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« The purpose of this document is to give sufficient information
about the converter technology used in energy storage
applications

« This guide is primarily intended for engineers in sales, sourcing
and electrical system designing



This guide is focused on features, operation
and dimensioning for the configuration and
design of a converter system.
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1. Introduction

1.1. Purpose of the document 1.2. Definitions

The purpose of this document is to give sufficient  All the central terms are defined, and the terms

information about the converter technology used
in energy storage applications. This guide is
focused on features, operation and dimensioning
for the configuration and design of a converter
system. It is primarily intended for engineers in
sales, sourcing and electrical system designing.
Detailed information about parameters and
connections is available in product manuals and
order related drawings.

This application guide will give the reader
information about energy storage systems
available on the market and their specific
features, as well as a presentation of the system
solutions offered by ABB Drives to integrate an
ESS solution on a ship.

This guide focuses on converters used with
energy storage applications, offering and
features. Even though energy storage units are
not part of ABB Drives offering portfolio, their
main capabilities and characteristics are
presented in this guide as they affect the choice
and dimensioning of converter modules. The
energy storage unit does not belong to the
converter unit delivery. The customer (or the
system integrator) must equip the DC/DC
converter with a suitable energy storage system.

For more details on energy storage units, please
contact the manufacturers of those systems.

Even though a range of options and solutions is
proposed, ABB Drives is not responsible for the
selection of other components and control but
ABB Drives offering.

are introduced in their appropriate context to
provide the reader an understanding of the topic
that is discussed.

AC grid: AC electricity distribution system
of a vessel.

DC/DC converter: power electronics unit
which is used to convert the current or voltage
level of energy storage to suit the one of the
DC-buses or vice versa.

DC-bus: intermediate DC-circuit of ACS880
multidrive which connects together the
converter modules.

DC grid: external DC-circuit, which connects
together the converter modules and other
consumers or equipment.

Energy storage: device that stores electrical
energy, for example, a battery or a super
capacitor.

Multidrive: Electronic equipment used to
regulate the power fed from the electrical
supply to the motor. It controls several motors
which are typically coupled to the same
machinery and includes a supply unit, and
one or several inverter units.

.
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1.3. Abbreviations

All the abbreviations used throughout the document are
listed in alphabetical order and explained.

1.4. Related documents

Current and full names of all related documents are listed,
and their document numbers are provided.

List of abbreviation

General manuals

Code (English)

BMS Battery management system

DDC ABB ACS880-1604 DC/DC converter

BAMU Auxiliary Measurement Unit

CDF Cumulative distribution function (in probability theory)
EMS Energy management system

ES Energy storage

ESS Energy storage system

IGBT Insulated gate bipolar transistors

PDF Probability distribution function (in probability theory)
PMS Power management system

SND Standard normal distribution (in probability theory)
UPS Uninterruptible power supply

Safety instructions for ACS880 multidrive
cabinets and modules

ACS880 liquid-cooled multidrive cabinets and
modules safety instructions

ACS880 multidrive cabinets and modules
electrical planning instructions

ACS880 liquid-cooled multidrive cabinets and
modules electrical planning

ACS880 multidrive cabinets mechanical
installation instructions

Drive modules cabinet design and
construction instructions

3AUA0000102301

3AXD50000048633

3AUA0000102324

3AXD50000048634

3AUA0000101764

3AUA0000107668

DC/DC converter unit manuals

ACS880-1604LC DC/DC converter modules

hardware manual

ACS880-1604 DC/DC converter modules

hardware manual

ACS880-1607 DC/DC converter units

hardware manual

ACS880 DC/DC converter control program

firmware manual

3AXD50000371631

3AXD50000023642

3AXD50000023644

3AXD50000024671

Inverter module manuals and guides

ACS880-104LC inverter modules

hardware manual

ACS880 primary control program

firmware manual

ACS880 with primary control program

Quick start-up guide

3AXD50000045610

3AUA0000085967

3AUA0000098062

Supply module manuals

ACS880-204LC IGBT supply modules

hardware manual

ACS880 IGBT supply control program

firmware manual

3AXD50000284436

3AUA0000131562

Feeder unit manuals

ACS880-7107LC DC feeder units;

Hardware manual

3AXD50000752423

Option manuals

BAMU-12C auxiliary measurement unit

hardware manual

HES880 converter modules and filters

product manual

3AXD50000117840

3AUA0000127651

You can find manuals on the Internet.

See www.abb.com/drives/documents.

For manuals not available in the document library,
contact your local ABB representative.


https://library.e.abb.com/public/984d4dfa3e6c43998474ab4346be6751/EN_ACS880_multidrive_SI_B_A4.pdf?x-sign=TGNdqwAonuHhQ3614hJ9bxhOFmIBupCRqIjBxRY30FiXDV8S3AwpNwEyf1Lp6rqp
https://library.e.abb.com/public/f31dbfc873924a769e3bbf201040a5b9/EN_ACS880LC%20multidrive%20cabinets%20and%20modules_SIn_B_A4.pdf?x-sign=QjUwPc3vZsXV1aUXdK/N6FtMWGgxnHpf/EA94bBUuq27a8oAnbrOHoTFIs9qDwBi
https://library.e.abb.com/public/6b1ea7b8b1b74c5580e49fadf68b2c09/EN_ACS880_MD_ElPlan_D_A4.pdf?x-sign=ew+4LkwQzOv6nqgCBPDtflFBDODRgZQGfBAeDvvjQEaFlZCPrYpgeLHtacMgdoht
https://library.e.abb.com/public/d2d8f13b2eb74c83bc57102257cc689a/EN_ACS880LC_MD_ElPlan_E_A4.pdf?x-sign=2YD7M1elkB6kxsMZYyFx7MBZ62awp3p8qp8QYdxAzrul3b5PnjD4gnkWfjsGf5jK
https://library.e.abb.com/public/9bb1d2bc7d5241aa9fb18da54ceeb1fb/EN_ACS880_MD_MechInst_B.pdf?x-sign=1ASmCDHePvTfbMPNEYGIjncCrNOmvkBH//GYpIn1L94f8jU+BWPhUAHlqmy7PtZ1
https://library.e.abb.com/public/a6eca464f08d41b289fbb714df32e36b/EN_Drive%20modules%20cabinet%20design%20and%20construction_INSTR_E_A4.pdf?x-sign=uXNNHZVYMRyG14msOWZHghonnTeO8o7qFC8QVHY+wLPqxqPgS0alzYnXlHbyrHPy
https://library.e.abb.com/public/1fbe983883c34bf2a4a8152893caf11a/EN_ACS880-1604LC_HW_A.pdf?x-sign=kJkylWL1/hDvQxZU5Ixlr340ymjYL8k8E9ddRMJxJQKEYdxGOEtxatRi9PWqJ9oZ
https://library.e.abb.com/public/8ceedfd467464488a2f78ec6f23f6fe2/EN_ACS880-1604_HW_D.pdf?x-sign=lDD3ntVbmbPi1xt9o2rIv1OryhvvnK5mEwcG7DlO4dNfnxA6ASjXxbZJ5Nwpf14I
https://library.e.abb.com/public/476a348b9aca4394807c79a156f4cbef/EN_ACS880-1607_HW_C_A4.pdf?x-sign=k4nercp38Bw5A15wqzp6zxvJFJyGgX5VFM6qIW1wHowt1n3ywUMaZlJcq/DHw5E5
https://library.e.abb.com/public/3b1d85cc39c54e0d9dab977002125df6/EN_ACS880_DDC_ctrl_prg_FW_B_screenres_A4.pdf?x-sign=CAmUnVIIdPWBc6LtTErD682y31bkPJyZ11vTTiGDbpYuewbKW7N8fUHWk/kgR8K2
https://library.e.abb.com/public/28fb89a108c34a20aa95727ceaef4b31/EN_ACS880-104LC_HW_E.pdf?x-sign=hfBM5hSRpyeW9VDmBxCNZ1sCINNeKbN3CoFObBspZWwbN1w3HYe9JvxHS0ncknBJ
https://library.e.abb.com/public/52740af6d096459eb3d305854c1b502f/EN_ACS880_Primary_FW_manual_W_A5.pdf?x-sign=rOx3oX4cTYSDiWfDndGkiPD3jCW493+PwI86+nij5RAbZwy9WlVBjLLk9vep35db
https://library.e.abb.com/public/12f1c093cd5e4191c1257a9f003b2c6b/MUL_ACS880_Primary_ctrl_prg_Quick_start-up_guide_D.pdf?x-sign=FhmkrNBoR84QhB8/X920WyXhjrUB98u4604sw+PKmw8wtlJ2/+wBMCoFPymWdkmh
https://library.e.abb.com/public/385d8730c511462d848d8b472176bb03/EN_ACS880-204LC_HW_C_A4.pdf?x-sign=iuYaEahufomar/R0n5Vyn5PYMAiQThh4pCYAu80pBIhKvOB1XYjtYJncPEncLRDv
https://library.e.abb.com/public/783027fa177d456d9cd4e2faa30cec17/EN_ACS880_IGBT_supply_ctrl_prg_FW_H_screenres_A4.pdf?x-sign=ow4HB9QlSRvr6pqa4bV7FSekgXgw/jgsveSG4pABn7cwC0FSbrlQPCo6tFcFyrZO
https://library.e.abb.com/public/1533f22413ce451a9b70302877f1323c/EN_ACS880-7107LC_HW_B_A4.pdf
https://library.e.abb.com/public/eb62969ce1e8430880129ac8e5226cd5/EN_BAMU-12C_HW_B_A4.pdf?x-sign=oBWi39S6ySexlIYwYzQDnnFSwIZRqPTI0OyJviKcvrIP49GYNDXKK9xk77+3592O
https://search.abb.com/library/Download.aspx?DocumentID=3AUA0000127651&LanguageCode=en&DocumentPartId=1&Action=Launch
https://www.abb.com/drives/documents
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1.5. Limitation of liability

The designer of the system takes responsibility
for the functionality and safety of the design.

The design and installation must always be made
according to applicable local laws and regulations
as well as good engineering practices. ABB does
not assume any liability whatsoever for any
system design or installation which breaches
local laws and/or other regulations. Furthermore,
if the recommendations given by ABB are not

followed and/or ABB equipment are used against
their intended purposes, the equipment may
malfunction and/or experience problems that

the warranty does not cover. Full consistency
between an application document and associated
equipment level documents cannot be
guaranteed. In case of conflicting or missing
information contact ABB.
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2. Energy storage systems (ESS)

2.1. Contents of this chapter
This chapter presents a range of factors to be considered while designing an ESS

in a marine vessel. The information concerning super capacitors, batteries and other
third-party equipment laid out in this document are an overview meant to give a
general understanding of the factors to be considered during the design of an ESS.
The dimensioning and detailed design of the installation of third-party equipment must
be done according to the instructions of its manufacturer. The considerations will
guide you in the process of selecting the ideal solution and products for your needs.

Figure 1:
Energy storage
connected

to ship grid via
multidrive

2.2. Background and defining terms

The basic role of energy storage is the same across
all applications: to absorb energy generated at
one time and to discharge it to supply power at a
later time. The choice of storage medium for each
application is dependent on the required power
rating and the duration for which it may need to
continuously charge or discharge.

With energy storage there is no universal solution
suited for every application.

Selecting the right storage medium for a particular
application requires a thorough understanding of

AC grid
Multidrive |

B:

Energy storage

Electric machine

2.3. Functions and benefits

ESSs store electrical energy at times of surplus
and release it at times of deficit; helping to drive
energy efficiency.

Introducing an ESS between the generators and
the consumers allows the grid to balance electrical
demand with the supply from the generators.

The use of an ESS leads to better efficiency in

the use of energy sources.

the functional demands on the storage system,
as well as the ones this system places on the grid.

Most electrical energy storage technologies
—including batteries and supercapacitors —are
based on direct current (DC). To connect these
storage media to alternating current (AC) grids,
mainly used for power transmission and
distribution, requires a conversion step using
power electronics.

The same is true for energy storage technologies
that are natively AC. They also rely on power
electronics to be integrated optimally into an

AC grid.

Once electrically connected to the grid, an ESS
requires effective control. Solid-state power
electronics can respond almost instantly to
commands. Exploiting this capability demands
that controllers react with the same speed.
System designers must take into consideration
the infrastructure in place, the logic and
algorithms to determine the right command

to be implemented. Figure 1 is a simplified
representation of an ESS.

An ESS can be used as an alternative to back-up
generators such as diesel-based systems to
improve the emissions performance of a ship.
They provide a lower carbon approach to ensure
the continuity of supply in the event of an
external power interruption.
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2.3.1. Peak shaving

The peak shaving function is used to reduce load
variations caused by waves and adverse weather
conditions. Figure 2 presents a power over time
graph of the peak shaving function.

Its goal is to reduce the load peaks, allowing for

a smaller dimensioning of the grid and reducing
the number of starts and run hours of additional
gensets. The ESS compensates for load variations
in the network in such a way that the engines only

— Power see the average load of the system.
Figure 2: N
Peak shaving PRSI
4 . .
’ . Peak shaving reduces fuel consumption and
/ . . . .
/ k increases interval between maintenance times.
/ Energy \\

I fromstorage |

Energy
from AC grid

N T
2> Time

2.3.2. Enhanced dynamic performance

In marine conditions the power supply must
adapt to load changes. An ESS can assist gensets
without the need to increase the power capability
of those generators.

The ESS supplies power to the AC grid for

a time, as shown in Figure 3. This function, called
enhanced dynamic performance reduces fuel
consumption.

The ESS can be used as a short time back-up
power, such as an uninterruptible power supply
(UPS), to run propulsion. This can happen for
example during grid lost situations. Therefore,

the functionality of back-up power increases
safety onboard and can also lead to reduced fuel
consumption and longer intervals between
engine maintenance operations.

The ESS can also be used to improve the dynamic
behavior of the gensets, especially the ones
associated to gas-only engines, which are known
to have a low load response. The load response
challenge of the present gas-only engines is
caused by the accuracy requirements of the AFR
(air fuel ratio). The AFR is calculated by dividing
the mass of air with the mass of fuel. Following
arapid increase of the load the AFR drops due to
the inertia of the turbo charger. This increases

— Power the chance of knocking. Additionally, a gas-only
Figure 3: AN . , . . leas

Enhanced dynamic e engine’s over-boosting (of air) capabilities are
performance { limited due to the risk of misfiring when mixtures

I
I Energy
1 from storage

Energy
from AC grid

N T
2 Time

2.3.3. Zero emissions operation

are too lean. To avoid these side effects engine
manufacturers limit the load response rate.

The ESS powers the system in such a way that the
engines can be turned off. ES offers a solution to cut
down operational costs and reduce environmental

emissions by enabling emission-free operation
for example in harbor areas. Another benefit is
a quiet engine room during maintenance.
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Figure 4:
ESintegrated
toaDCgrid

Figure 5:
ESintegrated to
an AC system
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2.4. Integrating Electrical ES to the System

The ESS may be integrated to the power system in various configurations depending
on the application. The following section describes integration to a DC grid, and

to an AC distribution system.

2.4.1. ESS with a DC/DC converter (DDC)

DC grid Multidrive
| B
| lo|
DC/DC ES
converter

2.4.2. Direct Online (DOL)

In this mode the battery is connected directly to
a DC-bus in the power system. Since the battery
is connected directly, it will define the voltage of
the DC-bus. Consequently, all other equipment
must be selected according to the voltage span
of the battery (up to 25% variation).

2.4.3. ESS Integrated to an AC System

For an AC power system, the battery must be
connected through a DC/AC converter and a
transformer. This can be used in both low voltage
and high voltage applications.

AC grid Multidrive
=
Transformer ISU ES

2.5. ESS solutions

In marine vessels, power electronics have a major
impact on fuel saving, particularly through the
integration of ESS and the electrification of
propulsion systems through variable speed
drives (VSD).

Energy storage devices currently being used in
several applications consist of batteries and
supercapacitors.

As shown in Figure 4, the battery is connected
to a DC-bus in the power system through a DDC.
Compared to the AC integration of batteries,
DC provides a more compact solution and
faster control, when the energy consumer is
connected to the same DC-circuit (for example
a motor drive).

The main advantages of a DOL solution are
energy efficiency and a smaller footprint as
thereis less hardware required. However,
the disadvantage is less control over the
power flow.

The converter and transformer must be
dimensioned for the lowest battery voltage,
and at the same time the converter must be
able to handle the maximum battery voltage.
Thistypically leads to a large de-rating of

the converter, and therefore relatively large
converters.

Figure 5 represents an ES connected to the
AC grid of a ship via a multidrive.

ESS technologies vary from each other in terms
of expense and technical aspects such as power
density, energy density, charge and discharge time,
operating temperature, lifetime, environmental
impact, and maintenance requirements as in
energy applications the storage unit is continuously
discharged or charged over a period of time
sometimes taking several hours.



Figure 6:
Batteries based
ES configuration
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2.5.1. Control systems

Power Management System (PMS)

A PMS is a complete switchboard and generator
control system that controls power generation
and distribution.

The PMS on board vessels is responsible for
functions such as load sharing among different
power sources and load shedding when generated
power is insufficient.

The PMS monitors and estimates power
consumption and active operation using real time
information received and manages the ESS
according to the host controller demands.

Battery Management System (BMS)

The BMS is a set of electronics that monitors the
battery’s performance to keep it from operating
outside of its safety margins. The primary function
of the BMS is to protect the battery cells from
damage caused by being overcharged or
over-discharged.

It typically monitors the cell voltage, temperature
and current. Based on the monitored information,

2.5.2. Batteries

Batteries are devices that transform chemical
energy directly into electrical energy through an
electrochemical oxidation-reduction reaction.
They have a high total energy storage capacity,
but the rate at which the energy can flow out of
batteries is low compared to supercapacitors.
However, stress and high levels of heat generation
can cause damage and limit the batteries’
cycle-life —a measure of how many times a

11

it calculates the state of charge (SOC) and the
current limits. If the limits are exceeded, it will
trip the battery.

The BMS also balances the charge across the
cells to keep each one functioning at maximum
capacity. This is critical to the battery’s safe
operation, overall performance, and longevity.

Converter level control

ACS 880 converters are equipped with an inbuilt
control system to make it easier for the user to
achieve the desired voltage or power output
according to the reference. Converter level control
is not designed for system control and so does
not include the functions for this purpose.

A PMS and BMS are required for system control
of the ES in the ship.

The control of the DC/DC converter is discussed
more thoroughly later in sections 3.5 “Control
modes” and 3.6 “System control”.

battery can be charged and discharged before
losing performance.

Batteries are usually used in a stack of connected
individual cells to gain the desired voltage and
capacity as shown in Figure 6. This sets
requirements for the system operating the

stack because the cells need to be in balance with
each other to avoid malfunctioning.

ES voltage level ES energy
Rack, String, Pack Bank, Array
Module (- - - I
= N | = N -] i | - ) e
- | [ | - | o =2
= zz- ] B | e Y

n x cells connected
in series
Total voltage of
module and
capacity Ah

Modules connected
in series
n x voltage of module

Racks connected in parallel
n x Ah
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Figure 7:
An equivalent circuit
of the Li-ion batterv

Figure 8:
Impedance of
aLi-ion battery
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Electric model of a Li-ion battery

The most commonly used batteries are one of
the several Li-ion battery types. Li-ion batteries
are typically modelled in the literature by

a voltage source and serial resistance, which
describes the galvanic circuits in the battery.

In the more accurate models, it includes serial
connected one or several parallel connected
resistance-capacitance pairs as illustrated

in Figure 7. The component values of the R/C
pairs are a function of several parameters such

as temperature, state of charge etc. and the
number of these elements depends on the
desired dynamic accuracy. For the simplicity of
the calculations and availability of the parameters
the models with two or less R/C pairs are
typically used.

o

Un
+ A A A -—
R, ¢$————
11 +
i Up Battery voltage
Ca .
b  Battery current
Uoc Open-circuit voltage
Up
Ro Ohmicresistance
R, Dynamic resistances
C, Dynamic capacitances
o

Figure 8 gives an idea of the dependence of
the complex impedance and the frequency of
a Li-ion battery. Note, that the tracer in the
figure depends on the state of the battery.

The short-circuit current peak is limited only
by the ohmic resistance (and the leakage
inductances) of the circuit, thus it can be very
high, unlike in traditional lead acid batteries.

Mass transport

Charge transfer and

Frequency

'E' electric double layer
1 |
—_ I I
)
E Ohmic
-~ Re(Z) [mQ]
f=1kHz —F——p> Inductive f=1Hz




Figure 9:
Battery charging and
discharging curve
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Battery energy

Figure 9 presents the charging and discharging
cycle of a battery. At time instant t;, the battery
is fully charged, and voltage is U;. When the
battery is starting to discharge and until time
instant t, the voltage decreases to the value U,.
Batteries have an exponential discharge curve
which provides steady power almost to the end
of its energy capacity, the voltage drop being
above 10%.

After discharging, the battery will be charged
from time instant t. until t;. The voltage returns

Voltage
N

t, Us % Charge

A

Discharge ——> t. Us

Current is constant

\
,Tlme

C-rate

The maximum current of the battery is defined

by its capacity and C-rate. The C-rate is a measure
of the rate at which a battery is charged or
discharged (/max) in relation to its maximum
capacity (Q).
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from value U, back to U;. Charged and discharged
energies are equal.

Charging time depends on the battery and

ranges from tens of minutes to several hours.

The process is internally protected with electronic
circuits in each cell.

The following formula lets you calculate the
available energy (E) over the charging cycle
t,-t. as a function of load power P(t) or average
power (Pay):

t1
E= f Pdt =P, (t; — t,)
[4

0

By dividing the energy with the voltage, you can
further derive from the above equation a new one
giving the consumed charge of the battery

E t1
Q :U=f idt = I, (t; — to)
t

0

o _ _ Qlan]
 Inax[A] * 1[R]

A C-rate of 1C corresponds to a one-hour discharge,
a 0.5Crateis a two-hour discharge

c/2=—2

———) andsoon.
Imax*2h

Impact of the charge/discharge rate on battery charge

The battery charge/discharge current has an
impact on the available charge in the battery.
This impact is described mathematically by
Peukert’s law, which explains how the rate of
discharge influences the battery’s actual capacity.
When the battery is run at a high rate of
discharge, the internal resistance within the
battery creates a voltage sag that ultimately
shortens how long it will last.

Peukert’s law can be written as:

Qp
tzl—k

where:

Qp isthe capacity when discharged at a rate
of 1amp.

I isthe current drawn from battery (A).

t isthe amount of time (in hours) that
a battery can sustain.

k is aPeukert’s constant. Typical values for
Peukert’s constants of lead batteries are
around 1.3 and respectively for lithium
batteries around 1.05.
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Note on battery dimensioning

The information contained in the above
subsections is meant as an aid to obtain a rough
estimate of the battery system requirements. In
addition to the above a number of factors need to
be taken into consideration to ensure that the

Lithium-ion batteries

Lithium-based technology is increasingly being
used for energy storage in vessels due to its good
power density and high cell voltage, and this
despite its more complex charging process.

Their charging and discharging cycles are
internally protected with electronics circuits in
each cell and the battery management system
(BMS). The function of the BMS is to protect and

2.5.3. Supercapacitors

Supercapacitors store energy in terms of an
electric field and are known for their high
symmetrical charge and discharge rates. They can
be discharged and charged up to millions of
times and have a much faster charge-storing
processes than batteries (around 1us-1ms cycle).
Supercapacitors have low equivalent series
resistances that enable them to supply power
efficiently and are generally used in high power
applications where high power is required for a
short time. In addition to good cycling capabilities,
supercapacitors have long shelf lives.

Figure 10: —I_ AV —
Structure of a

superespaciter . . . . . .

I

Current Porous
collector electrode

Electrolyte Separator

battery fulfills all requirements (e.g., losses,
lifetime requirement, temperature, etc.). Due to
its complexity the dimensioning of the battery
must be done according to the manufacturer’s
instructions.

report information about the state of battery
to the power management system (PMS).

Note: BMS and PMS functions are described in
the section 2.5 about system control.

There are several types of Lithium-ion batteries,
with varying properties. Commonly they have a
low DC-resistance, which leads to high peak-value.

Figure 10 illustrates the individual structure of

a supercapacitor. The key characteristics of
supercapacitors are higher power density, faster
charging and discharging due to lower internal
resistance, enhanced life cycle, low voltage, and
higher cost per Watt-hour (up to 20 times
compared to Li-ion batteries).

One of the main drawbacks of these ESS is a
relatively low energy density, linear discharge
voltage, high self-discharge, and low cell voltage.

Supercapacitors are easier to cool than batteries
due to their reduced internal resistance.

They have a wider thermal operation range than
batteries and are better at discharging their
stored energy quickly.

However, the voltage of a supercapacitor
decreases on a linear scale, limiting the range of
usable power. They also have a higher self-
discharge rate than batteries.

The voltage of a capacitor can be expressed as
charge over capacitance:

_Q
U=t



Figure 11:
Supercapacitor
discharge and
charge curve

Figure 12:
Energy stored in
a supercapacitor
as a function

of voltage
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The chargeis a timte integral of the product of
the current Q = fo i(t)dt, yielding the voltage
equation for the current and averaged current:

1 t . Iav

U_CLz@mt_Ct
The voltage equation leads to a linear voltage-
discharge curve with constant current as
presented in Figure 11. At time instant t;
discharge of the fully charged supercapacitor
starts with voltage U, and continues until the
voltage has dropped to value U; at the time
instant t..

Voltage
N

Current is constant

t: Uz

\
,Tlme

The energy contained by a charged supercapacitor
depends on the capacitance and square of the
voltage:

E—lCUZ
)

The trajectory of the energy as a function of
voltage is presented in Figure 12.
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The utilizable energy depends on the voltage at
the start of the discharge and the allowed
minimum voltage of the capacitor.

1 1 1
Egue =5 CUy* = CU;* = 2 C(UF = U3)

Supercapacitors are typically stacked in
integrated modules. An integrated module
includes a management system for cell balancing,
temperature measurement, voltage monitoring,
and communication with the PMS.
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3. System design

3.1. Contents of this chapter

This chapter is intended to give sufficient information for a successful design
of the application. The basic phenomena related to the topology, control and
protection of the ESS are presented.
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3.2. Batteries and super capacitors

3.2.1. Direct online connection (DOL)

Both batteries and supercapacitors can be (with
some limitations) connected directly to the DC-
bus. The main reasons for using direct online
connections are that they have better efficiency,
and that they often (but not always) lead to

a smaller footprint and lower capital expenses
than connections through a DC/DC chopper.

The challenges of a DOL-connection are related
to the control and protection of the ES (modern
energy storages have extremely low internal
resistance, leading to high short-circuit currents).

Connection of energy storage and disconnectors
DOL connection of an ES to the DC-busbar can be
done via a connection cabinet (ACS880-7107LC).
The connection cabinet includes terminals for
cable connections, and fuses for short-circuit

and overload protection of the cables.

The converters’ DC-bus is equipped with
discharging resistors. To prevent continuous
discharging when the converters are idle, as well
as to enable maintenance, it is recommended

to equip the DOL connection with a disconnector.
In order to mitigate the inrush current during
connection, the DC-bus and ES must be charged
to the same voltage before the closing of the
disconnector. This is typically done by adjusting
the level of the DC-bus voltage, as it is simpler and
needs much less energy than the adjustment of
the ES voltage.

Short-circuit protection

The short-circuit current must be checked against
the short-circuit withstandability of the DC-bus.

In a DOL connection current limiting fuses are
usually needed to reduce the peak value of the
short-circuit current. The short-circuit current
(peak value and energy) sets the fundamental limit
for the maximum capacity of the DOL-connected
energy storage.

The designing of the ESS protection must address

the following requirements:

« Limit the short-circuit current peak value.

- Ability to break the maximum short-circuit

currentin required time.

Ability to operate in calculated time with the

lowest desired DC voltage.

- Ability to operate in calculated time with the
highest desired DC voltage.

The fuses in the drive connection cabinet must be
able to disconnect the DC-bus from the faulty
cable or energy storage. The protective device in
the energy storage installation needs to break
the fault current supplied by the ES.

Overload protection

The BMS supervises the overload of the ES.

To handle the overload the system must be
designed to limit the power taken from the DC in
case of the overcurrent and finally disconnecting
the load from the ES if the limitation of the load
fails. This is challenging especially with the
batteries because their short-circuit currents
varies a lot depending on their state of charge
(SOC), age and their temperature.

Behavior of the voltage of the energy source
The voltage of batteries drops only slightly

when discharged. On the other hand, the stored
energy in capacitors is strongly bound to voltage.
In a drive system the DC voltage level has a
significant impact on the performance and
dimensioning of all the converters which it
supplies. This dependence usually leads to a small
window of operation for the DC voltage level,
limiting the amount of available energy for the
capacitor bank. Figure 13 illustrates the impact
of the operation window of the DC voltage on

the available energy. This feature limits the use
of DOL connection with capacitor energy
storages.
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Figure 13:

Available energy of
capacitor as a function
of voltage. This example
shows that only 20%

of the capacitor’s
energy can be used

if the voltage drop

is limited to 10%.

Figure 14:

Energy storage
connected directly
to DC-busbar of
ACS880 multidrive
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Even though the voltage of batteries drops only
slightly when discharged, it must be taken in
consideration when it is used in larger multi drive
systems. In the worst case the lowered DC-voltage
leads to a larger footprint and bigger capital
expenses due to the higher current demand
caused by the lower voltage.

Load current and efficiency

DOL connections do not have any switching
losses, unlike power electronic connections.

In addition, the current losses in a DOL connection
are significantly lower than in semiconductors.
For these reasons ESs with a DOL connection
typically have better efficiency compared to
their power electronic connected counterparts
(the efficiency of the ACS880 DC/DC-converter
is approximately 98.6%).

DCbus
Charging

BBE—

z [0

Electric
machine

Multidrive

Electric INU
machine

However, a larger operation area of DC-voltage
and thus also lower minimum voltage leads to
lower AC voltage and higher AC current than in

a supply unit with a fixed DC voltage level.

The increased AC current causes increased losses
in supply units (and possibly inverter units).

In the worst cases this may lead to the need for
larger units and thus an increased footprint

and investment costs.

Capacitors have low internal resistance, which
enables their use in applications requiring the
ability to supply high but short current peaks.
The low internal resistance of capacitors, coupled
with high levels of stored energy, causes a high
short-circuit current. The short-circuit current
withstandability of the drive must be checked
during the system design phase.

When the withstandability is exceeded the short-
circuit current must be limited by using peak
current limiting protection (e.g., fuses or circuit
breaker).

Batteries, in addition to low internal resistance,
also have a relatively low allowed maximum
current. Exceeding this value, even for a relatively
short time, may cause damage to the battery
cells. A system with a DOL connected battery
must be dimensioned to withstand the highest
possible currents in the circuit.

Control of a DOL-connected energy system
The control of a DOL-connected ES can be split
in two main parts, which are control of the
connection switch and charge control.

Control of the ES-switch

Both the ES and the drive are typically equipped
with a switch to enable their disconnection from
the system. In order to prevent the inrush-current
it must be ensured that the voltages on the DC-
bus of the drive and on the ES are equalized at
connection of the ES. This is done by voltage
control and interlocking one of these switches.

In this document the interlocked switch is called
ES-switch.

Equalizing the voltages can be done by charging
either the ES or the drives dc-bus.
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Batteries keep their output voltage in the
operational area of the frequency converter
drive independently from the state of charge.
This enables the equalizing of voltages by tuning
the DC-bus voltage, requiring significantly less
energy than changing the voltage of the ES.
This is not possible with supercapacitors, which
is one of the reasons why they are not used

in DOL systems, the other reason being their
inefficient utilization of the voltage area

and charged energy.

Charge control and current control

An ISU is well adapted for use with a DOL
connected ES. In these applications the
BMS/PMS will give the desired DC-voltage
reference or power reference to the ISU to
charge the ES.

ES over-current can occur in situations when

the ISU is charging the battery and supplying
motor load simultaneously. If the motor load

is disconnected by a failure in an uncontrolled
way, then the only path for the ISU current is
through the ES, possibly causing an overcurrent.
This will be prevented by properly designing

the system control.

Charge control of a DOL connected ES supporting
the AC grid is challenging. The OGC is equipped
with AC-voltage droop control and the ES charge
must be controlled by the BMS and PMS by
changing the offset value of the droop controller.

The OGC does not have inbuilt power limitation
functions, thus rapid changes in the power
balance of the AC grid can cause an over current
in the AC connected energy storage systems.
The time required to decrease the current to an
acceptable level by changing the offset values
may take a few hundred milliseconds. If the
settling time is too long then the load must be
disconnected, for example by stopping the
converter. It is highly recommended to reduce
the load, by limiting propulsion power in the case
of electric propulsion or disconnecting the less
important loads. This can be done by using

the load information from the drive output or
an external power relay.

19

3.2.2. Connection with a DC/DC converter (DDC)
DC/DC converters are used with supercapacitors
and batteries in a similar manner. Supercapacitors
can be discharged and charged usually between
a few seconds and a few minutes, but they a have
smaller capacity than batteries, and thus the
biggest difference with batteries is the use of
supercapacitors mainly as a short time energy
storage.

Supercapacitors are used in applications such
as harvesting braking energy from regenerating
motors into the ES in systems or limiting the
maximum power peaks in the supplying grid.

In peak shaving they are used to minimize the
maximum load and thus also the size of gensets.
They are also used in some UPS applications by
leveraging the ES's capacity to keep processes
running during power breaks in DC or AC grids.

Behavior of the voltage of the energy source
With DDCs the capacitance charge can be utilized
even with voltages under the minimum DC-bus
voltage level, allowing for a superior utilization of
the capacitor capacity. DDCs also enable a more
efficient dimensioning of drive systems as the
DC-bus voltage is not reduced by the ES, leading
to a more functional dimensioning of the other
converters connected to the same DC-bus.

They also improve battery protection by enabling
the limitation of the battery’s current, in normally
operation, where the battery voltage is under

the voltage level of the DC-bus.
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Figure 15:
Energy available as a function of capacitor voltage. Example shows
that only 90% of the capacitor’s energy can be used if the capacitor’s
voltage is utilized to 30%.
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Figure 16:

The short-circuit cases
to be analyzedin the
standard connection
of the DDC
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The voltage of batteries varies relatively little as
a function of charge as illustrated in Figure 9.
This makes a DOL-connection with batteries
more attractive. However, there are several cases
where it is justified to use a DC/DC converter to
connect a battery to a DC-bus. This is the case
especially with the larger multidrives, or when it
is for other reasons important to keep the
minimum DC-voltage level high.

Control of a DDC-connected energy system
and an ES-switch

The main reasons to equip the energy storage
with an ES-switch are:

Safety during maintenance

Avoiding the discharge of the ES through the
feedback diodes when the DDC is not operated
for an extended period of time. The feedback-
diodes prevent the DC-bus voltage to be lower
than the ES-voltage. This leads to the slow
discharge of the ES when the main circuit
breaker is open.

Before connection of the DDC to the ES the
voltage of the DC-bus must be higher or as high
as the voltage of the ES. To charge the capacitors
in the DC-bus either the DDC integrated charging
circuit (@an option) or some other charging unit
can be used. It is strongly recommended to equip
the ES switch with interlocking, which ensures
that a hazardous connection of the switch
cannot take place.

The main principle in the control of the ES-switch
is that the switch position is controlled by the
PMS either directly or through the DDC. Inidle
state the DC-bus voltage is discharged through
the discharging resistors in the DC-circuit.

The control of the ES charge is managed by the
BMS and PMS which give the reference to the
DDC. Charging and control of the ES switch is
further described in section 3.6 “System control”.

Short-circuit current and protection

In the DDC the chokes and semiconductors limit
the DC-current peak value supplied by the ES to
the DC-bus in case of a short-circuit in the drive.
The power module of the DDC can effectively
limit the short-circuit current from DC-bus when
it takes place in the cable or in the ES. The cable
must, however, be protected from the energy
supplied by the ES. The short circuit must be
switched off in the desired time, independent of
the charge of the ES, and the maximum allowed
short-circuit current of either the cable or the
converter terminals cannot be exceeded.

The short-circuit current supplied by the DC-bus
to the internal short-circuit are handled by the
DC fuses in the DDC. The currents supplied by
the ES to internal short-circuits and by the DDC
to the external circuits need some attention from
the system designer. Four different short-circuit
cases, which must be analyzed in a standard
connected DDC, are presented in Figure 16.
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[ 1
1 (|
1 11
1 (|
1 11
' IgAEX 5
1 [
1 (|
1 I —+
1 p— — [ 1
I — I
1 11
1 [
1 11
1 [
1 11
1 —t
1 11




Figure 17:
Short-circuit cases
intheinversed
connected DDC
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Cases one and two are actually identical from
the ES point of view, because the impedance
differs by the amount caused mainly by parallel
current paths supplying case one. Cases three
and four differ from each other by the impact
of the cable impedance.

The protection must be completed with additional

protection if the short-circuit current is too low
to trip the fuses. This kind of protection can be

DC/DC converter

Power unit
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based for example on the monitoring of the
voltage or current and time.

Figure 17 presents an approach for analyses

of the points in the inversed connected DDC.

In this connection the ES-voltage is higher than
the DC-bus voltage. This typically ensures that
short-circuit current is high enough to blow
the fuses. Thus, the main concern is in the
breaking capacity.

Energy storage

GGG

3

Short-circuit protection design must address
the following issues:

- Limitation of the short-circuit current. The
maximum value of the short-circuit current is
not allowed to exceed the maximum peak value,
the cabinet can withstand. The means to avoid
the battery supplying a higher short-circuit
current than the drive can withstand are
splitting the battery into several separated
supplied parts and using current limiting
fuses at the ES-end of the cable.

Breaking capacity. Short-circuit protection
must be able to break the highest short-circuit
current which can take place in the circuit to be
protected. This may lead to the need to split
the ES in several parts supplied by different
cables with their own fuses.

Sufficiency of the short-circuit current. For
effective protection it is important for the
short-circuit current to be high enough to
disconnect the ES in the predefined time at
the lowest operation voltage. In case the fuses
are not tripped with low voltages additional
protection must be used (e.g. overcurrent
and/or undervoltage detection).

Thermal dimensioning and overcurrent
protection. The feeder unit must be selected

to withstand the predefined load current. It also

requires overload and short-circuit protection
for the connection output cable(s).

The size of the fuses available for the DDC are
given in the ACS880-1604LC DC/DC converter
modules hardware manual (3AXD50000371631)
and ACS880-1607 DC/DC converter units
hardware manual (3AXD50000023644).

Overload protection

Normally the DDC current limits can protect
the cables and converter from overcurrent.
However, attention must be paid to ensuring
that the overcurrent cannot flow through the
diodes. This can happen if the DC-bus voltage
collapses under a high load (load is higher than
supply) in the case of a standard connection
(Figure 16). In an inversed connection, if the ES
is discharged, the voltage tends to be lower than
the DC-bus voltage commutating the current to
the diodes (Figure 17). This also leads to lost
current control.


https://library.e.abb.com/public/1fbe983883c34bf2a4a8152893caf11a/EN_ACS880-1604LC_HW_A.pdf?x-sign=UEZVWaxzPEoQMLfCh8BzMzXCqCqsuj6xAl3sU+36OUoAbsUoakb+jvjKMvKtNnBr
https://library.e.abb.com/public/476a348b9aca4394807c79a156f4cbef/EN_ACS880-1607_HW_C_A4.pdf?x-sign=p/PyR1v6lG+hO0NDI1Gx/HX4/FzNy/cNw20aamle6lbE15bhX3sfPmhqpJouXmkK

22

Figure 18:
Buck-operation of a
buck/boost converter.
Current path when
the upper IGBT is
switched on (on the
left side) and when
itis switched off

(on the right side).
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Load current and efficiency

The converter is always subject to switching
losses caused by switching on and off the
semiconductors and resistive losses caused by
the current in the semiconductive materials.
The efficiency of the semiconductors is given in
the ACS880-1604LC DC/DC converter modules
hardware manual (3AXD50000371631) and
ACS880-1607 DC/DC converter units hardware
manual (3AXD50000023644).

3.3. DC/DC converter (DDC)

3.3.1. Purpose of aDDC

A DDC is a two-way power electronics unit set up
between the ES and the DC-bus and is used with
when the voltage of the ES (Ugs) is lower than that
of the DC-bus. It enables keeping the DC-voltage
level in the DC-bus at optimum level for the proper
operation of the other units (e.g., INU, OGC, etc.)
connected to the DC-bus as well as for economical
design of the drive train.

3.3.2. Standard Buck and Boost operations
Energy can be transferred in both directions
through the ACS880 DDC. It uses two common
operation principles called buck, and boost.

The buck-operation is used when energy is
transferred from a higher potential to a lower
potential e.g., from DC-bus to an energy storage,
while the boost-operation is used to supply

the DC-bus from the storage.

The interval between switching pulses cannot

be infinitely short in the DDC. They are instead
limited to a few microseconds in order to ensure

DCbus +

Diode

IGBT J

Filter

_| Energy

IGBT =
storage

L

DCbus —

Despite the increased losses of DDCs compared
to a DOL connection, the overall system is not
adversely affected. A DDC enables a higher
DC-voltage level and thus the current in all the
other converters is reduced decreasing both,
the switching losses, and the resistive losses in
those. The total impact of the DDC on system
level efficiency must be evaluated by calculating
the total losses with and without the DDC.

proper operation of the power electronics
despite the limitations of the physical properties
of the semiconductors and control electronics.
This sets the maximum and minimum limits for
the output voltage. The values of the limits can be
found in the ACS880-1604LC DC/DC converter
modules hardware manual (3AXD50000371631)
and ACS880-1607 DC/DC converter units
hardware manual (3AXD50000023644).

Buck-operation

In buck operation the DC voltage is chopped
by switching on and off the input voltage.
The output voltage consists of pulses.

The voltage is controlled by regulating the
pulse width in relation to its length over a
period of time. The ratio between the on-time
and the full period (T) is called duty factor
and itis noted D. In a buck-converter the
output is filtered by a choke, which keeps the
output current continuous in the designed
operation area.

DCbus +
IGBT J Diode
Filter
: LYY Y\
IGBT J Diode - Energy
storage
DCbus —
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ENERGY STORAGE

Figure 18 illustrates the principles of the buck
operation of a converter. It shows how during
duty time (D*T) the IGBT in the upper branch is
switched on, causing an increase of the currentin
the filter which increases the magnetic energy of
the inductance. When the IGBT is switched off,
the discharge of the magnetic energy of the
inductance keeps the current flowing, supplying
the load and the resistive losses of the circuit
until the end of the switching period.

The consequence of this operation principle is
that the output voltage (U,) of the DDC is lower
than the DC-bus voltage (Up(). Neglecting the
impact of losses, the input power (P ) and the
output power (P,) are equal. From this follows
the equality:

Usly, = Upclpe
And further the output current is

= U
o — Uo DC
As can be seen from the above equation, the
ratio between input and output currents versus
voltages are inversed. In other words, in a buck-
converter the output current is higher than
the input current.

The operation of buck and boost converters
generally assumes that the load current is higher
than current peak-to-peak value of the current
ripple, I = Ai

The current ripple can be calculated as follows:

di
L= U, = DUpc

The current peak-to-peak value can be written:

L

The amplitude of the maximum current ripple
and its respective duty time D can be found by
solving the zero point of the derivative di/dD.

This yields the equations:

. UpcT
lyp_max = 4L

) 1
D(lpp_max) = E

Figure 19 illustrates how the current ripple
varies as a function of the output voltage in
a buck-converter.

Buck
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Current ripple as a function of the output voltage
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Figure 20:
Boost-operation of a
buck/boost converter.
The circuit on the left
sideillustrates the
charging of the magnetic
energy (the lower IGBT
is switched on) and on
the right side the
discharging of it (the
IGBTs are switched off).

Figure 21:
Current ripple as
afunction of the
output voltage

ABB DRIVES APPLICATION GUIDE

Boost-operation

The principle of the boost-operation is similar
to that of a choke-filtered buck-converter.

The difference being that the magnetic energy
of the choke is now charged from the ES instead
of the DC-bus and discharged to the higher
potential DC-bus instead of the ES.

Figure 20 illustrates the principles of the boost
operation of a converter. It shows how the

DCbus +

Diode

IGBT J
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Filter
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storage

DCbus =

You can calculate the current changes during
duty time with this equation:

) 1 (b7 Uu,DT
iy = —f U,dt =
0

"L L

and respectively the following equation gives the
current changes during the discharging time:

! (WUo = Upc)(1 = D)T

1
_lpp = z DT(UD - UDC)dt = L
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charging of the energy occurs by closing the
circuit switching on the lower branch IGBT.
When the duty time (DT) is passed the IGBT is
switched off and the magnetic energy of the
inductance is discharged to the higher potential
DC-bus through the free-wheeling diode in

the upper branch. After the full-time cycle T,

the same two steps are repeated again.

DCbus +
IGBT J Diode
Filter
< YN
IGBT J Diode — Energy
storage
DCbus -

In steady state operation, the current change over
the full cycle must be zero.

U,DT N (U, —Upc)(—=D)T 0
L L B

From this can be derived the following equation
for the output voltage:

UDC = Uo

1-D
Furthermore, you can derive the amplitude of
the maximum current ripple and its duty time
in a similar way as before for buck-converters.
The results are the same equations as the
ones to calculate the current ripple for

a buck-converter.

. UpcT
lyp_max = T

) 1
D(lpp_max) = E

Figure 21illustrates how the current ripple
varies as a function of the output voltage in
a boost-converter.



Figure 22:
Theinterleaved three
pulse DC/DC converter

Figure 23:
A six pulse DC/DC
converter

Figure 24:

Six pulse converter
current ripple at duty
cycle value D =0.92.
The sum of the three
leg currents on the
left and the ripple

of one leg on the
right-hand side.
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Interleaved three-pulse and six-pulse

DC/DC converters

The power modules in the ACS880 DDC are the
same three phase power modules used in ACS880
motor drives.

A three-pulse (aka three legged) DDC is presented
in Figure 22. The ACS 880 DDC is operates at

DC/DC converter
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4 kHz pulse frequency per leg. The converter
module is run interleaved (the legs are
operated with 1/3 period phase shift) resulting
in a three folded (3 x 4 kHz = 12 kHz) output
frequency called switching frequency.

The term switching frequency in this document
refers to the pulse frequency of the output
voltage.

Energy storage

Tags _
| N J@u@s = T

A six-pulse converter consists of two three-pulse
converters connected in parallel, each equipped
with their own chokes, as shown in Figure 23.
Both converter modules are controlled by the same
control board, which takes care of the interleaving
and increases the switching frequency to

24 kHz with a respective duty time of T = 41.7 us.

DDC L ES

DC =

bus

6-pulse ripple current. D = 0.92
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Operation cycles

The higher frequency further reduces the
amplitude of the current ripple and thus also
helps to filter it if needed.

The switching frequency of an interleaved DDC is
inversely proportional to the number of its legs.
Using the notation m for the number of legs,

this can more formally be expressed as

The direct consequence of the increased
frequency is a better damping of the current
ripples. Figure 24 shows the impact of the
interleaving on the peak-to-peak value of the
current forthe example converter.

Ripple current of one leg. D = 0.92
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Figure 25:

The relative peak-to-
peak current ripple
of the three different
interleaving with

the same inductance
and switching
frequency/leg
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The maximum peak-to-peak value of the
interleaved current is equal to the maximum
peak-to-peak current of one leg divided by the
total number of legs. Using the notation m for
the number of the legs it can be written as

_ UpcT _ Upc
PPIMAX - paml  4ALf,,

L

Current ripple in an interleaved DC-DC converter

0.18
0.16 |
0.14

0.12 |
= One legged converter
0.1}
= Three legged converter

0.08 | — Six legged converter

ipp [p.u.]

0.06 |

0.04

0.02 |

0 01 02 03 04 05 06 07 08 09 1
Duty cycle

The current ripple is a function of the DC-bus
and output voltages. The requirement for the
current ripple is often given in the customer
specifications as its peak-to-peak value.
However, it can also be specified by giving

Table 1: Conversion coefficients

The trace ipp = f (D) has as many maximum
points as there are interleaved legs in the
converter. The duty factors giving the maximum
value for peak-to-peak current are

(=2)

m

D(ipp max) = k=1..m

The current ripples of the different legs fully
compensate each other with duty factors

, k
D(lpp = 0) ~m

The relation between the duty factor D

(D = U,/Upc) and the current ripple (in ratio

to the rated current) of interleaved DDCs with
different numbers of legs is shown in Figure 25.
The ripple current values are calculated for an
existing DDC converter and can vary slightly
depending on the converter ratings. The peak to
peak values at the duty factor, which gives the
highest ripple current and at the rated dc-voltage
are given in the ACS880-1604LC DC/DC converter
modules hardware manual (3AXD50000371631)
and ACS880-1607 DC/DC converter units
hardware manual (3AXD50000023644).

amplitude, effective value, or mean value of the
current ripple.

Table 1 gives the conversion coefficients between
peak-to-peak value and these other values.

Peak-to-peak to
amplitude 2 0.500

Peak-to-peak to RMS — = 0.289

1
Peak-to-peak to mean 2 = 0.250

Amplitude to
peak-to-peak

RMS to peak-to-peak 2v/3 = 3.46

Mean to peak-to-peak 4
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Figure 26:

The ripple current,
load current, charge
of the capacitor (AQ)
and capacitor voltage

ENERGY STORAGE

Filtering the output voltage with a capacitor
When high requirements are set for the output
voltage, an additional capacitor can be connected
to the output to decrease the voltage ripple.

pp PP
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N\ |
S |

— Capacitor current

— Load current 1

— Voltage
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The shape of the current ripple of a buck converter
is a sawtooth wave, assuming that all the ripple
current is fully flowing through the capacitor as
shown in Figure 26. The charge of the capacitor is

t
AQ = f ippdt
0

When the capacitor current is higher than the
load current the capacitor is charged and its
voltage increases. The voltage is proportional to
the charge and its maximum value is reached
when the capacitor current decreases to the level
of the load current after the charging period.
The maximum change in the charge can be
calculated from following equation and is
illustrated in Figure 26

The respective voltage is:
B0 iy
pp C 8Cfsw
The worst case takes place with the highest peak-
to-peak current, which is as earlier derived:
Upc
4Lfe

lyp_max =
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by substituting this to the equation for the voltage
ripple we get the equation for the worstcase
peak-to-peak voltage:

1 UDC — UDC
8Cfiw 4Lfsw  32LCf3,

The resonance frequency of the LC low-pass filter
is roughly the same as its cut-off frequency. When
the noise (in this case the voltage ripple) has a
higher frequency than the cut-off frequency the
damping of the low-pass LC filter is 40dB/decade
(the LC filter is a second-degree filter).

Upp_max =

The resonance frequency for the LC circuit is:

f 1

c = —

2nvVLC

By substituting this expression in the equation
above, the voltage ripple equation can be written:

m? z
Upp max = 5 <£) Upc
- 8 \fow

Furthermore, the capacitance C can be solved
from the following equation:

Lpp

um) = 8Cfsw

__'wp
8upp fow

Capacitance is dimensioned according to the
worst case. This usually means that it is
dimensioned for iy,may:

lpp_max _ UD c

C> = -
8upp_maxfsw 32upp_mafosw

The equation above reveals an inversed quadratic
dependence between the requested capacitance
and the switching frequency. This means that
the capacitance needed for a six-pulse converter
is only 25% of the one needed for a three-pulse
converter with an equal current ripple. However,
the current ripple of a six-pulse converter is

only half of the current ripple of the respective
three-pulse converter. This further decreases
the requested capacitor size to 12.5 % of what

is needed for a three-pulse converter of the
same size.
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Figure 27:
U/l-curve for a
non-linear load

Figure 28:

DC/DC converters
connected in parallel
with other power
sourcein DC-bus
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Load current ripple with a low pass filter

The output current ripple with a parallel connected
filter capacitance can be calculated when the
output impedance at the switching frequency is
known. The current ripple (ipp) in the DDC choke is
not affected by the output filter and the ripple in
the load current (i) can be given as a function
of the current ripple. By assuming that the current
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3.3.3. Parallel connection of DC/DC converter units

DC/DC converters connected parallel

with other DC-voltage supplies

Figure 28 illustrates an example application,
where a motor drive is supplied by a front-end
converter (ISU) and an ES. There are restrictions
to voltage control when several power sources
are supplying the same DC-bus. The commonly
used Pl-controllers cannot be used to control the
same voltage, as even a slight difference in the
reference, the feedback or the dynamics of the
controllers will cause their outputs to drift in
the opposite direction.

ripple is sinusoidal, then the equation for its
maximum can be written as

1
/ia)C
7 (lwgy) + 1/ia)C

lppl_max ~ lpp_max

Usually, the impedance is dominated by the
resistance (R)); following this we can use the
earlier equation (upp = Slcpﬁ) and write the
following equation for the maximum value of
the load current ripple

i ~ upp_max _ lpp_max
ppl_max =~ -
R, 8R,Cfsw

Further the required capacitance is

l
pp_max
C~ ——mmM

8lesw ippl_max

Note, that for nonlinear loads the resistance R; in
the equations above is the slope of the U/I-curve
in the operation area, R; = AA—ZI], as illustrated in
Figure 27.

There are a few possible ways to avoid this
unstable cross-effect between the controllers:

1. The usual solution is to use droop control,
which is also the only one, that can be realized
without any external over running controller.

2. The alternative solution is to run the power
supplies in power (or current) control modes.
This method requires an external upper-level
controller in voltage control mode giving the
power (or current) references to the power
supplies.

DC bus
DDC ES
AC grid [—]
M7 cl
= =
Transformer LCL filter ISU
[—]
INU

Electric machine



Figure 29:

DC/DC converters
connected in parallel
to supply the high
power

Figure 30:

PDF of the ripple
current of the
independently
controlled DC/DC
converters
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Several DC/DC converters supplying same load
The control board of an ACS880 DDC can control
either one or two power modules depending on

DC bus

AC grid
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the pulse number (three or six pulses). Several of
these DDC can be connected to operate in parallel
to the same DC-bus to supply the same load.

DDC ES

T[]
1=l

LCL filter ISU

Transformer

=l

As the pulses of parallel connected converters are
not synchronized, most of time the current pulses
are in unsynchronized phase, leading to a partial
cancellation of the current ripple.

The current ripple is a triangle wave, meaning that

all the values from the minimum to the maximum

are as probable in any arbitrary instant of time.

In other words, the shape of the probability density

PDF

Probability density

-1 -08 -06 -04 -02 0 02 04 06 08 1
Current ripple [pu]

function (PDF) is square. The sum of two PDFs is
a convolution of the two of them. The PDF for
the peak current in the parallel operation of
independently modulated DDCs can be created
by convolving the square PDF first with itself
and then with the resulting sum functions

PDF,, = PDF, + PDF, = PDF,QPDF,

PDF,, = PDF,,®PDF, ...

The notation @ stands here for the convolution
integral. The PDFs are illustrated in Figure 30.

It can be noticed that the PDF-function approaches
the standard normal distribution (SND) when

the number of parallel units increases.

A more demonstrative function is however the
cumulative density function (CDF). The CDF can
be calculated using the PDF by integrating it
from —infinity to + infinity. Because a current
peak can have only values between -1 and 1 the
equation for the CDF can be written as

+1

CDF(x) = f+ooPDF(x)dx = f PDF (x)dx

-1
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Figure 31:

CDF of the ripple current
of anindependently
controlled converter.
Figure a present the full
curvature and figure

b is a magnification

of the probability of

the peak current.

Figure 32:
Probability of

a synchronous state
in function of

the synchronous
time
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Figure 31a presents the CDF functions of the
ripple currents of parallel connected converters.
The CDF is the probability for the current to be
equal to or lower than a given value at an arbitrary
instant of time. It can be understood as a
representation of the amount of time during
which the current is under that value. Figure 31b
shows a magnification of the maximum peak
current and its probability.

Figure a CDF
1 T T T
09|
>, 08F
x
3 07Ff
38
o 0.6 |
a
o 05}
2
w 04}
S
E 03f 2DDCs
© o2} — 3DDCs |
—— 4DDCs
0.1} ]
— SND
0 L L L L L L L
-1 -08 -06 -04 -02 O 0.2 04 06 08 1
Current ripple [pu]
Figure b CDF
099 B X 0.59596 n
Y 0.981624
0.98 R
>
£ 0.97 R
%
Qo 0.96 X 0.59596 ]
o Y 0.96218
Q 0.95 R
Q
2
& 0.94 E
3
g 0.93 — 2DDCs
(O] — 3DD
0.92 ; 3DDCs |
X 0.59596 4DDCs
0.91 Y 0.918 — SND ,
0.5 055 0.6 065 0.7 0.75 0.8 0.85 0.9 0.95
Current ripple [pu]
102
— Two converters
— Three converters
10* \ Y iboss2 — Four converters 7
I
S
- 100 p
b X 10
- Y 0.220791
Q o
8 101
o 107 F E
et
o
X10
Y 0.0103747
1074 .\
1073 L L L L L L

2 4 6 8 10 12 14 16 18 20
Time [s]

As seen in the figure, the number of converters
has a strong impact on the probability of the
maximum value. However, these values are
occasionally met randomly when converter
currents drift to a synchronized state.

The maximum current peak is the sum of the
maximum current peaks of the individual units
(three pulse or six pulse)

ipp,max = ipp,maxl + ipp,maxz + o ipp,maxn
The probability that the ripple current value at
an arbitrary instant of time is less than 60% of
the maximum value is 91.8% for two independent
converters. This means that 91.2% of the time
the current is less than 60% of the max current.
When also the negative peak value is considered,
the current ripple stays inside 60% of the maximum
ripple 84% of the time. The respective figures
for three and four independent converters are
92.4% and 96.3%.

The duration of the synchronous state is random
in the frame defined by the clock pulse accuracy
of the processor and the carrier frequency of the
converter. The probability for the ripple currents
of all the independent parallel converters to stay
in a synchronized state can be given in function
of time as presented in Figure 32. The figure is
based on a clock pulse accuracy of 20 ppm.

The used synchronous criteria is that at least
one of the converters has reached in that time
25% drift in relation to the other converters.

As an example we can see in Figure 32 that the
probability for two drives to stay in a synchronous
state for 10 s or longer is 4.70%. If we have three
parallel connected independent drives, the
corresponding probability is 0.22% and for four
independent drives it is only 0.01%.

Due to the small probability and short duration
of the synchronous state it can generally be
assumed that the current ripples of the parallel
drives are non-correlated. The individual current
signals of non-correlated drives maintain their
power. This means that the RMS value of the peak
current is the square sum of the components

I ) ) 2
lprMS = \/ Lprmst T lprmsz T+ prusn



Figure 33:

DDC output
inverse-connected
to DC-bus
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Energy storage
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3.3.4. Inversed Buck and Boost converter

It can be worthwhile in some cases to use
batteries with higher voltages than the one of
the DC-bus. This can be done by connecting the
output of the DDC to the DC-bus voltage instead
of that of the ES, as shown in Figure 33.

To ensure a safe and reliable operation of the
converter in this mode the system must be
designed so that the battery voltage does not
exceed the maximum voltage of the DDC.
Ininversed connection the output voltage must
be measured by an additional unit (BAMU), the
ACS880 DC/DC converter measures internally
only the input voltage, which is in inversed
connection on the battery side.

Ininversed connection the battery voltage can
never (when connected) be lower than the voltage
of the DC-bus. When battery voltage decreases

to the level of the DC-bus voltage, the feedback
diodes of the IGBTs become conducting.

The galvanic connection of the ES to a DDC can
only take place safely if the following conditions
are met:

Battery voltage must not exceed the maximum
allowed voltage of the DDC hardware, which can
be found in ACS880-1607 DC/DC converter
units hardware manual (3AXD50000023644)
and ACS880-1604LC DC/DC converter modules
hardware manual (3AXD50000371631).

The capacitors in the DDC modules must be
charged before connecting the ES to the DDC to
prevent the inrush current peak.

The ES minimum discharge voltage level is
defined by the system designer. Typically, this
voltage is lower than the rated DC-bus voltage
and thus defines the minimum voltage in

the DC-bus. This must be considered in the
dimensioning of the motor drives, supply
units and supply transformers.

Limitation to the minimum ES voltage

In an inversed connection the feedback diodes
prevent the minimum voltage level of the ES

to be lower than the voltage level in the DC-bus.
If discharging continues after the voltage of

the ES has reached the level of the voltage in the
DC-bus, then the DC-bus voltage starts to follow
the ES voltage. However, due to the diodes in
the supply converter, the DC-bus voltage cannot
decrease below the amplitude of the AC voltage.
The direction of the diodes also means that the
ES cannot be charged from a no-charge state

to the operation area with the inversed DDC.

It always needs to be pre-charged.

This is the fundamental limitation which must
be taken in consideration in dimensioning
the system.
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Figure 34:

The Energy storage
with the charging
circuit for the converter
capacitances and the
DC/DC converter
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3.4. Starting up

3.4.1. Basic principles
There are a few basic requirements, which have
to be satisfied when designing the system:

1.

The start-sequence must be controlled

by a PMS. The system and its starting
sequence can be arranged in several different
ways depending on the application design.
The starting sequence must adapt to the
application, which is why it has to be done

in the PMS.

. Converter inbuilt capacitors must be charged
before connecting the ES to the DDC. This is
important to avoid the destructive inrush
current during connection. A good design
practice is to ensure successful charging by
using interlocking.

. DC-capacitors in the ACS880-modules are
equipped with discharging resistors. The DC-
bus must be disconnected from the energy
storage if it is intended to have the charge
stored while the converter is idle.

3.4.2. Charging of the capacitors in

standard DDC

As can be seen in Figure 34, the feedback diodes
conduct current from the ES to the DC-bus in the
DDC. To prevent the inrush current, the DC-bus
capacitances must be charged to the same
voltage or higher than the ES.

DC/DC converter

DC bus Power unit

There are two possible starting sequences
for the DDC:

1. DC-bus charged from ES
If the ES voltage is higher than the DC-bus
voltage an external charging unit as illustrated
in Figure 34 is required to equalize the
voltages. Charging of the DC-bus capacitors
can then be finalized by running the DDC in
voltage control mode. The prerequisite for
charging is for the voltage of the ES to be over
the minimum operation voltage given in the
ACS880-1607 DC/DCconverter units hardware
manual (3AXD50000023644).

2. DC-bus charged from AC
The capacitors in the DC-bus can also be
charged with the AC supply unit from the AC
grid or generator. Then the voltages of the
DC-bus and of the ES must be equalized before
connection of the ES.

Finally, the DDC can be started when the DC-bus
is charged, and the ES is connected to the
converter.

The converter can charge a super capacitor

ES from zero voltage. However, the current is
discontinuous at very low voltages. Continuous
operation under the minimum DDC voltage is
not allowed. (See ACS880-1607 DC/DC converter
units hardware manual 3AXD50000023644).

Energy storage

Filter

Charging
unit

G40

.

oll

| J@u@s



https://library.e.abb.com/public/476a348b9aca4394807c79a156f4cbef/EN_ACS880-1607_HW_C_A4.pdf?x-sign=kQfpf+MmgAGxW+nhMveff+dRqOApJ0at2G5ru199KWagl4y6UjUtzz4orlPHTXQE
https://library.e.abb.com/public/476a348b9aca4394807c79a156f4cbef/EN_ACS880-1607_HW_C_A4.pdf?x-sign=T5IXv6nlEYBQUdjB0t8QmAyYFsT9aqJWhis1Kj41h1aQ4uSfRLFZe+lkTfDRfupY

ENERGY STORAGE

Figure 35:

Inverse connected

DDC and charging unit

for capacitors of the

converter modules DC/DC converter

DC bus Filter Power unit
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3.4.3. Charging of the capacitors in

inversed connected DDC

Figure 35 presents the main circuit of an inverse
connected DDC. In this connection feedback
diodes conduct current from the DC-bus to the
ES. In order to avoid inrush current during the
connection of the ES, voltages of the filter
capacitors (C) inside the modules and the ES
must be equalized.

There are two possible starting sequences
for the DDC:

1. DC-bus charged from ES
If the voltage is higher in the ES than in the
DC-bus then the DC-bus can be charged from
the ES. This requires an external charging
unit as illustrated in Figure 35.

2. DC-bus charged from AC
The capacitors in the DC-bus can also be
charged with the AC-supply unit from the
AC grid or generator. Then the voltages of
the DC-bus and the energy storage must be
equalized before connection of the ES.

1
| I
o

[l
oll

The DDC can be started when the DC-bus is
charged, and the ES is connected to the
converter.

Charging a discharged supercapacitor unit
from the DC-bus requires the connection of the
DC-bus to a strong supply (typically the AC grid)
through a supply converter. The charging circuits
of a DC-bus cannot be used for charging the
supercapacitor, as they are usually not designed
to withstand the charging current of the
supercapacitors. It is also required that the
charging unit used to equalize the ES voltage

and the output voltage of the DDC is dimensioned

for the charging current of the ES.



34

Figure 36:

The selection between

voltage and power
control

Figure 37:

Control chain of the
ACS880DC/DC
converter
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3.5. Control modes

The DDC can be operated either with power or voltage control. The selection of
the desired control mode can be done by parameter as presented in Figure 36.

DC voltage
9 DC voltage
reference
R controller
chain

I DC bus voltage measurement I— \

I ES voltage measurement I—
Current
\ reference Current
limitation
Power
A and control
reference
Current measurement I
DC voltage control mode
The principle of the control chain of the DDC is I* Current reference
presented in Figure 37. The reference values are D* Pulse ratio reference
noted with an asterisk. The notations are: Usb Voltage feed back
u* Incoming voltage reference [P Current feed back
U1 Voltage reference after drooping HW Hardware including load
p* Power reference
u* U1 p* |* D* - Current
dP/U - U-contr(I)II - P/I ) PII-contrc|>II - HW -Voltage
roop Pl-controller conversion controller - Power
Y
/T\
Usp Ito

The voltage controller (including droop control)
can be used to control the voltage of either

the energy storage or the DC-bus. There is an
inbuilt voltage measurement circuit in the
converter module for the control of the DC-bus
voltage. However, an auxiliary measurement
unit (BAMU) is necessary when voltage control
mode is used to control the ES voltage.

The ACS880 DC/DC converter does not have an
inbuilt measurement circuit in the output of
the filter unit, but BAMU measurement units
which can be used for this purpose are available
as an option.



Figure 38:

An example of three
ACS880 DDC converters
connected in parallel to
supply the same ES.
The inbuilt function in
the ACS880 DDC for
load sharing between
converters in this

kind of application

is droop-control.

Figure 39:

Generic principle of
P/U droop-control
of the DC-voltage

Figure 40:

The droop control
in the ACS880 DC/
DC converter.
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Droop control is a commonly used control method
for load current sharing between independently
controlled power supplies in the applications as
presented in Figure 38.

DC voltage ref

Uret

Unmin
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I
!
P Prax

0% > Power
+
U* [pu] Us* [pu]
Slope [pu] —! X le—— P* [pu]

DC droop control linearly reduces the output
voltage when the output power increases as
illustrated in Figure 39.

As Figure 39 illustrates, the output voltage is the
no-load voltage U, from which is subtracted the
product of the slope and power,U = U, — P X k.
In the ACS880 this is implemented by reducing
the reference value of the voltage controller with
the product of the slope and the power as shown
in Figure 40.

The general limitation caused by the working
principle of droop control increases the DC-bus
voltage deviation with the load. To optimize the
dimensioning of the other power electronic
equipment connected to the same DC-bus,
especially DC to AC converters, the level of the DC
voltage has to be kept inside these comparatively
small tolerances. To keep the DC voltage at the
desired level it might be necessary to compensate
the changes in DC voltage by controlling the DC
voltage reference using a PMS or other external
controller.

Power control mode
This mode is used when the PMS controls the
charge or discharge of the ES.

There is also the option to give current reference
instead of power in the DDC control software.
When power or current reference values are
positive the energy is transferred to the positive
terminal of the ES. With negative reference values
the energy flows in direction of the DC-bus.
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3.6. System control

The control of an ESS operates under the
overall ship power management system (PMS).
The converters provided by ABB Drives work
as a subsystem as shown in Figure 41.

The PMS communicates with the BMS which is

a part of the battery protection system and gives
information about the state of the battery to

the PMS.

3.6.1. Control of the charge of the energy
storage with DC/DC converter

Proportional Integral (PI) control has several
features such as simplicity, robustness, and lack
of steady state error between reference and
feedback, which have made it the most used
control method in the industry. Pl control works
well when the voltage (or the current) of a certain
point is controlled by a single controlled power
source. This kind of control is used for example in
regenerative motor drives. In these applications
DC voltage is controlled by an ISU and the motor
speed (or torque) is controlled by an INU.

The motor drive is seen by the DC-voltage control
as a disturbance, which requires robustness from
the control. Even though the drive supplies power
to the DC circuit in certain operation conditions,
it does not control the DC voltage and thus does
not override the DC voltage control of the ISU.

Pl control is less suited to the cases where two
DC voltage controllers are connected to the same
point. If two Pl controllers try to control the same
variable (e.g., the voltage in the same point) the
system becomes unstable. In this case even the
slightest difference in the feedback signal or the
reference causes the outputs of the controllers
to drift to the opposite direction until one of the
controlled converters runs the maximum current
and cannot supply any longer. For this reason,
the use of the several DC voltage-controlled
converters with their own Pl controllers is not

an appropriate solution.

The conflict between the controllers can be
solved by using droop control instead of PI
control. The main advantage of droop control

ACS880 PMS
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Basic principle of ES system control

is that parallel supply units adapt to each other,
even though they are controlled independently.
The downside is the steady state error in the
DC voltage caused by the load dependency of
the output voltage. This error is often corrected
by the PMS giving a sufficient offset term,
which moves the droop curve according to

the voltage level.

Another way to solve the conflict is to use

a common voltage controller, which gives power,
torque, or current references to the individual
supplies. There are in modern control theory
numerous different Single Input Multiple Output
(SIMO) control principles that can be selected.
However, DC voltage control requires a relatively
high bandwidth, and the use of external
controllers is often impossible due to lagging
access to the controlled signals.

Below are presented a few examples of
applications and their controls.

Peak-shaving for occasional overloads
Generally, when the load in the AC grid increases
over a preset limit, the PMS starts an additional
genset to ensure the sufficiency of the power
supply. In the grids, where the load strongly varies,
this can lead to frequent starting and stopping
of the genset which significantly shortens the
maintenance interval and should be avoided.

A cost-efficient solution is to equip the AC grid
with a static converter and ES, which is
dimensioned to cover around a third of the
genset power. Starting and stopping the ES
does not impact its life length.



Figure 42:
Peak shaving
occasional overload

Figure 43:
Peak shaving heave
compensation
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ES

Transformer ISU

Figure 42 presents an application with a DOL
connected ES. In this application the voltage level
in the DC-bus is defined by battery charge. To be
able to adapt to the power demand of the AC
grid, the ISU is operated in AC control mode (OGC
operation with P/f and Q/U droops). The charge
state of the battery is controlled by manipulating
the droop offset by the BMS through the PMS.

Note that the battery current limitation must be
arranged by reducing the load in the grid.

Peak-shaving for heave compensation

Heave shaving is a special case of winch/crane
applications where the impact of the waves is
compensated by winding and unwinding, keeping
the velocity of the lifted/lowered subject constant
despite the waves. Heave compensation causes

a pulsating load component which is added to
the static load component.

Modern heave compensation applications are
equipped with super capacitor ESs to store and
supply the alternating load component while

DC bus

AC bus

the currentin the AC supply is kept steady.
The capacitor power flow is relatively high but
short lasting (~10 s), leading typically to the
selection of supercapacitors for the ES.

The control of a heave compensated winch
requires an upper-level heave compensation
control unit to calculate the required adjustments.
This unit collects the necessary information,
starts, and stops the DDC, calculates and gives
the references required by the INU and the DDC.
The heave control unit is not a part of the ABB
system drives product portfolio and scope.

Figure 43 presents a winch application with

a DDC connected ES and heave compensation.

In this application the operation of the winch
motor is speed controlled and the DDC converter
operates in power control mode. Both get their
references from the heave compensation control
unit. The ISU takes care of the DC voltage control
with the Pl-controller. The charge of the capacitor
bank is controlled by the BMS and the heave
compensation unit through the DDC converter.

[T
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LCL filter ISU

DDC ES

(—)

o Winch
(I

Electric
machine
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All-electric vessels

In an all-electric vessel, the majority of the energy
flow takes place in the DC-bus, to which are
connected both the ES and the main propulsion.
The AC hotel load is supplied by the OGC through
the transformer, which enables the supply of
reactive loads and prevents the common mode
harmonics that pollute the AC grid. The hotel load
is typically significantly lower than the propulsion
load and thus the transformer can be dimensioned
with this in mind to a relatively small power.

The ISU is used to charge the battery and to
supply the hotel load when the vessel is in port,
but it is not running when the vessel is in operation.
During the ship’s operation the battery is the
only energy source.

Note that all-electric vessels are often equipped
with emergency gensets, which are not illustrated
in Figure 44.

Figure 44 presents a distribution arrangement
for a typical electric vessel. In this application
charge control is done by the ISU in power control
mode, which receives its reference from the BMS
through the PMS. The INU is operated either in
speed or torque control mode. Enabling the
limitation of propulsion power from the BMS
and/or PMS is often useful. In AC control mode
the OGC is droop controlled.

The operation modes of converters are set by
the PMS which manages the switches between
charging and discharging modes.

In charging mode, the ISU is connected to the
shore grid. Charging is controlled by the BMS, and
the ISU is power controlled using references from
the BMS/PMS. The OGC supplies the hotel load,
and the motor drive is switched off.

In discharging mode, the ISU is disconnected
from the shore grid and the motor is running.
The OGC supplies the hotel load, and the battery
supplies the DC-bus.

In both modes the DC voltage is defined by
the battery’s charge.

« Change of state between charging and
discharging
- Operation modes of converters are set by PMS
« Charging mode
- Shore supply is connected to charging ISU
- Current supply is controlled by ISU, which is
operated in power control mode or in
DC-voltage control mode
- Charging is controlled by BMS and PMS
- Discharging mode
- Motor is running
- Hotel load is supplied by the ISU, which is
operating as OGC (in AC control mode)
- Battery supplies the DC-bus.
- DC-voltage controlled by the DC/DC chopper

— AC grid
Figure 44:
A micro grid with
energy storage
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Electric propulsion

The power supply for electric propulsion can be seamless continuity of the DC power supply in

arranged in several ways. Figure 45 presents one case the power supply through INU 1 fails.

option, where the main engine driven generator

supplies the DC-bus through INU 1. The charge control of the battery is managed
by the BMS through the PMS. The PMS gives the

In this example DC voltage is controlled by the DDC droop controller a voltage reference,

INU 1, which can be operated Pl controlled or droop which defines both the power and direction
controlled. The DDC is operated droop controlled of the battery current as explained above in

in DC-bus-voltage control mode. This enables section 3.5 “Control modes”.
— AC grid
Figure 45:
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4. Dimensioning

4.1. Contents of this chapter

In this chapter the factors influencing the dimensioning of an ES-converter
system for a marine vessel are presented. The considerations will guide you
in the process of selecting the ideal solution and products for your needs.
In addition to the dimensioning of the ESS, other design issues such as
control and protection are discussed in chapter 3.
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4.2. DC/DC converter (DDC)

This section outlines the procedure for the
selection of a DC/DC converter. In addition, it
goes over of a few basic issues related to currents
and voltages. All these are explained in more
detail in chapter 3.

Selection of a DC/DC converter

The selection of a DC/DC converter for a given

ES follows these steps:

1. Selection of a cooling medium (air cooling
or liquid cooling).

2. Selection of the DC-bus voltage.

3. Selection of standard or inversed connection
based on ES voltage and DC-bus voltage.

4. Selection of the converter based on
the current.

5. Checking the current ripple requirements
and possible need for an output capacitor.

DC-bus voltage vs ES-voltage

The selected DC-bus voltage must be high
enough to ensure the designed performance
of the motor drive and the grid converter.

In standard connection the DC-bus voltage
must be higher than the ES-voltage in all
operation conditions. Respectively in inversed
connection the ES-voltage must be higher
than the DC-bus voltage. The impact of the
voltages on the behavior of the system is
explained in section 3.2.

Output voltage range

The desired operation voltage area must be
crosschecked against the operation voltage area
of the selected converter type. The output
voltage area is given in the HW manuals “ACS880-
1607 DC/DC converter units hardware manual
(3AXD50000023644)” and “ACS880-1604LC DC/
DC converter modules hardware manual
(3AXD50000371631)".

Power and current; current defines the converter
The dimensioning of the semiconductors is based
on load current; thus, the maximum current must
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be derived from the load power and the voltage.
The current in the DDC is different between input
and output, however it retains its power (output
power is same as input power). The higher of
these currents in a standard DDC is the output
current (current on the ES side) and in an inversed
connected DDC it is the input current (current on
the DC-bus side). The higher current always
defines the dimensioning of the DDC.

The DDC module can withstand overload for

a short time. The exact values for acceptable
overloads and cycle times are given in the
ACS880-1604LC DC/DC converter modules
hardware manual (3AXD50000371631) and
ACS880-1607 DC/DC converter units hardware
manual (3AXD50000023644).

Parallel connection of the DDC modules is
required when the requested output current is
higher than the one allowed for the biggest
DDC available.

Current ripple and discontinuous current

The values for the maximum current ripples are
given in the rating data tables in the following
manuals:

-« ACS880-1607 DC/DC converter units hardware
manual (3AXD50000023644)

« ACS880-1604LC DC/DC converter modules
hardware manual (3AXD50000371631).

The ripple can be reduced by filtering the output
voltage and thus also the current with an external
capacitor as instructed in subsection 3.3.2.

When the output current is smaller than the
peak-to-peak value of the current ripple it will
become discontinuous. The discontinuous
current worsens the control and the response
of the controlled system.

Current ripple is discussed more thoroughly
in subsection 3.3.2.


https://library.e.abb.com/public/476a348b9aca4394807c79a156f4cbef/EN_ACS880-1607_HW_C_A4.pdf?x-sign=KiImS/hb6K8rqrj9oR7OwWQdkZF9qbt6XuUnWRvQvqr7UIGx4EA42xSiIAr6WHJK
https://library.e.abb.com/public/1fbe983883c34bf2a4a8152893caf11a/EN_ACS880-1604LC_HW_A.pdf?x-sign=LbuMRiCZDSNn9EL62hjJDgSDn98GDOCmKyMbh0JoiRtOe+kbxgG5gUC3U0CeC2hU
https://library.e.abb.com/public/1fbe983883c34bf2a4a8152893caf11a/EN_ACS880-1604LC_HW_A.pdf?x-sign=od5/k18slatrm4gt0/ybpA/vMrNYENYdV/2acASJg9N3gu0sDCIQJdjRw+59U5GA
https://library.e.abb.com/public/476a348b9aca4394807c79a156f4cbef/EN_ACS880-1607_HW_C_A4.pdf?x-sign=Z9xIr1Hk+UOAuGFdNw2aFWx0Gq82hFpaKZ7nmxqemRgQ4PO4WHju2v5c4e+3wMKq
https://library.e.abb.com/public/476a348b9aca4394807c79a156f4cbef/EN_ACS880-1607_HW_C_A4.pdf?x-sign=Z9xIr1Hk+UOAuGFdNw2aFWx0Gq82hFpaKZ7nmxqemRgQ4PO4WHju2v5c4e+3wMKq
https://library.e.abb.com/public/1fbe983883c34bf2a4a8152893caf11a/EN_ACS880-1604LC_HW_A.pdf?x-sign=od5/k18slatrm4gt0/ybpA/vMrNYENYdV/2acASJg9N3gu0sDCIQJdjRw+59U5GA
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4.3. Direct Online (DOL)

4.3.1. Connection cabinet

DOL energy storages are intended to be
connected to the DC-bus with an “ACS880-7107LC
DC feeder unit”. You will find the instructions for
the selection of the cabinet and the fuses in the
ACS880-7107LC DC feeder units hardware manual
(3AXD50000752423).

The rated currents for feeder cabinets are given
in the ACS880-7107LC DC feeder units; Hardware
manual (3AXD50000752423). The manual also
includes the necessary information for the fuse
selection for cable protection. Properly selected
fuses also limit the short-circuit current supplied
from the ES to the DC-bus of the drive.

Circuit breakers and charging circuit. Points of
disconnection (often at both ends of the cable)
must be defined. The feeder unit cabinet can be
ordered with an inbuilt disconnection switch and
a charging unit, which are available as options.
Before selection or design of the charging circuit
see the description of charging with different
combinations in subsections: 3.4.2 and 3.4.3

Options. The ACS880-7107LC DC feeder units;
Hardware manual (3AXD50000752423) contains
an extensive list of options, which are worth
exploring during the designing phase.



https://library.e.abb.com/public/1533f22413ce451a9b70302877f1323c/EN_ACS880-7107LC_HW_B_A4.pdf
https://library.e.abb.com/public/1533f22413ce451a9b70302877f1323c/EN_ACS880-7107LC_HW_B_A4.pdf
https://library.e.abb.com/public/1533f22413ce451a9b70302877f1323c/EN_ACS880-7107LC_HW_B_A4.pdf
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4.4. Energy storage

The ES are not included in the product portfolio
of ABB System Drives; thus, the dimensioning of
the ES must be done by an external specialist,
which often is the ES supplier.

4.4.1. Battery

Voltage

The battery charge defines the voltage for the
whole DC-bus, and it has an impact on the perfor-
mance and dimensioning of all the converters,
which are connected to the same DC-bus. It must
stay within the converter system’s minimum and
maximum operation voltages. When selecting the
minimum operation voltage, it is important to
check the sufficiency of the DC-bus voltage for
motor drives and grid converters.

The inverter units have inbuilt undervoltage
controllers to prevent undervoltage trips by
utilizing the kinetic energy of the motor and the
load to charge the DC-bus. This function normally
must be disabled to prevent unwanted braking

of the motor.

Capacity, C-rate, etc.

The selection of battery capacity is a challenging
process. It depends among other things on:

- Selected battery type

« Ambient temperature

« Maximum current

« Maximum energy

- C-rate

- Desired discharge depth

Also, the maximum available current has a strong
dependence on the ambient temperature. For
these reasons it is highly recommended to use

a specialist and the knowledge of the battery
supplier to ensure the correct selection.
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4.4.2. Super capacitor

Supercapacitors are typically not used in DOL
connections due to the limited usable voltage
areain the converter’s DC-bus and the strong
dependency between the stored energy and the
voltage of the capacitors. However, it is possible
to use supercapacitors DOL-connected if it is
needed.

Dimensioning of the supercapacitors is
challenging and requires careful consideration
of the following points: ambient temperature,
load cycles and their frequencies, as well as
maximum current. It is recommended to use
the assistance of a dedicated specialist or the
supercapacitor provider to ensure that all the
necessary conditions will be addressed in the
dimensioning. For a rough idea of the procedure
you will find below a simplified list giving the
steps for dimensioning:

1. Select the voltage area. The area of undervoltage
control of INUs must be avoided or the
controllers must be disabled.

2. Define the energy need:
t1
E:f Pdt:PaU(tl_tO)
to

3. Estimate capacitance

C= 2E
Bl (Urznax - Uz

min)

+ CT@S

An additional capacity reserve (C,.s) should be
included to ensure the requested capacitance in
different operation conditions throughout the
life length of the ES.

4. Define load current.

5. Select the capacitor bank.
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5. Summary

5.1. Offering

The DDC is available in both liquid-cooled and air-cooled converters. Its availability is however limited
to multidrive and module offerings. The hardware arrangement for the OGC controlled ISU requires
fiberoptic communication which use BCU control boards only available in large module sizes.

5.2. Scope of supply

The scope of the delivery of ABB System Drives The complete list of options is available in

factory includes the ACS880 air and liquid-cooled the ACS880-1604LC DC/DC converter modules

products. hardware manual (3AXD50000371631) and
ACS880-1607 DC/DC converter units hardware

The exact scope is subject of commercial manual (3AXD50000023644).

negotiations, typically including:

« Converters The scope of the delivery by ABB does not include

« Output filters BMS, PMS or any other system level control

- Voltage measurement BAMU 12 (option) equipment or software.

- Circuit breakers (option)
- Charging circuit (option)

5.3. Batteries and Supercapacitors

The main ES types used in ships are batteries and supercapacitors, where the trend seems
to be towards Li-ion batteries.

5.4. Connection

The connection of an ES can be done either through a DOL-connection or a DC/DC converter.
The protection from current transients and their impact on battery lifetime is the main issue
requiring special attention in DOL connection. A quick comparision between these two methods
is presented in Table 2.

Table 2: Comparison between DOL-connection and connection using DC/DC converter

DOL-connection DC/DC converter
DC-bus Low minimum voltage level in DC-bus High minimum voltage level in DC-bus
Utilizable voltage range Limited Large
Controllability Limited Good
Protection Overload protection limited Good
Price and Footprint Often better (low minimum DC-bus voltage

can lead to larger total system)



https://library.e.abb.com/public/1fbe983883c34bf2a4a8152893caf11a/EN_ACS880-1604LC_HW_A.pdf?x-sign=Vb3fVfWRSflWOpYkF6VqLklVCZ5kbWvkd98hPMk11YatgIHPWC5c3ZcGThB0+rLX
https://library.e.abb.com/public/476a348b9aca4394807c79a156f4cbef/EN_ACS880-1607_HW_C_A4.pdf?x-sign=A9q1NKBuQNUir8byp9A9DcqtHaQ9W5QCbfMTiuEZWsQqC9cX22q3PUnLRtEb07n2
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5.5. Control

ES control is managed by the PMS and BMS.

The BMS monitors the state and condition of
the ES, when the PMS takes care of the grid level
control (starting, stopping, changing operation
and control modes), as well as giving the current
or voltage references for the equipment level
controllers.

The operation modes available ina DDC are
voltage control and power control. For voltage

5.6. Dimensioning

5.6.1. Feeder cabinet

The main points to consider in the selection
of a feeder cabinet are:

1. Thermal current

2. Number of parallel cables

3. Disconnection of the output

5.6.2. DDC

Voltage
Check the voltage area of the ES in relation to
the required DC-bus voltage.

Current

The selection of a DDC is based on the current
to be handled. The currents in the output and
input of the DDC are different and the DDC must
be dimensioned according to the higher one

of these two currents.

Disconnection switch and charging unit
Consider the potential need for disconnection in
the selection of a DDC and its options. The DDC
can be equipped with a disconnection switch and
a charging unit if needed.
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control either a Pl-controller or a droop
controller can be used. You can find more
detailed information in the subsection 3.2.1,
subheading “Control of a DOL-connected
energy system”.

Converter level ES controlin a DOL connection
must be arranged by controlling the DC-bus
supply for example with an ISU or OGC
controlled ISU.

5.6.3. Charging unit

When the ES connection is equipped with

a disconnection switch, it also needs to be
equipped with a charging unit to be able to
equalize the voltages before closing the switch.
Typically, the charging unit can be dimensioned
to only be able to charge the DC-bus.

5.6.4. Energy storages

Dimensioning of the ES is a challenging task.
Energy storages are not in the ABB System drives
scope of the delivery, thus their dimensioning is
not detailed in this document, even though some
general guidelines are given in subsection 4.4.
The dimensioning is recommended to be done
by a dedicated specialist, for example the
provider of the ES.
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Additional information

We reserve the right to make technical
changes or modify the contents of this
document without prior notice. With
regard to purchase orders, the agreed
particulars shall prevail. ABB does not
accept any responsibility whatsoever for
potential errors or possible lack of infor-
mation in this document.

We reserve all rights in this document
and in the subject matter and illustra-
tions contained therein. Any reproduc-
tion, disclosure to third parties or
utilization of its contents —in whole or
in parts —is forbidden without prior
written consent of ABB.
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