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Abstract—For the stable operation of the shipboard hybrid
DC power systems, the DC bus voltage should be controlled
within the recommended range by the regulations. However, the
challenge comes from the load variations, and it makes the main
bus voltage fluctuate. This paper proposes a control approach
based on hybrid dynamical modeling of the DC-DC converter for
the battery interface. In this method, the switching signal of the
DC-DC converter is calculated to satisfy the Lyapunov stability
criteria, and the reference power of the battery is generated for
the peak-shaving of the load changes to stabilize the voltage.
The effectiveness of the controller is evaluated with real ship
load data which has a transient profile. The performance of
the proposed control strategy is presented, and the results show
that the proposed method can provide significant advantages in
terms of fast and stable control performance, as well as the peak-
shaving function by the battery to operate the diesel generators
at the best efficiency point.

Index Terms—DC-DC converter, hybrid dynamical system,
peak-shaving, batteries, onboard DC power system, hybrid elec-
tric ships.

I. INTRODUCTION

hipboard hybrid DC power systems which are combined

with diesel generators (DGs) and energy storage systems
(ESSs) have been proposed as an alternative propulsion system
in the marine industry recently. Shipboard hybrid DC power
system can be operated more economical and environmentally
friendly over the AC systems because it is more flexible to
integrate ESSs to the main grid as a power source. Then,
the DGs can be operated optimally as a variable speed mode
at each load level since the synchronization in frequency is
not necessary. The variable speed operation can reduce the
fuel oil consumption especially in low load operation and
transient conditions, which is also related to lower operating
cost and emissions. As aforementioned, the DC power system
can easily integrate energy storage systems (ESSs) such as
batteries, supercapacitors and fuel cells which are designed
based on the DC system as shown in Fig. 1.

With the recent development of power electronics, the DC
power system has been even more applicable, and they have
been installed for the small ferries. The use of the ESSs can be
operated with several operational functions. One of the modes
is called peak-shaving that handles peak loads. Therefore,
the sudden fast changes in the load can be compensated by
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Fig. 1. A typical configuration of the shipboard hybrid DC power systems.

the ESSs while the DGs supply the filtered load with slow
dynamics. The peak loads can come from fast changes in ship
speed during maneuvering operations that involve switching
between full-ahead and full-astern operation or in rough sea
conditions. During this period, the voltages and current from
the DGs can fluctuate and the combustion efficiency from the
prime movers (diesel engines) can be worse due to the turbo-
lag.

As a result, ESS can be used as a bank for such transient
surge/load oscillations. Thanks to the fast response time,
batteries or supercapacitors can be plausible candidates for
the purpose of active mitigation methods against the transient
conditions, as they are already used for peak-shaving that aims
to smoothen the peak load and make the load of the DGs less
erratic. The uses of the batteries are proposed to mitigate the
voltage fluctuations in [1], [2]. Otherwise, the inertia of the
DGs should compensate for load fluctuations but this operation
can degrade the lifetime of the equipment in addition to
the increased fuel consumption and emissions. Therefore, the
peak-shaving operation by the battery is proposed in this study
so that the fast dynamics can be handled the battery while the
set-point of the DGs can be kept at their best efficiency points.

In the previous study [2], the main contribution is to
calculate the power reference of the battery by using the
model predictive control (MPC), but the control of the AC-
DC converter for the battery interface to the AC grid is not
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Fig. 2. Electric circuit diagram of the shipboard DC power system for the study.

considered. However, unlike the battery interface in the AC
systems, ESSs are connected to the main DC grid through a
DC-DC converter in the DC power systems, so it is required to
control the voltage or current output of the DC-DC converter.
This can be done by controlling Pulse Width Modulation
(PWM) of the switches such as Metal Oxide Semiconductor
Field-Effect Transistor (MOSFET) or Insulated Gate Bipolar
Transistor (IGBT) in the converters. Therefore, the control of
the DC-DC converter through the switching signal is the key
to the peak shaving operation.

The control of the DC-DC converter is commonly done by
proportional-integral (PI) controllers and MPC to control the
output voltage and current by duty cycle calculation. Then,
pulse-width modulation (PWM) technique is used to generate
switching signals [3] to the switches. In addition to these
methods, the DC-DC converter modeling and simulation via
hybrid control has been done in [4]. The research focuses on
controlling the boost converter to satisfy stability criteria at
a given output voltage set-point. Consequently, the switching
law is proposed to ensure the robust and global asymptotic

TABLE I
MAIN PARAMETERS OF THE STUDIED ONBOARD DC POWER SYSTEM

Parameter Unit Value
VG V (rms) 690
f Hz 60
Ry mS2 1
Ly uH 5
Cy uF 50
Rgc m$2 1
Lge p“H 5
Cdc mF 50
Vieref \% 1000
Sampling time (system)  ps 10

stability property. In this paper, it is aimed to build a bidirec-
tional buck and boost DC-DC converter model based on hybrid
dynamical system theory, and the control action is assigned to
guarantee the Lyapunov stability criteria producing the current
output for the peak-shaving. Therefore, PWM block is not used
in this work, so variable switching frequency is applied to the
controller of the DC-DC converter.

II. SHIPBOARD HYBRID DC POWER SYSTEM

In this section, the electric circuit diagram of the target
shipboard DC power system is presented as seen in Fig.
2. The power system for the study consists of two three-
phase generators, transmission lines, diode rectifiers, DC-filter
(in DC-bus), a battery and a constant power load (CPL) to
represent propulsion power loads which are tightly controlled
by inverters.

The AC/DC conversion can be carried out diode rectifiers,
thyristor rectifier or active front end rectifier [5], but the
diode rectifier is used in this study for its wide usage in
the industry. The diode rectifier can be modeled as a time-
varying transformer in dq-frame so that the switching effect
from the diode rectifier can be excluded in this study. There-
fore, the rectifier has no control action to regulate the DC
voltage through the rectifiers. Therefore, the main DC bus
voltage is mainly regulated by an automatic voltage regulator
(AVR) of the generators configured as a PI controller with a
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Fig. 3. DC droop for voltage control (Power-Voltage droop curve)



TABLE II
THE PARAMETERS FOR THE BATTERY AND DC-DC CONVERTER

Parameter Unit  Value

Voc v 650
R, m 50
Ry mQ 13

' F 14300
SOCi=o pu 0.5
Rated capacity (battery)  Ah 500
Ly mH 40
Cb mF 1
Switching freq. (dc-dc) kHz 1

voltage droop function (which is originally speed droop in AC
systems) as shown in Fig. 3, so the battery supplies power only
for the peak-shaving. The parameters for the main electrical
components are listed in Table. L.

The battery and the DC-DC converter parameters are chosen
as listed in Table. II. According to the sizing of the battery,
it can produce 325 kW for an hour. The type of DC-DC
converter in marine applications can be double stage with a
high-frequency transformer to minimize the size and to ensure
the isolation between the different voltage levels for safety.
However, a half-bridge type of the DC-DC converter with
multiple current paths is also widely used due to its simplicity,
so the half-bridge type is selected (but with one current path)
for this system-level analysis. Matlab/Simulink is used as a
simulation tool for this work.

III. DYNAMIC MODELING OF THE SYSTEM WITH
PREDICTIVE CONTROL

A. Diode rectifier

To formulate the controller, analytical equations of the
system should be derived. First, for easier modeling of AC
systems, the grid side voltages and currents are represented
in dg-frame transformed from abc-frame of three phases by
using Clarke and Park transform. This enables the dimension
of the system to be reduced and the rectifiers to be represented
as time-varying transformers [6] as aforementioned.

Then, for the rectifier, the switching function S, of the
diodes for a-phase as an example, can be represented by
Fourier series as [7]:

\/3#(_2 sin(kwt)) (1)

where k = 6L+1(L =0,1,2,.....k > 0)

By considering only the fundamental component of the
switching function (k=1), the voltage amplifying factor by
the switching function of the rectifier can be determined as
2v/3/m. Then, by dq-transformation, the magnitude of the
input current to the rectifier in dq-frame can be calculated

as.:
. 323
lig.dq| = \gﬂ “lde 2)

B. Diesel generators with line filters

For the voltage from AC sources (vgyp and vgsz), we can
define them as a simplified electrical representation of a pure
sinusoidal source with a droop function.

Then, i, 4 is set to be zero since the AC system is assumed
to be balanced. For the integral calculation of ¢4 ;, the factor

for vgq; is also same as %Q—f because the power of the

transformer at both sides should be equal. As a result, the
equations for the synchronous machine (diesel generator) -
rectifier systems can be given as:

digd i ) .
g St = VGd,i — Rglgdﬁi + ngqu_’i — Vgd,i
digq,i ; ;
Ly d VGq,i — Rglgqi — whgligdi — Vgq,i
dvga; . 32V3.
097 =1lgd; + chvgq,i - §Tzdc,i 3)
dvgg ; .
Co ;tqn = lgq,i = WCgVgd,q
dige.i 323 .
de dtc,l = \/;ﬂ_vgd,i - Rdczdc,i — Vde

As described in the electric circuit diagram in Figure 2, the
DC voltage is calculated based on the Kirchhoff’s current law
(KCL) as:

4)

2
dvdc . . PM
Cch = ; Ydeyi + that — e

where,

i Subscript index that denotes the number of bus
Py Required power of the propulsion motors as CPL (W)
w  AC system frequency (rad/s)

Vgdq  Voltage of diesel generator in dg-axis (V)
tqaq  Diesel generator current in dqg-axis (A)
Uqdg  Transmission line voltage in dg-axis (A)

Then, the states for the AC system and control inputs can
be defined as TAC = [igd,1 iqu Vgd,1 Vgq,1 idc,l Z'gdg Z'gqg
Vgd,2 Vg2 fde2 Vacl' and uac = [VGd1 Va1 VGd2 VGq:2
ibat]”. Vg and Vaq are delivered from the AC source by
the dg-transformation matrix, and ¢y, is calculated from the
control of the DC-DC converter. Therefore, V74 and Vg, has
slower dynamics than the states of the DC-DC converter, and
it makes the AC voltage variations less dependent on hybrid
control for the DC-DC converter. Only the battery current
ipqt 1S made to be controlled by hybrid control in the later
section.



C. DC-DC Converter

The DC-DC converter should be able to operate
bidirectionally so that the battery can be charged from
the DC grid and can discharge its power to the grid. The
sign of the output current is defined as negative when the
battery is charged and positive when the battery discharges.
The analytical equations for each buck and boost mode can
be expressed as:

Battery charging (buck mode) (i, i4cy, tpar < 0)

didcv E—
b Ccllt b dc
Vb . . 5
de7 :Zb‘ — ldev )
bat =(qldcv

digey
Ly ;t =Ub2— (1 = q)vac
dVac , ‘ Py (6)
C c— 3, — c,i at — T,
N ;Zd, + hat Vi

Z‘bat :(]- - q)idcv

q means the state of the switch, 1 for closed and 0 for
opened. As seen in the equation above, it can be concluded
that the number of equations can be reduced by having
only one equation for each 4., and ip4, if the states of
the switches are chosen to be complementary such that the
switches are not both opened or closed at the same time.

D. Battery

For the battery, Thévenin battery model is used to include
transient behaviors of the battery [8]. Therefore, the battery
parameters are kept constant during the whole simulation.
The model is consists of open-circuit voltage v,c,, internal
resistance R,, and RC parallel circuit (R, and C},) to include
the response to the load variations.

dvp, vp

_— == — — 1
Pt R, (7)

Uy =Vp — Rty + voc
Then, the current output from/to the battery can be calculated
in (8), so SOC can be calculated by integrating the output
current with respect to the sampling time as in (9).
Up + Voc — Vp

iy = T ®)

t
SOC = SOC(0) — ﬁ / ipdt 9)
bbb Jo

where SOC(0) is the initial loading of the battery, k; is 3600s
and Qp is the rated capacity of the battery in Ah.

IV. HYBRID CONTROL OF DC-DC CONVERTER

The DC-DC converter includes discrete dynamics due to
the switching nature and continuous dynamics. This can be
modeled based on hybrid dynamical systems with differential
equations and inclusions with constraints as explained in [9]
as:

rel
reD

_ | a=f(2)

where = = [vp Vp Vde tdev ¢ 7]7. Then, the flow map f(z),
jump map g(x), flow set C and jump set D can be defined as:

1 Vp Vp+Voe—Vp
o - m)
Cib(m — idey)
L (e + ides + Qigen — 222)
f(l’) = Cldc de,1 dc,2 qldco Ve
. (vb — quac)
0
1
71 (11)
T2
x3
g(z) = | 24
{ 1 if igey > i:lcv
0 if igey <4,
0

C .= {R2 x [900, 1100] x [—1000, 1000] x {0, 1} x [0, Ts,]}
D := {R? x [900,1100] x [—1000,1000] x {0,1} x {Tyu}}
(12)

where 7 is a timer, so the status of the switches should be
kept opened or closed until the time reaches to the switching
time Ty, as defined in Table. II. vy, and i4., are compact set
because of droop controller and C-rate limitation each.

To verify the nominal well-posedness of the hybrid system,
hybrid basic conditions should be satisfied as explained in [9]:

1) C and D are closed subsets of R™

2) f : R® = R” is outer semicontinuous and locally
bounded relative to C, C C dom f, and f(x) is convex
for every x € C

3) g : R® = R" is outer semicontinuous and locally
bounded relative to D, and D C dom g

Based on C, f(z) is differentiable and continuous, so f(z)
can be identified with a hybrid system satisfying hybrid basic
conditions above [9].

V. STABILITY ANALYSIS

The proposed Lyapunov function candidate can be chosen
to ensure the stability of vg. and the performance of 4., as:

V() :=(z—25)TP(z— 2% (13)



where z = [vge igen]T and P= {pu 0
0 pa

states are used in V(z) as z, because the stabilities of the
other states are ensured by their own controllers or itself. For
example, in the equations of the AC system, the assumption
is that the AC source as a pure sinusoidal wave can ensure
the stability because the voltage can be supplied constantly
regardless of the system condition. Likewise, the battery
states are also stable due to its constant voltage supply by
Voew, S0 ONly v4. and 4., are chosen as the states of interest,
since they can be influenced by the DC-DC converter control.
Then, the relaxed Lyapunov conditions (the strict decrease
assumptions are weakened) are used for the uniform global
pre-asymptotic stability for a compact set A = [v; vy Uy,
i%., " 7*]T based on Proposition 3.24 and 3.27 in [9] as:

> (. The reduced

1) V(x) should be continuously differentiable on a neigh-
borhood of C and continuous on D

2) V(z) =0,YVz e AN(CUD)

3) V(z) >0,Vz € (CUD)\ A

4) The subsets {x € CUD : V(z) < C} should be compact

5) (VV(x), f(z)) <0, Vz €C, f(z) € f

6) V(g(z)) —V(z) <0,Vz € D,g(z) €g

The conditions (1) to (4) can be satisfied because the
Lyapunov function candidate is a quadratic function. For the
condition (5), the inner product between the gradient of V'
and the directions along with reduced order flow map f(x) is
computed as:

(VV(2), f(z)) =
P

P . .
2p11 (Vae — v3.) (5 (de, + tde,2 + Qidev — U—M))

Cdc dc (14)

. . 1
+ 2p22(ldev — chv)(fb(vb — qU4c))

Then, according to g, (14) should be computed and com-
pared as:

argmax(VV(x), f(x)) <0 (15)
qE{O,l}
When q is zero, (14) can be simplified as:
2 . -k
(VV (@), f(@))gm0 = T2 (idew = ifeu)vs (16)

Ly
where igc1 + ige2 — % = 0 because of the power balance
assuming that vg4. is constant during the switching period
(T'sy) of the DC-DC converter. If the control law is selected
such that ¢ is zero when ig., < 4}, while v, > 0,

(VV(z), f(x))q=0 < 0 can be satisfied.
(VV(2), f(2))q=1 =

2p ) ) . Py
Cdl;(vdc - U;c)(ldc,l + %de,2 + tdew — ;) (17)
T idew = ) (0 = vac)

Similarly, for the case of ¢ = 1 in (17), the first term
becomes zero due to the power balance, and the control law
is selected such that g is unity when ¢4, > i}, While v > 0.
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Then, (VV (), f(z))g=1 < 0 can be satisfied as well. Even
though it is not balanced with 7gc,, (i.€. tgc,1 + tac,2 = STM),
very small p;; can be always found because vq4. and %4, are
bounded while the second term is less than and not equal to
ZEero.

For the stability condition (6), the values of the Lyapunov
candidate before and after the jump are the same because q is
not included in the function.

V(zt)-V(z)=0<0 (18)
Therefore, the stability condition (6) can be also satisfied.

Therefore, the control law of ¢ in (11) is verified with the
stability analysis.
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VI. RESULTS AND DISCUSSIONS

In this section, the simulation models are established for the
dynamic analysis of the system. To verify the proposed control
method, the load profile as shown in Fig. 4 is prepared, which
represents a high transient maneuvering ship operation in order
to check the peak-shaving performance clearly.

It is assumed that the best efficiency set-point of the DGs is
1200 kW for a given time period, and the remaining positive
or negative required power becomes the reference current of
ey (1.€. idco,ref). In addition, the droop coefficient is chosen
as 10% in order to observe the effect of the droop control
more clearly in the result.

In Fig. 5 (a), it is observed that the DC voltage fluctuations
come from the switching effect of the DC-DC converter, but
the fluctuation occurs within the acceptable range along with
the voltage reference by droop control. The performance of
the peak-shaving is well described in Fig. 5 (b).

The supplied power of the DGs is more centered near the

reference value at 1200 kW by the hybrid control of the DC-
DC converter as shown in 5 (c). Since the battery has a cyclic
operation in its power by charging and discharging, SOC can
remain nearly constant at the initial value (50 %). This can be
beneficial to the increased lifetime of the battery.

Since the battery output voltage is relatively constant due
to the constant v,.,, the current output is alike to the power
output of the battery. The measured current output follows
the reference as shown in Fig. 6 (a) and (b) by the switching
operation of the switches via hybrid control. The duty cycle of
this switching operation (q) is averaged at every 0.1s in Fig.
7 (a), and Fig. 7 (b) shows that the hybrid control results in
the variable switching frequency of the DC-DC converter over
time.

VII. CONCLUSION

In this study, it is demonstrated how hybrid control can
be applied to the bidirectional DC-DC converter in order
to control the power of the battery for the peak-shaving.
The Lyapunov-based stability analysis ensures the proposed
switching law not to cause instability in the system, especially
in vg.. The results show that the proposed control method
does not impact the voltage fluctuations to the unacceptable
level. In addition, hybrid control does not include the integral
calculation in switching control compared to PI control as
a conventional method, so it has an advantage of the less
computational workload over the PI control method. Also, the
result shows that the peak-shaving operation can increase the
lifetime of the battery by decreasing cyclic operation in terms
of its SOC change.
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