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Intelligent control of a DC microgrid
consisting of Wave Energy Converter (WEC)
and Hybrid Energy Storage System (HESS)

Hafiz Ahsan Said, and John V. Ringwood

Abstract—Greater efficiency, and the relatively more
straightforward structure of DC microgrids, give rise to DC
microgrid technology for renewable energy integration. In
this work, an intelligent controller is proposed for a DC
microgrid that comprises a wave energy converter and a
hybrid energy storage system. A wave energy converter
oscillating in heave, which drives a linear permanent
magnet generator as a power take-off (PTO) mechanism, is
used in this study. Additionally, HESS, consisting of battery
and supercapacitor, is used for power quality improvement
and DC bus voltage regulation. The DC bus connects
with each system component through dedicated power
converters, with the WEC device using an active rectifier,
and the HESS (battery and ultra-capacitor) utilising two
bidirectional DC-DC converters. In the paper, a model is
derived for the individual components of the microgrid.
Then, Lyapunov-based intelligent controllers are designed
for the power converters in such a way that they achieve
the control objectives. An energy management strategy is
also used to ensure proper power-sharing among the HESS
components. The controller system is then simulated in a
MATLAB/Simulink environment, and the result shows that
the proposed controllers achieve the desired control objec-
tives and perform well under various operating conditions.

Index Terms—DC microgrid, Hybrid energy storage, Lya-
punov control, Power converters, Wave energy

I. INTRODUCTION

ENEWABLE energy integration is vital in over-

coming the environmental impact of tradition fos-
sil fuel plants. The inherent intermittency of renewable
energy sources (RESs), such as wave and wind, cause
problems for modern electricity grids, especially at
higher penetration levels. Renewable energy-based dis-
tributed generation (DG) is a viable solution to mitigate
the negative impacts of increased RES penetration into
national power grids [1]. The concept of DC microgrids
for DG is gaining popularity for the following rea-
sons: increased penetration of modern DC loads (motor
drives and computing devices etc.), broad utilisation of
energy storage (batteries and supercapacitors etc.) and
less power quality issues, compared to AC microgrids
[2], [3]. DC microgrids are therefore considered to be
an integral part of future smart grids.
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Wave energy provides a vast potential for clean
energy and will be instrumental in the transition to-
wards a 100% renewable future. Many wave energy
converters (WECs) have been developed over the past
few years to harness the wave energy resource [4].
Like other RESs, the wave energy resource is inter-
mittent, relatively unpredictable and highly variable,
which poses a significant challenge for grid integration.
Some of the impacts of wave energy on the existing
grids include load mismatch, low power quality, fre-
quency deviations and reliability issues [5]-[7]. It is
necessary to tackle the problems mentioned above to
increase wave energy penetration into power grids.
One possible solution is using an energy storage sys-
tem (ESS), which improves power quality and stores
surplus energy. Ideally, an ESS should have high power
and energy densities for increased operational flexi-
bility. Therefore, the most frequently utilised (battery)
energy storage system (BESS) is not, in general, the
right choice for wave energy grid integration due to
its low power density. Instead, a combination of two
disparate storage technologies, such as a battery-super
capacitor (SC) combination, is preferred to achieve
simultaneous high power and energy densities. Such
a combination is known as a hybrid energy storage
system (HESS). The complementary nature of Battery-
SC based HESS provides high energy density, high
power density, fast dynamic response, and increased
lifetime [8]-[10]. Appropriate control of the associ-
ated power converters is also crucial for grid inte-
gration. However, grid integration studies, involving
wave energy, generally have some drawbacks, such
as simplified hydrodynamic models, simplified power
converter models and relatively rudimentary PI power
converter control. Mostly, wave energy grid integration
studies use PI control, which can be very sensitive to
model parameter variations [11]. A gravitational search
algorithm based PI control for a DC microgrid with
wave energy as a RES is presented in [12], but the
hydrodynamic model of WEC and models of power
converters are simplified. Similarly, MPC-based control
of a WEC-based DC microgrid is proposed in [13],
which shows that MPC performs better than PI control,
but the hydrodynamic model is oversimplified in this
study as well.

In this paper, a Lyapunov-based nonlinear control
strategy is proposed for a DC microgrid with wave
energy as a RES. The proposed DC microgrid structure
is shown in Fig. 1, consisting of a wave energy con-
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version system (a WEC and linear permanent magnet
generator) and battery-supercapacitor based HESS. The
WEC and linear permanent magnet generator (LPMG)
are connected to the DC bus through an active rectifier
referred to as a generator-side converter (Gen-SC). In
addition, the components of HESS are connected to the
DC bus via bidirectional buck-boost converters. Gen-
SC control focuses on hydrodynamic control, respon-
sible for maximum power extraction from the waves.
The DC/DC converter control objective, for HESS,
revolves around power quality improvement through
DC bus voltage regulation. Finally, a filter-based energy
management strategy for power sharing among HESS
components is included.

Wave energy converter

Gen-SC
i Pload
£ = A
?
Battery DC-DC converte DC load
Super-Capacitor DC-DC converter
HESS DC bus

Fig. 1: Proposed DC microgrid

The remainder of the paper is organised as follows:
Section II describes the modelling of various compo-
nents of the DC microgrid, while Section III discusses
Lyapunov based control of the power converters. An
energy management system is presented in Section
IV, with Section V discussing the results of the study.
Finally, SectionVI concludes on this study.

II. MODELLING OF THE DC MICROGRID

A. Modelling of wave energy conversion system in a DC
microgrid

The wave energy system comprises a WEC, LPMG
and Gen-SC. The modelling of each component is
described in the following subsections.

1) WEC model: A single body floating WEC, oscillat-
ing in heave, is considered in this study. The dynamics
of the WEC in the time domain can be represented by:

Mz(t) :fezc(t)+fpt0(t)+fr(t)+fh5(t) (1)

where, fe.c(t), f(t) and frs(t) are the excitation, radi-
ation and hydrostatic forces respectively; fp.,(t) repre-
sents the force applied by the LPMG on the WEC. M is
the total mass of the oscillating system, while z(t), 2(¢)
and Z(t) represent heave displacement, velocity and
acceleration, respectively. We dispense with the time

dependence (t) notation, for brevity. The hydrostatic
stiffness force is given by:

fhs = —Kpsz (2)

where Kjs represents the hydrostatic stiffness. The
radiation force f, is modelled through linear potential
flow theory, using Cummins’ equation, as follows [14]:

fr:_mooé_Kr*za (3)

where, mo, is the added mass at infinite frequency,
and K, is the radiation impulse response function. The
operator * represents the convolution operator. A finite
order parametric approximation for the convolution
term f,. = K, = Z is calculated using the FOAMM
toolbox [15] as follows:

Y, =AY, + B2

4
frc:CrYVr%Kr*Z ()

The excitation force is calculated by the method de-
scribed by Guo et. al in [16]. Finally, the hydrodynamic
model, with state variables vector x(t) = [V, =z Z]T,
can be written as:

X:AX+Bfemc+prtov (5)
with
0 1 01><n
0n><1 Br AT
B=[0 1/(M+mwx) Opn]’

2) LPMG and Gen-SC model: The dynamic model
of LPMG in the dq- synchronous frame of reference,
moving with electrical angular frequency we, can be
written [17] as:

dig Rs . . 1
E = 7L787Jd —+ (JJeZq — fsvd (6)
diq R We 1
9 o iy — iy — Eapppy — — 7
o Weld I. iq le/JPM I Vg (7)
™ .
fpto = _1-5;¢PM'Lq (8)

where, v4 4 and iq 4 are the d- and g-axis stator voltages
and currents respectively, )pys is the permanent mag-
net flux linkages, L, and R are stator inductance and
resistance respectively, and fp, is the generator force
acting on the WEC. w, is the angular frequency of the
stator variables and can be calculated as:

we =12 ©)

T

where 7 is pole pitch of the LPMG. Since the stator d-
and g-axis voltages act as the inputs to Gen-SC and
can be controlled independently, these voltages can be
expressed in terms of corresponding converter control
actions [18], [19] as follows:

Vg = Vdclly and  Gyec = Ugla + Uglq

(10)

Vd = VdclUd;
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where u4 and u4 are the Park transformation of (S;, ¥V
i =1,2,3) (refer to Fig. 2), with

si:{l
0

Putting the values of v4 and v, from Eq. (10) into Egs.
(6) and (7), we get the following unified generator-
rectifier model:

if S; is ON and S/ is OFF

11
if S; is OFF and S} is ON ()

dig R . . 1

T —L—:zd + weliq — L—Svdcud (12)
di . R we 1
7; = —Weld — fslq — Lisd)PM - L—Svdcuq (13)

B. HESS model

Fig. 2 shows the complete schematic of the DC mi-
crogrid. Both battery and super-capacitor are connected
to the DC bus through buck-boost converters.

1) Battery and buck-boost converter model: The buck-
boost converter operates in both boost and buck mode,
depending upon the direction of power flow. In dis-
charge mode, the battery supplies power to the mi-
crogrid and the converter works as a boost converter
(S4 ON, S5 OFF). On the other hand, it operates in
buck mode during charge mode (Sy OFF, S5 ON) and
power from the microgrid charges the battery. During
discharge mode, the model is easily derived as:

dipay Vbat Ryat . Vdc
= — at — (1 — 14
T P o O o
igat = (1 — U4)ibat (15)

During charge mode, the model is derived as follows:

dibat _ Vbat _
dt Lyat

(16)

i;zat = u5ibat (17)

where, Vit, Lpat, and Ry, are battery voltage, induc-
tance and equivalent series resistance, iy, and iy, are
battery input and output currents. u4 and us are control
signals for switches S; and Ss. For simplicity, a virtual
control signal uys is introduced as:

Ug5 = M(]. — ’LL4) + (1 — M)U5 (18)

where M is defined as follows:

M:{l
0

Finally, the simplified model for the DC/DC con-
verter using the u4s, gives:

if S4 is ON and S5 is OFF (Boost mode)
if S; is OFF and S5 is ON (Buck mode)

dibat Viat Ryat . UVdc
_ Vbar _ . 19
dt Lpar  Lpar that 45 Lyt 19)
i;,at = u45ibat (20)

2) Supercapacitor (SC) and buck-boost converter model:
Similar to the battery model, the SC converter model
is derived as follows:

disc V:ec Rsc . Vde
= — —— g — — 21
dt L. L. "L, @)
il = UeTibat (22)

where ugy is the virtual control for SC buck-boost
converter and is defined as:

U67=K(1—U6)+(1—K)u7 (23)

with K defined as:

K:{l
0

C. Global DC microgrid model

if Sg is ON and S7 is OFF (Boost mode)
if Sg is OFF and S7 is ON (Buck mode)

From Fig. 2, it follows that:

dvdc
dt

Using Egs. (10), (20) and (22) in Eq. (24) gives:

. . . .
= lwee T That + lse — Uoad (24)

dvge 1 . ) . . .
d? = [(uqia+uqiq) + Uasipat + UsTlise — tioad) (25)
C

For control design, it is convenient to use averaged
models for the converters. In this regard, we define
averaged state variables as x; =< iqg >, T2 =< iq >,
T3 =< lpat >, Ta =< 1ge > and x5 =< vg. >, Where
the operator < e > represent the average value over a
switching period. Combining Egs. (12), (13), (20), (22)
and (25) results in the following global DC microgrid
model.

% = —%:951 + Weko — Lis%ﬂd (26)

% = —Wel1 — %JJQ - %¢PM - Lisl“wq (27)

o

W@

% = Cl [(taz1 + pqT2) + fasTs + 6724 — oad) (30)
de

where, pt4, pg, pas and per are the duty ratios of the
Gen-SC and HESS converters i.e. the average values of
the control inputs uq, u,, uss and ugr, respectively.
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III. LYAPUNOV BASED CONTROL DESIGN

This section is devoted to the design and analysis
of the Lyapunov-based control of the DC microgrid
power converters. The control objectives for the DC
microgrid are summarised as:

1) Maximum power extraction from the waves by
tracking a reference PTO force generated through
hydrodynamic control.

2) DC bus voltage regulation.

3) Tracking of battery and SC currents to their ref-
erences.

4) Ensuring asymptotic stability of the microgrid.

A. Control of Gen-SC for WEC maximum power extraction

The first control objective is to extract maximum
power from the waves and this is achieved through
the control of Gen-SC. This is done in two parts:
(i) reference generation, and (ii) controller design for
reference tracking.

1) Reference generation (hydrodynamic control): Two
hydrodynamic control strategies are used to generate
references for Gen-SC control. First, a very simple
passive control, also known as resistive loading (RL)
control, is used to generate the PTO reference force.
Since RL is a passive control, it does not require any
reactive power from the microgrid. The PTO reference
force f;f(f generated from a RL control [20], [21] is
given by:

focd =1 Z(wpn) 2 (31)

where,
|Z(wpk')| = \/B(wpk)Q + (wpk(m + mudd(wpk)) — Khs )2

Wpk

is the optimal PTO resistance at a chosen frequency
wpk, where wy, is typically the peak of the input wave
spectrum. B(w) and mqqq(w) are the frequency domain
radiation damping and added mass.

Secondly, an approximate complex conjugate (ACC)
control is also used for reference generation, which is a
causal approximation of reactive control. This strategy
allows reactive power to flow from the microgrid to
the WEC. Under ACC control, f;fof is derived as [20],
[21]:

Foid = B(wpi)z + (W2 (m + Maga(wpr) — Kns))z (32)

f;fj , from Egs. (31) and (32), is used to generate current
reference for Gen-SC control. It is evident from Eq. 8
that the force generated by the LPMG can be controlled
with only g-axis current i,. Therefore, i’/ is generated

by using Egs. (8), (31) and (32) as: !

27— re
focd (33)

Z'T’ef - _
? 3vpum

2) Controller design: The LPMG d- and g-axis cur-
rents are controlled via the Gen-SC. In this regard,
i:lef is set to zero, to minimise generator losses, and

ir¢/ is generated through Eq. (33) for maximum power

extraction. To this end, the following error signals are
introduced:
€] = T1 — i;@f (34)

€y = To — Zgﬁf (35)

To achieve the control objectives detailed at the start
of Section III, these errors must be regulated to zero.
Using (26) and (27), the dynamics of e¢; and e, can be
derived as:

re f

1
€ = —ixl + weTg — T, ok g (36)

) w 1 e
€y = —Wel1 — 781'2 - inkI — 7 Ts5Mq — ZZEf (37)
s

L, Ls L
To drive errors e; and es to zero, €, and ey are forced
to behave as:

6'1 = —(C1€1 (38)

6.2 — —C2€9 (39)

where, ¢; > 0 and c; > 0, are design parameters.
Comparing Egs. (36), (37) to Egs. (38), (39) results in
the following control laws for the Gen-SC:

1 .
fta = — [~ Rty + weLotta + cre1 Lo — L] (40)
x5

1 re
fig = —[~weLs1 — Rya — wetbpas + caeaLs — Liyig®]

0 (41)

B. Control of the HESS converters

The second control objective is to regulate DC bus
voltage using HESS. Direct DC bus voltage regulation
is not possible due to the non-minimum phase nature
of the buck-boost converters used with the HESS [22],
so an indirect approach is needed here. Specifically, DC
bus voltage regulation is achieved by forcing battery
current x3 to its reference I, Z;tf , which is generated
through the energy management strategy (supervisory
control) explained in Section IV. Hence, the following
error is defined:

€3 = T3 — i;ztf (42)

Using Eq. (28), the dynamics of e, are derived as:

Rpai T5  gef
= xr3 — /,[/4r7 — 1 (43)
Lbat Lbat 7 Lbat bat

To regulate this error to zero, es is enforced to behave
as:

€3 = —c3e3 + es (44)

where, c3 > 0 is a design parameter. e5 is now defined
as the error between z5 and V/, as follows:

es = x5 — Vot (45)
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Fig. 2: A complete schematics of DC microgrid and its control

The control law 45 is easily obtained by comparing
(43) and (44) as:

o Lbat %at - Rbat
Has = [(

T5 Lyat

~r'ef

Jxs + cges —es — 1| (46)

It is worth mentioning that e5 is introduced in (46) as
an extra damping term to adjust the output response.
The dynamics of e5 will be introduced later. For SC
current tracking, the following error is introduced:

-re
€4 = Xy — ’Lscf

(47)
Taking the derivative of (47) and using (29) gives:

Vsc Rsc T5 .Téf

€4=—— — —Ta— fe77— — 1

Lo Lot ML
To achieve the control objective of SC current tracking,
the error ¢, should be decreasing, exponentially if

possible, to zero.

(48)

(49)

€4 = —cC4e4

Comparing (48) and (49) yields the following control
law:

Lsc Vsc - Rsc
[(

50
Ts Lsc ( )

Her = )z3 + cabq — Z;gf]

C. Stability analysis

The stability of the closed loop system is established
by using the Lyapunov stability criterion. This is done
by investigating that the control laws defined in (40),
(41), (46) and (50) are able drive the error system
(e1,e2,e3,¢e4,e5) to zero. In this regard, a quadratic
Lyapunov candidate function V' > 0 is considered:

1
V=_(e2+el+e+elted).

5 (51)

For the system to be asymptotically stable, the deriva-
tive of V must be negative definite. Taking the deriva-
tive of (51) yields:

V = (616'1 + eo€y + e3€3 + eq€q + 656'5) (52)

Substituting expressions for €, €3, €3, and €4 from (38),
(39), (44) and (49), respectively, into (52) results in the
following:

2

V= —cle% — €5 — c;;e% - C4ei +es(es+¢€5)  (53)

Recall that the dynamics of e5 have yet to be defined,
the objective being to define €5 in such a way that it
makes V negative definite i.e. V < 0. To this end, €5 is
forced to behave as:

(54)

6'5 — —Cs€5 — €3
where ¢5 > 0 is a design parameter. Using (54), V is
updated as :

V = —cied — coel — czei — cqe — cxe? (55)

Eq. (55) shows that the V < 0; hence, asymptot-
ically stability of the equilibrium (eq,eq,e3,€e4,€5) =
(0,0,0,0,0), is achieved.

IV. ENERGY MANAGEMENT SYSTEM

An energy management system (EMS) is used here
for optimal power sharing between the components
of the HESS i.e. battery and supercapacitor. The EMS
is based on the power balance and fixed filter-based
approach [23]. Fig. 3 shows the EMS implemented in
this study. The EMS serves three purposes: (i) first,
it provides reference battery and SC currents for the
Lyapunov (low level) controller (ii) secondly, it de-
creases stress on the battery by using the SC during
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Fig. 3: Energy management system

high frequency power exchange, and (iii) thirdly, it also
ensures power balance at the DC bus under variable
generation and load. The power balance at the DC
microgrid is expressed as follows:

P]i{eg*ss = Pioad — Pwec = Vdrcef (iload - Z'wec) (56)

where, Piygc and Pjyqq are the WEC and load power,
respectively. P jqq is the required power from the
storage. The EMS converts Pj /s into two compo-
nents using a low pass filter (LPF). Low frequency
components of required power are used to generate the
battery reference current /, ;ftf , whereas high frequency
components generate the SC reference current I17¢/, as
shown in Fig. 3. The generated references are then fed
into the respective Lyapunov controllers for battery

and SC converters.

V. SIMULATION RESULTS

TABLE I: System parameters for the simulation study

WEC

Total mass M
Hydrostatic stiffness Kp,s

1.4646 x 10° kg
5.5724 x 10° N/m

Wave period T}, 8.3752 s
LPMG and Gen-SC

Stator Resistance Rg 0.29 Q
Stator inductance L 0.03 H
Flux linkage ¥ par 23 Wb
Pole pitch T 01m

Controller gains c1 = 9%x10%, ¢ = 3x106

HESS and DC/DC converters

Battery bank 540 v, 70Ah
Supercapacitor 550v, 350F
Inductance Lyqy, Lsc 3.3 mH, 3.3 mH
ESRs Rpgt, Rse 20 m£2, 20 mQ2

Controller gains c3 =100, ¢q4 = 3x103, ¢5 = 1x10°

DC bus

Voltage V<7
Capacitance Cyg.

1000 v (RL), 1500 v (ACC)
4 mF

7 (m)

05k 1 1 1 N N 1 E
0 10 20 30 40 50 60 70
Time (s)

Fig. 4: Incident wave profile, H; = 1 m and 7}, = 8.3752
s

The performance of the proposed scheme is
evaluated by simulations performed in the MAT-
LAB/Simulink environment. The parameters of the
simulated system are given in Table I. A full-scale
CorPower-like device is considered, and the WEC di-
mensions are based upon the study presented in [24].
An irregular wave model is considered in this study,
generated from a Pierson-Moskowitz (PM) spectrum
[25], with significant wave height H; = 1 m and period
T, = 8.3752 s, as shown in Fig. 4.

The tracking performance of the Lyapunov based con-
troller is illustrated in Fig. 5 with passive hydrody-
namic control. Figs. 5a, 5b and 5c show the tracking
performance of the Gen-SC controllers (ug, u4), which
show perfect convergence of f,:,, iq and ig to their
respective references under variable wave forcing. Figs.
5d-5f present the tracking performance of the HESS
converter controllers (j45, f67), which is quite satis-
factory. It is evident that is. contains only high fre-
quency components, while 4;,: contains relatively low
frequency components of required current from the
HESS, according to the EMS allocation. This reduces
stress on the battery and increases battery lifetime. The
DC bus voltage V¢ is tightly regulated for this case
and settles quickly to the constant reference voltage. It
is important to mention that the PTO force reference
generated from passive damping for maximum power
extraction is not a great choice, due to its limited power
extraction capability. However, it has some benefits
from a grid integration perspective, due to unidirec-
tional power flow requirement.

Fig 6 shows the performance of the proposed controller
with ACC hydrodynamic control. The tracking perfor-
mance of the proposed controller for Gen-SC is also sat-
isfactory for this case. It is evident, from Fig. 6a, that the
amplitude of the PTO force f,+, is much higher (almost
4 times) than RL control for the same wave profile.
This behaviour is also reflected in the g-axis current of
the LPMG in Fig. 6b, which is increased substantially
for ACC control. The increased power output from
the WEC under ACC hydrodynamic control has im-
plications for the LPMG, power converters and storage
system, in terms of power ratings and equipment costs.
Furthermore, ACC involves the production of higher
output voltages and currents at generator terminals,
which leads to higher DC bus voltage requirements.
Figs. 6d, 6e and 6f indicate the tracking performance
of the HESS converter control, and show good tracking.
It is also noted that, at higher current levels, the battery
current and dc bus voltage show some departure from
the reference point, as shown in Fig. 7, but these
variations are very low and fairly acceptable.

It is important to note that the results shown in Figs. 5
and 6 are for a constant load on the DC microgrid. To
validate the performance under variable load, simula-
tions are performed for sudden load changes as shown
in Fig. 8. Fig. 9 shows the DC bus voltage regulation
under sudden load changes and it is clear that the
proposed controller is able to compensate for these
load changes. Hence, DC bus voltage regulation is
achieved under both variable generation and changes
in load.
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Fig. 6: Tracking performance of the proposed controller

Fig. 5: Tracking performance of the proposed controller 1 der reactive hydrodynamic control (ACC control)

under passive hydrodynamic control (RL control)
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VI. CONCLUSIONS

In this paper, Lyapunov based control is proposed
for a DC microgrid using wave energy as a RES.
Maximum power extraction from waves is achieved
through the control of Gen-SC, using hydrodynamic
control (RL and ACC). DC bus voltage regulation is
achieved under variable generation and load, with the
help of an actively controlled HESS. An EMS is also
used to ensure optimal power-sharing between the
components of the HESS. Stability analysis is carried
out using Lyapunov stability criteria for the proposed
system, which guarantees the microgrid’s asymptotic
stability. The performance of the proposed framework
is studied by simulation in the MATLAB/Simulink
environment, and results show the proposed controller
works well under both variable generation and load.

It can also be concluded that the choice of hydrody-
namic control will have implications on the overall cost
and operational range of the system. ACC control gives
more power than RL control; however, ACC produces
significantly higher output power peaks, leading to

higher ratings (costs) for the electrical and storage
equipment. Moreover, every component in the power
train has operational constraints, which are also af-
fected by the choice of hydrodynamic control, although
more advanced hydrodynamic control algorithms can
actively optimise operation within such physical con-
straints.
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