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Abstract—The concept of bipolar dc power grids has emerged,
mainly due to the improvements in efficiency and offered flexibility
when compared with unipolar architectures. Though, concerns of
asymmetrical loads affecting voltage unbalances is the key
challenge to overcome. In this context, power electronics play an
important influence since the features of the topology contribute
to define the quality of the bipolar dc power grids. This paper
presents the application of a bipolar bidirectional three-level
(BB3L) dc-dc converter as a contribution to mitigate the
aforementioned concern of bipolar de power grids. The proposed
BB3L dc-dc converter is introduced, and an insightful description
of its principle of operation is presented throughout the paper.
Since the BB3L dc-dc converter operates with three voltage levels,
it is possible to diminish the blocking voltage of the switching
devices, representing an important feature of such topology.
Additionally, it can operate with the voltage and current variables
controlled with the double of the switching frequency, also
representing an added value of such topology. The distinct
possibilities of operation are presented, both in buck-mode and
boost-mode, and an experimental validation is presented to
validate the main features of the BB3L dc-dc converter for bipolar
dc power grids.

Keywords—Bipolar dc Power Grids, Three-Level Converter,
dc-de Converter, Bidirectional Converter.

L INTRODUCTION

As extensively announced and discussed, the subject of
sustainable electrical energy is suitable for forthcoming
generations, where the smart grids emerge as an enrichment to
support this topic [1-6]. In this context, and also taking into
account the nature of some technologies that are coupled to the
power grid, the battle of ac power grids vs. dc power grids has
been reactivated [7][8]. Specifically, the introduction of
renewables (e.g., photovoltaic panels), the supporting systems of
energy storage (e.g., batteries), and the electric mobility
paradigm (e.g., hybrid and electric vehicles) have contributed
decisively to the possibility of shifting ac power grids to dc
power grids. In fact, the power grids of nowadays are fronting a
deeply transformation toward dc grids, mainly due to the new
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technologies that are being endorsed. Detailed reviews regarding
dc power grids in terms of applications, power controllability,
stabilization procedures, and standardization are presented in [9]
and [10]. As a contribution to introduce more and more dc grids,
the selection of voltage levels based on a compromise among
compatibility, protection, and efficiency is introduced in [11]. A
distribution system based on a dc power grid contemplating the
introduction of sensitive electrical appliances is proposed in
[12]. A hierarchical control of dc power grids with a high
penetration of renewables is proposed in [13]. The operation
modes for urban dc power grids are proposed in [14]. A flexible
control regarding power flow in dc power grids is proposed in
[15]. The perspective and analysis of dc substations for dc power
grids, regarding the distinct arrangements and control plans, are
investigated in [16] and [17]. Innovative architectures of dc
power grids, as a new generation of power distribution grids, are
investigated in [18]. The power flow regulation among distinct
dc power grids is presented in [19]. An analysis regarding a
future power electronics power grid is explored in [20]. General
reviews of dc-dc topologies of power converters for dedicated
dc power grids are presented in [21] and [22]. Globally, as
leading advantages of dc power grids, it can be highlighted: (i)
Reduced number of power conversion stages (mostly, a single
power stage is used); (ii) Issues of reactive power, harmonic
pollution, and voltage/current unbalances are nonexistent; (iii)
Improved efficiency, since the voltage drops in the lines are
reduced; (iv) Robustness, flexibility and reliability. Despite the
aforementioned advantages, the proliferation of dc power grids
is facing two important challenges: the standards and the
protections, including short circuit faults and grounding
[10][23]. As a contribution to this field, it can be highlighted the
documentation introduced by the European Union (defining the
voltage limits between 75 V and 1500 V) [24]. Nowadays, two
main architectures are identified for dc power grids, namely the
unipolar and the bipolar [10]. The unipolar architecture is
categorized by establishing a single dc voltage level using a
two-wire configuration. On the other hand, the bipolar
architecture is categorized by establishing two dc voltage levels
using a three-wire configuration [25][26]. By comparing both



architectures, it is possible to recognize that the unipolar is
inherently less complex, both in terms of power structure and
control. However, the bipolar architecture offers more flexibility
to accommodate dc technologies with different voltage levels,
allowing more efficient power stages, and offers a neutral
conductor, permitting to explore situations of a line fault. An
ample review of emerging technologies for bipolar dc power
grids is presented in [27]. Despite the advantages, bipolar dc
power grids can have problems of unbalances, depending on the
linked technologies and the operation (i.e., consuming or
injecting power). Therefore, it is convenient the utilization of
dedicated power converters for balancing currents in dc power
grids, contributing to improve the stability, as proposed in [28].

RES | | RES

ESS
P ..
AT
N
dc
I

|

Y e Y {  Bipolar
dc | i\ dc | i Bidirectional |
: ; : { Three-Level ;
dc i de i i (BB3L)dcdc i
7] g b [ g '\...(.Zg[n.vg.r.f.e.r...,’

Fig. 1. Common configuration of a bipolar dc power grid, highlighting the
proposed bipolar bidirectional three-level (BB3L) dc-de converter.

Fig. 1 shows a common configuration of a bipolar dc power
grid, where it is possible to identify the dc interface of renewable
energy sources (RES), based on photovoltaic panels and micro
wind turbines, the interface of energy storage systems (ESS), the
interface of dc smart homes (SH), and the interface of electric
vehicles (EV) [29][30][31][32]. Traditionally, these
technologies are linked to the bipolar dc power grid with a
two-wire dc-dc power converter, contributing to accentuate the
unbalances. As a support to mitigate this critical aspect, this
paper focuses on the application of the bipolar bidirectional
three-level (BB3L) dc-dc converter to interface some of the
aforementioned applications, e.g., since it is bidirectional it is
ideal to interface ESS or EV. The topology of the BB3L dc-dc
converter is presented in Fig. 2, where it is verified that it is
based on a split dc-link on the dc side dc#! to interface the
bipolar dc grid. Additionally, four power switches (s;, 52, 53, 54)
are necessary for obtaining a bidirectional and a three-level
voltage operation (vgp3). The power switches are controlled in
pairs: during the buck-mode are controlled the power switches
s; and sy, while during boost-mode are controlled the power
switches s, and s3. The voltage assumed by the BB3L dc-dc
converter (vgp3.) is dependent of the voltage level on both dc side
interfaces. As main contributions of this paper, it can be
highlighted: (i) Analysis and application of the BB3L dc-dc
converter and its operation framed with bipolar dc power grids;

(i1) A dc-dc converter capable of diminishing the voltage stress
of each switching device (half of the voltage of the dc side dc#1),
when compared with the traditional solutions, representing an
interesting possibility to bipolar de power grids; (iii) BB3L dc-dc
converter capable of operating similarly to an interleaved mode,
diminishing the requirements of passive filters, representing an
interesting possibility for bipolar dc power grids; (iv)
Experimental validation of the BB3L dc-dc converter in the
context of bipolar dc power grids.
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Fig. 2. Topology of the bipolar bidirectional three-level (BB3L) dc-dc converter.

II. BIPOLAR BIDIRECTIONAL THREE-LEVEL DC-DC
CONVERTER: CONTROL STRATEGY

Examining Fig. 2 on the dc side dc#2 in terms of voltages
during the buck-mode, it can be described:

—v1(8) = V12 () — Vacna (t) + vpp3 (£) = 0, (D

where vgps; is the voltage assumed by the converter, v;; and vy,
correspond to the instantaneous voltages in the inductors L; and
L, and vz is the voltage in the dc side dc#2. Considering that
the current in the inductor L; is equal to the current in the
inductor L», equation (1) can be simplified, yielding:

_ dipg ()
dt

The voltage vggs. is controlled according to the duty-cycle and
the voltage on the dc side dc#l, i.e., a reference v*pps. is
compared with the pulse-width modulation (PWM) carriers to
obtain the state of each power switch, defining the voltage vgg3;.
This variable is directly dependent of the current, which is the
variable that must be controlled. In other words, the current is
controlled according to its reference, resulting in a reference
voltage v*pp3; during each sampling period [k, k+1]. By applying
the forward Euler method, the digital implementation of (2)
yields:

(iL{1,2} [k +1] —irp2 [k])
Ts

(L1 + Ly) — vgena(8) + vppa () = 0. 2

(Ly + L2) + vacuk] — (3)
—vpp3L[k] = 0.

Analyzing this digital implementation, the current iz »[k+1] is
the current of the BB3L dc-dc converter (iz;;,2;) at the end of the
sampling period [k, k+1]. Therefore, instead of i/ »[k+1], it is
considered the respective reference current. It is important to
note that the reference current can be established by applying
different methods according to the application, e.g., for electric
mobility applications it can be established by the battery



management system and for ESSs it can be established by the
power management of the smart grid (e.g., balancing the power
production and consumption). Taking into account the objective
of controlling the current in the inductors L;; 2 with the double
of the switching frequency (permitting to reduce the value of the
passive filters when compared with the traditional dc-dc
half-bridge converter), two carriers are used in the PWM. During
the buck-mode, the reference voltage v*pp3; is compared with a
carrier C; to obtain the PWM for the power switch s; and
compared with the carrier C> to obtain the PWM for the power
switch s4. By examining Fig. 2 on the dc side dc#2 in terms of
voltages during the boost-mode, it can be described:

=V () = V() + Vaeua (t) + vppaL(t) =0, “4)

where vgps; is the voltage assumed by the converter. As the
current in the inductors Z; and L, is equal, equation (4) can be
simplified as:

d irf1,2)(®)
dt

As implemented to the operation in buck-mode, the digital
implementation of (5) is described by:

(iL{l,Z}[k +1] - iL{l,Z}[k])
Ts

(L1 + Ly) + vgepo () + vpp3(t) = 0. (%)

(L + Ly)
+vpps[k] = 0.

= Vgeya[K] + (6)

Also, in the boost-mode, two carriers are used in the PWM. The
reference voltage v*pp3; is compared with a carrier C; to obtain
the PWM for the power switch s, and compared with the carrier
C, to obtain the PWM for the power switch s3.

III.  BIPOLAR BIDIRECTIONAL THREE-LEVEL DC-DC
CONVERTER: COMPUTATIONAL VALIDATION

A. Operation in Buck-Mode

Fig. 3 shows the results obtained during the operation of the
BB3L de-dc converter in buck-mode, taking into account that the
voltage on the dc side dc#2 is lower than half of the voltage on
the dc side dc#l. In this case, a voltage of 400 V on the dc side
dc#1 and a voltage of 150 V on the dc side dc#2 were considered.
Fig. 3(a) shows the current on the dc side dc#2 (ir;1,2;) properly
controlled according to a reference of 10 A (i*41,2). In Fig. 3(b),
Fig. 3(c), Fig. 3(d) are shown the currents on the dc side dc#/,
respectively, the currents iges1pos, iac#ineu, and igesinec. As it can
be seen, the currents izwpos and issivee present the same
waveform, but with a phase shift of 180 degrees between them.
The current iy4veu results from the sum of the ig#pros and
iqesinee. Fig. 3(e) shows the voltage vgps, which assumes the
values of 0V or 200 V, corresponding to half of the voltage
vdc#l, i.e., it assumes only two values. This situation occurs
because the voltage vdc#2 is lower than half of the voltage
vdc#l. Fig. 3(f) shows the instantaneous powers on the dc side
dc#tl, where both are found to have the same waveform, but have
a 180 degree phase shift between them. Finally, in Fig. 3(g) are
shown the carriers C; and C; (with a phase shift of 180 degrees
between them) and the reference v*gp3;. Analyzing Fig. 3 as a
whole, there are five well-defined moments for each switching
period. In the case (i), when the variable v*gg;;, is lower than the
carrier C; and higher than the carrier C,, the BB3L dc-dc
converter assumes the voltage value va#/2, the current on the dc

side dc#l increases, the current iz pos increases and the current
ianinec increases. In this way, the instantaneous power puc#ros
increases and the instantaneous power pa.#nec decreases.
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Fig. 3. BB3L dc-dc converter during the operation in buck-mode with the voltage
on the de-side dc#2 lower than half of the voltage on the dc-side dc#/: (a) Current
on the dc-side dc#2 (iry2); (b)(c)(d) Currents on the dc-side dc#l (izesiposs
Tac#INEUs Lactinea); (€) Voltage assumed by the converter (vgg;s.); () Instantaneous
powers on the dc-side dc#/; (g) PWM carriers (c;; 5;) and reference voltage of the
converter (V¥p31).

In the case (i), when the variable v*3p;3;, is lower than the
carrier C; and lower than the carrier C,, the converter assumes
the voltage value 0, the current on the dc side dc#! decreases,
the current iu.4;pos decreases and the current iu.#;nveG Increases. In
this way, the instantaneous powers pac4pos and pasnec decrease.
In the case (iii), when the variable v*z;; is higher than the carrier
C; and lower than the carrier C», the converter assumes the
voltage value vque#/2, the current on the dc side dc#l increases,
the current iz#pos decreases and the current iz nee decreases.
In this way, the instantaneous power pa#pos decreases and the
instantaneous power pa.#nec increases. In the case (iv), when the
variable v*zp3; is again lower than the carrier C; and lower than
the carrier C,, the converter assumes the voltage value 0, the
current on the dc side dc#l decreases, the current igzspos
decreases and the current ig#nee increases. In this way, the
instantaneous powers pu.#ros and paesinec decrease. In the case
(v), when the variable v*g;;. is lower than carrier C; and higher
than carrier C», the converter assumes the voltage value vye41/2,
the current on the dc side dc#l increases, the current izspos
increases and the current izsnec increases. In this way, the
instantaneous power pu#pos increases and the instantaneous
power pa#ineg decreases.



Fig. 4 shows the results obtained during the operation of the
BB3L converter in buck-mode, but taking into account that the
voltage on the dc side dc#2 is higher than half the voltage on the
dc side dc#!. In this case, a voltage of 400 V on the dc side dc#!
and a voltage of 250 V on the dc side dc#2 were considered. The
same reasoning used to the detailed description of Fig. 3 can also
be used in the analysis of Fig. 4. The current on the dc side dc#2
(irs1,2)) 1s properly controlled according to a reference of 10 A
(i*141.2y). With particular relevance, it can be seen in Fig. 4(e) that
the voltage assumed by the converter (vggs.) has the values of
400 V or 200 V, corresponding to the voltage vy and half of
the voltage vi#. The detailed analysis of this figure is very
similar to the previous case presented in Fig. 3.
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Fig. 4. BB3L dc-dc converter during the operation in buck-mode with the voltage
on the dc-side dc#2 higher than half of the voltage on the dc-side dc#I:
(a) Current on the dc-side dc#2 (iy,5)); (b)(c)(d) Currents on the dc-side dc#l
(l',j(»#/p()s, l',j(-#/NEU, id('#INEG); (e) Voltage assumed by the converter (VggjL);
(f) Instantaneous powers on the dc-side dc#l; (g) PWM carriers (c;;2) and
reference voltage of the converter (v¥*gp3.).

B. Operation in Boost-Mode

Fig. 5 shows the results obtained during the operation of the
BB3L dc-dec converter in boost-mode, taking into account that
the voltage on the dc side dc#2 is lower than half the voltage on
the dc side dc#!. In this case, a voltage of 400 V on the dc side
dc#1 and a voltage of 150 V on the dc side dc#2 were considered.
Fig. 5(a) shows the current on the dc side dc#2 (ir;,2;) properly
controlled according to a reference of 10 A (i*;/,2;). In Fig. 5(b),
Fig. 5(c), Fig. 5(d) the currents on the dc-side dc#/ are shown,
respectively, the currents is#pos, Licwineu, and igesineg. The
voltage va4 is lower than half of the voltage vq.4, therefore the
converter assumes the values of 0V or 200V, as shown in
Fig. 5(e). Fig. 5(f) shows the instantaneous powers on the dc side
dc#l. Finally, in Fig. 5(g) are shown the carriers and the

reference v*zp3. The analysis of the five cases is very similar to
the presented analysis during the buck-mode.
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Fig. 5. BB3L dc-dc converter during the operation in boost-mode with the
voltage on the dc-side dc#2 lower than half of the voltage on the dc-side dc#/:
(a) Current on the dc-side dc#2 (iy;5); (b)(c)(d) Currents on the dc-side dc#l
(l’dl‘mpgs, id(»ﬁ]NEU, id(»ﬁljvgc); (e) Voltage assumed by the converter (VggjL);
(f) Instantaneous powers on the dc-side dc#l; (g) PWM carriers (c;;,;) and
reference voltage of the converter (v¥353,).

Fig. 6 shows the results obtained during the operation of the
BB3L dc-dc converter in boost-mode, but with a voltage on the
dc side dc#2 higher than half the voltage on the dc side dc#!. In
this case, a voltage of 400 V on the dc side dc#/ and a voltage
of 250 V on the dc side dc#2 were considered. As shown, the
current on the de side dc#2 (i1 2) is controlled according to the
reference i *4.. In this case, the voltage vsgsz assumes the values
0f' 400 V or 200 V, corresponding to the voltage va# and half of
the voltage vae#;. The detailed analysis of this figure is very
similar to the previous case presented in Fig. 5.

IV. BIPOLAR BIDIRECTIONAL THREE-LEVEL DC-DC
CONVERTER: EXPERIMENTAL VALIDATION

Fig. 7 shows a photography of the BB3L dc-dc converter,
which is framed with an ac-dc converter to interface the power
grid. The validation was performed with a maximum voltage on
the dc side dc#/ of 400 V and with a voltage on the dc side dc#2
0f 200 V. The sampling frequency was fixed on 40 kHz and the
switching frequency was fixed on half of this value. The digital
control was implemented on a TI DSP F28335. The results were
registered using a DL716 Yokogawa digital oscilloscope. Fig. 8
shows an experimental result during the buck-mode, where it is
possible to verify the current on the dc side dc#/ (ir;1,2;), and the
voltage assumed by the BB3L dc-dc converter (vgg3.), as well as
the gate-emitter voltage of the IGBTs s; and sy (Veesy1.47). As it is
possible to verify, five distinct cases are identified. In case (i),
the current iy 2 is at zero level, meaning that the control is not



activated. Therefore, the voltage assumed by the converter
(vapsr) is also 0 V. In case (ii), the current i 2 increases and, as
the voltage va# s lower than half of the voltage va#, the voltage
vap3r, assumes the values of 0 and vae#/2. In case (iii), the current
irg12) continues to increase and taking into account that the
voltage vg.# increases until it is higher than half of the voltage
Vaenr, the voltage vapsr assumes the values of vaes/2 and vies.
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Fig. 6. BB3L dc-dc converter during the operation in boost-mode with the
voltage on the dc-side dc#2 higher than half of the voltage on the dc-side dc#1:
(a) Current on the dc-side dc#2 (iy,5)); (b)(c)(d) Currents on the dc-side dc#/
(iacsrros, Tactineus lacuineg); (€) Voltage assumed by the converter (vggs.);
(f) Instantaneous powers on the dc-side dc#l; (g) PWM carriers (c;r;) and
reference voltage of the converter (v¥zg3,).
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Fig. 7. Photography of the BB3L dc-dc converter framed with an ac-dc
converter to interface an ac power grid.

In case (iv) the current decreases and the voltage vax also
decreases, consequently, the vgps;, assumes again the values of 0
and vge/2. In case (v) the current iz 2 is again at zero level,

equal to case (i). Accordingly, it is verified the operation with
three voltage levels, only increasing/decreasing the voltage vgcs
as a consequence of increasing/decreasing the current iz ;.
Fig. 9 shows an experimental result during the boost-mode,
where it is possible to verify in detail the current on the dc side
dc#l (i), the voltage assumed by the BB3L dc-dc converter
(vBa3r), as well as the gate-emitter voltage of the IGBTs 52 and s3
(Vgesy235, turned on with 15V and turned off with -8 V).
Analyzing in detail, it is possible to verify that the voltage vgss;
assumes the values vgw and vges/2, meaning a voltage vgew
higher than half of the voltage vax. More specifically, it is
possible to verify that the IGBTs s, and s; are switched with the
same switching frequency, but with a phase-shift of 180 degrees.
Consequently, the voltage vgpsz. has a frequency that is the
double of the switching frequency.
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Fig. 8. Experimental results of the BB3L dc-dc converter during the buck-mode:
Current on the dc side dc#2 (i 5 A/div); Three-level voltage
(vsse: 100 V/div); Gate-emitter voltage of the IGBTs s; and 54 (Veesyr,4: 5 V/div).
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Fig. 9. Experimental results of the BB3L dc-dc converter during the boost-mode:
Current on the dc side dc#2 (iyy; 52 5 A/div); Voltage assumed by the BB3L de-dc
converter (vgps.: 100 V/div); Gate-emitter voltage of the IGBTSs s, and 53 (Veesy2,3:
5 V/div).

V. CONCLUSIONS

In this paper, a proposed bidirectional bipolar three-level
(BB3L) dc-dc converter is introduced as an important
contribution to interface dc technologies into bipolar dc power
grids. The description of the topology and the control strategies



are presented according to the distinct possibilities of operation,
highlighting the advantages related with the possibility of
operating with three voltage levels, and with the voltage and
current variables controlled with the double of the switching
frequency. The validation was carried out by means of a
laboratory prototype considering operation in buck-mode and
boost-mode, as well as the voltage on the dc side dc#2 higher
and lower than half of the voltage on the dc side dc#l. The
obtained results show the advantages of the BB3L dc-dc
converter mainly in terms of controlled current, in both
buck-mode and boost-mode, for the distinct conditions of
voltages on both dc sides, the three voltage levels, and the
balanced power in the interface of the bipolar dc power grid
(consuming or injecting energy).
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