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Abstract—The DC shipboard power system (DC-SPS) can be
regarded as an island microgrid, supplying energy to propulsion

systems, service devices and advanced equipment in future ships.

Ensuring accurate power sharing among distributed power
sources and maintaining the stability of DC bus voltage in DC-
SPS are prerequisites to run system in security and economy.
Therefore, an accurate power sharing method based on the
quadratic programming algorithm is proposed in this paper.
That method aims at minimizing the cost of voltage regulation
in the consideration of state of charge (SoC) of each energy
storage device (ESD). In detail, the target power is determined
by the DC bus voltage deviation, and further distributed among
various energy storage by quadratic programming accurately.
With the control method, the DC bus voltage is maintained
within the desired voltage range. Moreover, the method can
meet the plug-and-play requirements of distributed power. The
effectiveness of the proposed control method is verified by real-
time simulation.

Keywords—DC shipboard power system (DC-SPS), hybrid
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L INTRODUCTION

In response to the increasing demand for onboard
electrical power and the progressively stricter environmental
requirements, the extensive electrification of ship power has
been a technological trend [1]-[4]. With the new concept of
the ship integrated power system (IPS), the traditional ship
mechanical propulsion system and power system will be
integrated to supply energy to the propulsion system,
communication and various loads through the power network,
which realize the unified management of ship energy [5]. DC
shipboard power system (DC-SPS) is an independent power
system with multiple sources and loads. Compared with AC
shipboard power system, DC-SPS has become the next
generation of IPS technology route, which can reliably
accommodate various distributed energy sources, simplify the
energy conversion process and reduce the control complexity
[6]. Coordinating the energy flow among multiple devices
plays a significant role in operation stability and economy in
DC-SPS. Particularly, energy storage devices (ESDs) act as
either power generation or loads making the system more
complex.
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The introduction of ESD can facilitate the goals of power
balancing and stabilizing the DC bus voltage, which can
improve the stability and reliability of the system. However,
the key technology is to design an effective power sharing
method considering the state of charge (SoC) and cost of
ESDs. In [7], in order to achieve balanced power in DC
microgrids, the frequency division control of the hybrid
energy storage system (HESS) has been proposed to assign the
output power. However, consideration was not given to the
SoC imbalance problem between battery and super capacitor
(SC). In [8] and [9], the voltage and SoC of SC have been used
as fuzzy logic control variables, but the voltage and SoC of the
battery were not considered. In order to avoid damage to the
life of the ESD caused by deep charging and discharging, the
SoC of the ESD should be fully considered when designing
the control method of microgrids. For that purpose, the droop
coefficient was set to be inversely proportional to the
exponential function of SoC (SoC”) in [10] and [11], where n
is identified as the convergence factor. However, the stability
analysis and calculation of complex exponential inequalities
are required to select the suitable “n” value. Moreover, the
voltage drop with droop control in microgrids was not
considered in these studies.

In order to overcome those problems, an accurate power
sharing control method based on the quadratic programming
algorithm is proposed in this paper to assign the voltage
regulation responsibilities of ESDs according to their ramp
rates and capacities. The real-time simulation results show the
effectiveness and feasibility of the control method. Major
advantages of this control method are summarized as follows.

1) The power deviation determined by the DC bus
voltage deviation is used as the target power, which can
adjust the voltage drop in the DC-SPS.

2) The voltage regulation cost function is given in
this paper, which can accurately evaluate the real-time
voltage regulation capability of energy storage with different
technical characteristics.

3) The proposed control method takes into account
the different technical characteristics (e.g. maximum power,
rated capacity, ramp rate and real-time SoC) of HESS to
achieve the goal of distributing target power among different
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ESDs reasonably and accurately, which avoid the SoC of
each ESS over-limit.

The rest of the paper is organized as follows. The
components and simplified circuit model of DC-SPS are
introduced in Section II. The architecture of HESS and
proposed control method are presented in Section III. The
quadratic programming algorithm is described in Section
IV .The case studies and real-time simulation results are
demonstrated in Section V. At last conclusions are drawn in
Section VL.

II. COMPONENTS AND SIMPLIFIED CIRCUIT MODEL OF
DC-SPS

A. Components of DC-SPS

To demonstrate the effectiveness of the proposed control
method, the DC-SPS with IPS architecture is presented in Fig.
1. The system has two main AC turbine generators (MTG),
two auxiliary AC diesel generators (ADG) as the source of
power. Each generator supplies AC power with rated
frequency and voltage to the DC bus through an AC / DC
converter. The DC / AC converter connected to the DC bus
inverts the DC to AC with required frequency and voltage,
which will be provided to the propulsion motor to drive the
propellers. The energy storage device is connected to the DC
bus through a bidirectional DC / DC converter. All loads of
the DC-SPS are classified into four zones. All devices are
connected to the DC bus through breakers and eventually form
a ring structure, which ensures the system higher power
supply reliability [12].
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Fig. 1. Architecture of DC-SPS

B. Simplified Circuit Model

In DC-SPS, the governor is used to make MTG and ADG
rotate at rated speed all the time. Each generator uses an
uncontrolled diode rectifier as AC / DC converter to connect
with the DC bus. To output stable DC voltage, it only needs to
control the excitation voltage of synchronous generator. Thus,
to simplify the model of DC-SPS, power generation modules
and energy storage modules are equivalent to ideal controlled
DC voltage sources. Meanwhile, load centers can be
equivalent to DC current sources. Assuming that the DC buses
of port and starboard are connected by switches to form a
common DC bus. The simplified circuit model of DC-SPS
without considering the losses of transmission lines is shown

in Fig. 2. The DC bus voltage ¥, can be described as follows:
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generation system, the output current of HESS and input
current of load system, respectively.

As shown in (1), the DC bus voltage rises when the
current algebraic sum is positive, that is the power absorbed
by the DC bus is greater than the generated. Otherwise, the
bus voltage drops. Therefore, the DC bus voltage can be
measured and applied for the power sharing control of HESS.

Power Generation
System

Fig. 2. The simplified circuit .model of DC-SPS

III.  ARCHITECTURE OF HESS AND PROPOSED CONTROL
METHOD

A. Architecture of HESS

The existing energy storage can be divided into two types:
high energy density and high power density [13], [14]. 1)
Energy storage media represented by lithium batteries,
sodium-sulfur batteries and lead-acid batteries are belong to
high energy density, which has the characteristics of low
power density, limited cycle life, and slow dynamic response.
2) Energy storage media represented by SC, superconducting
magnetic energy storage, and flywheel energy storage are high
power density, which can provide or absorb high power in a
short time. Therefore, an HESS composed of lithium battery
and SC is adopted in this paper to combine their
complementary features, which offers superior power and
energy density than battery or SC alone.
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Fig. 3. The structural topology of active HESS
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Fig. 5. Block diagram of the proposed control of HESS

As shown in Fig. 3, the structural topology of HESS is
adopted in this paper. The battery and SC are connected to the
DC bus through a bidirectional DC / DC converter. Based on
two bi-directional DC / DC converters, the charge and
discharge power of batteries and supercapacitors can be
accurately controlled to respond to the power requirements of
external systems actively.

B. Control Method

Usually, constant current charge / discharge control
method is adopted to ensure that it does not cause drastic
fluctuation in the DC bus voltage during charging and
discharging. As shown in Fig. 4, 5%, I, D, V. are the
reference values of the charge / discharge current, the actual
current of the energy storage module, the duty cycle signal,
and the DC bus voltage, respectively. Therefore, the

generation of /; determines the control performance.

In order to maintain the stability of the bus voltage, and, at
the same time, to take into account the SoC of the battery and
the SC, it is necessary to optimize the distribution of HESS's
target output power between the battery and the SC. The
output power reference of each ESS is derived by the DC

voltage control loop and the quadratic programming algorithm.

The introduction of an PI regulator to DC voltage control can
adjust the DC bus voltage drop caused by the droop control of
generators, and its output value is used as the target power. As
shown in Fig. 5, V" is the reference value of the DC bus

voltage, ¥, is the actual DC bus voltage, Py, Py and

Bat

P! are the target output power of HESS, the battery and the
SC, respectively. I | [

Bat ° Bat °
references and actual values of the battery and the SC,
respectively.

ref
Iy and [ are the current

IV. QUADRATIC PROGRAMMING ALGORITHM

The quadratic programming algorithm is a common
centralized algorithm to solve the convex optimization
problem and obtain the global optimal solution where the
objective function is a multivariate quadratic function with
linear constraints [15]. To distribute the target output power
among ESSs participating in voltage regulation, the cost
function model considering SoC is established, the power
reference values of the ESSs were taken as the variables, and

the limits of power, capacity and ramp rate were taken as the
constraints. The problem of minimizing the total cost of HESS
can be transformed into a quadratic programming problem,
which can track the voltage regulation signal, improve the
optimization efficiency and fully considers the characteristics
of different types of ESS, so as to allocate the reference value
of charging / discharging power of different energy storage
reasonably.

A. Optimum Objective Function

The voltage regulation loss of traditional generators
mainly comes from the fuel cost, which has a quadratic
function relationship with the output power [16]. Compared
with the voltage regulation loss of traditional generators, a
method to convert the voltage regulation loss of ESS into a
quadratic function is presented in this paper according to the
nonlinear relationship between the voltage regulation loss and
real-time SoC of ESS. Voltage regulation loss function of
single energy storage (C; ;) is given as (2):
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The subscripti (i€ J = [1, ..., N]) and k represent the ith
energy storage participating in voltage regulation and the kth
voltage regulation moment, respectively, where N is the total
number of ESSs participating in voltage regulation, in this
paper N= 2, i = 1 represents the battery and i = 2 represents
the SC. §; is the rated capacity of energy storage. P;  is the
output power reference of each ESS, and it is defined that P;
is positive when discharging, and negative when charging.
The coefficients a; and b; reflect the square positive
correlation between C;; and output power, as well as the
deviation of real-time SoC from the optimal value (denoted as
SoCre") | respectively. The real-time SoC of ESS can be
calculated as follows:

SoC = SoC, _ﬂfE,kAt/Si ) F,<0 3)
O S0C L — (B, IS, . P >0

where nf and n? represent the charge and discharge
efficiency, respectively. SoC; ,_; is known at the kth moment,
At is the time interval of voltage regulation, At = 1s.

From (2) and (3), the quadratic function form of (C; ) is
expressed as:
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In (4), SoCF®' is the given value, which is set as 50% in this
paper. After the voltage regulation loss model of single energy
storage is established, the minimum sum of voltage regulation
loss of all energy storage can be taken as the optimum
objective function:

min ZC,k (Py) (&)

as shown in (5), N is the total number of energy storage
participating in voltage regulation, and the free variable is the
output power P; . of each energy storage.

B. Constraint Condition

According to the control method shown in Fig. 5, the
voltage regulation power demand P tracked by HESS can
be obtained at the kth voltage regulation moment, which is
denoted as £ and taken as the equality constraint:
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Each energy storage unit is subject to power, ramp rate and
SoC limits:

P™ <P, <B™ )
SoC™ < SoC;, < SoC™ (8)
Rimin < B,k _R,k—l < Rimax (9)

At

where SoC™™ and SoC™* are the upper and lower bound of
real-time SoC, respectively. R™™ and R™3 are the upper and
lower bound of ramp rate, respectively. SoC; ; can be derived
from (3).

C. Solution of Optimization Problems

As shown in (10), the above optimization problem has
been transformed into the standard form of quadratic
programming. The optimal solution of the objective function
can be obtained through the interior point method or the
effective set method based on the quadratic programming
function in MATLAB.
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(10)

where x is the free variable vector corresponding to P; .. H

and F are the coefficient matrix of the quadratic term and the
sequence vector of the primary term system of the objective
function, respectively, corresponding to a; and ;) in (4). 4
is the vector of equality constraint coefficients, which is set to
all 1-row vectors in this paper. b is the right end vector of the
equality constraint corresponding to Pg"™. I and u are the
lower bound and upper bound column vectors of free variables,
P; ., respectively. The internal elements [;; and u; ), can be
obtained by substituting inequality constraints (7) - (9)
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The optimal values P;, obtained by the quadratic
programming algorithm are used as the output power

reference values at the kth voltage regulation moment, Py

and Py’ , from which the output current reference values 7

Bat
and / ;°C‘ are derived and transmitted to HESS.

V. REAL-TIME SIMULATION RESULTS

In order to verify the feasibility of the control method
proposed in this paper, real-time simulations are carried out
with the RT-LAB real-time simulator shown in Fig. 6. RT-
LAB is a digital and analog hybrid real-time simulator that is
capable of simulating power system networks at a pace of real-
world clock time. Due to the complex structure and various
equipment of DC-SPS, the simulation model needs high
precision. However, the off-line simulation software is limited
by computer performance, simulation step size and simulation
scale, which will lead to the actual time of off-line simulation
of DC-SPS is much longer than the simulation time, or even
overflow. Conversely, RT-LAB real-time simulator can
shorten the simulation execution time and make the simulation
results more practical, which overcome the disadvantages of
off-line simulation effectively.

RTLAB
Target Machine

Fig. 6. Real-time simulation platform based on RT-LAB

TABLE L THE KEY PARAMETERS OF DC-SPS
Category Performance Index Parameter
Rated DC bus voltage (V) 540
Steady-state voltage tolerance +5%
DC Bus
Transient voltage range +10%
Voltage recovery time (s) 2




Rated capacity (kWh) 6
Maximum power (discharge / )
charge) (kW) 20720
Battery Ramp rate B
(discharge / charge) (kW/h) 200/-200
Initial SoC (%) 50
Efficiency (%) 95
Rated capacity (kWh) 1.5
Maximum power (discharge / 7,7
charge) (kW)
SC Ramp rate )
(discharge / charge) (kW/h) 400000/ -400000
Initial SoC (%) 50
Efficiency (%) 90
MTG Rated Power (kW) 85
ADG Rated Power (kW) 16

A DC-SPS simulation model with the same configuration
in Fig. 1 is used as the study case. The key parameters of DC-
SPS are depicted in Table I. Two operation cases are set to
validate the effectiveness of the proposed method. In the first
case, the propulsion load increased from zero to its full power
to simulate the acceleration process. In the second case, the
load condition is set to simulate impulse loads, which
performs a fast periodical change of power demand to verify
the performance of the proposed method. The real-time

simulation results of the two cases are shown in the following.

A. Case 1: Acceleration Process

The initialization of the system followed by an
acceleration process is emulated. In Fig. 7, the real-time
simulation by quadratic programming algorithm are shown.
The simulation case can be divided into the following stages.

1) Stage 1 (0-t;): The grid-forming process is emulated
in this stage. The MTG #1 and ADG #1 accelerate from idle
speed to its rated speed to supply power to the DC bus.

2) Stage 2 (t—ts5): From t,, the propulsion load starts
increasing to maximum in five stages. As load increases, the
generators do not output the reference value of static power
distribution completely. However, the HESS takes part of it
first. The dynamic power reference of SC increases rapidly at
the moment of load sudden change, which reduce the
dynamic power of the generators. Then, the battery gradually
tracks the power response to reduce the output power of the
SC, which can extend the life of the SC. The power
distribution between the battery and the supercapacitor takes
real-time SoC and ramp rate into account. The power
reference value decreases with the decrease of the DC bus
voltage fluctuation, so as to ensure that the generator has
sufficient response time. The steady-state tolerance of the DC
bus voltage is 3%, the transient voltage range is 4%, and the
voltage recovery time is 1s. It can be known from the
measurement and calculation that all the parameters meet the
requirements given in Table 1.
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Fig. 7. Real-time simulation results of acceleration process

B. Case 2: Impulse Loads

In this case, impulse loads are used to simulate high
dynamic loads. Two ADGs supply energy to DC-SPS. There
are three periods in the simulation case, the rising edge of each
period is 1s, the duration is 4s, the falling edge is Is, and the
pulse interval is 2s. Similarly, the power distribution between
the SC and the battery takes into account the ramp rate, rated
capacity and real-time SoC. However, since the loads increase
at a certain slope, the SC does not have a sudden increase in
output power shown in Fig. 7. As the dynamic response
process is gradually, the ADGs have enough response time to
avoid large voltage fluctuations. Compared to battery, the SC
discharges and charges more rapidly during the rising and
falling edges of impulse loads due to higher ramp rate. The
steady-state tolerance of the DC bus voltage is 3.6%, the
transient voltage range is 3.8%, and the voltage recovery time
is 1s. Results meet the expected requirements given in Table
1.



S
)
2400 g
G
Z 200 |
=
M
6] L |
g0 ‘ ‘ ‘ ‘ ‘ ‘
0 5 10 15 20 25 30
Time (s)
< 15000 T T T
z
~ [ ADG#1 Battery ]
5 100007\~ - ADG#2— SC
Hi . P
S 5000 ‘,: Pz SN A
g 0 L?“; —— ik 7
&
=
O -5000 I I I I I J
0 5 10 15 20 25 30
Time (s)
% 5000 - Batter' ' ' ' I '7
g s | /T S~ S
g /
g — ]
& 5000 - ,
5]
£ 10000 |- |
[ L L . . \ .
0 5 10 15 20 25 30
Time (s)
: T
0.5 ————— B
Battery \ ..
E 045 L— SC N / \\ ]
\\_///—\
04t ~_
. . . . . .
0 5 10 15 20 25 30
_ Time ()
5 : :
= 15000 - B
=l
<
=]
—
© 10000 - B
2
=
g
= 5000 B
=
(=]
5 \__/ \_A
z 0
o L 1 1 L L 1
=%}
0 5 10 15 20 25 30
Time (s)

Fig. 8. Real-time simulation results of impulse loads

VI. CONCLUSION

In this paper, an accurate power sharing of HESS based
on quadratic programming algorithm in DC-SPS is presented;
the main contributions can be summarized as follows.

1) Technical characteristics of different ESDs are
considered in this paper, including rated capacity, ramp rate,
efficiency, and real-time SoC. The power sharing between
battery and SC through quadratic programming algorithm is
presented as an example. By defining the cost function of
energy storage, the algorithm can accurately quantify the
responsibility of energy storage with different technical
characteristics in voltage regulation control.

2) With the proposed method, the voltage drop of
DC bus are compensated within allowable voltage range.
Real-time simulation results show that the proposed method
is effective and feasible.
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