in 4.3.

e single-phase loads:
Known the power consumption, the rms value of the active current /, drawn by the
single-phase loads is calcul ated as:

P

where P isthe active power of the load and E is the rms value of the phase voltage.
The reactive current /, is calculated as:

I, =1,xigp (4.4)

where ¢ istheload characteristic angle.
The current flowing on the cable impedance produces a voltage drop that can be cal-
culated as

AV =2(RI, + XI,) (4.5)

where the factor 2 takes into account the voltage drop over the return conductor, R is
the resistance of the cable and X its reactance. The resistance of the cable at 80 °C is
calculated according to the equation:

!
R= % (4.6)
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i.e. the skin effect has not been considered.

In EQ. (4.6)

P = poxX{1+ax(T —T,)} [Q2x mm2/m] is the specific resistance at a given tempera-
ture T (i.e. 80°C);

P, = 0,0178 Qx mm?/m is the specific resistance at T, = 20°C;

o =0.00323 C;
S isthe cross section and / the cable length.

The temperature has been chosen in the worst case of overload condition, as recom-
mended by standards [6]. The total reactanceis equal to:

X=x1 A4.7)

where a specific reactance x of 0.1 Q/km has been used.
Power losses are cal culated as:

AP =2RI? (4.8)

where I isthe total current flowing into the cable.

e three-phase loads:

The active and reactive current drawn by the three-phase load are respectively:

=" 49
NE (4.9)

where V' and P are the rated line-to-line rms voltage and power, and
I, =1,xtgp (4.10)

The voltage drop at the load clampsis:

AV =+J3(RI, + XI,) (4.11)
and the power losses are

AP =3RI? (4.12)

where R and X are calculated as for the single-phase |oad.

e substation-switchgear connection
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The parameters of the three-phase cable connecting the switchgear and the trans-
former are:

S=70 mm? cross-section area;

L=20m length;

r=0.443 Q/km specific resistance at 20 °C;
x=0.07 Q/km specific reactance.

Voltage drop and power losses are calculated for this cable by using the same equa-
tions as in the three-phase case.

Active and reactive current on the cable are the sum of corresponding currents of all
feeders. Current for the three-phase loads can be added up directly, while the single
phase loads are assumed to be equally distributed in the three phases, so the current is
equal to onethird of the total current of the single-phase loads.

4.3.2 Calculations for the dc system

In adc system there are no reactive currents and voltage drops, therefore the load cur-
rent coincides with the active current and only resistive voltage drops are calcul ated.

The current is calculated as;

1, =+ 413
de Vdc ( ' )
and the voltage drop is equal to:
AV, =2RI, (4.14)
Finally, the power losses are given by:
AP, =2RI%, (4.15)

where V. is the dc voltage value and R the resistance, again cal culated using the same
equations as above, at 7'= 80 °C (to consider the worst case of overload).

Voltage drops and power losses have been calculated and compared for the different
voltage levels considered. Results are shown in 4.3.

4.3.3 Results

Results of voltage drop and power losses calculations for the ac case are reported in
Tab.3; for the dc case results for 311 V, 220V, 120V, 48V are shown in Tabs.4 to 7,
respectively. They are expressed as percent values.
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TAB.3— VOLTAGE DROP CALCULATIONS FOR AC SUPPLY (400 V)

Feeder Load Load Feeder Voltage Power Voltage Power Feeder
index type* |Power [W] Length drop % | losses % | drop % | losses % | current
[m] (feeder) | (feeder) (total) (total) [A]
2 1 1300 15 0.627 0.627 0.828 0.827 5.652
3 3 4500 19 0.458 0.458 0.659 0.658 6.522
4 3 4700 22 0.554 0.554 0.755 0.754 6.812
5 1 1300 15 0.627 0.627 0.828 0.827 5.652
6 1 2000 15 0.964 0.964 1.165 1.164 8.696
7 1 1012 80 2132 1.487 2.333 1.688 4.492
8 1 1050 22 0.923 0.827 1.125 1.027 4.638
9 1 1050 40 1.757 1.579 1.958 1.779 4.638
11 1 420 20 0.405 0.395 0.607 0.595 1.855
12 1 840 12 0.394 0.340 0.595 0.540 3.710
13 1 1050 30 1.419 1.351 1.620 1.551 4.638
19 1 2000 21 1.362 2.109 1.563 2.309 10.870
20 1 900 14 0.676 0.696 0.877 0.896 3.973
21 1 450 14 0.338 0.348 0.539 0.548 1.987
22 1 1800 14 1.351 1.392 1.553 1.592 7.947
26 1 900 20 0.965 0.994 1.166 1.194 3.973
27 1 100 20 0.108 0.167 0.309 0.368 0.543
28 1 150 20 0.162 0.251 0.363 0.451 0.815
29 1 150 20 0.162 0.251 0.363 0.451 0.815
31 1 720 40 1.155 1.052 1.356 1.252 3.206
32 1 720 40 1.155 1.052 1.356 1.252 3.206
33 1 864 15 0.404 0.307 0.605 0.507 3.848
34 1 1008 30 1.213 1.113 1.414 1.313 4.489
35 1 904 30 1.213 1.146 1414 1.347 3.994
cable 3 29888 2 | | - 0.201 0.200 43.433

* 1 for single-phase load; 3 for three-phase load

Considering ac voltage, the percent value has been referred to the line-to-ground rated
voltage for single-phase loads and to the line-to-line rated voltage for three-phase
loads and for the common cable.

In dc case the rated dc voltage has been considered as reference value for all the loads.
Power losses have been referred to the total load power each feeder, and to the system
total power for the cable. Columns 5 and 6 show the results for each single feeder.
Columns 7 and 8 show the total drops and losses from the substation, i.e. including
the cable connection. Column 9 shows the feeder current. As shown in Tab.2, system
feeders have a maximum current depending on the cross-section (S =1.5 mm’—
Lyx=14 A; S =2.5 mmM* — I,,;x=20 A).

Highlighted cells mark feeders in which either the maximum current or the 5% limit
for the voltage drop have been exceeded. Note that the maximum current can be ex-
ceeded although the calculated voltage drop may remain under 5%. Depending on the
voltage level and the feeder length, the maximum current may be a more restrictive
condition than the voltage drop limitation. It will be explained more in detail in Sec-
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tion 4.4. This is the case for example of feeder 22 in Tab.6, or of the cable between

transformer and switchgear (last row in Tab.6).

The cross section of the cable is S =70 mm? and the maximum sustainable current is
L..»=145 A. Note that the power flowing along the cable is the system total active

power, which is reported in the second column, last row.

TAB.4 - VOLTAGE DROP CALCULATIONS FOR DC SUPPLY - 326 V

Load | Feeder | Voltage | Power | Voltage Power Feeder
Feeder losses
index Power | Length | drop % (losses % | drop % % current
[W] [m] | (feeder) | (feeder) | (total) (total) [A]
2 1300 15 0.312 | 0.312 | 0.907 | 0.907 | 3.988
3 4500 19 1368 | 1.368 | 1.963 | 1.963 | 13.804
4 4700 22 1654 | 1.654 | 2249 | 2.249 | 14.417
5 1300 15 0.312 | 0.312 | 0.907 | 0.907 | 3.988
6 2000 15 0.480 | 0480 | 1.075 | 1075 | 6.135
I 1012 80 1.063 | 0.712 | 1.658 | 1.307 | 3.104
8 1050 22 0459 | 0399 | 1.054 | 0994 | 3.221
9 1050 40 0873 | 0.761 | 1468 | 1356 | 3.221
11 420 20 0.202 | 0.190 | 0.796 | 0.785 | 1.288
12 840 12 0196 | 0164 | 0.791 | 0.759 | 2.577
13 1050 30 0.705 | 0.652 | 1.300 | 1.247 | 3.221
19 2000 21 0.672 | 0.672 | 1.267 | 1.267 | 6.135
20 900 14 0.336 | 0.336 | 0931 | 0931 | 2.761
21 450 14 0.168 | 0.168 | 0.763 | 0.763 | 1.380
22 1800 14 0.672 | 0.672 | 1267 | 1.267 | 5521
26 900 20 0.480 | 0480 | 1.075 | 1075 | 2761
27 100 20 0.053 | 0.053 | 0.648 | 0.648 | 0.307
28 150 20 0.080 | 0.080 | 0.675 | 0.675 | 0.460
29 150 20 0.080 | 0.080 | 0.675 | 0.675 | 0.460
31 720 40 0576 | 0499 | 1171 | 1.094 | 2.209
32 720 40 0.576 | 0499 | 1171 | 1.094 | 2.209
33 864 15 0202 | 0.146 | 0.796 | 0.740 | 2.650
34 1008 30 0.605 | 0528 | 1.200 | 1.123 | 3.092
35 904 30 0.604 | 0553 | 1.199 | 1.148 | 2.773
cable | 29888 20 ---- -—-- 0.595 | 0.595 | 91.681
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TAB.5- VOLTAGE DROP CALCULATIONS FOR DC SUPPLY - 230 V

Load | Feeder | Voltage | Power | Voltage Power Feeder
Feeder losses
index Power | Length | drop % (losses % | drop % % current
[W] [m] | (feeder) | (feeder) | (total) (total) [A]
2 1300 15 0.627 | 0.627 | 1822 | 1822 | 5.652
3 4500 19 2748 | 2.748 | 3.943 | 3.943 | 19.565
4 4700 22 3323 | 3.323 | 4518 | 4518 | 20.435
5 1300 15 0.627 | 0.627 | 1822 | 1.822 | 5.652
6 2000 15 0964 | 0964 | 2159 | 2.159 | 8.696
I 1012 80 2135 | 1431 | 3.330 | 2626 | 4.400
8 1050 22 0922 | 0.801 | 2.117 | 1996 | 4.565
9 1050 40 1755 | 1530 | 2950 | 2.725 | 4.565
11 420 20 0405 | 0.382 | 1.600 | 1578 | 1.826
12 840 12 0394 | 0329 | 1589 | 1524 | 3.652
13 1050 30 1417 | 1.309 | 2.612 | 2504 | 4.565
19 2000 21 1350 | 1.350 | 2545 | 2.545 | 8.696
20 900 14 0.675 | 0.675 | 1.870 | 1.870 | 3.913
21 450 14 0.337 | 0.337 | 1533 | 1533 | 1.957
22 1800 14 1350 | 1.350 | 2545 | 2.545 | 7.826
26 900 20 0964 | 0964 | 2.159 | 2.159 | 3.913
27 100 20 0.107 | 0.107 | 1.302 | 1.302 | 0.435
28 150 20 0.161 | 0.161 | 1.356 | 1.356 | 0.652
29 150 20 0.161 | 0161 | 1.356 | 1.356 | 0.652
31 720 40 1.157 | 1.003 | 2.352 | 2.198 | 3.130
32 720 40 1.157 | 1.003 | 2.352 | 2.198 | 3.130
33 864 15 0405 | 0.292 | 1600 | 1488 | 3.757
34 1008 30 1215 | 1.060 | 2.410 | 2.256 | 4.383
35 904 30 1214 | 1111 | 2409 | 2.306 | 3.930
cable | 29888 20 ---- -—-- 1.195 | 1.195 |129.947
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TAB.6 - VOLTAGE DROP CALCULATIONS FOR DC SUPPLY - 120 V

Load | Feeder | Voltage | Power | Voltage Power Feeder
Feeder losses
index Power | Length | drop % (losses % | drop % % current
[W] [m] | (feeder) | (feeder) | (total) (total) [A]
2 1300 15 2302 | 2302 | 6.693 | 6.693 | 10.833
3 4500 19 10.094 | 10.094 | 14.484 | 14.484 | 37.500
4 4700 22 12,207 | 12.207 | 16.597 | 16.597 | 39.167
5 1300 15 2302 | 2302 | 6.693 | 6.693 | 10.833
6 2000 15 3542 | 3542 | 7932 | 7.932 | 16.667
7 1012 80 7.843 | 5256 | 12.233 | 9.647 | 8.433
8 1050 22 3.388 | 2942 | 7.779 | 7.333 | 8.750
9 1050 40 6.446 | 5.619 | 10.836 | 10.010 | 8.750
11 420 20 1487 | 1.405 | 5.878 | 5795 | 3.500
12 840 12 1446 | 1.209 | 5837 | 5599 | 7.000
13 1050 30 5206 | 4.810 | 9.597 | 9.200 | 8.750
19 2000 21 4958 | 4958 | 9.349 | 9.349 | 16.667
20 900 14 2479 | 2479 | 6.870 | 6.870 | 7.500
21 450 14 1240 | 1.240 | 5.630 | 5.630 | 3.750
22 1800 14 4958 | 4958 | 9.349 | 9.349 | 15.000
26 900 20 3542 | 3542 | 7932 | 7.932 | 7.500
27 100 20 0394 | 0.394 | 4784 | 4784 | 0.833
28 150 20 0.590 | 0.590 | 4.981 | 4981 | 1.250
29 150 20 0.590 | 0.590 | 4.981 | 4981 | 1.250
31 720 40 4250 | 3.683 | 8641 | 8.074 | 6.000
32 720 40 4250 | 3.683 | 8641 | 8.074 | 6.000
33 864 15 1487 | 1.074 | 5.878 | 5465 | 7.200
34 1008 30 4462 | 3.896 | 8853 | 8.286 | 8.400
35 904 30 4460 | 4080 | 8851 | 8471 | 7.533
cable 29888 20 4391 | 4.391 |249.066
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TAB.7 - VOLTAGE DROP CALCULATIONS FOR DC SUPPLY - 48V

Power

Feeder Load | Feeder | Voltage | Power | Voltage losses Feeder
index Power | Length | drop % (losses % | drop % % current
[W] [m] | (feeder) | (feeder) | (total) (total) [A]
2 1300 15 14.388 | 14.388 | 41.829 | 41.829 | 27.083
3 4500 19 63.085 | 63.085 | 90.526 | 90.526 | 93.750
4 4700 22 76.292 | 76.292 | 103.734|103.734 | 97.917
5 1300 15 14.388 | 14.388 | 41.829 | 41.829 | 27.083
6 2000 15 22,135 | 22.135 | 49.577 | 49.577 | 41.667
I 1012 80 49.017 | 32.853 | 76.458 | 60.294 | 21.083
8 1050 22 21.176 | 18.387 | 48.617 | 45.828 | 21.875
9 1050 40 40.286 | 35.121 | 67.727 | 62.563 | 21.875

11 420 20 9.297 | 8.780 | 36.738 | 36.222 | 8.750
12 840 12 9.038 | 7.554 | 36.480 | 34.995 | 17.500
13 1050 30 32.539 | 30.059 | 59.980 | 57.501 | 21.875
19 2000 21 30.989 | 30.989 | 58.431 | 58.431 | 41.667
20 900 14 15495 | 15.495 | 42.936 | 42.936 | 18.750
21 450 14 7.747 | 7.747 | 35.189 | 35.189 | 9.375
22 1800 14 30.989 | 30.989 | 58.431 | 58.431 | 37.500
26 900 20 22,135 | 22.135 | 49.577 | 49.577 | 18.750
27 100 20 2459 | 2459 | 29.901 | 29.901 | 2.083
28 150 20 3.689 | 3.689 | 31.131 | 31.131 | 3.125
29 150 20 3.689 | 3.689 | 31.131 | 31.131 | 3.125
31 720 40 26.562 | 23.020 | 54.004 | 50.462 | 15.000
32 720 40 26.562 | 23.020 | 54.004 | 50.462 | 15.000
33 864 15 9.297 | 6.714 | 36.738 | 34.156 | 18.000
34 1008 30 27.890 | 24.349 | 55.332 | 51.790 | 21.000
35 904 30 27.875 | 25.502 | 55.317 | 52.943 | 18.833
cable | 29888 20 - ---- 27442 | 27.442 | 622.666

4.4 Conclusions

From the results of the calculationsit is possible to conclude that supplying with 48 V
dc is not feasible (at least in this case study) because both voltage drops and power
losses are too high and also the current exceeds the maximum value of the considered
cross sections. Considering that 1.5 and 2.5 mm? cross sections are the commonly
used ones, this excludes the applicability of thisvoltage level to existing systems.

For the other voltage values (120, 230, 326 V dc), the results show that is possible to
substitute ac with dc and still use the same cables. The maximum current is not ex-
ceeded and good results are also observed for the voltage drops, with the exception of
feedersnr. 3,4, 7,9, 13 in 120 V dc case exceeding the 5% voltage drop limit.
Significant advantages are shown in 326 V dc case with respect to the 230 V ac.
Power losses for 230 V dc (shown in Tab.5) are generaly dightly lower than corre-
sponding values for 230 V ac (shown in Tab.3). The difference is due to the reactive
current and gets higher as the power increases and the power factor decreases. For ex-
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ample, a big difference can be noticed for the dishwasher (feeder nr. 19) whose power
losses are equal to 1.35 % for 230 V dc, while to 2.1 % for the existing system (230 V
ac). An exception must be made for the three-phase loads supplied by feeders 3 and 4,
which draw a much lower (three-phase) current in the ac system and therefore power
losses are much lower.

About where to put the converter, if in the substation, thus supplying the existing con-
necting cable by dc, or near the switchgear continuing to use ac, it is useful to remark
that with 120 V the dc cable gives too high voltage drops, thus compromising the fea-
sibility of the whole project. By using three-phase ac supply for this cable connection,
it could be possible to use 120 V dc in the existing system. For higher voltages the
location of the converter results indifferent.

However, to generalize the calculations to other existing systems, the diagrams in
Fig.2 to Fig.5 were prepared, which show the maximum power alowed vs. feeder
length for all the dc levels analyzed. They clearly show which is the most restrictive
condition between cable maximum current and voltage drop limit of 5%. Cross-
sections considered are 1.5 and 2.5 mm?. The maximum current curves are two hori-
zontal straight lines descending from the formula

v (4.16)

where .., 1S the maximum current allowed by the cable for the insulation not to be
damaged (14 A for 1.5 mm?, 20 A for 2.5 mm?) and ¥ the rated voltage (constant in
each plot).

The voltage drop curvesinstead derive from the following equation

2
p =005V (4.17)
2p-L

where as usual p is the specific reactance at 80 °C, S the cable cross-section and L the
length. Asit can be seen, P and L arein inverse proportion.

These plots could give an immediate idea of the possibility of supplying an existing
system by dc voltage, by comparing the existing lengths (room disposition is already
fixed in an old building) and the power of the loads.

If the combination of these two elements results in a point remaining under the limit
curves, it would be possible to use the desired voltage without any changes. Other-
wise, it will be necessary to use a higher voltage level or maybe to redistribute the
loads on different feeders. In the worst case, the system will have to be renovated by
changing the cables with bigger ones.

According to Egs. 4.16 and 4.17, the genera trend for these plotsis that the maximum
power that can be supplied under a certain dc voltage is constant and dictated by the
maximum current alowed by the cable insulation until a certain value of the length.
After this maximum length is exceeded, the voltage drop limit becomes the most re-
strictive condition and the maximum power that can be supplied goes down.
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Note, for example, in Fig.2, that with avoltage of 326 V dc, even aload as high as 6.5
kW may be supplied with a 2.5-mm? cable without exceeding the maximum allowed
current, provided that the length of the cableis lower than about 47 m.

With a 1.5-mm? cable, instead, the maximum power that can be supplied is something
more than 4.5 kW for afeeder length lower than about 40 m.

Even the big three-phase loads present in the case study like the cooker (4500 W) and
the coffee machine (4700 W) can be supplied in dc by choosing this voltage level, as
demonstrate by the resultsin Tab.4. The limit on the length is not very strict either: in
many residential systems (e.g. small apartments) a length of 40 m is exceeded only in
exceptional cases.

For higher feeder lengths, the voltage drop limit becomes the most restrictive condi-
tion and the maximum power that can be supplied becomes lower. However, in the
worst case of feeder length equal to 80 m, a load of about 4 kW can still be supplied
by using 326 V dc with a cross-section of 2.5 mm? (about 2.3 kW with a cross-section
of 1.5 mm?).

326 V dc
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Fig.2 - Maximum power vs. length for cables with cross section
S=1.5 and S=2.5 mm? (rated voltage is 326 V dc).

In Fig.3, the same plot is shown for a dc voltage of 230 V: the maximum power is
now about 4.6 KW (still rather high) for a maximum length of the 2.5-mm? cable of
about 34 m (respectively 3.2 kW for a 1.5-mm? cable shorter than 28 m). Minimum
power, corresponding to a length of the cable of 80 m, is equal to 2 kW for a cross-
section of 2.5 mm? (1.2 kW for across-section of 1.5 mm?).
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230 V dc

P kW]

Fig.3 - Maximum power vs. length for cables with cross section
S=1.5 and S=2.5 mm? (rated voltage is 230 V dc).

When considering a voltage level of 120 V dc, the length under which maximum
power may be supplied gets rather low, as shown in Fig.4: 2.4 kW may be supplied
for a cable with a cross-section of 2.5 mm? only with cables shorter than about 17 m,
then the power goes down due to the limit on the voltage drop to only 500 W (at 80 m
length). With a cross-section of 1.5 mm? the maximum power is only 1.7 kW if the

cable is kept shorter than about 15 m, while the minimum power at 80 m length is
about 300 W.

120 V dc

Fig.4 - Maximum power vs. length for cables with cross section
S=1.5 and S=2.5 mm? (rated voltage is 120 V dc).

Finally, with 48 V dc the condition on the maximum voltage drop is a stronger limita-
tion then the maximum current already at a length of about 8 m (Fig.5). The power
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that can be supplied, equal to about 950 W for very low cable lengths and a cross-
section of 2.5 mm?, drops down to less than 100 W for 80 m length.

P [kW]
1.2

0.8

0.6

0.4

0.2

Fig.5 - Maximum power vs. length for cables with cross section
S=1.5 and S=2.5 mm? (rated voltage is 48 V dc).

For a cross-section of 1.5 mm?, the maximum power is about 680 W (for cables
shorter than 8 m) and then decreases to about 50 W for 80 m length. As an example,
the maximum power to be supplied in this case with a 10-m cable is 400 W, which is
equal to two computers with screens. At a distance of 20 m, only the power corre-
sponding to one computer could be delivered.

These results seem to exclude completely the possibility to use 48 V dc as a suitable
voltage for supplying residential systems. Nevertheless, in specific cases in which
load power consumption or cable lengths are very low, it could still be considered. An
example could be an isolated house powered by solar cells. As already mentioned, a
big advantage with the 48-V level is that it has been used since long in telecommuni-
cation systems, which makes it easier to find equipment and system components
available for use with this voltage.
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5 Back-Up Supply For Dc-Systems

5.1 Introduction

The increasing use of low-power electronic equipment, like PCs, and the growing im-
portance of internet, data exchange via local networks and telecommunications, make
many applications in office environments very dependable on the availability and
quality of the supply. The main reason is the high sensitivity of low-power electronics
to disturbances in the supply voltage, including not only interruptions, but also sudden
short-duration drops in voltage, known as voltage dips or sags.

Uninterruptible Power Supply (UPS) systems are the standard solution for this kind of
equipment. A UPS (Fig.1) is composed of abattery charger (rectifier), a battery block
and an inverter. It supplies the load from the ac supply in normal conditions, from the
battery block when the ac supply is unavailable.

UPS

supply

Fig.1 — Scheme of a UPS.

The battery block may be sized to cover the load for different durations. Standard
UPSs used for PCs usually have up to half an hour capacity (10 minutes is a very
common back-up time). In an office with many PCs and high quality requirements,
the power system will look like in Fig.2.

It can be easily noticed that the several AC/DC and DC/AC conversions required by
the system in Fig.2, with corresponding losses, make this system not very economical.
The system in Fig.3 is amuch better alternative: a central rectifier feeds a dc bus, with
a big battery block for all the components in the network. Many inverters are still re-
quired if the PCs are supplied by ac, but the availability of dc-supplied PCs would
lead to higher savings.

The savings could be such that a bigger battery block might be installed at lower cost,
thus providing coverage for longer duration. In this Chapter the size of the battery
block will be chosen (based on commercialy available lead-acid 12 V batteries) for
different back-up durations for the example system analysed in Chapter 4.
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Fig.2 — High-reliability ac supply to an office.
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Fig.3 — Dc-supply to an office. Battery block ensures high reliability.
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5.2 Battery sizing

5.2.1 Description of a battery system

A battery is composed of a certain number of equal cellsin series, and a cell is made
by a number of plates connected in parallel. Each cell has a voltage at its clamps,
which istypical of the chemical reaction inside. Lead-acid cells, for instance, give the
particular 2.0 V voltage [12, p.754]. The battery voltage is then given by the sum of
the voltages of the cellsin series.

The plates in parallel inside the cell determine the amperhour capacity because a sin-
gle plate can give a limited amount of current (thus energy), while to deliver a higher
current more plates are needed.

The capacity of a block constituted by many cellsin seriesis equal to the capacity of
one of them. If many cells are connected in parallel, instead, the total capacity is the
sum of the single capacities.

On the market there are batteries of different voltages and capacity. To choose the
most suitable one for each case, it is necessary to calculate the number of cellsin se-
ries and parallel necessary to get the voltage and capacity required by the system, and
then to match this result with the battery models present on the market.

In this project lead-acid batteries have been chosen, both because they are the most
common (thus the cheapest if compared with other batteries of the same capacity) and
because they are the most suitable for this use. They can stand quite big discharge cur-
rents, without damaging the plates inside.

5.2.2 System rated voltage and back-up time

The battery system has to be sized for the different voltage levels considered in this
study:

e 326 Vdc
e 230 Vdc
e 120 Vdc

The 48 V dc is not considered here because the results of Chapter 4 have demon-
strated that it cannot be used in the existing system taken as example.
It is also necessary to decide for how long the batteries have to last in case of main
supply unavailability and which loads are considered uninterruptible.

In the case study there are typical office loads as computer, printer, fax copy machine
and lights. A kitchen is present with cooker, fridge, coffee machine, boiler and other
similar loads.

In case of fault the only appliances for which an outage causes economical osses are
computers and the others of the first group for atotal power of 7920 W. All loads in
the kitchen are neglected. As far as lights are concerned, only the desk lamps have
been considered supplied by the back-up system (to allow people continuing their
work) and 8 lamps, each of 36 W located at 10-m distance from each other, have been
chosen in the corridor, for safety and emergency.

63



5. Back-up Supply for Dc Systems

Concerning the supply interruption duration, four different back-up times have been
chosen:

e 8hours
e 4 hours
e 1 hour

For the entire duration specified, the battery system has to assure a minimum voltage
level that alows the loads to work properly.

The first two values would cover cases of long-duration unavailability of the main
supply, like environmental disasters or big maintenance. Anyway, these are very un-
likely events, and the design of the back-up system for such long duration is justified
only if its cost islower than the money loss associated to the supply interruption.

The 8-hour back-up time would ensure coverage for a whole working day in case the
supply interruption happens early in the morning and is not repaired during the whole
day. The 4-hour duration is a medium value that takes into account the fact that the
interruption is very unlikely to occur just before people start working. The last inter-
val was chosen, instead, as a protection against voltage dips and short-duration inter-
ruptions. Typical back-up time for UPSs in use nowadays go from 10 up to 30 min-
utes.

5.2.3 Number of cells and batteries

To calculate the number of cellsrequired for the battery pack, the following procedure
suggested by [11] and [12] is applied:

» choose the maximum and minimum voltage allowed for proper operation of the
load, with respect to the rated voltage;

= calculate the maximum and minimum voltage drop along the cables, considering
for the maximum one the resistance calculated at 80°C and for the minimum at
25°C (as additional safety margin);

= the number of cellsin seriesis then determined as:

U, TAU
p < . max min (51)

UZLE max

where Upya, 1S the maximum permitted continuous demand voltage, AU, is the
minimum voltage drop between battery and load, Uz gma, 1S the maximum trickle-
charge voltage per cell equal to Uz (trickle-charge voltage per cell) + 1 %;

= calculate the minimum cell voltage (or cut-off voltage, i.e. the voltage at the end of
discharge) as:

Uy in T AU 5

Zmin 2 (52)
n
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with Uy, the minimum permitted continuous demand voltage, AU, the largest
voltage drop between battery terminals and load and » the number of cells calculated

above;
= calculate thetotal current required by the loads as:

;=L (5.3)

where P,,, isthe total power of the system and V' the system rated voltage;
» choose adischarge time for the battery, which is the back-up time;

= once the current required by the appliances is known from Eqg. (5.3), the battery
type to be chosen is the one whose current (at the discharge time and-cut off volt-
age required) best matches the given system current (being equal or higher).
Manufacturers usually provide diagrams for each kind of battery similar to the one
showninFig.4 [11].
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Fig.4 — Typical capacity vs. discharge current for lead-acid battery, from [11].

Alternatively, they provide tables where one can find the current supplied by the bat-
tery, known the discharge time and final cell voltage. If it is not possible to find such
a battery on the market, a number of them will have to be connected in paralel ac-
cording to the formula:

I
Nr _parall > -~ (5.4)

cell
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i.e. the number of cells or batteries to be put in parald is the integer number imme-
diately higher than the ratio of the system total current and the one supplied by the
battery.

In the system considered, the voltage excursion allowed by the loads has been consid-
ered equal to + 10% and — 20%. The battery, chosen between those produced by Dy-
nasty [13], is the UPS 12-100, which has a voltage of 12 V and a capacity for 20-hour
duration at the temperature of 77 °F of 26 Ah.

Results of the procedure described above concerning the system analyzed are reported
step by step from Tab.1 to Tab.4 for the discharge times and the voltage levels chosen
at the beginning of the project. In Tab.1, the minimum and maximum voltage drops
are reported, together with the corresponding feeder number (feeders considered here
arenr. 8,9, 11, 12, 13, 20, 21, 22, and a part of nr.7; for related loads see Tab.2 of
Chapter 4), and the minimum and maximum voltage allowed for the load. The num-
ber of cells in series and the cut-off voltage calculated from Egs. (5.1) and (5.2) are
also reported.

TAB.1— NUMBER OF CELLSIN SERIES AND MINIMUM VOLTAGE AT CELL TERMINALS

Max. Min. .

DC voltage | Nr.of | voltage | Nr.of | Vlead | Vlead | ~r-of | MinCell
Voltage . cells in Voltage
Y drop at | feeder drop at feeder max min series V]

80 °C |V] 20 °C |V]
326V 2.8 9 0.46 21 358.6 260.8 146 1.80
230V 4.0 9 0.65 21 253 184 103 1.82
120V 7.7 9 1.25 21 132 96 54 191

The necessary data from the manufacturer are reported in Tab.2, which gives the cur-
rent corresponding to the cut-off voltages reported in the table for the different desired
durations [13]. For each voltage level, the total current is calculated from Eq. (5.3)
with P,,, =7920 W, and the number of batteries in paralel is calculated for the differ-
ent durations desired, by using Eqg. (5.4) and the datain Tab.2. Results are reported in
Tab.3. Finally the total number of batteries required is reported in Tab.4, calculated as
the product between number of batteries in series and in paralel. Note that the num-
ber of 12 V batteriesin seriesis obtained by dividing the number of the cellsin series
from Tab.1 by the number of cellsin abattery (in this case 6, for a 12-V battery).

TAB.2— CONSTANT CURRENT DISCHARGE RATINGS AT DIFFERENT CELL CUT-OFF VOLTAGES

Final
discharge CURRENT [A] @ cut off voltage
voltage
[V] 8 hours 4 hours 1 hour
1.8 2.95 5.40 16.40
1.82 2.90 5.30 16.10
19 2.62 4,75 14.00

TAB.3 - NR. OF BATTERIES IN PARALLEL CORRESPONDING TO DIFFERENT DURATIONS AND VOLTAGES

Voltage [V] 8 hours 4 hours 1 hour I tot [A]
326 8 4 1 24.3
230 12 6 2 34.4
120 25 14 5 66.0
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TAB.4— TOTAL NUMBER OF BATTERIESIN A PACK

Voltage [V] 8 hours 4 hours 1 hour
326 201 110 36
230 205 112 37
120 228 126 43

5.3 Price and weight

The price of one UPS 12-100 battery is 66.46 $ [13] and its weight is 9.6 kg. The total
cost of the battery pack is equal to the product of the number of batteries of Tab.4 for
the price of asingle unit. Pricesin U.S. Dollars are reported in Tab.5. To have an idea
of the weight, consider that the maximum is 1095 kg in the case of 120 V (back-up
time 8 hours) while the minimum is 182 kg (back—up time 1 hour, voltage 326 V).

TAB.5— PRICES FOR THE BATTERY PACK IN U.S. DOLLARS

Voltage Price [$]

[V] 8 hours 4 hours 1 hour
326 V 13352.5 7294.4 2401.8
230 V 13600.2 7441.6 2449.7
120V 15157.3 8360.4 2836.6

These cost figures may be compared with the current situation, in which reliability is
ensured by many small UPSs as in Fig.2. In this example, a total power of 7920 W
has to be fed by the back-up system. The load is assumed to be composed by PCs,
with rated power of 180 W, resulting in a number of 44 UPSs, if one for each PC is
considered. The lowest-price UPS found in our survey that has a rated power of 180
W and a back-up time of 10 minutes costs 87.5 $ [14]. This means that covering the
total load for 10 minutes with small UPSs would cost 3850 $. By comparing with
Tab.5, itis clear that even in the worst case (120 V) a battery pack with back-up time
of 1 hour cost less than the UPS that has a back-up time of only 10 minutes.

5.4 Conclusions

In this Chapter, a back-up supply for the dc system example case has been designed
for the durations of 1 hour, 4 hours and 8 hours. The battery block is supposed to sup-
ply only the uninterruptable loads during this time, for atotal power of about 8 kW.

It has been demonstrated that to supply the same amount of load with small UPSs, as
it is done in the current ac system, would cost more. In particular, the price of the
battery block with back-up time of 1 hour islower than the cost of the necessary UPS
with back-up time of 10 minutes. Note that the battery chosen does not belong to a
special type, but is acommon battery used for UPS applications.

Moreover, substituting the small UPSs with a single battery block directly connected
to the DC system leads to further savings due to reduced losses, since many small
rectifiers and inverters are taken away. However, this aspect has not been considered
in this Chapter.
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6 Circuit Breakersfor Dc Systems

6.1 Introduction

It isagenera belief that interrupting dc short-circuit currents is impossible or at |east
extremely difficult or expensive. Knowledge about this subject is developed although
not widespread. There are of course differencesin interrupting fault currentsin ac and
dc systems, but interrupting a dc current in alow-voltage dc system does not pose big
problems.

Aim of this chapter isto present the difference between ac and dc current interruption,
to explain how to apply ac breakers to dc application and to demonstrate that proper
dc ratings are available.

6.2 Basic concepts

6.2.1 Basic function of acircuit breaker

The breaker functions are;

= switching rated current at rated voltage;
= sensing overcurrent conditions and operate to open them automatically providing
overcurrent protection.

To accomplish the first function, the typical breaker has a set of contacts that can be
manually switched open and closed under an operating handle. In a multipole breaker,
all poles are mechanically linked to open and close together.

For the second function, the circuit breaker aso has a current sensing system, for each
pole, which is mechanically linked to a latch. If an overcurrent condition is reached
and sustained for the predetermined time delay, the sensing element will cause un-
latching of the mechanism. The circuit breaker opens automatically by means of en-
ergy stored in springs, when the mechanism is unlatched, and since the poles of a
multipole breaker are mechanically linked, all poles open.

6.2.2 Overcurrent sensing

Fig.1 illustrates a typical time-current tripping characteristic for a thermal-magnetic
circuit breaker. It can be separated into three regions:

» thelong-time delay region at the top;

= thetransition region at the center;
» theinstantaneous region at the bottom.
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Time in Seconds

Transitlon
Region

Instantaneous

Current in Multiples of Circuit Breaker Rating

Fig.1—Typica time-current curve for a Thermal-Magnetic Trip Unit, from [15].

The long time region generaly includes currents from 100 % of the rated, which the
breaker will carry indefinitely, to the level at which it will begin to trip instantane-
oudly. In most cases this long time upper level is about 500 % of the rated current.
The sensing element is a bimetal, which is heated by current flowing through the cir-
cuit breaker. Deflection is proportional to /° so that it isan ideal rms current sensor.

Trip times in the transition region are not precisaly defined since it is here that the
transition from thermal to magnetic tripping occurs. Depending on the level of current
flowing, tripping can be thermal, with the built in delay shown on the thermal curve,
or magnetic with no intentional delay. In the second case, the magnetic force is pro-
portional to the square of the instantaneous value of current, rather than the rms value
over some period.

The instantaneous region, tripping and clearing are instantaneous, with no intentional
delay, accomplished by the electromagnet discussed for the transition region. Actua
clearing time will vary on the design of the interruption system of the circuit breaker.

6.2.3 Circuit interruption

As the circuit breaker contacts open under overload or short-circuit conditions, an
electric arc is formed between them due to the circuit self-inductance, always present
in circuits, that expends the energy stored through it. The voltage-current characteris-
tic of astationary arc is shown in Fig.2.
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Voltage Across Arc

Arg Cuamant

Fig.2 — Voltage and current characteristic of stationary arc [15].

It is called a negative differential resistance characteristic. To clear the arc and inter-
rupt the circuit, it is necessary to increase the voltage to a point at which the arc is un-
stable, where the conductivity of the arc islow. The major contributor to conductivity
that isinfluenced by interruption devices is temperature along the arc.

The metal plate arc stack is still the most common technology used in low-voltage
circuit interruption. Using this concept, the arc is forced into the arc stack by means of
Lorentz magnetic force or gas pressure. The stack separates the arc into a number of
shorter arcs in series. Under appropriate conditions of separation and cooling, the arc
becomes unstable and extinguishes. Then, as long as the contact separation is dielec-
trically sufficient and the degree of cooling is sufficient to deionize the chamber, the
arc will not reignite and interruption is accomplished.

6.3 Differencesin interrupting ac or dc [15]

To interrupt a dc circuit, ac breakers can be used but the differences have to be re-
marked for a proper choice of dc ratings. However, multipliers or similar tools are
provided by manufacturers, together with the ac curve, for the application engineer to
convert it for use with dc circuits.

Considering the overcurrent sensing, differences are not noticed in the long-time re-
gion, since deflection is due to the heating, which is caused by the rms value of the
current, samein ac and in dc. So the time-current characteristic is the same for both ac
and dc in long-time region.

For the instantaneous region, clearing time will vary depending on the breaker design
and whether the circuit is ac or dc. However, the maximum total clearing timeis gen-
eraly expressed as a conservatively long duration on ac trip curves because of the
large number of other variables as long as the current rise time constant is 10 ms or
lower, so unless otherwise clarified by manufacturer, the ac maximum clearing time
will also satisfy dc.

Different situation is found in the transition region. The electromagnet is activated by
current flowing through the circuit breaker and the magnetic force, as mentioned be-
fore, is still proportional to the square of the instantaneous value of current. But the
current on ac trip curves is expressed in terms of rms value, while in dc is expressed
as instantaneous value. In this case, this difference in expressing current is an essen-
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tial factor in adjusting ac curves to dc systems. Combining also other disparities be-
tween dc and ac characteristics in the transition region, some of them unique to each
design, manufacturers will generally provide adjustments to the trip curves in the
form of multipliers or redrawn ac trip curves. The effect of these adjustments is to
dlightly increase the stated ac magnetic tripping levels when the same circuit breaker
Isused in dc circuits, asindicated in Fig.3.

4]

=

=

5

£

O

E Magnetic Trip

o Characteristic
- Shifts Right

' When Applied

0.5 InDC

. ; ; l Systems

0.5 1.0 5 10 50 100 500 1000
Current in Multiples of Circuit Breaker Rating

Fig.3 — Characteristic curve for a thermal-magnetic Molded-Case Circuit Breaker modified for DC
application, from [15].

Several manufacturers express this difference in a multiplying factor of 1.1 to 1.4
times the tripping current, for dc applications. Sometimes, instead, e.g. when intended
for protection of batteries against sustained overloads, circuit breakers are provided
with special magnetic trip levels designed lower than standard.

Concerning arc extinguishing, performance of the same circuit breaker in an ac circuit
should be expected to be very different than in a dc one even though circuit parame-
ters seem to be the same. Forces operating in the circuit breaker to sense current level,
separate contacts and direct the arc are generally all proportional to the square of the
instantaneous current i(z). These conditions will all happen sooner in the ac than in dc
circuit, as well as the destructive forces that tend to damage insulators or displace
elements of the circuit, so reacting times are completely different.

But the most important divergence between interruption of ac and dc circuits is the
current passage through zero driven by a sinusoidal voltage, that in dc is missing. If
the degree of ionization is sufficiently low as current normally reaches zero on a sine
wave, the arc will not reignite and the overcurrent is cleared. In this sense, the ac cir-
cuit is somewhat supportive of interruption. Many designs, however, will force an
early current zero such they do not wait for the normal sine wave period under short
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circuit conditions. For these interruptions it is immaterial whether the circuit is ac or
dc, since interruption is initiated and carried through during the initial upswing of
fault current.

6.4 Application of ac breakersto dc systems|[15]

The circuit breakers must be rated expressly for dc applications, since a correlation
between ac and dc ratings cannot normally be established. Often, trip curves drawn
for ac applications are used for dc applications as well. But in this case manufacturers
generaly publish adjustment factors for instantaneous tripping current levels.
Thermal-magnetic moul ded-case circuit breakers (MCCB) with direct acting trip units
are available with ratings for these systems. Some of them, when used for dc circuit
protection, have poles connected in series, especially above 250 V dc. Fig. 4 illus-
trates the most commonly specified connections.

By connecting poles in series, arc interruption is shared, permitting more effective
elongation and segregation of the inductive arc. But attention have to be paid to re-
quirements for such connections, marked on the circuit breaker and in instructions for
its application, since a problem could be found when using them in systems with one
polarity grounded. A single ground fault could cause a full voltage over-current con-
dition across a single pole and the breaker has to be tested with full rated voltage
across individual pole for this connection to be allowed. It is specified anyway if their
useisfor grounded or only ungrounded systems.

Important for application is that the dc time constant for which the circuit breaker is
rated must be equal to or greater than that of the system in which it is used, since
forces depending on instantaneous value are lower in dc due to absence of sinusoidal
trend and atoo big constant time risk not to get the sufficient force to open contacts.

Different matter is for UPS systems. Considering that battery systems will float to a
voltage above nominal when load is minimal, tests are done at the maximum (float)
voltage. Besides, it is not expected that these circuit breakers will be used for frequent
switching applications, so the number of endurance and overload operations is re-
duced from that required for the general application devices.

If breakers marked with dc ratings are identified as “suitable only for use on UPS’
both nominal and maximum voltages are marked on the circuit breaker. While if that
label is not specified, it means that they are suitable for general application on dc as
well UPS systems, and in this last case the marked voltage is taken as the maximum
(float) voltage.
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Fig. 4 — Common circuit breaker DC connections, from [15].

6.5 Circuit breakersfor low voltage dc application

A survey has been done about breakers for dc application that exist on the market. To
choose the breakers range, the short-circuit current in the case study is considered to
get an idea of the voltage and current levelsto be interrupted.

The system data found at the substation are:

» Si. =156.4MVA short-circuit power of the medium-voltage network
(10.5kV);
= [ .=86kA network short-circuit current;
Znet Ztr anble

—(~)— -

Fig.5 — Simple electric scheme from generation to switchgear.
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For the transformer in the substation the following features are given:

» V/V>,=105/0.420 kV;

= A4=800kVA transformer power;

= .. %=51% short-circuit voltage percent value;
" P.=9900W short-circuit power losses.

The parameters of the cable connecting the substation and the switchgear are:

= $=70 mm? cross-section area;

= L=20m length;

= r=0.443 Q/km specific resistance at 20 °C;
= x=0.07 Q/km specific reactance;

= R=0.0090 Q actual resistance at 25 °C;

= X=0.0014Q actual reactance.

Using these data, the one-line circuit of Fig.5 has been solved.
Network impedance has been calculated according to the following equation:

Ve
Z, =g 6.

S.C.

where V,,, is the rated voltage (11.0 kV in this case) and S; . the network short-circuit
power.

The transformer impedance is given by:

0 2
Z, = —Zi"'a'o/o : Vj (6.2)

with Zs. % the percent value of transformer impedance, which is equal to v . %, V;
the nominal primary voltage and 4 the transformer rated power.

The impedance of the cableis:

Zyab]c =N RZ +X2 (63)

where R and X values respectively resistance and reactance, have been reported be-
fore.

Results of these calculations are (all reported to the secondary side of the trans-
former):

" Zw=9269e5+]9269e4 Q

» Z,= 247+)9.89 mQ
*  Z.ae= 0.0090 +j 0.0014 mQ
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The short circuit current, if afault occurs at the switchgear, is then equal to:

S.C.

I, = ZV—2 =13.673kA (6.4)

lot

where 1, is the secondary voltage level, and Z,, is the sum of the impedances calcu-
lated before, i.e. the network, the transformer and the cable impedances.

A survey of existing breakers for dc applications has been done and some tables taken
from manufacturer catalogues are reported. Both voltages and currents have been
found to match the order of magnitude of values used in this project. For example, the
table reported in Fig.6 presents breakers with rated current from 160 A up to 2500 A
by Siemens [16]. For dc application, the voltage levels go from 250 V dc up to 750 V
dc, depending on the number of paths in series, and the rated short-circuit breaking
capacity goes up to 20 KA.

Technical data

Type WF2 IVF4 VFE IVFE IVFT WFE

Maz. rated current [ A | 16Qv205; 226 | 200280 215400 S0O/EMB00 2001250 1600/2000 2500

dep=nding on version

Rated insulation voltage U ace. [EC 80 947-2

Main circuits VAC | T5O T8 750 750 T8 750

Control ciruits WAC | 690 G20 820 600 G20 820

Rated impulse withstand voltage Lj

Main drcits = T kv | 8

Auziliary circuits k| 4

Rated operational valtage U,

IEC WVAC | 6a0% G20 a0 600 G20 a0

MNEMA& W AC | 6007 600 800 600 600 800

Parmissible ambient temperature G| -20to+T0 =5 to+ G0

Permissible load

for various ambisnt temperatures

chse to the circuit-breaker, related to I 2 1) (2 o2 @@ @ 3 (2)

the rated current of the circuit-breaksr

— Circuit-braakers )G Fo 100 100 100 100 [ 100] 100 100 100
for plant protection ) "G %o o5 94 =l) @1 100 M 100 100

C % 94 @0 22 a7 100 &85 100 =15)
)G Fo a2 a7 an 100 21 100 92
17 % a8 20 85 75 - - -

— Circuit-breakers 1°C %o - 100 - -

fior motor protection 1 °C % - 100 - -
C % - 100 - -

1 °C % | 100 - 100 - -

1 °C % | 1007 - a7 ! - -

— Circuit-braakers ) °C % | 100 100 100 100 100 100 100
for garter combinations °C % [ 100 100 100 100 a1 100 100
and non-automatic circuit-breakers C% | 96 95 a5 95 85 100 98

CH (| M a2 an a0 a1 100 92
S % | BB =) &5 84 - - -

Rated short-circuit breaking capacity (DC)

not for 3VF circuit-breakers for motor protection

Time constant ©=10 ms

1 conducting 2 conduc- 2 conduc- 4 conduc-

path ting paths ting paths ting paths

inseries  inseries  in series

for WF3to VFE

upto 250V DC 440V DC 600VDC TSOVDC kA | 200109 20 0 20 =) ]

NEMA

Time constant T= 8 ms

1 conducting 2 condudting paths in series

path

250V DC - kA | 10 10 10 10 -4 -4

- 250V OC kA | 221109 22 -] 22 3 )

Main switch — characteristics (IEC 60 947-2) yes yes yes yes yes yes

with lockable rotary drives

EMERGEMCY-STOP switch characteristics yES yeu yes yes yes yes

(DIN VDE 0113

Rated short-circuit braaking capagity Rated short-circuit breaking capacity, see 2 pages further.

acc. |EC 60 847-2 (AC 50/60 l-ﬁja.",n' 9 capacty pag

Endurance operating cycles | 10 000 10 000 8000 8000 2000 2000

Max. operating frequency 1'h 300 240 240 240 ] 20

1) With circuit-breakers with rated currents < 40 A: 5) Max. croes-saction only once, cross-ssction smaller: (1) Thermal overload ralease st to upper valua
L maimum 415V, up to sum of max. cross-sections i.e. thermal overload rekease with fixed setting.

2) Mot suitable for DC switching. &) 2 conductor connections. (2)Thermal overload releases sat to lower value.

3) Busbar connection pieces (se= Accsssaries). T) Can al=o be used in 400 Hz networks. (3)Electronic release.

4) BOOA: 3x40x5 Technical data available on request. '

8) 10 kA for 3WF.. -0 —

Fig.6 — Circuit breakers by Siemens, rated for both ac and dc applications [16].
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In ABB catalogue molded-case breakers have been found, with rated ultimate short-
circuit breaking capacity given for both ac and dc use [17]. Rated currents go from
125 to 250 A; rated service voltage for dc application goes from 250 to 750 V, as
shown in Fig. 7. Note that the smallest one, S1, can only be used for 250 V dc by put-
ting two poles in series, and short-circuit breaking capacity is 16 kA / 25 kKA (de-
pending on the type). This will satisfy all voltage levels considered in this project but
326 V. In the latter case, bigger breakers will have to be used (for example with three
polesin series).

SACE Isomax S moulded case circuit-breakers

Technical and electrical overview

PRIS0E0T
PRSHEN

S1 S2 S3
Rated uninterrupted curent, lu [A] 125 160 160 - 250
Pales Mo, 24 24 24
Rated service voltage, Ue (a.c.) 50-60 Hz [¥~] 500 G690 690
(d.c) Tv-] 250 500 750
Rated impulse withstand voltage, Uimp  [kV] i} i} 8
Rated insulation voltaga, Ui [ 500 90 800
Test voltage at industrial frequency for 1 min. [\ 3000 3000 3000
Rated ultimate short-circuit breaking capacity, leu B M B N ] N H L
(a.c.) 50-60 Hz 220/230 vV~ [kA] 25 40 25 50 B5 B85 100 170
(a.c.) 50-60 Hz 380/415 V~ [kA] 16 25 16 3540 5D T 85
(a.c.) 50-60 Hz 440~ [kA] 10 16 10 20 25 30 50 [
(a.c) 50-60 Hz 500 vV~ [kA] 8 12 B 12 15 25 40 50
(a.c) 50-60 Hz 6I0 V~ ka]  — — [3 8 10 14 18 20!
(d.c) 250V (2 poles in series)  [kA] 16 25 16 35 50 35 85 85
(d.c.) 500 - (2 poles in series) [kA] — — — — — 35 50 [
(d.c.) 500 V- (3 poles in series) [k&] — — 16 35 50 — — —
(d.c.) 750 - (3 poles in series) [kA] — — — — — 20 35 50
Rated duty short-circuit breaking capacity, les'4! [Flcu]  50% 50% 100%  T75% 75% 100%  75% T5%
Rated shorlcircuit making capacity (415 V=), lem k&) 32 535 ] T4 105 74 143 187
Opening ima (415 V=) [ms] 8 [ 8 7 [ 8 7 ]

Rated short-tima withstand currentfor 1 s, lew [k&]

Fig. 7 - Circuit breakers by ABB, rated for both ac and dc applications[17].

6.6 Conclusions

In this Chapter it has been tried to give an answer to one typical reason of hesitation
in apply dc to the distribution systems: protection, i.e. interrupting the fault current. It
has been assessed that the problem has been treated in the literature and it has been
concluded by examining the available literature that existing ac-low voltage breakers
can be used for DC applications, but the correct ratings must be explicitly given for
interruption of a DC current.
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Moreover, it has been demonstrated through a survey of catalogues of low-voltage
breakers that several manufacturers actualy give the rated service voltage and inter-
rupting capacity for DC applications. Some examples by well-known manufacturers
have been reported.
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7 Economic Evaluation

7.1 Cost Analysis

The following assumptions have been made when evaluating the costs of the dc sys-
tem:

ac
dc

a scenario has been imagined in which dc is widespread and components for dc
applications are present on the market and not tailored to specific applications.
Therefore, the additional costs of designing and producing customized compo-
nents have been neglected.

The dc voltage levels considered here do not include 48 V because, according to
the results presented in Chapter 4, it gives unbearable voltage drops and power
losses with the cross-sections of cables normally used for residential applications.
Therefore, the voltage of 120V dc, 230 V dc and 326 V dc are considered.

To obtain the particular voltage levels considered here, a three-phase diode recti-
fier is used. This because it is the cheapest solution. Alternatively a PWM-
controlled IGBT-converter may be used to have higher current quality on the ac
network, but the cost will be higher.

In this case, a dedicated transformer is required since the three-phase diode bridge
rectifier gives as output a dc voltage equal to [10]:

Vv, =135V, (7.1)

where 1, is the line-to-line voltage of the three-phase ac system. Fig.1 shows the
required transformer secondary voltage for the chosen voltage levels.

11000/ X V

X =89V —> 120V
X =170V —> 230V
X =241V —> 326V,

11 s

Fig.1 — A dedicated transformer and a diode rectifier are used to obtain the desired voltage level.
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» To simplify the analysis, the only load considered here is the PC, with a power
consumption of 180 W. As demonstrated by the measurements in Chapter 3, this
isin fact representative of most of the loads present in an office.

» |t has been assumed that the only modification necessary to adapt the PC to adc
supply is removing the single-phase input rectifier. In other words, the dc-dc con-
verter already present in the PC directly after the rectifier will become the input
stage with no modifications, or at least no modifications that lead to additional
costs. In fact, the current drawn by the PC, which isaround 1 A in the 230 V ac
system, will range from 1.5 A with 120 V dcto 0.5 A with 326 V dc. This allows
assuming to have the same type of chopper (no relevant difference in power losses
and installation costs).

= Costs associated with the circuit breakers have not been considered.

On the basis of these assumptions, the comparison of the cost of the dc system with

the existing ac system will be based on a comparison of initial (or installation) costs
and operational (or running) costs.

7.2 Installation Costs

7.2.1 Cost of therectifier

A big difference between the ac system and the proposed dc system is that the low-
power rectifiers present in each PC are substituted with one bigger rectifier for the
whole system.

In Elfa catalogue [18] the bridge rectifiers reported in Tab.1 have been found.

TAB.1— FEATURES AND PRICE OF DIFFERENT BRIDGE RECTIFIERS

BRIDGE RECTIFIER

TYPE Stock number  V ggrm | XY, PRICE [$] CLASS
1KAB100E/IR = 70-074-38 600 1.2 0.43 1-PHASE 1.5 A
26MT120/IR 70-074-03 1200 25 9.34
36MT120/IR 70-034-37 1200 35 105 |S-PHASE25-35A
60MT120KB/IR ~ 70-035-36 1200 60 49.9 3-PHASE 60 A

In the table Vg IS the maximum repetitive peak reverse voltage and 1, the maxi-
mum average forward current.

The price have been chosen considering for the single-phase one the price of each de-
vice in a 100-piece stock, which is assumed here to be equal to the cost for the manu-
facturer. For the three-phase, the price of each device in a 25-piece stock is consid-
ered. Calculations have been made for each of the dc voltage levels considered (326
V, 230V, 120 V) and the existing 230 V ac system.

First of al the power delivered by the three-phase rectifier has been calculated, cho-
sen the voltage V" and given the current / that is the maximum allowed by the device
(givenin Tab.1):
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P

tot = V ’ [ (71)

Then the number of computers that can be fed by the rectifier has been found as:

N=P, /180 (7.2)

where 180 W is the power consumption of the PC.

Once found the number of PCs that can be fed by that rectifier, one can calculate the
cost of the other solution, i.e. feeding each PC with a small single-phase rectifier, by
multiplying the number of PCs, N from (7.2), for the price of the single phase rectifier
givenin Tab.1.

Results are reported in Tab.2 for the bridge whose maximum current is25 A, in Tab.3
for the 35-A bridge, in Tab.4 for the 60-A rectifier. In column 4 the price of the three-
phase rectifier is shown, in column 5 the cost of the number of single-phase rectifiers
that give the same output power.

TAB.2— COMPARISON OF INSTALLATION COSTS FOR 25-A 3-PHASE RECTIFIER

Dc Nr. of Output Single Several
Voltage PCs power | converter | converters
[V] supplied [W] price [$] price [$]
326V 45 8,150 9.34 19.47
230V 32 5,750 9.34 13.74
120V 17 3,000 9.34 7.17

TAB.3 - COMPARISON OF INSTALLATION COSTS FOR 35-A 3-PHASE RECTIFIER

Dc Nr. of Output Single Several
Voltage PCs power | converter | converters
[V] supplied [W] price [$] price [9$]
326 V 63 11,410 105 27.26
230V 45 8,050 10.5 19.23
120V 23 4,200 105 10.03

TAB.4 - COMPARISON OF INSTALLATION COSTS FOR 60-A 3-PHASE RECTIFIER

Dc Nr. of Output Single Several
Voltage PCs power | converter | converters
[V] supplied [W] price [$] price [$]
326 V 109 19,560 49.9 46.73
230V 7 13,800 49.9 32.97
120V 40 7,200 499 17.2

In Tab.2 and Tab.3 note that for the voltage of 120 V dc the solution with only one
rectifier is more expensive, while for 230 V dc and 326 V dc it is cheaper than having
a number of small rectifiers. Moreover, for 326 V dc the savings are higher than for
230 V dc. This is due to the fact that the limit for the diodes in the bridge is on the
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current, so using a higher voltage allows drawing more power at the output, i.e. better
use of the same rectifier. The cost of the other solution, instead, increases linearly
with power. In Tab.4 instead, the solution with one 60-A three-phase rectifier appears
to be always the most expensive, independently on the voltage level. This probably
due to the fact that diodes of a different (more expensive) type have to be used to
carry this higher current, and therefore the price goes up.

If the required output power is high, it could be better to put two or more bridges in
parallel of the lower-current category instead of buying a bigger one. For example,
supplying 13.8 kW, corresponding to 77 PCs, at 230 V dc, would cost 21 $ if two 35-
A rectifiers are used. This is equa to two thirds of the price at the “several convert-
ers’ solution (33 $) and less than half the price of one 60-A rectifier (50 $).

7.2.2 Cost of cables

The minimum size of the cables for low-voltage distribution on the market is 1.5 mm?
and, as demonstrated in Chapter 4, this section can be used in principle with all volt-
age levels considered here, although special care must be taken not to overpass the
voltage drop limit with 120 V dc. So it can be concluded that there is no differencein
theinitial costs of the cables.

7.2.3 Cost of the back-up system

It has aready been demonstrated in Chapter 5 that the use of a big battery block for
back-up power in the proposed dc systems leads to consistent savings, if compared
with the current solution in ac systems, which consists in a number of small UPSs.

In the case study analyzed, for instance, 44 PCs were considered supplied by the
back-up system, for atotal power of 7920 W. The cheapest UPS system found on the
market (which can supply 180 W for 10 minutes) has been compared with a battery
pack sized for one-hour duration. The corresponding costs, considering a 230 V sys-
tem in both ac and dc cases, are:

= 3850% for the UPS;
= 244793% for the battery pack.

The total savings are about 1,400 $ and, moreover, the back-up time is longer for the
batteries (1 hour vs. 10 minutes). In case a different voltage level is desired for dc, the
comparison between the existing UPSs (for 230 V ac) and the designed battery block
for that case gives anyway money savings in dc. For example, in the 120 V dc and
326 V dc cases, the total expense for the battery is of 2836.6 $ and 2401.8 $ respec-
tively, thus lower than existing UPSs in both cases.

82



7. Economic Evaluation

7.3 Operational Costs
7.3.1 Rectifier efficiency

The efficiency of the rectifier is an important term in the evaluation of the costs asso-
ciated with the proposed solution.

In this section, the power losses of the rectifier at the system entrance will be com-
pared with the total power losses in the AC/DC conversions in the traditional ac sys-
tem. The same three rectifiers analyzed in 7.2.1 will be considered here.

In the data sheets of the components reported in Tab.1, the maximum total power
losses have been found and reported in Tab. 5. In Tab. 6 the efficiency has been cal-
culated by diving the power losses by the maximum output power of the rectifiers
given in Tab.2, Tab.3 and Tab.4, for the three voltage levels and the four diode
bridges.

TAB. 5— POWER LOSSES FOR THE RECTIFIERS

Stock num- Absolute
TYPE Ko CLASS power
losses [W]
1KAB100E/IR 70-074-38 I'I;I;‘:SE 2
26MT120/IR 70-074-03 3";'5{’:“ 55
36MT120/IR 70-034-37 3";'5{’:“ 75
60MT120KB/IR | 70-035-36 3")6'3’:“ 160

TAB. 6 — POWER LOSSES FOR THE RECTIFIERS IN %

DC
Voltage | 1.9 A* 25 A 35A 60 A

[V]
326 V --- 0.675 0.657 0.818
230V 1111 0.957 0.932 1.159
120V --- 1.833 1.786 2.222

* only 230 Vac since it isthe actual case

Results obtained demonstrate that percent power losses are of the same order of mag-
nitude for all rectifiers considered. However, when using 326 V dc, power losses are
lower in the dc solution with only one rectifier for al three types considered. When
using 120 V dc, power losses are always higher than with the traditional ac solution.
Finally, when using 230 V dc, percent power losses are lower for the two smaller rec-
tifiers of the same category (rating 25 A and 35 A) as compared with the single-phase
rectifier, while they are higher for the bigger rectifier rating 60 A.
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7.3.2 Cablelosses

In this section, a comparison will be made between cable losses at 230 V ac and at the
different dc voltage levels considered. Losses along the cables are proportional to the
square of the current, considered in absolute value. In dc systems there is no reactive
current but this does not make a big difference at low voltage anyway, since reac-
tances are low. More important appears, instead, to consider the effect of the voltage
on the power losses:. at lower voltage the current is higher and losses too.

For ssimplifying the analysis, let us consider a system with a total power of 30 kW, as
in the case study of thisthesis, but with the following features:

* number of feeders = 30;

= feeder length= 25 m;

» |oad power = 1 kKW (each feeder);

=  cross-section = 1.5 mm?

Thetotal power losses are calculated with voltage varying between 120 V and 1000 V
and compared with the losses at 230 V.

In Fig.2 the savings expressed in power losses (percent value) are reported, i. e. the
difference between the power losses at that voltage and the losses at 230 V have been
considered (thisiswhy it gives zero in correspondence of that voltage), divided by the
system total power. One can notice very quickly that by using for example 120 V,
power losses will be 1.65% higher that for 230 V. On the other hand, after 500 V the
“saved power” becomes very small as the voltage increases further.

1

Saved
Power %

0.5 | S

S0.5 |- - e e

T T

-2
100 1000

Fig.2 — Saved power when the voltage varies from 120 V to 1000 V (power losses at 230 V are taken
as reference).
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Of course, this aspect can play a different role depending on the price of the electrical
energy in the different countries. For example, it has aready been observed that the
price of electrical energy is very low in Sweden and very high in Italy. If we take
again these two countries as example, we obtain the following cost for the energy:

= kWhcost = 0.55 SEK (for Sweden)
= KkWhcost =350 £ (for Italy)

From the diagram in Fig.2 it is possible to quantify the savings in money each year.
Energy consumption has been cal culated by considering aworking year composed by:

= 8 hours each day;
» 5 dayseach week;
= 50 weeksin one year

which gives a total of 2000 working hours per year. By multiplying this number for
the power losses, the yearly energy consumption is calculated. Expenses for energy
have been found multiplying the year energy consumption for the cost of the kWh.
Results are expressed in Fig.3 in the Italian currency and in Fig.4 in the Swedish one.

xlO5
1.5 T T T T T T T T
Saved 1 1 1 1 1 l l 1
| | | | T |
money [£1 ,,,,,, J‘. ,,,,, 4‘ ,,,,,, ;F:_f:rfff,—:‘:if,—,,: ,,,,,, : ,,,,,, ‘L ,,,,,,
l T l l l l l
S IS R L R EE B B
I // I I I I I I I
Or—— 2 C T F T . T y T .
R S e S
/i I I I I I I I
/o l l l l l l l
S T C T F T . T y T .
] e S e SR
[ l l l l l l l
e
T
[ | | | | | | |
Y S SR AR B
| l l l l l l l l
35 ! 1 1 1 1 1 1 1 1
100 200 300 400 500 600 700 800 900 1000
\

Fig.3 — Saved money for energy consumption during one year (Italian Lira).
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Fig.4 — Saved money for energy consumption during one year (Swedish Kr.).

7.4 Conclusions

In this Chapter, a comparison has been made between the costs involved in the tradi-
tional 230 V ac system and the proposed dc system, for the three voltage level ana-
lysed in Chapter 4 and 5 (326 V, 230 V, 120V). The voltage level of 48 V has been
excluded from this exam since the results from Chapter 4 have clearly shown the im-
possibility of its application. The load considered is composed by only PCs, since its
features include the typical electronic load characteristics.

The cost evaluation has been structured in two main groups (initial and operating
costs). Within these two groups, three terms of costs have been considered:

= rectifier;
»  back-up system;
= cables.

As far as initia costs are concerned, it has been found that substituting many small
rectifiers with one bigger for the whole system does not automatically lead to savings.
Savings on the cost of the rectifier are possible as far as higher voltages (230 V and
326 V) and medium current rectifiers (25+35 A) are involved. When the high output
current requires the use of a high-current bridge (with bigger diodes, in this case al-
lowing 60-A current) the several-bridges solution is definitely cheaper. However, high
output power can be achieved with consistent savings by paralleling two or more of
the smaller three-phase bridges.
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The back-up system, as better explained in Chapter 5, is always cheaper than a num-
ber of small UPSs: it leads to savings at all the proposed voltage levels and alows
higher endurance for lower price.

Finally, there are no differences in instalation cost of the cables because their size
remains the same.

As far as running costs are concerned, it has been shown that the efficiency increases
for the dc solution with a single rectifier when a voltage of 326 and 230 V dc is used
and the rectifier is properly sized. When using 120 V dc, power losses are always
higher than with the traditional ac solution.

A comparison of the running costs of the back-up system (many UPSs vs. one big
battery block) has not been done, since in this case it is obvious that the dc solution is
more efficient, because two conversions for each load are saved.

Power losses in the cables do not differ very much between ac and dc, because the
reactive current is anyway very low in low-voltage distribution. However, by analys-
ing the losses when the voltage varies from 120 V to 1000 V, it has been shown that
there is a certain difference (about 1.65 %) between 120 V and 230 V, while when
increasing the voltage further the decrease in power losses gets lower and lower. After
500 V power losses do not change much anymore.
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8 Conclusions

Aim of this thesis was to investigate the possibility of substituting the existing ac
supply in residential distribution systems with a dc one. A first conclusion that can be
drawn from the analysis carried out is that the answer depends very much on the type
of application considered, i.e. the function of the building and the type of loads
present in it play a big role. From the survey conducted, offices appear to include
mostly low-power electronic loads, while in private houses a big amount of loads is
still constituted by resistive loads (for heating and sanitary applications) or motors.
This is especialy true in Sweden, where the cooker is driven by electricity and,
together with the washing machine and the dryer, makes up for a big part of the
consumption of a house.

For office applications, it can be concluded that a dc supply can lead to big
advantages if a proper voltage level is chosen. From both the technical and the
economical point of view, the most suitable dc voltage level seemsto be 326 V.

The choice of adc system with this voltage level in an office leads to a ssimplification
of the distribution system, due to the substitution of a number of small diode rectifiers
(input stage for electronic appliances) with a single one at the entrance of the system.
It is readily applicable to existing systems, as this voltage level is higher than the ac
voltage currently in use, which makes it possible to use the existing cables without
trespassing the limits on the maximum allowed current and voltage drop on the
feeders. Moreover, it has been shown that this choice leads to savings in installation
costs, assuming the price of the equipment for the consumer to be reduced of the
value corresponding to the price of a small diode rectifier in a 100-piece stock. With
proper choice of the three-phase diode rectifier, operational costs have also been
shown to be lower in the proposed dc system due to the higher efficiency of one
device vs. many.

Another important factor is the high reliability required by an office. The choice of dc
makes it possible to achieve high reliability in an easier way, with respect to the
present solutions. It has been demonstrated that a battery block, dimensioned for
326 V, will allow big money savings with respect to the currently used UPS systems,
for both installation and running costs (because of the higher efficiency, due to the
fact that two conversion stages are missing). Moreover, the battery block chosen in
this study gives a better protection from supply interruption, because it can be sized
for alonger duration than the UPS, still at alower cost.

When considering private houses, reliability is not asimportant as in offices but safety
isabig concern. A better choice could thus be a very low voltage like, for example,
48 V. The reason for considering exactly this value is the availability of system
components for that voltage, because it is the voltage currently used for
telecommunication equipment (which uses dc). Unfortunately, it is clear from the
voltage drop analysis carried out for the case study considered that this voltage cannot
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be used, at least not in existing systems with the same cables, because the resulting
voltage drops would be too high.

A possible choice could be the voltage of 120 V, which at least does not require
protection against indirect contacts and would lead to currents not as high as with
48 V. However, special care has to be taken because, according to the analysis shown,
for some combinations of feeder length and load power the voltage drop limits or the
cable maximum current can be trespassed.

This could be aviable option for example in Italy, because the power consumption of
an apartment is not higher than 3 kW (feeder length is anyway normally not very high
in apartments), but it does not seem to be realistic for the power consumption of
apartments in Sweden. It would require the replacement of all cables with bigger one,
with high associated costs. Moreover, the use of either 48V or 120V would require
modifications in the appliances to adapt them to this lower voltage, thus raising the
cost of the appliance itself.

It seems reasonable to conclude that the use of dc in offices can be strongly advised,
since it has been demonstrated to lead to a simplified system and to big savings. On
the other hand, there are no reasons that would justify technically and economically
the adoption of a dc system in private houses. However, future developments could
occur that will urge reconsidering this choice. In this case, the voltage level of 230 V
dc should be chosen for houses, because most |oads in private houses are resistive and
no changes would thus be required for them (the rms value of voltage is the same for
ac and dc). Moreover, the use of this voltage level will not require replacement of the
cables.

One such development that can be expected to have a big impact on this topic is local
generation, like solar cells, fuel cells and micro-turbines. By using dc, it will be
possible to connect these sources to the system in an easier way, by eliminating the
AC/DC conversion stages necessary for connection to the ac system. This should lead
to savings because of the higher efficiency achieved.

Another possible scenario that can be imagined is one in which dc is widely used for
supplying offices, data centers and telecommunication facilities, leaving a smaller and
smaller part of the distribution system to be supplied by ac. In this case, choosing dc
also for residential systems (instead of having both ac and dc systems present at the
same time) would thus make the system less complex. Again, the voltage level of 230
V dc should be chosen for houses.

In fact, this study has focused on the present situation, as far as loads, generation and
structure of the system are considered. The analysis of the same topic in a scenario in
which the structure of the distribution system has been changed by the introduction of
dispersed generation could give somewhat different results and will be an interesting
development of this study. Another interesting aspect that has not been considered
here and would be interesting for future study is the possibility of actively controlling
the interface between the dc system under consideration and the rest of the network.
By adopting a PWM-controlled rectifier with IGBTSs at the entrance of the system, a
number of control functions could be implemented, including for example controlling
the voltage for preventing overload situations. Finally, an aspect that needs to be
analysed deeper in detail is the protection and grounding of the system.

90



9. References

[1]

[2]
[3]
[4]
[5]
[6]

[7]

[8]
[9]

[10]
[11]
[12]

[13]

[14]
[15]
[16]

[17]

[18]

9 References

International Energy Agency, “European Commission Communication to the
Council and the European Parliament on Policy Instruments to Reduce Stand-by
Losses  of Consumer Electronic Equipment”, available at
http://www.iea.org/standby/ecpaper.htm.

J.P. Benner, L. Kazmerski, “Photovoltaics gaining greater visibility,” IEEE
Spectrum, vol.36, no.9, September1999, pp.34-42.

R.H. Wolk, “Fuel cells for homes and hospitals,” IEEE Spectrum, vol.36, no.5,
May 1999, pp.45-52.

K.P. Wacks, “The impact of home automation on power electronics,” 1993
Applied Power Electronics Conference and Exposition APEC '93 pp.3-9.

K.P. Wacks, “Utility load management using home automation,” |EEE
Transactions on Consumer Electronics, Vol.37, no.2, May 1991, pp.168-174.
IEEE Recommended Practice for Design of Reliable Industrial and Commercial
Power Systems, IEEE Std.399-1997, Chapter 16 “Dc Auxiliary Power System
Anaysis’, New York, |[EEE, 1998, pp. 445-467.

Po-Wa Lee, Yim-Zhu Lee, Bo-Tao Lin. “Power distribution systems for future
homes’, IEEE International Conference on Power Electronics and Drive
Systems (PEDS '99), 1999, Vol. 2, pp. 1140 — 1146.

A.B. Morton, “Managed DC Power Reticulation Systems’, Ph.D. thesis,
University of Melbourne, Australia, November 1999.

A. Augugliaro, M. Barcaglioni, G. Morana, R. Giglioli, “Utenzain Area Urbana:
Modelli di Riferimento per Anaisi Progettuai” (in Italian), in “Giornata di
Studio sul Progetto di Ricerca Distribuzione 2000”, Pisa, 28 June 1991.

N. Mohan, T. Undeland, W. Robbins, “Power Electronics: converters,
applications, and design”, John Wiley & Sons, 2™ Edition, 1995.

IEEE Recommended Practice for Sizing Lead-Acid Batteries for Stationary
Applications, IEEE Std. 485-1997, New Y ork, |IEEE, 1997.

Asea Brown Boveri Pocket Book, “Switchgear Manual”, 9th edition, published
by ABB, Schaltanlagen GmbH, Mannheim, Germany, 1993, pp.753-760.
Technical documentation of the product “UPS12-100, Valve Regulated Lead
Acid Battery for UPS Standby Power Applications’” by Dynasty, available from
the Web site http://www.battery-sal es.com/batteri es/dynasty/UPS12-100.htm.
Technical documentation of the product “APC BK300 M1”, available at the Web
site http://www.chl.it.

G. D. Gregory, “Applying Low-Voltage Circuit Breakers in Direct Current”,
|EEE Transactions on Industry Applications, vol. 31, no. 4, July/August 1995.
Technical documentation of the product “3VF Circuit-Breakers’, available at the
Web site http://www.ad.siemens.de/cd/html_76/energie/e_3vf.htm.

Technical documentation of the product “Low-V oltage Moulded-Case Circuit-
Breakers’, Technical Catalogue Sace Isomax S, available at the Web site
http://www.abb.com/global/SEITP/seitp161.nsf/viewunid/6A 36851087BD59FA
C1256AD3001FA2D6! OpenDocument.

ELFA Catalougue 49, April 1, 2001 - December 31, 2001, printed at Stibo
Graphic, Horsens (International edition).

91



9. References

92



Appendix A — Programs for Voltage Drop Calculations

Appendix A
Programs for Voltage Drop Calculations

In this Appendix, the programs and the data used for the voltage drop calculations
shown in Chapter 4 are reported. These include:

» the program “voltage drop.m” written in Matlab that cal culates the voltage drop;

= asubroutine “previous.m” called by the main program, that puts datain the correct
format for the main program;

» matrix with the load data to be used in calculations for the ac system;

» matrix with the load data to be used in calculations for the dc system.
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Appendix A — Programs for Voltage Drop Calculations

% This subroutine groups loads with the same node number (on the same feeder) in one
% load with corresponding active and reactive power. Returns the active power and
% the angle between voltage and current each node.

99009000990009000900990090009000900092009900090009200099009200990009900900099000929
$C060000000006006000060600600600600606006006006060606006006006006060606060060060606006060606006060606060606060606%0

oe

% matrix load=[feeder index, node index, load power [kW], length [m]
% (distance between two nodes),cross-section [sg.mm],angle between voltage and
% current (phi), type (l:single phase OR 3:three phase)]

function [risult]=previous (load)
feeders=1[]; % initializes "feeders" matrix
newload=[]; % initializes "newload" matrix

[maxrighe maxcolonnel]=size (load) ;
flag(1l:maxrighe)=0;
i=1;
while i<=maxrighe
first=i;
while i<maxrighe & load(i,1l)==1load(i+1,1)
i=1i+1;

o°

creates a boolean array

o°

find feeder first and last element

end

last=1i;

feeders=[feeders; load(i,l) first last]; % saves results in "feeders"
% matrix

o°

i=1i+1;
end

[maxrighe maxcolonne]=size (feeders) ;
conta=1;
for i=1:maxrighe

o°

for each feeder repeats calculations
% from first to last node

o°

first=feeders(i,2);
last=feeders (i, 3);
if last>first

for j=first:last

o°

find all the loads corresponding in the
% same node

o°

if flag(j)==0;
P=0;

o°

calculates active power and phase angle
%% for the first load
Q=0;
for k=j:last
if load(k,2)==1ocad(j,2) & flag(k)==0 % calculates power and
% angle for the others

o°

P=P+load(k, 3) ;
Q=Q+load(k, 3) *tan(load(k,6)) ;
flag(k)=1;
end
end
fi=atan(Q/P) ;
newload=[newload; load(j,:)];
newload (conta, 3) =P;
newload (conta,6)=£fi;
conta=conta+1;
end
end
else
newload=[newload; load(first,:)];
conta=conta+1;
flag(first)=1;
end
end

risult=newload;
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Appendix A — Programs for Voltage Drop Calculations

A.3Matrix “Load ac”

This matrix includes load data to be used for ac calculations: it hasto be input to the
main program as “load2”.

Node Distance ) Angle
Feeder number between wire cross between Distrib.
index along the Power  [kW] subseq. sect%on voltage and System type
feeder nodes [m] (] current
[rad]
2 1 1.3 15 2.5 0 1
3 1 4.5 19 2.5 0 3
4 1 4.7 22 2.5 0 3
5 1 1.3 15 2.5 0 1
6 1 2.0 15 2.5 0 1
7 1 0.072 5 1.5 -0.2181 1
7 2 0.072 5 1.5 -0.2181 1
7 3 0.072 5 1.5 -0.2181 1
7 4 0.072 5 1.5 -0.2181 1
7 5 0.072 5 1.5 -0.2181 1
7 6 0.072 5 1.5 -0.2181 1
7 7 0.072 5 1.5 -0.2181 1
7 8 0.072 5 1.5 -0.2181 1
7 9 0.072 5 1.5 -0.2181 1
7 10 0.052 5 1.5 -0.1745 1
7 11 0.052 5 1.5 -0.1745 1
7 12 0.052 5 1.5 -0.1745 1
7 13 0.052 5 1.5 -0.1745 1
7 14 0.052 5 1.5 -0.1745 1
7 15 0.052 5 1.5 -0.1745 1
7 16 0.052 5 1.5 -0.1745 1
8 1 0.18 10 1.5 0 1
8 2 0.18 5 1.5 0 1
8 3 0.18 2 1.5 0 1
8 4 0.18 1 1.5 0 1
8 5 0.18 4 1.5 0 1
8 1 0.03 10 1.5 0.8976 1
8 2 0.03 5 1.5 0.8976 1
8 3 0.03 2 1.5 0.8976 1
8 4 0.03 1 1.5 0.8976 1
8 5 0.03 4 1.5 0.8976 1
9 1 0.18 20 1.5 0 1
9 2 0.18 8 1.5 0 1
9 3 0.18 2 1.5 0 1
9 4 0.18 8 1.5 0 1
9 5 0.18 2 1.5 0 1
9 1 0.03 20 1.5 0.8976 1
9 2 0.03 8 1.5 0.8976 1
9 3 0.03 2 1.5 0.8976 1
9 4 0.03 8 1.5 0.8976 1
9 5 0.03 2 1.5 0.8976 1
11 1 0.18 16 1.5 0 1
11 2 0.18 4 1.5 0 1
11 1 0.03 16 1.5 0.8976 1
11 2 0.03 4 1.5 0.8976 1
12 1 0.18 5 1.5 0 1
12 2 0.18 3 1.5 0 1
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Appendix A — Programs for Voltage Drop Calculations

12 3 0.18 2 1.5 0 1
12 4 0.18 2 1.5 0 1
12 1 0.03 5 1.5 0.8976 1
12 2 0.03 3 1.5 0.8976 1
12 3 0.03 2 1.5 0.8976 1
12 4 0.03 2 1.5 0.8976 1
13 1 0.18 20 1.5 0 1
13 2 0.18 3 1.5 0 1
13 3 0.18 3 1.5 0 1
13 4 0.18 1 1.5 0 1
13 5 0.18 3 1.5 0 1
13 1 0.03 20 1.5 0.8976 1
13 2 0.03 3 1.5 0.8976 1
13 3 0.03 3 1.5 0.8976 1
13 4 0.03 1 1.5 0.8976 1
13 5 0.03 3 1.5 0.8976 1
19 1 2.0 21 2.5 0.6435 1
20 1 0.9 14 1.5 0.1745 1
21 1 0.45 14 1.5 0.1745 1
22 1 1.8 14 1.5 0.1745 1
26 1 0.9 20 1.5 0.1745 1
27 1 0.1 20 1.5 0.6435 1
28 1 0.15 20 1.5 0.6435 1
29 1 0.15 20 1.5 0.6435 1
31 1 0.144 20 1.5 -0.2181 1
31 2 0.144 5 1.5 -0.2181 1
31 3 0.144 5 1.5 -0.2181 1
31 4 0.144 5 1.5 -0.2181 1
31 5 0.144 5 1.5 -0.2181 1
32 1 0.144 20 1.5 -0.2181 1
32 2 0.144 5 1.5 -0.2181 1
32 3 0.144 5 1.5 -0.2181 1
32 4 0.144 5 1.5 -0.2181 1
32 5 0.144 5 1.5 -0.2181 1
33 1 0.144 2.5 1.5 -0.2181 1
33 2 0.144 2.5 1.5 -0.2181 1
33 3 0.144 2.5 1.5 -0.2181 1
33 4 0.144 2.5 1.5 -0.2181 1
33 5 0.144 2.5 1.5 -0.2181 1
33 6 0.144 2.5 1.5 -0.2181 1
34 1 0.144 15 1.5 -0.2181 1
34 2 0.144 2.5 1.5 -0.2181 1
34 3 0.144 2.5 1.5 -0.2181 1
34 4 0.144 2.5 1.5 -0.2181 1
34 5 0.144 2.5 1.5 -0.2181 1
34 6 0.144 2.5 1.5 -0.2181 1
34 7 0.144 2.5 1.5 -0.2181 1
35 1 0.072 18 1.5 -0.2181 1
35 2 0.104 2 1.5 -0.1745 1
35 3 0.104 2 1.5 -0.1745 1
35 4 0.104 2 1.5 -0.1745 1
35 5 0.052 1 1.5 -0.1745 1
35 6 0.052 1 1.5 -0.1745 1
35 7 0.104 1 1.5 -0.1745 1
35 8 0.104 1 1.5 -0.1745 1
35 9 0.104 1 1.5 -0.1745 1
35 10 0.104 1 1.5 -0.1745 1
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A4 Matrix “Load dc”

This matrix includes load data to be used for dc calculations: it has to be input to the

main program as “load2”.

Node Distance ) Angle
Feeder number between wire cross between Distrib.
index along the Power  [kW] subseq. sect%on voltage and System type
feeder nodes [m] (] current
[rad]
2 1 1.3 15 2.5 0 1
3 1 4.5 19 2.5 0 1
4 1 4.7 22 2.5 0 1
5 1 1.3 15 2.5 0 1
6 1 2.0 15 2.5 0 1
7 1 0.072 5 1.5 0 1
7 2 0.072 5 1.5 0 1
7 3 0.072 5 1.5 0 1
7 4 0.072 5 1.5 0 1
7 5 0.072 5 1.5 0 1
7 6 0.072 5 1.5 0 1
7 7 0.072 5 1.5 0 1
7 8 0.072 5 1.5 0 1
7 9 0.072 5 1.5 0 1
7 10 0.052 5 1.5 0 1
7 11 0.052 5 1.5 0 1
7 12 0.052 5 1.5 0 1
7 13 0.052 5 1.5 0 1
7 14 0.052 5 1.5 0 1
7 15 0.052 5 1.5 0 1
7 16 0.052 5 1.5 0 1
8 1 0.18 10 1.5 0 1
8 2 0.18 5 1.5 0 1
8 3 0.18 2 1.5 0 1
8 4 0.18 1 1.5 0 1
8 5 0.18 4 1.5 0 1
8 1 0.03 10 1.5 0 1
8 2 0.03 5 1.5 0 1
8 3 0.03 2 1.5 0 1
8 4 0.03 1 1.5 0 1
8 5 0.03 4 1.5 0 1
9 1 0.18 20 1.5 0 1
9 2 0.18 8 1.5 0 1
9 3 0.18 2 1.5 0 1
9 4 0.18 8 1.5 0 1
9 5 0.18 2 1.5 0 1
9 1 0.03 20 1.5 0 1
9 2 0.03 8 1.5 0 1
9 3 0.03 2 1.5 0 1
9 4 0.03 8 1.5 0 1
9 5 0.03 2 1.5 0 1
11 1 0.18 16 1.5 0 1
11 2 0.18 4 1.5 0 1
11 1 0.03 16 1.5 0 1
11 2 0.03 4 1.5 0 1
12 1 0.18 5 1.5 0 1
12 2 0.18 3 1.5 0 1
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12 3 0.18 2 1.5 0 1
12 4 0.18 2 1.5 0 1
12 1 0.03 5 1.5 0 1
12 2 0.03 3 1.5 0 1
12 3 0.03 2 1.5 0 1
12 4 0.03 2 1.5 0 1
13 1 0.18 20 1.5 0 1
13 2 0.18 3 1.5 0 1
13 3 0.18 3 1.5 0 1
13 4 0.18 1 1.5 0 1
13 5 0.18 3 1.5 0 1
13 1 0.03 20 1.5 0 1
13 2 0.03 3 1.5 0 1
13 3 0.03 3 1.5 0 1
13 4 0.03 1 1.5 0 1
13 5 0.03 3 1.5 0 1
19 1 2.0 21 2.5 0 1
20 1 0.9 14 1.5 0 1
21 1 0.45 14 1.5 0 1
22 1 1.8 14 1.5 0 1
26 1 0.9 20 1.5 0 1
27 1 0.1 20 1.5 0 1
28 1 0.15 20 1.5 0 1
29 1 0.15 20 1.5 0 1
31 1 0.144 20 1.5 0 1
31 2 0.144 5 1.5 0 1
31 3 0.144 5 1.5 0 1
31 4 0.144 5 1.5 0 1
31 5 0.144 5 1.5 0 1
32 1 0.144 20 1.5 0 1
32 2 0.144 5 1.5 0 1
32 3 0.144 5 1.5 0 1
32 4 0.144 5 1.5 0 1
32 5 0.144 5 1.5 0 1
33 1 0.144 2.5 1.5 0 1
33 2 0.144 2.5 1.5 0 1
33 3 0.144 2.5 1.5 0 1
33 4 0.144 2.5 1.5 0 1
33 5 0.144 2.5 1.5 0 1
33 6 0.144 2.5 1.5 0 1
34 1 0.144 15 1.5 0 1
34 2 0.144 2.5 1.5 0 1
34 3 0.144 2.5 1.5 0 1
34 4 0.144 2.5 1.5 0 1
34 5 0.144 2.5 1.5 0 1
34 6 0.144 2.5 1.5 0 1
34 7 0.144 2.5 1.5 0 1
35 1 0.072 18 1.5 0 1
35 2 0.104 2 1.5 0 1
35 3 0.104 2 1.5 0 1
35 4 0.104 2 1.5 0 1
35 5 0.052 1 1.5 0 1
35 6 0.052 1 1.5 0 1
35 7 0.104 1 1.5 0 1
35 8 0.104 1 1.5 0 1
35 9 0.104 1 1.5 0 1
35 10 0.104 1 1.5 0 1
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