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 A B S T R A C T

The level of simulation detail accounts for system stability and dynamic response performance and is key 
to optimize between simulation accuracy and complexity. This study investigate its impact in shipboard DC 
grids focusing on power electronic converters as a critical component. A DC–DC forward converter model was 
analyzed with varying levels of complexity incorporating parasitic elements and compared to empirical data 
recorded at 100 kHz from a real DC–DC converter. The comparison was made regarding their time domain 
response to a load steps and their frequency domain characteristics. Results indicate that key characteristics 
like settling time and steady-state behavior can be accurately represented at moderate complexity, whereas 
capturing full system dynamics in time as well as frequency domain requires coupled hardware and digital 
simulations (Hardware-in-the-loop - HiL) due to component intricacies and parameter uncertainties.
1. Introduction

Due to the ongoing climate crisis, CO2 emissions need to be lowered. 
By the use of heavy oil, the maritime sector is responsible for 2.5% 
of the global CO2 emissions [1]. The European Union and the Interna-
tional Maritime Organization therefore emphasize the reduction of CO2
emissions by 40% until the year 2030 [2]. To reach this goal, extensive 
changes need to take place, including technical improvements, emission 
trading and the use of regenerative energy sources [3,4]. Changes also 
need to be made not only to the way electrical power is generated, 
but also to how the generated power is transported throughout the 
ship. To make the most out of modern, environmentally friendly fuels, 
using DC grids on ships yields a more efficient use of the generated 
energy by minimizing conversion losses and operating generators at 
their optimal operating point. It also makes the addition of decentral-
ized energy sources (DES) like photovoltaics (PV) or energy storage 
solutions (ESS) more efficient [5–7]. During the design phase of ships 
using DC grids, simulations need to be used, since building a prototype 
is often infeasible and there are not yet many ships using DC grids. 
Especially for larger ships, the transition to DC grids has not yet 
begun. In order to approximate the real world as close as possible, 
detailed models of DC grids need to be created and evaluated. With 
that comes a higher degree of complexity regarding building the model, 
run-time of the simulation itself and evaluating its results [8]. Highly 
complex simulation models make the development process impractical 
and inherit the risk of system oversizing. On the other hand, missing 
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important details using a simplified simulation model might yield a 
higher risk of failure later in the design process or, at worst, during 
operation of the ship. As a result, there is a conflict between accuracy 
and complexity that needs to be balanced [9]. This works aims at 
solving this conflict by identifying critical components as a part of 
maritime DC grid simulations, that need to be simulated with a high 
level of detail (LoD) in order to achieve an accurate result. Non-critical 
components can be simulated with a lower LoD, thereby reducing 
simulation complexity. In Section 2, an exemplary DC grid of a ship 
is introduced, on the basis of which the most influential components 
of shipboard DC grids are presented and evaluated regarding their 
influence on system stability and complexity. In Section 3, a simpli-
fied and a complex model of a DC–DC converter is implemented in 
MATLAB® Simulink® and investigated in several scenarios. A measure 
of complexity is discussed and evaluated using aforementioned models. 
To verify the results, an experiment is performed in Section 4 using a 
real DC–DC converter, exposing it to scenarios resembling real world 
conditions onboard a ship and measuring its performance. The results 
of the experiment and the simulation are then compared in Section 5.

2. Identification of critical components

Shipboard energy systems are complex and unique by design. Every 
ship operates in a different environment, fulfills different tasks and 
therefore has different requirements regarding its energy generation 
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Fig. 1. Modularization of an exemplary shipboard energy system using DC, comprising 
different voltage levels and AC subsystems [4].

and distribution [4]. This makes the design phase of new ships using 
DC grids a challenging task. One approach to simplify the design 
and make DC grids more applicable to a wide variety of ships is the 
modularization and standardization of the energy system, as presented 
in [4]. Commonly used parts can be grouped together in modules and 
connected via standardized interfaces to fulfill most requirements of 
today’s ships. An example of such modularization is shown in Fig.  1. 
In this section, components of a DC energy system on a ship will be 
investigated regarding their properties, expected loads and influence 
on the shipboard energy system.

2.1. Components of DC grids on ships

The overall architecture of a possible DC energy system of a ship is 
shown in Fig.  2.

The generators supply the main medium voltage DC (MVDC) bus 
via rectifiers. It supplies the main propulsion system via frequency 
converters as well as the low voltage DC (LVDC) system. The LVDC 
system supplies the engine room as well as other loads on the ship. On 
the MVDC or LVDC level, DES or ESS can be installed. The LVDC system 
also supplies the vertically arranged firezones.

The main components of the presented exemplary shipboard energy 
system can be grouped by functionality:

• Generation of electrical power: Generators are responsible for 
supplying most of the needed power during operation. The gen-
erated power is rectified and then connected to a DC bus. DES 
or ESS can be connected directly to either MVDC or LVDC bus, 
because of their inherent DC architecture.

• Motors and Propulsion: Propulsion system mostly rely on fre-
quency controlled motors, that can be supplied by the MVDC 
bus. As they rely on AC, a frequency converter needs to be 
used. Additionally, several other motors and pumps for different 
purposes like heating, ventilation and air conditioning can be 
connected either directly or via a frequency converter, if needed.

• Switches and breakers: These are a very important part of ship-
board energy systems, regardless of the use of DC or AC. They are 
an essential part of fulfilling security requirements and offering 
redundancy to critical parts of the ship. Due to the lack of a 
natural zero crossing in DC, circuits breakers and switches need 
to become more complex, as described in [10,11].

• Resistive loads: Most other electrical loads can be represented as 
purely resistive. These can range from lights, galley equipment 
and laundry to any other electrical device plugged into a low 
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voltage outlet. Most of them only have a tiny impact on the 
load profile of the ship, but they are by far the largest group of 
consumers.

Due to the different architecture of shipboard DC grids in comparison 
to AC grids and their resulting converter driven dynamics, a more 
complex control architecture has to be implemented. The majority of 
DC shipboard energy systems are equipped with a control system that is 
structured into three distinct levels [5]. The lowest level, referred to as 
the primary level, is responsible for ensuring the fundamental function-
ality of the system, including current and voltage regulation through 
droop control, as well as the distribution of power. The secondary 
control level is tasked with maintaining the quality of power and 
managing power flow. The tertiary control level is primarily concerned 
with optimizing the system for economic and efficiency considerations. 
Converters and converter-to-converter communication play a crucial 
role in local primary control.

2.2. Selection of potential critical components

The goal of this work is to provide a guideline on which elements 
of a shipboard DC grid need to be modeled and simulated with a very 
high LoD in order to provide a realistic simulation output, while still 
keeping the simulation complexity and necessary resources as low as 
possible. In order to assess the criticality of the many aforementioned 
individual components in a maritime DC grid, several categories need 
to be considered.

• Influence on system stability: If the component has a high in-
fluence on system stability, an accurate representation of the 
behavior is desirable already in the design phase to ensure stable 
operation, a high level of power quality and compliance with all 
regulations.

• Contribution to system safety: A component responsible for deal-
ing with fault scenarios or other safety related situations needs 
to be accurately defined and its functionality with all should be 
thoroughly understood.

• Number of occurrences inside the DC grid: One small deviation 
from reality of a simulation model can have great effects on the 
whole system if the component is installed in many places inside 
the ship.

• Power level of operation: Faults and misbehavior at high power 
levels can have much more impact on the energy system than low 
power components.

• Complexity of the component itself: If the component consists of 
multiple parts, that interact dynamically with each other, it is 
much more complex to design a model that behaves the same. 
This is exacerbated, if not all parameters of the real component 
are known during the design phase.

All components being part of a shipboard DC grid are listed and 
characterized in Table  1 based on the introduced categories.

Resistive loads are widely spread throughout the ship and range 
from lights, entertainment equipment to power supplies or outlets, 
usually operating in the watt to kilowatt range and having a very low 
level of complexity. As their load profile changes continuously during 
the day, modeling using white noise with a dynamically changing DC 
offset is possible. The only influence on system stability are big load 
spikes or drops generated by switching on or off multiple devices of 
this category at the same time.

Switches and solid-state circuit breakers (SSCBs) are an essential 
part of a DC energy system. They connect and fuse subsystems and 
therefore play an important role in system safety and redundancy. 
In addition, SSCBs are more complex than their AC counterparts be-
cause of higher short circuit current and no inherent zero crossing in 
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Fig. 2. DC Energy system architecture of an exemplary ship with two power levels — Medium Voltage DC (MVDC) and Low Voltage DC (LVDC) — including two main engines 
(M) and two generators (G), showing redundancy switching levels for distribution. Additionally, comprising an auxiliary motor (e.g., thruster) on the LVDC level and further power 
storage units.
Table 1
Overview of components in DC grids and their properties.
 Component Contribution to system stability Contribution to electrical system safety Number of occurrences Power density Complexity  
 Resistive loads During load spikes/Drops Low Very High W–kW Low  
 Switches/Breakers During switching operation High Medium NA Higher than in AC 
 Motors High via Frequency converter Low Medium kW–MW High  
 Generators High via Rectifier Low Low MW High  
 DC–DC converters High Low High W–MW High  
DC [6,11]. Nevertheless, for simulations not focusing on fault scenar-
ios, breakers and SSCBs can simply be modeled by opened or closed 
switches and therefore are not considered in this work.

Motors are very commonly used on ships, not only for propulsion, 
but also for pumps and in HVAC systems. They are present at multiple 
different voltage levels and can operate at up to several kilowatts or, 
in case of the propulsion system, up to megawatts. While DC motors 
can be directly connected to the proposed DC grid, variable frequency 
converters drive all other motors. Their high power consumption and 
their variable frequency operation can yield a high influence on system 
stability if voltage ripples are injected into the DC system via the 
frequency converters and thereby reduce the quality of service (QOS).

With DC grids, generators can provide electrical power much more 
efficiently as they are no longer fixed to one specific frequency [6]. 
Their high power output and independent operating frequency, if used 
with frequency converters, combined with the dynamics of the down-
stream rectifiers makes them a candidate for inducing oscillations into 
the DC system. Because of the large complexity and uniqueness of 
such generators, due to the interaction of chemical, mechanical and 
electrical energy, it is infeasible to build a highly accurate simulation 
model. The research should therefore focus on the precise modeling 
of the rectifiers downstream, that can then be validated and reinforced 
using real world measurements and power hardware-in-the-loop (PHiL) 
simulations [12].

Converters are one of the most essential parts of a shipboard DC 
grid. Not only do they operate at a higher voltage than their terrestrial 
or aerospace counterparts, but reliability and safety on ships has a high 
priority [13]. Most of the interfacing and connection of the different 
subsystems with loads and power generation is done via converters. 
That is why, as can be seen from Fig.  2, there are many converters 
present in a shipboard DC grid. They also have a high influence on 
system stability, as their high frequency operation and switching may 
induce voltage ripples on either side of the interfaced system. The ef-
fects are intensified when many converters are used in parallel [11,14]. 
In addition to that, converters are a very complex component due to 
their many parts, active elements, high switching frequency and mostly 
software based control architecture [15].

Concluding this evaluation, it can be stated that, from a theoretical 
point of view, power electronic converters are the most critical compo-
nent onboard a DC grid due to their interfacing utilization, complex 
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architecture, software based control as well as their high influence 
on system stability and QOS. Therefore, a detailed comparison be-
tween simulation complexity and accuracy of DC–DC converters will 
be pursued in the following sections.

3. Simulation of a DC-DC converter

The accurate simulation of system dynamics without incurring ex-
cessive computational effort is a critical issue that has rarely been 
addressed [16]. In this section, a DC–DC converter model is introduced 
and simulated with different complexity levels to systematically an-
alyze the influence of the LoD. Model characteristics are evaluated 
in time domain as well as in frequency domain. The time domain 
analysis is performed in order to gain an understanding of how different 
complexity levels of the model influence the system response to an 
exemplary load step and how good the simulated response fits the real 
world data measured in Section 4. This is crucial to comprehend the 
system’s behavior in response to a load step, e.g., the settling time 
or peak overshoots that could influence system stability, in order to 
gain a comprehensive understanding of its functioning. The frequency 
domain analysis is important to assess how voltage ripples on either 
side of the converter could influence or interfere with the whole energy 
system. Voltage ripples can appear even in DC grids because of its 
converter dominated architecture [17]. It is therefore desirable to get 
an understanding on how different harmonics, either from motors, gen-
erators or from the converters themselves, propagate through the grid 
and where resonant frequencies may cause instabilities. To investigate 
on how different complexity levels of the simulation model influence 
the results, the model complexity is modified by including parasitic 
elements into the model. Multiple sensitivity analysis are performed 
to assess how different model parameters affect the result and to 
determine the needed LoD for a viable simulation result.

3.1. DC–DC converter model

The converter being used in Section 4 is a 480 W Wago prototype 
converter. Therefore, a forward converter model [18] has been imple-
mented in MATLAB® Simulink® using the ‘‘Specialized Power Systems’’ 
environment. The resulting simulation model is shown in Fig.  3.
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Fig. 3. DC–DC converter simulation model in forward converting architecture for 
comparison between the simulation model and HIL behavior.

Table 2
Simulation model parameters.
 Parameter Value  
 Input voltage 𝑈𝑖𝑛 350V  
 Output voltage 𝑈𝑜𝑢𝑡 24V  
 Power 𝑃 480W  
 Transistor on-time 𝑡𝑜𝑛,𝑚𝑎𝑥 0.5  
 Controller P 2  
 Controller I 200  
 Controller D 0  
 Controller Frequency 𝑓𝑝𝑤𝑚 100 kHz  
 Input capacitance 𝐶𝑖𝑛 150mF  
 Output capacitance 𝐶𝑜𝑢𝑡 100 μF  
 Inductance 𝐿 0.045mH 
 Primary windings 𝑁 794  
 Secondary windings 𝑁2 109  
 Magnetization Inductance 𝐿𝑚 100mH  

The main characteristics of a forward converter are the galvanic 
isolation and the two primary windings 𝑁1 with the same polarity. 
Knowing the desired input and output voltage as well as the power 
density, eleven more design parameters need to be set. The parameters 
and their selected values for the used model are listed in Table  2. The 
PWM frequency 𝑓𝑝𝑤𝑚 of the controller has been set to 100 kHz and 
the output inductance 𝐿 has been calculated with the desired output 
voltage 𝑉𝑜𝑢𝑡 and the maximum power 𝑃  of the converter. 

𝐿 =
𝑉 2
𝑜𝑢𝑡

0.4 ∗ 𝑃 ∗ 𝑓𝑝𝑤𝑚
(1)

The number of secondary windings 𝑁2 has been calculated using 
the input voltage 𝑉𝑖𝑛, output voltage 𝑉𝑜𝑢𝑡 and the maximum on-time of 
the transistor 𝑡𝑜𝑛,𝑚𝑎𝑥 with 

𝑁2 = 𝑁1 ∗
𝑉𝑜𝑢𝑡
𝑉𝑖𝑛

∗ 1
𝑡𝑜𝑛,𝑚𝑎𝑥

(2)

According to [18,19]. The maximum duration the transistor can 
be on per one duty cycle 𝑡𝑜𝑛,𝑚𝑎𝑥 is set to 0.5 in order to ensure full 
demagnetization of the second primary coil [18].

Tweaking of the design parameters has been performed using a 
sensitivity analysis investigating the influence of certain components 
and their values on the variance of the input current and the output 
voltage. The results are shown in Fig.  4. They show that there is a 
strong dependency between the input current variance and the input 
capacitance, as well as between the output voltage variance and the 
inductance. The output capacitance and the number of primary wind-
ings are not directly correlated with any of the investigated quantities, 
but moreover dependent on the relation and combination of the other 
parameters. Based on this analysis, the value of the inductance has 
been chosen as 0.045 mH instead of the calculated 0.03 mH and the 
number of primary windings has been chosen as 794. The model has 
been discreetly solved using the Tustin/Backward Euler solver with 
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a sample time of 1 μs in order to have a similar sample time as the 
measurements taken in Section 4.

3.2. Model complexity

Simulation complexity and LoD are critical aspects that determine 
the effectiveness and applicability of simulation models in engineering 
systems. Simulation complexity refers to the measure of resources 
required to develop, run, and analyze a simulation model. It includes 
both computational complexity, which affects the execution time and 
computational resources, and structural complexity, which influences 
the model’s development and comprehension as well as the subsequent 
analysis of results [20]. LoD, on the other hand, refers to the granularity 
of the model’s representation of the real system. A model should 
only have as high a LoD as is necessary for the intended application, 
balancing the need for detail against the risks of increased error [21,
22]. A lower LoD can lead to greater transparency and reduced error 
propagation, improving understanding and ease of use, though possibly 
at the detriment of precision [23]. The complexity of a simulation 
model can therefore be split into three categories mentioned in [8]:

• The time and information it takes to build the model
• The time and resources it takes to run the simulation itself
• The time and knowledge it takes to understand and evaluate the 
results

For the analyzed DC–DC converter, the model complexity is in-
creased by taking parasitic components and parameters into account 
during model building and simulation. These parasitic elements do 
not increase the number of output quantities, therefore no additional 
knowledge or time is needed to interpret the results. Hence, the quan-
tification of complexity in this work is based on the model parameters 
that need to be set or calculated and the time it takes to run the 
simulation of one or multiple instances of the same model. Structural 
complexity metrics, such as cyclomatic complexity [9], are not con-
sidered as it requires deep information of the underlying functions on 
which the modeled components are implemented. In order to include 
parasitic parameters, several components need to be extended. The 
extended models are shown in Fig.  5. The capacitance model is refined 
by adding a resistor and an inductor in series, as described in [24]. The 
parasitic capacitances between gate, drain and source of the MOSFET 
are added as described in [25]. Lastly, a parallel capacitance and a 
series resistor are added to the inductance [26]. Furthermore, addi-
tional parameters already included in the used components have been 
activated. All parameters of the complex model and their respective 
values are listed in Table  3

Including parasitic elements, the total number of simulation param-
eters rises to 28, doubling the 14 parameters needed for the simplified 
simulation. If the two capacitors and the three diodes are treated 
independently, the number of parameters reaches 38. In addition to 
the increased number of parameters, it is severely more difficult to 
estimate, or even calculate the parasitic parameters of components 
like capacitors, inductances or MOSFETs. This is because these param-
eters are mostly component specific and often dependent on factors 
like power density or operating temperature. Therefore, sensible base 
values have been selected and their effect on the input and output 
quantities over a broad range of values has been investigated using 
another sensitivity analysis. The value range is also mentioned in Table 
3. The resulting tornado plots are depicted in Fig.  6. These show that 
only some parasitic values have a direct correlation to one of the output 
quantities. The diode capacitance has a high influence on the input 
current mean and variance, whereas the MOSFET capacitances mostly 
affect the input current mean. The series resistance of the capacitor 
however has a very high influence on the input current variance only. 
At the output, the series resistance of the inductor, the diode forward 
voltage and on-resistance of the diode as well as the winding resistance 
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Fig. 4. Sensitivity analysis of the design parameters for the forward converter simulation model, showing high sensitivity of the input current to input capacitance and output 
voltage to the inductance.
Fig. 5. Extended component models with parasitic elements.
of the transformer have the highest correlation with the output voltage 
dynamics. The other parameters do not have a strong correlation to 
any of the output quantities. Instead, only the combination of them 
result in one specific outcome of the simulation, leading to an even 
more complex model building process.

To evaluate the model complexity regarding the simulation run-time 
and resources, the model has been executed with up to nine DC–DC 
converters in parallel ten times each. For each run, the execution time is 
measured, later an average is calculated. The results are then compared 
between the simplified and complex simulation model. Because the 
fluctuation of computation time is not normally distributed, the Mann–
Whitney U-test is used to evaluate the statistical difference between the 
measured simulation times [9,27]. The results in Fig.  7 show not only 
the exponential rise of the simulation time the more parallel converters 
are added, but also that the difference between the simulation time of 
the simplified and complex model increases linearly. For one simulated 
converter, the simulation time of the simplified and complex simulation 
model is almost the same. With seven parallel converters, the average 
simulation time of the complex model is almost twice as long as of 
the simplified model. This further underlines the goal of this work, 
generating an efficient and still valid simulation of a shipboard DC 
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grid in order to reduce simulation run-time. Executing the Mann–
Whitney U-test shows that the difference between the simulation times 
is significant for each of the performed simulations. The results from the 
simulation models of different complexity are evaluated and compared 
to a real DC–DC converter in Section 5.

4. Experiment

For real world data and validation, a DC–DC converter has been 
analyzed in the Power Hardware-in-the-Loop Laboratory (PHiLsLab) 
at TUHH, briefly introduced in [4,12]. In order to assess the validity 
of the simulation results and the dependency on model complexity, 
the characteristics of the converter are investigated in four different 
categories:

• Time domain response to a load step (Fig.  8(a))
• Frequency domain characteristics of the converter during steady-
state operation (Fig.  8(b))

• Frequency domain response to voltage ripples of different fre-
quencies on the primary side of the converter (Fig.  8(c))

• Frequency domain response to voltage ripples of different fre-
quencies on the secondary side of the converter (Fig.  8(d))
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Fig. 6. Correlation between parasitic component parameters and measured output quantities, showing high correlation for parasitic capacitances with input currents and inductor 
series resistance, diode on-resistance, diode forward voltage, and winding resistance with output voltage.
Table 3
Complex simulation model parameters.
 Parameter Value Value range 
 Diode  
 On-Resistance 𝑅𝑜𝑛 10mΩ 10–100mΩ  
 On Inductance 𝐿𝑜𝑛 5nH 5–50nH  
 Forward Voltage 𝑉𝑓 0.3V 0–1V  
 Capacitance 𝐶𝑑𝑖𝑜𝑑𝑒 10pF 10–1000pF  
 Inductor  
 Parallel Capacitance 𝐿𝐸𝑃𝐶 50nF 10–90nF  
 Series Resistance 𝐿𝐷𝐶𝑅 10mΩ 10–100mΩ  
 Capacitor  
 Series Inductance 𝐶𝐸𝑆𝐿 1nH 1–10nH  
 Serial Resistance 𝐶𝐸𝑆𝑅 1mΩ 1–20mΩ  
 MOSFET  
 On-Resistance 𝑅𝑜𝑛 1mΩ 1–100mΩ  
 On Inductance 𝐿𝑜𝑛 5nH 5–100nH  
 Drain Source Capacitance 𝐶𝑑𝑠 10pF 10–1000pF  
 Drain Gate Capacitance 𝐶𝑔𝑑 10nF 10–1000pF  
 Gate Source Capacitance 𝐶𝑔𝑠 1nF 1–3nF  
 Transformer  
 Winding Resistance 𝑅𝑤𝑖𝑛𝑑𝑖𝑛𝑔 50mΩ 10–100 mΩ 

The time domain analysis has been performed by connecting the 
primary side of the DC–DC converter to a bidirectional DC power source 
by Elektro-Automatik, model number PBS11500-604U, supplying the 
converter with 350 VDC. The secondary side has been connected to a 
second bidirectional DC power source of the same model, operating in 
sink mode. The measurements have been taken with a precision power 
analyzer by ZES Zimmer with the model number LMG671. The input 
and output current and voltage were measured with a sample rate of 
606.061 kS/s. The current sink has been programmed to simulate a load 
step from 10 % to 90 % i.e., 2 A to 18 A and vice versa. The frequency 
domain characteristics of the converter during steady-state operation 
can only be obtained on the secondary side of the converter as, on the 
primary side, the voltage supply characteristics are always included in 
the measurement. Therefore, the primary side cannot be investigated 
independently. To measure the output characteristics of the converter 
during steady-state operation, the secondary side has been connected 
to a 12 Ω passive power resistor. For the dynamic frequency domain 
analysis, the goal was to simulate low voltage AC ripples with variable 
6 
Fig. 7. Averaged simulation run-time with multiple parallel converters, illustrating a 
linear increase in time difference between simplified and complex models.

frequency superimposed on the nominal DC voltage. Therefore, a four 
quadrant AC amplifier by Spitzenberger & Spies with the model number
APS A6310, capable of outputting a DC voltage as well as combining 
it with an AC ripple of up to 100 kHz has been used. To analyze the 
effect of harmonics at the primary side of the converter, the DC voltage 
was set to 300 V and an AC chirp signal spanning from 1 Hz to 100 kHz 
with a resolution of 1 Hz and an amplitude of 1 V has been added. Each 
frequency step has been held for at least ten periods of the respective 
frequency. The load was again represented by the DC sink operating 
at 50 % load, i.e., 10 A. Investigation of backward coupling from the 
secondary side to the primary side of the converter has been done by 
connecting the AC amplifier to the secondary side of the converter and 
operating it in current sink mode. AC ripples with the same frequency 
as previously mentioned and an amplitude of 500 mA have been added 
to the DC offset of 10 A. The converter was again supplied by the 
bidirectional DC power source.



M. Malpricht et al. Electric Power Systems Research 247 (2025) 111788 
Fig. 8. Experimental setups for DC–DC converter analysis: (a) Time-domain response to a load step with fixed 350 V DC supply (b) Frequency-domain analysis of the converter 
in steady-state operation with fixed 350 V DC supply and a passive resistor (c) Frequency-domain response to voltage ripples on the primary side with a 350 V DC supply and 
constant current output (d) Frequency-domain response to current ripples on the secondary side with 10 A and fixed 350 V DC supply.
5. Comparison of the results

In this section, simulation results with and without parasitic el-
ements are compared to each other as well as to the real world 
component measured in the aforementioned scenarios.

5.1. Time domain load step

To assess the time domain characteristics of the simulation and the 
real converter, a load step has been applied and the resulting input 
and output current as well as the output voltage have been monitored. 
The input voltage is not captured because it is held stable by the 
connected voltage source, and therefore does not offer much insight 
into the dynamics of the converter. Two load steps have been applied 
to investigate the different behavior during a sudden load rise or drop. 
The results are shown in Fig.  9. For better visualization, the abscissa is 
scaled differently on the input and output measurements.

A comparison of the model and experimental dynamics reveals 
discrepancies in their exact dynamics. Nevertheless, the settling time 
of the measured quantities are comparable. Furthermore, the complex 
model can be used to represent the voltage drop at the output. The 
exact value of the resulting output voltage under load is dependent 
upon the precise values of the components, and thus differs from 
the experimental results. Furthermore, the simulated output current 
waveform in Fig.  9(a) exhibits similar characteristics to the measured 
one, specifically a first peak followed by a decline in current, which 
is then followed by a larger peak. In contrast, these dynamics are not 
reflected in the simulation of a load drop depicted in Fig.  9(b). The 
discrepancy between the simulation and reality is most apparent in 
the output voltage peaks. With the rising load step in Fig.  9(a), the 
simulated voltage drops to 16 V while the measured voltage stays above 
21 V. During the load drop in Fig.  9(b), the simulated voltage rises to 
30 V or 33 V, respectively, while the measured voltage only reaches 
24.5 V. The absence of these peaks in the real DC–DC converter can be 
attributed to the presence of built-in protection circuitry, which serves 
to prevent damage to the connected load by maintaining a stable output 
voltage. Fig.  9(b) also illustrates a notable negative current flowing 
back into the converter following the removal of the load. This discrep-
ancy may be attributed to the internal configuration of the current sink, 
which may not fully align with the converter’s intrinsic characteristics. 
The pronounced fluctuations observed in the measured input current 
in Fig.  9(b) are, however, intrinsic to the converter and are likely 
attributable to the converter’s internal control algorithm. Consequently, 
these dynamics are not amenable to reproduction through simulation 
using the same component.
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5.2. Frequency domain characteristics during steady-state operation

As described in Section 4, the steady-state characteristics can only 
be analyzed for the secondary side of the converter, because the pri-
mary side characteristics would be dominated by the connected voltage 
supply. To achieve the results shown in Fig.  10, a 12 Ω resistor was 
connected to the output of the converter in order to only measure 
the converter and not any actively controlled current sinks. The re-
sults demonstrate, that the output characteristic of the converter is 
predominantly flat, whereas the simulation starts with a higher gain at 
low frequencies but then drops after 1 Hz. While both the simulation 
and the measured data are not similar, neither exhibits any notable 
characteristics. The simulation results have a peak at 100 kHz, being 
the PWM frequency of the controller, and a dynamic behavior between 
1 kHz and 20 kHz. With the exception of a higher drop-off at fre-
quencies exceeding 20 kHz of the simplified simulation model, both 
simulation models have the comparable characteristics. The absence of 
any peaks in the measured converter output may be attributed to the 
presence of advanced filter circuitry, which serves to ensure stable and 
resonant-free operation of the connected load.

5.3. Frequency response to primary side voltage ripples

To analyze the effects of harmonic distortions on the DC bus con-
nected to the primary side of a DC–DC converter, the DC input voltage 
has been superimposed with an AC ripple of variable frequency ranging 
from 1 Hz to 100 kHz. As both the primary and secondary side of the 
converter are connected to active sources and sinks respectively, it is 
important to note that the results not only show the characteristics of 
the investigated converter but also of the voltage supply and current 
sink. From the results in Fig.  11 it is apparent that there are two 
resonant frequencies present that manifest with a high gain of the input 
current. They are located around 7 kHz as well as 20 kHz. They do, 
however, not appear at the output of the converter. Only low frequency 
harmonics up to 10 Hz are also visible at the secondary side of the 
converter. At low frequencies, the internal controller tries to counteract 
the fluctuating voltage at the input, resulting in visible fluctuations at 
the output. These harmonics can also be seen in the simulation results, 
proving a similar behavior at those frequencies. At higher frequencies, 
both the simulation model and the real converter behave similarly, 
lacking any characteristic peaks. The two peaks at 20 kHz and 40 kHz 
in the output voltage and current are caused by the used current sink. 
Comparing the simplified and complex simulation models, they follow 
the same trend, but the complex model with parasitic elements has 
fewer dynamics than the simplified model.
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Fig. 9. Time domain response to a load step of the simulation model with different LoD and the real converter showing comparable results for settling time and steady-state 
behavior: (a) 10% load to 90% load (b) 90% load to 10% load.
Fig. 10. FFT of the output voltage and current during steady-state operation, depicting a mostly flat characteristic of the real converter in comparison to the simulation model.
5.4. Frequency response to secondary side current ripples

Investigating the effects of harmonics at the secondary side of 
the converter is important to verify if any backward coupling from 
the secondary to the primary side is present, possibly interfering or 
distorting the QOS on the primary side DC bus. Fig.  12 shows that, 
specifically, the low frequency harmonics can propagate through the 
converter to the primary side, whereas frequencies upward of 100 Hz 
do not have any significant impact at the primary side of the converter.
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There are however some dynamics at the output voltage attributable 
to resonant frequencies, e.g., at 2.5 kHz. These are present in the 
simulation as well as in the measured data from the real converter, 
but at different locations. Resonant frequencies are highly dependent 
on the internal components and their parameters, and therefore hard 
to include into a simulation model. The results also show that the 
frequency response of the simulation is again similar to the one of the 
real converter, except for the aforementioned resonant frequencies.
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Fig. 11. Frequency response of the converter to harmonic voltage ripples of 1 V at 1 Hz to 100 kHz at the input, indicating only low frequencies at the input are transmitted to 
the output. Additionally, resonant frequencies can be observed at 7 and 20 kHz.
Fig. 12. Frequency response of the converter to harmonic current ripples of 500 mA at 1 Hz to 100 kHz at the output, highlighting resonant frequencies at the output and 
propagation of low frequencies to the primary side.
5.5. Interpretation of the results

Summarizing the presented results, it can be stated that a simulation 
model can represent the dynamic behavior of a DC–DC converter 
within certain limits. Time domain behavior like settling times can be 
accurately simulated even with a simplified simulation model without 
any parasitic components. However, the simulation model, regardless 
its complexity, was not able to accurately represent current or voltage 
peaks during load steps. During these scenarios, the software control 
algorithm has a significant impact on the dynamic behavior. The same 
applies for the frequency domain characteristics. As these are influ-
enced by many internal components and their relation to each other, 
it was not possible to recreate the real behavior with the simulation. 
However, the results demonstrate, that there is no forward or backward 
coupling between the input and output of the converter if harmonic 
distortions are present and that this can even be accurately repre-
sented with a simulation model of low complexity. This emphasizes 
the criticality of power electronic converters in DC grid simulations, 
as their interfacing architecture requires the system designer to know, 
how different dynamics at the ports of the converter propagate through 
to the other side. Knowing this can help simplify simulations of the 
whole shipboard DC grid by splitting up the model at the converter 
and running multiple partial simulations in parallel. Another approach 
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based on these findings can be the more extensive simplification of the 
simulation model, replacing the converter with a faster, less complex 
model as presented in [15].

6. Conclusion

In this work, the upcoming challenges of accurately representing 
shipboard DC grids in a simulation model are presented. To tackle 
these challenges and find a balance between simulation complexity and 
accuracy, critical elements in DC grids are identified. Knowing these 
critical components can help to focus the simulation model complexity 
to some components, while simplifying other, non-critical components. 
During the design phase, when no prototype is available, performant 
but still accurate simulation models are crucial to minimize risks and 
limit system oversizing. Since shipboard DC grids are converter domi-
nated [17], it has to be ensured that their dynamics are represented as 
detailed as possible. Because of their interfacing architecture, inherent 
complexity and high influence on system stability, power electronic 
converters are identified as a critical component inside DC grids. To 
prove this, a simulation model of different complexity and a real world 
DC–DC converter are compared regarding their dynamic behavior. The 
results show, that converters have a high influence on the general 
simulation complexity and computation time, as well as on the dynamic 
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behavior of the resulting system. Further, it is demonstrated that system 
parameters like the settling time and steady-state behavior can be 
accurately represented even with simple models. However, to gain 
information about full system dynamics in time as well as frequency 
domain, HiL simulations contribute significantly to the quality of the 
predictions due to uncertain parameter values and component intrica-
cies. Knowing this can help build future DC grid simulation models, 
simplifying non-critical components while keeping simulation accuracy 
high and model complexity low.
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