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Abstract: Electric vehicles (EVs) are a sustainable means of transportation, with their on-
board batteries being crucial for both performance and energy management. A modular
and reconfigurable power converter topology to connect removable batteries to the main
DC bus of an EV is proposed in this paper. By employing Dual Active Bridge (DAB)
converters in an Input Parallel Output Series (IPOS) configuration, the proposed topology
is compatible with 400 V and 800 V standards without the need for external switches. The
research explored the possibility to apply a very simple control strategy based on inde-
pendent linear regulators. A theoretical analysis of the [IPOS DAB converter is presented
and the design of independent control regulators which minimize the coupling effect be-
tween the control variables is addressed. The stability of the IPOS DAB converter could
be ensured using the proposed simplistic approach, enabling us to drastically simplify the
regulator design step. The dynamic performance of the system was confirmed by means of
a simulation and experimentally.

Keywords: DC-DC converter; dual active bridge; electrical vehicles; reconfigurable topol-
ogy; removable battery

1. Introduction

Electric vehicles (EVs) are now one major point of interest for power electronics, due
to the need for environmentally sustainable transportation methods and for the greater im-
plication of power electronics in EVs in comparison with internal combustion vehicles [1,2].
The single heaviest element comprising the powertrain of an EV is the high-voltage (HV)
battery. In most current commercial EVs, there is only one battery; therefore, the perfor-
mance and range of the EV are conditioned and limited by its technology and capacity.
To optimize the capacity and weight of the battery of an EV, modular battery arrangements
have been studied [3].

A simplified example of a multiple battery powertrain is illustrated in Figure 1. In this
example, there is a main battery and two smaller removable batteries. Each battery pos-
sesses a Battery Management System (BMS) that monitors different parameters related
to the State of Charge (50C) and overall health of the battery packs. A separate Battery
Unit Management System (BUMS) reads the information of all BMS units and controls the
DC-DC converters that interface the removable batteries with the main DC bus. The main
battery is the primary power source.
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Several advantages can be attributed to such an architecture. The range and perfor-
mance of the EV can be adjusted in a dynamic manner according to the expected use of the
vehicle by removing or adding more batteries. This approach allows for the combination of
different battery voltages and technologies. Then, it is possible to maximize their respective
strengths and to mitigate their weaknesses. Moreover, this opens the possibility to adopt
second-life batteries as a removable energy storage system in EVs or vice versa [4].
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Figure 1. EV power system with multiple batteries.

The removable batteries are connected to the main DC bus through a DC-DC converter,
as depicted in Figure 1. Currently, commercial EVs commonly use two voltage standards
for the DC bus: 400 V and 800 V. While the 400 V standard dominates today, the shift
to 800 V is anticipated due to its advantages, such as reduced copper requirements in
conductors [5]. Ideally, the converter would be able to connect the battery to both voltage
standards, while maintaining high performance across two significantly different high-side
voltage ranges.

In [6], a DAB converter with two independent outputs was used. The outputs were
connected in series for the 800 V DC bus or in parallel for the 400 V DC bus. The same was
proposed using a resonant converter in [7]. In [8], the gain of the converter was doubled by
splitting the output DC bus by changing the HV-side connections of the converter. In all
these cases, external switches were necessary to connect, in different manners, the HV
ports or components of the converters. These external switches increase the complexity
of the topology and may reduce its performance. In [9], a modified resonant converter
achieved a wide voltage operating range by combining phase shift and switching frequency
modulations. And in [10], a resonant converter alternated between full-bridge and half-
bridge configurations to halve the voltage gain as required. These types of control strategies
are slightly more complex than traditional modulations.

A modular converter topology based on the DAB converter was proposed in [11,12],
capable of operating with 400 V and 800 V DC bus standards without the need for external
switches. In this paper, a small-signal average model for this modular topology was
derived, identifying a coupling between the control variables of the different modules.
Control loops were developed to regulate different state variables, ignoring the control
variable coupling. A dynamic simulation and experimental tests were used to ensure
the stability and performance of the system. The structure of this paper is as follows.
In Section 2, the proposed topology for each individual module and the complete topology
are detailed, providing small-signal average models for both. In Section 3, the controller’s
design is outlined. In Section 4, the experimental and simulation verification of the dynamic
performance of control loops is provided. Finally, conclusions are detailed in Section 5.
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2. Proposed Topology

As mentioned in the Introduction, this paper proposes the use of a modular topology.
To further clarify this, the proposed topology that corresponds to the different DC-DC con-
verters depicted in Figure 1 and that are associated with the removable batteries is in reality
composed of multiple independent converters connected to each other, and each individual
converter is a module of the complete topology. Contrary to the solutions presented in [6-8],
the physical connections of the different modules are always the same; therefore, there is
no need for external switches, and only the operation mode of the individual modules is
changed when connected to the different DC bus standard. In contrast with [9], with a wide
voltage range, the individual converters may be designed for a more reduced operating
range, further optimizing their performance.

2.1. Fundamental Module

Galvanic isolation was adopted as a requirement at the individual module level.
This improves the flexibility of the overall topology and opens up a wider voltage range
for the removable batteries that could be lower than the DC bus voltage. Furthermore,
this approach fits with potential future safety regulations for removable batteries in EVs.
The module must operate with good performance in a relatively small range of input and
output voltages. It must also provide good current regulation capabilities to face sudden
changes in the operating power due to vehicle demands.

Taking into account these requirements, a suitable topology is the Dual Active Bridge (DAB),
which is a very well-known topology in the field of EVs and power electronics in general [13,14].
The structure of the DAB converter is shown in Figure 2.
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Figure 2. Structure of the DAB converter.

51 to Sy are the low-voltage-side switches, vy, is the low-voltage-side voltage, i}, is the
low-voltage-side current, Cj, is the low-voltage side capacitor, Ly is the leakage inductor
and i its current, S to S} are the high-voltage-side switches, Cy; is the high-voltage-side
capacitor and iy; and vy,; are the current and voltage of the high-voltage-side port.

One of the simplest controls for a DAB is the Single Phase Shift (SPS) modulation. It
consists of phase-shifting the bridges while both bridges operate with a duty cycle of 0.5. In this
paper, no other modulation was considered. The reason for this was that this modulation
offers considerable input and output voltage ranges while maintaining good efficiency and
simplicity. If a greater range were necessary, more complex modulations could be used, such as
a Dual Phase Shift [15] or Triple Phase Shift [16]. The average input and output currents of the
DAB when operating with an SPS can be obtained from the steady-state analysis conducted

in [14]:
(i) = %, (1)

TlLk

(- d)dT (o)
(ini)y = n—LkT’ (2)

where T is half the switching period and d is the normalized phase shift between the
primary and secondary bridges. Under normal operation, the input and output voltages
may be considered constant during a switching period.
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In [14], an average model for the DAB when using an SPS was derived. The model was
obtained using the Current Injected Equivalent Circuit Approach (CIECA) [17]. The basic
idea of this method is to replace the converter with a quadrupole made up of two non-linear
dependent current sources. These current sources must behave in the same manner as the
average converter currents that they replace (see Figure 3). Thus, the value of the current
source that corresponds to the low-voltage (LV) port coincides with (1), whereas the value
of the current source for the HV port coincides with (2).

i) G
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Figure 3. Descriptive CIECA schematic.

It is important to note that the derived large-signal model exhibits a sampling delay
inherent to the averaging process. This delay will only be noticeable when trying to
visualize phenomena close to the switching frequency of the converter and, therefore,
this effect may be neglected when utilizing classical linear control theory. The average
model is non-linear, and it is not possible to derive classical transfer functions directly. By
applying small perturbations around an operating point to the average model variables,
the small-signal canonical circuit depicted in Figure 4 is obtained.

Figure 4. Small—signal average canonical circuit of the DAB converter.

By observing the circuit, the input and output current perturbations can easily
be obtained:

A aihl’ > aihi A 7 0
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Ho = aitlig gd - ‘a?]l:i ovhi = &iad + oy, Onis @)
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The variables in capital letters correspond to the operating point, whereas the ones with
a circumflex accent (hat) correspond to the small-signal perturbations. Additionally, second-
order effects were considered negligible for the small-signal analysis. These equations show
that the input and output currents present no dynamics and that an instant change in the
phase shift, input voltage or output voltage means an instant change in the input or output
currents. In reality, these changes can be considered effective in the next switching cycle.

2.2. Configurations

As mentioned in the Introduction, various modular topologies address the challenge of
operating in two distinct output voltage ranges through different configurations. The most
straightforward modular arrangements to tackle the issue of different DC bus voltage
standards, one being the double of the other, are the Input Parallel Output Parallel (IPOP)
configuration for the 400 V standard and the Input Parallel Output Series (IPOS) config-
uration for the 800 V standard. This approach is usually based on two or more identical
converters that connect their output ports by means of external switches. Although mod-
ular arrangements can be made with several modules, in this paper, only two modules
were considered.

Strictly speaking, the proposed topology uses the same configuration regardless of
the DC bus voltage standard. All modules are always physically connected in an IPOS
configuration. For the 400 V standard, all modules operate in series at the output and
several modules may be turned off. To achieve this off state, all switches on the HV side
are turned on simultaneously while all the LV switches remain off. In the case of the 800 V
standard, the same connections remain and all modules operate in series at the output
and divide the bus voltage between their respective HV ports. Both cases are depicted in
Figure 5a,b. The set of both DAB converters or individual modules constitute the DC-DC
topology that interfaces the removable batteries with the DC bus, marked in red in Figure 1.

Vie = 50V WF DAB1 Tthl =400V
Vie =50V T DAB1 TVI,,I =400V
Vi = 400V
V=800V
DAB2
] I' DAB2
Vhia =0V ]
T TVM =400V
(a) (b)

Figure 5. Modular topologies and configurations for standard bus DC voltages: (a) 400 V standard,
(b) 800 V standard.

The BUMS (see Figure 1) collects and monitors the voltage and current data of indi-
vidual batteries, including the main battery. The high-voltage-side voltage of one module
is directly measured, while the output voltage of the other module is determined as the
difference between this value and the HV DC bus voltage, which is derived from the output
voltage of the main battery. In the case of currents, a single sensor is used to control the
power transfer by the system, as depicted in Figure 6. Note that the current sensor is
placed at the input port. The BUMS will provide the converter with the appropriate current
reference based on the aforementioned data and the powertrain control strategy.
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Figure 6. IPOS test setup.

3. Controller Design for the Reconfigurable Topology

Considering the small-signal average canonical circuit depicted in Figure 4 and the
IPOS configuration used for the HV DC bus standard, a drawing of the resulting small-
signal average circuit is shown in Figure 7. In this schematic, the input capacitor of each
of the converters was not drawn as they all are connected directly with an ideal voltage
source. Additionally, the converters are represented with a unique current source on the
HYV side and two on the LV side; this is because the input voltage of the converters was
considered constant and no small-signal perturbations were considered.

lhit _Node 1

=3 =3 =

I vien 14 T

v gimal gththil oard1 chhil Vhin
= Vlo

% —LV
ICZ — Vhi
Node 2

+
Bodydz m —Chi ‘A’hiz
- —

lhiz

Figure 7. Small—signal average canonical circuit for IPOS connection.

Using Kirchhoff’s current law on nodes 1 and 2, the result is
iy = i, ©

where iéj is the current increment for the high voltage side capacitor of the respective
converter. By definition, the increment in the voltage of a capacitor is given by
ic;

T 1
and by combining (3), (9) and (10), the resulting HV port voltage increment equation for
each module is o

8od;dj — ini

- o 11

th] C]S ( )

Notice that in (11), the control to output transfer function g,; was referenced with the

subindex j. This is to account for the possibility of different module designs. As the global

high-voltage-side voltage is fixed by the DC bus, the sum of the high-voltage-side voltage
perturbations must be null:

Y vhi; = 0. (12)
j
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By adding (11) for both HV module ports and considering that all modules are identical and
operate under the same conditions, an expression for the output current increment is derived:

iy = 4 (4 + ), (13)

and an expression for the output voltage perturbation of the modules can be derived by
combining (13) with (11):
- @(d] —d}) — (14)
1 2Cs 2

As the controlled variables are vy, and i,,, (13) can be related to i;,, with

N ihizvhiz + Ihizvil\iz

ijp = (15)
fo2 ‘/ZDZ ‘/ZDZ
Finally, these equations can be put into a matrix form:
Uhi| | A4 A h (16)
i1, B[E+1] B[E—1]||d>
where
8od
A= 17
3ot a7
8od
B= , (18)
2V2(1—D)DTnLiCs
VhiZTlLkCS
= A 1
* = Voa -yt 4

and il;2 corresponds to the DAB, low-voltage-side current increment, V},;, is the DAB; oper-
ating point high-voltage-side voltage and V}, is the operating point low-voltage-side voltage.

It is evident from (16) that coupling exists between the phase shift values of the
different modules. To address this, equal converter parameters were assumed for all
modules in deriving expressions from (11). The difference among the parameters in the
DAB modules may introduce additional terms in the coupling between the control variables,
as was demonstrated in [18]. However, as was established before, this parameter variation
among modules was neglected in this study.

In this paper, an independent regulator design is proposed. The main goal was to
obtain the simplest approach to guarantee the stable operation of the ISOP DAB converter.
Hence, the solution provided here was based on designing a current loop and a voltage
loop for a single DAB module, independently. Two constraints were added to the designs
to minimize the coupling variable effect: an overdamped transient response and a limited
bandwidth. With this approach, it was possible to apply both regulators to the ISOP DAB
converter and to guarantee stable operation. This approach aimed to simplify the controller
stage characteristics and to explore the limitations of the linear and independent regulators.

In a literature review on decoupling approaches, there were two overall control architec-
tures: decentralized and centralized controls. Decentralized control approaches effectively
enable the decoupling of control loops while maintaining independent control over individ-
ual modules, as demonstrated in [19-23]. In contrast, centralized control architectures can
mitigate coupling effects but offer more limited modular functionality [18,24-27]. Regarding
control strategies with the ability to mitigate coupling effects, these can be categorized into
two main groups: linear and non-linear controls. Linear control approaches predominantly
rely on PID-based structures [18,24,26] and droop control methods [22,23]. On the other hand,
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non-linear control strategies include techniques such as input impedance shaping [22,25] and
sliding mode control [27].

Several of the aforementioned control strategies have been applied to mitigate coupling
effects between input and output ports in modular topologies, with three notable cases:
(i) linear controls implemented with decoupling matrices [18,24,26], (ii) high-order
impedance shaping [25] and (iii) hierarchical sliding mode control [27]. Among these
decoupled control strategies, only [26,27] have been specifically applied to IPOS configu-
rations. A linear control strategy derived its control strategy from the small-signal model
in [26]. Conversely, a sliding mode approach was employed in [27], where a sliding surface
was designed to drive the system toward this surface and maintain it there.

4. Simulation and Experimental Verification

The simulation results obtained in PSIM and the experimental results obtained from a
power-scaled-down prototype are presented below. The reconfigurable topology consists
of two DAB units (DAB; and DAB,), each rated at 500 W, and these are shown in Figure 8.
These DABs exhibit slight construction differences in their magnetic elements (the leakage
inductance (Lg) and the transformer turns ratio (n)). In DABy, Ly is integrated within
the transformer itself, while in DAB,, L; is an external inductor connected in series to the
transformer (see Table 1).

Table 1. Main parameters of the DABs.

Parameter DAB; DAB,
Ly [uH] 6.2 3.3
Cjo [1F] 50 60

Chi [1F] 3 3

n 8 8.4

Figure 8. DAB; and DAB; prototypes. Lo represents the low-voltage side and Hi the high-voltage
side. Tx is the transformer, and Ly is the leakage inductance (external for DAB; and integrated into
tx in DABj).

The controller was implemented on the Artix 7 Cmod A7-35T FPGA, Digilent, Pullman,
WA, USA, operating at a fixed switching frequency of 100 kHz, and it is shown in Figure 8.
Initial simulations and experimental tests were conducted using a single DAB converter with
integrated voltage and current sensors to independently verify the performance of the voltage
and current control loops. In the final testing stage, the IPOS configuration was validated. All
the experimental waveforms were obtained using an oscilloscope DSO-X-3034T model with
the software version 04.08.201607 1801 from Keysight, Santa Rosa, CA, USA.
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As mentioned in the previous section, this paper proposes using current and voltage
control loops calculated individually for the respective modules. Figure 9 presents a
generic block diagram of the voltage loop for the DAB converter, where the portion of
the control loop implemented in the FPGA is shaded. The corresponding control loop for
the current follows the same structure. The control loop includes a controller (Hpyws),
compensator (C(z)), feedback sensor (Hseys ), analog-to-digital converter (Hspc ), and DAB
converter plant (G(s)). The gains and parameters corresponding to the voltage and current
control loops are shown in Table 2. Notice that the only difference is related to the sensor
gain, as different sensors are used to measure the current and voltage. The purpose of
the compensator is to obtain damped responses for the loops and adjust their dynamics
(faster for the current loop and slower for the voltage loop). Both the current and voltage
compensators were first designed in the continuous domain, using SISOtool, as I and PI,
respectively. Several design criteria were tested both theoretically and in a simulation
to check for unmodeled behavior during the IPOS configuration due to control variable
coupling. The selected criteria were that the voltage loop dynamics were set one order of
magnitude slower than the current counterpart and the resulting compensators offered
phase and gain margins of 87° and 25.8 dB for the current compensator and 73° and 57.5 dB
for the voltage compensator. These were then discretized.

: Error([n] Phase([® 5
Veala] Q”E“ g | “[“]; G(s) Via[V]
Vhi[n] i
Vi [V] :
HADC h Hsens
- Artix 7

Figure 9. Voltage block diagram of the control loop implementation.

Table 2. Main parameters of the voltage and current loops.

Parameter Voltage Loop Current Loop
Hpwm 373.7 373.7

Hapc 9.7 x107% 9.7 x10~*
Hiens 52 %1073 0.4

ADC Resolution (bits) 12 12

PWM Resolution (bits) 10 10

4.1. Voltage Loop

To validate the voltage loop (C(z) = 12+ 0.12/(1 —z7 1)), a 5 V reference HV-side
voltage step change was applied. Figure 10a,b show the simulated and experimental
responses for both the HV-side voltage and the inductor current. The HV port of DAB,
was monitored using an HCPL-7520 sensor, Broadcom, San Jose, CA, USA. The reference
voltage step was introduced via the Virtual Input/Output (VIO) environment in the Vivado
software, v2024.1.2. In this test, a resistor was connected to the HV side of the converter.
The simulation and experimental results show a good correlation. Both results exhibited
similar transient response and settling times, with 9.6 ms in the simulation and 9 ms
experimentally. It can be seen that this increase in the voltage reference also produced a
slight increase in the current in the leakage inductance. The transition between operating
points occurred without oscillations and in a damped manner.
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Figure 10. Voltage loop response: (a) simulated, (b) experimental. CHI: i, (2 A/div); CH2: V;
(20 V/div).

4.2. Current Loop

In the same manner as the voltage loop, the current loop (C(z) = 0.6/(1 —z 1)) was
verified with a step in the DAB; LV reference current of 0.5 A. The simulation and experimental
waveforms of the LV side and the inductor current are shown in Figure 11a and Figure 11b,
respectively. The current sensor used was the ACS711-25. In both the results, a damped transition
was achieved between the two operating points, with a settling time of 1 ms. This settling time is
consistent with the chosen compensator design criteria as the transient regime was approximately
10 times shorter than in Figure 10. During this test, two power supplies clamped the input and
output voltages of the converter to 10 V and 80 V, respectively.

25 = i LD DSO-X 3034T, MY56311145, 04.08.2016071801: Thu Jur

2.4 2004 2 3 4 1.004/ 1.00ms/ -80.00ns  Detener

2.3 v

2.2 llo

2.1 — Ik
2

1ms

24.375m 25m 25.625m 26.25m 26.875m 27.5m
Time (s) *°

(a) (b)

Figure 11. Current loop response: (a) simulated, (b) experimental. CHI: i;, (2 A/div); CH4: i},
(1 A/div).

In the voltage and current loop responses shown previously, a power transfer occurred
from the LV side to the HV side (V}, — V};). To confirm that the current loop was capable
of regulating the current in both directions, an LV-side current step with a change in the
current direction from Vj, — Vj; to V), < Vj; was performed. The results of this step
are shown in Figure 12. The dynamic behavior observed in practice was equivalent to
that obtained in the simulation. In the simulation results (see Figure 12a), the sign of
the current indicated the direction of power transfer. A positive current implied a power
transfer from Vj, to Vj,;, while a negative current meant a power transfer from Vj; to V.
In the experimental results shown in Figure 12b, the current ij, was initially at 1.875 A.
After a damped response, the current reached a final value of —2.313 A. This indicates
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that the converter initially transferred 1.875 A in the Vj, to V}; direction and then reversed,
transferring 2.313 A in the V}; to V), direction. The transition occurred with an overshoot
of less than 2 A, and a steady state was achieved approximately 600 ps after the change.
The oscillations in the LV-side current were due to the parasitic inductance of the wires
used to connect the prototypes to the power supply and its dynamic response.

w 'r(ﬂﬁ'ﬁﬂg DSO-X 3034T, MY56311145, 04.08.2016071801: Thu Jur
§ 2.00A/ 2.00A/ 3 4 1000us/ 16.00us  Detener

Amplitude (A)

0.4 0.6 0.8 1 1.2
Time (ms)

Amplitude (A)

sk & b b o

— T

b
Sl
N

0 02 04 06 08 1 12 0.592ms
Time (ms) !

(a) (b)

Figure 12. Result of an instantaneous change in the direction of power transfer: (a) simulated,
(b) experimental. CH1: ij, (2 A/div); CH2: i}, (2 A/div).

4.3. IPOS Configuration

After independently validating the voltage and current loops, simulations and experi-
mental tests were performed with both loops in a system that included two DABs in the
IPOS configuration (see Figure 6). In all cases, the LV- and HV-side voltages of the entire
topology were clamped with external power supplies.

Firstly, the IPOS configuration was tested with D AB, turned off; this case corresponded
with the 400 V standard. As this case was equivalent to a single converter, the dynamic and
static responses were coincident with those already verified in Figures 10 and 11. The rest
of the simulation and experimental results corresponded to the case in which both modules
were active.

Figure 13 shows the response of the two DABs in the IPOS configuration to a change
in the voltage reference of the DAB, HV port when transferring power from the LV
side to the HV side. Figure 13a presents simulated waveforms, while Figure 13b shows
the corresponding experimental results. Before the change in reference, both converters
operated with a low-side voltage of 10 V and a high-side voltage of 80 V. The total series
connection voltage was 160 V. Then, the reference voltage of DAB; was decreased by 5V
(the new reference was 75 V). The final voltage values of DAB; and DAB, were 85V and
75V, respectively. The current reference for the DAB; LV port was maintained as constant
at 1.875 A. Figure 13 also shows that the change in the voltage reference produced changes
in the current of the leakage inductance. This was produced by a change in the slopes of ij;
and the control variable coupling between control variables, as calculated in (13) and (14).
Although voltage references will rarely change during operation, this test ensures adequate
voltage regulation capabilities.
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Figure 13. IPOS connection results for the voltage loop in the V}, to V}; direction: (a) simulated,
(b) experimental. CH1: iy, _pap, (2 A/div); CH2: ij, _pap, (2 A/div); CH3: V},;i_pap, (20 V/div);
CH4 Vhi,DABl (20 V/le)

Figure 14 shows the system response to a small increase, from 1.875 A to 2.313 A, in the
DAB; LV port current reference. The HV-side voltage reference for both converters was
set to 80 V. An increase in this current while maintaining the HV-side voltage at the same
level means an increase in i;. As this current is coincident for both modules in a steady
state (see Figure 6), a step in the reference such as this influences the currents and operating
point of both converters if the HV-side voltage distribution remains the same. Simulated
waveforms are shown in Figure 14a, and the experimental results in Figure 14b. It can
be noticed that the system quickly achieved steady-state currents; however, the voltage
oscillations took slightly longer to return to the previous steady-state values of 80 V in each
converter. This loop exhibited a faster dynamic response compared to the voltage loop.

KEYSIGHT
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Figure 14. IPOS connection results for the current loop in the V}, to Vj; direction: (a) simulated, (b) exper-
imental. CHI: ikaDABz (2 A/le), CH2: ikaDABl (2 A/le), CHS3: VhifDABz (20 V/diV); CH4: VhifDABl
(20 V/div).

In the two previous experimental tests for the IPOS configuration, the power flowed
from the LV side to the HV side. The same tests were then conducted with a reverse power
direction. In Figure 15, the simulation and experimental waveforms of a reference voltage
step in the HV port of DAB, are depicted when transferring power in the opposite direction
(HV side to LV side). The step had a magnitude of —5V, starting from 80 V. The resulting
reference voltages after the step for both DABs were 85V and 75 V for DAB; and DAB,,
respectively. The DAB; LV port current reference was set to —1.875 A. A good correlation
can be observed between the simulation and experimental waveforms, as well as a similar
performance to that shown in Figure 13.
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Figure 15. IPOS connection results for the voltage loop in the V}; to V},, direction: (a) simulated, (b) exper-
imental. CHI: ikaDABz (2 A/le), CH2: ikaDABl (2 A/le), CHS3: Vhi—DABz (20 V/le), CH4: Vhi—DABl
(20 V/div).

A step performed in the LV-side reference current of DAB; is shown in Figure 16.
The original current reference was —1.875 A, and the step was —0.438 A, resulting in a
final reference current of —2.313 A. The negative sign of the current indicates that power
was being transferred from the HV side to the LV side. The HV reference voltages for both
modules were set to 80 V. A good correlation was observed between the simulation and
experimental results, and a steady state was reached rapidly. The same mutual influence as
in Figure 14 was observed.
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Figure 16. IPOS connection results for the current loop in the V}; to V}, direction: (a) simulated, (b) exper-
imental. CHI: ikaDABz (2 A/le), CH2: ikaDABl (2 A/d.lV), CHS3: Vhi—DABz (20 V/d.lV), CH4: Vhi—DABl
(20 V/div).

Finally, a test in which the flow of power was reversed while in the IPOS configura-
tion was performed. Simulation and experimental waveforms are depicted in Figure 17.
To perform this test, despite the fact that only a change in the current was performed, we
had to use both control loops. Otherwise, when DAB; started demanding power from
the HV side, its HV-side voltage might have decreased and reached an unstable operating
point where the loop tried to demand more power, further reducing the voltage. If the
voltage loop correctly regulates the voltage distribution on the HV side, then this scenario
is avoided. The reference voltage for both converters on their HV port was set to 80 V.
The DAB; LV-side current was set to a reference of 2.313 A, meaning a power transfer
from the LV side to the HV side, and then changed to —1.875 A, thus reversing the power
flow. The transient regime of this transition was relatively short, and only small voltage
oscillations were observed.
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In all tests, the control loops proved to be stable and offer adequate dynamics, espe-
cially considering the intended application of an EV.

5. Conclusions

In this article, an IPOS DAB-based modular topology without the need for external
switches was proposed for connecting removable batteries to a DC bus. The dynamic
model of this topology was studied for a two-module converter. This theoretical analysis
demonstrated the existence of a coupling effect between the control variables in the ISOP
structure. Due to this coupling, instabilities may happen if the controller stage is not
carefully designed.

Two additional design constraints must be applied to use the independent control
loops in the ISOP DAB converter. First, an overdamped response must be imposed on the
transient response. Second, the dynamic responses must be set one order of magnitude
apart between the current loop and the voltage loop.

The proposal was validated using simulation and experimental results. It was proved
that it is possible to ensure the stability of the ISOP DAB converter following this approach.
The obtained results show a reasonable transient response under different tests. The settling
times measured were between 7 and 10 ms in a 10 V to 160 V test (80 V for each DAB)
for a 2 A current reference. Positive and negative current reference steps were tested
(i.e., forwarding power from the low-voltage side to the high-voltage side and vice versa)
with similar results. Additionally, the two independent controllers were also tested in a
positive-to-negative reference test. In that scenario, the settling time was 10 ms (similarly
to the previous tests), but an overshoot in the voltage response was observed.

The previously mentioned results show a low influence of the coupling effect when
the independent controllers are designed with the aforementioned constraints. However,
further investigations need to be conducted in regard to this coupling effect and the
limitation it poses to the independent compensator design, especially for a larger number
of modules.
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Abbreviations

The following abbreviations are used in this manuscript:

BMS Battery Management System
BUMS  Battery Unit Management System
DAB Dual Active Bridge

EVs Electrical Vehicles

IPOP  Input Parallel Output Parallel
IPOS  Input Parallel Output Series
ISOP  Input Series Output Parallel
ISOS Input Series Output Series
SPS Single Phase Shift

HV High-Voltage

LV Low-Voltage
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