IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 7, JULY 2023

7933

Generic Dynamically Reconfigurable Battery With
Integrated Auxiliary Output and Balancing Capability

Nima Tashakor”, Member, IEEE, Jan Kacetl

Zhongxi Li

Abstract—Modular multilevel converters and cascaded H-
bridge converters are established concepts in ultrahigh-voltage
systems. In combination with batteries, these circuits allow dy-
namically changing the series/parallel configuration of the battery
modules, also known as reconfigurable batteries. A large body
of research discusses applications of such systems in grid-storage
and electromobility with a single load, such as an electric drive.
However, most studies neglect the presence of auxiliary loads, which
require additional voltage levels and isolation from the high-voltage
battery. This article proposes a decoupling method that can fork a
second (galvanically isolated) output off a reconfigurable dc battery
without negatively affecting the main output by exploiting the many
control degrees of freedom in the modular circuit. The proposed
system provides a nonisolated port for the dc link of the motor-
drive inverter(s), while generating an additional isolated output at
another voltage for auxiliaries. The auxiliary output benefits from
the interleaving effect, which increases the operating frequency of
the transformer and reduces the filter size. The solution does not
require additional active switches for the auxiliary port and can op-
erate with a wide range of voltages. The integrated auxiliary circuit
can also balance the modules during idling and charge/discharge
cycles. Both simulation and experiments validate the analysis.

Index Terms—Electric vehicles, modular battery-integrated
converters, modular multilevel converter, modular reconfigurable
battery, multiport converters, split batteries.

1. INTRODUCTION

LTHOUGH recent technological developments, as well
A as environmental incentives, have sped up the electric
vehicle’s expansion into the market, many of the traditional
challenges remain. In recent years, a combination of techno-
logical progress and request for larger ranges by drivers have
almost tripled the capacity of the battery packs used in modern
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electric vehicles (EVs) [1]. Today, an EV is powered by a mixed
serial and parallel connection of literally hundreds of cells. In
addition to the increased capacity, a trend toward higher voltage
levels is observed that leads to an increasing share of serial
connections in batteries with the same energy capacity. Jung
discusses the advantages of a higher voltage battery pack (i.e.,
800 V) including lower weight, better efficiency, and faster
charging [2]. However, higher numbers of serial connections
also introduce problems including more complex monitoring,
increased loss in balancing, the need for several voltage levels for
legacy systems, or safety issues. Another major problem for such
systems is the lower efficiency of the inverters at partial load.
Longer strings also increase the odds of including cells with
below-average performance in the pack due to manufacturing
tolerances, which limits the entire pack [3], [4], [5].

Fig. 1(a) depicts the electrical circuit of a conventional EV.
The high-power drive system includes high-voltage batteries and
often a dc/dc converter that supplies the dc link of the main
inverter(s) [6], [7]. In addition, a second low-voltage isolated
output supplies the auxiliaries (e.g., lights and control units, and
other peripherals). As many studies show, it is possible to further
shift the operating point of the inverters by actively regulating the
dc-link voltage [8], [9], [10], [11]. Regulating the dc-link voltage
improves the efficiency of the system, but the other problems
including the balancing battery cells as well as fault tolerance
persist [12], [13].

Recent advancements in the field of modular systems and the
performance gains of low-voltage transistors have stimulated
the development of concepts for dynamically reconfigurable
battery systems. Such systems are also called modular battery-
integrated converters, split battery systems, or smart batteries
[14], [15], [16], [17], [18]. These systems break the previously
hard-wired battery pack, which was limited by its weakest
element, into subunits and add electronic switches to enable a
circuit reconfiguration. The modules have often below 100 V or
60V (safety extra-low voltage, SELV), and are rarely single-cell
modules. Simplified derivates of such concepts are under series
development in the vehicle industry [19], [20], [21], [22], [23],
[24], [25], [26].

A reconfigurable battery can provide balancing functionality
[12], [13], [27], better fault tolerance [28], [29], [30], faster out-
put regulation [31], [32], [33], and increased effective switching
frequency resulting in volume reduction [14], [34]. Furthermore,
more novel topologies can improve the overall efficiency [35],
[36] and provide self-balancing capability [37], [38] as well
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Fig. 1.
of the proposed system.

as bidirectional operation of the modules [39]. Finally, the
reconfigurable batteries can reduce the dependency on the weak-
est cell by creating smaller strings, which in effect results in
significant improvement in the capacity [40].

Reconfigurable batteries have been suggested previously. For
example, Ma et al. [41], [42] presented a double-arm modu-
lar multilevel converter (MMC) topology with batteries for a
three-phase energy storage system, but the double-arm topol-
ogy is more appropriate for capacitor-based MMCs or when
modulation of ac and dc is necessary. Gan et al. [14] proposed
a battery-integrated MMC for the battery system to provide
a fault-tolerant, highly modular, and fully controllable dc-link
voltage for driving a switched reluctance motor (SRM). A more
detailed review is provided in Part II of the online supplement.

While many different topologies have been proposed for
driving the motors, most of the modular topologies ignore the
auxiliary load requirements of an EV. Therefore, as Fig. 1(b)
depicts, they need a separate isolated dc—dc converter for the
low-voltage batteries. Furthermore, due to current safety re-
quirements, auxiliary supplies below the safety extra-low volt-
age level must be isolated from the high voltage. Isolating the
auxiliary unit from the high-voltage battery pack increases the
cost, complexity, and volume/weight of the system [43], [44]. To
solve the problem of galvanic isolation, Kandasamy et al. [45]
proposed an inductively coupled battery-integrated full-bridge
inverter. However, multiple high-frequency transformers as well
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(a) Conventional electric drive. (b) State-of-the-art electric drive with modular batteries. (c) Proposed electric drive system. (d) Generic electrical circuit

as a high number of active components reduce the efficiency and
increase the cost as well as the size of the system. Rehman et al.
[46] presented an interesting approach where each battery mod-
ule exchanges energy with the auxiliaries through an isolated
dual-active bridge converter, [47]. Although this approach can
offer more flexibility, the cost and complexity of the proposed
solution are high. Another possibility is cascaded full-bridge
converters as Li et al. proposed in [48], but similar to previous
works, a separate isolated converter is necessary. Pinto et al. [43]
integrated a part of the auxiliary circuit with the onboard charger
to reduce the cost, but a nonmodular battery pack is considered.

Although multiport systems are not a new concept in grid-
storage applications, most of the available topologies are not fit
for reconfigurable battery systems in EVs [49], [50]. This article
fills this gap by presenting a new strategy for a dynamically
reconfigurable battery that can greatly simplify the generation
of an isolated auxiliary load without a negative impact on the
operation of the modular reconfigurable batteries.

The proposed method uses the pulsating dc voltage of the
modular battery pack to generate an extra isolated dc voltage
for the low-voltage auxiliaries. We provide a generic procedure
to decouple the control of the main output and the isolated
auxiliaries with minimum interference with other functions. The
main dc output can closely follow the optimal operating point of
the inverters, while the auxiliary output can achieve a constant
voltage and/or controlled current under varying loads. Fewer
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semiconductors compared to conventional topologies as well as
greatly reduced filter and transformer size further contribute to
the appeal of this system. Additionally, the proposed system is
capable of sensorless self-balancing by loading some modules
more than others.

The rest of this article is organized as follows. The topology
and analysis for the dual-port system is presented in Section II.
Section IIT describes the decoupling control strategy for the main
as well as auxiliary ports, and Section IV provides simulation as
well as experimental results as well as a comparison to the state
of the art. Finally, Section V concludes this article.

II. ANALYSIS OF THE PROPOSED DUAL-PORT
RECONFIGURABLE BATTERY

Reconfigurable batteries are an interesting concept that can
offer many advantages [12], [13], [27], [51], [52], [53]. Various
string connections can provide dc, single-phase, and multiphase
structures with specific features [15], [16]. Fig. 1(b) shows
the conventional macrostructure of the system considered in
the literature. The modular topology in combination with the
inductor (L) and the dc capacitor (Cy.1) forms a dc—dc buck con-
verter (i.e., circuit in black) that can control the dc-link voltage
of the traction inverters. Additionally, an isolated dual-active-
bridge converter provides a secondary output for the auxiliaries.
However, including a completely separate converter, with many
active switches is not cost-effective. Additionally, the switches
on the battery side bear the total voltage of the pack (800 V to
1000 V), which makes high switching frequencies challenging
and can further increase the size of the transformer (HFT).

As a smarter alternative, this article develops a decoupling
technique to simplify and improve the auxiliary circuit using
the higher degrees of freedom offered by the modular batteries.
Fig. 1(c) illustrates the macrotopology of the proposed system,
where the dc capacitors (Cyco and Clycs), the high-frequency
transformer, and the diode bridge form a second isolated output
port for the auxiliary loads of the EV (the circuit in blue). Com-
paring Fig. 1(b) and (c) shows that the proposed system requires
only a diode bridge with the rated voltage of auxiliaries and the
only high-voltage component is a small decoupling capacitor.
Additionally, the effective switching frequency is considerably
higher, which reduces the volume and size of the transformer
as well as the filters. Fig. 1(d) depicts the electrical circuit of
the proposed system. As the energy flow is usually from the
high-voltage batteries to the auxiliaries, the use of a diode bridge
simplifies the controller and reduces the cost of the system. As
the size of the storage in the auxiliary unit is negligible and
additional functional safety would be necessary, a bidirectional
operation would not offer any practical advantage in an EV.

Different topologies can serve as switch-set for battery mod-
ules, where half-bridges have the simplest form that can provide
a multilevel output voltage using low-voltage switches [52],
[54], [55]. However, other topologies such as the three-switch
and dual HB topologies provide additional parallel connectivity
across modules [53], [56], [57], [58]. As Fig. 2 demonstrates,
multiple module topologies apply to the switch sets in Fig. 1(d).
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Fig. 2. Simplest forms of module topology with possible operation modes.

Any other module topology that can offer two-level output for
the modules is also applicable.

Since the only actively controllable part of the system is the
battery modules, conventional control methods cannot regulate
both outputs independently. To develop the method for decou-
pling the control of the two outputs, it is necessary to study the
behavior of each converter and derive the equations governing
their interactions.

A. High-Power Modular DC-DC Converter

As Fig. 1(a) and (b) illustrates, the state-of-the-art dynami-
cally reconfigurable battery replaces the previously hard-wired
battery as well as the separate nonisolated dc—dc converter, while
the topology of the auxiliary remains similar. During discharge,
it behaves as a multilevel buck converter, which is responsible
for maintaining the dc-link voltage of the traction inverters
within the optimal range [59], [60]. Determining the optimum
operating region of the inverter or the control of the inverter is
an established process and outside the focus of this article [59],
[61], [62], [63]. Hence, without loss of generality, we consider
the desired dc-link voltage as an arbitrary reference value and
model the inverter as a variable load connected to it.

The well-known phase-shifted carrier (PSC) modulation gen-
erates the switching signals for the modules in the string [39],
[64]. Each switch set in Fig. 1(d) corresponds to one carrier.
Therefore, N battery modules in Fig. 2 require (N — 1) carriers
and (N — 1) switch sets. The carrier waveforms are compared
with one universal modulation index to generate the switching
pulses for its respective switch set. Fig. 3 shows an intuitive
representation of a system with (N — 1) carriers. As Fig. 3
depicts, the effective switching frequency of the system is
(N — 1) times the frequency of one carrier. Therefore, the dc-
link voltage of the main load is

Vaer = (14+m (N = 1)) Viy )

where V,, is the voltage of one module.
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B. Auxiliary Power Unit

This section derives the necessary equations to estimate the
output of the isolated auxiliary port with respect to the modula-
tion index m. Fig. 4(a) shows the circuit of this port, where the
input voltage to the circuit is the pulsating output of the recon-
figurable pack. Depending on the value of m and NV, the output
of the system with PSC modulation is similar to the summation
of one constant voltage (Vj,se) and a PWM-controlled voltage
(Vputse € [Vin, 0]). As Fig. 3(b) shows, the effective switching
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Fig. 5. Intuitive representation of V;,, with different D.

rate of the pulsating voltage is (N — 1) fow, where fq, is the
frequency of one carrier. The value of the base voltage can be
calculated using

Voase = |m (N — 1) + 1| V. )

Fig. 3(b) shows the effective carrier waveform for the PWM
voltage in an intuitive manner. By comparing the modulation
reference with the effective carrier waveform, the duty cycle of
the pulses follows:

D = m(N —1) —floor (m (N — 1)) 3)

which indicates a repeating sequence with respect to m.

At each operating point, capacitor Cy.s is charged up to Vg1
per (1), and the waveform of input voltage (V;,) to the switching
transformer includes a positive pulse (V4 ) and a negative pulse
(Vp—), which are calculated per

Vpt = (1= D) (Vin — AV) 4)
Voo = = D (Vin — AV;) 5)

where AV, is the voltage ripple on the capacitor. Varying m
changes the value of D, which in turn affects the shape of the
input voltage of the transformer. Hence knowing (3), we can
control both the width and amplitude of positive and negative
pulses through m. Therefore, contrary to the dual-active-bridge
topology, both the amplitude and width of the resulting pulses
vary with respect to m and consequently D. Fig. 5 displays
this variation intuitively. According to (4) and (5), increasing D
increases the width of V, | but also in effect reduces its amplitude
and vice versa. Two situations are possible depending on D per

D <05 Voo >V, ©
D>05 Vor <V, -

For D < 0.5, the positive pulse is larger. Hence, during
0 <t < DTy cir, the diode bridge is forward-biased, and the
capacitor (Cqyc3) is charged. During DTy off < t < Toy eff inter-
val with V},_ < Vjco, the diode bridge is reverse-biased, and Cyc3
discharges into the load. The output of the system for D < 0.5
follows:

Vaer = (Vpy) = (7N
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where %—f is the transformer ratio.
Finally, the ideal gain of the system for D < 0.5 is

Vae _ (1D \ N2 (8)
Vm B 1+ % N 1 .

Considering the voltage drop across the parasitic or stray
elements of the auxiliary path shown in Fig. 4(b), a more realistic
gain for D < 0.5 can be derived that follows:

N. AV:) _ 2V
(1-D)fz (1-4%) - 2

@ _ Vin Vin ) (9)

Vin Reg+1

The complete derivation process is provided as an online
supplement.

Equation (9) can be further simplified by neglecting V¢4 and
AV, into

Vdczz(l—D)Nz (10)

Vin Reg+1) Ny

Value of Req in (9) and (10) is the equivalent resistance of the
system that can be written as

Ao\ 2
Reg = <<Nz> (regs +711) + 712 + 27’fd>

1
1 D- Rload
(11)
For D > 0.5, the negative pulse is larger. Therefore, the
diode bridge is reverse-biased during positive pulses (0 < ¢ <
DTy cfr), and the capacitor charges during the negative pulses
(DT et < t < T efr). The output of the system for D > 0.5

follows:

N
Viez = (Vp-) N (12)
Finally, the ideal gain of the system for D > 0.5 is
‘/dc2 D N2
= —F | —. 13
Ve &+¥>M 4

Considering the components representing parasitics, as shown
in Fig. 4(b), a more realistic gain for D > 0.5 can be derived per

&(1_%>_m

Vaez DR Vi Vin (14)
Vi Reg+1 '
By neglecting Vi and AV;, (14) is simplified to
Ve D N.
d2 _ (2 O\ DV (15)
Vin Reg+1) Ny

where IR, in (14) and (15) is the equivalent resistance of the
system that can be written as

Ny \ 2 1
Req = ((Nl) Teql +7‘eq2> 7(1 " D) R’

Comparing (10) and (15) shows a symmetry between the two
relations with respect to D = 0.5. The gains of the system for
D = 0.25and D = 0.75, for example, are similar. It is possible

(16)
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to write both equations as
Viea _ max (D, 1-— D). (17)
Vin Reg+1

Due to the symmetry as Fig. 7 illustrates, there are two
possible D values for each operating point of V.. Furthermore,
based on (3), each value of D entails (N — 1) possible values for
m. Therefore, there are 2(IN — 1) values for m at each operating
point that lead to an identical voltage in the output of the auxiliary
power unit (Vg2) but a completely different output in the de-link
voltage (Vgc1). In other words, there are 2(N — 1) possible Ve
values for each operating point of the auxiliary load (i.e., for a
specific D). The possible values of m that result in similar D
follow:

mi(D):(i_HD), <i_D> Vi=1,...,N—1

N -1 N -1
(18)
and consequently, possible Vg values are
Vier,i = (N —1)m; (D) + 1) Viy. (19)

III. PROPOSED CONTROLLER AND SYSTEM DESIGN

The main objective of the system is to follow the reference
voltage of the main load as closely as possible, while providing
a constant voltage to the auxiliaries. Based on the analysis in
Section II, there are 2(IN — 1) operating points for the dc-link
voltage for each operating point of the auxiliary output. The
extra degrees of freedom offered by the circuit can be exploited
to develop a controller that can individually control the output of
each load. In doing so, first the controller determines the suitable
operating point for the auxiliary load (D*), and then calculates
the best m among the 2(/N — 1) candidates. Due to nonideal
components, a closed loop controller regulates the operating
point of the auxiliary through D.

A. Generic Control Algorithm With Both Ports Active

The optimum operating de-link voltage for inverter (Vi) is
arbitrary within the complete voltage range of the batteries and
is considered as an input from the higher-level control loops. The
output voltage of auxiliary power unit (Vy.2) is constant (e.g., in
most EVs either around 12 V per LV 124 standard or 48 V per
LV 148 and VDA 320 standards).

Fig. 6 provides the proposed control algorithm for the dual
port system. At each instance, the reference values for Vg, are
provided by the efficiency maps of the system. The value of
Vel is the rated voltage of the auxiliary power unit. Vgco is the
measured voltage at the output of the auxiliary power unit and
Vi is the average operating voltage of the modules. First, a PI
controller determines the required D* to maintain the voltage
of the auxiliary output constant. Then, the algorithm determines
the possible modulation indices (m;) according to (18) for D*
and (1 — D*) and select the one that minimizes the difference
between Vg1 and Vdrf{ according to (19). Hence, the output
voltage of the auxiliary unit is fully controlled, and the dc-link
voltage of the inverters is maintained within a small boundary
of the optimal point.
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Fig. 6. Proposed control algorithm for the dual-port system.

Based on the number of the modules and the transformer ratio,
the maximum deviation of the dc-link voltage from V< is
0.5
1-N
Additionally, a hysteresis block in the input of the PI controller
reduces fluctuations.

AViax < Vin. (20)

B. Self-Balancing Capability

For D < 0.5, the diode bridge only conducts during the
positive pulses, and the higher the amplitude of a positive pulse
is, the higher would be the energy transfer during that interval.
As long as all the modules are at similar voltages, then similar
amounts of charge are drawn from each module. However, if
a module has a higher voltage, it will increase the amplitude
of its corresponding positive pulses and leads to higher charge
transfers in those intervals. Consequently, the auxiliary circuit
draws more energy from modules with higher voltages at higher
state-of-charges (SOCs) and lower energy from modules with
lower voltages at lower SOCs.

The balancing rate quadratically depends on the voltage dif-
ference of the modules from the average module voltage (V},,)
following:

ABp, o (V2 - V2) Q1)
where AEg. and V;,; are, respectively, the energy difference
and the terminal Voltage of the jth module. Therefore, modules
with above-average terminal voltage are discharged more, and
modules with below-average voltage are discharged less.

This effect forms an inherent voltage balancing capability
independent of the module topology and without any additional
controller. The relationship between SoC and voltage may not
be consistent in highly degraded batteries. However, balancing
efforts can be further adjusted using conventional techniques,
such as cell sorting or droop control [65], [66].The balancing
effect is particularly of use during idling conditions, where no
current is drawn from the main port, but the auxiliary unit is still
operating. In this case, we can use the integrated auxiliary unit
to provide power and at the same time, balance the modules. In
such cases, it is recommended to minimize the modulation index
of the modules to reduce the stress on the dc-link as well as the
decoupling capacitors. Therefore, to obtain the control algorithm
in this mode, it suffices to set Vi in Fig. 6 to a minimum.

| 1= (Vaueet 0.5— D¥)/(N-1)

TABLE I
PARAMETERS OF THE SIMULATED SYSTEM

PARAMETER VALUE
Vac 400V —-3800V
Cacr 20 uF
Ly, 23 pH
Cac2 348 pF
Cacz 5.4 mF
Rigc 10 mQ

Pioaa1 300 kKW
Pioaa2 5kw
fcarrier 5kHz
fsw,effective 25 kHz
Rgs, Ra 1 mQ
Vin 82V —103V
Tht,1~8 5 mQ

C. Design Considerations

The Lg4. and Cy.;1 can be selected rather conventionally as the
general behavior of the main port is similar to a buck converter
with much higher effective switching frequency [67].

The values of module voltage and the expected voltage of the
auxiliary power unit dictate the transformer ratio No:N;. Based
on (10) and (15) the suitable range of No2:Nj is

(Req + ]-) (VdCQ - th)

(Req + ]-) (‘/dCQ - ‘/fd) < N2

(22)

Although in theory (22) shows a large range to calculate the

transformer ratio since the voltage of the battery modules can

vary according to their state of health (e.g., for many Li-Ion cell

chemistries 0.8 Viged < Vin < 1.2 Viated, such as Li-NMC), a
more practical relation is

(Req + 1) (Vacz — Via) No (Req + 1) (Vaea — Vi)
0.95(Viain = AV2) = N1 = 0.5(Vin an — AV

(23)
where Vi) min and Vi, max are the minimum and maximum oper-
ating voltages of one module.

Furthermore, due to Req in (11) and (16), the gain of the
system is not completely linear. As D goes to the upper and
lower bounds (i.e., close to one and zero), the effect of parasitic
impedance on the system increases linearly. As an example,
Fig. 7 compares the achieved gains through simulations with the
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Fig. 7. Gain variations of the auxiliary power unit with respect to D.

ideal as well as nonideal relations. Table I shows the parameters
of the simulated setup.

Based on Fig. 7, designing the normal operating point of the
system close to D = 0.5 improves the controllable range of
the system, and D < 0.2 or D > 0.8 deteriorates the system
performance. Therefore, the upper boundary of No:Nj in (23) is
the optimal value. Replacing R with (11) or (16) and solving
for No:N; gives the suitable value for the transformer ratio.

Capacitor Cgeo is responsible for decoupling the dc and
switching components of the voltage. According to (9) and (14),
the voltage ripple of capacitor Cyco can significantly affect the
system’s behavior. Using an analysis similar to the design of the
transformer ratio, the minimum capacitor for the system is

P, max2 &
MICQ Aer fsw,effective Nl
——

(N_l)fsw

Caca = (24)

where Pp;x2 1s the maximum output power of the auxiliary unit,
and fo effective 1 the effective switching frequency. Similarly,
the minimum capacitance of capacitor Cycs is

PmaxZ

Cics = 57—
Vv2 Aerfsw,effective

(25)

As the reconfigurable battery increases the effective frequency
and reduces the voltage steps, compared to a conventional bat-
tery pack, the required capacitances (Cec1, Caco, and Cyc3) and
the inductance (Lg.) are reduced by a factor of !/ (N 1)

The LC network (L, and Cy.1) in the system with a resis-
tive load form a parallel RLC network with the characteristic
equation of

R 1 R 1
S2+(°q+>s+<eqs+1>( )_0
Lic  RipadCact Ricad Lg.Cyer 06

where R, is the equivalent resistance of all components in series
with the inductor. Due to the small size of the inductor, i.e.,
Lge < 4R2 4Cyc1), (26) is typically an underdamped system
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: : : _1 1 R.
with the damping coefficient o = §(m + I

), and the

natural frequency is approximately w,, = 4/( Ld-lCdxl ).
The resulting transfer function of the system with a PI con-
troller neglecting the feedforwards is
kp1 (N—-1)Viy kit (N-1)Viy
i LgcCacr S+ LcCact
S3 4+ 2082 + w2 S

H(s) = ‘;dfll =
C

27)

where k1 and k;; are the PI coefficients. The system with
resistive load is fully stable with resistive loads. Similarly, the
dynamic response of the auxiliary port can also be investigated.

D. Comparison With State of the Art

The proposed system has all the general advantages con-
tributed to a modular battery system, regardless of the inte-
grated auxiliary port [14], [16], [35], [45], [51], [68], [69],
[70]. Additionally, the proposed system has a lower number of
semiconductors compared to other modular multilevel batteries
with independent auxiliary circuit [14], [15], [16], [71]. The
transformer for the auxiliary unit operates at a lower voltage
and with (N — 1)-times the switching frequency of one module,
which reduces its volume and weight considerably. Similarly,
the passive components in the auxiliary port are significantly
smaller due to the benefit of higher frequency as well as better
voltage quantization. Furthermore, almost all components in the
auxiliary port operate at the module voltage level and do need to
tolerate the complete voltage of the system. Finally, the sensor-
less balancing capability can ensure that the battery modules stay
balanced during operation even without a closed-loop balancing
controller. A detailed comparison of the proposed system with
the state of the art is provided in Part I of the online supplement.

IV. RESULTS AND DISCUSSION
A. Simulation Results

MATLAB/Simulink serves to simulate a system with ten mod-
ules, where Table I provides its main parameters. The modular
battery feeds a variable load with a variable reference voltage.
The rated voltage of the battery is 91 V, which can fluctuate
between 80 V to 105 V. We set Vi = 48 V, as 48 V supplies
are becoming established in many executive and sports cars.
Based on the module voltage range as well as VI value, (23)
determines the ratio of the transformer to approximately 1.13.

Fig. 8 shows the voltage and current waveforms for the first
and second outputs, and Fig. 9 depicts the pulsating output of
the reconfigurable battery. During the simulation, the optimal
reference voltage and also demand power for the first output
as well as the demand power of the second output are varied.
The controller can provide a fixed V.o under stark variations
of the operation point of both outputs. Additionally, the voltage
of the first output closely follows the optimal value provided as
areference to the controller. The steady-state ripple of V.1 and
Viceo 18 below 3% and 1%, respectively.

Fig. 10 shows the modulation signals as well as the voltage
deviation of both outputs from their respective goals. Despite
some transients at the beginning of each step, the steady-state
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Fig. 11. Balancing performance of the integrated auxiliary when both ports
are actively discharging the modules (P} = 25 kW, P = 3 kW).
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Fig. 10. Control signals as well as the outputs’ deviations from reference
values.

error for the second output is below 0.2%. Similarly, maximum
voltage deviation of Vg from its optimal value is below 6%.
Additionally, Fig. 11 shows the inherent self-balancing per-
formance of the system with both ports active. In the simulated
system, multiple modules have different initial SOC values as
well as a maximum 6% capacity tolerance from the rated values.
The speed of convergence is initially high but falls as the SOCs
converge to the average SOC and the differences between the
terminal voltages of the modules reduce. Fig. 11 demonstrates
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Fig. 12.  Voltage and current profiles of the reconfigurable battery ports during

charging. (a) Voltage and current of the main port. (b) Voltage and current of the
auxiliary port.

that it can balance the modules to below 1% imbalance boundary,
which depends on the parasitic voltage drop as well as the
capacity tolerances. The additional results are also provided in
Part III of the provided online supplement.

Similar to the discharge mode, the proposed system can also
supply power to the auxiliaries when the battery pack is charged.
Fig. 12 displays the terminal voltage and current of the auxiliary
during charging with a constant current of 100 A. The online
supplement provides additional results and explanations.

B. Experimental Results

We built two prototype reconfigurable battery packs with five
and nine modules. An FPGA-based rapid prototyping controller
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TABLE II
PARAMETERS OF THE LABORATORY SETUP

PARAMETER VALUE
Vi 20V —100V
Cict 100 pF
Lyc 200 puH
Cac2 940 pF
Cyc3 2.7 mF
Ryqc 50 mQ

Pioaan 2 kW
Pioaaz2 36 W
fcarrier 5kHz
fsw,effective 25 kHz
Rys. Rq 1 mQ
Vin 22V-252V
Tbt,1~8 20 mQ

Battery
Modules

6200 mAh,
40C Series |

Auxiliary
Load

Fig. 13.  Laboratory testbench.

(sbRIO 9726) implements the proposed control algorithms as
well as the PSC modulation. The measurements are recorded
using an eight-channel oscilloscope from LeCroy. An isolated
transducer (LV25P due to its low settling time) with an analog
amplifier provides the isolated feedback of the second dc output.
Each battery module consists of six series cells that provide a
24V open-circuit voltage. An RL load with a resistance of 5.5 )
is connected to the first dc output, while a controllable electronic
load is connected to the second isolated output. Table IT summa-
rizes the parameters of the laboratory setup, and Fig. 13 shows
the laboratory testbench.

The desired voltage of the first dc output (Vic1 ref) is provided
as an adjustable input signal to the controller, while the reference
output of the auxiliary port only varies between 0 V when it is
turned OFF and 12 V when operating. The controller uses the
proposed algorithm to determine the most suitable modulation
index and then generates the switch signals for all modules.
Fig. 14 shows the measurements for the output voltage and
current of the main output port. The value of V. closely follows
its reference value (Vg1 ) in each step. The voltage ripple at
the main output port is below 3%, which is within the design
criteria of Cy.1. There are small overshoots and undershoots
after significant variations in the operating point of the system,
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but these variations stay below a 10 V and settling time of
approximately 0.5 ms. Fig. 15 presents the voltage and current
at the terminal of the auxiliaries that shows a zero steady-state
error. Similarly, small transients are observed due to the sudden
changes in the operating point of the system, but the variations
are even less prominent and remain below 0.25 V.

Although the output voltage of the main port is always close
to its desired value, it does not fully converge since there are
only eight possible points with N = 5. However, the number of
battery modules is considerably higher, and hence V.1 can even
more closely follow the reference. Neglecting minor transients,
the output voltage of the auxiliaries fully follows its reference
value at all times or irrespective of the number of modules.

Fig. 16 displays the deviations of the output voltages from the
reference values. The output voltage of the isolated output (Vyc2)
stays below the 2% mark. Concurrently, even with relatively
large deviations in the reference voltage of the nonisolated
output, the provided output voltage is within a 6% boundary,
which is a significant improvement compared to conventional
systems with a fixed dc-link voltage. Furthermore, Fig. 17 shows
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the primary and secondary voltages of the switching transformer,
which confirms that the voltage at the primary of the transformer
iscloseto Vy,/2, regardless of the dc-link voltage at the main port.
The limited range of the voltage at the transformer’s primary
simplifies its isolation requirements. There are small spikes
reflecting the transients on the primary side due to sudden
changes in the operating point of the reconfigurable battery,
but the filtering properties of the HFT eliminate them on the
secondary side.

Another advantage of the presented method and topology
compared to the more conventional reconfigurable battery sys-
tem is that the proposed system can fully benefit from the
higher equivalent switching frequency of the modular pack as
well as the better voltage quantization, reducing the size of
the high-frequency transformer. Furthermore, the new auxiliary
circuit does not require any high-voltage full-bridge circuit on
the battery side, which can considerably reduce cost.

The developed system can be easily extended to a higher
number of modules, without any modification in the proposed
controller. To verify that, Part V of the online supplement
presents a larger setup with nine modules and higher voltage
and power ratings. The results verify the improved performance
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of the system, including higher effective switching frequency,
lower ripple, and reduced steady-state error. The larger prototype
could achieve an approximately 94.5% to 95.5% efficiency at
5kW.

V. CONCLUSION

This article proposes a topology and control method for a
modular multilevel battery with an integrated auxiliary circuit
for electromobility application. The structure forks off a second
(galvanically isolated) dc voltage. In addition, we propose a
control technique for both outputs using the extra degrees of
freedom inherently available in the reconfigurable battery. The
main output supplies the traction system of the electric vehicle,
while the lower-power isolated output supplies the auxiliary
system.

The provided method allows for considerable simplification
of the circuit of the auxiliary output while benefiting from
all the advantages of a module battery setup, such as higher
effective switching frequency and lower voltage components.
For the auxiliaries, no extra active or controlled components are
necessary, which further adds to the appeal of this technique.
Moreover, the integrated auxiliary output is capable of balancing
the modules’ voltages by discharging the modules with higher
terminal voltage.

The article analyzes the behavior of the system and provides
design guidelines for both controller and topology. The provided
analysis as well as simulation and real measurements support
the applicability and performance of the proposed topology and
method. In contrast to > 40% output fluctuations in a conven-
tional hard-wired battery pack, the nonisolated traction output
is controlled within 6% of the rated voltage with five modules,
which can be further reduced to 3% using nine modules. The
resolution of the traction output can be even further improved
with a higher number of modules.

While the article mainly focuses on the operation of the system
during discharge mode, the same principles are applicable when
the battery is charging. The battery modules can be charged with
a constant current while the output voltage of the auxiliary unit
is controlled using the proposed decoupling control strategy.
Nevertheless, a detailed study of the system during charging as
and further interactions of the chargers with the modular battery
system is interesting and considered a future work.
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