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Abstract 
Pulsed load hybrid ships are becoming more and more widespread, but under the 
working condition of high-power pulsed load, it will cause great impact on ship power 
grid, further leading to the overall breakdown of the power system of hybrid ships. In 
view of such problems and the practical situation of limited space on hybrid ships and 
limited power grid capacity, a hybrid ship power system with high power impulse load 
is designed and its regular energy management strategy is studied. The ship power 
system can be collected quickly response of instantaneous power needed by the high-
power pulse load, to have fast dynamic response characteristics of super capacitor and 
controllable bidirectional DC/DC converter of the combination of energy storage system, 
and according to the different working conditions, different rules strategy, energy 
management. The power system simulation model was built based on 
MATLAB/SIMULINK platform, and the power system without DC/DC module was 
compared and analyzed. The simulation results show that the voltage fluctuation range 
of DC bus is reduced to -3.1% ~ +0.9%, and the voltage ripple rate is reduced to 3.98%. 
In view of the instantaneous impact of such high power impulsive load on the power grid, 
the power system under this design can better smooth the instantaneous power problem 
and carry out energy management operation effectively. 

Keywords 
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1. Introduction 

With the wide application of special pulse loads such as electromagnetic launchers, high-energy 
weapons and phased array radars on ships, high-power pulsed loads have become a hot topic of 
research. Pulsed loads have a greater impact on the power quality of the power system and pose a 
threat to the safety and stability of the ship's power system [1-2].  

Numerous studies of pulsed loads and their energy management strategies have shown that without 
fast charging, pulsed loads can cause a violent impact on the busbar voltage within a few cycles of 
their start-up. SAMINENI et al. [3] use flywheel energy storage to control instantaneous voltage 
fluctuations within 5% of the rated voltage range within 2 cycles. Tong Lin et al. [4] proposed a 
calculation method to determine the array structure and system capacity of the energy storage system 
in view of the pulsed load power requirements, and designed a large-capacity supercapacitor energy 
storage system.  

In addition, with the continued global economic downturn and the introduction of carbon-peak carbon 
neutrality and related concepts, hybrid ships have become a common strategic choice. As a new multi-
energy vehicle, the power performance of hybrid ships is closely related to the energy management 
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strategy they adopt, and how to carry out more efficient energy management for the power system of 
hybrid ships with high-power pulse loads is an urgent problem to be solved [5].  

In this regard, compared with the current mainstream way of directly connecting the supercapacitor 
into the DC busbar to compensate for the excess power required when the high-power pulsed load is 
triggered, this paper uses the method of adding a bidirectional controllable DC/DC converter between 
the supercapacitor and the DC bus to manage the energy storage system of the hybrid ship with high-
power pulse load, and compares and analyzes the two methods. 

2. System Characteristic Analysis and Framework Design 

2.1 Analysis of Pulsed Load Characteristics 

The pulsed load power changes widely and very frequently, which is equivalent to the continuous 
bursting or unloading of loads to the entire power supply system, which will cause the entire ship 
power system to be greatly impacted, thus affecting the power supply quality of the power grid [6-7]. 
In addition, the working cycle of the pulse load is usually in the millisecond level, and the influence 
of different working modes on the output voltage and output frequency of the diesel-fired power unit 
is also different, and the distortion caused by the power grid shows periodic changes in the operating 
mode corresponding to the pulse load.  

Different from the large capacity and large unit of the land power grid, the disturbance generated by 
the pulse load cannot produce large fluctuations on it, and the ship power grid is limited by its capacity, 
the limitation of the response time of the diesel-fired power unit and other factors, and the ship power 
grid cannot meet and respond to the instantaneous power demand generated by the impulse load in 
time, which causes disturbance and has a greater impact on the grid voltage and grid frequency. If the 
pulse load is in its starting state, the energy management system can not perform fast charging and 
discharging operations, then the voltage on the DC busbar will fluctuate violently within several 
cycles of pulse load operation, so the energy storage device needs to be able to respond in time and 
meet the instantaneous power demand of the pulse load under the control strategy, so as to achieve 
the flat fluctuation and reduce the impact of the pulse load on the ship's power system. 

This paper takes the hybrid ship containing high-power pulse load as the research object, for such 
ships, the high-power pulse load belongs to the high-frequency load, when the power required for 
pulse load operation rises to the megawatt level, the frequency of the AC power grid will fluctuate 
due to the large load fluctuation and the phenomenon of fluctuation exceeding the limit, which in turn 
leads to the phenomenon that the diesel-fired power unit cannot be connected to the grid. 

As shown in Figure 1, a high-power radar load characteristics, under the operating state, the pulse 
load period range is 0.5 ms ~ 33 ms, and the duty cycle D range is 5% ~ 100%. The total average 
power of the pulse load is not higher than 4.3 MW, but the peak-to-peak can reach 6.8 MW, and the 
time range of the rising and falling edges of the power from 0 to peak or from peak to 0 is 2 ms to 3 
ms, which can be obtained in combination with the pulse load period, and the actual turn-on time 
range of the pulse load is about 4 ms to 33 ms. 

 

 
Figure 1. Characteristics of a high-power radar load 

2.2 System Framework Design 

In this paper, a hybrid ship power system with high-power pulsed load is designed, as shown in Figure 
2. The power system is mainly composed of four parts: control system, multi-power source system, 
controllable energy storage equipment system and pulse load. Among them, the control system is 
mainly composed of a unit controller and a two-way DC/DC controller; the multi-power source 
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system is mainly composed of four diesel-fired power units: DG1, DG2, DG3 and DG4 The 
controllable energy storage equipment system is mainly composed of supercapacitor C1 and 
bidirectional controllable DC/DC converter; the pulsed load is mainly composed of pulsed load PL. 
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Figure 2. A hybrid marine power system with high-power pulsed loads 

 

The three-phase power grid output voltage of the power system is 6.6 kV, provided by four 5.8 MVA 
diesel-fired electric units, and the DC bus power supply with a rating of 520 V is obtained through 
the AD/DC rectifier circuit, according to the China Classification Society's "Specification for the 
Classification of Steel Sea Vessels (2018). Edition) system design requires that the busbar voltage 
fluctuate between -10% and +6%. When the pulse load operation causes the DC bus voltage to drop, 
the supercapacitor discharges electricity to the DC bus through the bidirectional DC/DC converter, 
thereby supplementing the huge instantaneous power required for the pulse load to operate; when the 
DC bus voltage is too high, the supercapacitor will store the surplus energy on the busbar through the 
bidirectional DC/DC converter to complete the charging operation.  

3. Supercapacitor Energy Storage Module Characteristic Analysis 

3.1 Supercapacitor Characteristic Analysis 

 
(a) Supercapacitor capacity 1mF (b) Supercapacitor capacity 10mF 

Figure 3. Supercapacitor charging characteristics 
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As an important part of the energy storage system, the characteristics of supercapacitors will affect 
the performance of the entire power system [8], as shown in Figure 3, this article uses 10 A, 20 A, 50 
A and The simulation analysis results of charging a supercapacitor with a capacitance of 1 mF and a 
capacitance of 10 mF can be seen that when the current is fixed, the larger the capacitance, the longer 
the time required for full charging; when the capacitance is fixed, the greater the charging current, 
the shorter the time required for full charge.  

In addition, the discharge characteristics of the supercapacitor are determined by the nature of the 
load, when no control is attached to the supercapacitor, the greater the current required by the load, 
the faster the supercapacitor discharge speed; if it is discharged, the current limit is applied, the current 
discharged by the supercapacitor will be limited to a certain range. 

3.2 Supercapacitor Parameter Analysis 

The multi-power source system consists of 4 diesel-fired power units, each with a power supply 
capacity of 1.5 MW, when selecting the supercapacitor capacitance, it should be designed according 
to the harshest working conditions of the entire power system, that is, the pulse load period is 33 ms, 
and the pulse load is maintained at peak power 6 MW within 33 ms, at this time, the throughput power 
of the supercapacitor is 6 MW. According to the system design requirements of the "Specification for 
the Classification of Steel Sea Vessels (2018 Edition)" of the China Classification Society, the voltage 
fluctuation range on the DC busbar (rated voltage of 520 V) is between -10 % ~ +6 %, and the voltage 
upper 𝑈  and lower limits 𝑈  of the supercapacitor can be obtained.  

According to the parameters such as the operating time required for the pulse load, the maximum 
storage energy, and the operating voltage range, the calculation formula for determining the 
supercapacitor capacity is: 

 

𝐶(𝑈 − 𝑈 ) > 𝑃 𝑡                           (1) 

 

Where: 𝐶  supercapacitor capacitance value; 𝑈  upper limits and 𝑈  lower limits of the 
supercapacitor operating voltage; 𝑃  throughput power; 𝑡  maximum on-time of the pulse load. 

From the above analysis, it can be obtained that the upper limit critical value 𝑈  of the busbar 
voltage fluctuation is taken, is that 𝑈 = 520 × (1 + 0.06) = 551.2 𝑉; 𝑈 ≥ 0.5𝑈 , isthat 
𝑈 = 275.6 𝑉 ; 𝑃 = 6 𝑀𝑊 ; 𝑡 = 33 𝑚𝑠 .Bring these parameters into equation (1) , 𝐶 =
1.74 𝐹 . Considering that the maximum limit of capacity attenuation of supercapacitors over the 
lifetime of supercapacitors is 30 %, that is, designed according to a margin of 30%, the supercapacitor 
capacity is considered 𝐶 = 2.26 𝐹.  

It is known that the operating voltage of each monolithic supercapacitor is 2.7 V, and when used in 
series, the operating voltage of the monocoque supercapacitor needs to be appropriately reduced, that 
is, the operating voltage of 2.5 V is designed. It is known that the upper limit of the supercapacitor is 
552.1 V, that is, 221 single supercapacitors are required to be connected in series to meet the required 
requirements of the operating voltage, and then calculated according to the total capacity 
requirements 𝐶 = 2.26 𝐹, the capacity of the series supercapacitor unit is 499.46 F. If each unit uses 
two monomer supercapacitors in parallel, the capacity of the monomer supercapacitor can be obtained 
to be 249.73 F. That is, the supercapacitor with a single capacity of 250 F is selected, a total of 442 
are required, and the supercapacitor energy storage module is composed of 2 and 221 strings. The 
supercapacitor series parallel capacity is calculated as: 

 

𝐶 = 𝑚                                 (2) 
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Wherein: 𝑛  the number of series supercapacitor units, 𝑚  the number of parallel supercapacitor 
monomers, 𝐶  the supercapacitor monomer capacity. 

From the above analysis we can obtain: 𝑛 = 221;  𝑚 = 2; 𝐶 = 250 𝐹 . Bring these parameters 
into the equation (2), 𝐶 = 2.26 𝐹. Thus, it can be seen that the energy that can be released by the 
supercapacitor is: 

 

𝐸 = 𝐶 (𝑈 − 𝑈 )                          (3) 

 

𝐸 = 0.2575 𝑀𝐽 is calculated to meet the energy required for the operation of the supercapacitor: 
𝐸 = 𝑃 ∙ 𝑡 = 0.1980 𝑀𝐽. That is, the above supercapacitor capacity parameter design is feasible. 

4. Bidirectional DC/DC Converter Control Analysis 

4.1 Bidirectional DC/DC Converter Working Mode 

The bidirectional DC/DC converter operates in two modes: Buck mode and Boost mode.  

The Buck circuit is a DC/DC buck circuit [10-11], which consists of a power transistor𝑄 , a power 
transistor𝑄 , an energy storage inductor, and a filter capacitor. When the bidirectional 𝐿𝐶DC/DC 
converter is in buck mode, the tube is used as the 𝑄 main drive tube and the tube is used as 𝑄 a 
synchronous switch tube, which is turned on with complementary and needs to be set to a dead zone. 
The buck effect is achieved by controlling 𝑄 𝑄 the size of the duty cycle of the 𝑄 drive switch, as 
shown in Figure 4.  
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Figure 4. The equivalent circuit of the Buck circuit 

 

The Boost circuit is a DC/DC boost circuit that releases the voltage obtained by the energy storage 
terminal to the DC source. When the bidirectional DC/DC converter is in boost mode, the switch tube 
𝑄 is used as the main drive tube, and the switch tube 𝑄  is used as a synchronous switch tube, which 
𝑄 𝑄 is complementary and needs to be set to a certain dead zone. The circuit achieves a boost effect 
by controlling 𝑄 the size of the duty cycle of the drive switch, as shown in Figure 5.  
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Figure 5. The equivalent circuit of the Boost circuit 

4.2 Bidirectional DC/DC Converter Parameter Calculation 

Bidirectional DC/DC converter low-voltage side and high-voltage side are connected to the 
supercapacitor and DC bus, DC bus voltage 520 V by the grid voltage 6.6 kV after rectification into 
the bidirectional DC/DC converter, its parameter requirements as shown in Table 1: 

 

Table 1. Bidirectional DC/DC converter parameter requirements 

Parameter indicators numeric value 

Supercapacitor side voltage𝑈  275.6~551.2V 

DC bus side voltage𝑈  468~551.2V 

Output voltage ripple rate∆𝑈 /𝑈  ≤ 5% 

Current ripple rate𝑟 0.4 

Switching tube operating frequency𝑓  13 kHz 

 

(1) Energy storage inductance design 

According to the system design requirements, the maximum load current of the system 𝐼 = 3 𝑘𝐴, 
when designing the energy storage inductor 𝐿 , should be selected in the most severe working 
conditions, that is, when the input voltage is the smallest and the output voltage is the largest, the 
input voltage 𝑈 = 275.6 𝑉; output voltage 𝑈 = 551.2 𝑉. The duty cycle 𝐷 is the largest in this 

case and the inductor average current 𝐼 =  is the largest. 

The duty cycle 𝐷 is calculated as follows: 

 

𝐷 = =
. .

.
= 0.5                         (4) 

 

Therefore, the average inductor current 𝐼  is: 
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𝐼 = =
×

.
= 6 𝑘𝐴                          (5) 

 

The calculation formula of energy storage inductance 𝐿 is: 

 

𝐿 =
∙

∙ ∙
                                 (6) 

 

Wherein: 𝑈  the input voltage in the on state of the switch, 𝑟  the current ripple rate, 𝑓  the 
operating frequency of the switch tube. 

The inductance can be calculated by bringing the data into the equation (6), 𝐿 =
∙

∙ ∙
=

. × .

. × × × ×
= 4.42 𝜇𝐻.  

(2) Filter capacitor design 

According to the system design requirements, the output voltage ripple rate 
∆

≤ 5%, the output 

ripple formula is: 

 

∆𝑈 =
× × ×

× (1 − )                          (7) 

 

Wherein: ∆𝑈 voltage ripple;𝑈  output voltage; 𝑈 input voltage; L energy storage inductance; 𝐶 
filter capacitance; 𝑓 operating frequency of the switch tube.  

Bring the formula (4) for calculating the duty cycle 𝐷 in equation into formula (7) to get: 

 

∆𝑈 =
× × ×

× 𝐷                           (8) 

 

Reduce equation (8) to a voltage ripple rate expression as: 

 
∆

=
× × ×

≤ 5%                         (9) 

 

From the above analysis we can obtain: 𝐷 = 0.5; 𝐿 = 4.42 𝜇𝐹; 𝑓 = 13 𝑘𝐻𝑧, bring in formula (9) to 
get: 𝐶 ≥ 1.67 𝑚𝐹. Calculated at 30 % headroom, the final filter capacitance 𝐶 = 2.17 𝑚𝐹. 

5. Simulation Analysis 

The simulation comparison experiment uses MTLAB/SIMULINK software as the simulation 
platform, and the simulation parameters are as follows: 

1) The transformers (6600 V/520 V, Y-Y) are rated at 6 MVA and have a frequency of 50 Hz.  

2) The trigger angle of the bridge rectifier circuit is 69.81°.  

3) The supercapacitor capacitance is 2.26 F obtained from Section 2 and the monolithic capacitance 
is 250 F.  

4) The energy storage inductor and filter capacitance of the bidirectional DC/DC are 4.42 μH and 
2.17 mF, respectively, obtained in section 3.  



International Core Journal of Engineering Volume 8 Issue 4, 2022
ISSN: 2414-1895 DOI: 10.6919/ICJE.202204_8(4).0051

 

400 

5) In the voltage-current dual closed-loop control mode, the voltage outer loop PI parameters are 5 
and 25, and the current inner loop PI parameters are 100 and 100, respectively; Boost The mode 
trigger reference value is 510 and the Buck mode trigger reference value is 530.  

5.1 Analysis of Energy Storage System with Bidirectional Controllable DC/DC Converter 

 
Figure 6. Simulation model of energy management of hybrid ship energy storage system with high-

power pulse load 

 

 
Figure 7. DC bus voltage 
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Figure 8. Supercapacitor charge state 

 

From the simulation results, it can be seen that the maximum dc bus voltage is 524.7 V, the minimum 
value is 504 V, and the peak-to-peak is 20.7 V, and the voltage fluctuation range of dc bus bar is -

3.1% ~ +0.9%, and the voltage ripple rate 
∆

=
.

= 3.98 % ; Bidirectional DC/DC can 

effectively transfer reasonable energy between the supercapacitor and the DC busbar when the pre-
designed charge and discharge trigger reference value is reached.  

5.2 Analysis of Energy Storage System without Bidirectional DC/DC Converter 

 
Figure 9. Simulation model of the energy storage system without a bidirectional DC/DC converter 

 

 
Figure 10. DC bus voltage 
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Figure 11. Supercapacitor charge state 

 

From the simulation results, it can be seen that the maximum dc bus voltage is 546.1 V, the minimum 
value is 502.7 V, and the peak-to-peak is 43.4 V, and the DC bus voltage fluctuation range is -3 . 3% 

~ +5. 0%, DC bus voltage ripple rate 
∆

=
.

= 8.35 %. 

Compared with energy storage systems equipped with bidirectional DC/DC converters, the voltage 
fluctuations on the DC bus side of energy storage systems without bidirectional DC/DC converters 
are relatively high, and the voltage ripple rate is relatively high. In addition, the supercapacitor 
without a bidirectional DC/DC converter is mainly passive energy storage, and the supercapacitor 
will be in an overcharge or over-discharged state for a long time to transfer energy with the DC busbar, 
which greatly accelerates the loss speed of the supercapacitor and also increases the potential danger 
of the entire system. 

6. Conclusion 

From the simulation experiment in Section 5, it can be obtained that whether it is an energy storage 
system equipped with a bidirectional DC/DC converter or an energy storage system without a 
bidirectional DC/DC converter, it can play a power compensation role in time and stabilize the voltage 
of the DC busbar of a hybrid ship containing a high-power pulse load.  

The active energy storage system equipped with a bidirectional DC/DC converter can control the 
charging and discharging timing of the supercapacitor according to the condition of the supercapacitor 
itself and the fluctuation of the DC bus voltage. On the one hand, it plays a role in power 
compensation smooth fluctuations, so that the DC bus voltage fluctuation range is reduced to between 
-3.1% ~ +0.9%, and the voltage ripple rate is reduced to 3.98%; on the other hand, the energy storage 
system is well protected, thereby providing a more stable power system for the entire ship system. 
That is, the feasibility and correctness of the energy management study of the hybrid ship energy 
storage system with high-power pulse load designed in this paper are verified.  
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