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Abstract—This paper presents the dynamic modeling and
stability analysis of the onboard DC power system, applicable
to hybrid electric ships. The system topology is established
with a special focus on the integration of the energy carriers
with power electronic converters. The modeling of the AC/DC
rectifier, DC/DC converter, filters and energy storage systems
(ESS), such as battery and supercapacitor, is investigated. AC/DC
rectifier is modeled with decoupling control through an LCL
filter, and the DC/DC converter modeling is compared with the
state-space averaging method and generalized averaging method.
The performance of the integrated model is presented both in
charging mode and in discharging mode of the energy storage
system and the results show the effectiveness of the controllers
and the power regulation of the ESSs. In the end, the limitation
of the load is obtained by the stability analysis.

Index Terms—Hybrid power systems, Onboard DC power sys-
tems, Electrification, Hybrid ships, Stability, Dynamic modeling

I. INTRODUCTION

Consequently to the recent developments in the technol-
ogy of power electronics, onboard DC power systems have
received a great interest and have been widely used for
transportation electrification such as electric vehicles, more
electric aircrafts and electrified ships [1], [2], [3]. Shipboard
DC power systems have been recently proposed as an al-
ternative propulsion system in the marine industry because
of the natural flexibility and improved operability of DC
power system compared to the conventional AC system, which
allows the DC connected generators to be operated with their
optimal speed at the required load level and brings significant
economical and environmental values for the shipping industry
[4]. The optimal operation of the shipboard generators reduces
the fuel oil consumption of the ship that leads to lower
operating cost and emissions. In addition, the DC power
system can easily integrate energy storage systems (ESSs) such
as batteries, supercapacitors and fuel cells, and they enable
even cleaner and optimized sailing of the ship. With the recent
technological developments, DC power systems have been
even more applicable and they have been installed for the
small ferries. However, instability is still a major issue in the
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design of DC power systems necessitating reliable modeling
tools [5] and particularly with multiple converter-controlled
propulsion drives acting as constant power load (CPL) [6].
Catching up with this trend, an overview of the modeling
and control for the shipboard DC power systems have been
studied. The main objective of this paper is to investigate
mathematical modeling methodologies with an emphasis on
the power electronics so that they can be used for stability
analysis and control. In the end, all the components are
integrated and simulated at the same time to observe the
performance of the modeling and controllers. The outline of
this paper consists of each component modeling in the onboard
DC power systems, control method for the power electronics,
the simulation results and the stability analysis.

II. MODELING OF ONBOARD DC POWER SYSTEM

A. Design of the onboard DC power system

In Figure 1, the electric circuit of onboard DC power system
for this paper is presented. The system is simplified, but
it is modeled to include all the components that comprise
the onboard DC power system with AC sources, LCL filter,
AC/DC rectifier, DC/DC converters, energy storage systems
and power loads.

B. AC source and AC/DC converter

Instead of building a synchronous generator with a diesel
engine, pure AC voltage sources for each phase are used as
sine waves for the simplification. A similar modeling approach
is used and detailed in [7]. Then, the voltage and current
equations from the LCL filter (without passive damping) are
modeled for phase A as shown in (1)-(4), which will be
transformed to dg-frame in (5)-(6) for the control purpose.
For the other phases, the equations are the same with different
subscripts. In the modeling, D; represents D.,per — Diower as
a control signal of IGBTs operations as each D signal have a
value of 1 (close) or O (open), and Dggs means charging or
discharging mode of the energy storage systems.
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C. DC/DC converter

For DC/DC converters, averaging methods are considered
with state-space averaging and generalized averaging as ex-
plained in [8], [9]. First, DC/DC converter equations in state-
space form can be obtained from the circuit as (7) for boost
mode and (8) for buck mode. To derive equations of DC/DC
converters, a virtual resistor element of R and a subscript 1
for higher voltage side or 2 for lower voltage side are used
for the simplified derivation.
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Electric Circuit Diagram of the Proposed Onboard DC Power System under Investigation

The generalized averaging method was introduced by [11]
in 1991, and [8] studied for modeling and simulation of
multi-converter DC power electronic systems by using this
method. While the state-space averaging method is susceptible
to large-signal variations and oscillating behaviour for the state
variables, the generalized averaging method enables to model
various kinds of converters with large-signal and different
waveforms of state variables. Hereafter, the derivation of the
model for the buck-boost converter by using the generalized
averaging method is briefly explained. First, this method
utilizes the fact that the time-domain waveform x(7) can be
approximated by Fourier series:
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where, w, = 2%, T is approximated time interval and X(t)

is the complex Fourier coefficients. Also, the kth coefficient
at time t is determined by the following averaging operation
and (z), (t) is denoted as an averaging operation.

Xi(t) = %/th z(r)e Ik Tdr = <x>k(t) (10)

By using these operations, the aim is to derive a state-
space model having <a:> , as state variables. For buck mode
of operation, the commutation function w(¢) can be defined

as:
ult) = {

where, d is duty cycle, T" is switching period. Then, the Fourier
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coefficients of the states such as i;, and vo can be estimated
by using the first-order approximation as:

(i), = o1+ jxo, (in), = s (12a)
(Vo), = @3 + ja, (Vo) = Tg (12b)
<iL>—1 = <iL>Iv <”0>—1 = <v0>I (12¢)

where the operator * denotes the conjugate of a complex
number. Since ¢, and v are real, (12¢) can be derived. Then,
by using (10), ¢;, and v are derived by using six states of
the generalized averaging method as:

(13a)
(13b)

i1, = T5 + 2x1co0swt — 2x981NWt

Vo, = Tg + 2x3c0s5Wt — 2x481NWTE

Now, it is possible to derive the differential equations for 1,
To, T3, T4, 5 and xg by using the method of undetermined
coefficients, and they are expressed in state-space form of the
buck mode as:
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Similarly, the state-space form of the boost mode based on
the generalized averaging method can be derived as:
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Then, the converter model in boost mode is simulated as
seen in Figure 2 for the cases of n = 1,2,3 (turn ratio for
isolation) with the parameters listed in Table 1.

TABLE I
CONVERTER PARAMETERS

Parameter Value
Capacitance SmF
Inductance 516 mH
n (turns ratio) 3
fsw,con'u 2000 Hz

In Figure 2, the ripple in the generalized averaging method
is clearly seen, and the results of the state-space averaging
method show the averaged value of the generalized averaging
method. In this regard, the state-space averaging method can
be considered as a filtered or averaged method of the gener-
alized averaging method. Therefore, the state-space averaging
can be used as a low-pass filter or an observer model. In boost
mode, the duty cycle is fixed at d = 0.5 as well, but in case of
n = 2 or n = 3, the output voltage exceeds the DC voltage. In
this mode, the battery output voltage is assumed to be 400V,
but the result shows that it can be difficult to control the output
voltage to be in accordance with the DC voltage without a
controller. In addition, a higher turn ratio should be avoided
for the coordination of the voltage level between the grid and
the battery.

DC Voltages for DC/DC Converter in Boost Mode (Vin=400V)
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Fig. 2. Simulation of DC/DC Converter in Boost Mode

D. Battery (electrochemical) and supercapacitor

Battery model including internal resistance, terminal volt-
age, open circuit voltage, discharge current and the state of
charge is developed by [12] and [13] modified this model to
be compatible with Li-ion battery by considering a polarisation
voltage instead of a polarisation resistance. The mathematical
equations are be given with the parameters in Table II as:
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where,

Viatr= battery voltage (V)
Ey= battery constant voltage (V)
K= polarisation constant (V/Ah) or resistance (£2)
Q= battery capacity (Ah)

/ idt= actual battery charge (Ah)

A= exponential zone amplitude (V)
B= exponential zone time constant inverse (Ah)~!
R= internal resistance (R)
i= battery current (A)
i*= filtered battery current (A)

The supercapacitor is modeled as a simple capacitor without
the consideration of the frequency of the input voltage and
current, temperature and voltage level. However, the operating
range of the energy of the supercapacitor is limited with the
minimum and maximum voltage. Then, the energy of the

supercapacitor E. is controlled by AE,. = %CSC(VECMM —
2
V;c,min)'
TABLE II
BATTERY MODEL PARAMETERS
Parameter Value

Ey 850 V

Q 1200 Ah

K 0.0006 Q

A 09V

B 100 Ar~1

R 0.01 Q
E. Loads

The constant power load that represents propulsion motors
is fed through an LC filter to reduce the total distortion
harmonics. The model equations become as (18)-(19). In
this study, a resistive load that represents hotel load in the
ship is also considered as a constant impedance load that
is integrated through a buck DC/DC converter. The model
equations become as (20)-(23).
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III. CONTROL OF ONBOARD DC POWER SYSTEM
A. DC voltage control

The DC bus voltage is controlled by the rectifier. For the
control of the output DC voltage from rectifier, decoupling
control method is applied in the DQ synchronous reference
frame where the three-phase voltage is transformed to DQ
voltage by Park’s transform. The DC voltage control approach
is explained in [15]. The block diagram for the control is
presented in Figure 3.
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Fig. 3.
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Block Diagram for Control of Vpc and Reactive Current by DQ-

B. Control of DC/DC converter

To control the output current of the DC/DC converter in
buck mode, the sliding mode control is applied [16], and PI
controller is applied for the boost mode. The sliding mode
control starts with a function S with the current error and the
integral term given in (where S =-\S):

t
S= Z.L,'mes - Z"ref + K, - / (iL,mes - iref)dT (24)
0

To calculate i,.f, the electric charge ¢ (= CpcVpe) and
its reference ¢.f (= CpcVpc,rer) of the DC-link capacitor,
the rate of the charge can be given as:

t
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Then, i,.s is defined as a sum of the measured current and
the controlled rate of the electric charge. Then, the control
scheme can be made for the buck mode of the DC/DC
converter. The duty cycle of the DC/DC converter is calculated
by using its mathematical equations as in (26).
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IV. SIMULATION RESULTS

With the mathematical modeling and the control methods,
the integration work is carried out. The results are presented
in Figure 4 for ESS charging mode and Figure 5 for ESS dis-
charging mode. From the simulation results, the performance
of the voltage regulation and the ESS are observed. As it is
expected, the response of the supercapacitor is much faster
than that of the battery, and it leads to the oscillations in the
power load profile in the grid. In addition, the voltages are
controlled at their required level with the controllers.

TABLE III
POWER SYSTEM AND ELECTRIC CIRCUIT PARAMETERS

Parameter Value
Vac 690 V'
Vbe 1000 V/
Vse 300 V' /200 V' (max/min)
Voatt 850 V' (nominal)
Vept 1000 V
Vil 230 V
Pepi 7000 kW
P 1730 kW
Lga 27.9 mH
Tg,a 45Q
Lra 27.9 mH
Tr.a 45Q
CrLcor 120 pF
f sw,rec 15 k‘ H z
b grid 50 Hz
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Fig. 4. Simulation Result of Onboard DC Power System (ESS Charging)

V. STABILITY ANALYSIS

The constant power load (CPL) in Figure 1 represents
propulsion motor drives which are regulated tightly with
controllers and other minor loads are summed as a resistance
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Fig. 5. Simulation Result of Onboard DC Power System (ESS Disharging)

(constant impedance load). Since these loads can affect the
stability of the power system, the stability analysis should be
carried out for the design of the system. The load equations
in Section II are rewritten with states x; - x4, and the system
has nonlinearity due to the CPL in (19) and the duty cycle for
DC/DC converter control in (22). Therefore, the linearization
of the load equation should be done as (27)-(29) with z, and
U, as equilibrium points.

0%= A(Xo, U0)0x + B(xX0, uo)du 27
. . . T
OX= [0tcpi,1,0V51,1,00ci1,1,0V1,2, 0lcir2, 0Via2]”  (28)
T
ou= [6Vd()7 6PCPL, (5d] (29)
Then, the linearized system in state-space form can be
obtained with matrices A(z,, u,) and B(z,,u,) as:
TfI 1 1
- - 0 0 0
LlfLI Ly
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From the linearized system, the eigenvalues are calculated
with a different value of DC voltage and CPL. Then, the
stable and unstable region is determined by using the Hurwitz
stability criterion as shown in Figure 6.
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The results show that the current DC voltage set limits
the single CPL up to around 2,000 £W. Otherwise, the DC
voltage level must be elevated. Current 7,000 kW as a single
CPL causes instability in the power system, so the CPL is
divided into four parts with each LC filter. Figure 7 shows
the eigenvalues of the modified system. All the negative
eigenvalues are observed for the system to be Hurwitz stable.
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VI. CONCLUSION

In this paper, a dynamic model has been developed and
applied for the stability analysis and advanced control method
of onboard DC power system. Although some simplifications
have been made to improve the simulation time, the simula-
tions show the effectiveness of the proposed model. In addi-
tion, the stability analysis explains the causes of the instability
in the power system so that the relevant measures can be taken.
As a further study, detailed modeling of the power converters
can be done to observe the instability problems from their
rapid switching.
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