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1. Introduction

1.1 Purpose of the document

Deliverable 4.3 explains the electrical design of the power solutions necessary to safely operate the
battery system. It includes the Silicon Carbide (SiC)-based power switch and the DC/DC converter. The
document highlights details about the design, development and functional validation of both power
solutions.

The power switch is designed to protect the battery system from an external short circuit. The
necessary hardware and software has been developed for this purpose to directly control the
MOSFETs inside the power switch. A prototype has been tested, demonstrating the correct
functioning of the short circuit detection and opening of the switch.

The interleaved bidirectional DC-DC converter based on wide bandgap (SiC) technology is designed to
enable efficient bidirectional energy transfer between modular battery systems and a variable DC-link
voltage, targeting a wide operating range (400 V — 800 V). The main purpose of the converter is to
ensure active battery balancing, allowing adaptive current distribution among multiple battery strings
to maintain a uniform state-of-charge (SoC) and optimize the system efficiency. Detailed simulation
studies for four different scenarios are discussed, confirming the converter’s expected performance
under representative load conditions. A prototype has been tested with a 60 V input, regulated to 120
V output at up to a total power of 3.6 kW, demonstrating the precise current sharing and effective
control of voltage regulation. These results confirm the robustness of the developed control strategy
for active balancing applications.

More functional validation will be performed upon receiving the demonstrator battery pack delivered
by project partners as a part of Task 2.3.
1.2 Structure of the document

The document is structured into 4 sections:

Section 1. Introduction
Section 2. Power switch
Section 3. DC/DC converter
Section 4. Conclusions

D4.3 Proposed power solutions and DC/DC converter performances 6
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2 Power switch (CID)

2.1 Architecture and Working Principle

The power switch’s main functions are to protect the battery system from an external short circuit,
providing a fast disconnection, and to precharge the load avoiding a high surge of current due to the
capacitive effect of it. Conventional contactors do not offer the needed speed of commutation,
therefore, SiC-based MOSFETS are used within this project. This technology offers way fastest
commutation times allowing to disconnect the battery in the scale of microseconds. The second
function, the precharge, is conventionally done by a high-power resistor connected in series to the
load to limit the peak current. Taking advantage of the use of SiC-based MOSFETS, the high-power
resistor can be removed as the MOSFET can switch at high-speed to limit the current rise and charging
the capacitive load in a controlled way with small charges of energy as the MOSFET connects only
briefly to the battery load.

Furthermore, the SiC-based power switch can measure the isolation of the two contacts of the battery
with the casing by applying a controlled voltage reference to the battery system and monitoring if the
voltage can be detected. If the isolation is lost, it can open the connections to the battery system
accordingly to avoid danger. Aside from these functions, the SiC based power switch also monitors
some parameters like the battery voltage, the state of its internal fuse (mounted in case of malfunction
of the device), the current, the power delivered and the temperature measured in its board, and can
send them to the main controller of the battery system via CANBUS. All these functions are shown in
Figure 1 where the architecture is displayed.

Isolated power %,
supply AFE  [—=——
and Drivers 2
8V-16V
Enable | KL15
General
5V
power f——»
supply
- Vin +
Board, SiC l
and shunt Mosfet |y + V+out
CANH L_lIEE positive [==P»| Power fuse B
e Can CAN lv line
<CANL } transceiver MOSFET drivers
GPIO E g
ucC and short circuit Vin -
’—' detection ‘
Jtag L+ ITAG ISPI Mosfet V- V- out
pork SPI Isolator negative [e=pp{  Shunt i
line

o

| Pack monitoring functions

Figure 1. Power switch architecture.
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2.2 Hardware Design

The SiC-based power switch hardware is developed using one single printed circuit board (PCB)
distributed in three different regions, as shown in Figure 2. First, there is a low-voltage region where
the main microcontroller is located. Here, the reference voltage is the one supplied to the power
switch via its main connector. The microcontroller manages the CANBUS and the communication with
different integrated circuits (ICs) in charge of the measurements and the control of the SiC MOSFETSs.
There is also an EEPROM memory to be able to save the configuration of the device. The second region
corresponds to the positive HV line, including the fuse and SiC MOSFETs. The third region includes the
negative line from the input of the battery system to the output of the power switch. In this region,
the ICin charge of the measurements is located. This IC monitors the battery pack voltage and current.
Here, there is also a short circuit detection method.

Figure 2. Power switch hardware prototype.

2.3 Software Design
Several drivers have been developed to control the different ICs used in the board, which has been
implemented in the four main processes:

e Configuration of the device

e Monitoring

e Communication

e Actuation
During start up, the configuration is retrieved from the EEPROM memory and applied. Then it goes
to a loop where it reads the different measurements and sends them to the microcontroller via CAN.
When a command is received, the last process regarding the actuation is activated, where it either
manages the MOSFETS or receives a configuration which it applies and stores accordingly.

D4.3 Proposed power solutions and DC/DC converter performances 8



The SiC-based power switch was subjected to several tests to validate the software and hardware. The
first, the control and communication between ICs was tested with the help of logic analysers and an
oscilloscope. After this, the focus was changed to the short circuit detector, working on the driver
which configures the threshold and reset of the device. An extensive testing process was executed to
validate the correct functioning of the device, focusing on the main functionalities. The specific testing
procedure is the following:

1. Check activation of short circuit flag by setting the threshold to OA.

2. Check activation of short circuit flag with current.

3. Check deactivation of MOSFETs driver with activation of short circuit flag

4. Check opening of MOSFETs with current threshold flag.

RIGOL H 100ns 300 v TI 0 1207

Horizontal Wode

1

Petiod

Cursor

{« OFF

Figure 3. Opening of MOSFETs with current threshold flag
(Yellow: Alarm signal; Blue: Drain to source voltage).

In the Figure 4 we can see how the yellow signal is set. This signal is the alarm signal, which is set
when an overcurrent is sensed. After this, the blue signal quickly rises. The blue signal is the voltage
between the drain and the source of the SiC MOSFETs. The raise of Voltage on this signal means that
the MOSFETSs has been opened, as when it is closed it has near zero voltage.
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3 DC/DC Converter (VUB)

3.1 Architecture and Working Principle

The interleaved bidirectional DC-DC converter’s primary objective is to enable bidirectional power
transfer between modular battery packs and a variable DC-link voltage (400 V — 800 V) while
facilitating active battery balancing. This functionality allows multiple battery modules to operate as
a coordinated energy system, dynamically equalizing voltage and SoC levels to enhance performance,
safety, and lifetime. The converter regulates the DC-link voltage, performs active current sharing, SoC-
based balancing, and includes a redundant phase leg to enhance system reliability and fault tolerance.
The interleaved topology minimizes current ripple and thermal stress, ensuring smooth operation and
improved efficiency during both charging (buck) and discharging (boost) modes. The control
architecture integrates a dSPACE MicroLabBox for real-time control and an FPGA module for high-
speed current balancing and communication with individual modules.

As shown in Figure 5, the converter is designed to interface with an arbitrary number of battery packs
(n) connected on the low-voltage side. Each battery pack is connected through a dedicated converter
leg, allowing independent current control and flexible energy management. This modular and scalable
design allows system expansion to different power and energy levels while maintaining balanced
operation across all packs.

Battery DC-DC Converter Inverter Motor

Variable DC link
(400V to 800V)

T
i

!

Battery Pack 1

!

Battery Pack 2

A
A

Battery Pack ‘n’

SoC
Voltage
Current

Vrer: liotal ref
Ci

o
€
s

: 2 8
3

+3

Vout

i1

Voltage Control Loop Current Control Loop

Figure 5. System-level architecture of the bidirectional DC-DC converter and its hierarchical control
structure with support for multiple (n) battery packs.

Each converter leg consists of a bidirectional half-bridge based on Silicon Carbide (SiC) MOSFETs,
operating in a synchronous buck—boost configuration. During traction or discharge operation, all
converter legs operate in boost mode, transferring energy from the batteries to the DC-link.
Conversely, during charging or regenerative braking, all legs operate in buck mode, transferring energy
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from the DC-link back to the batteries. The use of SiC technology enables high switching frequency
operation with reduced losses, improving both efficiency and power density.

The converter control system follows a hierarchical closed-loop architecture consisting of three
coordinated control layers:

1. Voltage Control Loop: The outer loop regulates either the DC-link voltage (in boost mode) or
the battery-side voltage (in buck mode). A Pl (Proportional Integral) controller compares the
measured voltage V_out with its reference V_ref, generating a total reference current
|_(total,ref) for the converter system.

2. Current Distribution Algorithm: The total current reference is distributed among all active
converter legs based on each pack’s (module) SoC, voltage, and current. This algorithm
ensures active balancing by adjusting the individual current references
I_(set,1),l_(set,2),...,|_(set,n), so that higher SoC packs contribute more current during
discharge and receive less current during charging. Conversely, lower SoC packs receive higher
charging currents to equalize energy levels across the system.

3. Current Control Loop: Each converter leg has an independent inner current loop implemented
in the FPGA, ensuring precise tracking of the assigned current reference. The FPGA handles
PWM generation, interleaving synchronization, and high-speed current sampling, while the
dSPACE MicroLabBox manages voltage control, SoC estimation, and data acquisition.

In situations where the DC-link load demand is zero (e.g., standstill or idle condition) but battery SoCs
are unbalanced, the converter autonomously enters a static active balancing mode. In this mode, the
leg connected to the highest SoC battery pack operates in boost mode, transferring energy to the DC-
link, while the legs connected to lower SoC packs operate in buck mode, drawing that energy to charge
the lower SoC packs. This enables direct pack-to-pack energy redistribution without any external load
or charger, maintaining SoC uniformity even when the vehicle or system is not in operation.

To enhance system reliability, the converter has a redundant leg that can automatically replace a faulty
half-bridge leg or bypass a defective battery pack. If a fault is detected in any MOSFET half-bridge, the
corresponding converter leg can be isolated, and the redundant leg can be activated to maintain full
power transfer capability without interruption. Similarly, if a battery pack exhibits abnormal voltage,
current, or temperature behaviour, the control system can disconnect the affected pack while the
remaining legs continue operation seamlessly. This fault-tolerant reconfiguration can ensure
continuous bidirectional current sharing and stable DC-link regulation, improving system robustness
and availability under real-world conditions.

3.2 Simulation Model and Results

To evaluate the functionality and control performance of the bidirectional DC-DC converter, a detailed
MATLAB/Simulink model was created, as shown in Figure 6. The model comprises two main
subsystems: the Controller Unit and the Power Unit. The Controller Unit implements the hierarchical
control strategy described in the previous section, consisting of the voltage control loop, current
distribution algorithm, and individual current control loops for each converter leg. Inputs to the
controller include the reference DC-link voltage (V_(o_ref)), measured output voltage (V_out ), battery
voltages (V_b1,V_b2,V_b3 ) and state-of-charge (SoC) of each pack. Based on these parameters, the
controller generates PWM signals for all six switches (PWM1-PWM®6) that drive the converter legs.

D4.3 Proposed power solutions and DC/DC converter performances 11
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Vo_ref[=}———Vo_ref PWM 1 = PWM 1
Vout f=}———{Vout
SoC_1[z=1 >—+S0C1 WM 4 = PIWM 4
S0C_2 (=3 >—+S0C2 PWM 2= PWM 2 DC (+)
SoC_3 SoC3
Vb 1E——V_batt —a FIWM'S
3
Vb_2Ea—V_bat2 PWM 3| PWM 3 Load Current_req
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C Rate (A)[*}——I_max PWM 6 = it vo
Controller Unit
Pack 1 (+)
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|_Load
Pack 3 (+) -
4Packs negative (-)
Power Unit

Figure 6. MATLAB/Simulink model of the DC-DC converter with three battery packs.

The Power Unit includes the three battery packs, converter switches, and the DC-link capacitor, which
connects to the external load. The current and voltage feedback signals are routed to the controller
for closed-loop operation. The simulation considers three battery packs with different initial SoCs to
demonstrate dynamic balancing under various load conditions. The specification of the battery pack
used in the model is shown in Table 1.

Table 1. Battery pack parameters used in the simulation model.

Parameter Type/ Unit

Cell type Lithium-lon
Nominal voltage 400V
Rated capacity 67Ah
Cut-off voltage 300V
Maximum voltage 465.59V
Charge & discharge current 1C

3.2.1 Mode 1 — Standstill or Static Mode (I_load= 0A)

Figure 7 illustrates the converter performance in standstill (static) mode, where the load current is
zero (i_load = 0 A) and the DC-link voltage is maintained at a constant 800 V DC (shown in the top
subplot of Figure 7). Under this condition, no external power flows to or from the load; instead, the
converter performs active inter-pack balancing by internally redistributing energy among the battery
modules. At the beginning of the simulation, the battery pack with the highest SoC operates in boost
mode, discharging into the DC-link, while the other packs operate in buck mode, drawing current from
the DC-link to recharge. As the energy is exchanged, the SoC differences gradually reduce until all
three packs converge to nearly equal values after approximately 175 seconds. Once SoC convergence
is achieved, the balancing currents automatically drop to zero, resulting in no further energy exchange
among the packs. From this point onward, all SoCs remain steady and unchanged for the remainder
of the simulation. This behaviour verifies that the converter can autonomously detect SoC equalization
and transition to a balanced steady state, ensuring energy uniformity across all modules without
external load participation.
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Figure 7. Static Mode operation and SoC Balancing (I_load= 0A)

3.2.2 Mode 2 — Traction Mode (I_load> 0A)

Figure 8 presents the converter performance in traction mode, representing vehicle propulsion when
power flows from the batteries to the DC-link. A constant load current of +67 A is applied for a
simulation duration of 500 seconds, corresponding to a 1C discharge rate for the battery packs.

The DC-link voltage waveform is shown in the top plot, which remains stable at 800 V DC, confirming
the effectiveness of the outer voltage control loop under continuous high-power operation. In this
mode, the converter operates in boost configuration, stepping up the battery-side voltage from
approximately 400 V to 800 V at the DC-link. Considering an average duty ratio of around 50%, the
total input current drawn from the battery side is approximately twice the output current demand to
maintain the same power level (neglecting small conversion losses). Hence, for a 67 A load current,
the combined battery current demand is about 134 A, shared among the three converter legs
according to their SoC conditions.
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Figure 8. Traction Mode operation and SoC Balancing (I_load> 0A)

Initially, the battery pack with the highest SoC provides a larger share of this total current (around 1C
discharge rate), while the lower SoC packs contribute less. This dynamic current redistribution ensures
that the SoC difference among the packs gradually decreases over time. As the simulation progresses
and SoCs converge, the control algorithm transitions to equal current sharing, allowing all three packs
to continue discharging at the same rate. The SoC trajectories show a uniform and nearly linear
decrease after convergence, confirming balanced utilization of all modules during traction operation.

3.2.3 Mode 3 — Regenerative Mode (I_load< 0A)

Figure 9 shows the converter performance during regenerative mode, where a negative DC-link
current of =34 Ais applied to emulate a charging condition. This mode represents an energy recovery
or charging scenario rather than an actual regenerative braking event, with the converter operating
in a controlled bidirectional mode to manage inter-pack energy flow and charging simultaneously.
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Figure 9. Regenerative Mode operation and SoC Balancing (I_load< 0A)

Since the converter steps down the voltage from 800 V to approximately 400 V, the battery-side
current is roughly twice the DC-link current due to power balance across the conversion stages. Thus,
a —34 A regenerative current at the DC link corresponds to approximately +68 A current available at
the battery side for charging. The converter uses this current to simultaneously perform charging and
SoC balancing. Before SoC convergence, the converter does not operate purely in buck mode; instead,
it operates in a mixed boost—buck configuration. The battery pack with the highest SoC operates in
boost mode, discharging at approximately 1 C (= ib_2, 67 A) to supply energy through the DC link,
while the lowest SoC pack operates in buck mode, charging at a similar rate of around 67 A (ib_3). The
medium-SoC pack is charged primarily by the DC-link input current, receiving around 62 A (ib_1) from
68A after conversion losses. During this stage, the battery currents alter as the control algorithm
dynamically redistributes phase currents in response to changing SoC levels. These fluctuations are
most noticeable when two packs reach similar SoC values and the current-sharing priorities shift. After
the SoCs of all three packs converge, the converter transitions automatically to pure buck operation,
where all battery packs are charged uniformly with equal current from the DC link. The SoC curves
then rise in parallel, indicating synchronized and balanced charging behaviour.
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3.2.4 Mode 4 — Dynamic Mode (Variable Load using WLTP Profile)

Figure 10 presents the simulation results of the converter operating in dynamic mode under the WLTP
Class 3 driving cycle, which replicates realistic traction and regenerative braking conditions. The load
current varies continuously according to the WLTP profile, requiring the converter to switch
repeatedly between boost (discharge) and buck (charge) operation.
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Figure 10. Dynamic Mode operation and SoC Balancing using WLTP Class 3 driving cycle
(I_load=0A or |_load> 0A or |_load<0A)

The DC-link voltage (V_out) remains well-regulated around the reference value of 800 V throughout
the entire cycle, demonstrating the robustness of the outer voltage control loop against fast
transients. Small deviations observed during sharp current transitions are rapidly compensated by the
control algorithm, confirming the stability of the closed-loop operation. The battery voltages after SoC
balancing (Vb_1, Vb_2, Vb_3) remain close to 435 V with little fluctuation, confirming balanced
operation and negligible voltage stress on each module. The battery currents (ib_1, ib_2, ib_3), shown
in the third plot, dynamically adjust to fulfil the instantaneous load demand imposed by the WLTP
current profile. Among the three packs, the battery with the highest SoC (SoC_2 on the plot) initially
discharges at approximately 1C (= ib_2, 67 A), providing the majority of the load current while
simultaneously supplying surplus current to charge the lower SoC packs through the DC-link. This
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demonstrates the converter’s ability to combine load supply and active balancing in real time. As the
simulation progresses, the current contribution of each pack gradually equalizes as the SoCs converge.

Similar simulations have been carried out for the three considered use cases within the project — the
leisure boat, the off-road vehicle and the voltstation — using their load profiles. However, they are not
shown here since they would not show any added value for the performance and operation of the DC-
DC converter.

3.3 Hardware design and prototyping

The developed DC-DC converter comprises three input legs, each interfacing an independent battery
pack, and supports bidirectional operation (boost/buck) between the battery side and the high-
voltage bus. Table 2 summarizes the prototype’s key specifications. The converter is rated for 400 V
input and 800 V output, with a total rated power of 60 kW. Each leg is designed for a rated current of
50 A and rated power of 20 kW, enabling scalable operation across all modes.

The bidirectional DC-DC converter prototype adopts a modular four-board architecture, designed for
flexibility, ease of assembly, and reliable operation under both laboratory and standalone conditions.
Each PCB performs a dedicated function within the overall system, enabling modular testing,
simplified troubleshooting, and electrical isolation between high- and low-voltage domains.

Table 2. Hardware Specifications

Parameter Type/ Unit

Input Voltage 20~450V
Output Voltage 450~800V
Rated current per leg 50A
Rated Power per leg 20kwW
Rated total power 60kW
Switching Frequency 50kHz
Power Semiconductor Technology SiC MOSFET
Operating Mode Bidirectional

Figure 11(a) shows the 3D model of the converter PCB and Figure 11(b) the assembled prototype in
the laboratory after fabrication and integration. The first PCB serves as the input and pre-charge
board, interfacing the converter with the low-voltage input side. It includes input fuses, pre-charge
circuitry, and connectors required for safe startup operation. The pre-charge stage ensures smooth
charging of the DC-link capacitors and prevents inrush current during system initialization. The second
PCB is the main power board, which forms the core of the converter. It integrates the SiC MOSFET-
based power stages, common-mode chokes, filtering capacitors, gate driver circuits, current sensors,
and inductors. The third PCB constitutes the output DC-link and pre-charge interface, connecting the
converter to the load or inverter side. It houses the DC-link capacitors, output fuses, and measurement
terminals for voltage and current feedback. This board also enables controlled pre-charging of the
output capacitor bank to ensure smooth voltage buildup during mode transitions. The fourth PCB is
the control and signal conditioning board, which contains all low-voltage sensing, isolation, and
communication circuits. It interfaces with the dSPACE MicroLabBox during laboratory validation for
closed-loop control and real-time monitoring. The same board also provides an optional interface for
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a Tl LaunchPad controller with CAN communication capability, allowing standalone converter
operation in future development stages without external control hardware.
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Figure 11. Experimental setup: (a) 3D model of the converter PCB and (b) the assembled prototype

3.4 Experimental Results

3.4.1 Test Setup

Figure 12 illustrates the planned hardware test scenario, where three bidirectional power supplies
emulate individual battery packs with defined voltages representing mapped SoC levels. In this
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configuration, each bidirectional power supply represents a single battery module with a nominal
voltage of 60 V, while the converter operates in boost mode to generate a 120 V DC-link voltage. The
charging and discharging current limits for each power supply are set to +20 A. A voltage—SoC
relationship is implemented so that variations in supply voltage correspond to equivalent SoC values,
which are used as inputs to the current distribution algorithm for SoC-based current allocation.
However, since the power supplies do not include real energy storage dynamics, the test does not
capture long-term SoC convergence or balancing behaviour.
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Figure 12. Hardware setup using three bidirectional DC power supplies emulating battery packs

For hardware testing, three bidirectional power supplies from Elektro-Automatik GmbH (Model: EA-
PSB 10060-60 2U, 1500 W each) were used. Measurement and visualization of test data were
performed using an AC/DC current probe (Model: Tektronix A622) and a differential voltage probe
(Model: Pico Technology TA041), with signals displayed and recorded on a digital oscilloscope (Model:
B&K Precision 2194).

3.4.2 Validation of Voltage Regulation and Current Sharing

First, an additional simulation study was conducted to replicate the hardware test conditions using
three bidirectional DC power supplies. The hardware-oriented simulation results, shown in Figure 13,
aim to verify the converter’s control functionality and current distribution strategy during a transition
from no-load to loaded operation. This case represents the converter’s behavior in Standstill or Static
Mode (I_load = 0A) and Traction Mode (I_load> 0A).
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Figure 13. Simulation results of the hardware-oriented test scenario using three bidirectional power
supplies showing SoC-based current distribution.

The simulation begins by considering three different SoC-equivalent levels(SoC2 > SoC1 > SoC3) under
no-load conditions. At this stage, the converter operates in static mode, with the highest SoC leg (iL,)
delivering approximately +20 A, the mid-SoC leg (iL4) providing about 0 A, and the lowest SoC leg (iLs)
absorbing around —20 A, representing a charging state. This ensures bidirectional energy flow and
inter-pack balancing even when no external load is present.

At t = 7 seconds, a 10 Q resistive load is connected across the DC link for a duration of 2.7 seconds
(until t =9.7 s), corresponding to a load current of approximately 12 A (120 V / 10 Q). Considering the
2:1 voltage boost ratio (60 V - 120 V), the total low-voltage-side current is approximately 24 A. During
this loaded period, the current sharing dynamically adjusts according to SoC levels: iLy= +4 A, iL, = +20
A, and ils = 0 A, giving a total of approximately 24 A (4 + 20 + 0 A). By power balance across the boost
converter, this corresponds to =12 A at 120 V on the DC link, consistent with the resistive load
requirement.

The 14-second simulation window is sufficient to verify bidirectional current flow, voltage regulation,
and SoC-based current distribution for a load swing in the DC link. While long-term SoC balancing is
not assessed, the results clearly validate the control algorithm’s ability to maintain stable operation,
correct current polarity, and proportional current distribution according to the defined SoC-equivalent
inputs.
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The same configuration was used to validate the converter’s operation experimentally, confirming
consistency between simulation and real hardware behaviour. The prototype was tested using three
bidirectional DC power supplies configured to emulate three battery packs. The test setup replicated
the hardware-oriented simulation, operating in boost mode from 60 V input to 120 V output with a
~10 Q resistive load connected across the DC link for approximately 2.7 seconds. The converter’s
performance was analysed under both standstill (no-load) and traction (loaded) conditions to verify
voltage regulation, bidirectional current flow, and SoC-based current distribution.

Figure 14(a) presents the direct oscilloscope capture, while Figure 14(b) shows the reconstructed data
plotted from the same measurements to replicate the experimental results alongside the simulation
comparison (shown in Figure 7). In both figures, the output voltage (Vout) remains tightly regulated
around 120V, confirming stable closed-loop operation throughout the test.

Before the load was applied, the converter operated in balancing mode, with the highest SoC leg (iL,)
delivering approximately +20 A, the mid SoC leg (iLs) absorbing around -2.5 A, and the lowest SoC leg
(iLs) absorbing approximately -17.5 A, representing a charging condition. These values are consistent
with the expected SoC-dependent current distribution, though slightly deviated from the simulated
results (where iLy = 0 A and iLs = -20 A). The small discrepancies are primarily due to the current
feedback signals being measured through +175 A Hall-effect sensors, leading to minor scaling errors
in the controller input and recorded current data.

When the 10 Q load was connected, the converter dynamically adjusted the current distribution to
meet both the load demand and the SoC balancing requirement. The total current on the low-voltage
side was approximately 24 A( iL; = +2 A, iL2 = +20 A, and iLs = +2 A), which corresponds to a 12 A
current at 120 V on the high-voltage DC link, maintaining the expected proportionality for a 60 V to
120 V conversion ratio. After the load was disconnected, the converter smoothly returned to its
previous balancing state without instability or overshoot, confirming accurate control transitions.
The experimental results presented in Figure 14 show strong agreement with the simulation trends in
Figure 13, demonstrating the converter’s reliable voltage regulation, proper bidirectional energy flow,
and consistent SoC-based current sharing performance under real hardware conditions.
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Figure 14. (a) Oscilloscope capture of output voltage and inductor currents under dynamic loading;
(b) Reconstructed and plotted test data replicating experimental waveforms for comparison with
simulation results.
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To further validate the current-sharing and phase-shifted operation of the converter, an additional
test was performed under equal SoC-mapped conditions for all three power supply inputs. Each
bidirectional power supply was set to an equivalent SoC value, and a 7.25 Q resistive load was
connected across the 120 V DC link, corresponding to a load current of approximately 16.5 A. The
captured oscilloscope waveform, shown in Figure 15, illustrates the three inductor currents (iLy, il,
iLz) and the output voltage (Vout) during steady-state operation. It can be observed that the output
voltage remains well-regulated around 120 V, confirming stable closed-loop control. The inductor
current waveforms exhibit a 120° phase displacement between the three interleaved legs,
demonstrating proper interleaving behaviour. Under these conditions, each power supply contributed
nearly equal current of approximately 11 A per leg, summing to about 33 A on the low-voltage side,
which corresponds to a 16.5 A current at 120 V on the high-voltage DC link, considering the 2:1 voltage
conversion ratio.

This confirms that when all battery packs (or emulated power supplies) have equal SoC levels, the
converter naturally transitions to a balanced interleaved mode, where each leg equally shares the load
current while minimizing ripple on both the input and output sides. The observed smooth and evenly
distributed current waveforms validate the effectiveness of the interleaving control and the
converter’s ability to maintain synchronized operation across all three parallel channels.

Current=2A/div

Voltage=60V/div

Time=10 us/div

Figure 15. Oscilloscope capture showing interleaved inductor current waveforms
(iLy, iLy, iL3) and regulated output voltage (Vout) under equal SoC-mapped conditions
with a 7.25 Q load (16.5 A)
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4 Conclusions

This deliverable presented the design, control development and validation of the SiC-based power
switch and the interleaved bidirectional DC-DC converter for battery systems.

The power switch protects the battery system from an external short circuit by detecting current rises
and immediately disable the MOSFETs inside the power switch. Tests with the prototype
demonstrated the correct functioning of this principle.

The converter enables efficient bidirectional energy transfer between modular battery packs and a
variable DC-link (400—-800 V) while actively balancing pack SoC through adaptive current distribution.
Simulation and hardware-oriented studies confirmed stable voltage regulation, precise current
sharing, and smooth mode transitions across dynamic, standstill, traction, and regenerative
operations. The prototype testing at low power (60-120 V, 3.6 kW) demonstrated excellent
agreement between simulation and experimental results, verifying the control strategy’s robustness
and interleaved operation with balanced current sharing among converter legs.

Upon receiving the battery system demonstrator from project partners, full-scale validation of the
power switch and the DC/DC converter will be conducted on the VUB powertrain test bench. The
developed converter provides a reliable and efficient platform adaptable to the project’s three use
cases - leisure boat, off-road vehicle and Voltstation - supporting next-generation modular and
scalable power systems.
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