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Abstract—Cascaded H-bridge (CHB) converters are suitable
candidates for numerous applications, including electrical drives,
static synchronous compensators, and battery energy storage in-
verters. Optimal control strategies for CHB converters have at-
tracted significant interest in recent decades due to their flexibility
in including multiple control objectives and their simple design
process. However, the steady-state performance of these control
strategies deteriorates if the CHB converter model has param-
eter mismatches and/or the submodule (SM) capacitor voltage
ripples are not measured. This work proposes a Kalman filter (KF)
based strategy to eliminate the steady-state error and undesired
low-frequency harmonic components in the CHB converter output
currents. The proposed KF strategy estimates the instantaneous
arm voltage harmonics representing the converter modeling errors
and unaccounted disturbances. Then, these estimated voltage har-
monics are used to improve the arm current predictions and obtain
a compensation term for the steady-state arm voltage references
to be used by the optimal control strategy. Experimental results
for three different optimal control schemes are provided for a
three-phase CHB converter with nine SMs to confirm the effec-
tiveness of the proposed KF strategy.

Index Terms—Cascaded H-Bridge (CHB), Kalman filtering,
predictive control.
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I. INTRODUCTION

MULTILEVEL converters (MCs) have been under re-
search and development for decades, receiving wide

acceptance in several industrial applications due to their cost-
effectiveness in medium- and high-voltage power conver-
sion [1]. Among the different MC topologies, the cascaded
H-bridge (CHB) converter is one of the most attractive alter-
natives given its modular design, fault-tolerant capability, and
high output power quality. Suitable applications for the CHB
converter include electrical drives [1], static synchronous com-
pensators [2], and battery energy storage systems (BESS) [3].

Several control strategies have been proposed to govern the
CHB converter based on the well-known voltage-oriented con-
trol schemes [1]. Within these strategies, classical controllers,
e.g., proportional–integral regulators designed using the syn-
chronous dq-frame or proportional–resonant (PR) controllers,
are often combined with a suitable modulation stage, such as a
phase-shifted pulsewidth modulation (PS-PWM) or a level-shift
PWM [4], [5], [6], [7]. Nevertheless, due to recent advances
in digital control platforms, model predictive control (MPC)
schemes have emerged as promising control alternatives for
power converters. In general, MPC strategies may outperform
standard PWM-based controllers by offering several advantages,
such as a simple design process, high dynamic performance,
and the ability to include multiple control inputs and outputs,
constraints, and nonlinearities [8].

Among the MPC strategies, the finite-control-set MPC (FCS-
MPC) is considered the most popular MPC scheme for power
converters [8]. In fact, several FCS-MPC strategies have been
proposed for the CHB converter [9], [10], [11], [12], [13]. This
control strategy avoids an external modulation stage by directly
considering the power switches’ state (or voltage levels) as
input constraints in the optimization problem. Accordingly, all
the allowed switching combinations can be evaluated in a cost
function, finding the optimal control input at every sampling
instant. FCS-MPC strategies are characterized by providing
a fast transient response. However, this control scheme faces
challenges related to the high computational effort required to
evaluate the switching combinations in converters with a large
number of submodules (SMs), variable switching frequency, and
steady-state error [8].
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Indirect MPC schemes for MCs have been proposed to mit-
igate some of the issues of FCS-MPC strategies while main-
taining a fast dynamic response. In indirect MPC approaches,
a PWM stage is considered at the converter model instead of
directly evaluating the discrete combinations of switch positions.
As a consequence, the optimization problem in these MPC
strategies is formulated to compute optimal modulating signals
or duty cycles. Some examples of recent indirect MPC strategies
for the CHB converter, including the modulated MPC (M 2

PC) technique and the sequential PS-PWM MPC, can be found
in [14], [15], [16], [17], and [18].

One of the major challenges of implementing optimal control
strategies for power converters in practical applications is deal-
ing with parameter uncertainty and unaccounted disturbances
that might affect the control system [19]. Indeed, the steady-state
performance of optimal control methods for the CHB converter
is highly dependent on the accuracy of their prediction mod-
els [10]. In this sense, parameter mismatch in the converter
model, measurement errors, and discretization approximations
can drastically deteriorate the performance of these optimal
control strategies [9]. Consequently, several methods have been
proposed to improve the steady-state performance of optimal
control strategies for the CHB converter.

A hybrid FCS-MPC strategy that combines a PR controller
working in parallel with the predictive controller is proposed
in [13]. The PR controller obtains an average arm voltage
reference based on the current tracking error. This reference
is used to compute the equivalent switching patterns resulting
from feeding the average voltage reference into a conventional
PWM stage. Then, these patterns are employed to calculate the
switching state reference at the FCS-MPC cost function, improv-
ing the steady-state performance and reducing the switching
frequency. As the PR controller works in parallel with the
FCS-MPC strategy, its settling time must be significantly slower
than the sampling frequency, limiting the dynamic response of
this steady-state error compensation strategy.

In [10], a PR controller is also combined with an FCS-MPC
strategy. Nevertheless, the output voltage of the PR controller is
used to compute a compensation voltage, which is included in the
CHB converter current prediction model. Following a similar ap-
proach in [18] and [20], a sinusoidal steady-state compensation
term is proposed to account for the model parameters uncertainty
in a modular MC for an M 2 PC and a dead-beat current control
strategy, respectively. These methods effectively compensate for
current tracking errors at the fundamental frequency. However,
a unique PR controller per arm cannot properly compensate
for higher order voltage harmonic disturbances, which can be
introduced into the converter output voltages as a result of mea-
surement errors or low-pass filtering stages in the SM capacitor
voltage measurements [20].

A hierarchical multifactorial prediction error correction
method is proposed in [9] to improve the CHB converter steady-
state performance for an FCS-MPC scheme. This method ma-
nipulates the arm current prediction by applying a correction
stage derived from an analytic analysis of the potential causes of
the steady-state errors. Although this method improves the cur-
rent total harmonic distortion (THD) under converter parameters

mismatch, the experimental results show that it cannot compen-
sate for the third harmonic disturbance component introduced by
the SM capacitor voltage ripples in the converter output currents.

From the discussion above, none of the existing methods can
compensate for higher order voltage harmonic components that
can appear in the arm voltages and deteriorate the steady-state
output currents. To overcome this issue, this work proposes a
Kalman filter (KF) harmonic compensator strategy to achieve
the offset-free optimal control of CHB converters. The pro-
posed KF-based strategy can compensate as many harmonic
components as necessary to mitigate the steady-state errors in the
CHB converter currents. Moreover, the proposed KF harmonic
compensator can be directly integrated with direct and indirect
optimal control strategies. The main contributions of this work
are summarized as follows.

1) The effect of neglecting the SM capacitor voltage ripples in
the CHB converter output voltage is investigated through
mathematical analysis. This analysis demonstrates that
the SM capacitor voltage ripples can introduce errors in
the output voltage, leading to increased voltage harmonic
distortion, particularly at the first, third, and fifth harmonic
components.

2) An augmented affine state-space model that represents
the CHB converter dynamics, including the arm currents
and the arm voltage disturbances decomposed into har-
monic components, is proposed. This augmented state-
space model combined with a state observer allows the
estimation of the unaccounted arm voltage disturbances,
representing the equivalent voltage drops at the CHB
converter arms, related to converter modeling and mea-
surement errors.

3) A harmonic compensator strategy is proposed, consider-
ing a steady-state KF as the augmented state observer.
Accordingly, guidelines are provided for designing the
KF matrices and compensating the control input and the
converter prediction model using the estimated voltage
disturbances.

4) The performance of the proposed KF harmonic com-
pensator strategy is validated by experiments for three
different optimal control strategies under various nonideal
operating conditions, including significant errors in the
model parameters and assuming constant SM capacitor
voltages.

The rest of this article is organized as follows. Section II
presents the CHB converter dynamic model and analyzes the
effect of the SM capacitor voltage ripples in the converter
output voltage. Section III describes the proposed augmented
state-space model and the proposed KF harmonic compensator
strategy. Section IV presents the experimental validation of the
proposed approach. Finally, Section V concludes this article.

II. CHB CONVERTER MODEL AND STANDARD OPTIMAL

CONTROL

Fig. 1 illustrates the CHB converter topology under analysis
in this work. This power converter consists of three phase
arms in a delta configuration. The arms are formed by the
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Fig. 1. Delta-connected CHB converter with n power cells.

series connection of n H-bridge SMs (HB-SMs) with an arm
filter of inductance L and an arm equivalent resistance r. The
dc side of the HB-SMs consists of a floating capacitor, which
can be utilized independently or connected to batteries or a
dc–dc conversion stage, depending on the application of the
CHB converter [1]. The ac side of the HB-SMs has two pairs of
power switches, which allows the generation of three different
output voltage levels. Each ac terminal of the CHB converter is
connected to one phase of the point of common coupling (PCC).

A. Continuous-Time Dynamic Model

To describe the CHB converter current dynamics, the arm
currents can be considered as the system state, i.e.,

x(t) =
[
i1(t) i2(t) i3(t)

]T
. (1)

Based on the CHB converter topology, as depicted in Fig. 1, the
following continuous-time state-space model can be obtained

dx(t)

dt
= Acx(t) +Bcu(t) +M cvg(t) (2)

where is u(t) =
[
v1(t) v2(t) v3(t)

]T
is the control input

formed by the CHB arm output voltages, vχ(t), and vg(t) =[
va(t) vb(t) vc(t)

]T
is the vector containing the PCC volt-

ages. Besides1

Ac=− r

L
I3, Bc=

1

L
I3, M c=− 1

L

⎡
⎢⎣−1 1 0

0 −1 1

1 0 −1

⎤
⎥⎦ .

(3)

For a generic n-cell CHB converter arm, the total output voltage
can be expressed as the sum of the individual output voltage at
each HB-SM, vχj(t), as

vχ(t) =
n∑

j=1

vχj(t) ∀χ ∈ {1, 2, 3}. (4)

1Note that In refers to the identity matrix of dimension n.

In the delta-connected CHB converter, a circulating current,
i0(t), can be injected into the arm currents without affecting
the grid currents. This circulating current allows the control
of the interarm power imbalance, achieving different power
references at each arm while maintaining balanced ac currents
at the converter output [16]. The relationships between the arm
currents, the grid currents, and the circulating current can be
expressed via⎡

⎢⎣ia(t)ib(t)

i0(t)

⎤
⎥⎦ = Ψx(t), Ψ =

⎡
⎢⎣ 1 0 −1

−1 1 0
1
3

1
3

1
3

⎤
⎥⎦ (5)

and ic(t) = −ia(t)− ib(t).

B. Discrete-Time Dynamic Model

A discrete-time dynamic model for the CHB converter arm
currents is often required to implement optimal control strategies
in digital control platforms. In this sense, a discrete-time state-
space model can be obtained by applying the zero-order hold
(ZOH) discretization to (2), with a sampling period ofTs, leading
to

x(k + 1) = Ax(k) +Bu(k) +Mvg(k) (6)

with

A = eAcTs , B = A−1
c (A− I3)Bc (7)

M = A−1
c (A− I3)M c. (8)

Furthermore, at each sampling instant, the arm output voltages
can be expressed as vχ(k) =

∑n
j=1 vχj(k). Consequently, the

optimal control strategy chosen to govern the CHB converter de-
fines the range of values allowed for the arm voltages as control
inputs. For instance, in FCS-MPC strategies, the control input
is often considered as the discrete set of voltage levels that can
be obtained at the arm output voltage, i.e., vχ(k) = v�dcvlχ(k),
with vlχ(k) ∈ {−n,−n+ 1, . . . , 0, . . . , n+ 1, n}. Conversely,
in optimal control strategies that consider a modulation stage,
the possible arm output voltages are given by a continuous set of
values, defined as vχ(k) ∈ [−nv�dc, nv

�
dc]. In any case, (6) can

be used as the converter prediction model in standard optimal
control strategies for the CHB converter.

C. Optimal Control Problem and Steady-State Control Input
Reference Design

Several standard FCS-MPC and indirect MPC strategies [12],
[13], [14], [15], [16] are based on computing the optimal control
input, uopt(k), which minimizes the following cost function:

J(k)= ‖x(k+1)− x�(k+1)‖22 + λu ‖u(k)− u�(k)‖22 (9)

where u�(k) is the required CHB output voltage to maintain the
arm currents at the desired steady-state operation conditions.
Accordingly, the weighting factor λu allows the designer to
regulate the controller closed-loop performance [21].

It is important to remark that when the system state approaches
its reference, i.e., x(k) ≈ x�(k), the first term of the cost
function (9) is almost zero. As a consequence, the second term
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becomes the dominant one, and uopt(k) tracks u�(k) in steady
state. In this sense, appropriate steady-state reference voltages
for the CHB converter arms can be found simply by replacing
the system state reference in the dynamic model (6), and solving
the equation system for u(k), as follows:

u�(k) = B−1 (x�(k + 1)−Ax�(k)−Mvg(k)) . (10)

Replacing the model matrices (7) and (8) into (10) yields

u�(k) = rx�(k)+
r

σ
(x�(k+1)− x�(k))−LM cvg(k) (11)

with σ = eTsL/r−1. Moreover, the arm current references can
be computed considering the grid current references and the
circulating current reference as

x�(k) = Ψ−1
[
i�a(k) i�b(k) i�0(k)

]T
(12)

in which the grid current references can be obtained according
to the conventional p−q theory [22], and the circulating current
reference can be obtained following the interarm active power
balance strategy proposed in [23].

Ideally, (11) should perfectly track the desired steady-state
arm current references. However, in practical applications, the
steady-state currents can drift from their references due to
prediction model errors affecting u�(k). These errors can orig-
inate from model parameter uncertainties, measurement errors,
and discretization approximations [9]. Consequently, the pro-
posed KF strategy is designed to compensate for these errors
in the CHB converter dynamic model, improving the current
predictions and the steady-state control input reference used in
standard optimal control schemes.

D. Effect of Unmeasured SM Capacitor Voltage Ripples

It is clear from (11) that parameter errors in r and L, and mea-
surement errors at the PCC voltages, directly affect the steady-
state control input reference. Nevertheless, the SM capacitor
voltage ripples are also an additional cause for steady-state error,
depending on how uopt(k) is applied to the converter SMs.

In some conventional optimal control strategies for the CHB
converter, the SM capacitor voltage ripples are neglected when
considering the possible arm output voltage levels [11], [12]
or at the modulation stage [17], for FCS-MPC and indirect
MPC strategies, respectively. As a result, steady-state errors,
proportional to the sum of the SM capacitor voltage ripple
amplitudes, appear in the arm output voltages. This issue is
analyzed as follows.

Assuming that the arm voltage is divided equally among the
SMs and that the average SM capacitor voltages are controlled
at their reference, the actual steady-state output voltage of each
HB-SM is given by the following:

vχj(t) =
v�χ(t)

n

vdc
χj(t)

v�dc
(13)

with vdc
χj(t) being the instantaneous SM capacitor voltage of the

SM-χj. Therefore, by replacing (13) into (4), the resulting arm

output voltage can be written as follows:

vχ(t) =
v�χ(t)

nv�dc

n∑
j=1

vdc
χj(t). (14)

Considering that the balanced SM capacitor voltages are com-
posed of the dc voltage value, and the SM capacitor voltage
ripple, i.e., vdc

χj(t) = v�dc + ṽχj(t), and replacing this expression
into (14), leads to

vχ(t) = v�χ(k) + ṽχ(t), ṽχ(t) =
v�χ(t)

nv�dc

n∑
j=1

ṽχj(t) (15)

where ṽχ(t) accounts for the arm output voltage error introduced
by the sum of the SM capacitor voltage ripples.

Due to the single-phase nature of the CHB converter arms, the
SM capacitor voltage ripples inherently contain oscillations at
twice the fundamental frequency, ω, and its multiples. However,
harmonics higher than fourth order generally can be neglected
in the SM capacitor voltage ripples. In this way, the sum of the
SM capacitor voltage ripples can be approximated as follows:

n∑
j=1

ṽχj(t) ≈ Ṽ 2ω
χ sin(2ωt+ φ2ω) + Ṽ 4ω

χ sin(4ωt+ φ4ω).

(16)

Moreover, replacing (16) into (15) leads to the following ap-
proximation for the instantaneous arm output voltage error:

ṽχ(t) ≈ ma sin(ωt+ φvχ)Ṽ
2ω
χ sin(2ωt+ φ2ω)

+ma sin(ωt+ φvχ)Ṽ
4ω
χ sin(4ωt+ φ4ω) (17)

with ma sin(ωt+ φvχ) =
v�
χ(t)

nv�
dc

. Finally, expanding (17) by us-

ing the sine product to sum trigonometric identity leads to2

ṽχ(t) ≈
maṼ

2ω
χ

2
(cos(ωt+ φ2ω−vχ)− cos(3ωt+ φ2ω+vχ))

+
maṼ

4ω
χ

2
(cos(3ωt+φ4ω−vχ)− cos(5ωt+φ4ω+vχ)) .

(18)

Therefore, neglecting the SM capacitor voltage ripples when ap-
plying the CHB optimal control inputs results in a voltage error
that can be decomposed into a first, third, and fifth predominant
harmonic components. This voltage error propagates through
the CHB arm currents, increasing their THD and affecting the
steady-state performance of the converter.

III. PROPOSED KF-BASED STEADY-STATE ERROR

COMPENSATION STRATEGY

This section introduces the proposed KF harmonic compen-
sator for the offset-free optimal control of the CHB converter
currents. The proposed KF strategy achieves this objective by
estimating the voltage drops in the converter arms, which the
standard converter dynamic model (6) cannot describe. Ac-
cordingly, the estimated voltages can be used to enhance the

2Consider that the notation φa±b = φa ± φb is assumed in (18).
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steady-state control input reference used by optimal control
schemes and to improve the current predictions, eliminating the
current steady-state error even if the SM capacitor ripples are
not measured.

A. Proposed Augmented State-Space Dynamic Model

The key idea behind the proposed KF steady-state error com-
pensation strategy is to include a model for sinusoidal voltage
disturbances composed of several harmonic components, which
impact the state dynamics of each arm current. These voltages
represent the equivalent voltage drops at the CHB converter
arms not considered in the standard converter model (6) due
to modeling errors or caused by external disturbances. Then, a
steady-state KF is designed to estimate these voltage drops and
to predict the arm current values.

As a general case, a sinusoidal voltage harmonic component
of constant amplitude and frequency can be expressed in the
single-phase αβ-frame as

dαh(t) = d cos(hωt+ φh) (19)

dβh(t) = d sin(hωt+ φh) (20)

where h denotes the harmonic order, ω is the fundamental
frequency, and φh is its phase, indicating that different voltage
harmonic components are not necessarily in phase. Moreover,
differentiating the αβ voltages in (19) and (20), the following
dynamic equations that describe this voltage harmonic compo-
nent can be found:

ḋ
αβ

h (t) =

[
0 −hω

hω 0

]
dαβ
h (t), dαβ

h (t) =

[
dαh(t)

dβh(t)

]
. (21)

Accordingly, (21) can be discretized using the ZOH method
to obtain a dynamic model of voltage disturbance harmonic
components that impact the current of the arm-χ, i.e.,

dαβ
χh(k + 1) = Γhd

αβ
χh(k) (22)

with

dαβ
χh(k)=

[
dαχh(k)

dβχh(k)

]
, Γh=

[
cos(hωTs) − sin(hωTs)

sin(hωTs) cos(hωTs)

]
.

As analyzed in the previous section, to fully eliminate the steady-
state error in the arm currents, a voltage disturbance comprised of
a first, third, and fifth harmonic component must be compensated
at each arm. Consequently, the following augmented system
state is defined:

xa(k) =
[
xT (k) (dαβ(k))T

]T
∈ R

21×1 (23)

dαβ(k) =
[
(dαβ

1 (k))T (dαβ
3 (k))T (dαβ

5 (k))T
]T

(24)

where dαβ
h (k)=[(dαβ

1h (k))
T (dαβ

2h (k))
T (dαβ

3h (k))
T ]T∈R6×1 is

the vector containing the respective voltage disturbances of
frequency hω rad/s that affect each arm. Moreover, consider-
ing (23), and the dynamic models (6) and (22), the proposed
augmented state-space model that describes the converter and

Fig. 2. Equivalent continuous-time circuit diagram of the augmented
state-space model for the CHB converter, where dαχ = (dαχ1 + dαχ3 +

dαχ5)
rγ

L(γ−1)
, γ = eTsr/L.

disturbances coupled dynamics can be expressed via

xa(k + 1) = Aaxa(k) +Bau(k) + p(k)

y(k) = x(k) = Caxa(k) (25)

with

Aa=

[
A D

018×3 Γ

]
, Ba=

[
B

018×1

]
, p(k)=

[
Mvg(k)

018×1

]

D=
[
Dα Dα Dα

]
, Dα=

⎡
⎢⎣1 0 0 0 0 0

0 0 1 0 0 0

0 0 0 0 1 0

⎤
⎥⎦

(26)

Γ = blkdiag(Γ1,Γ1,Γ1,Γ3,Γ3,Γ3,Γ5,Γ5,Γ5), and Ca =[
I3 03×18

]
. Fig. 2 shows the equivalent circuit representation

of the proposed augmented state-space model for the CHB
converter topology with disturbances.

Finally, although this work considers the delta-connected
CHB converter, the proposed augmented state-space model can
be adapted to the star-connected CHB converter by simply
updating the converter model matrices A, B, and M in the
augmented model matrices (26).

B. Proposed KF-Based Compensation Strategy

It is important to remark that the proposed augmented affine
state-space dynamic model (25) is time-invariant. Furthermore,
the observability matrix for this system is full rank. Conse-
quently, any conventional state observer can be designed to
estimate the arm voltage disturbances from the arm current mea-
surements. Accordingly, the following state observer dynamic
model is considered:

x̂a(k+1) = Aax̂a(k) +Bau(k) + p(k) +Kf (y(k)−ŷ(k))

ŷ(k) = Cax̂a(k) (27)

where Kf is the observer gain matrix. This matrix must be
designed to ensure that the closed-loop observer matrix

Aobs = Aa −KfCa (28)
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is Schur stable, i.e., all its eigenvalues have a norm strictly less
than one. Consequently, this work proposes the application of
a steady-state KF [24] to compute the observer gain matrix. In
this way, Kf can be obtained offline by solving the following
discrete-time algebraic Riccati equation:

Kf = AaPCT
a

(CaPCT
a +R

)−1
(29)

P = AaPAT
a −KfCaPAT

a +Q (30)

where P ∈ R
21×21 is the steady-state estimate covariance ma-

trix, and Q ∈ R
21×21 and R ∈ R

3×3 are the process and sensor
noise covariance matrices, respectively.

The process noise covariance matrix represents the uncer-
tainty in the dynamic model (23), accounting for the modeling er-
rors that cannot be represented by the proposed voltage harmonic
disturbances. Conversely, the sensor noise covariance matrix
represents the variability of the current sensor measurements.
As the augmented system state is comprised of the arm currents
and the sinusoidal voltage disturbances, and considering that
the arm currents are the only measured outputs used for the
state estimation, the covariance matrices of the proposed KF are
defined as follows:

Q =

[
I3 03×18

018×3 λqI18

]
, R = λrI3 (31)

where λq and λr are positive constants to model the relative
uncertainty of the arm voltage disturbance estimates and the
current sensors, respectively.

First, in order to design the KF observer, the value of λr

can be computed by recording a large number of measurements
from the current sensors in the experimental setup for a constant
input value and then computing the covariance of the dataset.
Subsequently, the value of λq can be adjusted to achieve the
desired closed-loop performance of the state observer.

A small value for λq implies that the prediction model is
remarkably accurate. As a result, the observer will tend to rely
more on the model predictions rather than rapidly adjusting the
state estimates of the voltage disturbances based on the arm
currents prediction errors. On the contrary, larger values for λq

imply that the dynamic model is quite uncertain, leading the
observer to provide larger corrections to the state estimates based
on the estimation errors. Nevertheless, larger values for λq can
increase the amount of noise propagated from the sensors to the
state estimation.

Finally, note that λr can also be modified to adjust the observer
bandwidth or to avoid numerical rounding errors in the digital
control platform when a value close to zero is obtained from
the experimental setup measurements. However, it is essential
to consider that increasing the value of λr makes the observer
less aggressive by relying more on the dynamic model, whereas
reducing its value diminishes the noise-filtering capabilities of
the KF observer.

The predicted voltage disturbance estimates can be extracted
from the augmented system state and used to compute the
required control input compensation that cancels their effect on

Fig. 3. Block diagram of the proposed KF observer for steady-state error
compensation.

Fig. 4. Three-phase CHB-BESS converter prototype.

the arm output voltages as follows:

û�
d(k + 1) = B−1Dd̂

αβ
(k + 1) ∈ R

3. (32)

Adding the control input compensation (32) to (11) leads to
the compensated steady-state control input reference, which
includes the aggregated modeling errors of the CHB converter.
Accordingly, the control input that needs to be provided to the
optimal control strategy is given by the following equation:

û�(k + 1) = u�(k + 1) + û�
d(k + 1). (33)

Finally, a block diagram that depicts the implementation of the
proposed KF strategy is shown in Fig. 3. Note that implementing
the proposed KF not only involves using the enhanced steady-
state control input reference (33), but also requires feeding the
estimated predicted currents to the optimal control, as this state
prediction considers the effect of the unmeasured disturbances.3

IV. EXPERIMENTAL VERIFICATION

A. Experimental Setup

Experimental results have been carried out to analyze the
performance of the proposed KF harmonic compensator. The
three-phase CHB converter, as shown in Fig. 4, has been used.
This setup consists of a second-life (SL) BESS prototype in
which the HB-SMs are directly connected to battery packs.

3Note that in FCS-MPC schemes, the proposed model (25) must be used to
obtain predictions to k+2 for the standard delay compensation technique.
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TABLE I
EXPERIMENTAL SETUP SL BATTERY CAPACITIES IN AH

TABLE II
MAIN PARAMETERS FOR THE EXPERIMENTAL SETUP

The SL battery packs are composed of 18 650 Lithium-ion
cells, obtained by dismantling discarded electric bike (e-bike)
batteries. The cells of each e-bike battery that exhibited a volt-
age lower than the recommended voltage threshold of 2.75 V
were discarded for recycling.

On the other hand, cells with higher voltages were tested and
sorted based on their capacity to assemble new SL packs of
24S2P and 24S3P cell configurations. The capacity of the SL
battery packs was then tested by doing a complete charge and
discharge cycle. A cutoff voltage threshold of 2.75 V for the
weakest cell at each pack was set as the terminating condition
for the pack capacity tests. The obtained capacities of each pack
are given in Table I, and the main parameters of the experimental
setup and controller are summarized in Table II.4

In addition, the experimental setup includes the grid-simulator
REGATRON TC30.528.43-ACS, and an OPAL-RT OP4510
control platform, in which the optimal current control and the
proposed KF strategy were implemented in the same CPU core.

B. Steady-State Performance Benchmarking

In order to evaluate the steady-state performance of the pro-
posed KF harmonic compensator, experiments were carried out
implementing the observer for three different optimal control
schemes: 1) the FCS-MPC [12], 2) the PS-MPC [16], and 3)
a standard linear quadratic regulator (LQR) [24]. Moreover,
these controllers were also implemented with the PR-based
compensation strategy proposed in [10] to compare its perfor-
mance against the proposed KF harmonic compensator. Table III
presents the main parameters for the optimal controllers and their
corresponding KF.

The converter parameters were modified to increase the mod-
eling errors for the experiments described in this benchmark
analysis. Values of r = 1 Ω and L = 5 mH were given to the
optimal current controllers and observer, introducing parameter
errors of 100% and 50% for the arm resistance and inductance,
respectively. In addition, the SM capacitor voltages were not

4An optimal state-of-charge balancing control scheme for this SL-BESS
experimental setup is presented in [25].

TABLE III
OPTIMAL CONTROLLERS AND OBSERVERS PARAMETERS

measured for the FCS-MPC and LQR strategies; instead, each
SM capacitor voltage was assumed to be equal to 80 V. This
assumption was not possible for the PS-MPC, as this strategy
requires the SM capacitor voltages for achieving the SM power
imbalance needed for the SL-BESS application [15]. However,
only the average SM capacitor voltage was passed to the PS-
MPC strategy by applying a low-pass filter to the SM capacitor
voltage measurements with a cutoff frequency equal to 1 Hz.

The experimental results are displayed in Fig. 5 for the PR-
based compensation and in Fig. 6 for the proposed KF strategy.
The steady-state compensation techniques were enabled after
the first 30 ms of each experimental test. Consequently, the first
row of both figures, which show the converter currents track-
ing, clearly demonstrates that the standard optimal controllers,
without a steady-state error compensation strategy, were unable
to effectively track the current references due to disturbances
caused by model parameter mismatches and SM capacitor volt-
age ripples. Further details of each experiment are provided in
the following sections.

1) FCS-MPC: In this section, two different FCS-MPC strate-
gies are compared. First, the FCS-MPC scheme [10] was im-
plemented. This FCS-MPC strategy utilizes an additional PR
controller per arm to enhance the current prediction model and
compensate for the steady-state errors. The experimental results
for this control scheme are presented in Fig. 5(a)–(e). Second,
the FCS-MPC [12] with the proposed KF harmonic compensator
was tested, and the obtained experimental results for this strategy
are presented in Fig. 6(a)–(e).

The CHB converter currents for each strategy are shown in
Figs. 5(a) and 6(a), respectively. Both figures confirm that these
steady-state error compensation techniques effectively mitigate
the current tracking error at the fundamental frequency. Fur-
thermore, Figs. 5(e) and 6(e) depict the harmonic spectrums
of ia for their respective FCS-MPC strategies. These figures
show that before enabling the steady-state error compensation
strategies, the FCS-MPC schemes presented the smallest third
and fifth disturbance harmonic components for the converter
output current, compared with the PS-MPC and the LQR. Ac-
cordingly, the FCS-MPC strategies were less sensitive to higher
frequency disturbances caused by the SM capacitor voltage
ripples regarding the PS-MPC and the LQR.

The proposed KF harmonic compensator provided a better
attenuation of the third and fifth voltage harmonic components,
reducing the current weighted THD (WTHD) from 0.7% to
0.55% compared to the PR-based strategy. However, the FCS-
MPC strategy [10] demonstrated a slightly lower current THD,
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Fig. 5. Experimental results with constant arm power references ofP1 = P3 = 500 W, P2 = 200 W,Q = 0 VAr, and the PR-based compensation strategy [10].
(a)–(e) Results for the FCS-MPC. (f)–(j) Results for the PS-MPC. (k)–(o) Results for the LQR. The last row shows the harmonic spectrum of ia with and without
the compensation strategy.

possibly due to its different cost function, which only penalizes
current tracking errors, resulting in more aggressive current
tracking than in [12].

Based on these results, it is concluded that both PR- and
KF-based compensation strategies offer similar steady-state per-
formances for FCS-MPC schemes. In this sense, compensating
voltage disturbances of higher order harmonics may not be
critical for steady-state error compensation in FCS-MPC strate-
gies with a high sampling frequency, even if the SM capacitor
voltages are assumed to be constant.

2) PS-MPC: The experimental results for this M 2 PC tech-
nique are presented in Fig. 5(f)–(j) and Fig. 6(f)–(j) for the PR-
and KF-based compensation strategies, respectively. Despite the
high sampling frequency of 12 kHz applied in the PS-MPC,
its steady-state performance was severely affected by consid-
ering the average SM capacitor voltages instead of the actual
SM capacitor voltage measurements to calculate the optimal
modulating signals. The current harmonic spectrums shown
in Figs. 5(j) and 6(j) exhibit significant harmonic components
at 150 and 250 Hz, for the scenarios without compensation
strategies. This disadvantage of the PS-MPC compared to the
FCS-MPC is caused by the higher weighting factor λu, which
is required to deal with the higher frequency measurement
noise [15]. Therefore, errors in the calculation of u�(k+1)

are more likely to deteriorate the steady-state current tracking
performance under this control scheme.

The PR-based compensation strategy cannot properly miti-
gate the third and fifth harmonic voltage disturbances. Thus,
these disturbances propagate into the arm currents, as shown
in Fig. 5(j). On the other hand, the proposed KF harmonic
compensator allows the PS-MPC strategy to completely reject
the fundamental and higher order voltage disturbances. As a
result, the proposed KF harmonic compensator outperforms
the PR-based compensation strategy for this optimal control
scheme, reducing the output current THD and WHTD in 1.29%
and 0.6%, respectively, [see Figs. 5(i) and 6(i)].

3) LQR: An LQR was implemented to obtain the CHB con-
verter arm modulating voltages. These voltages were applied
to the HB-SMs by implementing the optimal variable-angle
PS-PWM (OVA-PS-PWM) strategy [26] with the sampling
technique [27]. This modulation stage is particularly suited for
SL-BESS applications since it minimizes the voltage switching
harmonic components when different dc voltage and/or power
levels are required at each HB-SM. Moreover, this modulation
strategy allows the implementation of the current controller at a
reduced sampling frequency of 4 kHz while maintaining the
same PWM carrier frequency used in the PS-MPC strategy.
Nevertheless, the slower sampling frequency and the assumption
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Fig. 6. Experimental results with constant arm power references of P1=P3=500W, P2=200W,Q=0VAr, and the proposed KF harmonic compensator.
(a)–(e) Results for the FCS-MPC. (f)–(j) Results for the PS-MPC. (k)–(o) Results for the LQR. The last row shows the harmonic spectrum of ia with and without
the compensation strategy.

TABLE IV
THIRD AND FIFTH HARMONIC COMPONENTS OF ia FOR EACH CONTROL

SCHEME AND COMPENSATION TECHNIQUE

of the SM capacitor voltages being constant values impacted
the steady-state performance of the LQR without compensation
methods. Indeed, the LQR without steady-state error compensa-
tion strategy presented the poorest disturbance rejection for the
fundamental, third and fifth voltage harmonics compared to the
previous optimal controllers, as shown in Figs. 5(o) and 6(o).

After enabling the steady-state compensation strategies, re-
sults similar to those of the PS-MPC were obtained. On the
one hand, the LQR with the PR-based compensation strategy
proposed in [10] could not compensate for higher order harmonic
disturbances propagated into the converter currents. On the other
hand, the LQR with the proposed KF harmonic compensator
drastically attenuated these voltage disturbances.

Table IV summarizes the magnitude of the third and fifth
harmonic components of ia for each control strategy. These

TABLE V
COMPARISON FOR THE OUTPUT CURRENTS THD, RMSE FOR THE

STEADY-STATE ARM CURRENT REFERENCES TRACKING, AND COMPUTATIONAL

BURDEN

results demonstrate that the proposed KF harmonic compen-
sator provided a superior disturbance rejection at these specific
frequencies compared to both the absence of compensation and
the PR-based scheme [10] for each optimal control scheme. In
addition, Table V summarizes the steady-state performance of
each optimal control strategy in terms of output current THD, the
root-mean-square error (RMSE) for the arm current references
tracking, and also details the computational burden observed
on the control platform for each control scheme. This table
and Fig. 6(o) show that the smallest RMSE and output current
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THD among all the tested control strategies were obtained for
the LQR with the proposed KF harmonic compensator and the
OVA-PS-PWM stage. However, note from Table IV that the
magnitude of the third and fifth harmonic components was
the same for the PS-MPC and LQR schemes when combined
with the KF strategy.

In this way, the slightly superior performance of the LQR
over the PS-MPC was given by the modulation stage. The OVA-
PS-PWM provides variable PWM carrier phase-shift angles,
improving the THD of the output voltage by minimizing the
harmonic components at twice the carrier frequency and its
multiples. This modulation strategy outperforms the conven-
tional PS-PWM when the HB-SMs present differences in their
dc voltages or ac modulating signals [26], which was the case
in the SL-BESS prototype used in this work.

Regarding the computational burden of each control scheme
(see Table V), it is essential to highlight that the difference in
execution time between implementing the PR-based steady-state
error compensation strategy [10] and the proposed KF harmonic
compensator was negligible, being less than 1 μs. This outcome
is attributed to the reduced computational complexity of the
proposed steady-state KF, in which the observer gain matrix
is constant and computed offline. Furthermore, the dimension
of the augmented model matrices (24) does not depend on
the number of SMs, and these matrices are sparse. Thus, the
implementation of the state prediction and correction can be
optimized to reduce the number of floating-point operations.

It is concluded from the conducted experiments that the
proposed KF harmonic compensator can eliminate the CHB
converter steady-state current errors under severe parameter
uncertainty and SM capacitor voltage measurement errors for
direct and indirect MPC schemes. Moreover, the proposed KF
harmonic compensator outperforms the existing PR-based so-
lution in modulated optimal control techniques, as it enables a
major disturbance rejection for the required higher order voltage
harmonic components.

C. Observer Design and Settling Time Sensitivity Analysis

As discussed in Section III-B, to design the proposed KF
harmonic compensator, positive values for λq and λr must be
selected. These parameters determine the eigenvalues of Aobs,
which can provide additional insight into the stability and speed
of the observer’s response. Accordingly, Fig. 7(a) depicts the
location of the closed-loop observer matrix eigenvalues in the
z-plane for the KF harmonic compensators implemented for
the experimental results. Here, it is clear that these observers
are stable, as each eigenvalue of Aobs, μi, with i ∈ {1, . . . , 21}
presented a magnitude strictly less than one. Moreover, the
dominant eigenvalue, μ�, which is the one with the largest
magnitude, can be used to estimate the observer settling time
as Tset ≈ 4/|σ�

i |, where σ�
i is the real part of the equivalent

dominant continuous-time eigenvalue5 [28].
In this way, Fig. 7(b) shows a sensitivity analysis of the

observer settling time, given the variation of λq and λr across a

5A continuous-time eigenvalue can be obtained from a discrete-time eigen-
value as μc

i = ln(μi)/Ts [28].

Fig. 7. KF design. (a) Aobs eigenvalues in the z-plane and (b) sensitivity
analysis for the observer settling time in milliseconds.

spectrum of values, and considering the CHB converter param-
eters of the experimental setup given in Table II. The observer
response is significantly more sensitive to variations in λq than
in λr. For instance, for a fixed value of λq = 10−3, a substantial
increase in λr from 10−4 to 10 results in only a slight increase
in settling time, from 46 to 71 ms. In contrast, with λr fixed
at 10−3, increasing λq from 10−4 to 10 reduces the settling
time significantly, from 142 to 11 ms. In any case, using the
proposed steady-state KF to design the gain matrix ensures that
Aobs is Schur stable [24]; thus, the observer design constants
can be adjusted to obtain the desired performance without major
concerns regarding its closed-loop stability.

D. Transient Performance

Three transient tests were carried out to assess the dynamic
response of the proposed KF strategy. Due to its improved
steady-state performance, the LQR current control strategy was
implemented in this section. The SM capacitor voltages were
assumed to be equal to the average battery voltage for these
experiments by applying a low-pass filter to the SM capacitor
voltage measurements with a cutoff frequency equal to 1 Hz.
The first transient test is given by a circulating current transient
to introduce an arm power imbalance. The arm powers were
modified from P1=P2=P3=400 W, to P1=500 W, P2=200 W,
and P3=500 W; thus, maintaining a constant output power of
1.2 kW. The second and third experiments involved a ramp
change in the three-phase active power reference over 10 ms.
In particular, the active power was modified from 0 to 1.2 kW
in the second test, while a power flow inversion from −1.2 to
1.2 kW was considered in the third test. The results for each
experiment are shown in each column of Fig. 8, in which
each reference change was introduced at t=30 ms. From these
experiments, it is demonstrated that the proposed KF strategy
can be used during transient conditions without increasing the
overshoot of the current control.

Fig. 9 shows the SM capacitor voltage measurements for the
reverse power flow experiment. These SM capacitor voltages
presented disparities in their average value and the voltage ripple
amplitude, given the differences in the internal resistance of the
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Fig. 8. Experimental results for the proposed KF strategy under transients for an LQR. (a)–(d) Transient response for a circulating current step change.
(e)–(h) Active power reference change of 1.2 kW. (j)–(l) Transient reversing the power flow from −1.2 to 1.2 kW.

Fig. 9. Experimental results for the SM capacitor voltages for the reverse
power flow transient. (a) Voltages arm-1. (b) Voltages arm-2. (c) Voltages arm-3.

SL battery packs. Nevertheless, the voltage differences among
SMs did not affect the performance of the proposed KF harmonic
compensator. In fact, Fig. 8 shows that the proposed KF strategy
allowed the optimal controller to reach the current references
without steady-state error, compensating for the harmonic dis-
tortion introduced by assuming that the SM capacitor voltages
were equal to the average battery voltage.

V. CONCLUSION

In this article, a KF harmonic compensator to achieve an
offset-free optimal control of CHB converters has been pro-
posed. The proposed KF strategy is based on an augmented
affine state-space model, which considers sinusoidal voltage
disturbances of different harmonic components that affect the
arm currents dynamics. These disturbances represent the equiv-
alent voltage drops at the converter arms caused by modeling
errors. In this way, the proposed KF harmonic compensator
strategy estimates these voltage disturbances and improves the
converter steady-state current tracking by providing a corrected

steady-state control input reference and enhancing arm current
predictions.

Experimental results for a three-phase CHB-BESS prototype
have verified the effectiveness of the proposed KF harmonic
compensator, tested with the FCS-MPC, PS-MPC, and LQR
control strategies. These results show that the proposed KF
strategy can completely eliminate the steady-state error intro-
duced by significant model parameters and SM capacitor voltage
measurement errors.

The experimental results showed that if the SM capacitor
voltages are assumed to be constant, the proposed KF harmonic
compensator significantly outperforms the steady-state com-
pensation technique [10], which combines an optimal control
strategy with a PR controller for modulated optimal control
strategies. However, both the steady-state error compensation
strategies presented similar performances for the FCS-MPC
schemes, indicating that the FCS-MPC is less sensitive to higher
order harmonic disturbances in the SM capacitor voltage ripples
compared to the PS-MPC and LQR strategies.

Therefore, the proposed KF harmonic compensator strategy
offers a suitable solution for improving the steady-state perfor-
mance of optimal controllers in scenarios with model parameter
uncertainty. Moreover, it is important to remark that it can be
easily integrated into existing optimal control schemes for CHB
converters, with and without a PWM stage. In addition, it has
the potential to reduce the converter measurement hardware
requirements for some CHB converter applications in which
the SM capacitor voltages are regulated by external power
sources. In this sense, the proposed KF harmonic compensator
can be particularly advantageous for BESS and electrical drive
applications.
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