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Abstract—DC power grids (DCPGs) are gaining more 

significance, predominantly due to the natural DC operation of 

technologies such as renewables, energy storage systems, and 

electric vehicles. Particularly, thanks to power electronics, 

bipolar DCPGs are gaining more preponderance since they 

enable reducing power losses, increasing power density, and 

averting power quality problems of AC power grids. Also, by 

adding power electronics, it is possible to establish different 

voltage levels to be adapted to different DC loads. However, 

since it is difficult to ensure balanced operating power for all 

loads in a bipolar DCPG, current imbalances emerge. This 

paper proposes an active balancer of currents (ABC), which is 

used to ensure balanced source currents in bipolar DCPGs, 

along with the corresponding power control theory. The ABC 

has two two-wire power interfaces, both linked in shunt to the 

DCPG, and both can be controlled to operate in bidirectional 

buck or boost modes. The validation was performed considering 

distinct current imbalances from the load point of view, 

permitting the verification of the correct operation of the ABC 

for balancing the current in the power source. 

Keywords—Active Balancer of Currents, Bipolar DC Power 

Grids, DC-DC Power Electronics Converters 

I. INTRODUCTION 

The modernization of power grids is an unquestionable 
point that is under the concern of the whole world [1], [2]. This 
is due to several factors, which undoubtedly include the new 
breakthroughs on semiconductor technologies, massification 
associated with the introduction of renewable energy sources 
(RES), and the change in mobility paradigm, increasingly 
focused on the different types of electric vehicles (EV) [3], 
[4]. This is also valid to the change to a decentralized 
paradigm of energy production, progressing towards a more 
inclusive and interactive power grid, where the consumers 
also play a role in the quality and stability of the grid and smart 
power meters are indispensable [5]. Investing in renewables 
and electric mobility, both at private and public levels at 
different power levels, is certainly necessary to meet energy 
environmental targets [6]. However, this bet involves a set of 
challenges for transmission and distribution system operators, 
where the possibility of integrating energy storage systems 
(ESS) to balance demand and supply is fundamental, mainly 
considering the dependence on climatic conditions that affect 
production from renewables [7], [8]. Added to this analysis is 
the introduction of more and more electronic devices with 
specific requirements in terms of power and voltage levels. 

Associated with the decentralization of power production, 
microgrids emerge, which can operate in collaborative mode 
with the main power grid or in islanded mode [9], [10]. On the 
other hand, from the point of view of the technological 
development of power electronics systems, most of the 
above-mentioned technologies operate natively in DC. 
Therefore, DC power grids (DCPG) are also a possibility, 
offering the option of reducing the number of converters and, 
as a consequence, increasing the efficiency of the system as a 
whole [11], [12], [13]. A detailed review about classification, 
issues and implementation challenges, control strategies, and 
future trends regarding microgrids is presented in [14].  

Traditional DCPGs are based on a two-wire system, 
allowing only one voltage to be established (i.e., unipolar 
DCPG). However, to facilitate the integration of different 
technologies with different voltage requirements, bipolar 
DCPG are also possible to implement, including the 
opportunity of a bidirectional interface between them [15]. In 
fact, in addition to offering the chance of two different voltage 
levels (normally one is double the other), redundancy is also 
an importance feature, as well as in case of failure of one 
voltage level (e.g., failure in one of the wires), the other is not 
compromised [16]. This advantage can be very important 
when designing the DC-DC converters to interface with the 
bipolar DCPG [17]. In addition, power electronics converter 
topologies can also be used for operating in faulty conditions 
[18].  

Analyzing the technologies that interface with the bipolar 
DCPG, the possibility of symmetrical voltage levels is very 
relevant. Fig. 1 presents a bipolar DCPG derived from an AC 
power grid, i.e., through a three-phase AC-DC power 
converter followed by a three-level DC-DC stage along with 
some exemplificative technologies interfacing the DCPG. 

 

Fig. 1. Bipolar DC power grid, formed from an AC power grid, and 
interfaced by some exemplificative technologies aiming to highlight the 

versatility regarding voltage levels. 
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These power stages can be isolated or not, however, 
high-frequency isolation is preferable and mandatory 
according to specific standards. To highlight the versatility of 
the DCPG regarding voltage levels, it is represented: (i) the 
RES interfacing two-wires (positive and negative); (ii) the 
ESS interfacing two-wires (positive and neutral); (iii) the EV 
interfacing three-wires (positive, neutral, and negative). From 
the bipolar DCPG point of view, this configuration can be 
harmful, as it is not possible to always guarantee that the RMS 
current on both positive and negative lines is equal [19]. This 
problem introduces imbalances that compromise the correct 
operation of the AC-DC power converter, which is linked to 
the DC-DC used to create the bipolar DCPG, introducing a 
power quality problem. This can be mitigated by using an 
active balancer of currents (ABC) in parallel with the DCPG, 
as proposed in this paper. Although a bipolar DCPG is 
physically composed of three wires, the proposed parallel 
DC-DC ABC solution is based on two separates two-wire 
interfaces. Supported by this introductory contextualization, 
the essential contributions of the paper can be distinguished 
as: (i) novel power electronics topology of DC-DC ABC, 
composed of two power converters sharing a common 
DC-link, which is used for balancing the source currents in 
bipolar DCPG; (ii) power control theory for balancing power 
in bipolar DCPG, by controlling the currents. The goal is to 
ensure balanced currents in the positive and negative wires 
and zero current in the neutral wire from the source point of 
view, while the currents in the load can be imbalanced; (iii) 
the parallel DC-DC ABC has two two-wire power interfaces, 
and both can operate in buck or boost mode, depending on the 
top or bottom unbalancing on the load side; (iv) current 
control strategy for both interfaces, when in buck or boost 
mode, ensuring current balancing and DC-link voltage control 
(established individually by one of the interfaces), depending 
on the top or bottom unbalancing on the load side.  

The operating principle of the proposed DC-DC ABC is 
introduced in section II, highlighting the different operating 
modes, while the details about the control algorithms and 
digital implementation are introduced in section III. 
Computational validation is depicted in section IV for the 
most relevant cases, and conclusions are presented in section 
V. 

II. OPERATING PRINCIPLE OF THE 

PROPOSED DC-DC ACTIVE BALANCER OF CURRENTS 

The electrical schematic that illustrates the proposed 
DC-DC ABC for application in bipolar DCPG is shown in 
Fig. 2. As can be seen, one of the interfaces (power converter 
DC-DC #1) connects directly between the positive and 
negative wires, while the other interface (power converter 
DC-DC #2) connects directly between the neutral and 
negative wires. A common DC-link is shared by the two 
DC-DC power converters and both interfaces allow 
bidirectional operation, either in buck or boost modes 
depending on unbalances on the loads (i.e., it is not the case 
that both interfaces operate simultaneously in buck or boost 
mode). The operation in buck or boost mode depends on the 
power unbalances in the loads. Due to the proposed 
configuration of the power electronics converters, it is not 
necessary to guarantee galvanic isolation between the power 
interfaces DC-DC #1 and DC-DC #2. 

As the AC-DC power converter and its controller are 
responsible for generating the bipolar DCPG, they must 
ensure that the DC voltages and power remain balanced. For 

power balancing, it is necessary to control the current so that 
it is equal on the positive and negative wires, while remaining 
zero on the neutral wire. The DC-DC #1 can receive (boost 
mode) or supply current (buck mode) in connection with the 
positive wire, while DC-DC #2 can receive (boost mode) or 
supply current (buck mode) in connection with the neutral 
wire. For both DC-DC, proving power to the DCPG means the 
operation in buck mode, while receiving power means the 
operation in boost mode. In this way, in the bipolar DCPG 
side, it is possible to guarantee zero current on the neutral wire 
and the same value of current on the positive and negative 
wires. The control of the DC-link shared by both DC-DC 
power converters is carried out by the DC-DC stage that 
operates in boost mode, i.e., it can be either interface #1 or 
interface #2. As the DC-DC #1 is linked with positive and 
negative wires, the voltage on the shared DC-link must be 
greater than the sum of the nominal voltages vdc1 and vdc2. Only 
in this way, it can be guaranteed the correct operation of both 
DC-DC power converters. Regarding the interface with the 
DCPG, as the input voltage on the DC-DC #1 is twice the 
voltage on the DC-DC #2, the reference current for each of the 
interfaces must take this aspect into account to maintain the 
same power value on both interfaces. Basically, there are two 
modes of operation depending on the imbalance: (i) the 
operating power on the top load is higher than the operating 
power on the bottom load; (ii) the operating power on the top 
load is lower than the operating power on the bottom load. 

The power electronics topologies of DC-DC #1 and 
DC-DC #2 power converters for the proposed DC-DC ABC 
for application in bipolar DCPGs are presented in Fig. 3. As 
shown, four IGBTs are used in total, and LC coupling filters 
are used in both power interfaces. The representation of the 

 

Fig. 2. Electrical schematic that illustrates the proposed active balancer of 

currents (ABC) for applications in bipolar DC power grids (DCPGs). 

 

Fig. 3. Topologies of DC-DC #1 and DC-DC #2 power converters for the 

proposed active balancer of currents (ABC) for application in bipolar DC 

power grids (DCPGs). 
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current reflects the operation of DC-DC #1 in boost mode and 
DC-DC #2 in buck mode. In fact, for the validation purpose, 
the current sensors placement is maintained unchanged. 

To exemplify the operating principle of the proposed 
DC-DC ABC, Fig. 4 presents a representation of the currents, 
assuming imbalanced currents in the load side. Therefore, it is 
assumed a current with a value of y A in the positive wire, z A 
in the negative wire, and as expected, the difference z – y A is 
reflected on the neutral. For ensuring balanced currents in the 
source side, i.e., ±x A in the positive and negative wires and 
0 A in the neutral wire, the DC-DC ABC must operate with 
the DC-DC #1 in boost mode controlling a current with a 
value of x – y A, while the DC-DC #2 must operate in buck 
mode controlling a current with a value of x – z A. In the 
negative common wire of the DC-DC ABC, the current is 
divided and has a value of –((x – y)/2) A. 

 

Fig. 4. Representation of the currents, assuming imbalanced currents in the 

load side and, due to the proposed active balancer of currents (ABC), with 

balanced currents in the source side. 

III. DIGITAL CONTROL OF THE 

PROPOSED DC-DC ACTIVE BALANCER OF CURRENTS 

During the imbalanced current operation of the load, when 
the load current in the negative wire (il–) is higher than the 
current in the positive wire (il+), the IGBTs sa and sd are always 
turned off, while IGBTs sb and sc are switching. This situation 
corresponds to the operation of the DC-DC #1 in boost mode 
and to the operation of the DC-DC #2 in buck mode. The 
references of current for DC-DC #1 and DC-DC #2 are 
defined, respectively, by: 

𝑖𝑑𝑐#1
∗ =

𝑃𝐿+

𝑣𝑑𝑐1̅̅ ̅̅ ̅̅ + 𝑣𝑑𝑐2̅̅ ̅̅ ̅̅
+ 𝑖𝑑𝑐−𝑙𝑖𝑛𝑘  , (1) 

𝑖𝑑𝑐#2
∗ =

𝑃𝐿+

𝑣𝑑𝑐2̅̅ ̅̅ ̅̅
 , (2) 

where idc-link is obtained from a PI controller used to regulate 
the DC-link voltage. As previously mentioned, the DC link 
voltage must be regulated independently of the operation 
mode. This task is performed by the DC-DC power interface 
operating in boost mode. Accordingly, this power converter is 
responsible for controlling both the input current and the 
DC-link voltage. For simplicity, a PI controller is used to 
regulate the DC-link voltage. Based on such references of 
current and the analysis of the power electronics topology, 
predictive-based current controls are established for both 
power interfaces, which are defined by: 

𝑖𝑑𝑐#1[𝑛] = 𝑖𝑑𝑐#1
∗[𝑛] + (𝑏∗[𝑛] − 𝑣𝑑𝑐1[𝑛] − 𝑣𝑑𝑐2[𝑛])

𝑇𝑠

𝐿#1

 , (3) 

𝑖𝑑𝑐#2[𝑛] = 𝑖𝑑𝑐#2
∗[𝑛] − (𝑐∗[𝑛] − 𝑣𝑑𝑐2[𝑛])

𝑇𝑠

𝐿#2

 , (4) 

where b[n] and c[n] correspond to the modulators used in the 
pulse-width modulation (PWM) to be compared with the 
respective carriers. 

A similar reasoning is applied during the imbalanced 
operation of the load when the load current in the negative 
wire (il–) is lower than the current in the positive wire (il+). In 
this case, IGBTs sb and sc are always turned off and IGBTs sa 
and sd. are switching. Consequently, DC-DC #1 operates in 
buck mode, while DC-DC #2 operates in boost mode. In this 
scenario, the references of current for DC-DC #1 and 
DC-DC #2 are defined, respectively, by: 

𝑖𝑑𝑐#1
∗ = −

𝑃𝐿−

𝑣𝑑𝑐1̅̅ ̅̅ ̅̅ + 𝑣𝑑𝑐2̅̅ ̅̅ ̅̅
 , (5) 

𝑖𝑑𝑐#2
∗ = −

𝑃𝐿−

𝑣𝑑𝑐1̅̅ ̅̅ ̅̅ + 𝑣𝑑𝑐2̅̅ ̅̅ ̅̅
− 𝑖𝑑𝑐−𝑙𝑖𝑛𝑘  , (6) 

where the negative signal is just related to the original position 
of the current sensors on both sides (cf. Fig. 2 and Fig. 3). In 
this case, the predictive-based current controls are defined by: 

𝑖𝑑𝑐#1[𝑛] = 𝑖𝑑𝑐#1
∗[𝑛] + (𝑎∗[𝑛] − 𝑣𝑑𝑐1[𝑛] − 𝑣𝑑𝑐2[𝑛])

𝑇𝑠

𝐿#1

 , (7) 

𝑖𝑑𝑐#2[𝑛] = 𝑖𝑑𝑐#2
∗[𝑛] − (𝑑∗[𝑛] − 𝑣𝑑𝑐2[𝑛])

𝑇𝑠

𝐿#2

 , (8) 

where a[n] and d[n] correspond to the modulators compared 
with the respective carriers. A flowchart is presented in Fig. 5 
which aims to facilitate understanding of how the proposed 
control algorithm is implemented. 

 

Fig. 5. Flowchart of the control algorithm for the proposed active balancer 

of currents (ABC). 

IV. COMPUTATIONAL VALIDATION OF THE 

PROPOSED DC-DC ACTIVE BALANCER OF CURRENTS 

For validating the proposed DC-DC ABC, a complete 
simulation model was developed in PSIM software. The main 
electrical characteristics used to perform the simulation are 
listed in Table I. These values were considered just for the 
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purpose of validating the proposed DC-DC ABC, therefore, 
they can be adapted for other scenarios. 

Table I. Electrical characteristics used in the PSIM simulation 

for validating the proposed DC-DC active balancer of currents (ABC). 

PARAMETER LABEL VALUE UNIT 

Switching Frequency fsw 80 kHz 

DC Power Grid Voltage vdc1, vdc2 400+400 V 

DC-link Voltage vdc 900 V 

L filter La, Lb 5 mH 

C filter Ca, Cb 5 mF 

P nominal PN 24 kW 
 

A. Power PL+ Lower than Power PL- 

In this mode of operation, DC-DC #2 operates with current 
control in buck mode, forcing an input current into the 
negative wire. On the other hand, DC-DC #1 operates in boost 
mode with double inner and outer control, i.e., a current 
control loop forcing an output current from the positive wire 
and a voltage control loop on the shared DC-link. This voltage 
control is mandatory for ensuring the correct operation of 
DC-DC #2 in buck mode. Fig. 6 shows a result in this 
situation, where it is possible to verify the currents on the 
source (is+, isN, is–) and load side (il+, ilN, il–). As shown, the 
current il+ is lower than the current il–, meaning a negative 
current (ilN) on the neutral wire in the load side. The negative 
representation of the current is just related to the position of 
the current sensor. With the proposed DC-DC ABC, the 
currents on the source side are balanced, meaning that the 
value of the currents is+ and is– are equal and the current isN is 
zero. This analysis is also valid according to the position of 
the current sensors. 

 

Fig. 6. Validation considering that the power in the top load is lower than the 
power in the bottom load: (a) Currents on the DCPG side (is+, isN, is–); 

(b) Currents on the load side (il+, ilN, il-). 

Fig. 7 shows a detail of the currents on the source side (is+, 
isN, is–), highlighting the average values and the ripple. As 
observed, the currents are balanced for the same average value 
on the positive (is+) and negative (is–) wires, while it is zero in 
the neutral wire (isN). In this operation mode, in terms of 
average and ripple values, is- corresponds to isN minus is+. As 
shown, four different stages are identified (i to iv). The 
currents in the coupling filters La and Lb are presented in 
Fig. 8, while the detail of the ripple of such currents is depicted 
in Fig. 9, in accordance with the switching of the IGBTs b and 
c (sb and sc). In this particular operation case, on the load side, 
as il+ is half of il-, the current in La is half of the current in Lb, 
since DC-DC #1 is linked to 800 V and DC-DC #2 to 400 V, 
operating, respectively in boost and buck mode. The 

imbalance will only influence the power to be balanced, but 
the current in La (iLa) is half of the current in Lb (iLb) due to the 
fact that one input voltage is twice the value of the other output 
voltage. As shown, in both cases, when the IGBTs are on, the 
inductors store energy, while when the IGBTs are off, the 
energy is delivered to the circuit. 

 

Fig. 7. Validation considering that the power in the top load is lower than the 

power in the bottom load, showing the detail of the average and ripple values: 

(a) Current is+; (b) Current isN; (c) Current is-. 

 

Fig. 8. Validation considering that the power in the top load is lower than the 

power in the bottom load, showing the currents in the coupling inductors, 

namely iLa and iLb. 

 

Fig. 9. Validation considering that the power in the top load is lower than the 

power in the bottom load, showing the detail of the ripple in the currents iLa 

and iLb, as well as the PWM of the IGBTs sb and sc. 

Fig. 10 shows the voltage of the DCPG, namely vdc1 and 
vdc2, as well as the DC-link voltage (vdc) shared between 
DC-DC #1 and DC-DC #2. As shown, the nominal voltage of 
vdc1 and vdc2 is 400 V, while vdc is controlled for an average 
value of 900 V, which is a superior value than vdc1 or vdc2. This 
is mandatory for ensuring the operation of DC-DC #1 in boost 
mode. Fig. 11 shows the results obtained in transient-state to 
demonstrate the operation of the DC-DC ABC before and 
after the compensation. Initially, the DC-DC ABC is not 
operating, and the source currents are the same as the load 
currents and at t = 0.06 s, the DC-DC ABC is turned-on, 
resulting in the current compensation, meaning that the source 
currents are balanced, while the load currents continue the 
same. 



 

Fig. 10. Validation considering that the power in the top load is lower than 

the power in the bottom load, showing the transient-state to demonstrate the 

operation before and after the compensation: (a) DC-link voltage vdc1; 

(b) DC-link voltage vdc2; (c) DC-link voltage vdc. 

 

Fig. 11. Validation considering that the power in the top load is lower than 
the power in the bottom load, showing the voltages: (a) Currents on the 

DCPG side (is+, isN, is–); (b) Currents on the load side (il+, ilN, il–). 

B. Power PL+ Lower than Power PL– 

In this mode of operation, DC-DC #1 operates with current 
control in buck mode, forcing an input current into the positive 
wire. On the other hand, DC-DC #2 operates in boost mode 
with double inner and outer control, i.e., a current control loop 
forcing an output current from the neutral wire and a voltage 
control loop on the shared DC-link. The DC-link voltage 
control is indispensable to guarantee the correct operation of 
DC-DC #1 in buck mode. Fig. 12 shows a result in this 
situation, where it is possible to verify the currents on the 
source (is+, isN, is–) and load side (il+, ilN, il–). As shown, the 
current il+ is higher than the current il-, meaning a positive 
current on the neutral wire in the load side (ilN). Due to the 
operation of the DC-DC ABC, the currents on the source side 
are balanced, meaning that the value of the currents is+ and is- 
are equal and the current isN is zero. It is important to note that 
this analysis is performed, and it is valid according to the 
defined position of the current sensors (cf. Fig. 3). Therefore, 
evidently, by changing the position of the current sensors, the 
analysis must be revised, but the same reasoning is 
maintained. 

Fig. 13 shows a detail of the currents on the source side 
(is+, isN, is–), highlighting the average values and the ripple. 
Also in this case, the currents are balanced for the same 
average value on the positive (is+) and negative (is-) wires, 
while is zero in the neutral wire (isN). As shown, four different 
stages are identified (i to iv). The currents in the coupling 
filters La and Lb are presented in Fig. 14, while the detail of the 
ripple of such currents is presented in Fig. 15, in accordance 
with the switching of the IGBTs b and c (sb and sc). In this 
case, on the load side, as il– is half of il+, the current in La (iLa) 

is half of the current in Lb (iLb), since DC-DC #1 is linked to 
800 V and DC-DC #2 to 400 V, operating, respectively in 
buck and boost mode. As shown, in both cases, when the 
IGBTs are turned off, the inductors store energy, while when 
the IGBTs are turned on, the energy is delivered to the circuit. 

 

Fig. 12. Validation considering that the power in the top load is higher than 

the power in the bottom load: (a) Currents on the DCPG side (is+, isN, is-); 

(b) Currents on the load side (il+, ilN, il–). 

 

Fig. 13. Validation considering that the power in the top load is higher than 

the power in the bottom load, showing the detail of the average and ripple 

values: (a) Current is+; (b) Current isN; (c) Current is–. 

 

Fig. 14. Validation considering that the power in the top load is higher than 
the power in the bottom load, showing the currents in the coupling inductors, 

namely iLa and iLb. 

 

Fig. 15. Validation considering that the power in the top load is higher than 

the power in the bottom load, showing the detail of the ripple in the currents 

iLa and iLb, as well as the PWM of the IGBTs sb and sc. 



V. CONCLUSION 

DC power grids (DCPG) are becoming progressively 
noteworthy, principally due to the natural DC operation of 
technologies such as renewable energy, energy storage 
systems, and electric vehicles. Specifically, bipolar DCPGs 
are gaining prominence because they offer higher flexibility 
to accommodate DC technologies with distinct voltage levels 
and higher reliability. This is primarily due to the capabilities 
of power electronics, which allow the establishment of 
different voltage levels designed for various DC loads. 
Nevertheless, ensuring balanced power operation for all loads 
in a bipolar DCPG is challenging, leading to issues with 
current imbalances. This paper proposes an active current 
balancer (ABC) for ensuring balanced source currents in the 
bipolar DCPG, when the currents on the load side are 
unbalanced. The details of the digital control are presented for 
all possible scenarios, and the validation proves the correct 
operation of the DC-DC ABC operating with different current 
imbalances in the load side, namely with higher currents on 
the positive wire compared to the negative wire and 
vice-versa. For all cases, it was demonstrated that the current 
on the neutral wire is zero after the compensation performed 
by the DC-DC ABC. The validation is also performed both in 
steady-state and transient-state. 
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