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This paper analyzes the input-series-output-series (ISOS) connection of dual active bridge (DAB) modules
for medium voltage DC microgrids using different modulators: first using a unique modulator that allows
controlling of the power flow of all modules, which is a more straightforward solution, and then using
independent modulators to facilitate the voltage balance and the power transference of each one. In this
analysis, parametric differences between the modules are considered, and the voltage distribution between

the modules, the ZVS conditions, and the transferred power as a function of the main converter parameters
design are obtained. Finally, experimental results of a scaled-down 500 W prototype demonstrate the proposal’s

feasibility.

1. Introduction

The integration of renewable energy sources in medium-voltage
(MV) microgrids requires power electronic converters to control the
power transfer and to adapt variable voltage levels, as well as to enable
the interconnection of both DC and AC sources and loads. In these
applications, appropriate topologies and modulation techniques are re-
quired to reduce semiconductor devices’ electrical stresses (overvoltage
and overcurrent) [1].

One possibility is the series connection of semiconductor devices,
which allows conventional topologies but requires a proper equaliza-
tion of dynamic and static voltage distribution between the devices [2].
Another possibility is to use multilevel converters, but in topologies
with more than three levels, the complexity of construction and its
modulation and control strategies increases [3]. A third option is to
use series-connected modules, whose modulation and control strategies
can be simpler than those used in multilevel topologies [3-5]. The
main advantages of a modular converter include ease of thermal sizing
since each module handles a portion of the total processed power and
increased overall system reliability due to reduced thermal and elec-
trical stress on semiconductors and passive components. Furthermore,
modular converters allow faster, more straightforward, and lower-cost

design procedures for the entire system compared to multilevel options,
such as modularity, which makes it easier to increase system capacity
by adding modules in series and parallel.

This paper analyzes a modular converter for MV DC microgrid
applications implemented with modules in input-series-output-series
(ISOS) connection [5]. A challenge in the design of these systems is
to achieve adequate voltage sharing at the series ports of the modules
since the parametric differences between the magnetic components and
the semiconductor devices due to the manufacturing process, aging,
or operating conditions can produce imbalances in the DC voltages
of the modules [6,7]. These voltage imbalances cause an unequal
power distribution that can accelerate the ages of the modules that
transfer the most power or lead to the hard-switching operation of
one or more modules, reducing overall system efficiency. Besides the
differences in voltage levels, the power transferred by each module
differs proportionally to the parametric variations, and consequently,
some modules can overheat and be prone to failure.

In the bibliography, some studies analyze strategies to balance the
voltages of each module. For applications with unidirectional energy
flow, the connection of full-bridge, forward, and flyback modules has
been studied, among others [8-10]. When bidirectional flow is re-
quired, it is possible to use half-bridge single-phase topologies, DC-DC
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converters with dual active bridges (DAB), and resonant series, among
others [11,12]. The DAB converter is a topology widely used in MV
microgrids, electric and hybrid vehicles, and solid-state transformers
(SST) due to its outstanding electrical characteristics, such as galvanic
isolation, zero-voltage switching (ZVS) operation, simple power flow
control, and the possibility to reduce or increase the voltage [13,14].
An analysis demonstrating the stable operation of the ISOS modular
connection of DAB converters when using a unique modulator was
presented in [15].

This paper presents an analysis of the ISOS connection of DAB
converter modules used in MV DC microgrid applications, considering
two methods to control the power transfer. The first strategy involves
using a unique modulator to control all the modules of the converter,
simplifying its power setup and operation. However, one of the features
of using this strategy is that the DC port voltages cannot be balanced in
the presence of parametric differences between the DAB modules. The
second method uses independent modulators, which increases the com-
plexity but allows for the balancing of the DC port voltages and power
transfer of each module. This analysis enables the voltage distribution
to be established and their power transferred as a function of the DAB
module parameters. The study established conditions for determining
the best strategy for each application in terms of implementation com-
plexity, overall system efficiency, power transfer capability, and control
capacity to balance voltages and power transfer. In contrast to previous
research, this paper also analyzes the ZVS conditions of the modular
converter to establish the operating range with low switching losses as
a function of the parameters of each DAB module, which allows for
reducing sudden voltage and current variations, stress, and losses on
semiconductor devices. Experimental results obtained with a laboratory
prototype are presented to demonstrate the practical feasibility of the
proposal.

This article is organized as follows: Section 2 describes the topology,
modeling, and ZVS conditions’ DAB converter. Section 3 presents the
steady-state model of n DAB modules connected in series at the input
and the output. Section 4 includes experimental results to validate the
presented analysis. Finally, the conclusions are given in Section 5.

2. DAB x converter description

In this Section, the main operating characteristics of the DAB x
converter are summarized to facilitate the analysis of the modular
converter presented in the following sections, where the notation x = 1,
2, ..., nis used to indicate the DAB module number. The steady-state
model of the DAB converter has been deduced in several papers in the
literature, so the articles [16-18], among others, can be consulted for
a more detailed description.

Fig. 1 shows the topology of the DAB x converter. This article con-
siders the single phase shift (SPS) modulation strategy, which generates
two square AC voltage waveforms vy, and vy,,, with a duty cycle of
50% and constant frequency. The power transfer is controlled by apply-
ing a specific phase shift A, between the voltages v;,, and vy,,, applied
to terminals of the transformer T, [16]. Each semiconductor device,
S, shown in Fig. 1, is implemented with a transistor 7, a diode D,,
and a capacitor C,,, where z =1, 2, ...,8 indicates the semiconductor
device number belonging to the DAB module x. The transformer is
modeled by its leakage inductance, L,. Thus, the converter can be
represented by two active bridges B,, and B,,, connected by L, and
an ideal transformer T,. To simplify the analysis, the transformer ratio,
r, is considered equal to 1.

Fig. 2 shows the waveforms of the voltages vy, and vy, the
current i;, of the transformer, and the currents ip,, and ip,, of the
active bridges B, and B,,, respectively. This figure corresponds to a
power transfer from v,, to v,,, notations V,; and V,, represent the
DC components of the voltages v,; and v,,, respectively. From these
waveforms in the figure, it can be demonstrated that the first two
intervals of each switching cycle, determined by the phase shift 4, are
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sufficient to evaluate the evolution of the converter DC port voltages
and currents.

The current i, of the leakage inductance L, can be expressed as a
function of the angle 6 = wt, where w = 2z f, is the angular frequency,
f is the switching frequency, and 1 is the time. These relations for each
interval can be expressed as follows: For 0 <6 < 4,,

; Vi +V, ;

i ()= (%Tf) 6 +i; . (0). @
For A, <6<,

. Vxl - Vx2 .

i () = <w—LX> O —A)+ip (4). 2

The average value of the current i;, must be zero in steady-state
in a switching period to avoid saturation of the transformer core, so it
must be fulfilled that i;,(0) = —i; (7). Considering this condition and
Egs. (1) and (2), it can be obtained,

Vo Qd A, + 7 —dyx)
ir,(0)=— ( - , 3)
Lx 2wL,
where d, = V,,/V,,, is the voltage conversion ratio of the DAB x
module.

Based on the Egs. (1) to (3), the average power transferred by the
converter can be calculated through the following expression,
2
1 [ V2d A (7 - |4l)
P =- % 0)i; . (6)d) = —— . 4
=1 [ era@in® - @
In this manner, the phase shift A, controls the power flow of the
converter.

For the circuit in Fig. 1, in steady state, it is satisfied that Iy, = I,
and I, = I, where notations I, I, I}, and I, represent the DC
components of the currents i g, , i gy, i1, and i,, respectively. Therefore
the average currents of the DAB converter can be expressed as,

(” - |Ax|) AxVx2

ol

1 T —|A]) AV
Ip=7 (/oA“ ~ig (0)d6 + [} iLx(@)dG) = (Tll
X

T = & (% i0.@d0 + [ 1,,(0)d0) =

B

()

2.1. ZVS conditions

In order to achieve ZVS turn-on operation, when the turn-on signal
is applied, the initial direction of the current flow must ensure that
antiparallel diodes D,, of the DAB modules start conducting before its
corresponding transistor T, causing the voltage across the device to
be zero. In this manner, the transistor 7,, naturally starts conducting
when the direction of current flow is reversed, resulting in zero turn-
on losses [19]. On the other hand, to achieve ZVS turn-off operation
in all semiconductor devices, when T,, receives the turn-off signal,
they should be conducting. As a consequence, the current should be
transferred from the transistor to the capacitor connected in parallel,
C,.. Usually, this capacitor is the device’s output capacitance. As a
consequence, this condition allows a reduced voltage across the switch
during its turn-off interval, reducing the switching losses [17]. This
operation is defined as ZVS soft-switching operation mode [19]. There-
fore, to obtain ZVS in the devices of the active bridge B,,, it must
be satisfied that i; (z) > 0, and in the active bridge B,,, it must
be satisfied that i; (4,) > 0 [16]. Considering the above, the ZVS
operation region obtained for the active bridge B,, is described by the
following condition,
a2 0T ©
in buck mode (d, < 1). Likewise, the ZVS condition for the active bridge
B, results,

| @=br

Az 2d

)

X
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Fig. 1. Simplified diagram of the DAB converter.
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Fig. 2. Waveforms of the voltages, v;,, and v;,,, and of the currents i;,, ip,, and
iy, for vy > v, with power transfer from v, to v,,.

in boost mode (d, > 1). With these conditions established, the ZVS
region is obtained, which can be represented in a nomogram like the
one proposed [17]. In such a nomogram, the voltage conversion ratio,
d,, is plotted as a function of the normalized output current of each
DAB x module, I,,(pu), being its base current,

V,

1
Ibasex = wzx' (8)

3. Analysis of n DAB modules in ISOS connection

From the x DAB converter model developed in the previous Section,
it is possible to extend the steady-state model to » DAB modules in

an ISOS connection, as shown in Fig. 3. The system expressions are
presented as a function of the modular converter parameters and the
phase shift A, applied to each module, considering differences in the
values of the leakage inductances L, of each DAB module.

For the circuit of Fig. 3 with » DAB modules in ISOS connection in
steady-state, it is satisfied,

I =1Ig,, I,=1Ipy, ©)

Yoo Va =V, X Vo=V, 10)

where notations V; and V, represent the DC components of the voltages
v, and v,, respectively.

Given the Egs. (1) and (2) of the current in the transformer and the
procedure developed in Section 2, the average currents of the DAB x
module of the circuit in Fig. 3 can be obtained as,

Ipy =a Vo, Ipo=aV, an

where,

_ (- 14,04,

12
oL, & (12)

X

In the modular converter of Fig. 3, it is satisfied that I} = (Ve — V})/Rg

and I, = V,/R;, where Ry represents the series resistance of the
voltage source V), and R; represents the resistive load. Hence, from
Egs. (9) to (12), it is possible to express the voltages ¥, and V, as
follows,

V,
v, = D , (13)

Rg4R; (a,L, aL a,L,\?
sRe <L+ﬂ+m+u>
n a nL,

1+ ——
2 nL, nL

R al, al, a,L,
V,=—W + +oet— |, 14
2 n o1 < nL, nL, nL, (14
where,
Ly+Ly+-+L
[=——2" T (15)

n

is defined as the average leakage inductance of the modular converter.
From the developed model and the ZVS conditions obtained for the
DAB x module using the SPS modulation strategy, it is possible to
propose two methods to control the power transferred by the modular
converter. These two methods consist of using a unique modulator for
all the DAB modules to obtain simplicity in the power transfer control
or using independent modulators to balance the power transferred by
each module. Therefore, in the following sections for both methods,
the DC ports’ voltage distribution, the power transferred by each DAB
module, and the ZVS operating region of the modular converter are
analyzed.
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Fig. 3. ISOS connection of n DAB modules.

3.1. Analysis using a unique modulator

When a unique modulator is used, the same phase shift is applied
at the n DAB modules to control the power flow, so it is satisfied that
A, = A, = -+ = A, = A. By using this method of power transfer control,
the average currents of the DAB x module of the circuit in Fig. 3 can
be expressed as,

(r = [ADAV,,

Igy = ————22,

_ (@ —14Dav,
oL,z ’

Bx2 — (16)

oL,
From Egs. (9), (10) and (16), the following expressions can be
obtained,
Vi Va Vo Ve

nL, L, nL, L,

a7

B

X
The voltage conversion ratio of each module can be determined by
dividing the two expressions of Eq. (17). It is obtained that: d =V, /V| =
Via/Vii = Voo /Vsy = =+ = V,5/V,. Therefore, the n DAB modules in
ISOS connection operate with the same voltage conversion ratio as the
modular converter. In addition, the V,, voltages of the DC ports of each
DAB module can be obtained as a function of the leakage inductances
as,

V., =V, L. =V Ly (18)
VTV L+ Ly++L,)  Y\nL, )’

where y = 1 or 2 indicates whether the variable belongs to the input
or output port, respectively. In this expression, it can be seen that the
voltages V., are a function of the ratio between the leakage inductance
of each module concerning » times the average leakage inductance
value of the modular converter.

From the Egs. (16) and (17), the average input and output currents
can be expressed as,

_h@E-l4ah4 _V@-lap4

I, = 19
! wnL,x wnL,m (19)
Therefore, the transferred power is obtained as,
ViVad(x — |4))
P =V,I=—— 20
o T2z wnL,x (20)

From the above equations, it is possible to express the output power
of the modular converter as the sum of the powers transferred by each
of the DAB modules,

n
Ve Via (= 4]) 4
P0=P1+P2+...+Pn=ZM

x=1

21
Py (1)

where the power transferred by each module is obtained by replacing
Eq. (18) in (21), resulting in,

P,=P +P,++P,=
Viva(z—14) 4 +L Via(z—-14p4

WV, (x —|4]) 4
_ ;2 > (x —14D)
(nLa) wr

=L
1 (nLa)2w7r

(nLa)zwzr
(22)

Last expression shows that each module transfers a power proportional
to its leakage inductance when a unique modulator is used.

3.2. Analysis using independent modulators

This subsection presents an analysis to achieve a balanced distribu-
tion of the Viy voltages of the DC ports of the modules. From Egs. (9),
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(11) and (12), it is concluded that this condition can be achieved
by applying a specific phase shift 4, to each module such that the
following relationship is fulfilled,

al =a2=---=an=a. (23)
Replacing Eq. (12) in (23), yields,

4 (”— |Al|) _ 4 (”— |Az|)
wln B

= = M 24)

wL,m

wl,n
where it can be deduced that it is possible to balance the voltages V,

under parametric differences, by applying the correct phase shift to
each module, obtaining,

Vii=Voy==Vy=V/n

(25)
Vipo=Vyp==Vy=V/n

Because the voltages are balanced, the » DAB modules are determined
to have the same voltage conversion ratio as the modular converter:
d=W/Vi=Vp/Vii=Vyu/Vay = =Va/Va-

The power transferred by the modular converter can be expressed
by solving the Egs. (9) and (25), yielding,

"ha
P,=VipVia+VaVya+.. . +V,Va6,= .

(26)

Under the assumption that the voltages V,, are balanced when the
idealized condition a; = a, = --- = a,, = a is satisfied; consequently, all
modules transfer the same power when the modules present para-
metric variations. However, in an experimental setup, the tolerances
associated with the values of L, can produce slight imbalances in the
powers transferred by the modules when the phase shifts 4, established
according to (23) are applied.

3.3. Soft-switching conditions

The conditions presented in Section 2.1 are applied for each n
DAB module, and the ZVS region represented in a nomogram can
be obtained. In this nomogram, the voltage conversion ratio, d,, is
plotted as a function of the normalized output current of each DAB
module, Ip,(pu), with its base current, I, = V/(wL,). Further-
more, it defines the normalized load for the modular converter as
R =Ry /(wnL,).

In Section 4, the nomogram corresponding to the implemented
modular converter is presented, where the ZVS region obtained from
the active bridge B,, is described by the condition, 4, > ((1 — d,)x/2)
for d, < 1, and from the active bridge B,, it obtains the condition,
A, > ((d, — Dr/@2d,)) for d_ > 1.

4. Experimental results

This Section presents experimental results with three DAB modules
in ISOS connection for the two power transfer control methods pre-
sented in Sections 3.1 and 3.2, which allow the presented analysis to
be validated.

Fig. 4 shows the block diagram of the experimental prototype,
where it can be seen that an analog stage processes the measurements
of the voltages v, and currents iy, to determine whether their mag-
nitudes are within the admissible operating range. When a voltage or
current variable is greater than the preestablished thresholds, the Trip-
Zone protection block is activated, which soft turns off the modular
converter to prevent damage. The Single Phase Shift modulator block
generates the PWM signals according to the phase shift 4, to be applied
to each DAB module to control the power transfer. The Gate Drivers
block adequate the PWM signals to the voltage levels to ensure the safe
turn on and turn off of the semiconductor devices.

A photograph of the implemented prototype, whose parameters are
presented in Table 1, is shown in Fig. 5. The active bridges were imple-
mented using discrete MOSFETs, model IPW65R110CFDA 650V-31.2 A.
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Table 1
Experimental prototype characteristics.
Parameter Magnitude Description
P, 500 W maximum output power
Ve 120 vV DC voltage source
Ry 4.5 Q series resistance of V¢
R, 230 Q load resistance
R 4.21 [p.u] normalized load
n 3 number of modules
fs 20 kHz switching frequency
(o 940 pF capacitance of input DC ports
C,, 360 pF capacitance of output DC ports
L, 140 pH leakage inductance of T,
L, 163.92 uH leakage inductance of T,
L, 130.85 pH leakage inductance of Tj
r 1 transformation ratio of T,
Table 2
Parameters of the EE703332 magnetic core.
Parameter Magnitude Description
AL 9500 nH + 25% inductance factor
A, 683 mm? effective cross-sectional area
v, 102400 mm? effective magnetic volume
B, cat 390 mT saturation flux density @100 °C
Ho 2100 material permeability @25 °C

The modulation signals were generated using a TMS320F28377D con-
troller. The magnitudes L, indicated in Table 1 were established to
validate the model against parametric differences. These magnetic
components were implemented using ferrite cores and Litz wire wind-
ings. Next, a description of the magnetic components and their design
considerations are given.

4.1. Magnetic components design considerations

Medium-frequency transformers were implemented for each DAB
module to provide galvanic isolation between the input and output
ports. As explained before, the power transferred by each DAB module
is a function of the leakage inductance of the transformer [16], which
requires a precise value of this parameter. Therefore, to achieve a
specific power rating for the modular converter, the transformers are
designed with minimal leakage inductance. Then, an auxiliary inductor
is added in series with the primary winding of the transformer T, as
shown in Fig. 4, to obtain the desired total leakage inductance L, [15].

The design of the magnetic components was performed following
the general procedure presented in the bibliography [20], considering
the parameters of the proposed modular converter and design rec-
ommendations from the literature to reduce volume and weight and
get low power losses when the voltage and current waveforms are
nonsinusoidal [21].

The switching frequency of the converter was chosen to be equal
20 kHz, according to the technology of the semiconductors adopted to
get a balance between losses and volume, and Ferrite for the magnetic
cores, which is a material with high electrical resistivity and, conse-
quently, low losses associated with eddy currents for the operating
frequency. For both the auxiliary inductor and transformer, the E-shape
core model EE703332 was utilized for the three DAB modules, whose
main parameters are presented in Table 2 [22].

In order to simplify the explanation, Table 3 only presents the main
expressions used to design the magnetic components of the modular
converter. The number of turns N, for the transformers is calculated
from Faraday’s Law, for a unity turns ratio, where V, is the voltage
[V] applied to the winding terminals, K, is the waveform coefficient
(usually adopted equal to 4 for a square waveform), B, is the operating
flux density [T], f the operating frequency [Hz], and A, the effective
cross-sectional area [mm?2]. The current density of the transformer
windings, J, is expressed in [A/mm?], which is a function of the
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transformer’s apparent power P, the window utilization factor K, and
the area product A, in [mm*] given by A, = W, - A,, where W, is the
window area.

Regarding the inductors, the number of turns N and the length
of the air gap /, [mm] are established according to the required
inductance L [H] and to prevent the saturation of the magnetic core
(B, < B, sat); by solving the Faraday’s Law and Ampere’s Law. The
resultant inductance is also a function of fringing-flux factor F, which

can be estimated as a function of A, /, and the winding length G in
[mm].

Table 4 presents all the parameters of the transformers and in-
ductors implemented to obtain the specified leakage inductance L,
in each DAB module to validate the analysis presented in Section 3,
considering parametric differences between modules. A photograph of
the transformer and auxiliary inductor assembly is shown in Fig. 6. The
windings were made with AWG10 Litz wire [23].
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Table 3
Equations used in the design of magnetic components.
Transformer Inductor
N Vpsl0? Vie 10?
"= K B A, T KB, fA,

P, | _ 04xN?AF107

J=——
K K,B,.fA, I

Fig. 6. Photograph of the transformer and auxiliary inductor of the DAB x module.

4.2. Results using a unique modulator

Fig. 7 shows the steady-state experimental measurements of the
DC port voltages V,,, the input and output currents /,, the powers
P, transferred by each DAB module and the power P, transferred
by the modular converter when a unique modulator is used. These
experimental measurements are compared with the theoretical values
(continuous or dashed line) predicted by the model using the Egs. (18)
to (21). In this figure, the experimental measurements of the DAB
modules DAB 1, DAB 2, and DAB 3 are represented by the ¢, x, and \/
marks, respectively. For this operating condition, it is fulfilled that the
DC voltages of each module are set at different values as predicted by
the model, obtaining the following relationships for the implemented
converter: V3, < V; < V,; and Vi, < Vi, < Vp, since Ly < L <
L,. Although each module has different DC voltages, the experimental
results validate that the condition d; = d, = d; is satisfied.

4.2.1. Parametric sensitivity analysis

From the steady-state model presented in Section 3.1, it is possible
to analyze the parametric sensitivity of the DC port voltages of the
modular converter modules as a function of the leakage inductances
of the experimental prototype when L, is set as the nominal value.
Assuming a modular converter case A with three equal DAB modules
(L, = L, = Lj), it is possible to establish by Eq. (18) the following
relationship between the voltages V., 4,

Vya
I/ly,A = I/Zy,A = V3y,A = T’ 27)
that is satisfied at all operating points of the modular converter.

On the other hand, in the modular converter with parametric dif-
ferences in the leakage inductances, there is an imbalance in the
voltages V., of the DC ports, as established by Eq. (18). Being L, the
nominal inductance, it is possible to establish a percentage variation’s
range for L, and L; and to obtain the maximum voltage deviation
AV, max €xpressed in (pu) concerning case A at each point of that
range. This analysis allows plotting 4V, .. (pu) using contour lines
as shown in Fig. 8, where the variation of the inductances L, and L;

is also expressed in (pu) concerning the nominal inductance. From the
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results presented in this figure, it is possible to establish a maximum
voltage deviation 4V, ,,, allowed in an application, and the corre-
sponding contour line considers all possible combinations of allowable
parametric variations.

Case B corresponds to the experimental prototype identified in Fig.
8 by the red * mark and has the following percentage variation among

the leakage inductances,

L, = 140 yH
Ly=L;+17,09%L, (28)
Ly=L,—6,54%L,

as can be seen in Table 1. Such parametric variation in the leakage
inductances implies a variation in the DC port voltages, obtained by Eq.
(18), resulting,

v,

Vips = = —3.4%V, 4

Vayp = = +13,1%V,, 4 29
y

Vang =5 = 9TV

where the percentage voltage variation is expressed concerning case A
of a modular converter consisting of three equal DAB modules with a
voltage Vipa in each module, Eq. (27).

The sensitivity to parametric variations, particularly in the leakage
inductances L, of DAB module transformers, directly affects real-world
applications. In particular, applications such as MV microgrids, electric
vehicles, or SSTs require reliable operation under varying conditions,
including load and voltage fluctuations. The ability of the modular
converter to maintain optimal performance in the face of these vari-
ations translates into lower maintenance costs and a longer system
lifetime. Therefore, the results in Fig. 6 show that voltage deviations
are due to differences in the leakage inductances of the modules, and
consequently, it is important to incorporate robust design techniques
and modulation strategies that mitigate these effects.

4.2.2. Evaluation of soft-switching operation

The experimental measurements in Fig. 7 can be plotted in a nomo-
gram, as shown in Fig. 9, to evaluate the ZVS operation of the modular
converter. The output current of each DAB module normalized for its
base current, and using Eq. (9), can be expressed as,

Tpo L (30)

Vxl/(wLx) Vx] /(a)Lx)
From Egs. (17) and (30), it follows that Ig,,(pu)=1Ip,,(pu) =153, (pu).
Therefore, applying the conditions established in Section 3.3, it is
determined that all modules will operate with hard-switching (HS) or
all with ZVS, depending on the phase shift applied, as shown in the
nomogram.

Fig. 10 shows the results of Test 1 in boost mode using a unique
modulator when the phase shift 4 = 70° is applied. Fig. 10(a) shows
the experimental waveforms of the voltage vy, and the currents i,
i;, and i 5 of the auxiliary inductors used in Test 1. In these current
waveforms, the [] mark is used to indicate the instantaneous value of
i;(4,), and the o mark is used for i;  (x). These instantaneous values
are shown in green and red when the current’s sign is positive and
negative, respectively. The figure shows that i; .(4) > 0 and i; . (7) > 0,
which means that all DAB modules operate with ZVS. This operating
point in boost mode corresponds to the result identified as Test 1 in
the nomogram of Fig. 9. Fig. 10(b) shows the voltages V,, of the output
DC ports of the modular converter corresponding to Test 1. This figure
allows the model to be validated since applying the same phase shift
to all the modules results in an imbalance in the voltages V,, which
depends on the magnitudes of the leakage inductances, as established
by Eq. (18).

Fig. 11 presents the results of Test 2 in buck mode using a unique
modulator when the phase shift 4 = 10° is applied. Fig. 11(a) shows

IBxZ (pu> =
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Table 4

Parameters of the implemented magnetic components.
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Transformers’ parameters

Inductors’ parameters

Module L, Turns Magnetizing Leakage Turns  Inductance  Air-gap
(1:1) inductance inductance
DAB 1 140 pH 15 817 pH 3.45 pH 12 136.55 pH 1.05 mm
DAB 2 163.92 pH 15 885 pH 3.56 pH 13 160.36 pH 1.06 mm
DAB3  130.85uH 15 857 uH 3.51 pH 13 127.34 ypH  1.37 mm
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the experimental waveforms of the voltage vy, and the currents i,
i;, and i;; of the auxiliary inductors in Test 2. The figure shows that
i;(4) <0 and i; (x) > 0, which means that all DAB modules operate
under hard-switching mode. This operating point in buck mode corre-
sponds to the result identified as Test 2 in the nomogram of Fig. 9. Fig.
11(b) shows the voltages V,, when the phase shift 4 = 10° is applied.
This figure allows the model to be validated since applying the phase
shift 4 = 10° to all the modules results in an imbalance in the voltages
V., which depends on the magnitudes of the leakage inductances, as
established by Eq. (18). In the experimental prototype, the module DAB
2 has the largest leakage inductance and, consequently, the highest DC
voltage at its terminals when using a unique modulator.

4.3. Results using independent modulators

Fig. 12 shows the steady-state experimental measurements of the DC
port voltages V., the input and output currents [, the powers P, trans-
ferred by each DAB module, and the total power P, transferred by the
modular converter when the necessary phase shifts are applied to each
module to achieve a balanced voltage distribution. These experimental
measurements are compared with the theoretical values (continuous or
dashed line) predicted by the model through the Egs. (23)-(26). It can
be observed that, although L; < L, < L,, it is possible to establish
phase shifts 4, that satisfy the expression (23), yielding V}, = V;; = V5,
and V}, = Vy, = V3. In this case, where Ly < L; < L,, for each
operating point with 0 < 4, < 7/2 rad, the corresponding phase shifts
4, and 4, that balance the voltages V,, are calculated using Eq. (23).

(b)

10°, in buck mode. Vertical scales (a): CH1(i;,)=1.5 A/div; CH2(i;,)=1.5 A/div; CH3(i,;4)=1.5 A/div; CH4(v;,,)=50 V/div.

4.3.1. Evaluation of soft-switching operation

Similar to the previous case, to evaluate the switching condition of
each module, the experimental measurements in Fig. 12 are plotted on
a nomogram applying the conditions presented in Section 3.3, as shown
in Fig. 13. The output current of each module normalized concerning
its base current and using the Egs. (9) and (25), is expressed as,

Ipo  _ I
V. /(wL,) V;/BwL,)’
and it can be observed that Iz ,(pu) # Igy(pu) # I3 (pu). Applying
these relations and the conditions presented in Section 3.3 it is estab-
lished that at certain d, the DAB module 2 operates with ZVS, while
the DAB modules 1 and 3 operate in HS, as seen in this figure.

Fig. 14 shows the results of Test 3 in boost mode using independent
modulators corresponding to 4, = 51°, 4, = 70°, and 4; = 46°. Fig.
10(a) shows the experimental waveforms of the voltage vy, and the
currents iy, iy, and i;; of the auxiliary inductors in Test 3. It can
be observed that i (7) < 0, izo(x) > 0, and i;3(x) < 0; therefore,
DAB module 2 is in ZVS, while DAB modules 1 and 3 are in HS. This
result in boost mode corresponds to the result identified as Test 3 in
the nomogram in Fig. 13 for Test 3. Fig. 14(b) shows the voltages V,,
when the phase shifts 4, = 51°, 4, = 70°, and 4; = 46° are applied. This
figure allows the model to be validated since applying the phase shifts
that it is established by Eq. (24) results in a quasi-balance condition
in the voltages V,,. In a real-world implementation, there is a certain
inaccuracy in the determination of leakage inductances. Consequently,
there is a small imbalance between the voltages V,, by the modules
when the theoretical phase shifts are applied.

Fig. 15 shows the results of Test 4 in buck mode using independent
modulators corresponding to 4, 17°, 4, 20°, and 4; = 16°.

Bx2(pu) = 31)
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Fig. 15(a) shows the experimental waveforms of the voltage vr,;, and
the currents iy, i;, and i;; of the auxiliary inductors in Test 4. It can
be observed that i;,(4,) > 0 and i, (x) > 0, which means that all DAB
modules operate with ZVS. This test in buck mode corresponds to the
result identified as Test 4 in the nomogram of Fig. 13. Fig. 15(b) shows
the balanced voltages V,, when the phase shifts 4, = 17°, 4, = 20°, and
A; = 16° are applied.

4.3.2. Analysis of the soft-switching region for the modular converter

The soft-switching restrictions presented by Egs. (6) and (7) allow
each DAB module’s hard or soft-switching condition to be analyzed.
However, the modular converter with independent modulators operates

FENEREES on
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- and P, in steady state for A, # 4, # 4.

with soft-switching when all DAB modules operate with ZVS. Therefore,
from the nomogram and the experimental results presented in this
section, it is possible to conclude that using independent modulators
to balance the voltages V,, changes the ZVS region of the modular
converter.

Considering that in the experimental prototype L; < L; < L,, then
the operating point at the boundary of the ZVS region for the modular
converter is obtained when 45, satisfies the equality in Eq. (6) or
(7), in buck or boost mode, respectively. Then, from the magnitude
of 45, and Eq. (23), 4, ;,, and 4, ;, can be obtained, which balance
the voltages V,, of the DC ports of the modular converter operating
with ZVS for the limiting case posed. Fig. 16 presents the boundary
of the ZVS region of each DAB module corresponding to a theoretical
parametric variation of 10% in the leakage inductances under the
operation condition with balanced V,, voltages. Therefore, from the
ZVS region limits presented in this figure, it is possible to conclude
that by using independent modulators to balance the V,, voltages of
the DC ports, the ZVS region of the modular converter is reduced due
to the parametric variation in the leakage inductances of the modules.
Furthermore, in the analysis of this figure, it should be noted that the
operating region of the modular converter is limited to a maximum
phase shift 4, ,, = 90°, as indicated by a dashed red vertical line.
Therefore, it is important to evaluate the region of operation with
ZVS when using independent modulators, considering the efficiency
required according to the specific application.

4.4. Comparison results using both strategies

Fig. 17 shows the efficiency, 5, of the modular converter as a
function of the normalized output power, P,. These results correspond
to the power transferred using both unique modulator and independent
modulators, presented in Fig. 7(b) and Fig. 12(b), respectively. As can
be observed in this figure, the efficiency of the modular converter is
similar using both methods. This test allows to conclude that the de-
crease in the ZVS operating region using independent modulators does
not significantly affect the overall efficiency. When a single modulator

is used, it is possible to apply the maximum phase shift 4, ,,. = 90°
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to all modules. As a result, maximum power to the load is transferred
with respect to the one obtained for the method using independent
modulators. This condition can be explained by the fact that the same
phase shift controls the power transferred by each DAB module 4,, as
expressed in Eq. (4). Instead, when independent modulators are used
and 4,,,,, is applied to DAB module 2, corresponding to the largest
leakage inductance for the case study (L; < L; < L,), whereas the
phase shifts applied to the remaining modules satisfying the condi-
tion (24) such that 4; < 4; < 4,, then the maximum power transferred
to the load is lower than in the case using a unique modulator.

Finally, the analysis presented in this article and the comparison
of the results obtained allow the flowchart shows in Fig. 18 to be
proposed, which presents a guide to select the topology of the power
converters according to the requirements of the MVDC microgrids.
It should be noted that all topologies indicated in this flowchart are
included in the bibliography and discussed in the Introduction of this
paper. From this flowchart, it is possible to establish the strategy to
be used to control the power flow of the DAB modules in MVDC
microgrids. The parametric analysis shown in Fig. 8 demonstrates that
a parametric variation, for example, less than 5% in the size of L,
produces an imbalance of voltage less than 5%, allowing the use of a
unique modulator. In the opposite case, where the tolerance in the L,
is greater than 5%, independent modulators should be used to balance
the voltages V.
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4.5. Comparison with other authors’ proposals

Table 5 presents a comparison with other modular converters pre-
sented in the literature, considering the main parameters and charac-
teristics of the proposed modular converter (MC). In this table, the
MC-year notation is used to identify the publication year of each of
the Refs. [6,24-27], respectively, whose authors have proposed dif-
ferent modular converters using DAB modules. As can be observed,
the MC proposed in this article contemplates the existing parametric
differences between the DAB modules in the model and establishes
the admissible parametric difference in the leakage inductances for a
given voltage unbalance between the modules that allow the use of a
unique modulator. In addition, this work determines the ZVS conditions
of each module and the ZVS operating region when using a unique or
independent modulator.

5. Conclusions

This paper presented an analysis for connecting DAB converter
modules in series at the input and output ports, forming a modu-
lar converter for medium voltage DC microgrid applications. Power
transfer in this modular converter can be accomplished by using a
unique modulator and independent modulators applied to each DAB
module. The steady-state model of the system establishes the voltage
distribution between the modules and the transferred power, depending
on the DAB modules’ parameters.

For the two proposed power transfer control methods, the soft-
switching regions of the modular converter were analyzed as a function
of the parameters and operating points of each DAB module. This anal-
ysis led to the conclusion that, in the case of using a unique modulator,
simplicity of the power transfer control of the modular converter is
obtained, and all modules have the same operating condition with hard
or soft-switching over the entire operating range. This method, which
uses a unique modulator, is implementable in applications that allow a
determined imbalance in the DC port voltages due to the existing para-
metric variations between the DAB modules. When using independent
modulators, the phase shifts can be set to balance the DC port voltages
of the modular converter, balancing the powers transferred by the DAB
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Fig. 18. Flowchart used as a guide to select the ISOS converter topology for MVDC
microgrid applications.

modules. The disadvantage of this operating condition is that the ZVS
operating region of the modular converter is reduced because there are
operating points where one module may operate with soft-switching
while others operate with hard-switching. Future work aims to evaluate
advanced modulation strategies to extend the ZVS operating region of
the modular converter. In addition, using independent modulators, the
maximum power that the modular converter can transfer is lower than
using a unique modulator established by the module with the largest
leakage inductance.

Finally, the experimental results of the two cases analyzed were
presented to validate the theoretical analysis. The analysis performed
in a normalized domain, independently of the specific parameters
of the implemented experimental prototype, can be extended to dif-
ferent power and voltage levels. Nowadays, commercially available
high-voltage (HV) semiconductor devices (such as high-voltage silicon
carbide (SiC) MOSFETs [28]), are candidates for implementing con-
ventional topologies using the same modulation techniques and control
strategies. Therefore, despite the results presented in this paper using
a scaled-down prototype, the conclusions could be scalable to higher
power levels typical of a medium-voltage DC microgrid by extending
the analysis and results presented in this paper.
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Table 5
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Comparison of the proposal with other references that include experimental results.

Reference MC-2015 MC-2017 MC-2019 MC-2022 MC-2023 MC proposed
Type of connection 1SOS ISOP IPOS Hybrid ISOS ISOP 1SOS
Topology DAB DAB DAB SR-DAB DAB DAB
& DAB with
LC branch
Modulators Unique Independent Independent Unique Independent Unique &
modulator modulators modulators modulator modulators Indep. Mod.
Modulation strategy SPS TPS SPS SPS TPS SPS
utilized
Modeling considering No No No No No Yes
parametric differences
Assessment of the No No No No No Yes
parametric variation
Determination of ZVS No No No No No Yes
operating region
Determination of ZVS No No No No No Yes
conditions in each module
Rated power 400 W 4.5 kW 1.25 kW 600 W 600 W 500 W
N° of modules 2 3 2 3 3 3
Parametric differences No Yes Yes No Yes Yes
in the prototype (%) (%N/A) (20% in L) (40% in L) (17% in L)
Viu 400 V 720 V 100 vV 150 v 150 vV 120 vV
Vou 400 V 380 V 100 V 150 V 50 V 300 V
fs 40 kHz 20 kHz 5 kHz 10 kHz 20 kHz 20 kHz
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