
LUT UNIVERSITY 
School of Energy Systems 
Degree Programme in Electrical Engineering 
 

 

 

 

 

 

 

Master’s Thesis 

Hugo Jaakkola 

 

ELECTROMAGNETIC COMPATIBILITY OF FREQUENCY CONVERTER 
CONTROLLED AIR CONDITIONING FANS IN A CRUISE VESSEL 
ENVIRONMENT 

 

 

 

 

 

 

 

 

 

 

 

Examiner: Professor Pasi Peltoniemi 

Supervisor: M.Sc. (Tech.) Tuomas Talja 
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The thesis introduces electromagnetic interferences (EMI) and their occurrence mainly in 
the frequency converter controlled fan motor drives used in the air conditioning system. The 
air conditioning (AC) system was selected because it contains hundreds of electrical drives. 
The basic principles of EMI can be applied to all electrical systems within the cruise vessel. 

In pulse width modulated induction motor drives the star point voltage is never zero. Rapidly 
rising pulses form common mode voltages causing high peaks that can cause breakthroughs 
over cable and induction motor structures. A commonly used maximum 51 kW electrical 
drive was simulated by imitating stray capacitances in the motor structures, frequency 
converter switching frequency and voltage level in MATLAB Simulink -software. Based on 
the results, a topology and parameters for an EMI filter were designed. Earthing and 
shielding practices are easily neglected, these were emphasized through their related theory. 

It was found that even the vessel is built densely, the frequency converter driven fans are 
located in isolated AC-rooms, being an advance against EMI. The switching frequency used 
in the drives do not cause significant large bearing currents with short supply cables. It was 
shown that long supply cable affects to the magnitudes of the common mode voltage, bearing 
voltage and bearing current. A final decision whether to invest on EMI filters is up to vessel 
buyer, based on the research it is not necessary. 

Alongside the thesis, standards related to the topic were purchased and basis for the EMC- 
and grounding instructions were created for the use in the electrical design department. 
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Työssä tutustutaan sähkömagneettisiin häiriöihin (EMI) ja niiden ilmenemiseen pääasiassa 
ilmastointijärjestelmän taajuusmuuttajaohjatuissa puhallinmoottorikäytöissä. 
Ilmastointijärjestelmä valikoitui työhön sen laajuuden ja satojen taajuusmuuttajaohjattujen 
sähkökäyttöjen takia. Häiriöiden perusperiaatteet toki soveltuvat kaikkiin laivan 
sähköjärjestelmiin.  

Pulssinleveysmodulaatio-ohjattujen induktiomoottoreiden tähtipisteen jännite ei ole nolla, 
vaan nopeasti nousevat jyrkät pulssit muodostuvat yhteismuotoiseksi jännitteeksi, jonka 
piikit voivat ajan mittaan aiheuttaa läpilyöntejä kaapeli- ja moottorirakenteiden yli. 
MATLAB Simulink -ohjelmistolla jäljiteltiin maksimissaan 51 kW:n sähkökäytön 
rakenteellisia hajakapasitansseja ja taajuusmuuttajan kytkentätaajuutta sekä jännitettä. 
Vastaavia sähkökäyttöjä on työssä tarkasteltavassa laivasarjassa reilu kymmenen. Tulosten 
pohjalta suunniteltiin EMI suodattimelle topologia ja tälle parametrit. Helposti 
laiminlyötävissä olevia maadoitus- ja kaapelin suojavaippakäytäntöjä haluttiin työssä teorian 
kautta perustella.  

Työssä todettiin, että tiheästi laivaympäristössä huolimatta puhallinmoottorit sijaitsevat 
sähkömagneettisen yhteensopivuuden (EMC) kannalta otollisilla sijainneilla, eristettyinä 
muista järjestelmistä AC-huoneissa. Taajuusmuuttajan 2 kHz kytkentätaajuus ei aiheuta 
merkittäviä laakerivirtoja lyhyillä syöttökaapeleilla. Työssä havaittiin pitkän syöttökaapelin 
vaikuttavan yhteismuotoisen jännitteen, laakerijännitteen ja laakerivirran magnitudeihin. 
Lopullisen päätöksen EMI suodatuksen tarpeesta päättää laivan tilaaja. Työn tutkimuksen 
perusteella tämä ei ole välttämätöntä. 

Ohessa hankittiin standardeja sekä luotiin pohja EMC- ja maadoitus -ohjeille 
sähkösuunnittelu osaston käyttöön. 
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ABBREVIATIONS AND SYMBOLS 
 

AC  Air conditioning or alternating current 

AHU  Air handling unit 

BVR  Bearing voltage ratio 

CM  Common mode 

DC  Direct current 

DM  Differential mode 

DOL  Direct-on-line 

DTC  Direct torque control 

GER  General electrical requirements 

GN/YE Green/yellow 

EC  Electronically commutated 

EDM  Electric discharge machining 

EMC  Electromagnetic compatibility 

EMI  Electromagnetic interference 

EN  European Standard 

ERW  Enthalpy recovery wheel 

ESB  Emergency switchboard 

FAT  Factory acceptance test 

FC  Frequency converter 

FCU  Fan coil unit 

FIC  Field interface controller 

FZ  Fire zone 

HVAC  Heating, ventilation and air conditioning 

IAMCS Integrated alarm monitoring and control system 

IEC  International Electrotechnical Commission 

IGBT   Isolated gate bibolar transistor 

IMO  International Maritime Organization 

IO  Input/Output 
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LV  Low voltage 

MCC  Motor control center 

MSC  Maritime Safety Committee 

MV  Medium voltage 

PAC  Process application controller 

PDS  Power train system 

PE  Protective earth 

PID  Proportional-integral-derivative  

PIMF  Pair in metal foil 

PWM  Pulse width modulation 

RINA  Registro Italiano Navale 

SOLAS Safety of Life at Sea 

UPS  Uninterruptible power supply 

VAC  Alternating voltage 

VDC  Direct voltage 

ZC  Zone control 

 

Ac  Core cross section 

AdB  Objective attenuation 

As  Housing attenuation 

B  Magnetic flux density 

C  Capacitance 

C12  Stray capacitance between circuit 1 and 2 

C1g  Stray capacitance between circuit 1 and ground 

C1S  Stary capacitance between circuit 1 and shield 

C2g  Stray capacitance between circuit 2 and ground 

C2S  Stray capacitance between circuit 2 and shield 

Cb  Stray capacitance between ball bearing and outer/inner race 

cosθ  Angle of magnetic field density that cuts a closed area 

Crf  Stray capacitance between rotor and motor frame  
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CSG  Stray capacitance between shield and ground 

Cwf  Stray capacitance between stator windings and motor frame 

Cwr  Stray capacitance between stator winding and motor rotor 

E  Electric field 

e  Napier’s constant   

Er  Electric field component to direction r 

Eθ  Electric field component to direction θ 

F  Electric force 

fsw  Switching frequency  

H  Magnetic field strength 

H∅  Magnetic field component to direction ∅ 

Hr  Magnetic field component to direction r 

I  Current 

I0  Current through Hertzian dipole 

iCM  Common mode noise current 

iDM,u  Differential mode noise current 

ig  Ground current 

is  Current space vector 

IS  Shield current 

iu  Phase 1 current 

iv  Phase 2 current 

iw  Phase 3 current 

k  Coupling co-efficiency 

kc  Couloumb’s constant 

L  Inductance 

lc  Length of a magnetic path 

LCM  Common mode inductance 

Lm  Toroid magnetizing inductance 

LS  Magnetizing inductance of a transformer or shield inductance 

M  Mutual inductance 
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M12  Mutual inductance between two circuits 

M1S  Mutual inductance between circuit 1 and shield 

N  Number of winding turns 

p  Pole pair number 

Pmech  Mechanical power 

Q  Charge of an object generating an electric field 

q  Electric charge 

R  Resistance or reflection attenuation 

Rb  Load resistor or bearing resistance 

Rs  Resistance of stator windings or shield resistance 

t  Material thickness 

Tem  Electromagnetic torque 

tr  Switching time of a semiconductor 

UN  Interference voltage 

us  Voltage space vector 

V1  Source voltage 

Vb  Bearing voltage 

VCMV  Common mode voltage 

VCT  Transformer output voltage 

Vs  Shield interference voltage 

Vshaft  Shaft voltage 

XCM  Common mode impedance 

Z0  Wave impedance in medium 

Zb  Bearing impedance 

β0  Propagation constant 

ε0  Permittivity of free space 

εr  Permittivity of an insulator between capacitor plates 

ζ  Damping ratio 

η0  Intrinsic impedance of free space 

λ  Wavelenght 
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µ0  Magnetic constant 

μc  Core relative permeability 

ψs  Flux linkage 

ω  angular speed  

ωr  Rotor angular speed 

Ωr  Rotor speed 

ф12  Part of the total magnetic flux reaching from circuit 1 to circuit 2 

фTotal  Total magnetic flux produced by a current in a circuit 
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1 INTRODUCTION 
 

Shipbuilding industry in Finland has a respectably long history. Nowadays, the competition 

in the shipbuilding industry is tough and in the quality of the final products, cruise vessels, 

must be ensured. In this thesis, the electromagnetic interferences (EMI) and electromagnetic 

compatibility (EMC) of heating, ventilation and air conditioning (HVAC) system fan drives 

are studied and analyzed. In general, the EMC is one of the quality aspects in electrical 

systems. Electromagnetic phenomenon, conducted or radiated, caused by an electrical 

system, should not interference itself or surrounding electrical systems. The better the 

electrical system can withstand and the less it produces interferences, the better 

electromagnetic compatibility it has in its designed environment. Electromagnetic 

interferences can be risk to the ship’s normal operation and can lead to fatal lack of safety. 

They reduce the lifetime of equipment and causes additional maintenance. Therefore, it is 

important to take these into account, starting right from the design phase and carry the know-

how to the final construction phase. Modern technology increasingly uses electronics that 

are major reason for electromagnetic interferences and the subject becomes more important 

day by day. Most of the models and theories presented in the thesis are applicable to all 

electrical systems. The thesis is suitable for anyone interested in electromagnetic 

interferences. Created for Meyer Turku Oy electrical design department.  

 

1.1 Background 
 

With the development of technology, energy-efficient and at the same time controllability 

can be required for system properties, which diversifies the spectrum of electromagnetic 

interferences. Electromagnetic interferences have been detected in the HVAC system in 

previous projects and it should be ensured that similar or further problems do not cause harm 

in the future. Heating, ventilation and air conditioning (HVAC) system is one of the biggest 

electricity consumers in a large cruise vessel, consisting more than two hundreds of electrical 

fan drives located around the ship. It is also one of the biggest comfort aspect to the cruising 

customers. To achieve good air quality and comfort level in passenger areas without wasting 

electrical energy, it is crucial to use frequency converters in most of the fan drives. When 

there is no straightforward guideline in the electrical design as how interference prevention 

should be taken into account, it cannot be assumed that site builders would know on board. 
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In local discussions with experts in the field, EMI related topics are often under discussion, 

and there is no definite knowledge of the topic in question or what requirements the ship's 

environment imposes. The author himself is interested about the topic, as well as wants to 

get better understanding of the topic in general. The thesis is based on the ship-series under 

construction. 

 

1.2 Hypothesis and research problem 
 

Hypothesis 

Based on the research, the latest EMC guideline and grounding guideline will be reviewed. 

The author believes that after the research, more attention will be given to interferences 

technical aspects in the systems and the instructions for electrical contractors will be 

strengthened while the overall quality of interference protection will be improved in all 

systems. A long lifetime is guaranteed for the HVAC electric drives together with safe and 

trouble-free operation by taking into account the technical aspects of the installation and by 

ensuring the need of EMI filtering in one of the most common fan drive power level. If rules 

and EMC- and grounding installation instructions have been followed, despite the outdated 

guidelines, there are most probably no problems that would require additional EMI filtering 

in the HVAC side. 

 

Research problem 

The electromagnetic compatibility between different systems have not been emphasized and 

there is no valid guideline to avoid these in a systematic way. In the past projects, EMC 

problems have been solved mainly by experimental methods and cause-effect relationships 

have not been researched. The electrical basic principles, such whether to use frequency 

converter on fans or not, between the vessels are often different, which can lead to different 

problems. For example, in previous projects the ship’s outer deck HVAC fan drives were 

interfered by the ship’s radar signal, but there is not a single HVAC fan drive in the outer 

decks in the researched ship-series. The problem was in bad frequency converter housing. 

When such issues are not expected in this ship-series, housing is left out of this thesis. The 

research identifies keystone problems related to the EMI and provides solutions, which are 



13 
 

also applicable also in other systems, not only in the HVAC. Electromagnetic interferences 

in the HVAC fan drives have not been researched previously in the densely built marine 

environment. It is needed to investigate the need of filtering common mode currents in the 

HVAC fan drives and if necessary, design a filtering method against them. This need arose 

during the thesis. In general, the later the EMI problems are noted, the more expensive they 

become. In the worst case, the buyer of the vessel will not accept the vessel [51]. 

 

1.3 Research methods 
 

The research is carried out by interviewing experts, colleagues and partners in the field. The 

theory behind the electromagnetic interferences appearing and practical solutions for 

avoiding them in the marine environment were researched from the literature in the field. 

The shipbuilding industry sets its own standards and requirements, which were studied 

during the research. MATLAB Simulink -software is used in the interference simulations 

and filter topology- and parameter designing. 

 

1.4 Outline of the thesis 
 

In Chapter two, the HVAC system is briefly introduced. The idea is to create a picture of the 

complex HVAC scope focusing on frequency converter use in the fan drives.  Through this, 

an attempt is made to justify why the HVAC system is one of the potential EMI source or 

victim. The HVAC related electrical system is presented and the structure of the distribution 

is referred when justifying the selection of the simulated form of interference.   

In Chapter three, forms of interference are explored through their physics and theory. An 

idea arose as which form of interference is to be researched in more detail. The selected 

interference is simulated with MATLAB Simulink -software and filtering topology as well 

as parameters are designed and tested at later chapter.  

In Chapter four, standards and rules relating to EMC from shipbuilding industry point of 

view are brought out. This chapter attempts to emphasize the importance of shielding and 

grounding. The filters relevant to the thesis is introduced trough their operation and 
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parameters. Keystones of EMI prevention being the main topic. Together with Chapter three, 

this chapter forms the basis for the EMC- and grounding guideline. 

In Chapter five a simulation model is built with MATLAB Simulink -software. Common 

mode voltage at motor terminals and bearing voltage as well the bearing current is simulated 

with and without designed filter parameters. Voltage reflection due to a long supply cable is 

demonstrated with a simulation.  

Chapter six summarizes the results and gathers thoughts about the EMI prevention 

keystones. Further measurements and testing methods related to the topic are briefly 

proposed. 
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2 AIR CONDITIONING SYSTEM 
 

The HVAC system is one of the biggest electricity consumers in a cruise vessel. From 

customer comfort point of view, the HVAC-system acts key role. The system should perform 

in various outside air condition, disregarding on where the ship is operating. The main idea 

of the system is to provide cooled or heated air with designed humidity level to different 

areas of the ship. Main areas are cabins, public areas such as theaters, technical rooms, 

service areas, galleys, provision handling areas and storages. Each area has individual 

control methods and requirements for air properties and quality. The AC system also 

provides safety to the ship, for example with smoke handling, smoke extraction and smoke 

control functions. It is a potential energy saving system and already includes various energy 

saving methods. This chapter introduces the main components, main basic functions and 

main special functions highlighting functions associated to the frequency converter use in 

the air conditioning system and describes how complex the system is, and therefore helping 

to understand why the HVAC-system is one of the potential source of electromagnetic 

interferences.  

 

2.1 Main air conditioning components 

 

The HVAC system covers the whole vessel. The AC-compressors are used to serve cold or 

hot water for air handling units (AHU) and fan coil units (FCU) as well to water operated 

reheaters. Reheaters can also be electrical grills. Supply and exhaust fans move the air along 

the AC ducting. Dampers can close or open air routes in AC ducting or control the air volume 

along them. Sensors measure temperature, pressure, CO2 and humidity for controlling the 

HVAC system. One vessel consists of tens of AHUs, hundreds of FCUs, hundreds of re-

heaters, tens of fans that are not included inside the air handling units, few thousands of 

dampers and hundreds of sensors. If an EMI problem is found, its effects may be multiplied 

in similar drives.  
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2.1.1 AC-compressor  

 

The heart of the air conditioning system is the AC-compressors. There are a total of four 

AC-compressors in this vessel-series. Three are running constantly and one is a standby unit. 

All compressors locate in the main engine room, separated in two sections. In both section, 

the other compressor is operating with frequency converter for achieving efficient operation 

while the other is running constant. The input power of each compressor is around 1500 kW 

while the total cooling capacity is around 7500 kW. Compressors manipulate the temperature 

of a refrigerant fluid. In summer conditions, cold water is supplied to the air handling units 

and fan coil units [1]. Cruise vessels normally run in warm conditions while the chilled water 

is normally used. Water is pressurized via the compressors and pumped to condenser, where 

the temperature is transferred to pumped seawater. After the heat exchange, the pressure is 

lowered by valves and chilled water can be pumped for AHUs and FCUs.    

 

 

Figure 1. Block diagram of AC-compressor with hot water heating unit. Air handling unit (AHU) 

is served with both hot and chilled water and fan coil unit (FCU) only with chilled water. 

 

2.1.2 Air handling unit 

 

Air handling unit (AHU) is the primary component of the AC-system. In this vessel-series, 

the air handling units are divided into four main categories depending on the area they serve. 

These are public area AC-units, staircase AC-units, cabin area AC-units and galley AC-

units. The main purpose of the AHU is to process large amounts of air taken from outside. 
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The processed air is blown to the different areas onboard and then returned to the outside 

air. We can consider that one AHU is approximately a size of a cargo container. In one cruise 

vessel there are around 85 to 100 air handling units. 

 

  

Figure 2. Process indication symbol of an air handling unit. 1-primary fresh air inlet, 2-fresh air filter 

section, 3-entalphy recovery wheel (ERW), 4-speed controlled supply fan, 5-supply fan frequency 

converter (FC), 6-preheating water exchange coil, 7-cooling water exchange coil, 8-temperature and 

pressure sensors, 9-supply air outlet, 10-exhaust air inlet, 11-exhaust air filter section, 12-speed 

controlled exhaust fan, 13-exhaust fan frequency converter. [2] 

 

Air is taken outside and filtered. Energy from the enthalpy recovery wheel (ERW) is mixed 

with the air as in energy saving purpose before it is flown to a section where valve controlled 

hot and chilled water heat exchangers locate. In the supply chamber, the air properties such 

as temperature, pressure or humidity is measured for system controlling purpose. Frequency 

converter driven supply fan pushes the air into several different areas, either with constant 

or variable speed, depending on the control philosophy. Normally inside the AHU is the 

frequency converter controlled main exhaust fan that sucks the air that has lost its quality 

from served areas back to the outside.   

The enthalpy recovery wheel is installed in combination with the heating or cooling 

components. When the outside temperature is less than the AHU supply temperature 

setpoint, the ERW goes to a heating mode. A PID controller gives a speed reference for the 

ERW. In the cooling mode, the outside enthalpy is measured from the outside temperature 
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and humidity. If the outside enthalpy is higher than the measured or assumed exhaust air, 

the ERW goes to the cooling mode. [4] 

Unit showed in Figure 2 does not include a humidifier. However, cabins need to maintain a 

minimum room relative humidity and air handling units that supply air to the cabin areas are 

equipped with humidifier to generate steam to the primary air when required.  

 

2.1.3 Fan coil unit 

 

Fan coil unit (FCU) is a lot smaller unit than the air handling unit. It is located normally near 

the served room. It only recirculates and cools the room air when required. In technical 

rooms like UPS-rooms, it is used as a local cooler fan to avoid batteries overheating. The 

power range is normally from 0.1 to 20 kW of which the biggest ones are controlled via 

frequency converter. The smaller ones are equipped with electronically commutated (EC) 

motors. One cruise ship has about two hundred fan coil units scattered throughout the ship 

with total power of 0.5 MW. Few fan coil units can serve the same area with own software 

controllers with master detection. The master controller is cascade controlled with the related 

air handing unit and thus the FCU control is affecting to the frequency converter use. 

 

2.1.4 Other AC components 

 

There are several other components processing the air together with air handling units and 

fan coil units. After air handling unit’s frequency converter driven fans (supply and exhaust), 

the most important component for the thesis is separate exhaust fans in between the AC 

ducting. The bigger ones are driven with a frequency converter. The separate exhaust fans 

suck the room return air directly to the outside air, not through an air handling unit. Only a 

few fan coil units run with frequency converter. Most of the FCUs have an electronically 

commutated (EC) motor that also produces harmonics and other electromagnetic 

interferences due to the non-sinusoidal waveform of the voltage and current. As described 

previously, the total motor power of the over 200 fan coil units is only a bit above 500 kW, 

which is why they are not researched in this thesis. One vessel contains around 130 exhaust 

fans of which 33 runs by frequency converter. The total motor power of these 33 exhaust 
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fans is around 350 kW. The most powerful separate exhaust fan is the smoke extraction fans, 

with the power of 36 kW each.  

Damper locates between the AC ducting. It has several tasks depending on the type of 

damper. Fire dampers and smoke dampers are used to prevent fire spreading from an area to 

another through AC ducting. Ship’s automation system controls the fire damper (open/close) 

but the damper also has a built-in thermal fuse that automatically closes the damper when 

high heat is detected. Control dampers control the amount of air in the supplied areas. While 

decreasing the control damper opening (via automation), the pressure measured in the air 

handling unit’s supply chamber raises, which limits the rotational speed of the AHU’s supply 

fan. Damper consists of electrical actuator motor that moves the damper blades, either 24 or 

230 V. 

Reheater is a component in the AC supply ducting after air handling unit. It is reconditioning 

component purposed to reheat zone’s supply air. One air handling unit usually supplies 

several zones and each zone could have its own reheater. It can operate either with the same 

hot water as the air handling unit’s preheater coil or act as a simple electrically operated 

heating element.  

Hundreds of sensors serve the automation system with analogue and digital inputs to make 

sure that the control philosophy is demand based and frequency converter use saves energy. 

Most of the sensors, that are involved in frequency converter controlling, give an analog 

input (4 – 20 mA). Main sensor types are temperature sensor, pressure sensor, CO2 sensor 

and humidity sensor.   

 

2.2. Main AC variable speed basic functions 
 

The main components for the variable airflow are the air handling unit’s frequency converter 

driven supply and exhaust fans. Depending on the AC-group, the fans get a constant or 

variable setpoint. Variable speed control is needed when the area heating or cooling demand 

vary a lot. The setpoint for the AHU supply fan is generated by the zone temperature 

controller or measured pressure. Normally the exhaust fan gets the same setpoint as the 

supply fan, but in some cases, it has own pressure control. Even when a variable speed 
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control of the AHU is not required, it is equipped with a frequency converter for adjusting 

suitable and constant airflow during commissioning phase.    

 

 

Figure 3. Zone Temperature PID control scheme. [4] 

 

In Figure 3, the PID out ZC varies between 0 – 100 %. 50 % represents that no active cooling 

or heating is required. Above 50 % the supply air setpoint is higher than the area measured 

temperature and active heating is required. Below 50 % the supply air setpoint is less than 

the area measured temperature and active cooling is required. The PID-controller output 

controls the heat exchanger valves as well as the fan speeds. [4] Deviation between 

temperature measurement and temperature setpoint is part of the proportional part and the 

integral part returns previously deviated value back to the controller reference.  

CO2 control is required to remain good air quality in needed rooms. A correction value for 

the AHU fan speed setpoint is given when the measured room CO2-value exceeds over e.g. 

800 ppm. 

While the AHU provides air to several zones (different rooms) there is also separate basic 

functions logics for secondary air flow components such as fan coil units and re-heaters. 

However, these functions do not require separate variable speed drive and are not introduced 

in this thesis.  

 

2.3 Main AC variable speed special functions 
 

Several special functions require variable speed for the fans. Restaurants, galleys, shops and 

laundries are daily closed several hours when the quality air can be lower than normally and 

energy saving function can be applied. From the HVAC automation system an energy-saving 
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time frame can be set. During this time, the frequency converters limit the related fan speeds 

or controllable adjustment dampers are closing more than in normal operation. Areas that 

are public spaces within a single main vertical zone covering three or more open decks need 

to be equipped with smoke extraction system. When high air suction power is required, 

dedicated smoke extractions fans will be installed both supply and exhaust sides or only in 

the exhaust side.  The power of the fans are normally from 10 to 40 kW. Typically, 

electrically operated damper takes 200 mA power during opening, but the dedicated ones for 

smoke extraction can take ten times more of current, because smoke extraction is required 

to be in full power within 30 seconds. Therefore, the ramp set in the frequency converters 

are set around 5 seconds and in the automation system software the fans speed up / speed 

down parameters are set much faster values than in normal fans.  As the smoke extraction 

fans are important part of the HVAC and under high electrical stress during use, the possible 

EMI issues must be considered.  

When embarkation doors or loading doors are opened, an overpressure must be created 

within the outside opening area. Air handling units supply fan is set to 100 % or the setpoint 

is increased with a designed value. Exhaust side fan speed is decreased to achieve 

overpressure more efficiently. There is no need for dedicated fans for this use when utilizing 

the controllability of the fan’s frequency converters. Safe return to port (SRtP) requires 

HVAC to run in as small electrical energy as possible. Only the most essential areas or rooms 

are held in the normal operation conditions, but the air handling unit’s cooler control is off. 

As described previously, producing the cooling water for AC use is one of the biggest 

electrical consumer in the vessel. Frequency converters and electronically commutated (EC) 

motors ensure that all the unnecessary fan speeds are reduced and safe return to port is 

ensured from HVAC point of view.    

 

2.4 Electrical distribution for HVAC 

 

This subchapter describes briefly the electrical distribution parts that are essential to the 

HVAC system. As the well-known phrase says, a cruise vessel is like a small city. The 

electrical power needed for all the operations is generated in the ship itself. So also, all the 

power used in the HVAC system comes originally from the ship’s generators. The 

distribution system is divided into medium voltage (MV) and low voltage (LV) distribution. 
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Four self-excited, self-regulated and brushless synchronous generators driven by four diesel 

engines are installed.  Two generators are installed in the forward main switchboard room 

and other two are installed to the aft main switchboard room for redundant operation. The 

two main MV switchboards can be connected together via bus-tie interconnection. Two of 

the AC chillers are connected directly to the medium voltage switchboards while the two 

others via MV-transformer (11 kV/690 V) fed frequency converter. [5] 

The ship is divided into seven vertical fire zones (FZ) and each fire zone has its own medium 

voltage substation. In the substations, the medium voltage is divided into to 400 and 690 

voltage levels via MV transformer (11000/690/400V). Each transformer is connected via 11 

kV ring line to both main MV switchboards. The electricity is distributed to the final 

consumers with vertical bus bars. Each fire zone has two main 400/230V vertical bus bars 

for the lighting distribution. Lighting distributions supply lighting, sockets and smaller 

consumers and as well HVAC fan coil units and re-heaters. Each fire zone has one 690 V 

vertical bus bar to supply mainly HVAC motor control centers (MCC). Motor control centers 

feed HVAC components such as fan motor frequency converters and direct-on-line (DOL) 

fan motors.  [6] 

 

Voltage systems 
Medium voltage switchboards:  11kV / 60Hz 3-phase IT 
ER-low voltage switchboards:  690V / 60Hz 3-phase IT 
Fire zone main distribution:  690V / 60Hz 3-phase TN-S 
Fire zone main distribution:  400V / 60Hz 3-phase+N TN-S 
Emergency switchboard:  690V / 60Hz 3-phase IT 
Emergency switchboard:  400V / 60Hz 3-phase+N TN-S 
UPS-systems:  400V / 60Hz 3-phase+N TN-S 

Table 1. Voltage system of the reference ship. ER corresponds to engine room. [6] 

 

In case of an emergency, motor control centers that feed AC-units needed for over-

pressurizing the public staircases, are equipped with emergency power feeding (690V). The 

emergency power is distributed from emergency switchboard (ESB) locating in its own 

room. It is divided into three sections, two 690 V sections and one 400 V section. Essential 

consumers are connected to the section one and non-essential consumers to the section two. 

Essential consumers are defined by the Convention for the Safety of Life at Sea (SOLAS). 

400 V section is divided in three parts. Each part is supplied by its own 690/400 V 
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transformer, fed by the 690 V essential part. The 400 V is used mainly for lifts, valves, 

emergency distribution boards (for smaller consumers) and as well the uninterruptible power 

supply system (UPS) which is important for the HVAC automation system. There is seven 

fire zone UPS for general consumers as the HVAC automation, two UPS systems for 

navigation and two for IT-equipment. [6] 

 

2.5 HVAC automation 
 

The vessel has an open, modular, distributed and integrated alarm monitoring and control 

system (IAMCS). It consists of three main sub-systems: machinery automation, power 

management system and HVAC automation system. In this subchapter, the main principle 

of HVAC automation is briefly introduced. Each of the seven fire zones has its own main 

automation cabinet. Each of the main IO-cabinet consists of two process application 

controllers (PAC) for redundant control. The PAC performs calculations and logics and 

handles alarming. Each fire zone has approximately eight HVAC motor control centers 

located in the AC-rooms, where a section for HVAC automation components is reserved. 

The main IO-components are an IO-rack, which consists of two field interface controllers 

(FIC) and IO-cards. The FIC collects the IOs and provides them to the PAC. One of the FICs 

is connected to the associated fire zone’s main IO-cabinet PAC with a fibre optic cable. The 

other FIC is connected to the adjacent fire zone’s main IO-cabinet PAC for redundant 

control.  Other main automation components in each motor control centers are touch screen 

for operation the HVAC system, AS-interface masters for damper control and 

communication units for frequency converters. All the IO-components are fed by a normal 

feeding as well with an UPS. [7] 

Communication units for frequency converter are Ethernet-switch boxes that utilizes 

Modbus-TCP interface. This interface is used for the complete remote control and 

monitoring without need of any additional hardwired interfaces excluding a hardwired 

release-command in case of emergency shut down. All frequency converter driven HVAC 

fans locate in the AC-rooms. A ring topology is utilized to connect the frequency converters 

to the AC-room related Ethernet-switches inside the motor control center. Two Ethernet-

switches are used for both ends of the ring cable to avoid single point of failure. [7] The ring 

cable type is PIMF 2X2X0,5 which is aluminum shielded and twisted pair cable. Following 
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signals are transferred from each frequency converter to the automation system: 

local/remote, start/stop, not ready, reference speed (%), actual power (kW), common 

warning and common fault.  

 

2.6 Chapter 2 conclusions 

 

The HVAC system is a complex and a high-power system. HVAC automation software 

controls are based on the feedbacks from dampers, sensors and fan coil units and are involved 

in controlling the frequency converter controlled fans in an energy saving way. Almost 

exclusively for the HVAC use reserved 690 V distribution system is an advance when it 

comes to EMC. A single EMI issue can recur in hundreds of fan drives being very extensive. 

Due to above mentioned facts, reducing the amount of frequency converters is not a proper 

solution when it comes to EMC. 
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3 ELECTROMAGNETIC INTERFERENCE THEORY 
 

An increasing problem within the shipbuilding industry is the electromagnetic interferences 

and electromagnetic compatibility of systems equipment. Electronic components can either 

cause or can be affected by EMI. Systems, equipment and devices are designed to operate in 

their intended electromagnetic environment without faults within the limits specified by the 

standards and rules. More about the standards and rules in Chapter 4. The better the system, 

equipment or device withstand or causes electromagnetic interference, the better 

electromagnetic compatibility it has. In the EMI source, the electromagnetic energy is 

generated by the electric and magnetic fields. Electromagnetic interferences can be divided 

into four main categories. In inductive coupling, magnetic field around a current carrying 

conductor is induced to another conductor in near field. In capacitive coupling, two 

conductors have a common ground and the interference couples between two conductors 

through stray capacitances. In electromagnetic coupling, interference source radiates (far 

field) electromagnetic energy through a conductor. The source and the victim conductors 

both can act as accidently formed antennas. [23] The Subchapter 3.3 is not referred in the 

analysis part but will be used as a reference for EMC guideline. 

 

 

Figure 4. Coupling mechanisms. [24] 
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The basic equations for the electromagnetic energy are as follows 
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(3.1) 

 

where E is the electric field, q is electric charge, Q is the charge of the victim generating the 

electric field and F is electric force defined in equation (Coulomb’s law) [8, 9] and 
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𝑟
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(3.2) 

 

where |F| is the applied force, kc is Coulomb’s constant (8,988·109 Nm2c-2), ε0 is the 

permittivity of free space (8,854·10-12 C2N-1m-2) and r is the distance vector from the victim 

to the observation point. [9] Magnetic field density (B) is defined by an equation   
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4𝜋
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(3.3) 

 

where µ0 is magnetic constant (4·π·10-7 WbA-1m-1), I is current, r is the distance vector from 

the line dl’ from start point (x’,y’,z’) to the field point (x,y,z) [8] 

 

 𝑟 = (𝑥 − 𝑥 ) + (𝑦 − 𝑦 ) + (𝑧 − 𝑧 )  (3.4) 

 

In the study of electromagnetic interferences, the electric fields and the magnetic fields are 

considered separately when the source and the victim of the interference are close to each 

other. Collectively, these fields are viewed when the source and the victim of the interference 

are far apart. 
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3.1 Inductive coupling 
 

Magnetic flux (ϕ) is produced while alternating current flows inside a conductor. The total 

amount of magnetic flux is proportional to the current (I). The inductance (L) is the 

proportional term and we can write 

 ϕ = LI (3.5) 

 

If a second circuit is nearby and some of the magnetic flux reaches this circuit, a mutual 

inductance appears as follows 

 
𝑀 =

ϕ

𝐼
 

(3.6) 

 

Footnotes 1 and 2 in the equation represent circuit 1 and circuit 2. Symbol 𝜙  is the 

magnetic flux exposed to the circuit 2, generated by the circuit 1 current. According to 

Faraday’s induction law, magnetic flux passing through a closed wire loop induces an 

electric field (E) in the loop, which generates current to resist the change of magnetic flux. 

The voltage (UN or VN) induced to the closed circuit 2 loop with certain closed area (A) 

caused by magnetic flux density (B) can be derived as follows 

 
𝑈 = −

𝑑

𝑑𝑡
𝐵 ∙ 𝑑𝐴 

(3.7) 

 

If the closed circuit loop 2 is in place and the flux density varies sinusoidally and stays 

constant over time, we can write 

 𝑈 = 𝑗𝜔𝐵𝐴𝑐𝑜𝑠𝜃 = 𝑗𝜔𝑀𝐼 , (3.8) 

 

where UN is the induced voltage (rms), cosθ is the angle of magnetic field density cutting the 

area A and ω (2πf) is the frequency of sinusoidally varying flux density. We can immediately 

see that by reducing either frequency, magnetic flux density, area or flux angle the 

interference voltage is reduced. The density of the magnetic field can be reduced by 

separating the two circuits further apart or by using twisted pair cables. It is good to 
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remember that by separating the circuits, they often move closer to other sources of 

interferences. [11] If the return current of the disturbed circuit passes through the ground 

plane, the effect of the area can be reduced by moving the circuit closer to the ground plane 

as in Figure 5: 

 

Figure 5.  Illustration of how the above terms affect inducing interference voltage. [12] 

 

The magnetic field density angle can be reduced by orienting the two circuits so that the 

angle is as small as possible. More details about reducing the inductive interference is 

described in Chapter 4.  

 

Figure 6.  Picture on the left illustrates perfectly the mutual inductances between two conductors 

when the conductor 2 (receiver) is covered with protective shield. Illustrative equivalent circuits on 

the right. M12 is the mutual inductance between conductors and M1S between cable shield and 

conductor 1 (EMI source). [10] 
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3.2 Capacitive coupling 
 

Electric field coupling, also known as capacitive coupling, occurs when energy is transferred 

from one circuit to an another through an electric field [13]. The basic factors of capacitance 

are the distance between conductors, the dielectric material between conductors and the 

common area bounded by the two conductors relative to each other. The basic equation for 

capacitance of a parallel-plate (insulator in between) capacitor is as follows 

 

 
𝐶 = 𝜀 𝜀

𝐴

𝑑
, 

(3.9) 

 

where εr is a relative permittivity of the insulator between plates, ε0 is the permittivity of 

vacuum, A is the common area bounded by the parallel plates and d is the distance between 

the plates. Fast oscillating high voltage against ground is often the source of the electric field 

coupling. Perfect victim circuit has high impedance load against ground. [14] Capacitive 

coupling is considered as stray capacitances.  

 

Figure 7. Illustrative picture and equivalent circuit of capacitive coupling [10].  

 

In Figure 7 the C12 is stray capacitance between conductors 1 and 2. G2g is the capacitance 

between conductor 1 and the ground. G1g is the total capacitance between conductor 2 and 

the ground. R is the resistance of the circuit 2 against ground. R describes resistive load of 
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the circuit 2 and obviously is not a stray component. V1 is the voltage source of the interfering 

circuit. VN is the interference voltage appeared to the victim circuit 2. In most applications, 

the R term has lower impedance than the impedance of C12 and G2g, following equation holds 

for calculating the interference voltage appeared to the circuit two 

 

 𝑉 = 𝑗𝜔𝑅𝐶 𝑉 , (3.10) 

 

where ω is the frequency of the voltage source. In this equation, the stray capacitance C12 

depends on the distance (D) between the conductors, diameter (d) and the length of 

interaction (l) of the conductors as follows [13]  

 

 𝐶 =
𝜀 𝜋

𝑐𝑜𝑠ℎ
𝐷
𝑑

 
 (3.11) 

 

If the R term is undefined, the following equation can be applied [20] 

 

 
𝑉 =

𝑗𝜔 𝐶 / 𝐶 + 𝐶

𝑗𝜔 + 1/𝑅 𝐶 + 𝐶
𝑉  

(3.12) 

 

Stray capacitances C1g and C2g can be calculated with the same equations as follow 

 

 
𝐶 = 𝐶 =

2𝜋𝜀 𝜀

ln 
4ℎ
𝑑

, 
(3.13) 

 

where h is the distance to the ground. From the above equations, we can state that increasing 

the distance between the conductors or distance between conductors and ground, the stray 

capacitance is reduced. However, as with the inductive coupling, it is good to keep in mind 

that moving the conductors will often move them closer to other conductors nearby. The 
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dielectric materials of the conductors raise the value of stray capacitance because the relative 

permittivity of the air is lower than in the dielectric materials. [13] 

 

3.3 Electromagnetic coupling 
 

As mentioned previously the electromagnetic coupling consists both capacitive and 

inductive coupling as it origins from alternating magnetic and electric fields. When a high 

frequency EMI source is far from the interfered system (r>>λ/2π), the magnetic and electric 

fields are perpendicular (90 degrees) to each other. In such cases, the form of interference 

can be discussed as electromagnetic coupling. [20]  

 

Electromagnetic coupling is separated from inductive and capacitive near field coupling and 

the linear separation of these can be expressed with following diagram, where the separation 

is shown as a function of the interfering signal frequency: 

 

Figure 8. Frequency of the interfering signal and the distance from the source point (interfered 

circuit) define the separation between near field with inductive or capacitive coupling and far field 

which is the electromagnetic coupling. [24] 

 

A basic understanding of antenna theory is useful for all electrical or automation engineers, 

especially when considering EMC. Antennas can either radiate electromagnetic 

interferences or act as receiver. In spoken language, an antenna is considered to have a 
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particular shape, but in general if a structure produces radiation, it can be considered as an 

antenna. Antenna reciprocity means that if an antenna is a good radiator, it also receives 

electromagnetic waves just as effectively. [10, 17, 18] In Figure 8 below is introduced a 

dipole antenna. The antenna does not have closed circuit loop when the voltage source is 

connected to its two wires, but we can consider that the current flows through the stray 

capacitance that represents radiation. Thus, the dipole antenna does not require separate 

ground. The amount of radiation is proportional to the dipole current. [10, 17, 18] 

Electromagnetic emissions switching range is considered to be above 30 MHz [19]. 

 

 

Fig. 8. Dipole antenna and the electromagnetic wave producing electric and magnetic field 

components separately [10;17] 

 

3.3.1 Hertzian dipole 
 

Cable wirings can accidently create loops that become antennas. If alternating current is 

flowing through the conductor as in Figure 9, and the linear length of the end loop (dl) is 

very short compared to the current’s wavelength (λ), electromagnetic radiation is generated. 

From electromagnetic compatibility point of view, the length of the end loop should be less 

than one tenth of the wavelength. At this point, the alternating current causes a magnetic 

field vortex that leads to an electric field vortex. This does not happen in the main line of the 

conductors, due to fact that the current flows opposite directions between the two conductors 

and the magnetic fields cancel each other.  [10, 18] 
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Figure 9. Hertzian dipole is the linear dl part of the conductor. [18] 

 

Field components of the Hertzian dipole are as follow [17] 
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where H∅ is the only magnetic field components, Er and Eθ are the electric field components, 

I0 is the current through dl, k is the wave number of a lossless medium, r is the distance from 

Hertzian dipole, e is the Napier’s constant and Z0  is wave impedance in a medium: 
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𝜀
 

 (3.17) 
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At very long distances, when r >> λ, the far field components become as follow 
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𝐸 =

𝑗𝜔𝜇𝑑𝑙𝐼

4𝜋𝑟
𝑒  𝑠𝑖𝑛𝜃 
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3.3.2 Magnetic dipole loop 

 

The magnetic dipole loop, also known as current loop, is presented in the below Figure 10. 

In this chapter we assume that the circumference of the loop is smaller than λ0/10. Magnetic 

moment can be expressed as 

 𝑚 = 𝐼𝜋𝑏 , (3.20) 

 

where πb2 is the area of the current loop.  

 

Figure 10. Magnetic dipole loop 
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Radiated fields of the current loop are as follow, where β0=2π/λ0 and η0 is the intrinsic 

impedance of free space (𝜂 = 𝜇 /𝜖 ) [18]. 

 

 𝐸 = 0 (3.21) 

 

 𝐸 = 0 (3.22) 
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 𝐻 = 0 (3.26) 

 

3.4 Galvanic coupling 
 

Galvanic coupling occurs when currents from two or more different circuits pass through a 

common impedance. The common impedance causes a voltage drop, which causes the signal 

to transfer from one circuit to another causing voltage distortion. The voltage distortion is 

seen by all the equipment or systems sharing the common impedance. [16] In many 

applications, the power supply locates in the main electrical cabinet, from where the voltage 

is supplied to a field electrical cabinet where the voltage is shared in parallel. Thus, a 

common impedance is formed in the supply line between several circuits. When the currents 

of the various circuits vary, the voltage in the common sharing point terminals in the field 

electrical cabinet will also vary which will cause interference voltages between the several 
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circuits. Therefore, it would make sense to feed the various circuits directly from the power 

source, but the number of wires to the field electrical cabinet would need to be increased. 

 

Figure 11. [16] On the left, equivalent circuit of common impedance coupling. The ground currents 

flow through common impedance (Z3). On the right, equivalent circuit of a power supply that is 

supplying two circuits. Current flown by one circuit will affect the voltage at the other circuit. Typical 

example of the galvanic coupling in HVAC automation is that when one control cable is carrying 

two signals connected to individual IO-channels but the signals have the same ground path. A voltage 

drop in other IO-channel can transfer noise into the other IO-channel.  

 

3.4.1 Differential- and common-mode interference 
 

The conducted noise in power electronics is separated to differential- and common mode 

interference. It exists especially in switch-modes such as frequency converter pulse-width-

modulation (PWM) due to strong switching voltage rise times (dv/dt). Conducted emission 

switching range is considered to be from few kHz to 30 MHz. [19] The interferences caused 

by frequency converter use are investigated in more detail in later chapter. 

The differential mode (DM) noise is the on-the-line interference when the noise is transferred 

between the power line conductors, for example in line one (L1) and neutral (N). Based on 

this, the DM noise (voltage or current) can be measured between the conductors. In the 

differential mode, the noise current flows in the same direction as the normal current. The 

line and the neutral conductors are often in the same cable, while the on-the-line current and 

the neutral currents flow opposite directions, where the expression differential mode comes 

from. In switch-mode applications, the differential-mode interference is a minor problem 

compared to a common-mode interference.  
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Common mode (CM) noise is generally any kind of interference generated on both plus and 

minus or line and neutral. Most troublesome it is on low-level signal lines and power supply 

lines. Common-mode noise can be measured between a conductor and ground and it can be 

though to arise from stray capacitances. From the frequency converter driven fan application 

point of view, the currents that flow through stray capacitances are the most significant from 

EMI point of view. [21] 

 In a symmetric three-phase system, the common mode and differential noise are calculated 

with following simple equations: 

 
𝑖 =
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3
=
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3
 

(3.27) 

 

 𝑖 , = 𝑖 − 𝑖  (3.28) 

 

For the voltage calculations, the same equation structures apply. [22] 

 

 

Figure 12. Common- and differential mode simplified in a figure. [23] 

 

3.5 Interferences in fan applications 
 

The frequency converters used in the HVAC system utilizes isolated gate bibolar transistors 

(IGBT) in the inverter part. Switching times (tr) can be lower than 80 nanoseconds that allow 

increasing the switching frequency, improving the frequency converter performance in 

regard to achieve high efficiency, dynamic response, acoustic noise and a decent weight and 

size which all are useful features for HVAC and shipbuilding in general.  As mentioned 

previously, fast switching voltage variation (dv/dt) causes serious electromagnetic 
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interferences. [21] Before going into the electromagnetic interferences the operating 

principle of the frequency converter and the whole drive structure used in the HVAC is 

described first. 

 

3.5.1 Operating principle of a frequency converter 
 

In the HVAC side, only three-phase frequency converters are used. The power supply from 

the motor control centers is rectified in the rectifier to a DC voltage. The rectified electricity 

is then calmed and stored in an intermediate circuit, from where it is chipped by an inverter 

into a suitable alternating current. In the HVAC side, the frequency converters processes 

power from a few kilowatts up to 51 kilowatts. Frequency converters are not utilized to the 

opposite direction, in other words the freewheeling stop-mode of the fan motors is not used 

to generate electricity back to the grid.  

The rectification in all models is implemented with thyristors [52], instead of diodes, i.e. it 

is forced commutative and not network commutative as in the case of diodes. Thus, thyristors 

have separate gate which is triggered to change the semiconductor into a conductive state. 

Shutdown occurs with the help of the network when the current drops to zero. The thyristors 

are divided into three legs. Each leg has two thyristors connected in series. Between each 

leg, one of the three phases is connected. All legs are switched in parallel. The sequence 

where the thyristors conduct is determined by the voltage waveform of the individual supply 

phases.  

The output voltage of the rectifier is usually badly pulsed and therefore a DC-link capacitor 

is used after the rectifier to smooth the rectified voltage. DC-link also acts as an energy 

buffer and a capacitor discharge unit when the power is switched off. Even the HVAC 

frequency converter are quite low power, they are equipped with DC-chokes in the 

intermediate circuit to reduce harmonics to the grid. [52] 

In the inverter part, insulated-gate bipolar transistor (IGBT) is used as a switching (on/off) 

semiconductor. The most commonly used voltage switching method is used in the HVAC 

frequency converter, so called pulse width modulation (PWM), where the motor voltage can 

be varied by inserting the intermediate circuit DC-link voltage to the motor windings for a 
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certain lengths of short pulses. The frequency can be varied by changing the positive and 

negative voltage pulses for the two half periods along the time axis. [23, 24] 

 

Figure 13. The actual voltage consists of pulses with different widths (Pulse Width Modulation). 

The pulse widths are determined by the turn on and turn off times of the semiconductor IGBT. 

Sinusoidal average waveform can be generated [24].  

 

3.5.2 Fan drive 
 

In the electrical drives the word drive is used for giving motion to a machine or machine 

part, in this thesis for HVAC fan. With the author’s own experience, often only the frequency 

converter itself is called as a drive. However, a drive covers a larger scope. HVAC electrical 

drive consist of high-level controller that enables the user to start, stop and control the system 

using buttons, switches and potentiometers. All these elements are also part of the motor 

control center consisting human machinery interface -panel and motor controlling 

components such as motor circuit breakers and contactors. A supply cable, for example 3X6 

mm2, is pulled to the drive controller, in this case for the frequency converter. The drive 

motor transforms the electric energy to fan motor movement and further rotating the fan 

itself. In this thesis, the most relevant part of the drive is the part from frequency converter 

to the fan motor. [25]  

All the HVAC fans are the same motor family. Only the rated power is calculated and 

selected for specific use. Motors are three-phase induction machines with 2-poles and 

squirrel cage rotors. Efficiency level exceeds IE2 requirements, which states high efficiency 

and reinforced insulation for frequency converter applications. All motors are rated for 690 
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V and 60 Hz. Insulation system increases the dielectric resistance of the windings, which 

extends the motor lifetime when operating with frequency converter. [27] 

In general, the electrical drive is electro-mechanical power conversion unit. It can be 

considered in both directions, but as mentioned previously the HVAC fans do not produce 

electric to the grid. When the voltage from the frequency converter is fed to motor stator 

windings as a space vector (us), the flux linkage can be integrated as follow [26] 

 

 
𝜓 = (𝑢 − 𝑅 𝑖 ) 𝑑𝑡, 

(3.29) 

 

where Rs is the resistance of stator windings and is is the current space vector. 

Electromagnetic torque is then produced by the flux linkage and current as follow 

 

 
𝑇 =

3

2
𝑝(𝜓 × 𝑖 ), 

(3.30) 

 

where p is the pole pair number of the motor.  

 

By the mechanics, the torque produces speed to the rotor as follow [27] 

 

 𝛺 𝑝 = 𝜔  (3.31) 
 

The rotor angular velocity corresponds to the stator angular velocity (ωs) that together with 

the stator flux linkage produces back electromotive force (emf) of the system. 

Electromagnetic torque and rotor speed produce the mechanical power of the drive as follow 

[27] 

 𝑃 = 𝑇 𝛺  (3.32) 
 

 



41 
 

3.5.3 Galvanic interferences in fan drives 
 

In the inverter part, the voltage raising speed (voltage gradient) in the IGB transistors can be 

several kV/μs. With such fast voltage rise and fall times, the stray capacitances in the fan 

drives cannot be neglected. Major charging and discharging currents can conduct along these 

and interference the drives and other consumers around. Even small stray capacitances 

provide a low impedance route for high frequency CM current to flow. [28, 24]  

 

 

 

Figure 14. Common mode current routes between frequency converter and motor (and load) 

indicated with red arrows. [23] 

 

As shown in Figure 14, stray conductor-to-conductor capacitances in the supply cable results 

in charging and discharging currents with characteristic of transient response flowing to the 

inverter. The current path can be thought of consisting motor cable impedance and 

conductor-to-conductor capacitance, which are factors determine the size and duration of the 

charging and discharging currents. These currents cause voltage losses to the cable and the 

inverter. In addition, large current peaks can disrupt the inverter. Charging and discharging 

currents can also be formed due stray conductor-to-ground capacitances. In these cases, the 

currents flow from the supply cable to the ground path and back to the rectifier and from 

there to the DC-link. Again, total impedance of the supply transformer, supply cable, motor 

cable and the frequency converter and the value of the conductor-to-ground capacitance 
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determine the size and duration of the charging and discharging currents. Conductor-to-

ground capacitance has the same effects as conductor-to-conductor capacitances, but it can 

also damage the rectifier when the current path covers the entire fan drive. [24] 

In below the Figure 15 is presented in detail the frequency converter stray capacitances 

creating common mode routes to the ground. One main route is from DC-link capacitor stray 

capacitance to the heatsink (Cbg) and one from inverter switching thyristors (transistors in 

Figure 15.) to the heatsink (Cswg). Both stray capacitances are in contact to the ground 

through the heatsink.   

 

 

Figure 15. A closer look of stray capacitances from frequency converter to the ground. [21] 

 

In induction motors, there is two main paths for CM currents to flow. CM currents through 

stator winding and frame are damaging especially in bigger machines, when the axial 

magnetic flow induced is higher generating voltage into the motor shaft resulting circular 

path for the currents to flow around the machine, going through bearing, shaft and the frame. 

Secondly, stray capacitances between stator winding and rotor allow CM currents to flow 

from the rotor to bearings and from there to the motor frame. Also, between the bearing balls 

can have stray capacitances. When the dielectric strength (1.5 – 30 V) of the lubricant is 

exceeded, it will result in electric discharge machining currents (EDM) that is most 

damaging for the bearings. [29] 
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In below Figure 16 is presented the induction motor side stray capacitances to the 

ground in detail. This equivalent circuit model is simplified by showing the capacitances for 

one phase point of view. All three phases have the same common mode routes. [19] The 

largest share of the induction motor stray capacitance is generated between the stator 

windings and the motor frame thus they share the largest area in the motor structures. [28]  

 

Figure 16. Induction motor high frequency model stray capacitances. 

 

 
𝑉 =

𝐶

𝐶 + 𝐶 + 𝐶
𝑉 , 

(3.33) 

where, 

Cwf stray capacitive coupling between stator windings and motor frame 

Cwr stray capacitive coupling between stator winding and the rotor 

Crf  stray capacitive coupling between the rotor and motor frame 

Cb stray capacitive coupling between ball bearing and outer/inner race 

This voltage is the origin of bearing current when it exceeds the amount of breakdown 

voltage level of the thin lubricant film between the inner and outer ring of the bearing. This 

voltage is the reason why there can be stray capacitance between mechanical fan and ground 

(as seen in fig. 14, from load to ground). [19] 
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Bearing Voltage Ratio (BVR) can be calculated when the common mode voltage at the 

motor terminals and the voltage on the bearing is known or by using the capacitive coupling 

values as shown in the following equation [41] 

 

 
𝐵𝑉𝑅 =

𝑉

𝑉
=

𝐶

𝐶 + 𝐶 + 2𝐶
 

(3.34) 

 

 

3.5.4 Radiated interference in fan drives 
 

Fast-switching power semiconductors located in the inverter is the main factor of creating 

radiated interferences. The magnitude of the DC-link voltage changes rapidly in a short time 

resulting charging and discharging current in the motor cable. The motor cable can act as an 

antenna and radiate interference through its capacitive and inductive components to adjacent 

circuits located in the far field. If the adjacent circuit is digital or analogue signal circuit, the 

signal may be distorted.  

As previously described, there is stray capacitance between the motor cable and ground that 

allow the discharging and charging currents to flow. Therefore, the effective magnetic field 

around the motor cable is not equal to zero. Discharging and charging currents result fast 

changing magnetic fields that cause interference voltages to the adjacent circuits as shown 

in Figure 17. Also, due the stray capacitances from motor cable to the ground elements that 

could be such as cable trays or switchboards, can lead to magnetic fields interfering adjacent 

circuits nearby as shown also in Figure 17 below. This highlights cable routing importance. 

[24] 
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Figure 17. Radiated interferences (circle arrows) due the magnetic and electric field components 

caused by the discharging and charging currents. [24] Parasitic coupling capacitances to the ground 

shown in the figure are not part of the electromagnetic coupling. 
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4 KEYSTONES OF EMI PREVENTION  
 

In this chapter the rules and responsibilities related to the electrical design work are brought 

out. Practical keystones, such as shielding and cable selection, cable routing and EMI filters 

are introduced by analyzing the theory behind them. The focus is on electrical drives. All 

parts of the chapter are not strongly used in the analysis part of the thesis but will be used as 

a reference for EMC guideline and grounding instructions.  

 

4.1 Laws and regulations 
 

The International Maritime Organization (IMO), the Safety of Life at Sea (SOLAS) and 

classification societies such as RINA, set certain requirements to ensure electromagnetic 

compatibility. Often these requirements are based on existing standards, such as the 

European EN standard or the International Electrotechnical Commission (IEC), of which the 

most important are [30] 

 IEC Publication no. 92 Electrical installations in ships 

 IEC 60533 for general electrical equipment on ships 

 IEC 62578 for power electronics emission values below 150 kHz 

 EN 61000 for electromagnetic compatibility installations 

 EN 60945 for equipment on the bridge and in areas with navigational equipment (e.g. 

outside antennas) 

 EN 61800(-3) for frequency converter controlled drive systems 

 EN 55011 for electromagnetic disturbances  

 

SOLAS Chapter V Regulation 17 - Electromagnetic Compatibility takes into account mainly 

on the EMC of navigation equipment, which is an important and sensitive system. However, 

the regulation refers to Organization by resolution A.813 (19) general requirements for 

electromagnetic compatibility (EMC) for all electrical and electronic ship’s equipment. This 

resolution warns that current technology is causing electromagnetic interference to an 

increasing extent and warns that EMC standards are evolving as a result, as well as 

encouraging these to be taken into account in all electrical equipment to ensure operational 
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reliability and suitability. So, the resolution does not contain detailed information but refers 

to the standards listed above. According to EN 61800-3 [38] the emissions limits of 

frequency range from 2 kHz to 9 kHz are not officially defined but according to the EN 

61800-3 recommendations for power drive systems (PDS) can be found from IEC TS 

62578:2015 Annex B. All the HVAC fans operate between switching range 1.5 to 6 kHz. 

Recommended emissions limits are given from 9 kHz to 150 kHz but EMI filters are 

recommended to be used also in under 9 kHz applications when emissions are above 120 

dBµV. [40] 

 

4.1.1 Responsibilities in Electrical Design 

 

In the electrical design department, the project coordinator and system responsibles are 

responsible for ensuring that the set EMC requirements are met during the design stage and 

equipment purchasing process. In factory acceptance tests (FAT), the system responsible is 

able to advise the system supplier to comply with the EMC regulations. For example, in the 

factory acceptance tests (FAT) of air handling units, it can be checked that the earthing has 

been carried out in accordance with the instructions and rules. System or equipment supplier 

is responsible to follow all given rules and regulations regarding EMC. From the yard side, 

the rules can be for example certain cable types or earthing instructions. The most significant 

ones are collected to the general electrical requirements (GER) made by technical team 

leader in the electrical design.  

 

4.1.2 Rules for HVAC 

 

In general, the HVAC system should follow the rules given in the main chapter, as all any 

other system. Previously mentioned HVAC Smoke extraction is part of SOLAS rules. 

According to SOLAS 2009 Chapter II-2 Regulation 3, 7 and 8, atriums that are public spaces 

within a single main fire zone spanning three or more open decks, should be equipped with 

a smoke extraction system. The system is triggered by manually or via fire detection system. 

The HVAC fan drives should be capable to exhaust the entire volume within the space within 

10 minutes. [32] The Maritime Safety Committee (MSC) deals with safety matters that are 
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part of IMO. [33] According to MSC 1034 the smoke extraction system should reach its full 

power within 30 seconds. [34] When such rules are given for one specific drive system, it is 

important to consider the possible EMI problems. 

 

4.2 Shielding 
 

Shields in cables are used to reduce the volume and intensity of electromagnetic, capacitive 

and inductive couplings applied to the inner conductors used as signal or power lines. The 

shielding protects inner conductors to transmit electromagnetic interferences to other 

circuits, so it works in both ways. Foil and braided shields are the most commonly used in 

the shipbuilding industry. The foil is a thin metal sheet, typically made of aluminum or 

copper. As it is very thin, it is bonded with polyester carrier for strengthening the cable 

structure. Due the paper-like composition, grounding the foil using an electrical connector 

can be challenging and therefore a drain wire is used along the foil. Typically, in analog 

signal lines (4-20 mA or 0-10 V) the aluminum foiled cables are preferred. Copper braided 

shields are durable and easy to terminate to low-resistance ground path. It will provide 70-

95 % protection from electromagnetic interferences [35]. Braided shields offer better 

protection based on a fact that copper has a higher rate of conductivity than aluminum and 

they are more durable for example to ship vibration. All shielded cables must be properly 

grounded to achieve proper EMI protection and to ensure safety to the ship’s crew. [35] In 

Chapter 4.4 more about grounding of the shields. Frequency controlled AC-motors supply 

and control cables must be metal screened.  A conductor is ideally shielded when it encloses 

the entire length of the conductor and the shield is solid [10]. The shielding performance of 

a cable is indicated by a transfer impedance ZT which can be defined with voltage drop across 

the shield divided by the current and length of the shield. The lower transfer impedance, the 

better shielding performance [23]. Up to frequency range of 100 MHz, the transfer 

impedance must be less than 100 mΩ/m [48]. 
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4.2.1 Capacitive coupling on the shield 
 

A shield acts as an unshielded conductor exposed to an adjacent circuit conductor. While 

there is no termination on the shield, the shield has high terminating impedance. The 

interference voltage (VS) on the shield will be in this case 

 

 
𝑉 = 𝑉

𝐶

𝐶 + 𝐶
, 

(4.1) 

 

where V1 is the adjacent circuit’s source voltage, C1S is the capacitance between the shield 

and adjacent circuit conductor and CSG is the capacitance between the shield and ground. 

[10] 

 

4.2.2 Inductive coupling on the shield 
 

In the Chapter 3.1 Figure 6 shows physical and equivalent presentations of inductive 

coupling where conductor 2 is shielded. If the shield is not grounded or is grounded from 

one end, the shield has no effect on the interference voltage induced to the conductor 2. 

However, an interference voltage (VN) is induced into the shield as follow 

 

 𝑉 = 𝑗𝜔𝑀 𝐼 , (4.2) 

 

where M1S is the mutual inductance between victim conductor 1 and the shield and I1 is the 

current in the interference conductor 2. [10] 

 

4.3 Twisted pair cabling 
 

In order to reduce electromagnetic interferences into a cable consisting one or several pairs 

of conductors, is twisting each pair of conductors. The plus (+) and minus (-) or line (L) and 

neutral (N) depending on the voltage level of the paired conductors are twisted when several 
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loops are created between the pair conductors. With this method, the magnetic fields induced 

to the cable conductors cancel out each other as shown in Figure 18. The smallest possible 

low frequency interference in and out from the cable is achieved when the radius and the 

twist length of the conductors are as small as possible. [15] 

 

 

Figure 18. Principle of twisted pair cable. The upper conductor is closer to the interference source 

and a higher voltage is interfered to it. When the conductors are twisted, the voltage measured at 

the ends of the conductors is practically zero. 

 

4.4 Grounding 
 

Grounding provides a low-impedance path between electrical equipment and the ship’s hull 

to bypass fault currents or EMI signals. Therefore, proper grounding is essential for human 

protection from electrical shocks, fire threat (due burned insulation), short circuit and 

protection of electrical equipment against EMI. [37] Grounding must be done in accordance 

with Classification Societies, National Authorities and Equipment manufacturer regulations. 

In general, all metal-coated electrical equipment with supply voltage level exceeding 30 

VAC or 50 VDC, must be securely grounded, either welded or screwed to the ship’s hull. 

Electrical equipment may not be grounded in or through piping systems. The grounding 

conductors must be as short as possible with vibration-resistance and corrosion resistance 
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properties to ensure small inductance and long-term grounding. Routine grounding 

inspection must be still accessible. [39] 

 

4.4.1 Grounding equipment  
 

The figures below show an example of grounding an air handling unit. Often it is thought 

that one device or equipment must be grounded only from one point. The air handling 

consists of many parts, forming seams with respect to each other. A separate ground cable 

must be installed over each seam when the grounding route crosses it to ensure a low 

impedance route. Frequency converter in the exhaust side must be grounded firstly to the 

closest frame block, then over the seam to another frame block and finally to the ship hull 

(Figure 19). 

 

 

Figure 19. Grounding frequency converters and electrical cabinet on the outer surface of the AHU. 

[49] 

 

Inductions motors must be grounded from the connection box to the motor bed, further to 

the nearest AHU frame block, again further to the outer frame and finally to the ship’s hull 

(Figure 20). In general, grounding one equipment can consist of many separate grounding 
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cables. Flat braided grounding cable is preferred, but at least 10 mm2 single core GN / YE 

grounding cable must be used. The connections must be kept as short as possible for ensuring 

the low impedance route and proper current durability. 

 

Figure 20. Grounding induction motors inside the AHU. [49] 

 

4.4.2 Shield grounding effects to capacitive coupling 
 

 

Figure 21. Equivalent circuit of capacitive coupling in a shielded conductor (2). The conductor 1 

represents an adjacent circuit conductor.  

 

In Figure 21, we can see that the only capacitance connected to the conductor 2 is the 

capacitance from the shield (C2S). As there is no other capacitance around, the current cannot 
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flow within this capacitance and no voltage drop appear across the C2S. Voltage picked up 

by the conductor (2) is equal to Vs. From this we can understand that the shielding is not 

helpful, if the shield is not grounded. [10] Even if the shield is grounded, there is an 

interference voltage (VN) coupled to the shielded conductor. The following equation holds 

true only if the shielding covers the whole conductor without any holes: 

 

 
𝑉 =

𝐶

𝐶 + 𝐶 + 𝐶
𝑉 , 

(4.3) 

 

where C12 is the capacitance between the source and victim conductors, C2G is the 

capacitance between interference conductor and ground, C2S is the capacitance between 

interference source conductor and victim conductor’s shield. If the shield is damaged or does 

not cover the victim conductor properly, the C12 will increase and further leading the 

interference voltage (VN) to increase. [10] 

 

4.4.3 Shield grounding effects to inductive coupling 
 

When the shield is grounded from both ends, the mutual inductance between the conductor 

and the shield will cause current (Is) to flow along the shield. This current can interference 

adjacent circuit conductors. As the shield encloses the whole conductor, the mutual 

inductance between the shield and the conductor are the same as shield’s self-inductance 

(M=Ls). When an adjacent circuit induces voltage to the shield leading current to flow (Is), 

it will cause interference voltage (VN) to the conductor inside the shield: [10] 

 

 𝑉 = 𝑗𝜔𝑀𝐼  (4.4) 
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While M=Ls, the interference voltage can be also calculated by using inductance (LS) and 

resistance (RS) of the shield and shield voltage (Vs) as follow 

 

 
𝑉 =

𝑗𝜔

𝑗𝜔 + 𝑅 /𝐿
𝑉  

(4.5) 

 

 

Figure 22. Equivalent circuit of the shielded conductor. 

 

The adjacent circuit conductor not only induce voltage to the shield (Vc) and from there to 

the interference conductor. It will also induce an opposite polarity voltage directly to this 

conductor (V2). The total induced voltage is calculated with following equation 

 

 𝑉 = 𝑉 − 𝑉  (4.6) 

 

When the shielded conductor and adjacent circuit conductor run in parallel, the mutual 

impedance between them (M12) is the same as the mutual inductance between the shield and 

shielded conductor (M1S). Then following equation applies 

 

 
𝑉 = 𝑗𝜔𝑀 𝐼

𝑅 /𝐿

𝑗𝜔 + 𝑅 /𝐿
 

(4.7) 
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If the frequency is small (ω), the term inside the brackets become close to zero. Then the 

equation (4.7) is the same as for unshielded conductor. So, the shield does not protect in low 

frequencies.  [10]  

 

Figure 23. Inductive couplings in shielded conductor.  

 

4.4.4 Grounding the fan motor cable shield 
 

HVAC fan motor three-phase supply cables must be metal-screened type, normally copper, 

as mentioned previously. The copper screen and the phase-conductors form a symmetrical 

cross-section to the cable. The symmetry of the cable keeps the formed stray currents also 

symmetrical that minimize common mode currents and EMI radiation. The shield must be 

grounded from both ends, from the frequency converter end as 360 degree cable gland 

grounding and in the motor box the shield must be twisted to conductor form and connected 

to the protective earth (PE) terminal or also EMC cable gland (360 degree grounding) can 
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be used. In ideally shielded cable, there is no electrical field around the cable which reduces 

stray capacitances to other circuits around. [36] The shield works as a return conductor for 

discharging and charging currents, which keeps the motor star point current close to zero. 

Overall, shielding attenuate electromagnetic interferences even the stray conductor-to-

ground capacitances increase. [24] 

 

4.5 Cable routing 
 

Cable trays are built of steel and tray support structures are welded to ship’s steel frame for 

achieving proper earthing. Also, separate cable protection pipes will be reliable earthed by 

welding or with pipe fixing parts. Cable routing shall be done according to cable pulling lists 

made by the designers in electrical design department. Cables are divided into five basic 

groups regarding voltage level of cables in question: 

 11 kV medium voltage cables 

 1,5 kV and 1 kV cables (propulsion motor system) 

 power, lighting and control cables 230 to 440V 

 low voltage control, instrumentation and internal communication cables 

 special cables with individual installation requirement. 

11 kV, 1,5 kV and 1 kV cables shall always be installed on separate cable trays or ladders. 

Other cable groups must have own separate cable bunches when installed on the same cable 

tray. When cables from different groups run in parallel more than a meter distance, the free 

space between the cable groups must be more than 10 cm and 20 cm when IO- or fast 

switching transmission or signal cables are in question. [39] 

Cables lengths must be kept as short as possible to avoid transmission line effect. At the 

motor terminals, the voltage is reflected due to impedance mismatch between the supply 

cable and the motor. The magnitude of the overvoltage depends also from the voltage pulse 

rise time from the frequency converter. If the time spent for the pulse to reach the induction 

motor terminals is more than third of the voltage rise time in question, the pulse is reflected 

back to the frequency converter [53]. 
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4.6 Filters 
 

An EMI filter is a low-pass filter designed to attenuate (or control) frequencies above the 

used frequency level. Often one EMI filter can attenuate both differential- and common 

mode interferences. The basic principle of the filters is based on the inductance of a coil and 

the capacitance of a capacitor. When the frequency increases, the inductance of the coil 

increases, and high frequency interferences are attenuated.  However, the impedance of the 

capacitor decreases, and it allows a low impedance path for high frequency interference 

signals to transfer back to the source while not causing problems in other equipment in the 

same grid or nearby.  

Passive filters consist only of resistors, capacitors and coils, connected in series or parallel. 

At the fundamental frequency, a passive filter has low impedance to avoid voltage drop and 

negligible losses. They are relative low cost, easy to build and design and reliable but they 

can offer high efficiency only at one operation point.  As they are passive, tuning afterwards 

for different frequencies and impedances is impossible. [44] In addition to passive 

components, an active EMI filter consists of an operational amplifier. The active filter 

requires operating voltage and attenuates large amplitudes and peaks poorly but is smaller 

physically than the passive filter. A hybrid filter consists of both an active and a passive part 

or consist of two different filtering topologies such as L and LC circuits.  

 

4.6.1 Common-mode choke 
 

Common mode chokes are widely used in fast switching power applications for suppressing 

conducted and radiated interferences to meet the given requirements introduced in the 

Chapter 4.1. It dampens peak value of the common-mode current flowing through the stray 

capacitances, the steepness of the current pulsing and reverberation. 

Often the common-mode choke is toroidal in shape because a toroid encloses the magnetic 

flux passing through it well, allowing the magnetic flux to pass through other windings 

ideally. HVAC drives are thought to be high-current applications and it is desired for the 

choke not to saturate with low currents. From a B-H-curve of the core material, the change 

in relative permeability with respect to temperature and frequency can be investigated, but 

not further in this thesis. The faster the value of B increases with respect to H, the greater its 
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permeability. Saturation occurs when the value of B no longer increases significantly while 

H increases. 

 

Figure 24. Common mode choke and its operating principle. 

 

When considering a common mode choke, the impedance, the inductance, the size and the 

permeability of the core are the key design parameters. The objective attenuation AdB is 

related to the impedance of the common mode (XCM) choke as follow [43] 

 

 𝐴 = 10 log (𝑋 ) (4.8) 

 

The common mode impedance is related to the switching frequency (fsw) and common mode 

inductance (LCM) 

 𝑋 = 2𝜋𝑓 𝐿  (4.9) 

 

Magnetizing inductance (Lm) is the same as the common mode inductance. For toroidal core 

we can write 

 
𝐿 = 𝐿 =

𝜇 𝜇 𝑁 𝐴

𝑙
, 

(4.10) 

 

where μc is the relative permeability of the core, μ0 is the permeability of free-space, N is the 

number of winding turns, Ac is the area of core’s cross section and lc is the length of the 

magnetic path (length of the core).  
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4.6.2 Differential- and common mode filter 
 

Passive DM- and CM mode filter consists of three DM inductors, capacitors, resistor and a 

common mode choke as introduced in the previous chapter. 

 

Figure 25. Differential- and common mode LC-filter. 

 

In Figure 25, the blue parts are mainly to attenuate differential mode voltages and the red 

parts to attenuate common mode parts, both wounded in the same magnetic core. 

As the common mode voltage inductors are in the same magnetic core, it is possible to design 

the differential- and common mode parameters separately. For this thesis, the common mode 

parts are more essential while being the most damaging for the bearings. The mutual 

inductance of the common mode choke part is as follow 

 

 𝑀 = 𝑘 𝐿 𝐿 , (4.11) 

 

where k is the coupling co-efficiency of the choke. To eliminate the high-frequency 

components from the common mode voltage, the following equation should hold 

 

 𝐿 − 𝑀 = 𝐿 − 𝑘 𝐿 𝐿 = 0 (4.12) 
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When k=1 and L1=L2 this equation is fulfilled. The resonance frequency (ω2n) of the common 

mode filter should be must lesser than the frequency converter switching frequency, thus the 

main harmonics exist in the integer multiple of the switching frequency. Therefore, 

 

 
𝜔 =

1

(3𝐿 𝐿)𝐶
<

1

√𝐿𝐶
≪ 2𝜋𝑓  

(4.13) 

 

The value for the L1 (and L2) can be estimated from the equation 

 

 𝐿 = (2~3)𝐿 (4.14) 

 

After determining a damping ratio (ζ) the resistance can be determined from the equation 

[46] 

 

𝑅 =
2𝜁

3

3𝐿 + 𝐿

𝐶
 

(4.15) 

 

 

4.6.3 Common-mode choke with active part 

 

Common-mode current transformer detects the common mode current at the front end before 

frequency converter. Operational amplifier amplifies the detected common mode current and 

compensates it. In Figure 26 below are the illustrative images of the filter. The primary part 

is like the passive common mode choke, but in addition there is a secondary winding in 

parallel with load resistor (Rb) with further connection to the amplifier circuit. Induction 

motor load should be in balance in 3-phase systems, so the only induced current in the 

secondary winding is the common-mode current.  
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Induced common mode current (icm) is related to the transformer output voltage (VCT) as 

follow 

 𝑉

𝑖
=

1

𝑁

𝑗𝜔𝐿 𝑅

𝑅 + 𝑗𝜔𝐿
, 

(4.16) 

 

where LS is the magnetizing inductance of the transformer.  

 

 

 

Figure 26. Illustrative images of the active EMI common mode filter. [45] 
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5 ELECTROMAGNETIC INTERFERENCES IN FAN DRIVES 

 

Sometimes the electromagnetic interferences are noticed not earlier than during the 

commissioning phase, when the related problem solving must be done in a hurry. Therefore, 

it is important to think about potential EMI problem aspects at early stage. As described in 

the Chapter 2.4 the distribution for the HVAC fans consists of 690 V busbars in each fire 

zone to serve mainly the HVAC equipment.  Therefore, the HVAC is well galvanically 

isolated from other systems and interferences to the grid are unlikely the biggest issue. 

Because all frequency converter controlled HVAC fans locate in metal structured module 

AC-rooms, radiated interferences are partly attenuated between with other systems. If we 

consider galvanic interferences between frequency converter and induction motor, from 

literature review it was learnt that common mode voltages and currents are the most harmful 

for the motors in a PWM drive use. Even if the supply cables from the frequency converters 

to the induction motors are short (<10 m), the transmission line effect is present forming 

reflections to the common mode voltages.  

 

5.1 Simulation model 

 

As a base for the simulation, a MATLAB AC4 Induction Motor Drive model is used. In the 

model, the induction motor is fed by a pulse width modulated voltage source inverter. Speed 

controller uses PID controller to produce flux and torque references for the direct torque 

control (DTC). The DTC block calculates the torque and flux estimations and compare them 

to the references. By these comparisons, the outputs are generated for the optimal inverter 

switching pulses. In the reference vessel HVAC side, following amounts of different sizes 

of  frequency converters are used: 27 for under 5 kW, 59 for under 14 kW, 96 for under 28 

kW, 33 for under 42 kW and 14 for under 51 kW induction motors. The simulation model is 

built to imitate 51 kW fan drive. The model is adjusted for 690 V main voltage (RMS), 60 

Hz line frequency and switching frequency is set to 2 kHz. The switching frequency is 

adjustable from 1.5 to 6 kHz in each frequency converter locally, but the 2 kHz is commonly 

used which is also the default factory value. Due to the COVID-19 pandemic, it was decided 

that measurements on board are not carried out, maybe later for verifying the simulation 
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results. Therefore, parameters for the Cwf, Cwr Crf and Cb are estimated from the references 

[41] and [42]. The stray capacitances are added to the simulation model as an equivalent 

circuit as presented in the Chapter 3.5.3. Due to short power cables, the transmission line 

parameters are not taken into account in the main simulations, which make the filtering 

results more visible.  Later, the transmission line effect is tested and analyzed separately with 

a simulation. The inverter minus potential is used as a ground reference in all simulations. 

The sample time in each simulation is 2*106 s. 

Estimated parameters for the 51 kW fan drive simulation model are as follow: 

 Cwf = 5 nF Cwf = 0.15 nF Crf = 1.5 nF Cb = 50 pF Rb = 10 Ohm Zb = 2.2 MOhm 

 

 

Figure 27. Simplified simulation model showing common mode voltage source and simulated stray 

capacitances and measurement points. The complete simulation model is presented in the Appendix 

1. 
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In Figure 28 is presented the line-to-line voltage without any filter. The voltage measurement 

is placed after the inverter and simulated between the phase voltages A and B. Simulated 

waveform is a typical pulse width modulated figure, from where the frequent switching 

speed can be realized.  

 

 

Figure 28. Simulated line-to-line voltage without EMI filter connected. Time (s) is presented in the 

X-axis and voltage (V) in the Y-axis. 
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Figure 29 below presents the common mode voltage (V_cm) over the stray capacitances 

presented in the Chapter 3.5.3. In detail, the voltage measurement is placed over the stray 

capacitance between stator winding and motor frame (Cwf) as shown in the Appendix 1. The 

simulated waveform consists of two components, from the main waveform ranging from 

about 180 to -180 V and from a peaking waveform ranging from 430 to -430 V. The peaking 

is result from the stray capacitances in the motor structures and fast rise times of the pulse 

width modulated voltages adding up to each other. The peaking is possible to filter out with 

an EMI filter.  

 

 

Figure 29. Simulated common mode voltage without EMI filter connected. 
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In Figure 30 below is a common mode voltage presented as comparison for simulation result 

from a scientific article [46]. Clear similarities in the waveform can be observed. 

 

  

Figure 30. On the left, common mode voltage and its waveform in similar drive as the simulated one 

in Figure 29 [46]. On the right is shown how the common mode voltage is summed from the three 

phases [54]. It should be noted that the voltage level is different compared to the one simulated in 

this thesis. 

Bearing voltage (V_b) measurement is simulated over the rotor and motor frame as shown 

in the Appendix 1. The simulated waveform (Figure 31) is similar as the common mode 

voltage, but the voltage level is much lower when the largest share of the stray capacitances 

are formed between the windings and motor frame. The main waveform is ranging from -17 

to 17 V while the peaking voltage is much higher, -from 42 to 42 V. Clearly visible peaking 

can be filtered out with an EMI filter that helps with the common mode voltage as well.  
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Figure 31. Simulated bearing voltage without EMI filter connected. 

 

Bearing current measurement is simulated in series before the bearing resistance (R_b). The 

simulated current is distributed over the bearing stray capacitance (C_b) and impedance 

(Z_b). The simulated waveform is erratic and only few clearly distinguishable peak can be 

found at 20 mA. Evenly beating current peaks reach mainly 15 mA.  

 

Figure 32. Simulated bearing current without EMI filter connected. Time (s) is presented in the X-

axis and current (A) in the Y-axis. 
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In Figure 33 bearing current waveform is presented as a comparison for simulation result 

from a scientific article [42]. Clear similarities can be observed with the simulation result, 

both have an uneven waveform. 

 

 

Figure 33. Bearing current and its waveform in similar drive use as the one simulated in this thesis 

[42]. Also, in this example the voltage level is different than in the simulated Figure 32. 

 

5.2 Filter design 
 

The filter design is carried out by using the methods introduced in the Chapter 4.6 and by 

simply testing different values in the simulation model. Indicative values were first defined 

from the Chapter 4.6. Fine tuning of the parameters was carried out by changing each 

parameter and checking the effects to the simulated waveforms. In this thesis the focus is in 

defining the filtering parameters and realizing the effects of filtering, rather than define core 

or wiring materials, number of wiring turns, saturation currents or sizing the filter itself. The 

results would help defining the proper filter, if it is found that filtering is eventually 

worthwhile.  
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Figure 34. equivalent circuit of the designed and simulated EMI filter. 

 

Following filter parameters were defined by simulations: 

L = 10 mH L1 = 20 mH L2 = 20 mH C  = 60 uF R = 11 Ohm M = 16 mH 

All the filter windings are in the same toroidal core when mutual inductance (M) is formed 

between the windings. Therefore, additional three-phase 16 mH mutual inductance is added 

to the input line of the simulated filter. With the designed filter parameters, the line-to-line 

voltage became clear and started to resemble more of an average sinewave as in Chapter 

3.5.1. The inductance of the EMI filter tries to maintain constant current. 

 

Figure 35. Simulated line-to-line voltage with filter. 
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In direct-on-line (DOL) fan drives the star-point voltage is practically zero. In pulse width 

modulated systems, the common mode voltage is impossible to form zero even with an EMI 

filter. As the line-to-line voltage, also the common mode voltage resembles more of sine 

wave with the designed EMI filter parameters. All of the -430 to 430 voltage peaks are 

filtered out and a clear average -180 to 180V wave remains. All three phases are wounded 

into the toroidal core in the same direction, when the current in each winding generates flux 

that is cancelled out by an other winding. Therefore, the common mode choke presents a 

very low impedance for normal mode currents. When the capacitors are connected between 

the phases and DC-link, as shown in the Appendix 1, a low impedance route for high-

frequency common-mode interferences is provided. In other words, the capacitors attenuate 

the common mode of interference by directing it back to the source.  

 

 

Figure 36. Simulated common mode voltage with filter. 

 

For reference from a scientific article, in Figure 37 is a common mode voltage waveform 

after EMI filter installation. The reference is the same as in Figure 30 for observing the 

similar effects as in the simulated common mode waveform without EMI filter and with it.  
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Figure 37. Simulated common mode voltage from a scientific article and its waveform in similar 

drive use as the one simulated in this thesis [46]. Similar waveforms can be found also from the 

reference [42]. 

 

In general, the same effects can be seen in the bearing voltage simulation result, shown in 

Figure 38 below. The peaking voltage from -42 to 42 is completely filtered out while the 

main average waveform remains in level of -17 to 17 V.  

 

 

Figure 38. Simulated bearing voltage with filter. 
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After connecting the EMI filter, the erratic waveform of the bearing current remains. The 

highest peaks without the filter were at 20 mA and evenly beating current was 15 mA. Now 

the current stays at 5-7 mA, which is a significant change. On the other hand, according to 

PSK (Standards Association) 7708, bearing currents under 20 mA guarantee a long service 

life for the motor [50].  

 

 

Figure 39. Simulated bearing current with filter. 

 

Chapter 4.5 highlights that the supply cable length from the frequency converter to the 

induction motor should be as short as possible to keep the voltage reflection and over-

voltages under control. To illustrate this a three-phase PI Section Line -symbol (see appendix 

1) was added to the simulation model. Inductances L1 and L2 were adjusted to 30 mH for 

clearer waveforms. Parameters for the cable are defined by using the table presented in the 

reference [47]. Based on the table, resistance is set to 1 Ohm/km, inductance 0.35 mH/km, 

capacitance 0.25 μF/km and cable length is set to 10 meters. In Figure 40 is presented the 

common mode voltage without PI Section Lines and on the right with them. It can be realized 

that the length of the power cable, even few meters, increases the asymmetry of the voltage 

and causes irregular voltage peaks. The largest peak is around 250 V. The same overvoltage 

reflection can be realized also in the bearing voltage and larger bearing current.  
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Figure 40. On the left, simulated common mode voltage without supply cable. On the right, voltage 

reflection caused by a simulated 10 meters long 3X10 mm2 supply cable.  

 

5.3 Results  
 

At the switching frequency of 2 kHz and without the EMI filter, the peak value of the 

common mode voltage rises to 430 volts, which appears in the bearings as a peak value of 

42 volts. Both voltages have clearly visible main waveforms as well as evenly beating peaks. 

The bearing current is uneven, with peak values around 20 mA. A passive filter consisting 

of inductances and capacitances caused voltage peaks to attenuate and together with the line-

to-line voltage, all voltage waveforms started to resemble more of an average sinewave. 

When the line-to-line voltage resembles average sinewave, the common-mode sum-voltage 

cannot not form high peaks. The bearing current decreased to about 5-7 mA while the EMI 

filter was in use. Already a 10 meters long supply cable can significantly increase the voltage 

reflection, increasing the magnitudes of common mode voltage, bearing voltage and bearing 

current.  
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6 CONCLUSIONS 

 

An advantage for the HVAC system is the separate power distribution system, reserved only 

for the HVAC use. Therefore, the prevention of galvanic disturbances to other systems are 

on a solid base. Frequency converter controlled HVAC fans are located in module AC-

rooms, built from metal. This structure covers protection from radiation interferences from 

other systems. However, cable routes often pass AC-rooms and system cables are exposed 

to each other. Therefore, it is important to keep the cable routes far from the frequency 

converters and to follow instructions listed in chapter 4.5. If for some reason the HVAC 

frequency converter need to be placed outside from the AC room, grounding and shielding 

instructions must be available. This is quite rare and as the thesis progressed it became 

apparent that the most potential EMI problems may appear between the frequency converter, 

induction motor and the ground. 

 

MATLAB simulations were applied to imitate 2 kHz switching frequency of a HVAC fan 

induction motor (51 kW/690 V). Clear peaks were observed in both, the common mode 

voltage and the bearing voltage. The bearing current was quite low, peak values being at 20 

mA, which is reasonably low according to the PSK standard. However, a passive EMI filter 

topology and parameters were designed, and the highest voltage peaks attenuated. Also, the 

bearing current drop to 5-7 mA. Simulations showed that even short supply cable can 

increase the voltage reflection which increases the magnitudes of common mode voltage, 

bearing voltage and bearing current. Based on the research, motors with this size, most 

important is to ground the electrical components correctly, use the right cable types, follow 

shielding instructions and prevent that there are no other cables or possible sources of 

interference nearby. As keystones for HVAC, grounding the motor cabling shield at both 

ends and following AHU grounding scheme in chapter 4.4.1.  

In general, the HVAC fans are low powered (<51 kW) and the switching frequencies are 

small (1.5 to 6 kHz). Supply cable lengths are short whereby the common mode voltage is 

moderate. The purchase prices of this size of induction motors (and bearings) are low, when 

relatively most cost-effective way to ensure EMI problems might be following EMC 

installation and grounding methods. Anyway, there is plenty of room for filters inside the 

AC-rooms and ultimately the vessel buyer decides whether to invest on EMI filters or not. 
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According to the interviews, EMC installation issues have not been found, at least yet. This 

is due to long experience in production team, but it is important that if employees change in 

the future, there are clear guidelines for familiarization. Alongside the thesis, EMC standards 

were purchased for the use in electrical design department. Inspired by the thesis, an update 

time for very old EMC guideline and grounding guideline will be proposed. 

During the research, the theory and practice of making possible future EMI measurements 

were studied. These can be considered after COVID-19 pandemic is over and construction 

phase allows. After the thesis, better EMC support for production and commissioning teams 

can be provided.  

 

6.1. Further research 
 

Cruise vessels built in Turku are full of modern systems. Cable trays are full of cables and 

there are an endless number of potential targets or sources of interference. The simulated 

results can be refined by further measurements and tests on board. Of course, there are a lot 

of EMI filters on the market that are worth testing, but often those designed by the researcher 

himself or herself, are the most suitable for the researched use. 

 

6.1.1 Further measurements and testing 
 

An affordable way to measure common mode currents from the induction motors is so called 

Rogowski coil, designed for current monitoring purpose. Widely available in many 

frequency ranges. The measurement is very simple, the coil is wrapped around the induction 

motor grounding wire and results can be read from an oscilloscope. [29] 
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Figure 41. Schematic of measuring common mode currents with Rogowski coil. [29] 

 

A common mode filter -accessory is available which can be ordered separately for the brand 

of the frequency converters used in the HVAC. During further measurements it would be 

interesting to test the existing filter -accessory.  

 

6.1.2 Further design 
 

There are many scientific articles on the structural design of passive EMI filters. Briefly, the 

designs are based on the dimensioning of the winding wires as well as the area delimited by 

the windings at the core, the core selection itself and the winding turns required for the 

desired inductance. By saturation currents and leakage flux calculations the ready design can 

be confirmed. [43] 
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APPENDIX 1. SIMULATION MODEL 
 

 

 

 

 


