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ABSTRACT In this paper, a flexible interlinking dc/dc converter with enhanced FRTC is proposed to
satisfy the advanced requirements of modern on-board DC MGs; the topology uses a non-isolated switched
capacitor-type multilevel converter in combination with a cascaded step up/down converter to facilitate the
incorporation of various types of energy storage and/or production units in a DC MG. Overall, a high voltage
conversion ratio between the dc bus of the MG and the power unit is achieved. The proposed configuration
facilitates the CCM operation of both the power unit and the DC MG and it is characterized by bidirectional
power flow capability, enhanced FRTC, zero switching losses for the multilevel converter, limited complexity
of the control scheme (compared to the counterpart multilevel solutions) and low real-time communication
demands, corresponding so to the increasing flexibility needs of the EMS of modern MGs. The mathematical
analysis and the dynamic performance of the control scheme of the proposed topology concept are evaluated
via MATLAB/Simulink simulations and real-time CHIL tests, with the use of a 1202 dSPACE platform and
an external dsPIC30F4011 microcontroller.

INDEX TERMS Control hardware-in-the-loop, dc microgrids, high step-up/down voltage ratio, multilevel
dc/dc converter, switched capacitors.

NOMENCLATURE EMS energy management system/strategy.
(E)TM(s) (electrified) transport mean(s). n number of capacitive components.

MG(s) microgrid(s). CCM, DCM continuous, discontinuous conduction mode.
RES renewable energy source(s). CHIL control hardware-in-the-loop.

DG(s) distributed generator(s). DSP digital signal processor.

ESS(s) energy storage system(s). C capacitance (F).

BES battery energy storage. Co + n-1 capacitance of 0<+n-1 component (F).

SCs supercapacitors. HBC full bridge converter.

dc (DC) direct current (A). G1-Gy HBC switches.

M/AEA(S)  more/all electric aircraft(ship). D;-Dy4 HBC diodes.

H/M/LVDC  high/medium/low voltage dc (V). Gp switches for the parallel connection of
A voltage conversion ratio. Co+~Cp.1.

DAB isolated dual active bridge. G, switches for the series connection of Cp+C,,;.
ZVSIZCS zero voltage/current switching. GL switches for the connection of n-1 cells.
MMC modular multilevel converter. Gq1, G2 step up, step-down operation switch.

FRTC fault ride-through capability. D1, Dy step up, step-down operation freewheeling
SAF series active filter. diode.

APU(s) auxiliary power unit(s). So+Ss switching states of the topology.
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hysteresis zone (A).

instantaneous, average dc-link current (A).
instantaneous, average current of the power
unit (A).

instantaneous capacitor current (A).
instantaneous capacitor current at So+Ss (A).
dc bus voltage (V).

power unit voltage (V).

instantaneous, average capacitor voltage (V).
instantaneous capacitor voltage at So+Ss (V).
dc bus, power unit inductance (H).
instantaneous, average dc bus inductor voltage
V).

instantaneous, average inductor voltage of the
power unit (V).

duty cycle.

switching period (s), frequency (Hz) angular
frequency (rad/s).

transfer function(s).

TF of the step-up operation.

TF of the step-down operation.

open-loop gain of the TFs (s).

Ly, C resonance angular frequency of the TFs
(rad/s).

Ly, C resonance angular frequency (rad/s).
Lpus to L ratio.

factor of the numerator of the TF (1/s2).
factors of the numerator of the TF (1/s).

Ipys t0 ¢, s ratio.

rms capacitor current (A).

maximum operating point.

(maximum) i, reference (A).

(maximum) switching losses (W).

base values for drain-source voltage (V), drain
current (A).

turn on, off switching energy loss (mlJ).
steady-state peak to peak variation of ip,s (A).
(maximum) steady-state peak to peak variation
of iy (A).

percentage values.
maximum/minimum Ly, (H).
maximum/minimum Lg (H).

minimum C (F).

maximum/minimum k.
maximum/minimum w, (rad/s).
maximum/minimum wy,, (rad/s).
(maximum/minimum) v, reference (V).
instantaneous, average input variable.
instantaneous, average independent
variable.

instantaneous, average output variable.
33 algebraic matrixes.

32 algebraic matrixes.

1x3 algebraic matrixes.

1x2 algebraic matrixes.

unity (identity) Laplace matrix.

input

I. INTRODUCTION

A. MOTIVATION AND APPLICATION UNDER STUDY
Nowadays, the more the electrification level of the TMs’
increases, the more the electrical system of a modern ETM
becomes comparable to a land-based autonomous MG [1]; in
light of this, the incorporation of various RES (e.g., photo-
voltaics, DGs) and alternative energy sources (e.g., fuel cells),
other energy harvesters (such as thermoelectric generators) as
well as multiple buses of different voltage levels in the ETM’s
powertrain has become a trend in research community and
automotive industry, aiming at the reduction of the use of
fossil fuels and green-house gases’ emissions, consequently.
On the other hand, the incremental penetration of RES, ESSs
(e.g., BES, SCs) and energy harvesters with inherent DC op-
eration, as well as the growing ratio of DC loads in ETMs’
on-board power systems, seems to pave the way for further
utilization of DC systems or even for the adoption of pure DC
onboard MGs [1]. For example, in M/AEA a purely HVDC
distribution architecture, utilizing 270 V or 540 V (£270 V)
main DC buses, has been widely investigated and proposed
[2]. Furthermore, in recent M/AES concepts, a wide range
of voltage levels of the main DC distribution architecture has
been proposed, using 1-35 kV MVDC [3] — depending on the
different types/classes of the vessels — as well as lower DC
buses, such as 690 V [1], [4].

B. LITERATURE REVIEW

Several voltage step-up topologies have been proposed in
the literature, regarding the appropriate interlinking of the
previously mentioned DGs and/or loads in a modern DC MG,
dealing in particular with the case of the high/medium power
ones, where high voltages are usually utilized at the MG side
[5], [6], [7], [8]. As regards the state-of-the-art bidirectional
converters that are proposed for the dc/dc high power conver-
sion in DC MGs, these are characterized by high A capability,
good dynamic performance (thanks to direct current control)
and modularity (in system/cell lever or in both). In more de-
tail, the isolated dual active bridge (DAB) constitutes the most
promising candidate so far [9], [10], [11], [12], [13] providing
advantages such as galvanic isolation, high-power density, fast
power flow reversal, step-up and step-down operation (with
high A), applicability of synchronous rectification, inherent
fault isolation capability. In addition, some other isolated
converter topologies based on the DAB, such as the resonant
type DAB [14], [15], have been proposed with the prospect of
expanding the soft-switching region (realizing both ZVS and
ZCS), where a capacitor and/or an inductor can be placed in
series with the transformer. However, these converters suffer
from well-known disadvantages regarding the magnetically
coupled circuit (i.e., incorporation of a high-frequency —
though relatively bulky — transformer which moderates power
density and raises saturation issues) and the complexity of the
control scheme to achieve soft/zero switching operation. On
the other hand, a non-isolated multilevel converter topology
[16], [17], such as the MMC, is an alternative attractive
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solution for high-power conversion in modern DC MGs [18],
[19], [20]. The merits of this converter over conventional
ones are the inherent redundancy, the current-fed control
that facilitates self-balancing of the capacitors, the low
device ratings, the very low output harmonic distortion,
the scalability and the possibility of common dc-bus
configuration for multidrive applications; on the contrary,
the practical bottlenecks that may prohibit the use of the
MMC for higher voltage and power levels (as reported in
[18]) are: the voltage stresses across the flying capacitors that
may lead to a bulky capacitor bank, the operational limitations
due to the complex charging pattern and the hard switching
characteristics (that limit the increase of the switching
frequency in practice). It is worth noting that the common
characteristic of interest, regarding the above-mentioned
solutions, is their default inability of providing FRTC (due
to the magnetic coupling of the transformer-based converters
and the voltage fed circuitry/configuration in combination
with the different state of charge of the capacitors in each
sub-module of the multilevel topologies); however, FRTC
constitutes a critical/important feature of the contemporary
standards regarding the power quality in DC MGs [20], [21].

C. CONTRIBUTION OF THE PRESENT PAPER

Under this light and with respect to the recently pub-
lished/introduced SAF concept regarding the connection
of a dynamic power unit to a DC MG via an appropriate
interlinking converter (facilitating the energy flow between
the DC MG and an electric machine [22], [23]), this paper
aims to further extend that circuitry analysis to similar DC
MG applications. Specifically, the present study proposes
the series connection of various types of power units (e.g.,
APU, DG, BES, SCs, fuel cells, etc.) and a DC MG, being a
configuration which has already proved its enhanced FRTC
[22], [23]; the basic scope of the proposed circuitry concept is
the facilitation of the energy transactions between the power
unit (being the DC port/input of the interlinking topology)
and the DC MG, as well as between DC buses with different
voltage levels (as depicted in Fig. 1), through the development
of a flexible EMS (serving as a modern electrical energy hub
in essence). It is noted that, any converter that enables
bidirectional power flow can be used in the proposed inter-
linking topology (which constitutes a current-fed converter
in essence); the present work proposes the incorporation of
a switched capacitor-type multilevel (n-level) converter [24]
in combination with a cascaded step-up/down converter [25],
as Fig. 2 illustrates; an appropriate (dis)charging pattern is
implemented at the multilevel converter (utilizing the basic
idea of a charge pump circuitry [26]), allowing for the CCM
operation at each side connected to the interlinking topology,
under high A, as it will be discussed.

The advantages of the proposed concept (that will be
demonstrated by the theoretical analysis and the presented
results) are the following: 1) elimination of the narrow A range
of the traditional step-up/down converters (via the switched-
type pattern of the capacitor-based circuit), 2) coherent design
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FIGURE 1. Proposed interlinking topology for DC MGs.
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FIGURE 2. Proposed interlinking switched capacitor-type multilevel dc/dc
converter for bidirectional power flow between a power unit and a DC MG.

methodology, ensuring the optimal performance of the con-
verter (in terms of the practical components’ selection) and
facilitating CCM at both sides (i.e., the power unit and the DC
MG), 3) flexibility feature; step-up and step-down operation,
facilitating the bidirectional power flow in the interlinking
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topology, enabling so a) the incorporation of various types of
power units, such as energy storage and/or production ones
(energy hub in essence) in the DC MG, b) the interconnection
of dc buses of different voltage levels (e.g., interconnection
of an HVDC and an LVDC of the MEA), ¢) modularity via
the multiport feature of the circuitry configuration, which can
be considered as a building block (comprising of any type of
bidirectional power components’ cells, such as BES and SCs),
d) implementation of various energy management strategies,
with simple real-time communication demands among the
system’s units (i.e., incorporated power units, multiple inter-
linking converter blocks and DC MG buses), 4) zero switching
losses (ZCS) of the multilevel converter, 5) reliability and
redundancy of the proposed topology, thanks to the avail-
ability of identical components’ cells/building blocks of the
interlinking converter and 6) enhanced FRTC (thanks to the
current-fed configuration of the interlinking topology and the
self-balancing ability of the multilevel converter’s switching
pattern), which is neither inherent nor practical for the com-
mon dc/dc cascaded configuration (voltage-fed converters).

It is worth noting that the main scope of this work
is to introduce the basic concept/idea of this flexible
interlinking topology (by proposing a series connected
dc/dc converter configuration) and its circuit analysis, as
well as to validate its EMS control feasibility; practical
issues (such as the capacitors’ health monitoring and DGs’
and ESSs’ actual control loops) are excluded from this —
initial — study, being some interesting points for further
work. The dynamic performance of the proposed switched
capacitor-type multilevel converter is enhanced via the
developed design algorithm, while the theoretical analysis of
the proposed EMS control scheme has been verified through
both MATLAB/Simulink simulations and a CHIL test-bench
via a dSPACE MicroLabBox platform and an external DSP,
i.e., the 16-bit dsPIC30F4011 microcontroller.

Il. CIRCUIT ANALYSIS OF THE PROPOSED

INTERLINKING TOPOLOGY

The basic concept of the proposed interlinking topology lies
on the incorporation of a switched capacitor-type multilevel
dc/dc converter between a power unit (in this study the power
unit circuit is modeled as a voltage source connected in series
with an inductor, as depicted in Fig. 2) and the DC MG under
study (in this study the DC MG is modeled as a voltage source,
whereas the series inductance is set in accordance with the
desired switching frequency — as it will be discussed in Sec-
tion III); a dual-mode (dis)charging pattern is implemented
at the multilevel converter, facilitating so different charging
and discharging rates of the capacitive unit, as it will be thor-
oughly explained. It is noted that for the presentation of the
basic concept of the proposed charge pump pattern [25], ideal
capacitors (of the same C-capacitance value per capacitor) are
employed.

28

A. PROPOSED SWITCHED CAPACITOR-TYPE MULTILEVEL
DC/DC CONVERTER

For the implementation of the proposed topology, a n-level ca-
pacitive unit along with an HBC is employed in the circuitry,
as shown in Fig. 2. The input of the HBC is the capacitive
unit (which is also connected to the power unit circuit), while
the output of the HBC is connected to the DC MG under
study. For the sake of the present analysis, the power unit
is considered as the low voltage side, while the DC MG is
considered as the high voltage side (thus A>1).

The operating principle of the proposed topology regarding
the interlinking of a power unit (it can be considered both as a
power source and a sink) and a DC MG lies on the implemen-
tation of a dual-mode (dis)charging pattern of the intermediate
n-capacitors’ matrix that is incorporated in the multilevel cir-
cuitry (C; = C,); as Fig. 2 depicts, n — 1 capacitor cells
are needed for the construction of a n-level capacitor matrix.
For the implementation of the bidirectional power flow, i.e.,
from the power unit to the dc bus (voltage step-up operation)
and vice versa (voltage step-down operation), each capacitor
cell must be comprised of three (3) bidirectional switches that
facilitate the parallel and series connection of the capacitors
of the n — 1 cells.

Specifically, as Fig. 2 illustrates, a pair of bidirectional
switches allows for the parallel connection of the capacitors
(Gp, Gr) while one bidirectional switch (Gs) serves their
series connection, so that a n-level topology is constructed.
Moreover, at the power unit side, the step-up operation is
achieved by the using Gy and Dy, while the step-down oper-
ation is achieved by using Gy, and Dy).

As it will be analytically explained, the number of levels
(n) that facilitate the bidirectional power flow in CCM op-
eration of the power unit circuit, depends on A. The step-up
operation of the proposed topology is analytically described
in the following subsection (the mathematical description of
the step-down operation can be derived accordingly).

B. SWITCHING OPERATION OF THE CIRCUITRY
Table 1 presents the status of the variables of the total topol-
ogy, including the power unit circuit, the interlinking circuit
and the DC MG of Fig. 2, according to the switching states
(So+S5) of Fig. 3(the switching states during step-down op-
eration are also included). It is noted that the basic states of
operation are Sp and S3, while Sy, S, S4 and S5 are used
for the zero current switching (ZCS) of the capacitor cells’
switches (transition states). In addition, the power flow reg-
ulation is imposed via the hysteresis current control that is
implemented on iy, keeping it so at a constant value (/)
within a constant hysteresis zone (H). It is noted that the
selection of a specific current controller type (i.e., hysteresis
or peak current or average current mode control) has no effect
on the operating principles of the proposed scheme.

Fig. 3 presents the switching states during the step-up op-
eration of Fig. 2, in which the power flows from the power
unit to the DC MG. During Sp, Gg; is on and i; increases in
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TABLE 1. Bidirectional Power Flow: Voltage Step-up/Down Modes. Switching States of the Power Unit, Multilevel Converter and DC Bus (Fig. 3)

Power Flow: Power Unit (PU) = DC bus (Voltage Step-up) Power Flow: DC bus > Power unit (Voltage Step-down)
State Active Switch(es)/Diode(s) ’ N ;i i . Active Switch(es)/Diode(s) v v i i Y
HBC PU Cell 'Ls 'Lbus s bus (4 HBC PU Cell 'Ls 'Lbus s bus (4
So Gy, Gy Gy G, Vs Veo-Vus 1 1 0 Gy, G; Gg Gp" G’ Veo-Vs ViustVveo 1 1 \
S Gy, D; Gy G, Vs Vius 1 { = G, D4 Dg G, G’ -V Vius { 1 =
S, Gy, D; Gy sz, GI_3 Vs ~Vius 1 ! = G, Dy Dg, sz -V Vous { 1 =
S3 D,, D; D sz, GL3 Vi-ves ~Viusves ¢ { l Dy, Dy Da Gsz -V ViusVes ¢ ! 1
Sy Gy, D; Gy sz, GL3 Vs Vius 1 { = Gy, Dy D., Gsz -V Vius Jr 1 =
Ss Gy, D; Gy G, Vs Vius 1 { = G, D,y Dq G, G* -V Vius { T =
! ZCS: zero current turn on (Ss) and zero current turn off (from S; to S).
2ZCS: zero current turn on (S,) and zero current turn off (from S, to Ss).
3 Gy: cell n-1 must be activated in all states (So-Ss) in order to activate -1 levels of the topology of Fig. 2.
C=C=C,.=C V. L, i Ly i
, st Guon - —
V, Ly i, 3= = - 20 v i.3=ni,
_I l_m_» leo=1 L= § —
A+ + - _ < o~ C3_nC
Vis Cr=C/n < G; off Gy
Gq A Dy

FIGURE 3. Switching states (So+Ss) of the proposed interlinking topology for step-up operation.

the face of V. At the same time, Gy, Gy are off, Gs, G, — 1,
G and Gy are on, so that i, increases in the face of nv.-Vjp,
while the capacitors discharge. Regarding Sy, the following
equations are derived:

% _ Us _ Vs (1)

tlg, Lo L

dibus _ ULbus . Ve0 — Vipus . nve Vious (2)
dt So Lbus Lhus Lbus
dv, — l_C — _ibﬂ (3)
dat |z, C C

So ends when i, reaches the upper limit of the hysteresis
zone (I, +H/2). At this point, G4 turns off (S; begins) and
ipus decreases in the face of -Vp,s, while i, becomes zero. Fol-
lowing that, G turns off (zero current switch) and S, begins,
while i, keeps decreasing.

Next, at the time spot when i, reaches zero (according to
Table 1) S3 starts; Gg; turns off, i; decreases in the face of
Vs-ve and the capacitors charge. At the same time, Gy, Gpo,
G,,_1 are on, G is off and G turns off, so that i, decreases
in the face of -v.-Vj,, and the capacitors charge. As regards
S3, the following equations are derived:

ULs

diy Vs —
dt 5 - LS Ls

V, —
Ly

Uc3 Ve

“4)
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d Lbus _ ULbus Uc3 Vious Ve — Vipus (5)
dt S3 Lbus me Lbus
dv, _ l_c _ st ipus (6)
dt g, C nC

S3 ends when i, reaches the lower limit of the hysteresis
zone (I,r -H/2). At this point, Gy turns on, S4 begins and iy,
keeps decreasing in the face of -Vj,,, while i, becomes zero.
Following that, Gp1, Gpz turn off at S5 (zero current switch),
while i, keeps decreasing.

Equations (1)—(6) are used for the average model analysis
of the following section.

11l. AVERAGE MIODEL AND PERFORMANCE ANALYSIS
The average modeling of the circuitry in Fig. 3 is pre-
sented in Fig. 4; for the derivation of d, only the basic
states, i.e., So and S3 of Fig. 3, are used. In addition, it
is noted that a high capacitance value (C) facilitates the
mathematical analysis approach, accounting for the constant
capacitor voltage assumption throughout the development of
the theoretical equations. Moreover, it is noted that for the
sake of the simplicity of the analysis of the present sec-
tion, the parasitic components of Ly,s, Ly and C have been
omitted.
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FIGURE 4. Switching states’ equivalent circuit for the step-up operation of
Fig. 3.

A. AVERAGE MODEL IN STEP-UP AND STEP-DOWN
OPERATION

The analysis of the steady state operation (Viz = Vipys = 0)
of Fig. 4 leads to the following set of equations:

s

VLs:O:>Vsd+(Vs_Vc)(l_d):0:>vc:

1—-d
(7
Vibus = 0= V. — Vbus)d + (Ve — Vbus) (1-d)=0
_ Ve + Vbus (8)
(n+ Ve

Taking (7) and (8) into account, d in step-up operation can
be defined as follows:

A

——
J— 1+ Vius/ Vs _ I+A ©)
n+ 1+ Vs /Vs n+1+4+2a

From (9) it is obvious that as n increases, d decreases,
facilitating so the stable step-up operation of the proposed
topology for a wide practical d range (i.e., 0.2 = 0.8), as A
increases. As a result, a wide A range can be satisfied under

CCM operation of the power unit’s circuit.
The steady state analysis of Fig. 4 regarding the step-down
operation leads to the following expression (derived in the

same manner as for the step-up operation):

B 1
- 1+A
1+ 5=

(10)

From (10) it is obvious that, as in step-up operation, a wide
A range can be satisfied under CCM operation of the power
unit’s circuit.

Moreover, from (7) and (8) regarding the step-up operation,
the following expression can be extracted (which is also valid
for the step-down operation):
yo—y ey

c

(1)

n

B. PERFORMANCE ANALYSIS AND DESIGN OF THE
PROPOSED TOPOLOGY

The circuit design (passive components and semiconductors)
of the proposed topology of Fig. 2 must ensure the optimal

30

performance at both sides of the topology (i.e., the power unit
and the DC MG) during the implementation of the control
scheme/pattern (according to the switching states of Table 1)
under load, voltage and power supply variations. The basic
feature of the proposed circuitry is the implementation of the
energy transactions between two independent sources (i.e., the
DC MG and the power unit) with the aid of a series-connected
converter; the latter acts as a controllable voltage source (regu-
lated by ip,;), facilitating the imposition of the desired level of
the transferred power. Since the hysteresis current control of
ipus directly affects d (which is common to the total circuitry of
Fig. 2) and d is regulated for the CCM of i, the open-loop TF
is/l efmax to d of the proposed topology is used for designing
the system’s parameters that result in the enhancement of the
power transfer capability of the topology — regarding both
step-up and step-down operations.

As regards the step-up operation, (1)—(6) that formulate the
switching model of Figs. 3 and (9), (11) that formulate the
average model of Fig. 4 are used along with (A8)—(All) of
the Appendix, so that the following TF is derived:

is(s)/1 —s2 — Ms+ A
T(s) = ls(s)c/i(r;;‘,max — Gy, § s+ (12)
s (izsz + 1>
@
In (12):
1 (m+1+2)2
Gao = —— - N (13)
G
n- (k—i—)Lz)
w) =W, ———————— 14
0 (n+1+21) (1
(A—1-—n)
M=A- —_— 15
Wsw n+1+2) (15)
A-(n—a—1
A=op MIOTID) (16)
n+1+21)
Lbus
k= 17
L (17)
A= Ibus _ Ibus _ n+1+2a : (18)
Ve C - wsy Ie rms l+A+n-(1+21)
! (19)
w, =
' \/CLbus

Working similarly for the step-down operation, the follow-
ing TF is derived:

i5(8)/Lre f 2 —Ns— A
F(s) = M et = Ga s Q0)

s (lzsz + 1)

@
In (20):
A -
N =2 0w @)
n

Equations (12)—(21) clarify that:
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i) The open-loop gain (G4,) in (13) constitutes a current
amplifier at the power unit’s side in essence; in light of
this, a high G4,-value ensures a wide margin for a wide
range of d-values.

i) From (12) and (20) it turns out that G4, is common for
both step-up and step-down operations.

The assumptions i and ii can be used to develop a rig-
orous design procedure that allows for the selection of the
appropriate parameters’ values of the proposed topology in
Fig. 2, facilitating the bidirectional power flow (i.e., step-up
and down operation) between the power unit and the DC MG,
on the basis of the following criteria:

a) The design is oriented upon the MOP({,,f;max), accord-
ing to the specifications/inputs of the system under study
—1ie., A (Vs, Vius).

b) The selected n-value facilitates the optimal dynamic re-
sponse of the power unit’s side for operation in CCM,
in both step-up and step-down modes — dictated by the
selected d from (9) and (10).

¢) The expression of the open-loop gain (Gy,) is used for
the selection of the optimal components of the topology
(i.e., Lpys, Ls, C) that facilitate its best performance.
From (13) it turns out that, for fixed A and n, Gy, is
directly increased by a large k-value and decreased by
a large wy,-value. Moreover, (14) suggests that wy is
proportional to k and w,, while a large wjy,-value in-
creases M in (15) and Nin (21); A in (16) increases with
w,. These observations/conclusions constitute the basic
tool for the design of the optimal/desired performance of
the system — in terms of the frequency domain response
analysis [27] of the TFs in (12) and (20).

Considering a—c, the design procedure of the proposed

topology can be summarized in the following steps:

1) Define the system’s specifications as inputs: MOP
(Irefmax)s & (Vi, Vius) — practically, A is rounded up to
the next integer number. Move to step 2.

2) Select d from (9), (10); e.g., setting d = 0.5 (optimal
choice in terms of dynamics for practical converters
[28]), the following is derived:

n=»Xx+1 (22)

In (22), A>1 (initial assumption, Section II, Subsection

A), thus n>2. Define n from (22) and move to step 3.

3) Define the maximum g, (Wsymax) Which results in
acceptable Py, 1oss (Psw,loss,max) Of the interlinking HBC

(with respect to commercial HBC modules for the appli-

cation under study), according to the following formula

[22]:

i
2 (0 Egy + Eopp) (23)

Psw loss ~
' Vop - Ip

Define wgy,max from (23), for Py, 1055, max- Move to step
4,

4) Minimize Al (in the present control implementation,
Alp,s = H) according to the power quality specifications

VOLUME 4, 2023

of the system under study, through an appropriate H-
value (H = 8 -Irefmax» €.8., 81 = 5%). Lpus-value can be
calculated via the following equation (which is derived
forn = X 4+ 1 at step 2 — d = 0.5), with the use of
(2), (11) for the step-up operation (accordingly for the
step-down operation):

Vbux ' (2‘|‘)\)'7[

Lpys - A - Wsw, max

H =

Vius - 2+ 1) -7

A Wgw,max * 81 - Iref,max

(24)

< 81 'Iref.max = Lpys >

Define Lpysmin from (24) and Lpysmax according to
practical design/components’ limitations, such as the
inductors’ costs [28]. It is noted that the Ly, max-value
results in the minimum wy,,-value (wgy,min) of the con-
verter. Move to step 5.
5) Ensure CCM operation of the power unit, via the fol-
lowing condition (which is derived for n = A+1 at step
2, d = 0.5, with respect to (1) and (11) for the step-up
operation and accordingly for the step-down operation):
Is max
Vious - @ —
s AIs,max = 52 “A- Iref,max
(25
Define Ly in from (25) and L max according to practical
design/components’ limitations, such as the inductors’
costs [28]. Move to step 6.
6) Define the maximum acceptable AV, from the follow-
ing equation (which is derived for n = A+1 at step 2):

Li> —mF——
A gy - AIs,max

I -7 I -
AV, = ref,max <8 V.=>C> ref,max
* Wsy Wsy 83 - V(626)

Define C ,,;, from (26). End of the design process.

Finally, the outputs of the 6-step design algorithm are: n-
value (for the desired d that facilitates the optimal dynamic
response of the topology; usually d = 0.5 is considered),
wgymax (resulting in acceptable switching losses of the in-
terlinking converter), acceptable range of Ly, Ls values —
the final choice of k value facilitates Gy>>1 in (13) —
and Cpip-value (resulting in the optimal w, that leads to the
optimal performance and power quality of the system, with
respect to the Bode plot analysis). Specifically, with respect to
the analysis of Subsection B of the present section, for the
selected values of A (step 1) and n (step 2), the maximum
k-value (Lpys,max, Ls,min) along with wg,, min facilitate the wide
open-loop gain margin as regards the response of the TFs
expressions in (12) and (20) — it is evaluated with the use of
the Bode plots. On the other hand, the C-value (with reference
to the optimal value, Cpyip) can be used for the determination
of the appropriate w,, with respect to the frequency domain
analysis of the TFs in (12) and (20), as it is highlighted in the
presented results of the following section (Section IV).

It is noted that the simplified analysis (with the use of ideal
components in the circuitry of Fig. 4) that yields (12)—(26)
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TABLE 2. Proposed EMS; Operating Modes of the Energy Sources (DG, DC
MG) and Interlinking Circuitry

System Plant

(Power Unit, Converter, DCMG) |

Mit']';zio";hBox .w
interlinking Y F— - T o
. . easurements X
Mode power unit power unit convelfter DC MG Control Signals Real-Time
energy flow switches operation energy flow . Feedback
(Table I) NI dspic30F4011
1 Supply G, on (Table I) Step-up Absorption s s s = [N 050000000000 00000
—————
2 Not Gy, Gy, off Step-down Provision Control Algorithm
connected
3 Storage Gy, on (Table I) | Step-down Provision
Not ] FIGURE 6. Block diagram of the CHIL set-up for the real-time validation of
4 connected Ga, G off Step-up Absorption the proposed control scheme [22].
100 Bode Plot of T(s)
Power Supply/ Operation (Step-up/down) 1. SEIBCtEdk N Konins ©rmin Kmaxs Or,min
Storage Ullit’S G 50 " ampltfymg ’ \r kmim wr,max kmu,\‘) wr,mnx
Setpoint {I ref l ) wide constant gain ul
- L +H/2 Table I: I ¢ ST
l = 1 i
bus» » GS]’ GSZ §O -50 damping
GI-G4 G, GS S 1
> P =-100
I, -H/2 _
Low frequency region High frequency region
- B0 10 10’ 10°
(a) Power Supply/Storage unit connected 10 a 4
Angular frequency (rad/s)
Power Supply/ i
St UPI-’ tzr Vc,ref,max Operatlon FIGURE 7. Performance optimization of the converter, with the
orage Lmit's Ve (Step-up/down) implementation of the design algorithm on 7(s). Bode plots (step-up
Setpoint operation, A = 7, n = 8) for various k and w, values’ combinations
(constant wsy).
Gsls GsZ off 1, of Vc,reﬁmin
i 1 ref+H/2 Table I: power unit from the circuitry of Fig. 2, the multilevel con-
bus verter toggles between modes 2 and 4 according to the control
-> =» G;-G4, G, G, . ge e . e
implementation of Fig. 5(b), so that the capacitors charge and
I,.ef-H/Z discharge between V. refmax and Ve rermin (hysteresis control

(b) Power Supply/Storage unit disconnected

FIGURE 5. Control implementation of the proposed EMS: (a) Power
supply/storage unit connected, (b) Power supply/storage unit
disconnected.

does not cancel the rational of the proposed design pro-
cedure; the latter can be used in practical cases, including
more detailed/accurate design parameters, such as the para-
sitic elements of the passive components and the bidirectional
switches, that lead to a more complex system description.

C. DEVELOPMENT OF THE EMS CONTROL SCHEME

In the present subsection, the EMS scheme of the proposed
topology of Fig. 2 is developed according to the energy flow
schedule of the DC MG (i.e., from/to the power unit); Table 2
presents the possible operating modes of the energy sources
(i.e., the power unit and the DC MG) attached to the interlink-
ing circuitry for the proposed EMS, while Fig. 5 illustrates
the block diagram of the EMS.

As regards the proposed EMS, the power unit can either
provide (mode 1 of Table 2) or store (mode 3 of Table 2)
energy to / from the DC MG, according to the control im-
plementation of Fig. 5(a); in case of disconnection of the
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implementation on v.); the latter results in zero average power
transfer between the DC MG and the interlinking converter
during the disconnection time interval of the power unit, en-
forcing so the operation of the proposed topology as a flexible
bond that facilitates energy transactions between the (various
voltage level) buses of the MG.

On the other hand, in the case of a short circuit fault at the
main DC bus side (i.e., Vj,s = 0), the EMS control scheme
continues its operation for n = 1, which in this case ensures
the circuitry’s operation with d = 0.5. In more detail, for n =
1 and Vp,s = 0, (2) and (5) suggest that d = 0.5, while f;,,
is reduced (T, is increased). At the same time, the capacitor
bank continues its (dis)charging pattern, with positive average
charge during each cycle of the control implementation — as
it can be derived from (3) and (6); thus, constant current flow
(uninterrupted hysteresis current control on i) is provided
to the DC MG during the fault, ensuring so the enhanced
FRTC of the proposed scheme. However, it is worth noting
that, under this condition, the power unit operates in DCM —
which is dictated by (25).

IV. PERFORMANCE VALIDATION VIA SIMULATIONS &
REAL-TIME CHIL IMPLEMENTATION

The performance of the developed EMS scheme of the pro-
posed circuitry (as described in detail in Sections II and IIT)
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Ire Step Changes in Step-Down Operation

f Step Changes during Step-Up/Down Operation Response to Short Circuit Fault
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FIGURE 8. Implementation of the proposed EMS scheme: (a) /s step changes in step-down operation (real-time CHIL results, Table 3), (b) Step changes
of operating mode, from step-up to step-down and vice versa (real-time CHIL results, Table 3), (c) Control response to short circuit fault (simulation
results, sampling frequency 10 MHz, f;,, = 13.5 kHz, Lpys = 1 mH, Ls = 20 uH, C = 5 mF).

TABLE 3. Real-Time Model Parameters of the Proposed Circuitry

Simulink Real-Time Model Parameters

DC MG': 7,270 V., Lyni=30 A, Ly,,=50 mH (step 4)

Power unit: V=48 V, L=1 mH (step 5), &=50 (step 5)

Multilevel converter: /=7 (step 1), n=8 (step 2), C=200 mF (step 6)
Control parameters: =5 A (step 3), Ve rema=130 V, Ve yefmin=110 V
\fiw=1kHz (step 4)

MicroLabBox 1202 sampling frequency: 25 kHz

dsPIC30f4011 frequency: 7.37 MHz

"It is noted that the proposed range of power rating of the developed topology
(approximately 8 kW) is in alignment with dc/dc converter topologies regarding
the MEA microgrid under study [13].

is validated via simulations in Simulink (MATLAB R2018b
software) and real-time control implementation; Fig. 6 illus-
trates the block diagram of the CHIL set-up.

The dSPACE MicroLabBox 1202 platform (combined with
MATLAB R2014b software) has been employed, in coopera-
tion with an external dsPIC30f4011 DSP controller hardware;
the latter receives the real-time feedback signals (i.e., ipys
and v, are the microcontroller’s inputs) from the simulation
model (i.e., the circuitry of Fig. 2 is built in MicroLabBox
1202), implements the proposed control algorithm and sends
the appropriate control signals (i.e., the on/off commands of
the switches of the power unit and the multilevel converter are
the microcontroller’s outputs) back to the MicroLabBox 1202.

The parameters of the CHIL tests are given in Table 3
and they have been selected according to the 6-step design
algorithm of Section III, Subsection B (considering the real-
time sampling frequency restriction of the MicroLabBox 1202
hardware [22]). The CHIL tests of the present subsection are
used as a proof of concept of the developed control method
under real-time implementation, considering the influence of
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second order effects such as computational and PWM delays,
quantization errors of the embedded ADCs in the microcon-
troller, deadtime of the inverter, etc. [22], [29], [30].

Fig. 7 exhibits the Bode plot of the TF in (12) — the response
of the TF in (20) is similar, for various combinations of k
and w, values (with respect to the maximum and minimum
boundaries that are defined with the use of the 6-step design
algorithm of Subsection B, Section III); this figure verifies
that a high k-value satisfies the wide gain margin requirement
of the topology, while ensuring that this constant gain is ori-
ented at the low frequency range (which is desirable for the
stable operation of the circuitry). Furthermore, the selection
of an appropriate w, value (through C-value) facilitates the
wide range of the gain damping at the high frequency region
(close to switching frequency), which is another significant
requirement (noise damping).

Fig. 8(a) illustrates the step-down operation of the devel-
oped control algorithm in real-time implementation, under
step changes of I, highlighting the good dynamic perfor-
mance of the proposed control scheme. Moreover, Fig. 8(b)
confirms the robustness of the proposed system and control
algorithm during operating mode changes, dictated by the
proposed EMS. Finally, Fig. 8(c) verifies the FRTC, under a
200 ms short circuit fault at the DC MG side. The dSPACE
CHIL results in Fig. 8(a) and (b) show that the proposed EMS
control strategy is effective under various scenarios in real
time, while the high sampling frequency of the simulations in
Fig. 8(c) is used for better accuracy of the presented results.

V. CONCLUSION
In the present work, a dc/dc switched-type multilevel con-
verter is combined with a cascaded step up/down converter to

33



APOSTOLIDOU ET AL.: FLEXIBLE INTERLINKING CONVERTER WITH ENHANCED FRT CAPABILITY

form a flexible interlinking topology, which can be incorpo-
rated in modern DC MGs, enabling the flexible connection of
various power units; the proposed circuitry facilitates the wide
A range and high-power range requirements in CCM, with rel-
atively low semiconductor switches/components count (with
respect to similar counterpart multilevel topologies), while
achieving zero current switching operation and reduced real-
time communication demands.

The most significant advantages of the developed current-
fed topology are its enhanced FRTC (which is not an inherent
feature of the counterpart converters of similar high A capa-
bility), the high dynamic performance (thanks to the current
mode control) and the modularity (in cell level) that are favor-
able for the DC MG application under study.

The theoretical analysis has been verified by both sim-
ulations and real-time (CHIL) test results, highlighting the
good dynamic response of the converter and the effectiveness
of the EMS control scheme that is implemented during step
changes. In summary, this work has successfully introduced
the concept of this flexible interlinking topology and its con-
trol/operational principles and validated its feasibility.

APPENDIX
The state-space realization (linearized state-space model) of
the proposed topology of Figs. 3 and 4 is given as follows:

X = [is ipus vl , y = [is] (A1)
dx
- = Aavg X+ Bavg su (A2)
dt

Y= Cavg X+ Davg - (A3)

% = Cavg[s] _Aavg]il [(Ay —A2) - X + (B — By) - U]
+[(C1 —C)-X + (D1 —Dy) U] (A4)

X = [LslpusVel , U = [Vy, Vius] (AS)
Apg=A1-d+Ay-(1—-4d) (A6)
Cag=Ci-d+Cy-(1—d) (A7)

As regards the step-up operation, using (A1)—(A7), (9) and
(11), the state-space average model of Fig. 4 can be expressed
by the following equations:

0 0 0 0 0 —1/Lg
Ai=1|0 0 n/Lpys | , Ay = 0 0 —1/Lpys
0 —-1/C 0 1/aC 1/nC 0
(A8)
1/Ls 0
Bi=By=| 0  —1/Lps (A9)
0 0
Ci=CG=[l 0 0] (A10)
Dy =D, =[0 0] (A11)
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