
 

HARMONIC MEASURMENTS ON SHIPS AND COLD-IRONING 
 
 B Hare and G Atkinson-Hope 
 Cape Peninsula University of Technology, Cape Town, South Africa 
 
 
ABSTRACT 
 
Electrical power distribution on ships is similar to land 
based systems. Harmonic distortion is prevalent in both 
systems and equally detrimental in the modern era. It is 
important to understand and investigate the effect of 
harmonics on a ship’s Power Distribution System, when at 
sea, especially if the ship uses modern electronic variable 
speed drive (VSD) technology to control its electrical 
propulsion in conjunction with other electronic switching 
devices, such as, uninterruptible power supplies (UPSs) and 
switch mode power supplies (SMPSs) as they are responsible 
for voltage and current waveform distortion. Further, in the 
modern era, over 90% of the world’s global trade goods are 
transported on cargo ships and environmentalists are 
expressing great concern at the volume of greenhouse gas 
being released into the atmosphere by ships. A need has thus 
also arisen to investigate emissions when ships are “cold-
ironing”. This is the process of providing electrical shore 
supply to a ship that has docked or berthed in a harbour 
while its main and auxiliary engines are turned off to 
decrease emissions. This paper thus investigates and 
analyses the harmonic distortion levels on a ship using a 
measurement based case study research approach taking 
before and after an upgrade to a mining ship’s power system 
into account. The paper also looks at the need for cold-
ironing by considering the emissions produced by docking 
ships. Recommendations are made.  
 
Index Terms—Cold-ironing, Harmonic distortion  
 
1.  INTRODUCTION 
 
A ship’s electrical distribution system is not that different 
from a land based distribution system, in that the 
generated electrical power is to be delivered to the 
consumer. On land, clients range from industrial plants to 
factories or homes carrying many different loads. On a 
ship the consumers consist of the main switchboard and 
auxiliary electrical loads. Auxiliary services range from 
compressors, engine room pumps, deck winches, mining 
plant equipment, windlasses, catering or hotel services, 
general lighting and air conditioning. Most ships have an 
alternating current (AC) distribution system in preference 
to a direct current (DC) system. With advances in non-
linear technology, power electronic devices such as 
variable speed drives (VSDs), uninterruptible power 
supplies (UPSs), converters and switch mode power 
supplies (SMPSs) are being used on ships. As a result the 
main Power Distribution System (PDS) is being loaded 
with harmonics [1]. Harmonics as a result of non-linear 
loads have been proven to have negative effects on the 
power quality on land [2]. Harmonics has also become an 
area of interest & concern onboard ships.  
 
A short coming is the full extent of the negative effects 
onboard ships is yet to be determined. The importance of  

 
 
understanding power quality due to “Cold-Ironing” [3] is 
also of importance. There is growing interest in ships’ 
“Cold-Ironing” [3] namely, using shore power when 
docking, thus allowing them to turn off their main and 
auxiliary engines. Conducting a harmonic analysis on a 
ship, provides insight into the distribution methods, 
distribution scheme layout and determining the distortion 
level of waveforms onboard. With this insight, one is able 
to determine the distortion impact and implication of 
cold-ironing for both a ship and its shore power supply.  
Cold-ironing is a relatively new focus and idea for large 
sea going vessels and since there is only a limited amount 
of information available, this concept needs investigation. 
 

 
Figure 1:  A ships power system 
 
2. RESEARCH STATEMENT 
 
This research covers two aspects. Firstly to conduct a 
measurement based harmonic investigation and analysis 
to assess the total harmonic distortion onboard a ship, due 
to non-linear loads. This paper also investigates the 
process of cold-ironing [3]. Case studies are conducted 
and the effectiveness of evaluating harmonic distortion 
and cold-ironing is demonstrated. 
  
3. THEORETICAL BACKGROUND 
 
Most ships make use of three-phase, radial systems for 
service and hospitality loads.  These systems typically 
generate and distribute the power utilising an ungrounded 



 

delta configuration enabling the network to operate 
continuously under a single-phase-to-hull fault. 
 
Figure 1 shows a basic overview of a typical PDS for an 
electrical propulsion ship. It can be seen that the ship uses 
an AC system and its supply is obtained from generators 
having engines as their prime mover. The propulsion is 
caused by large motors that are electronically controlled 
causing waveform distortion. Electrical waveforms can be 
sinusoidal or non-sinusoidal. Harmonics are integer 
multiples of the fundamental frequency. When a voltage 
or current waveform is no longer sinusoidal, the complex 
waveform can be expressed as a Fourier series, thus it is 
said to contain harmonic distortion. Total Harmonic 
Distortion (%THD) is the contribution of all harmonic 
waveforms and can be voltage or current distortion and is 
an index expressed as a percentage with reference to the 
component at the fundamental frequency (f1), namely, I1 
or V1. Thus current distortion (%ITHD) or voltage 
distortion (%VTHD) is caused by non-linear loads. A 
harmonic current coming from a harmonic source (VSDs) 
will flow into a system and will create voltage drops that 
are distorted. The %ITHD (or %VTHD) is calculated as 
follows: 
 

%I THD  =  
1

2

I

Ih∑
 ×  100 %          (1) 

Also of importance is the distortion caused by individual 
harmonic (h) components (%IHD or %VHD) and is 
determined as follows: 
  

%V HD  =  
1V

Vh  ×  100 %                     (2) 

 
4. CAUSES OF HARMONICS 
 
As stated earlier, the application of non-linear technology 
in industry has resulted in the increase in production of 
electronic equipment utilising switching devices for 
example: thyristors, silicon controlled rectifiers and 
power diodes. These electronic switching devices are used 
in uninterruptable power supplies (UPSs), switch mode 
power supplies (SMPSs) and variable speed drives 
(VSDs).  
 
As can be seen in Figure 2, the application of modern 
electronics in electrical equipment such as VSDs, are used 
in conjunction with other electronic switching technology 
such as pulse width modulation to perform important 
functions on-board ships. Thus these switching devices 
are the root cause of the injection of harmonics on the 
PDS of a ship. 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2:  Variable speed drive used in propulsion system 
 
5. DISTRIBUTION ON SHIPS 
 
5.1 DISTRIBUTION LAYOUT 
 
A mining ships electrical PDS consists of multiple 
generators, typically three or four, connected in a radial 
network configuration. The generators are connected in 
parallel to typically supply 600 V, 60 Hz three-phase AC 
onto a busbar with a bus coupler [2]. The busbar then 
feeds the various loads via step-down transformers. The 
loads comprise of propulsion system, plant, mining and 
ship services. The loads are fed by heavy gauge cables to 
accommodate for high currents. Most loads are inductive, 
some resistive (see Figure 3). 
  
5.2 OPERATING MODES OF THE SHIPS 
 
5.2.1 At sea: Sailing 
 
The mining ship uses 5-6MW while steaming out to a 
mining field. Most of the load is used by the propulsion 
units; rest of the load is spread between the ship services 
and plant.   
 
5.2.2 At sea: Mining 
 
During a mining process the loading is about 4 to 4.5 
MW, depending on sea conditions. The plant becomes the 
main consumer once mining has begun with the plant 
driving the main drill, vacuum, ball mill, heaters and 
lasers. The thrusters are also used to stabilise the ship 
during the mining process. 
 
5.2.3 In harbour 
 
The vessel is either fixed to a pier or is in a dry dock.  
When in harbour the main load is the ship services/hotel 
demand. The main power demand is then 600 kW.  
 
It is then that the ship is in the “ cold-ironing”  mode. 
 
 
 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3:  A ship’ s single line diagram 
 
6.  CASE STUDY 
 
Two harmonic case studies were conducted and one cold-
ironing case study. The harmonic case studies conducted 
compared measurements on one particular vessel that had 
undergone an upgrade to its existing PDS. Therefore, the 
ships harmonic content before and after the upgrade was 
obtained. 
 
6.1 CASE STUDY 1-HARMONICS MEASURED 

BEFORE REFIT 
 
A major upgrade was carried out on a diamond mining 
vessel in the port of Cape Town in 2005. The following 
existing systems were upgraded: the gravel processing 
capacity, new processing equipment for mining, 
production and recovery. As a result the new equipment 
required more power than the original equipment, thus 
new Diesel Generators were fitted and subsequently the 
capacity of the (PDS) was enhanced significantly [6]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 4:  Measurements taken for case 1 
 

6.2 MEASUREMENT TECHNIQUE & 
EQUIPMENT 

 
The test equipment used was: 
 
i. Yokogawa Cw140 Power Meter. 
 
ii. Yokogawa CW240 Power Meter. 
 
iii. Omicron Injection Test Set. 
 
A decision was taken to capture the distortion of Voltage 
Waveforms at certain strategic points in the PDS at points 
of common coupling to establish a baseline. Three-phase 
measurements were conducted under various operating 
conditions while at sea, so as to the characteristic 
harmonic components [5]. 
 
The CW140 Power Meter was connected to the red phase 
by connecting the voltage measurement probes directly 
onto the relevant busbar and conductors. A series of 
measurements were taken to ensure an accurate 
representation of the system distortion and the average of 
the measured results were taken to give the baseline 
results. Voltage measurements were used to understand 
the effects on the power system and characterise system 
power response specific for specific conditions [5]. 
 
Table 1:  Measured results before refit 

Location onboard vessel VTHD% 
Highest 

Individual 
Harmonic 

600V Main Board Normal 
Mining 1.70% 1.11% 

600V Main Board Winches 
Operating 1.40% 1.06% 

 
600V Main Board Bow 

Thrusters 2 2.30% 1.99% 

600V Main Board Stern 
Thrusters 2 3.60% 2.99% 

440V Mining Switch Board 
Normal Mining Conditions 1.20% 1.02% 

440V Ship’ s Services 
Normal Mining Conditions 0.80% 0.55% 

440V Plant Switch Board 2.00% 1.56% 
440V DMS Switch Board 1.30% 0.89% 
220V Lighting Board in 

Plant 1.90% 1.34% 

 
6.3 CASE STUDY 2-HARMONICS MEASURED 

AFTER REFIT 
 
In June 2006 the design team instructed the contractor to 
measure the harmonic content onboard the vessel to 
compare the new results to the baseline established in 
2005[5].  Post upgrade measurements were at the same or 
similar points in the PDS using the Yokogawa CW 240 
Power meter [5]. 



 

 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5:  Measurements taken for case 2 
 
 Table 2:  Measured results after refit 

Location onboard vessel %VTHD 
Highest 

Individual 
Harmonic 

600V Main Board Normal 
Condition 1.91% 1.60% 

600V Main Board Winches 
Operating 1.75% 1.46% 

600V Main Board Bow 
Thrusters 2 2.22% 1.73% 

600V Main Board Stern 
Thrusters 2 2.19% 1.72% 

600V Ball Mill DB 1.92% 2.31% 
440V  Mining Board Normal 

Mining Condition 3.85% 2.90% 

440V Ship Service Board 
Normal Mining Condition 3.41% 2.90% 

440V PP-MCC-003 Normal 
Mining conditions 6.59% 5.03% 

440V GS-MCC-002 Normal 
Mining Conditions 6.68% 5.17% 

440V RP-MCC-006 Normal 
Mining Conditions 1.62% 1.48% 

220V Lighting Board in 
Plant 2.52% 2.13% 

 
7.  ANALYSIS OF RESULTS 
 
The results represents the measurements taken for 
harmonic content in the voltage waveform at each specified 
point under specific operating conditions (see Tables 1 and 
2 and Figures 4 and 5). The results are compared in Table 3 
[5]. 
 
 
 
 
 
 
 

Table 3:  Comparison of %VTHD measurements 
Location & 
Condition 

Before 
Refit 

After 
refit 

Increase/
Decrease 

600V Main Board 
Normal Mining 1.70% 1.91% + 12.40% 

600V Main Board 
Winches Operating 1.40% 1.75% +25% 

600V Main Board 
Bow Thrusters 2 2.30% 2.22% -3.50% 

600V Main Board 
Stern Thrusters 2 3.60% 2.19% -39.20% 

440V Mining Board 
Normal Mining 1.20% 3.85% +220.80% 

440V Ship Service 
Board Normal 

Mining 
0.80% 3.41% +326.30% 

440V PP-MCC-003 
Normal mining 2.00% 6.59% +229.50% 

440V RP-MCC-006 1.30% 1.62% +24.60% 
220V Lighting Board 

in Plant 1.90% 2.52% +32.60% 

 
According to the IEEE Recommended Practice for Electric 
Installations on Shipboard [6], the Maximum %VTHD limit is 
5% and the Maximum individual harmonic distortion limit 
is 3%. From Table 4 it can be seen that the Total Harmonic 
Voltage Distortion %VTHD was less than the maximum 
limits as specified by the IEEE standard [6] at most of the 
buses, however at 440V under mining conditions the %VTHD 
exceeded the maximum limits as specified by the IEEE 
standard [6], namely: 6.59% and 6.68%. From Table 3, it 
can be seen that the %VTHD increased after the upgrade due 
to the modernization of the equipment onboard the ship. 

 

 
Figure 6:  Bar graph 
 
The effects of harmonics are that transformers run hotter, 
thus resulting in less power available to supply the demand. 
This results in inadequate mining abilities, loss of revenue 
and shortened life of equipment. The bar graph in Figure 6 
compares the before and after %VTHD at different busbars in 
the network on the ship as seen in Figure 2.  
 



 

8.  COLD-IRONING 
 
Cold-Ironing is the process of providing electrical shore 
power to a ship that has docked or berthed in a harbour 
while its main engines and auxiliary engines are turned 
off [3]. 
 
8.1 COLD-IRONING HISTORY 
 
The term cold-ironing stems from the maritime industry, 
when all ships had coal fired iron clad engines. When a 
ship would come into port and “ come alongside” , there 
would be no need to stoke the fire, as a result, the iron 
clad engines would literally cool down and eventually go 
completely cold, thus the term cold-ironing.  
 
8.1.1  Case study 3 
 
Over 90% of the world’ s global trade goods are transported 
on cargo ships [8]. Environmentalists are, therefore, 
expressing great concern at the volumes of greenhouse gas 
being released into the atmosphere by the maritime transport 
industry. Tests have been conducted and indicate maritime 
transport accounts for 2.7% of global CO2 emissions [8]. A 
large portion of ship emissions occur within 400 km of a 
coastline, negatively affecting air quality. The pollution is 
not only as a result of ships entering and leaving the ports, 
but also because when these cargo ships load and off  load 
cargo they leave their generating sets running and the same 
is true for passenger liners[8]. Studies show that in only one 
hour at dockside, a passenger ship discharges as much fine 
dust into the atmosphere as 50 000 cars travelling at 
130km/h on a freeway [8].  
 
Table 4:  Port of Los Angeles, hotelling emissions 

Pollutant 
Cleaner 

Fuels/Shore 
Power 

Reduction % 
Reduction in 

tons/year 
(2005) 

RO 
2.7% 

MDO 
0.6% 

RO 
2.7% 

MDO 
0.6% 

NO2 
 

RO 2.7% n.a. n.a. n.a. n.a. 
RO 1.5% 0% n.a. 0 n.a. 

MDO 
0.6% 10% n.a. 171.1 0.0 

MGO 
0.1% 10% 0% 171.1 0.0 

Shore 
Power 95% 95% 1625.7 664 

SO2 

RO 2.7% n.a. n.a. n.a. n.a. 
RO 15% 45% n.a. 978.9 n.a. 

MDO 
0.6% 78% n.a. 1696.

8 n.a. 

MGO 
0.1% 96% 83% 2088.

4 737.5 

Shore 
Power 95% 95% 2066.

7 844.1 

PM 

RO 2.7% n.a. n.a. n.a. n.a. 
RO 15% 18% n.a. 35.3 n.a. 

MDO 0.6% 58% n.a. 113.8 n.a. 
MGO 0.1% 65% 17% 127.5 33.3 

Table 4 compares various fuels used on ships and emissions 
from shore power. Table  shows auxiliary engine emissions 
from California State wide (USA) Air Resource Board 
survey conducted in 2005 [8]. 
 
Note: RO 2.7%; residual oil with 2.7% sulphur, RO 1.5%; 
residual oil with 0.15% sulphur, MDO: marine distillate 
oil with 0.6% sulphur, MGO marine gas oil with 0.1% 
sulphur, PM, Particle matter [8]. 
 
Table 5:  Annual air emissions (tons per year) 

Auxiliary Engine 
Mode NO2 CO2  PM SO2 

Hotelling 7227.0 547.5 620.5 5329.0 
 
 

 
Figure 7:  Marine Fuels 
 
Figure 7 indicates the two main categories into which 
marine fuels fall. There is the heavy bunker fuel (HFO) that 
has a high viscosity and high sulphur content [7]. The other 
category is light marine distillates which are sub-divided 
between Marine Gas Oil (MDO) and Marine Gas Oil 
(MGO). MDO is a heavier fuel than MGO, where MGO has 
lower sulphur content than MDO [7]. 
 
In 2007 an expert group to IMO predicted that a total of 369 
million tonnes of marine fuel consumption in 2007 would 
rise to 486 million tonnes by 2020, of which 382 million 
tonnes would be heavy fuel oil and 104 would be distillates 
[9].   
 
Scandinavian countries such as Sweden and Norway have 
tried to tackle the problem of ship emissions but their 
efforts have not been that successful due to the global 
nature of the shipping industry [7]. In 1997 the United 
Nations (UN) International Maritime Organisation (IMO) 
initiated an agreement that, after years of negotiating with 
industry, proposed a global sulphur cap, which was a 
reduced value from the existing MARPOL 73/74 
convention. The IMO is currently urging international 
action and encouraging member states to support the EU 



 

in a co-ordinated manner and insist on tighter 
international standards in reducing emissions [7].  
 
Thus, cold-ironing has been considered as a solution to 
reducing maritime emissions. 
 
8.1.2  Analysis of results 
 
Table 5 shows there is a considerable reduction in 
emissions using shore power. Almost no hotelling air 
emissions when using shore supply, 95% of all air 
pollutants used for comparison, assuming 95% hotelling 
time [8].  The results illustrate that ‘cold-ironing’  can 
reduce ship port emissions.  
 
9.  CONCLUSION 
 
A harmonic measurement study was conducted to determine 
if there was an increase in harmonic distortion onboard a 
ship after extra non-linear loads were added. It was 
determined distortion levels increased above permitted 
limits. The result of these additions is the non-linear loads 
negatively affected the PDS, with an increase in distortion, 
after the upgrade in 2005. Filter solutions are recommended. 
The strong need to understand the PDS of the ship and its 
requirements is important to establish how the PDS operates 
when using shore power. The impact on shore supplies can 
be reduced by using onboard filters and this needs further 
investigation. 
 
The reduction of docking emissions from large ships has 
been researched for more than ten years now, by many 
countries globally [4]. ‘Cold-Ironing’  is a solution to 
reducing the harmful effects of ship emissions in harbours. 
 
The benefits of reducing shipping emissions cannot be 
quantified in monetary terms. The cost of taking no action to 
reduce air pollutant emissions from ships is higher than the 
cost of implementing control measures in the form of 
developing and using cold-ironing as a means of reduction 
of harmful emissions from ships. Using research figures for 
the value of statistical life from the US Environmental 
Protection Agency, published in 2002, the loss of 60 000 
lives annually due to shipping, amounts to over 200 billion 
euro per annum [9]. 
 
When comparing these 2002 cost estimates to contemporary 
prices, the cost to retrofit a ship and build new shore side 
electric power networks seems viable and feasible. By 
increasing power supply capacity, to accommodate the 
increased load requirements in harbours due to cold-ironing 
allows countries with ports to develop & strengthen existing 
national grids by increasing their network capacity. 
 
10.  RECOMMENDATIONS 
 
It is recommended that South African ports and the ports 
lining the coast of Africa investigate the benefits of 
reducing emissions from docking vessels as well as 
researching and investing the development of shore side 

power supply capacity to support the docking vessels to 
allow them to cold-iron successfully. 
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