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Abstract
Balancing converters are an integral part of a bipolar dc grid. In this paper, we propose a balancing
converter based on a series resonant converter topology. The converter operates in the capacitive region
with phase shift between the upper and lower H-bridges. The converter operation is analyzed and verified
with LTSpice simulation. A prototype is developed to verify the operation.

Introduction
Climate change is one of the main issues that concerns the existence of human beings across the globe.
Greenhouse gas (GHG) emissions are considered the main culprit for this. The ship industry emits around
3% of all the GHG in the world [1]. To reduce the emissions, the International Maritime Organisation
(IMO) has come out with regulations mandating ship manufacturers to increase the efficiency of future
ships [2]. One of the ways to improve the efficiency of ships is electrification of the power train. DC
grids on ships are the major contender for this [3]. These grids have several advantages such as enhanced
dynamic performance, peak shaving, zero emission operation and strategic loading [3].

The dc grids can be unipolar or bipolar. Bipolar dc grids have several advantages when compared with
unipolar dc grids [4] [5]. They have improved reliability because of multiple conductors/poles; if one
pole is faulty then the other can be used to supply half of the power. They have increased flexibility
because of more than one voltage level. Hence, bipolar dc grids are being considered for future dc grids
on ships.

Balancing converters are an integral part of bipolar dc grids. Many topologies can be found in literature
for these converters [6] [7] [8] [9] [10] [11]. One of the ways to form a bipolar dc grid on ships is using
a three level converter to interface the synchronous generator. The balancing function can be achieved
with the 3-phase multilevel converter topologies like Neutral Point Clamped and T-Type converter [6]
[7]. These converters can be controlled in such a manner that voltage at the dc side remains balanced and
no current flows in the neutral [12]. But, an unbalanced dc operation leads to increased total harmonic
distortion on the ac side thus leading to higher losses in the machine interfaced with the converter [13].
Also, the size of the dc-link capacitors are needed to be increased to attenuate the effect of the unbalances
[14]. It is also difficult to have a distributed architecture when these converters are used.
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Other topologies of balancing converters include buck-boost, Cuk, and SEPIC converters [5] [10] [11].
These topologies are called inverting topologies which can be directly utilized as balancing converters
in a bipolar dc grid [8]. Another interesting topology is a series-resonant converter topology. This
converter is a non-inverting type topology. Hence, it can not be used as a balancing converter without
some modifications. In this work, we designed a series-resonant balancing converter to show its utility
as a balancing converter in bipolar dc grids.

The structure of this paper is as follows. The need for the balancing converter is detailed in the next
section. Thereafter, the operating principle for the series resonant balancing converter is discussed. In
the next section, the converter prototype along with the specifications in brief are shown. Subsequently,
the results of the simulation and laboratory setup for the operation of the balancing converter are shown
and discussed. Finally, the paper is concluded in the last section.

Need for balancing converter
Balancing converters are essential for bipolar dc grids when unequal loads are connected between +n
and n- poles. Unequal power loading has an effect of shifting of voltage at the neutral of the system.
In a bipolar grid with three conductor, there are multiple ways that the loads can be connected to the
distribution lines. The loads can either be connected between the positive (+) and negative (-) poles or
between a pole (+ or -) and neutral. In case of an isolated system (IT system), if there are any unbalanced
connection of loads present in the system then the neutral voltage can shift from zero. It should be noted
that there is no balancing converter present in the system. Also, the droop controlled converter only
controls voltage between the two poles and not of the neutral. A 3 node 2 line 3 conductor system was
simulated with unbalanced loads connected to grid using the method in [15] and [16]. The test case is
given in Table I and the resulting node voltages are given in Fig. 1.

Table I: Case for simulating unbalanced power flow in a three node 2 line bipolar dc grid.

Time (ms) n2+− n2+n n2n− n3+− n3+n n3n−
0 0 0 0 0 0 0
10 -25kW 0 0 0 -2.5kW 0
20 -25kW 0 -1kW -23.5kW -2.5kW 0
30 -25kW 0 0 0 0 0
40 0 0 0 0 0 0
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Fig. 1: Node voltages of a 3 node 2 line system with the effect of unbalancing on the neutral voltage.

It can be observed in Fig. 1, when the loads between the neutral and the poles is turned on then the
voltage at the neutral shifts from zero. The shift in the neutral voltage can lead to various issues in the
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system. If the neutral voltage shift a lot then the drives can suddenly shut down in under-voltage or over-
current fault. On a ship, this can lead to perilous condition for the people and equipment. Apart from
that, the system efficiency decreases when current flows in the neutral conductor during the unbalance
[4]. Hence, balancing converters are needed to balance the power flowing through both the poles.

Converter operating principle
The converter is based on a series-resonant converter topology as shown in Fig. 2. This topology is
conventionally used as non-inverting. However, in our application, this topology is used as an inverting
topology.

Fig. 2: Balancing converter based on a series resonant converter topology.

The operating principle of the converter is given below. The dead time between the switching has been
neglected for this analysis.

(a) t0 - t1. (b) t1 - t2. (c) t2 - t3. (d) t3 - t4.

Fig. 3: Operation of the resonant converter in different time periods.

• t0 - t1: In this state, switches S1 and S3 are conducting. The resonant capacitor Cr is charging and
current is limited by the resonant inductor Lr.

• t1 - t2: In this state, switch S3 is turned off and switches S1 and S4 are conducting. Hence, there
is a higher voltage present across the resonant tank. Due to this stage, the charge is pumped into
the resonant capacitor. This extra charge stored in the capacitor is used to boost the voltage of the
capacitor.

• t2 - t3: In this state, switch S1 is turned off and S2 is turned on. The resonant tank is connected to
the neutral and negative pole through switches S2 and S4. The inductor current reverses direction
and the capacitor is also discharged as the energy is transferred to the load.
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• t3 - t4: In this state, switch S4 is turned off and S3 is turned on. Hence, the resonant tank current
freewheels through the switch diodes.

It should be noted that the stages t1 - t2 and t3 - t4 can be generated by a phase shift between the upper
half bridge (consisting switches S1 & S2) and lower half bridge (consisting switches S3 & S4).

The power flow through the converter can be found out by solving the second order differential equations
for the resonant tank. The power flow as a function of the operating frequency is given by (1). All the
quantities except switching frequency are kept fixed.

P( fsw) = 4Cr fswVd

[
Vd

2
−

√
4I2

l1Z0
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Also, the phase shift needed to achieve the change in current during the interval t1-t2 is given by (2):
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2π fsw

ω0

[
π−2tan−1

(Vd +
√

4I2
l1Z2

0sec2( ω0
4 fsw

)+V 2
d +2Il1Z0tan

(
ω0

4 fsw

)
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where, Vd is the input voltage between one pole and neutral, Il1 is the current through the inductor
at instant t2, Z0 is the characteristic impedance of the resonant tank, and ω0 is the resonant angular
frequency of the tank. The power flow when the current Il1 is 3.5A is shown in Fig. 4. It should be noted
that the phase shift also changes with frequency according to (2).
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Fig. 4: Power flow dependence on frequency of the converter.

Converter prototype
A balancing converter was designed for a bipolar dc grid with voltage of ±350 VDC. The main spec-
ifications of the converter are given in Table II. The resonant frequency of the tank was found to be
approximately 78 kHz.

Table II: Specifications of the designed converter.

Parameter Value
Rated power 2 kW
Resonant inductance 7 µH
Resonant capacitance 594 nF

A Series Resonant Balancing Converter for Bipolar DC Grids on Ships YADAV Sachin

EPE'22 ECCE Europe  ISBN: 978-9-0758-1539-9 – IEEE: CFP22850-ART P.4
Assigned jointly to the European Power Electronics and Drives Association & the Institute of Electrical and Electronics Engineers (IEEE)

Authorized licensed use limited to: TU Delft Library. Downloaded on October 18,2022 at 05:49:51 UTC from IEEE Xplore.  Restrictions apply. 



The prototype of the converter is shown in Fig. 5. The resonant converter are put on the top of the PCB;
the resonant inductor, semiconductor half bridge modules and dc link capacitors are installed on the both
side of the PCB.

Fig. 5: Prototype of the converter.

Results
The schematic for testing the balancing converter is shown in Fig. 6. The main components are the source
converters, load converter, balancing converter and the lumped line elements. The source converter are
used to create a bipolar dc supply. The source converter in our setup is Agilent Technologies N5772A.
The load converter is connected only between the neutral and negative pole to simulate a total imbalance
of power flow. When the system is powered on without the balancing converter then the power is supplied
only through the source converter connected between the neutral and negative pole. The balancing
converter is used to balance the power flowing from both the source converters. When the balancing
converter is turned on, the current flowing through the two source converter should be equal. This will be
illustrated through the test results shown in subsequent figures. The load converter in our study is Delta
Elektronika SM1500-CP-30. The lumped line elements are π-model for a 100m long two conductor
cable.

Fig. 6: Test bench schematic diagram.

The test setup in the laboratory is shown in Fig. 7. It consists of the source and load converters on the
right; the balancing converter and lumped lime elements are on the left. In this setup, two lumped line
elements are connected in series. Due to this, the impedance in the neutral line increases as two resis-
tors and inductors are connected in series. This assumption is correct as the inductance and resistance
increases as the cable cross section area decreases [17].
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Fig. 7: Lab test setup.

The model of converter along with the other components of setup were simulated in LTSpice. The
resulting resonant capacitor voltage and resonant inductor current are shown in Fig. 8. In this simulation,
the load is connected between the neutral and negative poles. The load is a current sink with a value of
5A. The source converter are programmed to supply a voltage of ±350 VDC. The switches operate at 65
kHz with 50% duty cycle. A dead time of 100ns is inserted between the switch pairs S1, S2 and S3, S4.
The phase shift between the upper half bridge and lower half bridge is set at 3.6 degrees. The frequency
and phase shift required for a power flow of 1.75 kW were calculated using (1) and (2).
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Fig. 8: Results of the LTSpice simulation

The results of the tests done in the laboratory are shown in Fig. 9 and Fig. 10. In this work, the converter
is tested only at a single operating point. A closed loop control is beyond the scope of this work. The
source converter supply ±350 VDC and the load converter is set to sink a current of 5 A as shown in
Fig. 10. The oscilloscope signals consists of the inductor current, capacitor voltage and the gate signal
for switches S1 and S3. The inductor current is measured using a Rogowski coil having a sensitivity of
50mV/A. The balancing converter operates with a phase shift of 3.6 degrees between the switch S1 and
S3 and switching frequency of 65 kHz. The current output from the source converter is balanced with a
minor difference of 0.06 A between the upper and lower source converters.

It can be seen from the oscilloscope output that the real life results match closely with the simulation
results but not perfectly. One of the reasons of the imperfections can be the varying parameters of
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inductance, capacitance and resistance during the tests. Also, the microcontroller has a certain resolution
of setting the frequency and phase shift which differ slightly from the simulation. A phase shift of 3.6
deg at a frequency of 65kHz corresponds to approximately 154 ns. Precisely achieving such low phase
shift was found out to be difficult during the testing of the converter. Hence, there are deviations between
the actual frequency and phase shift with those in the simulation.
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Fig. 9: Experimental results - oscilloscope output of the tests done with the converter.

Fig. 10: Experimental results - voltage and current of the source and load converters.

Conclusion
In this paper, the use of a series resonant converter for balancing a bipolar dc grid is shown. The proposed
converter is operated in the capacitive region. By changing the switching frequency of the converter and
phase shift between the upper and lower half bridges of the converter, the power flow can be changed.
The simulation results for balancing a load of 1.75kW connected between the neutral and negative pole is
shown. A prototype of the balancing converter was build to experimentally verify the simulation results.
The experimental results match closely with the simulations however not perfectly. The reason for the
mismatch are also discussed. In the future, a closed loop control shall be developed for the converter.
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