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Optimisation and control of electric ship microgrids
with short-term energy storage systems

Faysal Hardan, Pietro Tricoli, Senior Member, IEEE

Abstract—The inertia of DC power system is very low in general
compared to the traditional AC system’s inertia, necessitating the
introduction of new concepts for shipboard DC power systems.
This paper proposes an innovative control structure for electric-
ship DC system which integrates ultra-capacitor and SMES
energy storage systems to stabilise its microgrid with minimal
voltage disturbance caused by the ship dynamic loads, whilst
allowing dynamic close-loop re-balancing of the storage systems.
New design and optimisation methodologies, based on new
dynamic system model, are presented and discussed. Power
system performance has been assessed and validated through
real-time hardware-in-the-loop simulation and practical
implementation of the control concept using DSP hardware.

Index Terms—Battery service life, control system, electric vessel,
energy storage, power electronic converter, propulsion,
shipboard DC power system, stability, superconducting magnetic
energy storage, thrusters, ultracapacitors.

I. INTRODUCTION

N response to climate change, many governmental

agencies worldwide have adopted policies and plans to

decarbonise the transport sector. Maritime transport
mostly relies on fossil fuels that substantially contribute to
carbon emissions. Therefore, there is an increasing demand for
zero-emission vessels powered by batteries or hybrid sources
including other types of energy storage. However, batteries
have limited charging/discharging cycles and are expensive to
replace at their end-of-life service. Therefore, research to
focus on extending their service life is highly desirable to
reduce the total cost of ownership of electric vessels. Recent
research and studies have reported on the utilisation of ultra-
capacitor/ supercapacitor energy storage in battery powered
systems for efficient operation and to extend the operational
lifespan of the batteries [1-5]. In general, ultra-capacitors have
higher number of charging cycles when compared with
batteries, and they can be charged or discharged rapidly to
handle the dynamic power of ship propulsion motors [6-8].
Current advancement in ultra-capacitor (UC) technology has
led to increasing energy densities, with current figures above
43Wh/L, and power densities about 15kW/L [9]. In
comparison, superconducting magnet energy storage (SMES)
produced by Si microfabrication technology can achieve
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energy density in the range of 1Wh/L [10]. Research and
applications of hybrid energy storage systems (ESSs) to
combine UC and SMES with batteries onboard electric
vehicles (EV) have been reported widely in literature, e.g., in
[11-16]. In [11], the proposed battery/UC system uses a small
DC/DC converter controlled as an energy pump for setting the
UC voltage at a level higher than the battery voltage for
dynamic driving. As such, the battery only provides power to
the load when the UC voltage drops below the battery voltage,
causing almost constant load profile for the battery. However,
the DC-bus voltage in this system can vary widely to gain
benefit from the stored UC energy, which is not preferred for
voltage-regulated DC power systems. An example of SMES in
battery powered bus is reported in [12], where the author
proposed a power control algorithm to improve battery
lifetime. Research reported in [13] attempted to validate the
effectiveness of battery-UC hybrid ESS for EV applications
by analysing the influence of battery prices with different
operating temperatures on optimising the hybrid ESS,
including UC size and energy management system.
References [14] and [15] cover considerable reviews of ESSs
for application in EVs, including batteries, UC, SMES and key
management issues. However, for integrating ESSs into ship
power systems, different AC/DC power architectures have
been studied and reported in the literature, e.g., in [17] and
[18]. They can be designed with hierarchical and zonal control
and protection, which have been the subject of current and
recent research activities of marine and shipboard applications
[19], [20].
The most important issue for the DC shipboard power system
is the stabilisation of its DC voltage, associated with the
inherent low inertia of the DC systems. In this context, a
variety of control, coordination, and power management
methods were proposed and studied, including those for
hybrid ESSs [21-26]. In the presence of pulsating electric
loads on ships, articles [27-32] report on the control and
management of hybrid ESSs and shipboard power systems,
including modelling at different levels. In [27], the authors
proposed a virtual admittance droop control based on the
traditional virtual resistor and capacitor droop method, where
the hybrid ESS mitigates the transient power fluctuations of
the loads. Notably, article [31] reports on the application of
hybrid SMES/battery ESS in all-electric ship to improve the
stability of its DC power system, using dynamic droop control
for prioritising the charging or discharging process.

This paper proposes an innovative control structure for
electric-ship DC power system which integrates UC energy
storage (UCES) and SMES systems to stabilise the microgrid



TTE-Reg-2023-05-1075

3 : Prime Mover
Static and dynamic | o-eeeeeeseeiieen e .
service/local loads Li-ion | !

|

|

L Battery | |
o

|

|

DC-Bus, 750V

The total

[

capacitance of

the DC-bus System &
equals the sum

of all connected Local
capacitances. Controllers
VSI: Voltage

Source Inverter ﬁ

M: Propulsion

Motor Human
''''''''''''' Interface

Fig.1. The architecture and its components for the ship DC power system.

voltage of the system with minimal voltage disturbance caused
by the ship transient/dynamic loads. This structure includes a
new mechanism with cross-coupling control, which allows the
storage systems to re-balance their charging states through the
microgrid DC-bus in an indirect closed-loop manner. To
realise this structure, a new dynamic model of the DC power
system has been derived with analysis. A new optimisation
method for the coupling control has also been proposed, with
design and stability analysis based on the derived system
model as presented and discussed in later sections of the
paper. The control concept has been validated through DSP
hardware implementation, interfaced to a hardware-in-the-
loop (HiL) platform that was programmed to represent the
components of the DC power system for real-time simulation.
The system included a DC microgrid, battery, UCES, SMES,
their power electronic (PE) converters, and the vessel’s
dynamic propulsion load.

II. THE ARCHITECTURE OF THE SHIP POWER SYSTEM

The considered architecture of the ship power system,
which accommodates the vessel battery, ESSs, propulsion
units and loads, is illustrated in Fig.1. It has been adopted with
common-bus type, which is usually considered for ships
equipped with electric propulsion motors/generators [33].
With this type of architecture, it is efficient to absorb the
regenerative power by the ESSs when the motor is stopped, or
its rotational direction is reversed. The block diagram in Fig.1
only represents a simplified microgrid DC-bus for the ship’s
DC switchboard without redundancy. The Li-ion battery in the
diagram represents the prime mover of the ship and it is
interfaced to the main DC-bus via its controllable DC-DC PE
converter. The vessel service/local loads are supplied from the
DC-bus through their DC-DC and DC-AC converters adjusted
to the voltage levels required for service equipment. The
electric propulsion/thruster units were considered to utilise
induction machines as motors/generators, which are powered
and controlled by electric drives. These drives are based on
voltage-source-inverters (VSIs) and the field-oriented control
for high-performance torque control and operational
characteristics [34]. As illustrated, the UCES and SMES are

connected directly to the DC-bus through their own PE
converters for easy exchange of transient and regenerative
power with the thruster drives. As the vessel power system is
inherently isolated from the onshore grid, the simplest
transformerless converter topologies were adopted onboard to
minimise the number of PE devices and to obtain the highest
possible efficiency for the power system. Therefore, the half-
bridge buck-boost PE topology was selected for the battery
and UCES converters, whereas a parallel buck-boost topology
(as illustrated in Fig.1) was employed for the SMES converter.
The converter topologies can be based on either Si IGBT or
SiC MOSFET devices, integrated or packaged within half-
bridge and full-bridge modules. System and local controllers,
including those for the UCES, SMES, and DC-voltage, deliver
control signals to the relevant power converters and motor
inverters based on measurement of the controlled variables.
The values of the UC capacitance and SM inductance were
chosen to be similar and equal to 10F and 10H for symmetry
and simplicity of design, optimization, analysis, and
comparison. Based on these values, both UCES and SMES
can store energy up to 1.8M1J each for the case-study presented
in this paper.

III. THE PROPOSED CONTROL STRUCTURE AND DYNAMIC
SYSTEM MODELLING

For modelling purposes, the block diagrams in Fig.2 have
been configured to represent the proposed control structure of
the ship’s DC power system. Each box of the diagrams
represents either a sub-system or control function of the
overall control structure, and it is indicated with its specific
input and output variables. These boxes are linked according
to their input/output signal flow to ease the process for
dynamic modelling of the system with the required control
functions. As can be realised from the upper diagram, the
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Fig.2. A block-diagram representing the overall proposed control structure:

(a): the main closed-loop control section for stabilising the microgrid DC-

bus voltage via the UCES and SMES systems, (b): the re-balancing control
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control structure considers stabilising the DC-bus voltage
directly via the UCES and SMES PE converters through bi-
directional adjustments of their output power to the microgrid
DC-bus. The power references for the power controllers of
these systems can be derived using DC voltage-droop
controllers represented by gains K., K. Normally, these
gains should generate bidirectional power demands with
maximum level equivalent to the ESS nominal power when
the DC-bus voltage deviation reaches its upper and lower
limits of +£10% [18], [32], which is equivalent to £0.1 per-unit.
Therefore, if the power demand and DC-bus voltage are
represented using the per-unit system, the gains can be set to
10 to produce maximum/minimum power demands of +1 per-
unit when the DC voltage deviation reaches its limits. The
power demand-signals are fed to the power or current
controllers of the PE converters, which control the power flow
of the energy storage elements. To re-balance the UCES
voltage and SMES current, the battery must deliver the long-
term power to the DC power system, which is equivalent to
the average DC-load plus power losses. As the UCES and
battery are regarded as voltage sources, they can both have
identical PE converters and power controller structures. The
reference-voltage signals produced by the power controllers
are pulse-width-modulated (PWM) to control the PE switches
of their half-bridge PE converters. However, as the SMES is
regarded as a current source, the SMES PE converter must be
capable of circulating the SMES current for dynamic
operation. The coupling factors K., K.s; Were introduced to
guarantee that both the UCES and SMES systems are working
in parallel, and their stored energies are shared equally without
being one of them depleted before the other. More details
about validating the functionality of these factors are covered
and demonstrated in later parts of this paper.

The block diagrams in Fig.3 illustrates the power-controller
structures of the UCES and SMES PE converters. It should be
noted that the UCES and SMES power controllers are non-
linear in general because the division by v, and i,,, which
are variables affected by their controlled current i, and

i P
p‘:LC' d llj(:! Vpwm
* Divide ;* * *
Dbat V__ hat Avam - prm
— Ce(s)
_ PWM
i reference
i“”‘ for UCES
bat & batter
Vucr Vbat y
converter
Divide .
¥
Psm f . Usm = prm
—> -
x PWM
reference
ism for SMES
converter

Puicr Vuer bye: are the UCES power demand, voltage and current,

Dbatr Vbarr Lpae: are the battery power demand, voltage and current,
ism> Psm» Vsm: are the SMES current & its power and voltage demands,
C.(s): is a current controller function.

Fig.3. Block diagrams representing the UCES, battery, and SMES power/
current controllers that deliver the PWM reference voltage signals.

voltage v,,,, respectively. However, these variables change
slowly due the large UC capacitance and SMES inductance.
As such, the power controllers exhibit linear behaviour around
the set-points of the UC voltage and SMES current.

A. The DC-Bus Power-Voltage Model

The DC-bus electrical model can be described by the
following differential equation,

dvge
dat

Cac = lcae — GeVgc (1)
V4c 1s the DC-bus voltage and i.4. is the current that flows
into or from the total DC-bus capacitance C,4.. This current is
the algebraic sum of all currents of the UCES, SMES, battery,
and DC load exchanged with the microgrid DC-bus. The term
G.vy. represents the leakage current through this
capacitance’s conductance G.. Considering that vy, is kept
close to its nominal value during the normal operation, then
multiplying both sides of the above equation by the nominal
value of the microgrid DC-bus voltage v, results in the
following power-voltage expression.

Avgc
Cdcvdcn FC = Puc + Psm t Poat — PacL — chdcnvdc (2)

Pucr Psm» Pbat» Pact, are the instantaneous values of the
UCES, SMES, battery, and DC load power, respectively.
When both sides of this equation are divided by the nominal
power of the microgrid DC-bus pg.,, the equation can be
converted to a per-unit power-voltage model as follows.

% %Vdcgﬁ(ljuc'i'&m'kpbat_Pch) (3)

The voltage and power variables are given here in capital
letters to denote per-unit quantities. The DC load power P,
represents all the vessel’s loads consumed and exchanged
through the connecting DC-bus. The quantity H, is the inertia
constant of the DC power system and is defined as

%Cdcvécn

11d =
¢ Pdcen

B. The Ultra-capacitor Power-Voltage Model

As short-term ESSs, ultra-capacitors are mainly designed to
provide high specific power. Therefore, their equivalent series-
resistance is usually very small and can be neglected. However,
to account for self-discharging losses of the UC, a conductance
connected in parallel to it can be added. Based on this
consideration, the dynamic model of the UC can be reduced to
the following first-order differential equation.

dvyc _ -1 Guc

dt Cuc leue — a Vuc (4)

Vyes Leues Cucs Gye are the voltage, output current, capacitance,
and parallel conductance of the UC, respectively. Considering
that the UC is working around its nominal voltage v,,., (Which
will be the case), the following power-voltage expression can be
obtained by multiplying both sides of equation (4) by vy, .

dvyc -1 Gyuc
Vyen—— = — — ——VyenV, 5
ucn gy Cuc Pcu Cue uenPuc ( )

Puc 1s the UC output power. Dividing both sides of the
equation by the nominal power of the UC p,. and re-
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arranging its terms, the per-unit power-voltage model of the UC
can be derived as

aVyc + Guc -1

~

dt Cuc %€ 7 2Hy,

Puc (6)

V¢, P, are the UC per-unit voltage and power, respectively, and
H,,. represents the inertia constant of the UCES system,
Huc — %Cuc viien

Pucn
It is worthwhile to mention that the UC power P, is regarded
approximately equivalent to the UCES system power as the
efficiency of the UCES PE converter is usually very close to
100%. This will also be considered for the PE converters of the
SMES and battery systems when deriving their models in the
next sub-sections.

C. The SMES Power-Current Model

The superconducting coil of an SMES system is cooled down
below its critical temperature by the system’s cryogenic unit to
transfer the coil’s wire to the superconducting state, which is
associated by almost zero wire resistance. From a mathematical
modelling point of view, this coil can be represented by an
inductance L, with a highly small resistance 7,,, connected to
it in series manner. Accordingly, the voltage across the coil can
be modelled mathematically as follows.

digm . _
Lsm dt + Tsm lsm = —VUsm (7)

ism 1s the coil current and v, is the voltage across it applied by
the SMES PE converter in the negative direction to extract
power from the SMES system. As the coil will be utilised around
its nominal current i, then multiplying both sides of the
above equation by this current results in the following power-
current form,

. digm . —
Lsm lsmn dt + rsm lsmn lsm - _psm (8)

DPsm 1S the output power of the SMES system as the coil is
charged/discharged with current around i,,,. Dividing both
sides of the above expression by the SMES nominal power pgn,
and re-arranging its terms, the following per-unit power-current
model of the SM coil can be derived,

Alsm | Tsm ~ ~1
dt + Lsm Ism - 2Hsm Psm (9)
Igm, Pyn are the coil per-unit current and power, respectively,
and H,, represents the inertia constant of the SMES system,
_ %Lsm l.gmn
Hsm -
Psmn
It should be noted that the resistance of the SMES coil was
substituted for zero in the subsequent sections for system
analysis and design, but it was included here for modelling

purposes only.
D. Derivation of the Battery Power Model

The re-balancing controllers of the UCES and SMES were
selected to be as simple as possible with an integrating memory
term to drive the energy storage error to zero after a certain time
determined by the capacity of the UC and SMES coil.

Accordingly, the proportional-integral (PI) function was found
suitable for both the UCES and SMES re-balancing controllers.
The design procedure for selecting the most appropriate gains of
the PI function is discussed in a subsequent section. According
to the block diagrams of Fig.2 and their input/output variables,
and by considering the PI law for the UCES and SMES re-
balancing controllers, the following expressions can be worked
out.

dp} av x
% = —Kpuc dlttc + Kive Ve — Vue) (10)
ap; al *

;:m = _Kpsm% + KiSm(Ism - Ism) (11)

where, Py, Ppsm are battery power demands generated by the
UCES and SMES re-balancing controllers, K, and K;,, . are the
proportional and integral gains of the UCES re-balancing
controller, and K¢y, Kism are the gains for the SMES re-
balancing controller. The variables with the asterisk ‘*’ represent
references or demand quantities. Substituting the voltage and
current derivatives from equations (6) and (9) into equations (10)
and (11), it can be found that,

AP, _ Kpuc Kpuc Guc *
dat  2H Puc + C - Kiuc V;zc + Kiuc V;zc (12)
uc uc

ar;, K Kpsm T *
% = ﬁ P + (% - Kism) Ly + Kism Ism (13)
As illustrated in the lower block diagram of Fig.2. the battery
power demand and its derivative can be expressed as

dPpat

dpy, dpy,
P, * — P* + P* N — buc bsm
bat buc bsm dt dt dt

(14)

For system analysis and design purposes, it is acceptable to
consider that the power bandwidth of the PE battery converter is
high enough so that its response delay can be neglected. As such,
the battery power P,,, can be approximately equivalent to its
power demand Pj,;, and so forth for its power derivative.
Therefore, the following expression can be considered for
modelling the battery power based on equation (14).

~

APpqat ~ dpgat — dP;uc dPl;sm
ac — dt dt dt

(15)

Adopting similar response characteristics of the re-balancing
controllers leads to selecting similar set of gains for both
controllers, i.e.,

Kpuc = Kpsm = Kp » Kiye = Kism = K; -

Accordingly, one re-balancing controller may be used for
both the UC voltage and SMES current error signals.
However, the re-balancing controllers can be generally
designed with different set of gains for different response
characteristics. Substituting the similar set of controller gains K,
and K; into equations (12) & (13), and then substituting the
resulting expressions into equation (15), gives the following
dynamical sub-model for the produced battery power.

bat = (22— g ) e + (B — K)o +

dt Cuc sm
Ko
2Hyc

Py + =2 Py + K; Ve + K; L. (16)
2Hgm
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E. The Full State-Space Model of the Power System

The above mathematical expressions can form the system
dynamic-model derived according to the signal flow illustrated
on the block diagrams of Fig.2, which shows all the sub-systems
involved in the closed-loop control process. Combining all sub-
system models, a single state-space model can be formulated
which is useful for system analysis and design of the DC voltage
and re-balancing controllers. Considering that the UCES and
SMES PE converters have an ideal step-response, the following
equations can be realised according to Fig.2 diagrams.

B = B = Ky (V;c = Vac) + Kesm Ugm — Lsin) a7
P = P = Ko (V;c = Vae) + Keue e — Vo) (18)

K, . and K, are the DC-bus voltage-droop gains of the UCES
and SMES control channels, and K_,, and K, are the coupling
factors into these channels, respectively. Substituting the above
equations into equations (3), (6) and (9) results in the following
expressions for the state-space model of the whole system,

Vac _ _ { Gc (Kuc"'Ksm)} _ Keuc _ Kcsml +
dt Cac 2Hgc 4 2Hge Y€ 2Hg. S™
Ppat | (Kuc+Ksm) Vi o+ Keuc VE o+ Kesm p«_ PdcL (19)
2Hg, 2Hge 3¢ 7 2Hge M€ T 2HG ST 2Hg,
av, G K; K,
uc — — uc ]’/’uc + uc Vdc + csm Ism _
dt Cuc 2Hyc 2Hyc
Kuc 17+ _ Kesm g«
— - I 20
2Hyc dc 2Hyc sm ( )
dl T K. K,
sm — — sm Ism + sm Vdc + cuc ]/u'c —
dt Lsm 2Hgm 2Hgm
Ksm v, _ Keue 14 (21)
2Hgm 3¢ 2Hg, ¥€
dp KpKuc . KpKsm Kp Gue  KpKcuc
batz_(P + 5% Ve + (Fplue _Tpfewe gy 4
dt 2Hyc  2Hem Cuc 2Hgm
Ky 1. KpK, KyK, KyK.
pTsm pKcsm pKuc pKsm *
(ot gy (b )
LSm ZHU.C ZHU.C ZHSm

KpKcuc * KpKcsm ANA
(K + ) Ve o+ (22 4 K i (22)
Using the common state-space notation [35], the model can be

expressed as

dx(t
ZO = 4x(®) + Bu(®) (23)
Y(t) = C x(t); (24)
— T
x(t) = [Vac Vie Ism  Prat]
— * * * T
u(t) - [Vdc Vuc Ism Pch]
A=
[ -Gc  Kuyct+Ksm —Keuc “Kesm 1 ]
Cdc 2Hqc 2Hqc 2Hac 2H g
Kuc —Gyuc Kesm 0
2Hyc Cuc 2Hyc
Keuc ZTsm 0
Ksm 2Hsm Lsm
2Hsm Kp G KpK,
pue  Tprcuc  KpTem  KpKesm
“KpKuc _ KpKsm  Cyc 2Hsm Lem 2Hye
| 2Hyc 2Hsm Ki Ki

Kyct+K.
[ uch - Keuc Kesm -1 ]
| de 2Hge 2Hqc 2Hgc |
~Kuc -K
| 0 csm 0 I
2H,
B = | _Kuc —Kcuc 2Hyc I
| sm Ho I
sm
| 2fsm KpKeuc 0 0 |
KpKuc | KpKsm K; + b KpKesm + K.
l - 2Hsm a1 i 0 J
2Hyc 2Hsm uc

Y (t) is the output vector of the model, C is a 4x4 identity matrix,
and T denotes a matrix transpose. It can be realised that the input
vector elements V., V. and V,;, will be set to a fixed value of
one per-unit as the system is intended to operate around the
nominal values. However, the input element P,;.;, which is the
vessel load power, can vary rapidly according to the thruster
loads. Based on this closed-loop model of the system, the generic
transfer functions of the full system in s-domain can be obtained.

Y(s) = G(s) U(s) (25)
U(s) = [AVic(s) AVie(s)  Alim(s)  APacr(s)]"

Y(s) = [AVac(s)  AVic(s)

[911(5) 912(5)
_1921(8)  g22(5)

G(s) = |931(5) g32(5)
L941 (s)  Ga2(s)

Alsm(s) APbat(S)]T

913(5) 914(5)]
923(s)  g24(s)|
933(s) 934(5)|
9a3(s) 944(5)J

where, G(s) represents the matrix of the I/O transfer functions
and A denotes a change in the relevant variable. Amongst the
input variables, only the DC-load will be changing due to vessel
loads and/or thruster power, and the transfer functions which
connect this input to the system outputs are g4, 924, J34, and
Jas. Noting that the most significant output dynamics for
analyse are the dynamics of the DC-bus voltage and battery
power, it was suitable to only consider the relevant transfer
functions, g,, from input P, to output V., and g,, from input
Py, to output Py

914(8) = N14(5)/Dn(s) (26)
944(S) = Nyy(s)/Dr(s) (27)
Ny,(S) = byg s3 + byy s2 + by s + byg (28)
Dy(s)=aps*+a;s3+a,s*+azs+a, (29)
N3a(s) = bao 5% + bay S + baz 5 (30)
-1 —_~Guc _ _ Tom
107 2hg." "M T 2Hge Cue 2HacLsm
& Guerem

b12 ,b13=0.

8Hgc Hsm Hyc 2Hgc Cyc Lsm

Kg G G T
ap=1,a ==+ +2=+"2,
Hac Cdc Cuc Lsm
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a, = -k Ka(Kc+Kp) | Ka(Kc+Kp) Guc Kq Ge Gyc
2 =
4Hsm Hyc 4Hgc Hyc 4Hgc Hsm Hgc Cyc Cdc Cuc
Kd Tsm Gc T'sm GucTsm
HgcLsm CdcLsm CucLsm ’
= G K? Kq K; Kq K; KqKcKp
3 =
4Cqc Hsm Hyc 4Hgc Hyc 4Hgc Hsm 4Hgc Hsm Huyc
Gyuc Kg(Kc+Kp) | Tsm Ka(Kc+Kp) Guc Kd sm G Guc 'sm
4Hgc Hsm Cyc 4Hgc Hyc Lsm Hgc Cuc Lsm Cdc Cuc Lsm ’
a, = KcKa Ki Guc Ka Ki Ka KiTsm
4_ - .
4Hgc Hsm Hyc 4Hgc Hsm Cuc 4Hgc Hyc Lsm
b40 — Kg Kp Kg Kp
4HgcHyc  4HgcHsm’
b, = K4 K; K4 K; Kq Kc Kp Guc Kq Kp
41 —
4Hgc Hyc 4Hgc Hsm 4Hgc Hsm Hyc 4Hgc Hsm Cyc
Tsm Kq Kp
4Hgc Hyc Lsm’
_ _ KaKcK; GucKa K Tsm Ka Ki
b4—2 -

4Hgc Hsm Huc 4Hgc Hsm Cyc 4Hgc Hyc Lsm ’

IV. OPTIMISED SELECTION OF COUPLING FACTORS

The coupling factors K., and K, were integrated within
the control structure to dynamically equalise the per-unit errors
of the stored energies within the UCES and SMES, preventing
them from depleting/rising before each other. To find the
optimum values of these factors, an objective function F for
minimising the difference between the errors of the UC voltage
and SMES current has been derived. This function is based on
squaring the per-unit difference between the UC voltage error
and the SMES current error:

1
F(Vuc:lsm!t) ZE

{[(Vu’z —Ve()] —}2 an

[(Is*m - Ism (t))]

From dynamic-control point of view, minimising this function at
all times of operation requires that its derivative with respect to
time should be equal to zero.

. dF
min F - —=20,or,
dt

(Ve = Vie) = Ui — In)] - (S22 - F2) = 0. (32)

dt dt

Considering only the part of the derivatives of V. and I,
which can be substituted from equations (6) and (9), and
replacing P, and Py, for their expressions in (17) and (18),
which involve the coupling factors K, and K, the following
expressions can be derived,

av, -G, 1 .
—= V- Tuc [Kuc €dc + Kcsm (Ism - Ism)] (33)

dt Cuc Y€

dlsm _ —Tsm 1 *
at L Ism Y [Ksm eac t Kcuc (Vuc - V;w)]
sm sm

(34

For the study presented in this paper, the DC voltage-droop gains
were considered equal, and the same was also applied to the
coupling factors, i.e., K, = K;y = Kz, and K, = K.y = K.
Substituting equations (33) and (34) into (32), and simplifying
the final expression, the optimal coupling factor K, (as a function
of V. and I;,,,) can be calculated as follows,

PLC=10A

=Ksm = Kc

PLC=2A

Kuc

13 9
sm = Loy, [puj

- 0.1
- 0.05
" 0
-0.05

Vuc* - Vuc [pu]

Ism* - Ism [pu]

4
3
2 K.=2
< PLC=10A
no1 _
£ PLC=2A k.=03 i\ _
M | '
] 0 : -
5 ™~ : PLC=2A
21 < >
Error range
2 L1 withKe=03
PLC=10A i
3 > Errorrange
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Fig.4. Variation of the common coupling factor K, as function of the errors
of I, and I, at different values of parallel leakage current of the UCES; V.
and I;,,, were set to 1 per-unit, and K; = 10.

K (;_ 1 ) Guc |, _Tsm;
4 \2Hyc " 2Hsm/) " Cuc "%~ Lsm ™
(Vie=Vuc) Usm—1Ism) :
2Hsm 2Hyc

€dc
K (Ve Ism) =

(35)

It is worth noting that the per-unit values I}/, and I, are equal to
one when set and fixed to their relevant nominal values. Around
the nominal operating points, the above expression is
discontinuous and is a function of the UC voltage 1, and SMES
current Ig,. As can be realised, the effect of the DC-voltage
error e4. on K, is negligible when the inertia constants of the UC
and SMES systems are close in values. In fact, according to
equation (35), K, can be affected considerably by the difference
between the UC leakage current G, V. and the SMES dropping
voltage 15, L. And when passing an additional parallel leakage
current (PLC) out of the UC, this can clearly help to demonstrate
how the calculated value of the coupling factor can be affected.
Considering two additional PLCs at 2A and 10A, and using the
system parameters provided in Table II of Section VII for
equation (35), the 3-D graphs in Fig.4(a) demonstrate how K is
changing whilst V. and I, errors are varying in the range
{—0.1 - 0.1} per-unit. When the errors of the UCES voltage and
SMES current are close to each other, the optimal value of K, is
relatively high until it becomes uncertain. In other words, K,
should be high enough to minimise the difference between the
errors of V. and Ig,. The graph in Fig.4(b) is a rotated-up
version of the previous 3-D graph around V. and I, error axes,
which can help to illustrate the concentration of the optimum
values of K. It can be realised that the selected value for K,
depends on the PLC magnitude and the designer’s preferred
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range of acceptable difference between the V. and I, errors.
Within the PLC range from 2A to 10A, the author recommended
a range of optimal values for K, between 0.3 and 2, as indicated
by the dotted lines in Fig.4(b). Accordingly, this would allow
acceptable differences between the UCES voltage and SMES
current errors within limits around £0.05 per-unit. It should be
noted that selecting negative values for the coupling factor K,
will render the system unstable. Therefore, the negative range of
K. in Fig.4 has been excluded. For system analysis, design and
testing in the following sections, K, was given the value of one
(K, = 1) which was found reasonable under the operating
conditions presented in the paper.

V. SYSTEM ANALYSIS AND CONTROLLER DESIGN

A. System Dynamics without Re-balancing Controllers

To analyse the system behaviour without invoking the UCES
and SMES re-balancing controllers, the controllers’ gains K, and
K; have been set to zero to exclude the action of the re-balancing
controllers. This means that there is no battery power produced
by the battery PE converter and the re-balancing control loop is
completely open. As a result, the system model has been
characterised by only three poles. Using the system parameters
as given in Table II of Section VII, these poles are all located in
the left half of the complex plane, which indicate that the system
is stable under this condition. The first pole p, is equal to -178
and is associated with the DC-bus dynamics and its voltage-
droop gains, whilst poles p, and p; are equal to -0.0494 and -
0.0000043, respectively. These last two poles are mainly
affected by the values of the UCES capacitance and SMES
inductance, and the coupling factor K.

B. System Dynamics with Re-balancing Controllers

To check the system dynamics for close-loop control including
the re-balancing mechanism, the characteristic equation (29) of
the close-loop system model has been solved at different values
of gains K, & K; as given in Table 1. Accordingly, different
groups of system poles have been obtained for analysis and
design selection of the most suitable set of gains. As shown in
the table, the first and second poles p., pc, of the system seem
to be unaffected by the changes in gains K, & K;, and are equal
to the first and second poles associated with the system without
the re-balancing controllers. In fact, p.q, p., are only relevant to
the DC voltage control-loop represented by the diagram in Fig.2
(a), and only affected by the loop gains and parameters. These
poles are negative real values that do not cause any stability or
oscillation issues to the system. However, the third and fourth
poles p.3, pc4 of the system are mostly conjugate poles close to
the origin of the complex plane, causing a lightly damped
oscillation with low frequency. This frequency can be shifted to
a lower level by decreasing the value of the integrating gain K;.
As can be realised from Table I, these complex poles can be
shifted further to the left half of the complex plane by increasing
the proportional gain K,, for more damping. Notably, at value of
K, around 0.3, with integrator gain K; equals 0.001, the system
poles p.3, P.o become completely negative real values, which
render the system output non-oscillatory. This situation will be
considered and discussed further in association with the step-
response analysis covered in the next sub-section.

TABLEI
SYSTEM POLES BASED ON ITS DYNAMIC MODEL AT DIFFERENT
CONTROLLER GAINS

System model poles: p.1,Pc2,Pc3, Des
Koye=Km=Kc=1

e

éé - Common poles for all gains:

‘5 .; Per = —178,p., = —0.0494

©C Pc3 s Dca

K, K; =0.001 K; = 0.005 K; =0.01

0.1 —0.00247 %+ j0.00658 —0.00247 £ 0.0155 —0.00247 +0.0221
0.2 —0.00494 + j0.005
0.3 -0.00977,—0.00506 —0.00741 + ;0.0138
04 —0.0168,—0.00293 —0.00988 £ ;0.0122

0.5 —0.0225,—-0.00219 —0.01235 +;0.0097

—0.00494 £ j0.0149 —0.00494 £ 0.0217

—0.00741 £0.0209
—0.00988 £ j0.0199
—0.01235 £ j0.0185

C. Response Analysis

The references of the DC-bus voltage V.., UC voltage V. and
SMES current I3,,,, were all set to their nominal values in this
study. Considering that the sub-models are linear around these
values, the references will always take the value of 1 per-unit
when utilising the per-unit system. The most relevant dynamic
responses to analyse for the DC power system are the responses
of the DC-bus voltage and battery power to step change in the
DC-load power Py... For this purpose, the system transfer
functions g,4 and g,, in equations (26) and (27) have been
utilised to generate the step responses in time-domain. The
graphs in Fig.5 and Fig.6 illustrate the step responses of the DC
voltage and battery power in response to 0.1pu step change in
Pycr; all at different values of gain K, and fixed gain K;. It can
be realised from Fig.5 that in all illustrated cases the changes in
the DC voltage did not exceed 2.3%, and the oscillation is more
dampened as the value of gain K, is increased. This analysis
agrees with the system characteristics associated with poles p.3,
Pes in the previous sub-section. In Fig.6, the battery power
responses clearly illustrate that the final changes in the battery
power P, are all equivalent to the step change in the DC-load
power Py, which conform to the aim of the proposed control
structure. Traces 3 of both Fig.5 and Fig.6 demonstrate that
when using set of gains K, = 0.3 & K; = 0.001, the responses
are non-oscillatory, which can be a design option for these gains.
However, it should be noted that as K,, increases, the battery
power rises or changes with less delay, which may not be a
preferred case as most of the energy capacity range of the UCES
and SMES systems may not be properly utilised.

VI. SYSTEM HIL SIMULATION AND CONTROL
IMPLEMENTATION

To validate and assess the proposed control concept, including
the performance of the UCES and SMES systems and their
power controllers, a detailed real-time hardware-in-the-loop
(HiL) simulation has been performed for the ship DC power
system. This covered the DC-microgrid, battery, controllable
thruster load, UC, SMES coil, and their PE converters, which are
indicated in the block diagram of Fig.l. The HiL real-time
simulation was based on a Typhoon platform, whilst the
designed control system has been implemented within the
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Fig.5. Step response from input P, at 0.1pu to output V. for different
values of controller gain K, with fixed value of K; at 0.001.
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Fig.6. Step response from input P, at 0.1pu to output Py, for different
values of controller gain K, with fixed value of K; at 0.001.

Delfino TI DSP - F28379D board interfaced to this platform as
illustrated in Fig.7. To run system testing and operation, both
power and control parts on the Typhoon HiL platform and within
the DSP board must be run simultaneously. Measurement of the
system outputs/variables can be monitored and recorded directly
via a multi-channel digital oscilloscope or through the control
software of the DSP board.

A. The Real-Time HiL Simulation

The parts of the DC power system were implemented and
connected within the Typhoon HiL schematic editor using its
library components and PE blocks, with updating interval lower
than 500ns. The UC and Li-ion battery have been represented by
the supercapacitor and battery blocks, respectively, which are
already available within the editor library. To represent the
SMES unit, an inductance with zero internal resistance was
employed to resemble a superconducting coil. Both battery and
UC blocks were connected to half-bridge IGBT converters
through a 3mH inductance for buck-boost operation, whilst the
coil inductance block was driven using full-bridge PE converter
with unidirectional-current operation. The controllable thruster
load was controlled through an independent task implemented
within the DSP board. This task executed the equivalent
dynamic model of the thruster’s mechanical drivetrain in real-
time with 10kHz updating rate. As such, this has reflected the
actual dynamics of the vessel thruster according to the system
physical parameters and operational scenarios. Some details on
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Fig.7. A block-diagram representing system implementation using TI
Microcontroller board, interfacing card and HiL platform - all
programmed and monitored through a lab computer.

this drivetrain model and its torque signal generation are
provided in Section VIL

B. Implementation of the System Controllers

The practical implementation of the UCES, SMES, and battery
controllers, including the relevant PWM generators for their PE
converters, has been carried out utilising the DSP board with /O
signals as illustrated in Fig.7. Feedback measurement of all
voltage and current variables, generated by the real-time HilL
simulator was performed through the board’s 12bit ADC
channels, scanned at 10kHz sampling rate. The output variables
generated by the control algorithms are converted by the board to
PWM signals to drive the PE devices of the converters through
the external digital inputs of the HiL platform. This arrangement
reflects the exact practical environment for testing the operation
and performance of the system and controllers under various
operational scenarios.

VII. TEST RESULTS AND ANALYSIS

Based on the implementation and settings described above,
various testing power scenarios were applied to the system,
represented by different transient/dynamic thruster power. The
thrusting power component considered in testing the proposed
control structure and system, was generated using the dynamic
model representing the thruster drivetrain with a total moment of
inertia J and mechanical damping factor B. The considered
parameters and specification of the equivalent thruster model are
given in Table II. To derive this model, the torque response-time
of the thruster PE motor drive was ignored as it is very low in
comparison with the time-constant of the mechanical drivetrain.

TABLE I
SPECIFICATIONS AND MAIN DESIGN PARAMETERS OF THE STUDIED SHIP DC
POWER SYSTEM AND ITS COMPONENTS

Nominal voltage: 750V, Maximum power: 1MW, Total
DC-bus capacitance: C;. = 0.04F, Conductance of total
capacitance: G, = 1073Q !

Microgrid
DC-bus

Li-ion battery
pack

Nominal energy capacity: 500kW/h, Nominal voltage:
400V.
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Capacitance: C,. = 10F, Conductance of ultra-capacitor:

Ultra-capacitor  G,. = 12 X 107°Q~!, Nominal power: 100kW, Voltage

ESS range: 200V to 600V, Nominal voltage: 450V, Max
stored energy: 1.8MJ.

Coil inductance: Lg,, = 10H, Resistance of the SM coil:

SMES Tsm = 0, Nominal power: 100kW, Current range: 200A

to 600A, Nominal current: 450A, Max stored energy:
1.8M1J.

Kuc = Ksm = Kd = 109 Kcuc = Kcsm = Kc = 1’

Control gains K, =03, K, = 0.001

Thruster system: Maximum shaft speed: 800 rpm, Total moment of inertia
J: 10 kg.m?, Total mechanical damping B: 0.9 N.m.s/rad

The equivalent load torque of the drivetrain shafts was
considered to have a quadratic relationship with the shaft speed.
The input or reference torque to this model was formed as a
repeated stepwise sequence, generated randomly with normal
distribution at 2s sampling time for 30s duration. To present the
results clearly, the generated torque values were approximately
rounded to the nearest value points of 0, £0.25, £0.5, £0.75 and
+1 per-unit for power in the range {-200kW to 200kW}. As a
result, the output of the drivetrain model has generated the
corresponding thrust power, which has been utilised to obtain the
testing results presented in this section. The implemented control
structure and power components of the system were all
initialised with the parameters and system specifications
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Fig.8. Test results without coupling factors, with 10A UC leakage current:
(a) traces of the DC-bus, UCES, and SMES voltages, and their currents,
(b) traces of the thrust, UCES, SMES, and battery power.

provided in Table II. Firstly, the whole system has been run and
tested without utilising the coupling factors, i.e., when K, = 0.
The obtained testing graphs are presented in Fig.8, which
included traces of recorded data for the voltage, current and
power variables of all relevant parts of the power systems as
indicated in the figure. The presented traces within the time
window between 560s and 585s, clearly illustrate the operation
and performance of the system whilst the thrust power is
changing rapidly each 2s. Trace 1 in graphs (a) demonstrates that
the microgrid DC-bus voltage stayed within the allowed limit
+10% (i.e., between 675V and 825) all times. The battery current
is almost fixed around an average value whilst the UCES current
and SMES voltage are highly varying to provide the required
trust power. The ripples superimposed within the current and
voltage traces were mainly caused by the measurement noise and
bias. Traces 2 and 3 of graph (a) are the measured UC voltage
and SMES coil current, respectively, which demonstrate how
these variables are changing slowly whilst delivering the
required power to the DC-bus. It is important to note that due to
the UC parallel leakage current, the UC voltage was shifted
down and it is not compensated by the control system as the
functionality of the coupling factors was inhibited. Graph (b) of
Fig. 8, illustrates the corresponding power traces of the UCES,
SMES and battery power in response to the varying thrust
power. It can be realised that both UCES and SMES power are
changing equivalently according to the intended specification,
whilst the battery power is almost constant around its average
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Fig.9. Test results on the transition state when the functionality of the
coupling factors was enabled with K, = 1 at time 565s: (a) traces of the DC-
bus, UCES, and SMES voltages, and their currents, (b) traces of the thrust,
UCES, SMES, and battery power.
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Fig.10. Test results demonstrate the continuous operation of the system with

coupling factors equal to one, and how the energy storage level of the UCES

and SMES systems (indicated by their voltage and current — traces 2, 3) stay
closed to each other.

level. At any point of time, the sum of the UCES, SMES and
battery power is approximately equal to the thrust power, as the
service load are set to zero during all dynamic tests presented in
the paper. At some instants, the UCES and SMES power became
negative in response to the regenerative power when the
drivetrain propellers of the ship suddenly change their spinning
direction. These dynamic results sound in a good agreement with
the design and required performance criteria.

Secondly, to demonstrate the functionality and effectiveness of
the coupling factors, the whole implemented system was run up
to 565s when the coupling factors were enabled at this time with
K. =1, as shown in Fig9. After this time, graph (a) clearly
illustrates the transition state of the ultra-capacitor voltage and
SMES current as they start to move closer to each other, as the
functionality of the coupling factors was active. It can be realised
that the DC-bus voltage and battery current are not affected,
whilst the SMES voltage was increasing in magnitude during the
transition state to discharge the SMES more than the UC. This
condition was also reflected on the SMES power as illustrated by
trace 3 in graph (b) until the compensation process was almost
completed at time around 590s. The response time for
compensation with K, = 1, was around 25s whilst the UC
leakage current was set to 10A. These results clearly demonstrate
the functionality and performance of the coupling factors within
the proposed control structure. The graphs of Fig.10 demonstrate
the continuous operation of the designed system with coupling

10

factors equal to one, and how the UC voltage and SMES current
stayed close to each other in graph (a). Accordingly, the stored
energies of the UCES and SMES systems will vary equally in
similar manner, as both systems were designed with 10F
capacitance and 10H inductance, and with the same nominal
voltage and current. It is clearly illustrated in graph (b) that the
power consumed by the battery remained almost steady, with
acceptable fluctuation around its average level, whilst the thrust
power was changing rapidly. It is worthwhile to mention that
maintaining the battery current at an average level would lead to
reduced ohmic or heat losses within the battery, which is
proportional to the squared value of its current. As such, this
would help to maintain the battery performance and to extend
its service life [36].

VIII. CONCLUSION

This paper presented an integrated control structure for DC
power system stabilisation in battery-powered electric ships
utilising short-term energy storage. It considered ultra-capacitor
and SMES systems to primarily stabilise the DC system voltage,
whilst forcing the battery current to follow closely an average
level of the vessel dynamic load. As battery power/heat losses
are caused by its internal resistance, shaving its peak currents
would reduce these losses, leading to higher efficiency and lower
internal temperature. From control point of view, both UCES
and SMES systems delivered almost the same power-control
performance, although they utilised different PE converter
topologies. Also, it has been proven that the operations of the
local and second-tier controllers within the DSP board have been
efficient for driving the HiL-simulated power system within the
HiL platform. And the obtained results have demonstrated the
effectiveness of the proposed control concept to stabilise the ship
power system under harsh operational scenarios, accompanied
with transient thrust/load power.
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