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Abstract—An attractive approach to increasing the output power
and bandwidth of converters is through the parallel connection
of multiple, subrated converter cells via mutually coupled induc-
tors. Achieving a balanced contribution to the output current by
all paralleled converter cells is critical; good reference tracking
performance, however, should also be maintained. Since these two
control tasks are coupled, tuning of the controller parameters
is challenging. This article demonstrates a methodology for de-
coupling the output current reference tracking control task from
the current balancing control. We show that once balancing and
tracking controllers are decoupled, the controller parameter tuning
can be conducted independently, simplifying design and analysis of
controller performance. Experimental results are presented, which
validate the proposed methodology, applied to a three-cell, parallel
interleaved converter with cyclic cascade coupled inductor filter
network, operating at 100 VRMS and 9 ARMS.

Index Terms—Balancing, coupled inductors, current sharing,
interleaving, paralleling.

I. INTRODUCTION

THERE is a continual demand for higher power ratings in
power electronic converters, driven by application require-

ments. A common strategy for achieving higher power ratings
is through the use of multiple, subrated converter modules,
with each converter module contributing one or more cells to
an overall converter topology. Where high output currents are
required, the parallel connection of converter cells is an attractive
topological option. This topology is typically realized using
multiple voltage source inverter (VSI) modules connected to
a common dc bus [1]–[3], each of which contribute one or more
cells to the converter topology (depending on the number of
phase legs present in each module). Inductors are used to connect
each cell to the point of common connection (PCC), providing
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Fig. 1. General n-cell paralleled interleaved converter topology, comprising
half-bridge VSI cells coupled to a PCC via phase-leg inductors with mutual
coupling.

decoupling of the instantaneous output voltage state of each cell
from both the PCC and other cells (see Fig. 1).

In addition to the general increase in the total processed power,
paralleled converter cells can provide a range of additional
benefits, including sharing of semiconductor device current, re-
duction of harmonic distortion, reduction in the required output
filter reactance, and improved control bandwidth [1], [4]–[6].
These topologies have been demonstrated in a number of appli-
cations including unity power factor rectification [2] and wind
turbines [7]. The inclusion of magnetically coupled inductors
can provide further benefits in terms of reduction of the ripple
current presented to the semiconductor devices and reduction in
the size required for the inductor magnetic cores [8].

It is desirable to achieve a balanced contribution to the output
current from all converter cells in order to minimize circulating
currents and the required rating of converter components [1].
This sensitivity to current imbalance is a key disadvantage of
the paralleling strategy, resulting in a requirement to manage
current imbalance and minimize circulating current between
cells [7], [9]. It is critical to achieve good current balancing
dynamics in order to avoid possible saturation of the inductor
magnetic cores that may result from unbalanced cell current. It
is equally desirable, however, to achieve optimal dynamics for
the reference tracking control for application performance.

A number of control strategies are proposed in the existing
literature for the management of current imbalance in paralleled
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topologies. Typically these utilize an average current-sharing
control strategy, which relates the cell, common mode, and
differential mode currents [10]. Most commonly, the reference
tracking and current balancing control tasks are addressed via a
single, combined controller featuring one or more proportional-
integral, or proportional-resonant blocks [5], [9], [11]–[15].
A conventional nested control structure featuring an inner and
outer loop is used by the work presented in [11]–[15], where
one loop is used for reference tracing (voltage or current) and
the second loop is used for current balancing.

While these techniques have been shown to be effective in
practice, controller parameters must be tuned and do not allow
for the dynamic response of the converter reference tracking
to be set independently of the balancing dynamic response.
Consequently, as the dynamics of current balancing are often
much faster than the dynamics of the reference tracking problem,
treating the corresponding control tasks as a single, coupled
problem can compromise the dynamic performance of one, or
both, of these subsystems.

Alternative methods are also presented in the literature. A
robust feedback control strategy is presented in [16], in which
output voltage tracking and current balancing controllers are
coupled by the formulation of the control problem, such that the
dynamics of the current balancing controller cannot be designed
independently. Decoupling of balancing and reference tracking
control is claimed in [17], however, the analysis presented is
applicable only to a first-order system, and does not consider the
effect of coupled output inductors. Additionally, the balancing
control structure proposed in this simulation study results in an
asymmetric balancing response across the three phases. In [1],
conditional decoupling of the balancing control action from the
common mode cell output voltage is demonstrated for a special-
ized case, however, the dead-beat strategy proposed does not
allow the dynamics of the balancing controller to be designed,
and this approach is inherently sensitive to system parameter
variations.

In this article, we demonstrate decoupling of the overall
control problem into two separate, simpler control problems;
namely, cell current balancing and converter reference tracking.
This methodology overcomes the limitations of existing control
strategies by permitting the current balancing and reference
tracking controllers to be independently designed and analyzed.
Consequently, the proposed methodology provides significant
advantages, as the control features and dynamics can be well
matched to the characteristics of the two different control tasks,
and the performance of both subsystems is directly determinable
from standard control design techniques.

This article is organized as follows. Section II describes
the paralleled interleaved converter topology to which the de-
coupling methodology proposed in this article is applied. The
proposed decoupling methodology is presented in Section III,
and the properties of the resulting decoupled model are examined
in Section III-C, including conditions for stability, controlla-
bility, and observability. Application of the decoupled model
to the independent design of reference tracking and balancing
controllers is demonstrated in Section IV, with the decoupled
nature of the designed controllers validated experimentally in
Section V. Final conclusions are presented in Section VI.

II. PARALLELED INTERLEAVED INVERTERS UTILIZING

COUPLED INDUCTORS

The rationale for the use of paralleled converter topologies has
been briefly described in Section I. The decoupling methodology
presented in this article will be applied to the general case
where mutual coupling may be introduced between the phase-leg
inductors of paralleled converter cells. This section describes the
salient features of this topology class.

The benefits of coupling the output inductors of VSI cells
include an ability to limit the circulating currents, decouple
the common mode current from differential mode current, and
reduce total current ripple [10]. Coupling of output inductors
also produces a multilevel voltage waveform (which appears
across the leakage inductance of the phase-leg inductors) where
the number of levels depends on the number of paralleled
cells [18]. A general representation of the paralleled interleaved
converter topology is shown in Fig. 1, where n converter cells
are parallel connected to the PCC by phase-leg inductors, which
are mutually coupled to the phase-leg inductors of one or more
parallel cells.

The leakage inductance in each phase leg decouples the
instantaneous phase-leg voltage from the average voltage at the
PCC, eliminating the need for precise matching of switching
instants between paralleled cells [19]. Furthermore, this affords
the opportunity to phase shift the switching instants of each
phase leg of the inverter. The greatest performance benefit is
achieved when the switching instants are interleaved and equally
distributed across the switching period. The major advantage
of this configuration is cancelation of the low-order switching
frequency harmonics and related ripple components at the output
of the converter. The use of coupled inductors can provide the
additional benefit of reducing the ripple current presented to each
converter cell. With appropriate modulation, interleaving also
permits extension of the effective bandwidth of the converter.

While the configuration shown in Fig. 1 demonstrates a
general case for a parallel interleaved converter with mutually
coupled inductors, in practice, symmetrical mutual coupling be-
tween multiple inductors is challenging to achieve, and requires
complex magnetic structures. Symmetric coupled inductor net-
works can be more conveniently constructed from multiple
two-winding coupled inductors, otherwise known as inter-cell
transformers (ICTs). Examples of common topologies include
the cyclic cascade, whiffletree, and combinatorial cascade [10].
These configurations are extensively studied in the literature [1],
[8], [10], [18], [20]. For all of these topologies, an equivalent
circuit may developed of the form shown in Fig. 1. The resulting
equivalent state space model can subsequently be used for the
analysis and development of current balancing techniques.

III. DECOUPLING METHODOLOGY

In this section, we present a methodology to decouple the
reference tracking and current balancing control problems for
paralleled interleaved converters. The coupled problem is de-
fined in Section III-A and the decoupling procedure is subse-
quently demonstrated in Section III-B. Finally, the properties of
the decoupled model are examined in Section III-C.
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Fig. 2. Equivalent circuit for a symmetrical, n-cell parallel interleaved con-
verter with LCL output filter comprising phase-leg inductors with mutual
coupling.

A. Problem Formulation

The equivalent circuit for an n-cell paralleled interleaved
converter is shown in Fig. 2, with the load modeled as a volt-
age source connected to the PCC via linking impedance Lf.
VSI phase-leg outputs are modeled by voltage sources: v1 . . . vn.
A general lumped parameter model is used to represent the
coupled inductor network, which connects the VSI phase legs
to the PCC. For each phase leg, L represents the self-inductance
and R is the equivalent series resistance (ESR) of the phase-leg
inductor, while Mjk represents the mutual inductance between
the jth and kth phase-leg inductors.Cf is the filter capacitance at
the PCC, and Lf is an inductor with ESR of Rf, which connects
the PCC to the load.

A state space model for the equivalent circuit described earlier
has the following implicit form:

Eẋ = Āx+ B̄u (1)

where x ∈ R(n+2)×1 and u ∈ R(n+1)×1 are the state-space and
control input vectors, which are defined as

x =
[
ig vc i1 i2 . . . in

]T
(2)

u =
[
vg v1 v2 . . . vn

]T
. (3)

The matrices E, Ā, and B̄ are given as

E =

⎡
⎣
Lf 0
0 Cf

L

⎤
⎦ (4)

Ā =

⎡
⎣
−Rf 1 01×n

−1 0 11×n

0n×1 −1n×1 −R · In×n

⎤
⎦ (5)

B̄ =

⎡
⎣
−1
0

In×n

⎤
⎦ (6)

where 0p×q and 1p×q are p× q dimension matrices of zeros and
ones, respectively, where undefined matrix partitions have all
elements set to zero. L ∈ Rn×n is the coupling matrix, which
for the case of a symmetrical coupling network takes the form
of a circulant matrix. L is defined in the Appendix for the un-
coupled, multicoupled, whiffletree, combinatorial cascade, and

cyclic cascade coupling networks. In order to have an explicit
state-space representation of the model (1), an inverse of matrix
E is required. The inverse of matrix E is

E−1 =

⎡
⎣
L−1

f 0
0 C−1

f

L−1

⎤
⎦ . (7)

As L is strictly diagonally dominant (see Appendix), L−1 and
consequently E−1 are guaranteed to exist.

The explicit form of the model (1) is obtained by multiplying
the equation on the left-hand side (LHS) by E−1. Following
this transformation, the state-space model has the following
recognizable, explicit form

ẋ = Ax+Bu (8)

where

A = E−1Ā =

⎡
⎢⎣
−RfL

−1
f L−1

f 01×n

−C−1
f 0 C−1

f · 11×n

0n×1 −γ · 1n×1 −R ·L−1

⎤
⎥⎦ (9)

B = E−1B̄ =

⎡
⎢⎣
−L−1

f

0

L−1

⎤
⎥⎦ (10)

and the coefficient γ is defined as the row sum of L−1 such that

γ =

n∑
i=1

li, L−1 = circ (l1, l2, . . . , ln) (11)

where the circ operator produces a circulant matrix with first
row equal to the operand.

Inspection of matrices A and B shows that the model states
are coupled. In other words, any change of a state directly affects
other states, and vice versa. As a specific example, a change to
state vc would affect states i1 . . . in. This implies the need to
tune the cell current balancing controller to also compensate for
load disturbances, significantly complicating controller design.

B. Decoupling Procedure

Decoupling of the control problem into the two, simpler
control problems of reference tracking and cell current balancing
eliminates the need to consider interaction between these sub-
systems and instead, enables controllers to be designed indepen-
dently, and to different specifications. To this end, a procedure for
the decoupling of the reference tracking and current balancing
subsystems will be demonstrated in this Section.

To achieve controller decoupling, an appropriate state trans-
formation is required. The usual control strategy for active
current balancing is based on average current sharing. Since ac-
tive current balancing aims to minimize the difference between
individual cell currents and the average current of the cells, a
new state vector is proposed

z =
[
ig vc iavg iavg−i1 iavg−i2 . . . iavg−in

]T

=
[
ztra zbal

]T
(12)
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where

iavg =
1

n

n∑
k=1

ik. (13)

The new state vector has two subvectors labeledztra andzbal. The
subvector ztra gathers states which define tracking dynamics,
while the subvector zbal gathers states describing the cell current
imbalance. From the definition of state vectors x and z, the
transformation matrix follows:

T =

⎡
⎣
I2×2

t0
T 0

⎤
⎦ (14)

where

T 0 = n−1 · 1n×n − In×n (15)

t0 = n−1 · 11×n (16)

and the transformation matrix T defines the relation z = Tx
between the state vectors.

The transformation matrix T defined in (14) is not a square
matrix. Consequently, the inverse transformation is not defined.
To have the transformation matrix in a square form the following
modification is proposed:

z =
[
T v

] [x
0

]
= H

[
x

0

]
(17)

where the vector

v =
[
0 0 0 11×n

]T
(18)

is selected such that the norms of transformation matrices T
and H remain the same, that is, ‖T ‖∞ = ‖H‖∞. The extended
transformation matrix is consequently of the form

H =

⎡
⎣
I2×2

t0 0
T 0 1n×1

⎤
⎦ . (19)

As H is square and nonsingular, the inverse transformation
exists and is given by

H−1 =

⎡
⎣
I2×2

1n×1 T 0

0 t0

⎤
⎦ . (20)

It is straightforward to check that HH−1 = I . From (20) it
follows that the inverse relationship between state vectors is
given by x = H−1z, and consequently both direct and inverse
transformations are defined.

To get a standard form of transformed state space model
additional algebraic operations must be applied to the explicit
model. Extending (8) by adding the zero vectors, a standard form
is obtained. The complete transformation is defined as

[
ẋ

0

]
=

[
A

0

] [
x

0

]
+

[
B

01×(n+1)

]
u. (21)

Substituting (17) into (21) the state-space model is transformed
into

H−1ż =

[
A

0

]
H−1z +

[
B

01×(n+1)

]
u. (22)

Finally, by multiplying (22) on the LHS by H , the new equation
has the following form:

ż = H

[
A

0

]
H−1z +H

[
B

01×(n+1)

]
u. (23)

A similar transformation is required for the control inputs, in
order to decouple the reference tracking control signal (supplied
from the reference tracking controller) from the balancing con-
trol signal (responsible for cell current balancing). The following
transformation is proposed:

u = Wp (24)

where the matrix W is defined as

W =

[
1
1n×1 T 0

]
(25)

and the vector p represents the new control inputs defined as

p =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

vg

utra

utra − u1

utra − u2

...
utra − un

⎤
⎥⎥⎥⎥⎥⎥⎥⎦
=

⎡
⎣

vg

rtra

rbal

⎤
⎦ =

[
vg

r

]
. (26)

Consequently, rtra is a control input vector used to drive states
[ig vc iavg], while control input vector rbal is used for balancing
cell currents.

Applying (23) and the control input transformation (24), the
state space model has the following form:

ż = Az +Bp (27)

where A and B are defined as

A = H

[
A

0

]
H−1 B = H

[
B

01×(n+1)

]
W . (28)

Following the matrix multiplications in (28)

A =

⎡
⎢⎢⎣
−RfL

−1
f L−1

f 0
−C−1

f 0 nC−1
f

0 γ −nRγ
−R · C

⎤
⎥⎥⎦ (29)

B =

⎡
⎢⎢⎣
−L−1

f 0
0 0
0 γ

C

⎤
⎥⎥⎦ (30)

where C ∈ Rn×n is a circulant matrix defined by

C = T 0L−1T 0. (31)

The block diagonal form of A and B demonstrates that
decoupling has been successfully achieved; that is, the tracking
states ztra, and tracking control action utra, do not affect the
balancing states zbal, and vice versa. This decoupling permits
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controllers for the reference tracking and cell current balancing
tasks to be independently designed and analyzed. In other words,
the placement of eigenvalues for each subsystem can be done
in such a way that the specific requirements of each control
problem are taken into account during the design process. This
is particularly relevant for modular converters in which control
may be distributed, or in cases where there are significant differ-
ences between the dynamics of the reference tracking and cell
current balancing.

C. Decoupled Model Properties

The transformations proposed in Section III-B provide a
method to decouple the original model into two subsystems.
Before the decoupled model is applied to a controller design
process, however, the fundamental properties of the model need
to be verified, including checks for stability, controllability, and
observability. The stability analysis is based on checking eigen-
values of the matrix A, while controllability and observability
is tested against the rank of the controllability and observability
matrices.

The matrix A is block diagonal as a result of the state
transformation and can be rewritten in the following form, which
is convenient for exploring the fundamental properties:

A =

[A11

A22

]
(32)

where A11 and A22 are defined as

A11 =

⎡
⎢⎣
−RfL

−1
f L−1

f 0

−C−1
f 0 nC−1

f

0 γ −nRγ

⎤
⎥⎦ (33)

A22 = −R · C. (34)

For the purpose of the property analysis of model (27), the
control matrix B needs to be rewritten as the block matrix

B =
[ B̊ B̃ ]

. (35)

Matrices B̊ and B̃ are defined as

B̊ =

[ −L−1
f

0(n+2)×1

]
(36)

B̃ =

[
B̃11

B̃22

]
(37)

where partitions B̃11 and B̃22 are given below

B̃11 =

[
02×1

γ

]
(38)

B̃22 = C. (39)

The upper block A11 has all eigenvalues negative and subse-
quently is stable. From the definitions (15) and (31), it follows
that lower block A22 is rank deficient with rank n−1, and
consequently has one zero eigenvalue. Checking the rank of

controllability matrices

R11 =
[
B̃11 A11B̃11 A2

11B̃11 . . . A(n+2)
11 B̃11

]
(40)

R22 =
[
B̃22 A22B̃22 A2

22B̃22 . . . A(n+2)
22 B̃22

]
(41)

it follows thatR11 is full rank whileR22 is rank deficient due to
A22. This means that the states ztra are fully controllable, while
the states zbal have one uncontrollable eigenvalue.

The analysis of the uncontrollable mode, i.e., the zero
eigenvalue, of matrix A22 requires checking the solutions of
A22zbal = 0n×1. As A22 is circulant, the solution to this equa-
tion is of the form zbal = [ξ ξ . . . ξ]T. Based on definition (12),
the only valid solution case is ξ = 0, which corresponds to
the null state. Consequently this uncontrollable mode is not of
concern.

For a more compact notation, the model (27), given (12),
(24), (32), and (35), can be rewritten as

[
żtra

żbal

]
=

[A11

A22

] [
ztra

zbal

]
+

[
B̃11

B̃22

][
rtra

rbal

]
.

(42)
Given the diagonal form of matrix B̃, the control input r can be
substituted by the following state feedback:

r = −Kz =

[
K tra

Kbal

]
(43)

where K tra ∈ R3×1 and Kbal ∈ Rn×n are gain matrices. The
matrix K tra can be designed to satisfy the required tracking
performance, while Kbal is a matrix whose values determine
the performance of the balancing controller. Substituting (43)
into (42) yields
[
żtra

żbal

]
=

[
A11−B̃11K tra

A22−B̃22Kbal

][
ztra

zbal

]
. (44)

IV. APPLICATION OF THE DECOUPLED MODEL TO

CONTROLLER DESIGN

To demonstrate the advantage of the decoupling methodology
presented in this article to the controller design process for a
paralleled interleaved converter, the decoupled model developed
in Section III will be applied to design reference tracking and
current balancing controllers for a practical converter. The key
contribution of this article is enabling the reference tracking
and balancing controllers to be independently designed, and
consequently, dynamics of the resulting closed-loop systems to
be independently specified; this process will be demonstrated
explicitly in this section. The intent of this section is therefore
not to make a direct comparison with the dynamic performance
of existing controllers documented in the literature, but rather,
to validate the effectiveness and salient advantages of the de-
coupled design methodology.

It should be noted that the decoupled model developed in
this article is applicable independent of any specific control
design technique; any state-space technique may be used to
design a control law based on the decoupled model (e.g., the
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Fig. 3. Circuit diagram of the experimental prototype showing output filter
configuration, including cyclic cascade network comprising three ICTs.

TABLE I
COMPONENT VALUES FOR EXPERIMENTAL PROTOTYPE

dead-beat control strategy proposed in [1] could be applied
to design a balancing controller using the decoupled model).
For the purposes of this example design, we select the LQR
design technique, which guarantees an infinite gain margin,
phase margin of at least 60◦, and is tolerant to input nonlinearities
bounded on (0.5, 2) [21].

An LQR design requires specification of the weighting matri-
ces Q and R to minimize the quadratic cost function, where Q
determines the relative penalty for state errors, while R deter-
mines the penalty for control action. For the tracking controller,
we select ig as the quantity of interest, and assign no priority
to the other states, resulting in Qtra = diag(1, 0, 0). For the bal-
ancing controller, given the symmetry in the converter topology,
we assign equal weighting to i1 . . . in such that Qbal = In×n.
Similarly, control action can also be penalized equally, such that
R = ρ·I , where the value of ρ can be independently selected for
the tracking and balancing controllers, and decreasing values of
ρ will result in increasing feedback gains.

As a practical example, the abovementioned design method-
ology is applied to the experimental 3-cell converter depicted
in Fig. 3, which features a cyclic cascade coupling network.
Numeric values for matrices A and B are determined from the
experimental converter component values provided in Table I,
where

L = 2(Llk + Lm) (45)

M = Lm (46)

R = 2RICT. (47)

As the control law will ultimately be implemented on a digital
system, the sample rate, Ts, must also be specified; a sample rate
of 96μs is selected, commensurate with the switching frequency

Fig. 4. Trajectories of closed-loop eigenvalues for decreasing values of
ρ ∈ [1×10−7, 1×100] for (a) reference tracking controller and (b) balancing
controller. � and � denote, respectively, a “relaxed” (low feedback gain) and
“aggressive” (high feedback gain) design point for each controller.

TABLE II
CONTROLLER DESIGN PARAMETERS AND RESULTING FEEDBACK GAINS

of the experimental prototype, 10.4 kHz. Feedback gains for the
two controllers are calculated using the MATLAB functionlqrd
as follows:

K tra = lqrd (Atra,Btra,Qtra,Rtra, Ts) (48)

Kbal = lqrd (Abal,Bbal,Qbal,Rbal, Ts) . (49)

It should be noted that the resulting gain matrix Kbal is of the
form circ(2κ,−κ,−κ), and from the definitions (12) and (13) it
can be trivially shown that Kbal can be simplified to Kbal = 3κ
such that Kbalzbal = Kbal·zbal.

The dynamics of the resulting closed-loop control law are
determined by the selection of values of ρ for the balancing and
tracking controllers. Fig. 4 shows the trajectories of the closed-
loop eigenvalues as the design parameter ρ is varied for each
of the controllers. To demonstrate the utility of the decoupled
design methodology, we design independently for each of the
controllers an “aggressive” (high feedback gains) and “relaxed”
(low feedback gains) control law by selecting appropriate values
for ρtra and ρbal. The resulting feedback gains are summarized
in Table II and the corresponding closed-loop eigenvalues are
plotted in Fig. 4, where � and � denote the low and high
feedback gain designs, respectively. These controller designs
will be applied experimentally in Section V to validate that
decoupling of the reference tracking and balancing controllers
has been achieved.

V. EXPERIMENTAL VALIDATION

To validate the proposed technique for decoupling of ac-
tive current balancing and reference tracking control tasks, an
experimental prototype (see Fig. 3) was developed and the
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closed-loop controllers designed in Section IV were imple-
mented. In this section, transient performance of the reference
tracking and balancing controllers is investigated to validate that
the closed-loop performance of these systems is truly decoupled
as predicted by the control design methodology developed in this
article.

It is demonstrated in this section that the dynamic perfor-
mance of the reference tracking and balancing subsystems is
determined solely by the respective controller; that is, modi-
fication of the balancing controller design does not affect the
reference tracking performance, and vice versa. In the following
subsections, the hardware prototype is described and experimen-
tal results are presented and discussed.

A. Hardware Prototype

The experimental prototype comprised a three phase-leg,
SEMIKRON SEMIKUBE IGBT-based VSI with split-bus con-
figuration, driving a single phase, resistive load. The load was
returned to the dc bus midpoint. A dc power supply was used to
regulate the dc bus of the VSI to 400 V. The prototype supplied
a fixed 11 Ω resistive load.

The three phase legs of the VSI were coupled to the load
via an LCL filter, which included a cyclic cascade network of
ICTs on the VSI side of the filter. Leakage and magnetizing
inductances were calculated for each of the ICTs using open- and
short-circuit measurements taken using an LCR meter; for the
purposes of this experimental validation, the mean value of these
parameters were used. The values of all passive components used
in the hardware prototype are documented in Table I.

Modulation, sampling, and filtering were conducted in an
field programmable gate array (FPGA)-based data acquisition
and control system [22], while the active balancing control and
open-loop reference were calculated in a Real-Time Digital Sim-
ulation (RTDS) real-time simulator. The switching frequency of
the converter was configured to 10.4 kHz (TPWM = 96 μs) with
a phase shift of 120◦ applied between phase legs. A phase ac-
cumulated carrier pulsewidth modulation (PWM) strategy [23]
with 32-bit phase accumulator, 16-bit precision compare value,
zero-order hold, and multiple-edge lockout circuit was employed
for the PWM. All voltages and currents in the prototype were
sampled at 1 MHz, and a 96-sample moving average filter was
applied to attenuate harmonics at the switching frequency and
its multiples. Measurements were subsequently decimated to the
5 μs time step at which the control actions were calculated and
applied. A photo of the experimental prototype is shown in Fig. 5
and a detailed discussion of the experimental instrumentation
and control platform is provided in [22].

The control action for the experimental converter was calcu-
lated by

un = uff −K tra (ztra − z∗
tra)−Kbal (in − iavg) (50)

given

i∗g = 3i∗avg = Ig sin(ωt+ φ) (51)

v∗c = vg +Rfi
∗
g + Lf

di∗g
dt

(52)

Fig. 5. Photo of the experimental prototype showing real-time simulator,
three-phase-leg inverter module, and output filter network (left to right).

uff = vg +

(
Rf +

R

3

)
i∗g +

(
Lf +

2Llk

3

)
di∗g
dt

(53)

where Ig is the amplitude of a sinusoidal load current reference
having arbitrary phase φ, and frequency ω = 100 π. The control
architecture is depicted in Fig. 6.

As the units of un are [V ], mapping of the control action
to modulation depth is performed by assuming a fixed bus
voltage such that the modulation depth for each phase leg can
be calculated by

mn =
2

Vbus
un, mn ∈ [−1, 1]. (54)

A small amount of artificial imbalance was introduced in the
form of a 0.1% dc offset to one of the three phase legs (phase-
leg C) modulation depths, to produce an observable amount of
imbalance in the output currents. Note that this represents a 96 ns
asymmetry in switching times between phase legs, which is not
unreasonable when considering typical timing uncertainties in
gate drive signal pathways.

B. Experimental Results

To examine the dynamics of the designed balancing and
tracking controllers, a step change of 9 to 0.9 ARMS was applied
to the 50 Hz output current reference at t = 0 s. Fig. 7 shows the
resulting output current and phase-leg currents with low tracking
gain and low balancing gain controller variants implemented.
Good balancing and tracking performance is demonstrated.

To validate that decoupling has been achieved the experiment
was repeated with all combinations of tracking and balancing
controller design points. Figs. 8 and 9 show the transient tracking
and balancing performance, respectively, for different controller
combinations.

Fig. 8 clearly shows that reference tracking performance is un-
affected by the choice of balancing controller design point, and is
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Fig. 6. Block diagram showing architecture of the decoupled controller applied to the experimental prototype.

Fig. 7. Plots of (a) load current and (b) phase-leg current for a step change
in reference current from 9 to 0.9 ARMS. Waveforms shown are for the low
tracking gain, low balancing gain controller design point.

Fig. 8. Plot of output current tracking error for a step change in reference
current from 9 to 0.9 ARMS, for all combinations of tracking and balancing
controller design points.

Fig. 9. Plot of current imbalance transient for one output phase for the (a) low
gain balancing controller design and (b) high gain balancing controller design.
Current imbalance is normalized to the peak transient current imbalance for each
case. For each balancing controller design point, a first-order exponential line
of best fit has been shown, with corresponding time constant indicated in the
legend.

dependent only on the design of the reference tracking controller.
The plot also validates the design methodology presented in
Section IV, with the transient response time reduced from ∼750
to ∼250 μs, comparing the low-gain and high-gain tracking
controller designs, respectively. Similarly, Fig. 9 demonstrates
that transient balancing performance is unaffected by the choice
of tracking controller design, with the time constant of the bal-
ancing transient independent of the selected tracking controller
gains. An improvement in the balancing time constant from
∼600 to ∼170 μs is demonstrated, comparing the low-gain and
high-gain balancing controller designs, respectively.
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These data validate that the decoupling of reference tracking
and balancing control tasks via the methodology presented
in Section III is achievable in practice, such that controller
performance can be independently designed and analyzed as
demonstrated in Section IV.

VI. CONCLUSION

This article presents a methodology for the decoupling of the
current balancing and reference tracking control problems in
multicell, paralleled converters. This decoupling process allows
the balancing and reference tracking controllers to be designed
and analyzed independently, such that the dynamics of neither
subsystem need be compromised. The proposed methodology is
shown to be generally applicable to symmetrical, n-cell paral-
leled converter topologies featuring uncoupled or coupled output
inductor networks.

The presented decoupling and controller design methodolo-
gies have been validated experimentally at 100 VRMS and
9 ARMS, using a three-cell parallel interleaved converter with
cyclic cascade coupled inductor filter network. The implemented
balancing control is effective in minimizing intercell current
imbalance. Decoupling has been explicitly demonstrated ex-
perimentally, with dynamic tracking performance unaffected by
choice of balancing controller design, and vice versa.

APPENDIX

COUPLING MATRIX DEFINITIONS AND PROPERTIES

In Section II, we introduce a matrix L, denoted as the “cou-
pling matrix,” which defines the inductive coupling network
between the converter cells and the PCC. In the general case,
this matrix takes the following form:

L =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

L1 −M12 −M13 . . . −M1n

−M12 L2 −M23 . . . −M2n

−M13 −M23 L3
. . . −M3n

...
...

. . .
. . .

...

−M1n −M2n −M3n . . . Ln

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(55)

where Lj is the total self-inductance of phase-leg j, and Mjk

is the mutual inductance between phase-legs j and k. If a
symmetrical coupling network is assumed such that

Lj = L, j ∈ [1, n] (56)

Mjk ∈ {M, 0}, j, k ∈ [1, n], j 	= k (57)

the matrix L can be further simplified, and, as will be subse-
quently shown, always takes the form of a circulant matrix. For
the purposes of this article, we will define the coupling matrix
for the three salient coupling network classes identified from the
literature, namely, uncoupled, multicoupled, and cyclic cascade.

A. Uncoupled case

The uncoupled case is the simplest and occurs when no mutual
coupling exists between phase legs. In this case, (55) reduces to

Luc = L · In×n. (58)

B. Multicoupled Case

The multicoupled case arises for symmetrical coupling net-
works formed via a common multileg magnetic core (multi-
interphase transformers), or via the combinatorial cascade or
whiffletree topologies (constructed from multiple two-winding
interphase transformers) [1], [10]. All of these topologies have
been shown to result in the same equivalent inductance, such
that (55) simplifies to

Lmc,n×n = circ (L,−M, . . . ,−M) (59)

where the circ operator produces a circulant matrix with first
row equal to the operand. It is important to note that the ratio of
M to L is bounded by the case of perfect coupling [1] such that

M

L
<

1

n− 1
(60)

and consequently Lmc is strictly diagonally dominant.

C. Cyclic Cascade Case

The cyclic cascade topology results in a symmetrical coupling
network in which mutual coupling only exists between adjacent
phase legs. For n � 3, this results in a coupling matrix, which
is equivalent to the multicoupled case, however, for n > 3 some
zero elements are present in the coupling matrix, such that

Lcc,n×n = circ (L,−M, 0, . . . , 0,−M) , n > 3. (61)

Similar to the multicoupled case, the ratio of M to L for the
cyclic cascade topology is bounded by perfect coupling [1]

M

L
<

1

2
(62)

which guarantees that Lcc is strictly diagonally dominant.
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