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Abstract—The use of commercial off the shelf (COTS) 
devices have become a preferred strategy in ship system 
developments. In this work, we investigated the behavior of an 
uninterruptible power supply (UPS) using COTS-based 
equipment on a ship’s power distribution system. It focuses on 
the implementation of IEC 60092-101 and STANAG 1008 Ed. 9 
frequency tolerance requirements. One of the important 
benefits of this work is that it can be used as a consideration for 
the electromagnetic risk of integrating COTS-based equipment 
in an islanded power system like ships. The voltage and current 
behavior of the equipment under test were measured and 
recorded at four different points simultaneously using a multi-
point measurement technique. From the analysis, it was found 
that when the frequency of the mains supply is deviated by 5 % 
the current at the UPS input is modulated and the maximum 
current is increased.  

Keywords—commercial off the shelf devices, frequency 
tolerance, multi-point measurement, power distribution system 

I. INTRODUCTION  
 The electromagnetic compatibility (EMC), voltage and 
frequency stability of the mains supply in electricity 
distribution systems can greatly affect the performance of 
interconnected equipment. In European countries, the voltage 
supply standard for low voltage (LV) and medium voltage 
(MV) public supply grids is based on EN 50160 “Voltage 
characteristics of electricity supplied by public distribution 
systems”[1], [2]. This standard plays an important role in 
generic standards implementation and the development of 
commercial off the shelf (COTS) devices that are 
interconnected with the public grid. According to that 
regulation, manufacturers design and certify their products 
based on generic standards as COTS devices. 

 For a specific power distribution system environment like 
a ship, the specific power quality (PQ) reference standard is 
applied, i.e. STANAG 1008 Ed. 9 for warships [3] and 
IEC 60092-101 for commercial ships [4]. For example, in 
terms of mains supply frequency, both have higher tolerance 
requirement compared to EN 50160 [2]. However, frequently, 
ship system integrators install generic standard-based COTS 
devices to the ship environment. It is not only due to the 
limited availability of existing product suppliers, but also the 
cost to comply with the certain marine standards environment 
differs a lot. As an example, the test compliance cost for the 
military or navy requirement can be ten times higher than for 
the commercial requirement. Table 1 shows the comparison 
of PQ requirement based on EN 50160, STANAG 1008 Ed. 9 
and IEC 60092-101 [2]–[5]. 

TABLE I.  SUPPLY VOLTAGE REQUIREMENTS ACCORDING TO 
EN 50160, STANAG 1008 ED. 9 AND IEC 60092-101 [2]–[5] 

Parameter EN 
50160 

STANAG 
1008 Ed 9 

IEC 
 60092-101 

Usage land ships ships 
• Frequency tolerance 

(steady-state frequency 
deviation) 

• Steady-state voltage 
deviation 

• Phase to phase voltage 
unbalance (continuous) 

• Voltage momentary 
deviation 

• Total harmonic distortion 

±2 % 
 
 

±10 % 
 

2% 
 

±40 % 
 

1 % 

±3 % 
 
 

±5 %  
 

2 % 
 

±16 %  
 

5 % 

±5 % 
 
 

+6, -10% 
 

3% 
 

±20 % 
 

5 % 

 
 Under IEC 60092-101 or STANAG 1008 Ed. 9, the 
COTS-based equipment is often expected to be compatible 
with the existing condition, e.g. immune to electromagnetic 
interference (EMI) like voltage dips or frequency deviations 
and shall not generate interference into the power distribution 
system above the levels listed in the standard. Even though, 
the performance of a device or equipment may be different 
when it is applied to a different electromagnetic (EM) 
environment, especially if it is installed in more hazardous 
condition like ships [5]. This makes the integration of COTS-
based equipment in an islanded system require comprehensive 
observations. 

 Studies on EMI effects in ships [5], [6] provide an 
overview and cross-reference implications of different EM 
requirement standard applications in ship distribution 
systems. Czarkowski et.al. [5] and Prousalidis et.al. [6] 
pointed out that different EM requirement according to 
STANAG 1009 Ed 9 and IEC 60092-101, e.g. voltage 
deviation and harmonic disturbance have a significant effect 
on the ship’s power distribution system. However, only 
limited EMI risks have been observed by [5], [6]. One 
important but less observed EMI risk is the effect of frequency 
tolerance or frequency deviation. 

 IEC 60092-101 stated the frequency tolerance as “the 
maximum deviation from nominal frequency during normal 
operation conditions excluding transient and cyclic frequency 
variations”[4]. In a power distribution system, the frequency 
fluctuates due to an imbalance between power generation and 
demand [7], [8]. Neither STANAG 1008 Ed. 9 and IEC 
60092-101 define a duration limit regarding this frequency 
tolerance requirement. Therefore, if an undesirable effect 
arises due to this frequency deviation, the effect can occur for 
a very long period, even years. Johnson et.al. [9] stated that a 
frequency deviation of more than ±5 % is unhealthy for power  This project has received funding from the European Union’s 
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distribution systems and may drive system collapse. 
Furthermore, the frequency deviation also causes inaccuracy 
in timing devices [10] and the harmonic analysis [11], [12]. 

The objective of this paper is to investigate the behavior of 
equipment under test (EUT), which is COTS-based equipment 
that is integrated into a ship’s power distribution system with 
higher frequency tolerance requirement such as STANAG 
1008 Ed.9 and IEC 60092-101. In this study, the EUT is a part 
of a navy warship three-phase 60 Hz power distribution 
system which is build using COTS devices. The warship’s 
power distribution system shall be able to provide stable 
performance even though it is installed as an islanded system, 
which is more vulnerable to electromagnetic interference 
(EMI). A multi-point measurement technique was used to 
observe the effect of the frequency deviation on several parts 
of the EUT. 

The rest of this paper is organized as follows. The 
measurement setup is presented in Section II. In Section III, 
the EUT behavior under STANAG 1009 Ed. 9 and 
IEC 60092-101 frequency tolerance requirement is explained 
and followed by Section IV where a conclusion is made. 

II. EQUIPMENT UNDER TEST AND MEASUREMENT SETUP 
 As mentioned in the previous section, the EUT in this 
study is a part of a three-phase navy warship power 
distribution system. The EUT consists of a coil or line reactor, 
an EMI filter and an online uninterruptible power supply 
(UPS). These devices are installed in a cabinet and connected 
to the mains supply. The online UPS, and the filtering 
components, are COTS devices that have been certified and 
comply according to generic product standards for light-
industrial environments. For instance, the installed online 
UPS meets the requirements of EN 62040-1, EN 62040-2 and 
EN 62040-3. In normal condition, the EUT operates at a 
working frequency of 60 Hz and is fed by an AC voltage 
supply of 115 V. The UPS output is connected to a 98 Ω heater 
to represent a linear load. In this case, no EMI is generated by 
the load.  

 A performance test was conducted to observe the behavior 
of the EUT when it is installed on a power system with higher 
frequency tolerance. The test was carried out by providing a 
controlled frequency and voltage supply using a Spitzenberger 
PAS 5000, which is a pure sine 4-quadrant amplifier mains 
supply. It substitutes a power generator and a 440 / 115 V 
transformer. This is done to eliminate the noise variable and 
EMI disturbance from generators and also to control the 
frequency deviation of the mains supply. The Spitzenberger 
supplied a three-phase voltage of 115 V line-to-line with a 
frequency deviation varied by the value of -3 % (58.2 Hz), 
+3 % (61.8 Hz), -5 % (57 Hz) and +5 % (63 Hz). This method 
is used to simulate the deviation of the mains supply frequency 
on the ship’s power distribution system according to 
STANAG 1008 Ed.9 and IEC 60092-101. Table II shows the 
frequency values of the frequency deviation tests. 

TABLE II.  FREQUENCY DEVIATION TEST VALUE 

Frequency tolerance (%) Frequency (Hz) Reference Standards 
Nominal 60  STANAG 1008 Ed. 9 

±3  60 ±1.8  STANAG 1008 Ed. 9 
±5  60 ± 3  IEC 60092-101 

  The behavior of the currents and voltages of the EUT was 
monitored by applying a multi-point measurement technique. 
This technique was chosen because based on previous studies 
it is suitable to monitor the voltage, and current dynamic 
behavior at different measurement points at the same time[13], 
[14]. For this purpose, four voltage probes (TA043) and four 
current probes (TA189) from Pico Technology were installed 
at four different measurement points as follows: 

• Point A= Spitzenberger out / line reactor in 
• Point B= line reactor out / filter in 
• Point C= filter out/ UPS in 
• Point D= UPS out / load in 

 
 All probes were connected to a multi-channel oscilloscope 
PicoScope 4824 from Pico Technology. The data were 
recorded simultaneously for 10 s with a sampling frequency 
of 10 MHz. The measurement result was processed with 
MATLAB and then the waveform, the maximum value, the 
root mean square (RMS) and the spectrum were analyzed. The 
RMS value (XRMS) for current and voltage is calculated based 
on the discrete case of N samples (1). 

  𝑋𝑋RMS = �1
𝑁𝑁
∑ |𝑋𝑋𝑛𝑛|2𝑁𝑁
𝑛𝑛=1             (1) 

where N is the sample size and (Xn) is the sampled signal. Fig. 
1 shows the schematic representation of the multi-point 
measurement setup. 

III. INVESTIGATION RESULT  

A. Voltage and current at the UPS output (point D)  
 Fig. 2 and Fig. 3 show the behavior of the EUT voltage 
and current at different measurement points. It indicates the 
fundamental frequency of the voltage and the current at point 
A, B and C depend on the frequency of the mains supply. As 
the frequency of the mains supply changes, the frequency at 
point A, B and C also change proportionally, however, at point 
D the frequency remains constant at 60 Hz and is not affected 
by the frequency deviation that occurs in the mains supply. In 
other words, the UPS input and output have different working 
frequencies. For instance, when the frequency of the mains 
supply or at point A, B and C is 63 Hz (60 Hz +5 % based on 
IEC 60092-101) the frequency at point D is maintained by the 
UPS at 60 Hz. The fixed value on the output side of the UPS 
is good for the load because it gets a stable frequency and 
voltage supply.  

 
Fig. 1 EUT and measurement setup 



The benefits of the online UPS is to maintain a stable 
supply to the load, as shown by the measurement results at 
point D in Table III (VRMS), Table IV (Vmax), Table V (IRMS), 
and Fig. 4 (Imax). However, the difference in working 
frequency between the UPS input and the UPS output causes 
modulation of the signal at point A, B and C. This issue will 
be discussed in Section III.B. 

 
Fig. 2 Multi-point measurement result: voltage waveform 

 
Fig. 3 Multi-point measurement result: current waveform 

TABLE III.  V RMS AT ALL MEASUREMENT POINTS 

Frequency 
tolerance (%) 

Frequency 
(Hz) 

VRMS (Volt) 
Point 

A 
Point 

B 
Point 

C 
Point 

D 
Nominal 60 115.8 115.9 116.3 115.4 

-3 58.2 115.8 115.5 115.9 115.4 
+3 61.8 115.8 115.3 116.0 115.3 
-5 57 115.8 116.0 116.0 116.0 
+5 63 115.8 116.0 116.2 116.0 

TABLE IV.  VMAX AT ALL MEASUREMENT POINTS 

Frequency 
tolerance (%) 

Frequency 
(Hz) 

Vmax (Volt) 
Point 

A 
Point 

B 
Point 

C 
Point 

D 
Nominal 60 166.6 174.2 176.7 169.1 

-3 58.2 166.0 172.6 173.5 170.3 
+3 61.8 166.6 171.5 173.5 169.8 
-5 57 166.1 174.6 175.0 170.8 
+5 63 166.6 176.2 179.9 171.4 

TABLE V.  IRMS AT ALL MEASUREMENT POINTS 

Frequency 
tolerance 

(%) 

Frequency 
(Hz) 

IRMS (Ampere) 
Point 

A 
Point 

B 
Point 

C 
Point 

D 
Nominal 60 2.2 2.2 2.1 1.14 

-3 % 58.2 2.9 2.9 2.8 1.14 
+3 % 61.8 2.9 2.9 2.8 1.14 
-5 % 57 2.9 2.9 2.8 1.15 
+5 % 63 3.0 3.0 2.9 1.14 

 
Fig. 4 Multi-point measurement result: maximum current 

B. Voltage and current at point A, B and C 
According to Table III and Table IV, the frequency 

deviation of ±3 % (based on STANAG 1008 Ed. 9) and 
±5 % (based on IEC 60092-101) has no effect on the voltage 
level either in VRMS or Vmax. However, the frequency 
deviation has an impact on the current waveform. When the 
frequency deviation occurs on the mains supply, an increase 
in IRMS and Imax are recorded at point A, B and C, as shown in 
Table V and Fig. 4. 

At point A, the +5 % frequency deviation test resulting in 
the highest Imax (7.2 A) or 38 % higher than the normal Imax at 
60 Hz. This is due to the limitation of the UPS which cannot 
mitigate a signal coupling between the UPS input and output 
which works at two different frequencies. This coupling 
resulting in signal modulation. Point A is directly adjacent to 
the mains supply, this implies that the noise in this point can 
be harmful to the other interconnected equipment. 

The comparison of the current waveform envelope at 
point A under STANAG 1008 Ed. 9 (+3 %) and 
IEC 60092-101 (+5 %) is shown in Fig. 5 and Fig. 6, 
respectively. The envelope of Imax and IRMS of the current on 
Fig. 5 and Fig. 6 is generated by averaging over 10000 
samples. From those figures, the IRMS is more fluctuating, and 
a higher Imax occurs when the frequency tolerance based on 
IEC 60092-101 is applied to the EUT. Fig. 6 shows the 
occurrence of amplitude modulation, which is likely to be 
correlated with the higher Imax and IRMS profile. It occurs 
because the frequency of the mains supply as the frequency 
carrier signal (fc) is coupled with a 60 Hz signal derived from 
the UPS output. In this case, the UPS output frequency act as 
sideband frequency (fsb) and the value of the modulation 
frequency (fm) is equal to the difference in frequency (Δf) 
between the frequency of mains supply and the UPS output 
frequency. Moreover, according to the multi-point 
measurement result as shown in Fig. 7, this modulation does 
not only occur at point A but also at point B and C. 

 

  
Fig. 5 Current waveform at point A: STANAG 1008-Ed 9 frequency 
deviation +3 % (61.8 Hz) 
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Fig. 6 Current waveform at point A: IEC 60092-101 frequency deviation 
+5 % (63 Hz) 

 
Fig. 7 Multi-point measurement result: current waveform of frequency 
deviation +5 % (63 Hz) 

Furthermore, the frequency-domain analysis of the EUT 
current at point A are shown in, Fig. 9, Fig. 10 and Fig. 11. As 
shown in Fig. 8 and Fig. 9 the ±3 % frequency deviation 
(according to STANAG 1008 Ed. 9) has no modulation effect, 
indicated by the difference in magnitude (ΔY) between the fsb 
and fc is 64 dB. 

 On the other hand, as presented in Fig. 10 and Fig. 11, the 
frequency deviation of ±5 % (according to IEC 60092-101) 
has a greater amplitude modulation effect. It is indicated by 
ΔY of 27 dB. Furthermore, at around harmonic frequencies, 
especially odd harmonics as represent in Fig. 10 and Fig. 11, 
some unwanted EMI signals appear due to this amplitude 
modulation effect. For instance, as shown in Fig. 10, when the 
frequency supply decrease to 57 Hz, two EMI signals appear 
at 174 Hz and 168 Hz which is 3 Hz above and below the 3rd 
harmonic frequency of 57 Hz. These EMI signals are not 
healthy for the ship power distribution system due to the 
possibility of resonance with other electronic devices which 
have the same working frequencies as these signals.  

 

Fig. 8 Spectrum of current at point A: frequency deviation -3 % 

 
Fig. 9 Spectrum of current at point A: frequency deviation +3 % 

 
Fig. 10 Spectrum of current at point A: frequency deviation -5 % 

  
Fig. 11 Spectrum of current at point A: frequency deviation +5 % 

IV. CONCLUSION 
 The objective of the study is to investigate the behavior of 
COTS-based equipment when operated in an islanded 
platform with frequency tolerance PQ requirements such as 
STANAG 1008 Ed. 9 and IEC 60092-101. The investigation 
has concluded that the UPS, which is a COTS device, will 
perform more stable when it is operated in a power 
distribution system based on STANAG 1008 Ed.9 
requirement which has ±3 % frequency deviation. This is 
because the PQ requirements for warships are more stringent 
than for a commercial ship. When the EUT is forced to work 
in a condition that has ±5 % frequency deviations mains 
supply such as IEC 60092-101, the frequency differences 
between the UPS input and output will result in current 
amplitude modulation. The evidence from this study indicates 
that the amplitude modulation due to frequency deviation 
leads to an increase in maximum current (Imax) at point A, B 
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and C and the presence of unwanted EMI signals, especially 
around the harmonic frequencies. This research is envisaged 
to serve as a base for future study and for considering the EMI 
risk and the capability of the COTS-based equipment under 
different PQ requirement. Risks such as current amplitude 
modulation increased Imax, and EMI at around harmonic 
frequencies shall be considered by ship integrators when 
integrating UPS COTS-based equipment onto ships. 
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