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1. INTRODUCTION

This manual provides a detailed reference on each component model (Type) in
TRNSYS. This manual providesthe mathematical basis of the model, as well as
other elements that the user should consider whenever using the model (e.g. data
file format, etc.). This guide is organized in components categories that match the

upper level directories in the Simulation Studio proformas. These categories are:

e |T Equipment
e Electrical Components

e Electrical Generation
For the IT Equipment, the following types are developed:
e 4000 IT Loads

The electrical components types are developed in two different levels. These

types are used in order to calculate electrical loses in the process.

Electrical Components where performance is based on quadratic

dependence on load factor

These types use experimental coefficients which can be changed by the user.
Default values are mainly extracted from Schneider Electric TradeOff Tools™ for

Data Centre design.

Electrical Components whose performances are based on manufacturers

properties
. The purpose of these types is to enable the setting of loss coefficients directly

from the specific manufacturer database.

As a consequence, the user is able to choose the option that fits better its
purpose. In the following chapters, electrical components types will be grouped

for families but peculiarities will be specified for each type:
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For the Electrical Generation, a type for Wave Energy Converter (WEC) has been

developed:

Uninterruptible Power Supply Unit (UPS)
= Losses UPS
= Type 4001 based on load factor dependence
= Type 4011 based on manufacturer properties
= Detailed UPS
= Type 4015
Power Distribution Unit (PDU)
= Type 4002 based on load factor dependence
Wire
= Type 4003 based on load factor dependence
= Type 4010 based on manufacturer properties
Switchgear unit (SWG)
= Type 4004 based on load factor dependence
= Type 4009 based on manufacturer properties
Standby losses of a Generator (GE)
= Type 4005 based on reference power
Lighting consumption (LGT)
= Type 4006 based on reference power
= Type 4013 based on area
Miscellaneous consumption (MISC)
= Type 4007 based on reference power
Transformer (TR)
= Type 4008 based on manufacturer properties
Power Supply Unit (PSU)

= Type 4012 based on manufacturer properties

4014 Wave Energy Converter
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2. IT POWER

2.1 TYPE 4000. IT LOADS

IT load is a model for the IT equipment, mainly servers, storage and network. IT
transforms an IT load curve into a power consumption curve by considering the
effects of non-linear power-consumption , increasing power consumption at

higher temperatures and Green Algorithms.

NOMENCLATURE
1T mmovable [%] IT load that can not be shifted in time
1Ty ovabie [%] IT load that can be shifted in time
Tin [ ] Inlet temperature for the servers
RER (yrrent [%] Current renewable Energy Ratio
Suear [year] Year of server manufacturer
Salloacation [%] Server allocation method
Py [kW] IT Power Capacity
ITpeaktoadFactor [%] Expected IT Power peak
Sconsolidation [0,1] Consolidation
Sgreen [0,1] Green Algorithm for load shifting
Sliquidcooling [0,1] Liquid cooling vs air cooling
REReshold [%] Threshold RER %
ITyackiog [h] Maximum IT backlog
Cstorage [%] Storage components
Cetwork [%] Network components
Sidle [%] Server power consumption when idle
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MATHEMATICAL DESCRIPTION

The basic idea is:
P,; = Current IT Load [%] * IT Power [KW] (1)

Both the IT load and the IT power can be modified by the parameters and the
inputs. Additionally, this type enables to store some of the IT load from the input
‘IMovable” in the IT backlog and withdraw it again The IT backlog is simply

modelled as storage tank.
The steps of the calculation are as follows:

Nominal IT Power

Calculate the nominal IT power for the internal calculations, which is smaller than

the IT power capacity PIT:

PIT,Nominal = PIT * ITPeakLoadFactor * 1T0ccupancy (2)

Apply the Green Algorithms:

If there is space in the IT backlog (ITBacklog, Current < ITBacklog) and the
renewable energy fraction is below the threshold (RERcurrent < RERThreshold)

then store IT load in the backlog proportional to RERcurrent:

RERcurrent
RERThreshold

(3)

ITgmounttostore = Imovable(1 -

If the IT Backlog contains sufficient data (ITBacklog, Current > 0) and the
renewable energy fraction is above the threshold (RERcurrent > RERThreshold)

then withdraw a proportional amount from the IT backlog.

IT _ (RERcurrent B RERThreshold) " (1 I I
ithd - - ble — bl
AmountToWithdraw (1 _ RERThreshold) movable nonmovable)

(4)
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Network Components, Storage Components

It is assumed that the electric power consumption of the network components
and the storage components is constant. Network Components in this context are
switches, core switches, routers, firewalls and so on. Storage components are
the tape libraries and storage appliances, such as EMC Netapp. For instance, let
us consider a Data Centre with a nominal IT power of 100 kW and 10% storage
components, 10% network components implies that 80% is influenced by the
movable IT load and immovable IT Load. Moreover, 20% is a permanent base

load. Thee calculation of the server power consumption is shown below:

PServers = PIT,Nominal * (1 - CStorage - CNetwork) (5)
Pyetwork = PIT,Nominal * Cnetwork (6)
PStorage = PIT,Nominal * CStorage (7)

Calculate the IT load percentage

ITLoad,Green = Inonmovable + Imovable + IAmountToWithdraw - IAmountToStore (8)

Apply the temperature power equation

The influence of temperature on the power consumption varies Depending on the

cooling technology (air cooling or liquid cooling

For liquid cooling this equation is:
PIT,Temperature = PIT,Nominal * (0-00418988 * Tin + 0'92633691) (9)

As a first approximation the measurements from the TUC test bench will be used,
see Figure 1. It is assumed that the IT equipment has a very low heat capacity
and that the step size is large enough to completely neglect thermal inertia.
Another assumption isthat the air/water inlet temperature converts directly into
CPU temperature. The power increase can augment the electric load beyond the
nominal IT power, since it is assumed that the nominal IT power refers to the
maximum power at 18°C. So a 100 kW DC can rise up to 110 kW if it runs at
40°C.

10
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Power at 18°C
%
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Input temperature [*C]

Graphic 1 Electric load increase for increased input temperature

For air cooling, this equation is used:

P = Pir nominal + Prrnvominar * (0.000024 + T3 — 0.001340 * T3, + 0,0259 * T},
— 0,168

(10)

The equation is based on measurements done by APC (White Paper 138) and
Sang-Woo Ham (Optimum supply air temperature ranges of various air-side

economizers in a modular data center).

= == Combined - INTEL = == Combined - HAM - == Ayerage
20%
18% |y =2E-05x3-0,001x? + 0,0146x - 0,0717
— R?=0,9999 /
o
__14%  |y=0,000024x3-0,001340x? +0,025900x - 0,168000 / rdi
& R? = 1,000000 P
= 12% 7
(*]
‘E 10% ¥ =2E-05¢-0,0009¢+0,0145x-0,0789 g
£ R*=1
2 8%
8
6%
4%
2%

0%
15 17 19 21 23 25 27 29 31 33 35
Inlet air temperature [C]

Graphic 2 Consumption versus inlet air temperature
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Year of Server Manufacture

The IT load is assumed to be in 2013 Values. Since computers get faster every
year, it is possible to calculate the power consumption for an identical IT load
using computers from another year. If the year of server manufacture is not “-17,

the following equation is applied to the power consumption:

Sage = Syear — 2013 (11)

P IT, Temperature

0.011718 = Sige + 0.217816 * Sy4, + 1.025515

P IT,Age =

For a hypothetical data centre with 100 kW, these are the results:
e For 2013 it will have a power of 97 kW
e For 2014 it will have a power of 80 kW
e For 2010 it will have 210 kW.
e For 2004 it would be 6 978 kW

If a server age of -1 is entered, then the 100 kW is unchanged.

Additionally the server age determines the power consumption at partial loads

according to the next figure:

SidleEffective = 0.00461 % S, — 0.03740 * Spge + 0.21196 (13)

This gives about 25% for 2013 and close to 100% for 2004. So, if a year of server
manufacture is set, the Sidle is overwritten. If the year of server manufacture is -

1, then this assignment is used:

SIdle,Effective = Stdie (14)

12
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IT Load to power curves

The curves are applied for calculating the power consumption based on the IT
load. Measurements by BSC reveals that for different loads (web, hpc, data) the
power consumption at for example 50% load can be quite different. The curves

used in the type are:

Web:
ITefrective = ITroaa,Green * 49-8 +37.1 (15)
Data:
If the IT Load is between 0% and 23.3%:
ITeppective = ITroad,Green * 90.9 + 34.92 (16)

Else

ITefrective = ITLoad,creen ¥ 90.9 + 34.92 — 361.93 * (ITypqq,Green — 0.233)  (17)

HPC:
If the IT load is between 0% and 5%:

ITofsective = ITioad,Green * 25243 + 35.0 (18)
Else

ITef fective = ITroadgreen * 672.23 + 14.01 — 631.93 * (ITy00q,6reen — 0.05)
(19)

Allocation / Consolidation

The allocation parameter determines if 50% load means 50% of all servers are
running at 100% (Saliocation =1) or if 50% means that 100% of all servers are
running at 50% (Saliocation =0). Consolidation in this context means that Saiiocation
=1 and that idle servers are turned off. Enabling consolidation enables allocation
automatically. The power consumption of the servers at idle is calculated from

the BSC IT load to power curves by putting in an IT load of 0.

So whether (Saliocation =0) or (Saliocation =1), the equation used is always:

PIT,Result = ITeffective * PIT,Age * (1 - SIdle,Effective) + PIT,Age * SIdle,Effective (20)

13
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If consolidation is turned on (Sconsoiidation=1) then the equation becomes

PIT,Result = ITeffective * PIT,Age * (1 - SIdle,Effective) (21)

Total Power Consumption

Consequently, the total power consumption is:

PTotal = PIT,Result + PNetwork + PStorage (22)

ADDITIONAL INFORMATION

Year of Server Manufacture

As foundation for the year of the server manufacture, the data from

SPECpower_ssj2008® has been used. This is displayed in Figure 3..

SSJOps/Watt

8000

y =92,56x2 - 260,16x + 296,42
R?=0,9886

7000
6000
5000
4000
3000
2000
1000

0
0 2 4 6 8 10 12

Graphic 3 Increase in processing power over the years

As reference for the idle power consumption also data from specPower_ssj2008

has been used. This is graphed in Figure 4.

14
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Graphic 4 Power at idle compared to power at full load for different years

INPUTS, OUTPUTS AND PARAMETERS

Inputs are described below:
e Immovable IT Load (%)

IT load that cannot be shifted in time and has to be executed right

away, for example for web workload.
e Movable IT Load (%)
IT load that can be shifted in time, for example HPC workload
e Tin (°C)
Inlet temperature for servers
e RER current (%)
Current renewable energy ratio
Outputs are listed below:

e Electric load (kW)

e Real IT Load (%)

e Change in IT backlog (%)

e Electricity used by networking (kW)
e Electricity used by storage (kW)

15
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Current IT backlog (h)

Maximum IT power consumption (kW)

Parameters are described below:

16

Year of server manufacture (-)
Server allocation (-)
Consolidation (Boolean)
Green algorithm (Boolean)
Threshold RER (%)
Maximum IT backlog (h)
IT Power capacity (kW)

IT Peak Load Factor (%)
Network components (%)
Storage components (%)
Idle Factor (%)
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3. UNINTERRUPTIBLE POWER SUPPLY UNIT
(UPS)

3.1 TYPE 4001. UPS LOSSES BASED ON LOAD FACTOR
DEPENDENCE

An Uninterruptible Power Supply (from now UPS) is a combination of power
converters, switches and energy storage media, e.g. batteries. Such a power
supply system guarantees ongoing supply to the load in case of supply voltage
failure. At the same time, voltage and frequency are still within the static and
dynamic limits defined by the load. The international product standard IEC 62040-

3 [1] classifies UPS into classes 1, 2 or 3 depending on the load limits.

Type 4001 is an empirical model for UPS. The model uses a mathematical
equation, based on empirical coefficients, in order to describe the operational
losses of a UPS. The model does not consider the UPS battery. Therefore, the
coefficients include the losses due to the double conversion, AC/DC and DC/AC,
realized by the UPS converters. If the efficiency curve is known, then these
coefficients are given by , data regression technique described by Avelar, V. et
al [2]. As an example, a set of values for the coefficients can be found in the tool

provided by Schneider [3].

NOMENCLATURE
Cr [—] No load losses coefficient.
Cp [—] Proportional losses coefficient.
Co [—] Square — law losses coefficient.
Cs [—] Sizing coefficient.
Cups [kW] Power losses of the UPS.
Effups [%] Efficiency of the UPS.
LF [—] Load factor of the UPS.

17
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P, [KW] Power from grid side of the UPS.
Py [KW] Nominal power of the UPS.

P,ut [kW] Power to load side of the UPS.
Pref [kW] Reference power.

MATHEMATICAL DESCRIPTION

The component calculates the electrical losses ({;ps), due to the double
conversion of currents inside the UPS, based on the nominal power (Py), the load

factor (LF) and the three losses coefficients (Cr, Cp andCy).

The type computes the nominal power of the UPS by multiplying the sizing
coefficient (Cs) by the reference power of the system (Pr.¢), equation (1). The load
factor is the percentage between the power to the load side of the UPS (P,,;) and
the nominal power of the UPS as shown in equation (2). tThe efficiency curve
given by manufacturers provides the losses coefficients as shown in Avelar, V. et

al [2]. These coefficients are:

¢ No load losses coefficient (Cr): describes the UPS standby losses, losses
at 0% load, attributable to powering such things as: transformers, logic
boards and communication cards. These losses are independent of the
load.

e Proportional losses coefficient (Cp): As more power is added to the UPS,
a larger amount of power will be flowing by various components in its
power path, thus, losses will increase. This coefficient, describes the
losses that grow linearly with the load factor.

e Square-law losses coefficient (Cy): As more power is added to the UPS,
more current flows through its components.. This coefficient, describes the

losses that grow quadratically with the load factor.

Therefore, the model considers the five following equations in order to compute

the electrical losses of the UPS component.

18
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Nominal power of the UPS:

Py = Prer - Cs

Load factor of the UPS:

LF — POth
PN

Power losses of the UPS:

(UPS=PN'CF+PN'CP'LF+PN'CQ'LFZ

Power from grid side of the UPS:

Pin = Pout + Sups

Efficiency of the UPS:

Effups = (PPT:) * 100

ADDITIONAL INFORMATION

[kW]

(kW]

(kW]

[%]

(4)

As an example, a set of values for the coefficients defined above are in Table 1,
which are valid for the Data Centre according to [3]. the installed IT power must

be taken as the reference power If the UPS is installed into a Data Centre.

Table 1 Coefficients for different types of UPS [3].

System Cs Cr Cp Co
Legacy UPS 1.4 0.005 0.005 0.040
Typical UPS 1.3 0.005 0.005 0.028
High efficiency

UPS 1.3 0.005 0.005 0.007

INPUTS, OUTPUTS AND PARAMETERS

Inputs are:

e Power to load side of the UPS (kW)

Power send to the load connected at the UPS. This amount of

power cannot exceed the nominal power of the component.

19
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On the other hand, outputs are:
e Power losses of the UPS (kW)

Electrical losses generated by the UPS converters

Power from grid side of the UPS (kW)

Power feed to the UPS in order to satisfy the load demand. This

power cannot exceed the nominal power of the component.

Load factor of the UPS (-)

This value defines the percentage of the total capacity at which the
UPS is working. A load factor of 1 means that the component is
working at its full capacity. This value cannot be lower than 0 or

greater than 1.

Efficiency of the UPS (%)
Efficiency value of UPS.
Addittionally, Parameters are :
e Sizing coefficient (-)

This coefficient is used to approximate the nominal power of the
component. The nominal power is calculated multiplying the sizing
coefficient by the reference power. The reference power defines the

installed power of our system.
¢ No load losses coefficient (-)

Describes the UPS standby losses.
e Proportional losses coefficient (-)

Describes the UPS losses that grow linearly with the load factor.
e Square-law losses coefficient (-)

Describes the UPS losses that grow in a quadratic way with the load

factor.

20
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e Reference power (kW)

The reference power is the installed power of our system. If the UPS
is installed into a Data Centre, the installed IT power must be taken

as the reference power.

Pin [kWw]

ZUPS [k
Pout k] SN 5
:lm LF [
Typed001

Eff [2&]

Graphic 5 Scheme of type 4001

REFERENCE

[1] International Standard, IEC 62040-3, Uninterruptible power systems (UPS),
PART 3: Method of specifying the performance and test requirements, First
edition, 1999-2003.

[2] Avelar, V. Making Large UPS Systems More Efficient, White paper #108, APC,
Schneider, 2007.

[3] Schneider Electric, APC tool (2014) Data Centre Efficiency Calculator,
Assumptions. http://www.apcmedia.com/salestools/WTOL-7CMGPL/WTOL-
7CMGPL_R3 EN.swf
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3.2 TYPE4011. UPS LOSSES BASED ON MANUFACTURER
PROPERTIES

An Uninterruptible Power Supply is a combinations of power converters, switches
and energy storage media, e.g. batteries, that form a power supply system,
guaranteeing ongoing supply to the load in case of a supply voltage failure. At
the same time, voltage and frequency remain within the static and dynamic limits
defined by the load. The international product standard IEC 62040-3 [1] classifies

UPS into classes 1, 2 or 3 depending on the load limits.

Type 4011 is an empirical model for UPS. The model uses a mathematical
equation, based on empirical coefficients, to describe the operational losses of a
UPS. The model doesn’t take into account the UPS battery. Therefore, the
coefficients summarize the losses due to the double conversion, AC/DC and
DC/AC, realized by the UPS converters. These coefficients can be deduced, from
the efficiency curve, following the data regression technique described by Avelar,
V. et al [2]. Usually, manufacturers provide the UPS efficiency at full load, but not
the entire efficiency curve. However, the efficiency curve can be generated with
the web tool created by Infineon, IPOSIM [3]. In this tool, it's possible to simulate

the devices that generate the UPS losses, such as different types of power

converters.
NOMENCLATURE
Cr [kW] No load losses coefficient.
Cp [kW] Proportional coefficient.
Co [kW] Square — law losses coefficient.
Cups [kW] Power losses of the UPS.
Erryps (%] Efficiency of the UPS.
LF [—] Load factor of the UPS.

22
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N [—] Number of UPS in parallel.

P, (kW] Power from grid side of the UPS.
Py [kW] Nominal power of the UPS.

P, ut [kW] Power to load side of the UPS.

MATHEMATICAL DESCRIPTION

The component calculates the electrical losses ({yps), due to the double
conversion of current inside the UPS, based on the load factor (LF) and three

losses coefficients (Cg, Cp andCy).

The load factor is the percentage between the power to the load side of the UPS

(P,ut) and the nominal power of the UPS (Py), equation (1).

The losses coefficients can be obtained from the efficiency curve, as is shown in
Avelar, V. et al [1]. In order to create the efficiency curve the web tool IPOSIM
[2], have been used. In this tool a two level bidirectional converter, with different
amperage, has been simulated. These simulations allow us to deduce the values

of the losses coefficients shown in Table 1. These coefficients are:

¢ No load losses coefficient (Cr): describes the UPS standby losses, losses
at 0% load, attributable to powering such things as: capacitors, logic
boards and communication cards. These losses are independent of the
load.

e Proportional losses coefficient (Cp): As more power is added to the UPS,
a larger amount of power will be flowing by various components in its
power path, thus losses will increase. This coefficient, describes the losses
that grow linearly with the load factor.

e Square-law losses coefficient (Cy): As more power is added to the UPS,
more current flows through its components. This causes losses in the UPS
with the square of the current. This coefficient, describes the losses that

grow in a quadratic way with the load factor.

23
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Internally, the type divides the power to load side of the UPS by the number of
UPS in parallel (N). At the end of the time step, in order to know the total power
demanded from grid side of the UPS (P,,), .the type multiplies the power to load

side and the power losses of the UPS ((;p5) by the number of Ups in parallel.

Therefore, the model considers the four following equations to compute the

electrical losses of the UPS components.

Load factor of the UPS:

LF = "o -] (1)

Power losses of the UPS:

Jups = (Cp + Cp - LF + C, - LF?) [kW] (2)

Power from grid side of the UPS:

Pin = Pout + Cups [kW] (3)

Efficiency of the UPS:

POLl
EfoPS = (Tnt) 100 [%] (4)

ADDITIONAL INFORMATION

Different values for the UPS parameters are in Table 1, classified by load sizes.
Notice that the values of the coefficients are given considering the double
conversion, AC/DC and DC/AC, and simple conversion, AC/DC. If the user wants
to simulate a UPS, use the double conversion values. If the user wants to
simulate a converter, use the simple conversion values. These parameters have

been obtained with the information extracted from the aforementioned tool [2].

24
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Table 2 Coefficients values for different types of UPS [2]

UPS

Load [kW] Py [kW] | Cr [KW] | Cp [KW] | Co [KW]
converters type

UPS1: 0<L>39 42.662 0.01 0.4542 | 0.54289
AC/AC
UPS2: 39<L.>193 | 203.798 | 0.01 2.2765 | 2.7424
double conversion

UPS3: 193<L>643 | 709.546 | 0.01 | 8.1788 | 7.6633

AC/DC UPS1: 0<L>39 42.662 | 0.01 | 0.2271 {0.27144
simple UPS2: 39<L>193 | 203.798 | 0.01 1.1383 | 1.3712
conversion UPS3: 193<L>643 | 709.546 | 0.01 | 4.0894 | 3.8316

INPUTS, OUTPUTS AND PARAMETERS
Inputs are described below:
e Power to load side of the UPS (kW)

Power send to the load connected at the UPS. This power cannot

exceed the nominal power of the component.
Outputs are described below:
e Power losses of the UPS (kW)

Electrical losses associated with the operationality of the UPS

converters.
e Power from grid side of the UPS (kW)

Power feed to the UPS in order to satisfy the load demand. This

power cannot exceed the nominal power of the component.

e Load factor of the UPS (-)

This value defines the percentage of the total capacity at which the
UPS is working, 1 means that the component is working at its full
capacity. For physical sense, this value cannot be lower than 0 or

greater than 1.

25
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e Efficiency of the UPS (%)
Efficiency value of the UPS.
Parameters are described below:
e No load losses coefficient (kW)
Describes the UPS standby losses.

e Proportional losses coefficient (kW)

Describes the UPS losses that grow linearly with the load factor.

Square-law losses coefficient (kW) Describes the UPS losses that

grow with the load factor in a quadratic way.
e Nominal power of the UPS (kW)

Nominal power defines the maximum power that can flow through
the UPS.

e Number of UPS in parallel (-)

Number of UPS installed in parallel.

Pin [kiw/]

JUPS [lew]
Pout K] S ¢ HH

7\ LF [

Typed011

Eff [%:]

Graphic 6 Scheme of type 4011
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3.3 TYPE 4015. UPS DETAILED

An Uninterruptible Power Supply is a combinations of power converters, switches
and energy storage media, e.g. batteries, that form a power supply system,
guaranteeing ongoing supply to the load in case of a supply voltage failure. At
the same time, voltage and frequency remain within the static and dynamic limits
defined by the load. The international product standard IEC 62040-3 [1] classifies

UPS into classes 1, 2 or 3 depending on the load limits.

Type 4015 is a detailed model for a UPS. The component works with two kinds
of battery models: Lead-Acid and Li-lon. These models are based in the ones
developed by Tremblay, O. et al [2]. In order to adapt the Tremblay models to a
UPS model, a couple of functions and internal controllers are added. These

functions and controls cause losses and current limitations due to the UPS

converters.
NOMENCLATURE
A V] Exponential zone amplitude.
Cr [kW] Converter no load losses coefficient.
Cp [kW] Converter proportional losses coefficient.
Co [kW] Converter square — law losses coefficient.
Cpar  [—] Battery cells in parallel.
Coor [—] Battery cells in serie.
Cc1 (kW] Losses of the converter in the grid side of the UPS.
Uceo (kW] Losses of the converter in the load side of the UPS.
Cyps kW] UPS losses.
E [kWh] Energy to or from battery.
Eo V] Battery constant voltage.
Ef fups [%] UPS efficiency.
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i [A]

iCl,out [kW]

liw  [A]
Iour  [A]
it [A]
K [Q]
kp  [-]
N [-]
P [kw]

Pne  [kW]
Pn (kW]
Pour  [kW]
Qexp  [Ah]
Qmax  [Ah]
Qnom  [Ah]
Qt [Ah]
R [Q]
Soc (%]
S0C, [%]

U (V]
Ury, V]
Urdch [V]

Battery discharge current.
Current from the converter in the grid side of the UPS.
Current from grid side of the UPS.
Current to load side of the UPS.
Current flowing to or from battery.
Battery polarization resistance.
Proportional controller.
Number of UPS in parallel.
Power to or from battery.
Power from the converter in the grid side of the UPS.
Nominal power of converters.
Power from grid side of the UPS.
Power to load side of the UPS.
Battery capacity at the end of the exponential zone.
Battery maximum capacity.
Battery capacity at the end of the nominal zone.
Battery capacity.
Battery internal resistance.
Actual state of charge of the battery.
Initial state of charge of the battery.
Reference state of charge of the battery.
Battery voltage.

Battery polarization resistance during charge.

Battery polarization resistance during discharge.
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Uexppat[V] Battery exponential voltage.

Uexp V] Battery voltage at the end of the exponential zone.
Upar V] Battery voltage at fully charge.

Uin [V] Voltage from grid side of the UPS.

Unax V] Battery maximum voltage.

Unin V] Battery minimum voltage.

Unom V1] Battery voltage at the end of the nominal zone.
Upt V] Voltage to load side of the UPS.

Upor V] Battery polarization voltage.

ACap [—] Enhancement of battery capacity.

AE [kWh] Internal energy change of the battery.

At [h] Simulation time step.

MATHEMATICAL DESCRIPTION

The characteristic discharge curve given by the manufacturers [3] provides the
battery parameters , through the discharge current (i) and three points of the
curve. From these points is possible to extract the fully charged voltage (Uryy),
the voltage and capacity at the end of the exponential zone (Q.xp,Uexp), the
voltage and capacity at the end of the nominal zone, when the voltage starts to
drop abruptly, (Qnom>Unom) @nd the maximum capacity (Q,,..)- Tipically, the
internal resistance (R) is given too. These values must be specified for a battery
cell, and internally the type adjust this cell values to the battery values. The
voltage values are multiplied by the number of battery cells in serie (Cs,,-), while
capacity and current values are multiplied by the number of battery cells in
parallel (C,q,). Moreover, the internal resistance is also adjusted by multiplying
and dividing it by the number of cells in series and the number of cells in parallel,
respectively. From these parameters and the system of equations (1), (2), and

(3) the type computes the rest of the battery parameters which are: battery
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constant voltage (E,), polarisation resistance (K), and exponential zone amplitude
(A).

Battery voltage at fully charge:

Battery voltage at the end of the exponential zone:

— Qmax . . -3
Uexp = EO —-K- m : (Qexp + l) —R-i+ Aexp(@ : Qexp) [V] (2)

Battery voltage at the end of the nominal zone:

Unom = Eo — K - _ Omax__, (Qnom +i) — R-i +Aexp(?jp * Qnom) [V] (3)

Qmax_Qnom

The rest of UPS parameters is related with the converters characteristics, such
as the converter nominal power (Py ¢ ), the no load (Cr), proportional (Cp), and
square-law (Cqy) losses coefficients, which are already described in the

documentation of Type 4011.

Additionally, the type includes an extra parameter called enhancement (4Cap),
which internally multiplies the number of battery cells in parallel. We will not
modify the battery characteristics as this value is set to the default value 1.
Otherwise, we will be increasing or decreasing the number of battery cells in
parallel, which is equivalent to increase or decrease the energy capacity of the
battery. This parameter is introduced in order to help the user in the parametric
analysis, related with the energy storage of the battery. Once the UPS

parameters are known, it is possible to analyze the UPS behaviour.

Firstly, it is necessary to know if the UPS will be charging or discharging energy,
this behaviour is governed by the input value called reference state of charge
(S0Cy¢r). If the SOC,.; is higher than SOC, the UPS starts to store energy. In
contrast, if the SOC,..fis lower than SOC, a discharge phase starts. This operation
is computed using equation (4), where the sign of current (i;) will define if UPS is
charging or discharging energy. An internal control will ensure that the result from

equation (4) does not exceed the nominal current of the UPS converters.
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Current from or to UPS battery:

I = (100-( —QQt

max

) = S0Crer) - kp [l @)

Where: kp =1.6- %

*At the initial time step the initial UPS capacity (Qt,) is calculated as shown in

equation (5).

The expected output power (P,,;) and the output voltage (U,,,;) are used as input
values to the converter function. Such a function computes the contributions of
losses of the converter placed downstream of the battery ({ ,). This converter
function is identical for both UPS converters, and it is described in the

documentation of Type4011.

The initial UPS capacity (Qt,) and the capacity at the end of time step (Qt;;4¢)
due to the current flowing from or to the battery are computed using equations
(5) and (6), respectively. The associated SOC to the UPS capacity, at the end of
time step, is computed using equation (7). Furthermore, an internal control will
check that the SOC does not exceed the maximum value (100%) or drop below

Zero.

Initial battery capacity:

50Co

Qty = (1 ~ Too ) * Qmax [Ah] (%)

Battery capacity at the end of time step:

Qteynr = Qty” + (i - At) [Ah] (6)
*At the initial time step Qt, = Qt,

Battery state of charge at the end of time step:

S0C, =100 « (1 - ) %] (™

max

The model computes the UPS voltage (U) via equation (8). By adding different
voltages functions and the parameter battery voltage (E,), These functions are:
the polarization voltage (U,,;), the polarization resistance, which will be different

between charge (U,,) and discharge (U,,,), and the exponential voltage
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(Uexp,pat), Which differs for each type of battery. These functions are calculated
using equations (9), (10), (11), (12) and (13) described below. Additionally, a
control over the voltage is applied in order to ensure that this does not exceed
the maximum or minimum (U4, Unmin) Vvalues, equations (14) and (15),

respectively.

Battery voltage:

Up = Upol,t + Urdch,t + Urch,t + Uexp,bat,t + Ey V] (8)
Where bat depends on the type of battery selected, Li ion or Lead Acid.

Battery polarization voltage:

Upore = —K - —2m%_. o, vl

Qmax—0Qtt

Battery polarization resistance (discharge):

Upyopt = —Sign - K - iy % V] (10)
sign: IfSOCt >SOCref

Where: .
{Slgnz() ]fSOCt<SOCref

Battery polarization resistance (charge):

U = =Sign K - i o B vl an
sign =0 If SOC, > SOC

Where: { g f S0C: ref
sign =1 If SOC; < SOC,¢f

Li lon Battery exponential voltage:

-3
Uexp,t,Li ion = Aexp(@ - Qty) V]l (12)

Lead Acid Battery exponential voltage:

-3

. * . Qex *
Uexp,t,Lead Acid = (Slgn A Uexp,t—At ) ' Iltl ' ﬁ ' (At : 3600) + Uexp,t—At [V] (13)

*At the initial time step U,ype-ar” = Aexp(Q_3 . (1 - Sﬁﬁf ) * Umax)
exp
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Maximum battery voltage:

Umax,t =2-E, V] (14

Minimum battery voltage:

Umin,t =R [V] (15)

Finally, equation (16) shows that the voltage is corrected in order to consider the
drop of voltage due to the internal resistance of the batteryAs the new voltage
and current of UPS are known, the power delivered or consumed by UPS can be

computed (P) through equation (17).

Drop of voltage due to battery losses:

U =U— ;R [V] (16)

Power to or from battery:

p, =0 [kW](17)

Kirchhoff's law computes the current flowing by the converter upstream the
battery. This current (ic1,y,:) and the battery voltage (U) providethe expected
output power from this converter (P¢; ,,,¢)- The converter function computes the
losses due to this converter ({;;) and the expected input power (P;,) to the.
Therefore, equations (18) and (19) calculate the total losses inside the UPS ({;ps)
and the efficiency of it (Ef fyps),- The result from equation (17) and the time step
of TRNSYS simulation (4t) provide the energy of the UPS. The storage of this
value between time steps allows us to compute the internal energy change of the
battery (AF) via equation (20).

UPS losses:
ZUPS,t = % [kW] (18)
Efficiency of UPS:
- Pourr |
EfoPS‘t - (Pout,t+Sups,t) 100 [kW] (19)
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Internal energy change of battery:

Finally, it is worth noticed that all the operations listed above are computed for
one UPS and the results are multiplied by the number of units (N) connected in

parallel, as equitable load distribution between UPSs is assumed..

ADDITIONAL INFORMATION

As an example a set of values for UPS parameters are listed in Table 1 and 2,
below. The values in Table 1, have been extracted from the discharge curve of a
Lead-Acid from Panasonic manufacturer [3]. Moreover, Table 2 contains the rest
of UPS parameters, where these are given depending on the load demand
necessary to satisfy. The parameters regarding the converters characteristics
have been deduced in the same way as for Type4011, using the web tool IPOSIM
[4]. The battery parameters listed in Table 2, are given for a UPS that will achieve,

at maximum current, 50% of SOC in 15 min.

Table 3 Lead-Acid battery parameters [3]

Battery
Parameters
Uguu [V] 1.39
Uexp [V] 1.28
Upom [V 1.18
Q [Ah] 1.80
Quom [Ah] 1.60
i [A] 1.37

Table 4 UPS parameters for different load demand [4]

UPS
Battery AC/DC Converters
Parameters Parameters

Load [kW]

Cset Cpar PN,C Ce Coe CQ

[-] [-] [kW] [ [kW]  [kW]

0<L>39 400 30 42 0.01 0.2271 0.27144

39<L>193 400 120 203 0.01 1.1383 1.37120
193<L>643 400 435 709 0.01 4.0894 3.83160
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INPUTS, OUTPUTS AND PARAMETERS

U V]
SOC [%]
Pin [kw]

it [A]

ZUPS [kw]

Pout [kw] | lin [A]
Uout [V] - = lout [A]
Uin TV = ' EffUPS [%]
in [\v] 4 -
I Pout [kin]
SOCref [%] .
: Pch [l
Typed015
i,c1,out [A]
ic2in [4]
Pdch [lkKw]
AE [kiwih]

Graphic 7 Scheme of type 4011

Inputs are described below:
e Power to load side of the UPS (kW)

Power send to the load connected at the PDU. This amount of

power cannot exceed the nominal power of the component.
e Voltage to load side of the UPS (V)

Distribution voltage at the load side of the UPS.
e Voltage from grid side of the UPS (V)

Distribution voltage at the grid side of the UPS.
e Reference SOC (%)

Desired state of charge of the UPS battery. Can be used as a
control signal in order to charge or discharge energy from the

battery.
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Outputs are described below:
e Battery voltage (V)
Voltage delivered by the UPS battery.
e SOC (%)
State of charge of the UPS battery at the end of the time step.
e Power from grid side of the UPS (kW)

Power feed to the UPS in order to satisfy the load demand. This

power cannot exceed the nominal power of the component.
e Battery current (amperes)

Current flowing to or from UPS battery.
e UPS losses (kW)

Electrical losses associated with the operationality of the

component.

e Current from grid side of the UPS (amperes)
e Current to load side of the UPS (amperes)
o Efficiency (%)

Efficiency value of the UPS.
e Power to load side of the UPS (kW)

Power send to the load connected at the UPS. This amount of

power cannot exceed the nominal power of the component.
e Battery charge power (kW)

Power consumption used to charge the UPS battery.
e Converter -1 output current (amperes)

Current flowing from the converter, placed upstream of the UPS
battery, to the UPS battery.
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e Converter -2 input current (amperes)

Current flowing from the UPS battery to the converter placed

downstream of the UPS battery.

e Battery discharge power (kW)
Power delivered by the UPS battery.

¢ Internal energy change of the battery (kWh)
Variation of energy inside the UPS battery.

Parameters are described below:

Battery cells in series (-)
Number of battery cells in series.

e Battery cells in parallel (-)

Number of battery cells in parallel.
e |nitial SOC (%)

Initial state of charge of UPS batteries.
» Type(-)

Type of batteries used by the UPS (1-Lead Acid, 2-Li ion battery).
e Voltage per cell when fully charged (V)

Voltage per cell when the battery is fully charged.
¢ Voltage at the end of the exponential zone (V)

Cell voltage before start the exponential zone.
¢ Nominal voltage of the battery cell (V)

Voltage per cell before the abruptly drop of voltage.
e Maximum capacity per cell (Ah)

Maximum capacity of a battery cell.
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Nominal capacity per cell (Ah)
Cell capacity before the voltages starts to drop abruptly.
Maximum current per cell (amperes)
Maximum current through battery cell.
Converters no load losses coefficient (kW)
Describe the converters losses in standby.
Converters proportional losses coefficient (kW)

Describe the converters losses that grow linearly with the load

factor.
Converter square-law losses coefficient (kW)

Describe the converters losses that grow quadratically with the load

factor.
Converter nominal power (kW)

The converter nominal power defines the maximum power through

converters.
Number of UPS in parallel (-)

Defines the number of UPS units connected in parallel. It's assumed

that the load is split equitably between them.
Enhancement (%)

Parameter used to increase the energy capacity of the UPS battery.
Internally this parameter multiplies the number of battery cells in

parallel.

Default value, 1, means that no enhancement is done over the initial

battery energy capacity.
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4. POWER DISTRIBUTION UNIT (PDU)

4.1 TyPE 4002. PDU BASED ON LOAD FACTOR
DEPENDENCE

The Power Distribution Unit (from now PDU) is a device fitted with multiple
outputs designed to distribute electric power. This unit includes main breakers,
individual breakers and power monitoring panels to show and ensure the properly

energy distribution to each of the electrical devices connected to the PDU.

Type 4002 is an empirical model for a PDU. The model uses a mathematical
equation, based on empirical coefficients, to describe the operational losses of a
PDU. These coefficients can be deduced, if the efficiency curve is known,
following the data regression technique described by Avelar, V. et al [1]. As an
example, a set of values for the coefficients can be found in the tool provided by
Schneider [2].

NOMENCLATURE
Cr [—] No load losses coefficient.
Cp [—] Proportional losses coefficient.
Co [—] Square — law losses coefficient.
Cs [—] Sizing coefficient.
Copu [kW] Power losses of the PDU.
Effepy  [%] Efficiency of the PDU.
LF [—] Load factor of the PDU.
Py [kW] Power from grid side of the PDU.
Py [kW] Nominal power of the PDU.
P,ut [kW] Power to load side of the PDU.
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Pref [kW] Reference power.

MATHEMATICAL DESCRIPTION

This component computes the electrical losses associated to a PDU () based
on the nominal power (Py), load factor (LF) and three losses coefficients (Cr, Cp
and Cy).

The type computes the nominal power of the PDU multiplying the sizing
coefficient (Cs) by the reference power of the system (Pr.¢), equation (1). The load
factor is the percentage between the power to the load side of the PDU (P,,;) and
the nominal power of the PDU, equation (2).The losses coefficients can be
obtained from the efficiency curve provided by manufacturers, as is shown in

Avelar, V. et al [1]. These coefficients are:

¢ No load losses coefficient (Cr): describes the PDU standby losses, losses
at 0% load, attributable to powering such things as: logic boards and
communication cards. These losses are independent of the load.

e Proportional losses coefficient (Cp): As more power is added to the PDU,
a larger amount of power will be flowing by various components in its
power path, thus losses will increase. This coefficient, describes the losses
that grow linearly with the load factor.

e Square-law losses coefficient (Cy): As more power is added to the PDU,
more current flows through its components. This causes losses in the PDU
with the square of the current. This coefficient, describes the losses that

grow quadratically with the load factor.

Therefore, the model considers the five following equations to compute the

electrical losses of PDU components.

Nominal power of the PDU:

Py = Pger - Cs [kW] (1)

Load factor of the PDU:

LF = PP—Nt [-] (2)
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Power losses of the PDU:

(PDUzPNCF-I_PNCPLF-I_PNCQLFZ [kW] (3)

Power from grid side of the PDU:

Pin = Pout + (PDU [kW] (4)

Efficiency of the PDU:

Ef foou = (22£) « 100 (%] (5)

mn

ADDITIONAL INFORMATION

As an example, a set of values for the coefficients defined above are in Table 1,
which are valid for Data Centre according to [2]. If the PDU is installed into a Data

Centre the installed IT power must be taken as the reference power.

Table 5 Coefficients for different types of PDU [2].

System Cs Cr Cp Co
PDU with STS 25 0.011 0.009 0.005
PDU 25 0.011 0.000 0.005

INPUTS, OUTPUTS AND PARAMETERS

Inputs are described below:
e Power to load side of the PDU (kW)

Power send to the load connected at the PDU. This amount of

power cannot exceed the nominal power of the component.
Outputs are described below:
e Power losses of the PDU (kW)

Electrical losses associated with the operation of the component.

e Power from the grid side of the PDU (kW)
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Power feed to the PDU in order to satisfy the load demand. This

power cannot exceed the nominal power of the component.
e Load factor of the PDU(-)

This value defines the percentage of the total capacity at which the
PDU is working. A load factor of 1 means that the component is
working at its full capacity. For physical sense, this value cannot be

lower than O or greater than 1.
o Efficiency of the PDU(%)
Efficiency value of PDU.

Parameters are described below:

Sizing coefficient (-)

This coefficient is used to approximate the nominal power of the
component. The nominal power is calculated multiplying the sizing
coefficient by the reference power. The reference power defines the

installed power of our system.
¢ No load losses coefficient (-)

Describes the PDU standby losses.
e Proportional losses coefficient (-)

Describes the PDU losses that grow linearly with the load factor.
e Square-law losses coefficient (-)

Describes the PDU losses that grow quadratically with the load

factor.
o Reference power (kW)

The reference power is the installed power of our system. If the PDU
is installed into a Data Centre, the installed IT power must be taken

as the reference power.
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Fin [kKw]
Paout [kKWw] CRDU [kiw]
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Typed002
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Graphic 8 Scheme of type 4002
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5. WIRE

5.1TyPE 4003. WIRE BASED ON LOAD FACTOR
DEPENDENCE

A wire is used to carry electrical current from the power source to the load
consumption, such as lighting and electrical machines. The losses of a wire
depend on his operating current, the size and the length of it. Rasmussen, N. et
al [1] quantifies, as a common design value, the wiring losses in a 1% of the

power at full load.

Type 4003 is an empirical model for a wire. The model use a mathematical
equation based on empirical coefficients to compute the losses in the wire. The
material resistivity of wire dissipates current and generates losses in the form of
heat. A coefficient describing the current dissipated through wire at different load
factors, can be deduced following a data regression technique, similar to the work
done by Avelar, V. et al [2]. As an example, values for the coefficients can be

found in the tool provided by Schneider [3].

NOMENCLATURE
Co [—] Square — law losses coefficient.
Cs [—] Sizing coefficient.
CwirE [kW] Power losses of the wire.
Effwire (%] Efficiency of the wire.
LF [—] Load factor of the wire.
P, (kW] Power from grid side of the wire.
Py [kW] Nominal power of the wire.
P, ut [kW] Power to load side of the wire.
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Pref [kW] Reference power.

MATHEMATICAL DESCRIPTION

This component computes the electrical losses associated to a wire ({y;rg),

based on the nominal power (Py), load factor (LF) and a losses coefficient (Cy).

The type computes the nominal power of the wire multiplying the sizing coefficient
(Cs) by the reference power of the system (Pg.f), €quation (1). The load factor is
the percentage between the power to the load side (P,,;) and the nominal power

of the wire, equation (2).

A wire generates losses, in a form of heat, due to the current dissipated. These
losses are proportional to the square of current and are usually called as the
Square-law losses (C,). As more power is demanded by the load, more current
is flowing through wire, thus the losses increases. These losses can be

characterized if the wire maximum current and resistivity are known.

The wire material is usually known thus, the wire resistivity can be known.
Knowing the nominal power of the wire and the voltage distribution of the system,
one can compute the wire maximum current. The losses will be the results of
multiply the square of current by the wire resistivity. Therefore, increasing the
current from zero to the maximum it's possible to deduce the wire losses at
different load factors. Finally, as Avelar, V. et al [2] describes, plotting these
losses on a graph and applying a data regression technique it’s possible to obtain

the value of the Square-law losses coefficient.

Nominal power of the wire:

Py = Pger - G [kW] (1)

Load factor of the wire:

LF = o -] (2)

Power losses of the wire:

Swire = Pn - CQ - LF? [kW] (3)
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Power from grid side of the wire:

Pin = Pout + Swire [kW] (4)

Efficiency of the wire:

mn

Ef fwire = (*2£) 100 (%] (5)

ADDITIONAL INFORMATION

As an example, a set of values for the coefficients defined above are in Table 1,
which are valid for Data Centre according to [3]. If the wire is installed into a Data

Centre, the installed IT power must be taken as the reference power.

Table 6 Coefficients for a wire [3].

System Cs Co
WIRE 3.0 0.010

INPUTS, OUTPUTS AND PARAMETERS

Inputs are described below:
e Power to load side of the wire (kW)

Power send to the load connected at the wire. This amount of power

cannot exceed the nominal power of the component.
Outputs are described below:
e Power losses of the wire (kW)
Electrical losses due to current dissipation.
e Power from grid side of the wire (kW)

Power feed to the wire in order to satisfy the load demand. This

power cannot exceed the nominal power of the component.
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e Load factor of the wire(-)

This value defines the percentage of the total capacity at which the
wire is working. A load factor of 1 means that the component is
working at its full capacity. For physical sense, this value cannot be

lower than O or greater than 1.
e Efficiency of the wire (%)
Efficiency value of wire.
Parameters are described below:
e Sizing coefficient (-)

This coefficient is used to approximate the nominal power of the
component. The nominal power is computed multiplying the sizing
coefficient by the reference power. The reference power defines the

installed power of our system.

e Square-law losses coefficient (-)

Describes the wire losses that grow quadratically with the load

factor.

o Reference power (kW)

The reference power is the installed power of our system. If the wire
is installed into a Data Centre, the installed IT power must be taken

as the reference power.

Fin [kw]

CWIRE [}
& &
FPout [KWw]
: » LF [
Type4003 EFF %]

Graphic 9 Scheme of type 4003
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5.2TyPE 4010. WIRE BASED ON MANUFACTURER
PROPERTIES

A wire is used to carry electrical current from the power source to the load
consumption, such as lighting and electrical machines. The losses of a wire
depend on his operating current, the size and the length of it. Rasmussen, N. et
al [1] quantifies, as a common design value, the wiring losses in a 1% of the

power at full load.

Type 4010 is an empirical model for wire. The model uses Joule’s law to describe
the operational losses of a wire. In order to apply Joule’s law, it's necessary to
know some characteristics of our wires, such as, diameter, length and material
resistivity. Usually wires are done with copper, which has an electrical resistivity
of 0.0172 Q - mm?. The available wires diameters can be found in manufacturers

catalogues, such as in [1]. Moreover, it's assumed a three phase wire

configuration.
NOMENCLATURE
CwirE [kW] Power losses of the wire.
d [mm] Diameter of the wire.
Effwire [%] Efficiency of the wire.
I [4] Current to load side of the wire.
Ino [A] Nominal current of the wire.
L [m] Length of the wire.
LF [—] Load factor of the wire.
N [—] Number of wires.
P, [KW] Power from grid side of the wire.
Pyut [kW] Power to load side of the wire.
Pref [kW] Reference power.
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Q- mm? : : S
Ruyrat — Material electrical resistivity.
Rwire [Q] Wire resistivity.
Uyut [V] Output voltage.

MATHEMATICAL DESCRIPTION

This component computes the electrical losses associated to Joule’s effect in
wires ({,;rE), due to electrical power distribution. Joule’s law determines the heat
generated by an electrical current flowing through a conductor, in other words the
electrical losses generated due to electrical resistivity (Ry,¢). Therefore, knowing
the wire resistivity (Ry,;zr) and the current (I) flowing through it, one can compute
the electrical losses. These losses will be multiplied by three in order to take into
account the three phase configuration. The wire resistivity depends on their
physical characteristics, diameter (d), length (L) and material resistivity, where
diameter and material resistivity can be easily found in manufacturers catalogues
and wire length will depend on our installation size. Thus, using the following
formulas it’'s possible to compute the electrical losses of a wire. Notice that some
of the following formulas, equation 2 and 4, are not used to compute wire losses
but are added in order to control that the current to load side of the wire do not

exceed its nominal current (Iy).

Internally the type divides the power to load side of the wire by the number of
wires (N). At the end of the time step, the type multiplies the power to load side
(Pout) @and the power losses of the wire by the number of wires in order to know

the total power from grid side of the wire (P;,).

Wire resistivity:

Rwire = Rotar [Q] (1)

Nominal current of the wire:

__ PRef1000

INO - Uout"/§ [A] (2)
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Current to load side of the wire:

__ Pout+1000

! UourV3 [A]

Load factor of the wire:

LF = — -]

Ino

Power losses of the wire:

Ryirg-1%-3 k
= “WIRE" '3 w
WIRE 1000 [ ]

Power from qird side of the wire:

Pin = Pout + Swire [kW]

Efficiency of the wire:

Err = (2 - 100 [%]

ADDITIONAL INFORMATION

Different values for wire diameter are given, classified by load size.

diameters have been collected from a catalogue of the manufacturer [1].

Table 7 Diameter values for WIRE [1].

U
Load [kW] d [mm] [g;]tt
Wire: 0<L>39 4.57 400
Wire: 39<L>193 16.76 400
Wire: 193<L>643 24.89 400

INPUTS, OUTPUTS AND PARAMETERS

Inputs are described below:

e Power to load side of the wire (kW)

3)

These

Power send to the load connected at the wire. This amount of power

cannot give a current that exceeds the nominal current of the

component.
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Outputs are described below:
e Power losses of the wire (kW)
Electrical losses associated with the Joule’s effect.
e Power from grid side of the wire (kW)

Power feed to the wire in order to satisfy the load demand. This
amount of power cannot give a current that exceeds the nominal

current of the component.
e Load factor of the wire (-)

This value defines the percentage of the total capacity at which the
wire is working. A load factor of, 1 means that the component is
working at its full capacity. For physical sense, this value cannot be

lower than O or greater than 1.
o Efficiency of the wire (%)

Efficiency of the component (%)
e Current to load side of the wire (A)

Current send to the load connected at the wire. This current cannot

exceed the nominal current of the wire.
e Nominal current of the wire (A)

The nominal current defines the maximum current that can flow

through the wire.
Parameters are described below:
e Length of the wire(m)
Length of the wire to be analysed.
e Diameter of the wire(mm)

Diameter of the wire to be analysed.
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e Material resistivity (-)

Material electric resistivity. Default value is for a wire made of

copper.
e Output voltage (V)

Distribution voltage
o Reference power (kW)

The reference power is the installed power of our system. If the wire
is installed into a Data Centre, the installed IT power must be taken

as the reference power.
e Number of wires (-)

Number of wires installed in parallel.

Fin [kw]

SWIRE [kw]

LF [
Pout [kKiw]
. ’ Eff [%]
Typed010
| [A]
INo [A)]
Graphic 10 Scheme of type 4010
REFERENCES

[1] General Cable, Model XHHW-2 CT, page 7. General Cable. Available online:
http://www.generalcable.com/NR/rdonlyres/48274175-9228-4BB5-90EF-
DBBC9289C1DB/0/BuildingWireCopper.pdf
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6. SWITCHGEAR (SWG)

6.1TYPE 4004. SWG BASED ON LOAD FACTOR
DEPENDENCE

A switchgear (from now SWG) is used to control protect and isolate electrical
equipment, connecting and disconnecting the electrical equipment from the
electrical source in case of power failures or inappropriate electrical power supply
conditions. Therefore, this component is directly linked to the reliability of the

electricity supply.

Type 4004 is an empirical model for SWG. The model uses a mathematical
equation, based on empirical coefficients, to describe the operational losses of
switchgear. The model takes into account the losses due to the inherent SWG
electrical resistance and neglects the losses due to leakage currents. As an
example, values for the coefficients can be found in the tool provided by
Schneider [1].

NOMENCLATURE
Co [—] Square — law losses coefficient.
Cs [—] Sizing coefficient.
Cswe [kW] Power losses of the SWG.
Effswe [%] Efficiency of the SWG.
LF [—] Load factor of the SWG.
P, [kW] Power from grid side of the SWG.
Py [kW] Nominal power of the SWG.
P,ut [kW] Power to load side of the SWG.
Pref [kW] Reference power.
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MATHEMATICAL DESCRIPTION

This component computes the electrical losses associated to a SWG ((sy¢),

based on the nominal power (Py), load factor (LF) and a losses coefficient (Cj).

The type calculates the nominal power of the SWG multiplying the sizing
coefficient (Cs) by the reference power of the system (Pr.¢), equation (1). The load
factor is the percentage between the power to the load side (P,,;) and the nominal

power of the SWG, equation (2).

If the SWG is open, the losses are generated due to leakage currents which are
neglected in this model. In contrast, if the SWG is close the losses are generated
due to the inherent SWG electrical resistance. These losses are proportional to
the square of current and are usually called as the Square-law losses. As more
power is demanded by the load, more current is flowing through SWG, thus the
losses increases. These losses can be characterized if the SWG nominal current

and resistivity are known.

The losses will be the results of multiply the square of current by the SWG
resistivity. Therefore, increasing the current from zero to the nominal it's possible
to deduce the SWG losses, at different load factors. Finally, as Avelar, V. et al [2]
describes, plotting these losses on a graph and applying a data regression

technique it's possible to obtain the value of the Square-law losses coefficient.

Nominal power of the SWG:

Py = Pger - Cs [kW] (1)

Load factor of the SWG:

LF = 22 -] 2)

Power losses of the SWG:

{swe =Pn - CQ - LF? [kW] (3)

Power from grid side of the SWG:

Pin = Pout + Cswe (kW] (4)
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Efficiency of the SWG:

Ef fows = (%) » 100 [%] (5)

ADDITIONAL INFORMATION

As an example, a set of values for the coefficients defined above are in Table 1,
which are valid for Data Centre according to [1]. If the SWG is installed into a
Data Centre, the total installed power (IT + cooling) must be taken as the

reference power.

Table 8 Coefficients for SWG [1].

System Cs CQ
Switchgear 2.0 0.010

INPUTS, OUTPUTS AND PARAMETERS

Inputs are described below:
e Power to load side of the SWG (kW)

Power send to the load connected at the SWG. This amount of

power cannot exceed the nominal power of the component.
Outputs are described below:
e Power losses of the SWG (kW)
Electrical losses due to the electrical resistance.
e Power from grid side of the SWG (kW)

Power feed to the SWG in order to satisfy the load demand. This

power cannot exceed the nominal power of the component.

e Load factor of the SWG (-)
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This value defines the percentage of the total capacity at which the
SWG is working. A load factor of 1 means that the component is
working at its full capacity. For physical sense, this value cannot be

lower than O or greater than 1.
e Efficiency of the SWG(%)
Efficiency value of the component.
Parameters are described below:
e Sizing coefficient (-)

This coefficient is used to approximate the nominal power of the
component. The nominal power is computed multiplying the sizing
coefficient by the reference power. The reference power defines the

installed power of our system.
e Square-law losses coefficient (-)

Describes the SWG losses that grow quadratically with the load

factor.
o Reference power (kW)

The reference power is the installed power of our system. If the
SWG is installed into a Data Centre, the total installed power (IT +

cooling) must be taken as the reference power.

Pin [kKWn]

ZSWG K]
LF [

Pout k] 7_
Sl .

Type4004

Eff [32)]

Graphic 11 Scheme of type 4004
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REFERENCE

[1] Schneider Electric, APC tool (2014) Data Centre Efficiency Calculator,
Assumptions. http://www.apcmedia.com/salestools/WTOL-7CMGPL/WTOL-
7CMGPL_R3 EN.swf

[2] Avelar, V. Making Large UPS Systems More Efficient, White paper #108, APC,
Schneider, 2007.
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6.2TYPE 4009. SWG BASED ON MANUFACTURER
PROPERTIES

A switchgear (from now SWG) is used to control protect and isolate electrical
equipment, connecting and disconnecting the electrical equipment from the
electrical source in case of power failures or inappropriate electrical power supply
conditions. Therefore, these types of units are directly linked to the reliability of

the electricity supply.

Type 4009 is an empirical model for SWG. The model use a mathematical
equation, based on empirical coefficients, to describe the operational losses of
switchgear, as is shown in the catalogue from manufacturer [1]. Furthermore, the

coefficients used by the model can be found in the catalogue already mentioned

[1].

NOMENCLATURE
Cswa [kW] Power losses of the SWG.
Effswe [%] Efficiency of the SWG.
I [A] Current to load side of the SWG
Ino [A] Nominal current of the SWG.
LF [—] Load factor of the SWG.
P, [kW] Power from grid side of the SWG.
Poin [kW] Power losses at nominal current.
Pyut [kW] Power to load side of the SWG.
Uout [V] Output voltage.

MATHEMATICAL DESCRIPTION

Norm IEC 60439-1 [2] and IEC 60947-2 [3] are references for circuit breaker

designs. According to [1], the power losses of withdraw able circuit-breakers are
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higher than those of the no load ones. Thus, this model considers only the losses
generated by circuit-breakers, also called power losses at nominal current (Pyy),
and neglects the losses generated in busbars and wires. These power losses at
nominal current grow quadratically with the load factor of the component. The
load factor (LF), equation (2), determines at which capacity or state of charge the
SWG is, it means, the percentage that the current to load side of the SWG (1),
equation (1), represents compared to the nominal power of the SWG (Iyo).
Moreover the power losses of the circuit-breakers equipped with thermos-
magnetic releases are higher than those of the circuit-breakers with electronic

release.

Finally, using the following five equations one can compute the desired outputs

of the component.

Current to load side of the SWG:

_  Pout
= o [4] (1)

Load factor of the SWG:

LF = [—] (2)

Ino

Power losses of the SWG:

{swe = Poin * LF? [kW] (3)

Power from grid side of the SWG:

Pin = Pout + Cswe [kW] (4)

Efficiency of the SWG:

Ery = (24 - 100 [%] (5)

ADDITIONAL INFORMATION

Different values for SWG parameters are given, classified by SWG type and load
size. These parameters have been collected from a catalogue of a SWG

manufacturer [1].
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Table 9 Coefficients values for different types of SWG [1].

P U
SWG type Load [k OIN Ino [A out
SWG1: 0<L>39 0.0153 55.7 400
SWG2: 39<L.>193 0.0408 278.4 400
THERMOMAGNETIC

SWG3: 193<L>643 0.102 927.9 400
SWG4: 643<L>3214 | 0.360 | 4639.4 400
SWG1: 0<L>39 0.012 55.7 400
SWG2: 39<L>193 0.0318 | 278.4 400
SWG3: 193<L>643 0.090 927.9 400
SWG4: 643<L>3214 - - -

ELECTRONIC

INPUTS, OUTPUTS AND PARAMETERS

Inputs are described below:
e Power to load side of the SWG (kW)

Power send to the load connected at the SWG. This amount of
power cannot give a current that exceeds the nominal current of the

component.
Outputs are described below:
e Power losses of the SWG (kW)
Electrical losses associated with the circuit-breakers of the SWG.
e Power from grid side of the SWG (kW)

Power feed to the SWG in order to satisfy the load demand. This
amount of power cannot give a current that exceeds the nominal

current of the component.
e Load factor of the SWG (-)

This value defines at which percentage of the total capacity the

SWG is working, 1 means that the component is working at its full
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capacity. For physical sense, this value cannot be lower than 0 and

greater than 1.
o Efficiency of the SWG (%)
Efficiency value of the component.
Parameters are described below:
e Power losses at nominal current (W)

Power losses at nominal current define the losses when the

switchgear is operating at its maximum capacity current.

The power losses at nominal current can be found in the technical

description of a SWG in an electrical catalogue.

e Nominal current of the SWG (A)

The nominal current of the switchgear defines the maximum current
that can flow through the SWG. The power losses at nominal current

must be specified for the selected SWG nominal current.

e Output voltage (V)

Distribution voltage.

Pin [k}

ISWG [kw]
LF [

Pout (k] 7_

Typed009

Eff [35]

Graphic 12 Scheme of type 4009
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7. STANDBY LOSSES OF A GENERATOR

7.1TYPE 4005. STANDBY GENERATOR BASED ON
REFERENCE POWER

Generator (from now GE) is a device that converts mechanical energy to
electrical energy. Depending on the size and the final use of generator, this
device could be used as the primary energy source of the system or as a backup
energy source in case of a failure from the main energy source. Usually these
devices spend most of their operational time in a standby mode, generating

power losses, while are waiting to start to supply power.

Type 4005 is a simplified model to approximate the standby losses of a GE. The
model use a mathematical equation, based on empirical coefficients, to quantify
the standby losses. These losses are assumed constant during the simulation
time. As an example, a value for the coefficients can be found in the tool provided
by Schneider [1].

NOMENCLATURE
Cr [—] No load losses coefficient.
Cs [—] Sizing coefficient.
Uk [kW] Standby losses of the GE.
Py [KW] Nominal power of the GE.
Pref [kW] Reference power.

MATHEMATICAL DESCRIPTION

This component computes the electrical losses of a standby GE ({;z), based on
the nominal power (Py) and the no load losses coefficient (Cz). The type

calculates the nominal power of the GE multiplying the sizing coefficient (Cs) by
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the reference power of the system (Pg.f), €quation (1). The standby losses are
approximated multiplying the no load losses coefficient by the nominal power of
the GE, equation (2). The no load losses are going to be constant during the
simulation time because are independent of the load. These losses are
attributable to powering such things as; transformers, logic boards or

communication cards.

Therefore, the model considers the two equations below to calculate the standby

losses of the GE.

Nominal power of the GE:

Py = PRef - Cs [kW] (1)

Standby losses of the GE:

(g = Py - Cp [kW] (2)

ADDITIONAL INFORMATION

As an example, a set of values for the coefficients defined above in Table 1, which
is valid for Data Centre according to [1]. If the GE is installed into a Data Centre,

the total installed power (IT + cooling) must be taken as the reference power.

Table 10 Coefficients for standby losses of a Generator [1].

System Cg Cr
Generator 25 0.003

INPUTS, OUTPUTS AND PARAMETERS

Outputs are described below:
e Standby losses of the GE (kW)

Generator losses at 0% load, associated with the standby mode.
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Parameters are described below:
e Sizing coefficient (-)

This coefficient is used to approximate the nominal power of the
component. The nominal power is computed multiplying the sizing
coefficient by the reference power. The reference power defines the

installed power of our system.
¢ No load losses coefficient (-)

Describes the standby losses as a percentage of the nominal power
of the GE.

e Reference power (kW)

The reference power is the installed power of our system. If the GE
is installed into a Data Centre, the total installed power (IT + cooling)

must be taken as the reference power.

=]
N O S G (<]
A\ |

LY

Typed005

Graphic 13 Scheme of type 4005

REFERENCE

[1]1 Schneider Electric, APC tool (2014) Data Centre Efficiency Calculator,
Assumptions. http://www.apcmedia.com/salestools/WTOL-7CMGPL/WTOL-
7CMGPL_R3 EN.swf
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8. LIGHTING CONSUMPTION (LGT)

8.1 TYPE 4006. LGT BASED ON REFERENCE POWER .

Numerous lighting devices are available nowadays in the market, where the trend
of these devices is to ensure the same lighting conditions while energy
consumption is reduced. Proper lighting can enhance task performance, improve

the appearance of an area, or have positive psychological effects on occupants.

Type 4006 is a simplified model to approximate the lighting consumption. The
model use a mathematical equation, based on an empirical coefficient, to quantify
the power consumption of lightning. This consumption is assumed constant
during the simulation time. As an example, values for the coefficients can be

found in the tool provided by Schneider [1].

NOMENCLATURE
C. [—] Load coefficient.
Cs [—] Sizing coefficient.
P, [kW] Power consumption of the LGT.
Py [kW] Total nominal power of the LGT.
Pref [kW] Reference power.

MATHEMATICAL DESCRIPTION

This component computes the electrical consumption associated to LGT (P,)

based on the reference power of our system (Pr.¢) and the load coefficient (C;).

The type approximates the “total nominal power” (Py) of the LGT devices installed
in our system, multiplying the sizing coefficient (Cs) by the reference power,
equation (1). Notice that if the sizing coefficient is used with the default value, the

“total nominal power” of LGT is equal to the reference power of our installation.
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The consumption is then calculated as a percentage of this “total nominal power”
using the load coefficient, as is shown in equation (2). This consumption is

assumed constant during the simulation time.

Therefore, the model considers the two equations below to calculate the electrical

consumption of lighting devices.

Total nominal power of the LGT:

Py = Prer - G [kW] (1)

Power consumption of the LGT:

Pn=Py-C, (kW] (2)

ADDITIONAL INFORMATION

As an example, a set of values for the coefficients defined above are in Table 1,
which are valid for Data Centre according to [1]. If the LGT are installed into a
Data Centre the installed IT power must be taken as the reference power.

Table 11 Coefficients for the LGT [1]

System Cs C,
Lighting 1.0 0.010

INPUTS, OUTPUTS AND PARAMETERS

Outputs are described below:
e Power consumption of the LGT (kW)
Power demanded by LGT devices.
Parameters are described below:
e Sizing coefficient (-)

This coefficient is used to approximate the “total nominal power of
the LGT” The total nominal power is computed multiplying the sizing
coefficient by the reference power. The reference power defines the

installed power of our system.
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e Load coefficient (-)

Describes the power consumption of LGT as a percentage of the

“total nominal power of the LGT".

e Reference power (kW)

The reference power is the installed power of our system. If the LGT
is installed into a Data Centre, the installed IT power must be taken

as the reference power.

Typed006

Graphic 14 Scheme of type 4006

REFERENCE

[1]1 Schneider Electric, APC tool (2014) Data Centre Efficiency Calculator,
Assumptions. http://www.apcmedia.com/salestools/WTOL-7CMGPL/WTOL-
7CMGPL_R3 EN.swf
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8.2 TyPE 4013. LGT BASED ON AREA

Numerous lighting devices are available nowadays in the market, where the trend
of these devices is to ensure the same lighting conditions while energy
consumption is reduced. Proper lighting can enhance task performance, improve

the appearance of an area, or have positive psychological effects on occupants.

Type 4013 is a simplified model for lighting. The model use a mathematical
relation, based on a constant coefficient, which defines an amount of power
consumption per square meter. Ham, S. et al [1], specifies a value of 10 W/m?
for the white space of Data Centre. However, this value can be approximated

dividing the number of watts, of lighting installed, by the squares meters to be

illuminated.
NOMENCLATURE
Por [kW] Power consumption of LGT.
taelay [min] Time delay of the LGT.
Aoom  [M?] Area of the room to be illuminated.
CS [—] ON/OFF control signal.
(o [—] Time ratio betwen LGT time delay and simulation timestep.
COr  [W/m?] Consumption coefficient of LGT.
At [hr] Simulation time step.

MATHEMATICAL DESCRIPTION

The power consumption of lighting devices (P,;r) can be approximated using a
relation between the square meters to be illuminated (A,,,») and the power
consumption coefficient per square meter (CO,.7). In order to do that, the type

asks the user to enter the square meters to be illuminated and the consumption
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coefficient per square meter. Thus, using equation (1), the type computes the

electrical consumption associated to lighting devices.

Power consumption of LGT:

Co 'Aroom
Pror = LclTT [kW] (1)

In order to approximate the operationally of advanced lighting devices, the types
also includes an input called control signal (CS) and a parameter value called time
delay (tqeiqay)- The input value, control signal, is used in order to take into account
the fact that the lighting devices can be controlled by a sensor, which keeps the
lights on if someone is inside the room, control signal equal to 1, and turns it off
if the room is empty, control signal equal 0. Moreover, as these devices have
some time delay after switch off, in order to avoid be switching between on and
off mode if someone keeps entering and leaving from the room, the type includes
the parameter time delay which will keep the light on for some minutes after the
control signal becomes zero. Notice that if the time delay is smaller than the
simulation time step (4t) the type will be not able to reproduce the delayment

after switch off.

Being;
tdelay
60
Ce = At
IfCS>0:
_ COLer * Aroom
Pror = 1000

ElseifC; <1& CS<O0:

_ COLer * Aroom
Prer = 1000

Just happen, the time step after occupancy becomes zero.

Else C;>1 & CS<O0:

_ COLer * Aroom
Prer = 1000
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Just happen, the time step after occupancy becomes zero. A counter will ensure

that the lightning keeps on a number of time steps equal to C;.

INPUTS, OUTPUTS AND PARAMETERS

Inputs are described below:
e ON/OFF Control signal (-)
Control signal keeping the lights turned on (=1) or off (=0).
Outputs are described below:
e Power consumption the LGT(kW)
Power consumption of lighting devices.
Parameters are described below:
e Time delay (min)

Time delay after switch off the lights, notice that if this value is
smaller than the simulation time step the type won’t be able to

extend the power consumption.
e llluminated area (m2)
Area of the room to be illuminated.
e Consumption coefficient of the LGT (W/m2)

Describe the power consumption per square meter associated to

the lighting devices.

M

b
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Typed4013

Graphic 15 Scheme of type 4013
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9. MISCELLANEOUS CONSUMPTIONS (MISC)

9.1 TYPE 4007. MISC BASED ON REFERENCE POWER.

Miscellaneous consumption is defined as the diverse consumptions of many
devices (usually low consumptions) that are part of a system but that do not
define it. Type 4007 is a simplified model to consider auxiliary or miscellaneous
(from now MISC) electrical consumptions. The model uses a mathematical
equation, based on an empirical coefficient, to describe the electrical
consumption of auxiliary devices such as emergency lights or small fans and
pumps. This consumption is going to be assumed constant during the simulation
time. As an example, values for the coefficients can be found in the tool provided
by Schneider [1].

NOMENCLATURE
C. [—] Load coefficient.
Cs [—] Sizing coefficient.
P, [KW] Power consumption of the MISC.
Py [KW] Total nominal power of the MISC.
Pref [kW] Reference power.

MATHEMATICAL DESCRIPTION

This component computes the electrical consumption of auxiliary devices (P,,),

based on the reference power of our system (Pg.r) and the load coefficients (C,).

The type approximates the “total nominal power” of the MISC devices installed in
our system (Py), multiplying the sizing coefficient (Cg) by the reference power
(Pref), €quation (1). Notice that if the sizing coefficient is used with the default
value, the “total nominal power” of MISC is equal to the reference power of our
installation. The consumption is then calculated as a percentage of this “total
nominal power” using the load coefficient, as is shown in equation (2). This

consumption is assumed constant during the simulation time.
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Therefore, the model considers the two equations below to calculate the electrical

consumption of MISC devices.

Total nominal power of the MISC:

Py = Pger - Cs [kW] (1)

Power consumption of the MISC:

Pn= Py -G, [kW] (2)

ADDITIONAL INFORMATION

As an example, a set of values for the coefficients defined above are in Table 1,
which are valid for Data Centre according to [1]. If the MISC are installed into a
Data Centre the installed IT power must be taken as the reference power.

Table 12 Coefficients for Miscellaneous [1].

System Cs Cy

Miscellaneous 1.0 0.016

INPUTS, OUTPUTS AND PARAMETERS

Outputs are described below:
e Power consumption of the MISC (kW)
Power demanded by MISC devices.
Parameters are described below:
e Sizing coefficient (-)

This coefficient is used to approximate the total nominal power of
the MISC devices. The total nominal power is computed multiplying
the sizing coefficient by the reference power. The reference power

defines the installed power of our system.
e Load coefficient (-)

Describes the power consumption of MISC equipment as a

percentage of the “total nominal power” of the MISC devices.

7



TRNSYS 17 — Green Data Centre Library - Mathematical Reference

e Reference power (kW)

The reference power is the installed power of our system. If the
MISC are installed into a Data Centre, the installed IT power must

be taken as the reference power.

!
L j O F Pin [k\v]

Typed007

Graphic 16 Scheme of type 4007
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10. TRANSFORMER (TR)

10.1 TYyPE  4008. TRANSFORMER BASED ON
MANUFACTURER PROPERTIES

A transformer is an electrical device that transfers energy between two or more
circuits through electromagnetic induction. A wide range of transformer designs

have been developed for electronic and electric power applications.

Type 4008 is a mathematical model for a transformer unit (TR). The model use a
mathematical equation, based on empirical coefficients, to describe the
operational losses of a TR system. These coefficients summarize the main effects
that contribute to the operational losses of a TR unit. These set of coefficients
can be find in catalogues provided by transformer manufacturers, such as in [3]
and [4].

NOMENCLATURE
Urr [kW] Power losses of the TR.
Effrr  [%] Efficiency of the TR.
LF [—] Load factor of the TR.
P, [W] No Load losses coefficient.
P, (kW] Power from grid side of the TR.
Px [W] Load losses coefficient.
Py [kW] Nominal power of the TR.
Pyut [kW] Power to load side of the TR.

MATHEMATICAL DESCRIPTION

This component computes the electrical losses associated to a transformer ({;z).
For energy efficiency calculation, it is necessary to know short-circuit voltage (%)

and angle (cos (1)), and these variables are quite difficult to find. Accordingly,
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power losses for the transformer are to be characterized applying the new
"Directive 2009/125/EC of the European Parliament and of the Council with
regard to small, medium and large power transformers", N° 548/2014 [1].
According to [1] and [2], power transformers <3.15 kVA and Um < 36 kV, has to
respect maximum losses as defined in EN 50464-1:2007 and EN 50541-1:2011.
These documents are being modified in order to be consistent between them.
The formulae for energy efficiency according to EN 50541-1:2011 can be found
in [3].

It is well known, that the losses in transformers are generated mainly by three
phenomena: hysteresis, eddy currents and joule losses. The first two phenomena
are constantly present in the functionality of the transformer; the last one gains
presence when the load factor (LF) of the transformer increases. The load factor
determines at which capacity or state of charge the TR is, it means the
percentage that power to the load side of the TR (P,,;) represents compared to
the nominal power of the TR (Py). The no load losses coefficient (P,), summarize
the contribution by hysteresis and eddy’s current phenomena. More over the load

loss coefficient (Px) represents the joule losses through transformer wires.

Using the following four equations, the calculation of the desired outputs can be

performed:

Load factor of the TR:

LF = PP—Nt [-] (1)

Power losses of the TR:

{rr =P+ P - LF? [kW] (2)

Power from grid side of the TR:

Pin = Pout + (TR [kW] (3)

Efficiency of the TR:

LF+Py
LF*PN+Py+Pg-LF?

Effrr = 100 [%] (4)
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ADDITIONAL INFORMATION

Different values for transformer parameters are in Table 1, classified by
transformer type and load size. These parameters have been extracted from

manufacturers [3] and [4].

Table 13 Coefficient values for different types of TR [3] and [4]

P
TR type Load [kW] N Py kW] | Py [kW]
[KVA]
TR1: 0<L>39 50 0.18 15
ECO- TR2: 39<L.>193 250 0.32 3.9
DESIGN | 1R3:193<1>643 | 800 0.57 7.64
TR4: 643<L>3214 | 4200 2.1 31
TR1: 0<L>39 50 0.35 15
TR2: 39<L>193 250 0.88 3.8
COMMON
TR3: 193<L>643 | 800 2.1 0.4
TR4: 643<L>3214 | 4000 55 33

INPUTS, OUTPUTS AND PARAMETERS

Inputs are described below:
e Power to load side of the TR (kW)

Power send to the load connected at the TR. This amount of power

cannot exceed the nominal power of the component.
Outputs are described below:
e Power losses of the TR (kW)

Electrical losses associated with the operationality of the

component.
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Power from grid side of the TR (kW)

Power feed to the TR in order to satisfy the load demand. The input

power cannot exceed the nominal power of the component.

Load factor of the TR (-)

This value defines the percentage of the total capacity at which the
TR is working. A load factor of 1 means that the component is
working at its full capacity. For physical sense, this value cannot be

lower than O or greater than 1.

Efficiency of the TR (%)

Efficiency value of the component.

Parameters are described below:

82

No-Load losses coefficient (kW)

No-load losses are the losses at 0% load. These losses are caused
by the alternating magnetization of the core (hysteresis loss) and by
eddy-currents in the core, they occur as soon as a transformer is

energized.

The no-load losses parameters can be found in the technical

descriptions of a TR in an electrical catalogue.

Load losses coefficient (kW)

Load losses are caused by losses in the conductors (resistive and

eddy current) they have a quadratic dependence on the load factor.

The load losses parameters can be found in the technical

descriptions of a TR in an electrical catalogue.

Nominal power of the TR (kW)

The nominal power of a transformer defines the maximum power

that can flow through the component.

Nominal power of transformer can be found in the TR

characteristics descriptions in an electrical catalogue
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Pin [KW]
ITR K]
Pout [kKiw/]
LF[-]
Typed008
Eff [%]
Graphic 17 Scheme of type 4008
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11. POWER SUPPLY UNIT (PSU)

11.1 TyPE 4012. PSU BASED ON MANUFACTURER
PROPERTIES

Power supply unit (from now PSU) is a device in charge of supply properly the
power to the servers; correcting voltage disturbances and avoiding exceed
current capacities. Moreover, can provide energy to the IT equipment during

milliseconds allowing switches to actuate and avoid power shutdowns.

Type 4012 is an empirical model for a PSU. The model uses a mathematical
equation, based on empirical coefficients, to describe the operational losses of a
PSU. If the efficiency curve of the PSU is known, the coefficients can be deduced
following the data regression technique described by Avelar, V. et al [1]. Usually
manufacturers do not provide the entire efficiency curve of a PSU, but this can
be deduced, for some companies, with the data available in 80 plus website [2].
80 Plus is a proposed test protocol, which uses existing industry standards that
have been created for electronic test and measurement, to develop a consistent

and repeatable method for measuring the energy efficiency of PSU.

NOMENCLATURE
Cr [kW] No load losses coefficient.
Cp [kW] Proportional losses coefficient.
Co [kW] Square — law losses coefficient.
Cpsu [kW] Power losses of the PSU.
LF [—] Load factor of the PSU.
N [—] Number of PSU in parallel.
P, [kW] Power from grid side of the PSU.
Py [KW] Nominal power of the PSU.

84



TRNSYS 17 — Green Data Centre Library - Mathematical Reference

Pyut [kW] Power to load side of the PSU.

MATHEMATICAL DESCRIPTION

This component computes the electrical losses associated to a PSU ({5, ) based

on the load factor (LF) and three losses coefficients (Cr, Cp and Cy).

The load factor is the percentage between the power to the load side of the PSU
(P,ut) and to the nominal power of the PSU (Py), equation (1).The losses
coefficients can be obtained from the efficiency curve, if it's provided by
manufacturers. If the efficiency curve it's not know this can be deduced, for some
manufacturers, with the data available in the 80 Plus website [2]. The 80 Plus
performance specification requires multi-output power supplies in computer and
servers to be 80% or greater efficient at 20%, 50% and 100% of the nominal
power. The efficiency curve allows us to know the losses at different load factor,
plotting these losses and applying a data regression, as is shown in Avelar, V. et
al [1], and equation, describing the losses, can be obtained, equation (2). As can
be appreciated, this equation depends on the load factor and three coefficients.

These coefficients are:

¢ No load losses coefficient (Cr): describes the PSU standby losses, PSU
losses at 0% load, attributable to powering such things as logic boards and
communication cards. These losses are independent of the load.

e Proportional losses coefficient (Cp): As more power is added to the PSU,
a larger amount of power will be flowing by various components in its
power path, thus losses will increase. This coefficient, describes the losses
that grow linearly with the load factor.

e Square-law losses coefficient (Cy): As more power is added to the PSU,
more current flows through its components. This causes losses in the PSU
with the square of the current. This coefficient, describes the losses that

grows quadratically with the load factor.

Internally the type divides the power to load side of the PSU by the number of

PSU in parallel (N). At the end of the time step, in order to know the total power
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from grid side of the PSU (P,,), the type multiplies the power to load side and the

power losses of the PSU by the number of PSU in parallel.

Therefore, the model considers the four following equations to compute the

electrical losses of a PSU component.

Load factor of the PSU:

LF = PP—Nt [] (1)

Power losses of the PSU:

Ipsu = (Cp + Cp - LF + C, - LF?) [kW] (2)

Power from the grid side of the PSU:

Pin = Pout + {psu [kW] (3)

Efficiency of the PSU:

Ery = (22 - 100 [%] (4)

Pin

86



TRNSYS 17 — Green Data Centre Library - Mathematical Reference

ADDITIONAL INFORMATION

Different values for the PSU parameters are in Table 1, classified by PSU
category and model, for a determined manufacturer [3]. These parameters have

been deduced with the information extracted from the 80 Plus website [2].

Table 14 Coefficients values for different types of PSU [2] and [3].

PSU PSU
manufacturer| model | C2t€g0ry | Py [kW] | Cp [kW] | Cp [kW] Co [kW]
YM-
yyoin | Bronze | 0.734 | 0.02100 | 0.02910 | 0.03350
YM- .
3Y Power |2721B Siver | 0727 | 0.0189 | 0.0248 | 0.0443
Technology | YM- Gold | 0728 | 0.0132 | 0.0096 | 0.0498
2721C
YM- .
o | Platinum | 0702 | 0.0069 | 0.0104 | 0.0368

INPUTS, OUTPUTS AND PARAMETERS
Inputs are described below:
e Power to load side of the PSU (kW)

Power send to the load connected at the PDU. This amount of

power cannot exceed the nominal power of the component.
Outputs are described below:
e Power losses of the PSU (kW)

Electrical losses associated with the operationality of the

component.
e Power from the grid side of the PSU (kW)

Power feed to the PSU in order to satisfy the load demand. This

power cannot exceed the nominal power of the component.
e Load factor of the PSU (-)

This value defines the percentage of the total capacity at which the

PSU is working, 1 means that the component is working at its full
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capacity. For physical sense, this value cannot be lower than 0 or

greater than 1.
o Efficiency of the PSU (%)
Efficiency value of the component.

Parameters are described below:

No load losses coefficient (kW)
Describes the PSU standby losses.
e Proportional losses coefficient (kW)
Describes the PSU losses that grow linearly with the load factor.
e Square-law losses coefficient (kW)

Describes the PDU losses that grow quadratically with the load

factor.
¢ Nominal power of the PSU (kW)

The nominal power of defines the maximum power that can flow

through the component.
e Number of PSU in parallel (-)

Number of PSU installed in parallel.

Pout [kw] N -

Typed012

Pin [kKWn]

ZPSU [Kw]

LF[]

Eff [32]

Graphic 18 Scheme of type 4012
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12. WAVE ENERGY CONVERTER (WEC)

12.1 TYPE 4014. WEC

Wave energy has been recognized by the international community as a
renewable energy source with a huge potential to contribute into the electricity
market. The ocean energy is a predictable and abundant source, these properties
makes it interesting to analyse and characterize for further investments on this

area.

Type 4014 is a simplified model for analyse the potential wave energy in a certain
location. The wave energy is approximated by the main wave height and period,
using the formula developed by D. Vicinanza et al [1]. Moreover, the type
approximates the power generation based on the capture length value of the
WEC (Wave Energy Converter) system. The WEC systems available are: Wave
Dragon, AquabuQY and Pelamis.

NOMENCLATURE
T, [s] Peak wave period.
H,, [m] Wave height.
kg .
Pwater F] Sea water density.
a [—] Spectrum correction coefficient.
Tg [s] Wave energy period.
g [522] Gravity.
w
Pyave [a] Wave energy.
N [—] Number of WEC units.

Pyen [kW] Generated power.

CLygc [m] Capture length of WEC system.
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MATHEMATICAL DESCRIPTION

The model approximates the wave energy power (P,.,.) Of a certain location,
using the wave height (H,,,) and approximating the wave energy period (Ty), as is
specified in D. Vicinanza et al [1]. The energy period is rarely specified and must
be estimated from other variables when the spectral shape is unknown. One
approach, when the wave peak period (T;) is known, is to use equation (1). The
peak wave period is the inverse of the frequency at which the wave spectrum has
its highest energy density, and is also referred to as the dominant wave period.
This value is necessary for formulating the theoretical spectrum. The spectrum
correction coefficient ( « ) depends on the shape of the wave spectrum, when the
spectrum correction coefficient increases the spectral width decreases. Different
approaches to the spectrum correction coefficient value are available in literature,
as in Pastor, J. et al [2], where the more conservative assumption is set « =0.9,
which is equivalent to assume a standard JONSWAP spectrum with a peak
enhancement factor of 3.3. Finally, the generated power (P,.,) is approximated
using the capture length (CLygc) of our WEC system and the number of units
installed (N). The capture length depends on the type of WEC used and is
internally approximated by the type using a set of correlations. These correlations
define the capture length, for each wave height and all the profitable wave periods
by the WEC, relating the performance map provided by manufactures [3] and the
wave power potential approximated by equation (2). Therefore the wave energy
in deep water, can be roughly approximated, with the wave height and the peak

wave period as input data and the three following equations.

Enerqy period:

Tp=a T, [s] (1)

Wave energy power:

o water-9>-Ho T kW
P — 64-T (2)
wave 1000

WEC generated power:

Pgen = (Pwave * CLwkc) * Nunits [kW] (3)
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Where CL WEC depends on Hm and Tg

INPUTS, OUTPUTS AND PARAMETERS

Inputs are described below:
e Peak wave period (s)

Peak wave period of the location to be analysed. Input used to

measure the incident energy of the sea state.
e Wave height (m)

Wave height of the location to be analysed. Input used to measure

the incident energy of the sea state.
Outputs are described below:
e Wave power (kW/m)
Potential power of the incident wave.
e Generated power (kW)
Power generated by the WEC system from the incident wave.
Parameters are described below:
e Sea water density (kg/m?)

Density of the sea water. As a default value 1027kg/m? is used,
considering an average water salinity concentration of 33ppm and

an average water temperature of 7°C.
e Period correction coefficient (-)

Value used to derive the wave energy period from the peak wave
period when the spectrum shape is unknown. As a default value 0.9
is used, which is equivalent to assumed a standard JONSWAP

spectrum with a peak enhancement factor of 3.3

e Type of WEC (-)
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Wave energy converter system used. (Wave Dragon =1,
AquabuOY=2 and Pelamis=3).

e Number of WEC units (-)

Number of WEC units installed to generated power.

Tz [=] Pwave [Kinim]
Hm [m] Pgen kW]
Typed014
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