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Abstract—Parallel output connected converters have been
widely investigated with a focus on equal current and power shar-
ing. However, parallel output connected battery power modules
(BPMs) require unequal currents to enable state-of-charge (SOC)
control in active battery management systems (BMS.) This arti-
cle presents simple differential input current regulation for SOC
control. Compared with equal current sharing, differential current
regulation is more critical on the system stability due to the cross-
coupling between the paralleled BPMs. The article proposes design
guidelines that enable differential current control while considering
the cross-coupling between the paralleled BPMs. The small-signal
model of a battery brick consisting of N parallel output connected
BPMs that operate in boost mode is presented. This article shows
the effect of paralleling and differential currents on the individual
input current regulation loops. Simulations and experiments verify
the analysis. Experimental validation using a 300-W prototype
consisting of three parallel output connected battery modules in
an active BMS is presented.

Index Terms—Active balancing, battery management systems
(BMSs), battery power modules (BPMs), current regulation,
current sharing, differential current control, small-signal analysis,
state-of-charge (SOC) control.

I. INTRODUCTION

A TYPICAL high-voltage (HV) lithium-ion (Li-ion) battery
pack consists of a number of parallel and series connected

Li-ion cells. The battery management system (BMS) and cell
balancing algorithms ensure that all cells are utilized within
their safety limits by employing passive or active balancing
circuits [1]–[6]. Individual cell current control is the backbone
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Fig. 1. Modular power architectures. (a) Modular battery with Ns series
output connected BPMs. (b) Modular input-parallel output-parallel architecture.
(c) Parallel output connected BPMs.

in cell balancing algorithms. For instance, the state-of-charge
(SOC) of the jth cell, SOCj is a function in the cell current

SOCj(t) = SOCj,0 − 1

Qj

∫ t

0

igj(t)dt (1)

where SOCj,0 is the initial SOC of the cell at t = 0, igj is the
cell current, and Qj is the cell capacity. For different initial
SOCs, the individual cell currents must be different such that
ig1 �= ig2 · · · �= igN to achieve SOC balancing [7]–[11]. More-
over, state-of-health (SOH) control enables reconditioning the
battery cells for second-life applications, where the balancing
currents are substantially different to reduce the cell capacity
imbalance in minimal time [12].

A battery power module (BPM) is a power converter con-
nected across a battery cell and integrates the BMS functions
into the converter module’s operation [13]. BPMs simplify and
improve SOC and SOH control because they enable individual
cell-level control. As a result, series output connected BPMs
have emerged to replace the central dc/dc converters in large
battery packs, as shown in Fig. 1(a) [14]–[21]. The Ns series
output connected BPMs have been studied with a focus on output
voltage regulation in [17]–[21]. Output current regulation in
Ns series output connected BPMs has been proposed in [16],
which requires output current measurement in addition to the
cell current sensing for the BMS algorithms.

Increasing a system’s output current by paralleling modular
converters, as demonstrated in Fig. 1(b), has been widely in-
vestigated [22]–[28]. However, to ensure reliability and mod-
ularity, the main focus has been on equal current sharing, i.e.,
i1 = i2 · · · = iN = ig/N [29]–[36]. On the other hand, Fig. 1(c)
shows the parallel output connected BPMs, where the objective
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Fig. 2. Limitations of the conventional voltage regulation approach. (a) Battery
unit consisting of parallel and series output connected BPMs in voltage mode.
(b) Modular battery with two units in parallel.

is differential input current regulation, i.e., ig1 �= ig2 · · · �= igN ,
enabling individual cell SOC and SOH control. If the N paral-
leled BPMs operate with equal input currents, tuning the input
current compensator may seem a straightforward exercise at first
glance. However, the control-to-input current transfer function
of a single BPM varies significantly as all BPMs track different
currents. However, the complexity in designing the current
controller has rarely been addressed. Therefore, new control
models and controller design guidelines that enable differential
input current regulation in parallel output connected BPMs are
needed, which are presented in this article.

In [13], parallel operation of BPMs has been presented by
utilizing buck–boost converters focusing on steady-state op-
eration to emphasize the SOC balancing capabilities. In [19],
hierarchical SOC balancing between the battery cells in a multi-
input single-output converter has been demonstrated. Fig. 2(a)
depicts a simplified diagram for the conventional output voltage
regulation approach, which is leveraged in [19]. The N parallel
output connected modules share a single output voltage loop
Gv that generates a common control command dv . However, N
SOC balancing compensators are utilized, where the jth SOC
compensator output is αj and the final control command for the
jth BPM is uj = αjdv . The product αjdv is nonlinear, where
setting the saturation limits for protection is cumbersome.

Employing the conventional output voltage regulation ap-
proach in BPMs results in a battery unit that appears as a voltage
source [37], limiting the paralleling capability between the bat-
tery units due to the circulating currents, as shown in Fig. 2(b).
Input current regulation in BPMs eliminates the system-level
drawbacks of the typical voltage regulation approach [37].
However, [37] lacks controller design procedures that enable
differential input current regulation for individual SOC and
SOH control. The main contributions of this article include the
following.

1) The article presents differential input current regulation
in parallel output connected BPMs for SOC and SOH
control, which is different from equal current sharing

Fig. 3. Battery balancing approach. (a) Modular input current regulation
approach. (b) Closed-loop model of the modular approach.

in multiple parallel output connected converter modules
[22]–[36].

2) The article proposes controller design guidelines for dif-
ferential input current regulation.

The remaining sections of this article are organized as fol-
lows. Section II explains the input current regulation strategy
with N paralleled BPMs. Section III develops the generalized
small-signal model for N parallel BPMs operating in boost
mode by considering the cross-coupling. Section IV presents
the controller design procedure for the critical scenarios in
battery balancing applications. Section V verifies the analysis
and controller design procedure in a switching model simulation.
Section VI validates the approach on a 300-W battery brick
consisting of three parallel output connected BPMs with four-
switch buck–boost converters. Finally Section VII concludes
this article.

II. DIFFERENTIAL INPUT CURRENT CONTROL

Fig. 3(a) depicts the proposed differential input current regu-
lation approach in paralleled BPMs. Each BPM utilizes a single
current compensator Gci to track the input current reference
by adjusting the BPM’s control command ũj . In Fig. 3(a), the
BMS adjusts the individual input current references of all BPMs
according to the balancing objectives. The jth BPM current
reference consists of two components: 1) a common current
reference in all BPMs ĩavg_SP that is critical for system-level
operation, and 2) the balancing current reference ΔIj . The pro-
posed approach is simple and preserves linearity as the balancing
current ΔIj is added to the common current reference ĩavg_SP as
the total input current reference for the jth BPM.

By paralleling N BPMs that are driven by individual control
commands, the battery brick becomes a multi-input, multi-
output (MIMO) system. Fig. 3(b) shows the closed-loop model
of the N paralleled BPM considering only the control variables.
For the jth BPM, there is a single direct control-to-input cur-

rent ĩgj
ũj

transfer function, and N − 1 cross-coupling (indirect)

transfer functions with respect to each BPM ĩgj
ũi

, which can be
written in a matrix form

Gmat =

⎡
⎢⎢⎢⎣
G11 G12 · · G1N

G21 G22 · · G2N

· · · · · · ··
GN1 GN2 · · GNN

⎤
⎥⎥⎥⎦ (2)
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Fig. 4. N parallel output connected BPMs with four-switch buck–boost
converters.

where Gmat is of order N that varies with the number of BPMs
in operation. The small-signal input current equation of the
jth BPM is the superposition of the ith BPM control-to-input
current Gji transfer functions that depend on the operation
modes of all BPMs

ĩgj =

N∑
k=1

Gjkũk (3)

Gsharing =
ĩgj

d̃j

∣∣∣∣
N=1

= Gjj

∣∣∣∣
N=1

. (4)

Small-signal analysis by averaging the entire brick for equal
current sharing between the N BPMs [28] will reduce the
control-to-input current transfer function to a single BPM oper-
ation (4). However, the transient response of the input current
loops will substantially change with differential currents and
different control commands for balancing. It is critical to ac-
commodate for the varying nature and balancing requirements
with paralleled BPMs in the compensator Gci design procedure.
From the small-signal closed-loop model, shown in Fig. 3(b) and
Gmat (2)

ĩg = GciGmat

[
I +GciGmat

]−1

ĩg,ref (5)

where ĩg,ref is the current reference vector for the N BPMs,
and I is the identity matrix. The system’s transient behavior
is governed by the denominator of the general solution in (5)
that varies with the balancing strategy, where Gmat is critical for
the compensator Gci design procedure. In order to formulate
the transfer matrix Gmat, a small-signal model for the paralleled
BPMs is required, which is discussed in Section III.

III. SMALL-SIGNAL ANALYSIS OF PARALLELED BATTERY

POWER MODULES

In this article, each BPM employs a four-switch buck–boost
converter that operates in either buck or boost modes [38], [39].
Fig. 4 shows a battery brick consisting of N parallel output
connected BPMs with four-switch buck–boost converters, where
Co is the lumped output capacitance of all modules with an
effective series resistance rc. The load across the brick is a
parallel combination of a resistanceRL and a current source/load
iout, where vo is the output voltage across the brick. By matching
the sensing circuitry and board layout, tolerances within the
modules can be minimized. The current sense resistance Rs

Fig. 5. Small-signal equivalent circuit model of theN parallel BPMs operating
in boost mode.

and the effective series resistance rL of the inductance L may
be assumed identical for all converters. Moreover, the jth BPM
is connected across a single battery whose terminal voltage is
vgj . Furthermore, the BPM is driven by two independent duty
cycles for buck and boost modes that are denoted by daj and
dj , respectively. The complementary duty cycles for buck and
boost modes are dapj and dpj , respectively.

TheN paralleled BPMs operate in buck mode to provide soft-
starting capabilities; however, in normal operation, the BPMs are
in boost mode. In a well-designed system, the N BPMs operate
simultaneously in the same mode. Furthermore, balancing is
enabled when the converters operate in boost mode. Therefore,
the control-to-input current transfer functions will be derived as
the N BPMs operate in boost mode for clarity.

Fig. 5 shows the small-signal equivalent circuit model of
the N paralleled BPMs in boost mode, where Rb is the series
resistance in the input current path Rb = Rs + rL. Fig. 5 is
linearized around an equilibrium operating point of all modules
at a steady-state output voltage Vo. The equilibrium operating
point of the jth BPM is given by the complementary duty ratio
Dpj , steady-state input current Igj , and cell voltageVgj . The jth
BPM transfer functions are obtained by setting the independent
sources for the ithBPMs in Fig. 5 to zero, such that ṽgi = 0, and
d̃i = 0. Therefore, by solving the reduced circuit, the effective
load as seen by the jthBPM is formulated in (8), which depends
on the operating point of the N parallel connected BPMs. The

direct control-to-input current transfer function ĩgj
d̃j

of the jth

BPM is derived

Zload = RL

∥∥∥∥
(
rc +

1

sCo

)
(6)

β1 = −D2
pj +

N∑
k=1

D2
pk (7)

ZoBooost,j =
Rb + sL

D2
pj

+

[(
Rb + sL

β1

)∥∥∥∥Zload

]
(8)

Gjj =
ĩgj

d̃j
=

1(
1 + s

Rb
L

) a0 + a1s+ ass
2

b0 + b1s+ b2s2
(9)
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TABLE I
SWITCHING MODEL PARAMETERS

where

b2 = LCo (rc +RL) (10)

b1 = Corc

(
Rb +RL

N∑
k=1

D2
pk

)
+ CoRLRb + L (11)

b0 = Rb +RL

N∑
k=1

D2
pk (12)

a2 = LCo [VoRL + rc (Vo + IgjRLDpj)] (13)

a1 = (Vo + IgjRLDpj) · (L+ CorcRb)

+ CoRLVo (Rb + rcβ1) (14)

a0 = Rb (Vo + IgjRLDpj) + VoRLβ1. (15)

Considering that the individual BPMs operate with different
duty ratios for balancing, β in (7) dictates the system transient
behavior, which is unique with differential current control. Sim-
ilarly, the cross-coupling transfer function from the jth duty
cycle to ith module input current Gij is derived

Gij =
ĩgi

d̃j
=

1(
1 + s

Rb
L

) Numboos,ij

b0 + b1s+ b2s2
(16)

Numboos,ij = DpiRL (1 + Corcs) (Igj (Rb + Ls)− VoDpj)
(17)

where Dpi is the steady-state complementary duty ratio of the
ith module.

A switching model simulation in MATLAB/PLECS veri-
fies the small-signal analysis by measuring the control-to-input
current transfer functions at different numbers of paralleled
modules N . Table I summarizes the simulation parameters. The
terminal voltages of the cells are evenly distributed between 3.6
and 4.0 V, as the brick supplies the rated resistive load. Fig. 6
shows that the simulated transfer functions match the analyti-
cally derived expressions in (9) and (16) at N = 1, 2, 3, and
15 parallel BPMs. At low frequencies, the magnitude of Gjj

increases with N , as shown in Fig. 6(a).
With current sharing as the objective (4) or, equivalently, if the

battery brick is formed by a single BPM, i.e., N = 1, β1 = 0,
the zeros of (9) are real, and a pole-zero cancelation occurs

Fig. 6. Verification of the transfer functions. Direct control-to-input current
transfer function Gjj magnitude in (a) magnitude and phase in (b). Cross-
coupling control-to-input current transfer function Gij magnitude in (c) mag-
nitude and phase in (d).

at −Rb/L. Consequently, (9) simplifies to the control-to-input
current transfer function of a single BPM employing a boost con-
verter supplying its rated resistive load RL,single = NRL. More-
over, in the general N �= 1 case, the zeros of (9) are complex at a
resonant frequency below the resonant frequency of the complex
poles. Additionally, when N �= 1 modules are connected in
parallel, the pole at −Rb/L in (9) introduces a phase delay
in the system, as shown in Fig. 6(b). Therefore, designing the
current loop compensator Gci for a single BPM operation or
equal current sharing, i.e., N = 1, could lead to instability with
differential current control, i.e., N �= 1 that is further discussed
in the following sections. Fig. 6(c) shows that the cross-coupling
gain decreases with the number of converters (17) because of
the dependence on RL. Moreover, the frequency coefficients in
(17) do not depend on the number of converters. The phase is
dominated by the denominator with an insignificant effect from
the number of converters, as shown in Fig. 6(d).

IV. CONTROLLER DESIGN GUIDELINES

The small-signal analysis highlights the phase delay in the
input current transfer functions as the number of BPMs in
operation varies or with differential input currents, which is
typical with battery balancing. In this section, three extreme
balancing cases are considered for the controller design proce-
dure. Section IV-A evaluates the compensated loop gain when a
single BPM operates in a stand-alone mode or at equal current
sharing with N BPMs. Section IV-B evaluates the compensated
loop gain when N − 1 BPMs operate at equal input currents
while applying a differential current offset Δi in a single BPM.
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Section IV-C evaluates the compensated loop gain when current
offsets are introduced to all BPMs. Section IV-D discusses the
controller design.

A. Current Sharing at Balanced SOCs

Assume that N BPMs track the same current reference, such
that ig1 = ig2 = igN , which is similar to a single BPM in oper-
ating a stand-alone mode, i.e.,N = 1 (4). The compensated loop
gain is obtained from the denominator of the system solution (5)
that takes the form

Tsharing(s) = GciGsharing = GciGjj

∣∣∣∣
N=1

(18)

TiCLsin(s) =
Tsharing(s)

1 + Ts(s)
(19)

where TiCLsin(s) is the current closed-loop gain with equal
current sharing. At N = 1, the direct transfer function gain is
the smallest compared to N > 1 cases, as shown in Fig. 6(a);
however, the phase is the largest, as shown in Fig. 6(b). Thus,
this scenario is the least critical operation mode for the controller
design.

B. Differential Current in a Single BPM

Assume that N − 1 BPMs track the same current reference
while introducing a differential current to a single BPM, such
that ig1 = ig2 = ig3 · · · = igN−1 �= igN . Therefore, the tran-
sient behavior is dominated by direct and all cross-coupling
transfer functions in Gmat. The compensated loop gain TCiEx is
obtained from the denominator of the system solution, which is
dominated by the determinant of (5)

TiCLEx(s) =
TCiEx(s)

1 + TCiEx(s)
, (20)

TCiEx(s) =
[
G2

jj − (N − 1)G2
ij + (N − 2)GjjGij

]
G2

ci

+GjjGci (21)

where TiCLEx(s) is the current closed-loop gain with differen-
tial current sharing in a single BPM. The transient response in
this scenario is faster than in equal current sharing case.

C. Differential Currents With N BPMs for SOC Balancing

Assume thatN BPMs track different currents, such that ig1 �=
ig2 �= igN while maintaining the same output voltage. This is a
typical mode in battery balancing applications, where current
offsets Δij are introduced to the N BPMs around the common
current iavg, such that

∑N
j=1 Δij = 0. Under the assumption that

the output voltage remains the same, the cross-coupling transfer
functions can be ignored, where the compensated loop gain Tci

is governed by the diagonal elements in the solution of (5)

Tci(s) = GciGjj , (22)

TiCL(s) =
Tci(s)

1 + Tci(s)
(23)

where TTiCL(s) is the current closed-loop gain with differential
currents in all BPMs.

Fig. 7. Bode plot of the compensated loop gain with Gci = Gcsharing at
different N cases. (a) Magnitude. (b) Phase.

D. Controller Design

Designing the current compensator Gci by considering only
current sharing as in case (A) and ignoring the phase reduction
with differential currents as in case (C) can lead to instability. For
instance, assume that each BPM employs a current compensator
that takes the form

Gci = Gcdiff =
K1

s
+

K2

s2
(24)

whereGcsharing is designed for equal current sharing, i.e.,N = 1.
The expressions (6)–(22) are evaluated for N = 1, N = 2,
N = 3, andN = 15 using the BPM parameters in Table I. Fig. 7
illustrates the compensated loop gain, where the compensator
gains K1 = 27.6 and K2 = 57 974 are tuned to achieve a
crossover frequency of 460 Hz and a phase margin of 63◦ at
current sharing, i.e., N = 1 and rated BPM current Ig = 25 A.
Table II lists the crossover frequency and phase margins at the
different N cases. Although the phase margin is 60◦ at N = 1,
the phase margin diminishes for N > 1, as shown in Fig. 7. The
gain of the direct transfer functions in the general N case Gjj

increases with the number of BPMs N , as shown in Fig. 6(a);
however, the phase reduces with the number of BPMs N , as
shown in Fig. 6(b). Consequently, the input current loops tend to
become faster and unstable forN > 1, as listed in Table II. Thus,
the typical compensator design method can lead to instability,
and a new design method that enables differential current control
is required.

In this article, the battery brick consists ofN = 3 parallel out-
put connected BPMs. Each BPM employs a current compensator
that takes the form

Gci = Gcdiff = Kp +
Ki

s
. (25)

By utilizing the compensated loop gain that is evaluated in
(22), i.e., in case (C), the compensator parameters are chosen to
achieve a crossover frequency of 1.1 kHz and a phase margin of
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TABLE II
COMPARISON BETWEEN THE CURRENT SHARING COMPENSATOR AND DIFFERENTIAL CURRENT CONTROL COMPENSATOR

Fig. 8. Bode plot of the compensated loop gain with Gci = Gcdiff at different
N cases. (a) Magnitude. (b) Phase.

70◦ at N = 3. The PI current compensator gains are

Ki = 2,Kp =
0.001

π
. (26)

Table II lists the crossover frequency and phase margins at
the different N cases. In terms of phase margin and crossover
frequency, the compensator performance is acceptable for both
current sharing and differential currents. The bode plot for the
compensated loop gain is shown in Fig. 8, confirming that the
bandwidth of the system is the slowest at equal current sharing.

V. SIMULATION RESULTS

The switching model simulation for the N = 3 case is lever-
aged to verify the analysis presented in the previous sections
and the controller design. Table I lists the simulation model
parameters. Section V-A verifies that designing the controller for
current sharing may lead to instability with differential currents.
Section V-B verifies that the switching model response at current
current sharing matches the closed-loop model (19), which is
discussed in Section IV-A, i.e., case (A). Section V-D verifies
that the closed-loop model (23) matches the switching model
response when differential currents are applied in two BPMs,

Fig. 9. Switching model simulation results with a current sharing compensator
Gci = Gcdiff.

which is discussed in Section IV-C, i.e., case (C). Section V-C
verifies that the closed-loop model (20) predicts the switching
model response when differential current is introduced in a
single.

A. Current Sharing Controller Instability

In this section, each of the three BPMs utilizes the com-
pensator Gci = Gcsharing, which is designed for current shar-
ing scenarios. Fig. 9 shows the switching model simulation
results after averaging the input currents in the three BPMs
over the switching cycle of 5 μs. Prior to 35 ms, the three
BPMs regulate their input currents at 25 A. Between 35 and
40 ms, the common current reference in the three BPMs changes
between 20 and 25 A. The three current compensators track the
common current reference, as shown in Fig. 9. Since the three
BPMs utilize a current compensator that is designed for current
sharing scenarios, the current loops are stable prior to 45 ms.
At 45 ms, a differential current offset is introduced to the first
BPM Δi1 =+1 A, as shown in Fig. 9(a). On the other hand, the
input current references in the second and third BPMs remain
at +25 A. However, the input current loops in the three BPMs
become unstable, as shown in Fig. 9. The instability in the current
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Fig. 10. Switching model simulation results—step change in the common
input current.

loops is anticipated at the N = 3 case, as listed in Table II with
the current sharing compensator Gci = Gcsharing. Therefore, this
section clearly shows that designing the current loop using the
conventional current sharing approach can lead to instability
with differential currents.

B. Current Sharing Closed-Loop Model

In this section, each of the three BPMs utilizes the compen-
sator Gci = Gcdiff that considers the differential currents with
three BPMs. Fig. 10 shows the switching model simulation
results after averaging the input currents. Moreover, Fig. 10
shows the analytical closed-loop responses for current sharing
TiCLsin(s) and the analytical closed-loop model with differen-
tial currents TiCL(s). Prior to 20 ms, the three BPMs regulate
their input currents at 25 A. At 20 ms, the current reference
in the three BPMs changes to 25 A, which is tracked by the
three current loops, as shown in Fig. 10, emulating case (A)
in Section IV-A. The analytical closed-loop model for current
sharing TiCLsin(s) replicates the system dynamics because the
individual BPMs can be treated as a single converter at this
operating point, i.e., N = 1. On the other hand, TiCL(s) is valid
when differential input currents are introduced to the BPMs,
such that

∑3
j=1 Δij = 0. Thus, the response due to the change

in the current reference in all BPMs is replicated exclusively
by TiCLsin(s). Fig. 11 clearly shows that the slowest transient
response occurs with current sharing; thus, current sharing is the
least critical operating mode in parallel output connected BPMs.

C. Closed-Loop Model for a Differential Current in a Single
BPM

The switching model simulation is extended to verify the
analysis when a differential input current is introduced to a single
BPM, emulating case (B) in Section IV-B. Prior to 100 ms,

Fig. 11. Switching model simulation results—introduction of a single input
current offset.

the three BPMs track a 20-A current reference, as shown in
Fig. 11. At 100 ms, the current reference in the first BPM changes
to 25 A, where the designed compensator Gcdiff regulates the
input current in BPM1, as shown in Fig. 11. However, the same
scenario results in instability with the current sharing controller
Gcsharing, as shown in Fig. 9. Furthermore, Fig. 11 shows that
the analytical closed-loop responses with a differential current
in a single BPM TiCLEx(s) replicates the dynamics in the
input current ig1. On the other hand, TiCL(s) (23) assumes that
differential input currents are introduced to the BPMs, such that∑3

j=1 Δij = 0. Therefore, TiCL(s) does not match the switch-
ing model response of ig1 in this scenario; however, TiCL(s)
provides an approximation for the rise-time of ig1. Moreover,
the change in the input current of BPM1 results in disturbances
in the input currents ig2 and ig3, as shown by the dotted lines in
Fig. 11(b) and (c) due to the cross-coupling transfer functions.
The analytical expressionsTiCL(s),TiCLEx(s), andTiCLsin(s)
rely on their individual control commands and do not include
the control commands of the other BPMs, i.e., single-input
single-output systems. However, the three paralleled BPMs form
a MIMO system, where a change in the control command of
BPM1 perturbs ig2 and ig3. Consequently, the disturbances in
ig2 and ig3 are not replicated by TiCL(s), TiCLEx(s), and
TiCLsin(s) in BPM2 and BPM3.

D. Differential Currents in Two BPMs

The switching model simulation is extended to verify the anal-
ysis when differential input currents are introduced to the BPMs,
such that

∑3
j=1 Δij = 0, emulating case (C) in Section IV-C.

Prior to 200 ms, the three BPMs regulate their input currents at
20 A, as shown in Fig. 12. At 200 ms, an input current offset of
+5 A is introduced to BPM3, and an input current offset of –5 A
is introduced to BPM1. The compensator Gcdiff is designed at
this operating point; therefore, the first and third BPMs track
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Fig. 12. Switching model simulation results—introduction of two input cur-
rent offsets.

the new current references at +15 and +25 A, respectively,
as shown in Fig. 12(a) and (c). Moreover, the approximated
closed-loop response TiCL(s) matches the switching model
input current responses for ig1 and ig3, as shown in Fig. 12(a) and
(c), respectively, verifying the analysis in the previous sections.
Moreover, with differential current control, the input currents
rise at approximately 20 kA/s, which is well-predicted by the
analytical expression for TiCL(s). The closed-loop response
TiCL(s) matches the switching model simulation because the
two input currents offsets cancel the change in the dc output
voltage. Although the analytical expressionTiCLEx(s) provides
an approximation for the rise-time of the input current, it does
not match the input current response because the current changes
in two BPMs. Furthermore, the closed-loop response due to
TiCLsin(s) is significantly different and slower than the switch-
ing model response or TiCL(s), as shown in Fig. 12(a) and (c),
proving that the differential current control is fundamentally
different from the equal current sharing. Moreover, the simu-
lation results show stable and acceptable performance with the
designed compensator Gci = Gcdiff. which enables differential
current regulation, verifying the analysis and controller design
procedure.

VI. EXPERIMENTAL RESULTS

Fig. 13 shows a validation prototype consisting of three BPMs
utilizing four-switch buck–boost converters. Table III summa-
rizes the prototype parameters. Each BPM is connected across
a single 25 Ah Panasonic NMC battery cell. The input port of
the converter is rated for 25 A, i.e., 1C-rate. Converter modu-
lation and control are implemented in a single microcontroller.
Three digital current regulation loops are implemented in the
microcontroller by discretizing the PI compensator in (25) using
Tustin approximation with the same parameters, as summarized
in (26).

Fig. 13. Experimental prototype consisting of three parallel output connected
four-switch buck–boost converters.

TABLE III
PROTOTYPE PARAMETERS

Fig. 14. Duty cycle and operation mode for a given compensator output.

Fig. 15. Experimental results with equal current sharing in discharging
mode—startup in boost mode in a 250-W load.

Fig. 14 shows the current loop compensator saturated output
between [−1, Dmax] and the corresponding operation mode. It is
worth to mention that there are different schemes for avoiding
the dead-zone in four-switch buck–boost converters, which is
beyond the scope of this article [38], [39].
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Fig. 16. Experimental results with differential currents in discharging mode—
step change of ±5 A in the balancing current of two modules.

Fig. 17. Equal current sharing in charging mode—step change of −5 A in the
charging current all BPMs in current sharing.

Fig. 15 shows a startup experiment with current sharing at a
250-W load in boost mode, where all input currents track a 21-A
reference. At startup, the BPMs operate in buck mode that pro-
vides a soft starting mechanism by regulating the input currents,
as shown in Fig. 15. Although the brick exhibits a nonlinearity
because of employing four-switch buck–boost converters, the
transition between buck and boost modes is smooth, as shown
in Fig. 15.

Fig. 16 shows a typical active BMS operation, where all
BPMs initially regulate their input currents at an equal current
reference of 20 A, i.e., 0.8C-rate of the battery cell. To validate
the differential current capability, the BMS introduces an input
current offset of ±5 A only to the second and first modules,
respectively. Fig. 16 shows that the individual current regulation
loops track the new current references, whereas the current loop
of the third module maintains the initial 20-A input current
reference, emulating case (C) in Section V-D. From Fig. 16,
with differential current control, the BPMs input currents rise
at approximately 20 kA/s that is nearly matching the switching
model simulation results.

From the timescale in Figs. 15 and 16, it is deduced that the
system response is faster with differential current control, which
ensures that differential current scenarios are more critical to
the stability of the paralleled BPMs. Figs. 15 and 16 validate
the controller design procedure and analysis presented in the
previous sections in discharging modes.

The three parallel output connected BPMs charge in boost
mode. In Fig. 17, the three modules regulate their input cur-
rents at −5 A, where the bus voltage is approximately 6 V
at M(D) = 1.5. The BMS adjusts the charging currents to

Fig. 18. Differential current in charging operation—step change of ±5 A in
the balancing current of two modules.

Fig. 19. End of charge/shutdown operation—step change in the charging
current from –20 to 0 A.

−10 A that is tracked by the three BPMs as a current sharing
scenario, emulating case (A) in the controller design section.
With equal current sharing control, the BPM input currents rise
at approximately 5 kA/s, as shown in Fig. 17. Fig. 17 shows that
the designed controller successfully regulates the three input
currents even for current sharing in charging modes.

Fig. 18 illustrates a balancing scenario in the charging mode.
Initially, the three modules regulate their input currents at –20 A
to absorb 240 W. Then, the BMS introduces an input current
offset of ±5 A to the first and second modules, respectively,
emulating case (C) in the controller design section. From Fig. 18,
with differential current control, the BPM input currents rise at
approximately 20 kA/s that is nearly four times the differential
current case. The system’s transient response is significantly
faster with differential current control for balancing, which is
why designing a compensator exclusively for current sharing is
critical on the overall system stability.

To demonstrate the end of charging operation, Fig. 19 shows
a shutdown scenario, where the three modules regulate their
input currents from a −20 A reference to 0 A. The individual
controllers maintain the input currents at 0 A, validating the
designed controller and its ability for integration in an active
BMS.

The experimental results validate the designed controller in
regulating the input currents of the paralleled BPMs for both
differential and equal current sharing in discharging and charg-
ing modes. Moreover, the experimental results show that the
system’s transient response is substantially faster with differ-
ential current control in comparison with current sharing. The
experimental results validate the analysis and controller design
for the practical BMS balancing scenarios. It is important to
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mention that the analysis presented in this article assumes that
the paralleled BPMs operate in the same mode. Therefore, when
some BPMs operate in buck mode, while other BPMs operate
in boost mode, further analysis will be required to enable this
emerging battery balancing concept.

VII. CONCLUSION

This article focuses on differential input current regulation
withN parallel output connected BPMs for individual SOC con-
trol in an active BMS. Small-signal analysis based on individual
current loops shows the differences in the direct control-to-input
current transfer functions with the number of paralleled BPMs
N . Analysis and simulations have proven that designing the
current loop compensator for current sharing or for a single BPM
operation may lead to instability with differential current con-
trol. A current loop compensator is designed by leveraging the
small-signal analysis in boost mode of operation. The designed
controller is verified in simulations and validated experimentally
by utilizing a 300-W battery brick consisting of three paral-
lel output connected BPMs employing four-switch buck–boost
dc/dc converters. Experimental results validate successful input
current regulation in most practical cases of a BMS that require
differential currents or equal current sharing.
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