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Abstract—This article presents a model predictive current con-
trol strategy utilizing optimal switching sequences for two-level,
three-port converters driving an anisotropic permanent magnet
synchronous machine (PMSM). These converters are attractive
in hybrid energy systems, including fuel cell electric vehicles and
hybrid energy storage systems. The proposed control method op-
timally calculates the switching vectors and duty cycles for both
steady-state and transient conditions, including during overmod-
ulation, a scenario that introduces significant optimization chal-
lenges. The strategy proposes a simple second stage of control to
govern the dc port current, exploiting the redundancy of passive
vectors, and eliminating the need for weighting factors to bal-
ance the control objectives between the PMSM and the energy
storage system, giving absolute priority to the control of the PMSM.
Experimental results on a laboratory-scale prototype demonstrate
the controller high-dynamic performance in regulating torque,
speed, and power transfer across multiple ports, while also main-
taining a fixed switching frequency and a well-defined harmonic
spectrum.

Index Terms—Hybrid energy storage systems (HESSs), model
predictive control (MPC), multiport converters, optimal swit-
ching sequence (OSS), permanent magnet synchronous machine
(PMSM).

NOMENCLATURE

uabc abc switching vector.
vabcN abc voltage vector.
uαβ αβ switching vector.
vαβ αβ voltage vector.
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us Average switching vector in αβ coordinates.
vs Average voltage vector in αβ coordinates.
is Stator current vector in αβ coordinates.
vind Machine back-EMF.
θr Electric rotor position.
d Duty cycle vector.
U Switching matrix.
ϑ Distribution parameter of passive vectors.
u0 Common mode of a signal u.
u0 Common mode vector of the switching sequence.
U0 Average common mode of the switching sequence.

I. INTRODUCTION

THE integration of renewable energy resources and energy
storage systems is crucial in modern power generation and

usage, especially in industries and transportation where electric
machines are predominant [2]. Multiport converters play a vital
role in providing efficient, low-cost, and streamlined solutions
for integrating these technologies [3]. The two-level three-port
converter topology (2L-TPC) has emerged as a promising op-
tion compared to classical two-level converters cascaded with
buck–boost converters to achieve fast dynamic response, proper
coupling between the two stages and high efficiency [4]. Con-
trolling the output current of this converter is a critical aspect in
applications using drives, especially in machines that require
high dynamic response and in applications that require high
precision in the dc outputs [1]. Consequently, some of the
desired characteristics of current control are: 1) accuracy; 2)
high bandwidth; 3) fast dynamic response; and 4) low harmonic
distortion [5].

The development of more powerful microprocessors has
motivated the exploration of more sophisticated strategies to
control power converters. In this scenario, model predictive
control (MPC) has established itself as a promising control
methodology [6]. In the context of power electronics and elec-
tric drives, MPC methods are classified depending on how the
switching devices are controlled and, consequently, on the type
of optimization problem posed to compute the optimal control
actions [7]. MPC methods can be classified into two broad
categories as follows. 1) Indirect MPC, where the controller
calculates a continuous control signal, and then uses a modulator
to generate the desired voltage. 2) Direct MPC (DMPC), where
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Fig. 1. 2L-TPC topology driving a PMSM.

the controller performs in a single computational stage the
calculation of the control action to be applied, without requiring
an external modulator [8]. Among the DMPC schemes, the finite
control set (FCS-MPC) sometimes called optimal switching
vector (OSV-MPC) is one of the most popular for its intuitive
design, easy implementation and fast response [9]. FCS-MPC
directly uses the possible switching vectors to define the feasible
control set. In this way, the algorithm searches for the switching
action that minimizes a cost function by quantifying the tracking
error and the switching effort. This approach has been introduced
in [10] for 2L-TPC converter control and is well studied for
machine control on typical 2L converters [11]. However, these
methods require weighting factors to compensate for switching
effort and tracking error, and produce a variable switching
frequency in the output voltages, and higher ripple in the current
shapes than techniques that include modulation stages at similar
switching frequencies [12].

Motivated by the aforementioned concerns, this article
presents a predictive current control strategy based on optimal
switching sequences (OSSs) for two-level, three-port convert-
ers (2L-TPC) driving anisotropic PMSMs. While the 2L-TPC
topology itself is not new, the novelty of this work lies in the
proposed control and inclusion of the anisotropic PMSM.

The first innovation is in the PMSM control algorithm, which
determines the optimal region and application times for the
switching vectors, enabling optimal sequences under both sta-
tionary and transient conditions—even during overmodulation.
This is particularly challenging for anisotropic PMSMs, but
the proposed method achieves reduced harmonic distortion, a
fixed switching frequency, and fast dynamic response without
compromising the benefits of MPC strategies.

The second novelty utilizes the redundancy of passive vectors
to regulate the current on one of the TPC dc ports. This approach
is both simpler and more effective, as it prioritizes PMSM control
while eliminating the need for weighting factors in the objective
function. This allows for seamless simultaneous operation of the
PMSM and energy storage system.

Experimental results are provided with a 2L-TPC prototype
feeding a PMSM of 11 kW to verify the proposal’s performance
and effectiveness under steady state, transients, and different
operation modes.

II. MODEL OF THE 2L-TPC

The schematic of a 2L-TPC connected to a PMSM at its ac
port and to two voltage sources at its dc ports is shown in Fig. 1.
The converter is simple and comprises two switches in each leg,

Fig. 2. SV selection for OSS current control. (a) SVs region. (b) 7S-SS for
R1 region.

producing a total of 23 switching positions uabc ∈ U � {0, 1}3.
The ac output of each phase can take a value of 0 orVdc1 V respect
to the neutral of theN converter, and the voltage on each parasitic
inductor can have a value of Vdc1 − Vdc2 or −Vdc2 V. The three-
phase output voltage vector can be defined as a function of these
positions as follows:

vabcN = Vdc1uabc = Vdc1 [ua ub uc]
� (1)

where uabc is the three-phase switching state of the converter.
Using the amplitude-invariant Clarke transform Tαβ [13], it is
possible to represent uabc in the αβ frame as follows:

uαβ = [uα uβ ]
� = Tαβuabc ∈ U � TαβU. (2)

Thus, the voltage vector inαβ coordinates isvαβ = Vdc1uαβ ,
where six active (nonredundant) vectors {uA1, . . . ,uA6} � A
and two passive (redundant) vectors {uP0,uP1} � P can be
distinguished. To synthesize a desired average switching vector
(ASV) us, it is proposed to use an asymmetric 7S-SS due to
the low inductance of the machine. Thus, for every switching
cycle, the proposed controller samples twice for every switching
cycle, working in a double-update fashion. Therefore, during
each half-switching period Th = Ts/2, a target vector can be
formed by a switching sequence (SS) S� made up of both re-
dundancies of the passive vector and two adjacent active vectors
{u1,u2} ⊂ A associated with the region where u�s is located.
Fig. 2(a) shows that the feasible space for the space vectors
(SVs) F is divided into six regions Rj ∈ R � {R1, . . . ,R6}.
In the case of Fig. 2, both objective vectorsu�s (k) andu�s (k + 1)
belong toR1, thereforeu1 = uA1 andu2 = uA2. Each vector is
applied for a time ti so thatdi = ti/Th ∈ D � [0, 1] corresponds
to the duty cycle of the ith switching vector ui considering
u0 = up0 and u3 = up1. Therefore, for any SS, it is possible
to generate any ASV us ∈ F during a switching half-period Th.

A. Discrete-Time Model for Machine Current Control

To formulate the control strategy, the continuous-time model
of the PMSM shown in Fig. 1 is expressed in αβ coordinates
as [14], [15] follows:

dis
dt

= Fis +Gvind +Hus (3)

where is = [isα isβ ]
� = Tαβiabc is the stator current vector,

vind = ψmωr[− sin (θr) cos (θr)]
� is the machine back-EMF,

which is produced by the stator flux linkage due to the rotor
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Fig. 3. Predicted system trajectory for an asymmetric 7S-SS.

magnets, and F, G, and H are matrices depending on the rotor
position θr given by F = −L−1

αβ(R+W), G = −L−1
αβ , and

H = Vdc1L
−1
αβ , with

Lαβ =

[
L1 + L2 cos (2θr) L2 sin (2θr)

L2 sin (2θr) L1 − L2 cos (2θr)

]
(4)

W = ωr
∂Lαβ
∂θr

= 2ωrL2

[
− sin (2θr) cos (2θr)

cos (2θr) sin (2θr)

]
(5)

R = diag{Rs, Rs, Rs} (6)

where L1 =
Ld+Lq

2 and L2 =
Ld−Lq

2 , being Ld and Lq the
direct and quadrature axis inductance, respectively, and Rs the
stator winding resistance.

To model the trajectory of the stator current toward the end
of a switching half-period Th, two assumptions are made. First,
the interval Th is much smaller than the shortest time constant of
the system, i.e.,Th � 1

2 (Ld + Lq)/Rs. Consequently, when the
converter applies a given 7S-SS, the stator current is(t) evolves
linearly over each subinterval ti. Therefore, the trajectory can be
considered as a piecewise linear function of time, as illustrated
in Fig. 3. Thus, the predicted trajectory of is can be computed
sequentially using the forward Euler method as follows:

is(i+1) = is(i) +
dis
dt

∣∣∣∣
i

Thdi. (7)

Therefore, when the converter applies the 7S-SS, the stator
current at the end of the subcycle is given by

is(k + 1) = is(k) + Th

3∑
i=0

dis
dt

∣∣∣∣
i

di. (8)

Second, the fundamental period of the stator voltages is assumed
to be much larger than Th. Then, every subinterval gradient, i.e.,
dis
dt |i, is calculated using the sampled values of the system’s

variables. Consequently, introducing the duty cycle vector d(k)
and the switching matrix U(k) defined as follows:

d(k) �
[
dp(k) d1(k) d2(k)

]�
∈ D � [0, 1]3 (9)

U(k) �
[
up(k) u1(k) u2(k)

]
∈ M2×3(R) (10)

with dp = d0 + d3, the ASV can be expressed by us(k) =
U(k)d(k) and consequently, the prediction of the stator current

in (8) can be expressed as follows:

is(k + 1) = A(k)is(k) +C(k)vind(k) +B(k)U(k)d(k)
(11)

where A = (ThF+ I2), C = ThG y B = ThH.

B. Discrete-Time Model for Dc Current Control

To control the current in the second dc-link port (idc2), this
work uses the dwell-time distribution of the passive vectors.
Thus, the duty cycle for the passive vector and its redundancy
can be parameterized by using ϑ ∈ [0, 1] such that

d0 = ϑdp ; d3 = (1− ϑ)dp (12)

where dp is the passive vector duty cycle to be distributed. This
means that a value of ϑ = 0 only uses the redundancy of the
passive vector uP0 while ϑ = 1 only uses the redundancy of
the passive vector up1. The duty cycle distribution presented
in (12) only impacts the common-mode voltage applied by the
converter. Thus, it does not affect the prediction of the stator
current in (11), so it can be considered a degree of freedom
to control idc2. In this regard, the common-mode switching
signal CMSS is defined as u0 = 1

3 (ua + ub + uc). Therefore,
the average CMSS can be expressed by

U0(k) = u�
0 (k)d(k) = d1u0(1) + d2u0(2) + ϑdp (13)

where u0(1) and u0(2) correspond to the CMSS of the active
switching vectors {u1,u2}, respectively. Accordingly, the dy-
namic equation governing the current idc2 during a switching
half-period Th in terms of the average CMSS is [1]

didc2

dt
=

1

Ldc2

[
−Rdc2idc2 + 3(Vdc2 − Vdc1)U0(k)

]
(14)

which is simple, but relevant to determine the behavior of idc2.
Therefore, using the forward Euler method, when the converter
applies the 7S-SS, the prediction of the current in the second
dc-port is given by

idc2(k + 1) = α2idc2(k) + p2(k) + β2ϑ(k) (15)

where α2 = 1− Th
Rdc2

Ldc2
, β2 = 3 Th

Ldc2
(Vdc2 − Vdc1)dp is the in-

put gain, and p2 = 3 Th

Ldc2
(Vdc2 − Vdc1)(d1u0(1) + d2u0(2)) is a

known disturbance.

III. SPEED AND CURRENT CONTROL METHOD

The complete control scheme is illustrated in Fig. 4, where
the series connection of the speed controller with the cascaded
OSS-MPC can be seen.

A. Speed Controller

To formulate the control strategy, a speed linear controller
determines the reference torque T �e . The reference torque can
also be imposed directly. For simplicity, the d-axis current is
regulated to zero, and the PMSM will only produce torque with
the q-axis current. Thus, the current component references in
the rotor reference frame are given by

i�d = 0 ; i�q =
2T �e
3pψm

(16)
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Fig. 4. Proposed OSS-MPC with external speed controller.

where p is the PMSM’s pole pairs. Thus, by using the (reduced)
inverse Park transform, the stator current reference in the αβ
reference frame can be expressed by

i�s = T−1
dq (θr)

[
i�d i�q

]�
. (17)

Fig. 4 illustrates how the speed controller sends the current
references to the MPC-based machine current control, which is
the first stage of the proposed OSS-MPC controller.

B. Machine Current Control

To obtain the optimal duty cycles for every SS candidate
{U�,d�}, the following objective function is introduced:

Jj = ‖is(k + 1)− i�s (k + 1)‖22 + ‖Λu (u(k)− uss(k))‖22 .
(18)

This quadratic cost function is formulated to quantify two control
objectives; the tracking error, and the control effort. The diagonal
matrix Λu is used to adjust the compromise between both
control objectives, avoiding the proposed OSS-MPC behaving
like a deadbeat controller and producing robustness issues [7].
Then, by substituting (11) into (18), the cost function can be
rewritten as

Jj=
∥∥B (U jdj(k)− udb(k))

∥∥2
2

+
∥∥Λu (U jdj(k)− uss(k))

∥∥2
2

(19)

where udb(k) is the deadbeat control input, and uss(k) is the
steady-state control input, both defined as follows:

udb(k) = B−1 (i�s (k + 1)−Ais(k)−Cvind(k)) (20)

uss(k) =
1

Vdc1

[
(R+W + ωrLαβJ) i

�
s (k + 1) + vind(k)

]
(21)

where J is the 90 rotation matrix. The open-loop or steady-state
control input uss(k) is determined from (3) and ensures that the
output currents follow their references under ideal conditions
in which both, the disturbances and the system parameters, are
known with certainty.

Therefore, by inspecting (19), it is shown that Λu allows to
modify the dynamic response and robustness properties of the

closed-loop system. More details on the methodology used to
design the parameters of the tuning matrix Λu will be presented
in Section III-C. As described in (19), for each region Rj ∈ R,
the cost function is expressed as a function of the matrix U j and
the normalized application times dj . Consequently, the OSS
is obtained by solving, at each control period k, the following
OSS-MPC problem:

{U�,d�} = argmin
Uj

{
min
dj

Jj (dj ,U j)

}
(22a)

s.t .1�dj = 1 (22b)

dj ≥ 0. (22c)

Notice that the optimal control problem underlying the OSS-
MPC (22) considers two nested optimizations. First, in the
internal optimization step, a local minimum solution dj is ob-
tained for the jth SS candidate (Rj ∈ R). Then, in the external
optimization stage, the pair {U�,d�} that provides the mini-
mum value of the cost function defines the global optimal SS
for machine control. This strategy implies that six constrained
optimal problems must be solved and then deciding between the
smallest of them.

However, this work proposes a more efficient method to solve
the problem by calculating the unconstrained solution of the
internal optimization step. This approach significantly reduces
the complexity, allowing one to reduce the global problem of
six multivariable optimization problems into a global problem
of one multivariable optimization in the nonovermodulated case
and three single-variable optimization problems in the overmod-
ulated case, each one with an explicit analytical solution. To do
that, the nonnegative constraint in (22c) is ignored to compute
the unconstrained solution first.

Using the method of Lagrange multipliers [16], the un-
bounded solution of (22) for each candidate SS j is given by [17]

drj =

[
U j

1�

]−1 [
uuc(k)

1

]
(23)

where uuc(k) is the unconstrained ASV defined as follows:

uuc =
(
B�B+Λ�

uΛu

)−1 (
B�Budb +Λ�

uΛuuss
)
. (24)

By rewriting the cost function (19) in terms of uuc, we have

J(u) = (u− uuc)
� (

B�B+Λ�
uΛu

)
(u− uuc) + c (25)

where c = c(k) does not depend on the decision variable u.
In contrast to the controller introduced in [17] and [18], the
level sets of the cost function (25) describe ellipses centered
at uuc(k), as shown in Fig. 5(a), which difficulties the process
of obtaining the optimal solution. In this regard, the optimal
average switching vector (OASV) for the original problem (22)
u� corresponds to the point in the αβ plane where the first level
set around uuc have a common point with the feasible region F
[i.e., hexagon shown in Fig. 5(a)]. Any solutionuuc is associated
to a convex cone formed by the active vectors of a given region
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Fig. 5. Overmodulation and unbounded solutions. (a) Level sets in the αβ
plane. (b) Relation to the optimal solution u�.

Rjuc . Such a region with subscript juc is found as follows:

juc = floor

{
6

π
tan−1

(
uucβ

uucα

)}
+ 1. (26)

In case uuc(k) ∈ F, then it corresponds to the optimal value
of the original problem (22) and u�s (k) = uuc [e.g., u(0)

uc in
Fig. 5(b)]. In this case Rjopt = Rjuc and d� = drj .

Nevertheless, the controller may provide unfeasible solu-
tions under some operating conditions. Specifically, the vector
uuc(k) could fall outside the control region during transients and
uuc(k) /∈ F. This condition can be detected when the unbounded
solution (23) provides a negative duty cycle for the passive vec-
tors (drp < 0) to compensate for the overapplication of the active
switching vectors. Thus, the optimal solution necessarily lies on
the parameter of the feasible region. However, unlike in [17],
it cannot be assumed that Rjopt=Rjuc in this scenario. This is
illustrated by the three examples depicted in Fig. 5(b). Among
these, only example u

(1)
uc shows the unconstrained solution

projected onto the optimal region. In contrast, the unconstrained
solutions u(2)

uc and u
(3)
uc do not define the optimal region due to

the properties of the ellipsoids. To address this issue and obtain
the optimal solution during overmodulation without computing
the eigenvalues of matrix B�B+Λ�

uΛu, it is proposed to
search within the region associated with Rjuc and its two neigh-
boring regions. This approach limits the optimization process to
only three candidate regions. Consequently, for each candidate
region j ∈ {juc − 1, juc, juc + 1}, the following optimization
problem must be solved:

{U�,d�} = argmin
Uj

{
min
dj

Jj (dj ,U j)
}

(27a)

s.t .1�dj = 1 (27b)

z�dj = 0 (27c)

dj ≥ 0. (27d)

The constant z = [100]� in the constraint (27c) implies that the
solution lies on the parameter of the region F. The solution of
(27) can be found by substitutingdj = d1jx+ y in the objective
function, with x = [01− 1]� and y = [001]�. The unbounded

solution of (27) is given by

dub1j =
x�U�

j

[
B�B (udb −U jy) +Λ�

uΛu (uss −U jy)
]

x�U�
j

[
B�B+Λ�

uΛu

]
U jx

(28)
and the optimal solution is computed from it as

d�pj = 0

d�1j = mid
{
0, dub1j , 1

}
d�2j = 1− d�1j (29)

wheremid{·} defines the median of the components. Finally, the
candidate solution that delivers the lowest objective value Jj in
(27a) corresponds to the global optimal solution to be applied
by the converter.

C. Tuning of the Controller

The design of the tuning matrix Λu is straightforward. As
shown in (24), uuc is the weighted sum between the deadbeat
and the steady-state control inputs. It follows that by choosing
Λu = B, the resulting control action will give equal priority
to the stator current tracking error and the control effort. Thus,
using a tuning matrix Λu large compared to B, the converter
will apply a mean switching vector close to uss(k), leading to
open-loop operation. On the contrary, ifΛu ≈ 0, the first term of
the cost function (19) becomes predominant and, therefore, the
converter tends to synthesize the deadbeat control action udb(k)
in (20), which increases the bandwidth of the controller [19].

To regulate this phenomenon, it is convenient to incorporate
the tuning factors λuα and λuβ according to

Λu(k) = diag (λuα, λuβ)B(k). (30)

Thus, the tuning parameters can be adjusted to increase (λux <
1) or decrease (λux > 1) the closed-loop dynamics.

D. DC Current Control

The dc current control stage is proposed to control idc2 using
the degree of freedom (redundancy) of the passive vector, by
distributing it in an optimal way by means of the distribution
factor ϑ, as presented in (12). In that sense, the optimization
problem is posed by

ϑ� = min
ϑ

(idc2(k + 1)(ϑ)− i�dc2)
2 (31a)

s.t .ϑ ∈ [0, 1]. (31b)

Replacing (15) in (31a) solves the 1-D problem for the parameter
ϑ�, whose relaxed solution is

ϑunc =
Ldc2

3Vdc1d�pTh

[
idc2(k)− i�dc2 +

3Th
Ldc2

{
Vdc2

1

1

− Rdc2idc2

3
− Vdc1

(
d�1u

�
0(1) + d�2u

�
0(2)

)}]
. (32)

Because (31a) is a constrained one-variable quadratic problem,
the optimal solution is found by saturating the relaxed solution
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Fig. 6. Experimental setup.

(32) in the bounds (31b), so the solution is

ϑ� = mid {0, ϑunc , 1} . (33)

Finally, the values of d�0 and d�3 are retrieved by (12) and thus
the OSS S� to apply in the converter is determined. For this
reason, when the machine control selects an OASV with large
modulation index, i.e., when d�p is small, the influence of the
value of ϑ� is smaller and therefore the control of idc2 becomes
more limited.

The specific values of i�dc2 depend on the requirements of
each particular application, and is managed by a high-level
controller [20] However, several benchmarks at specific time
intervals are addressed in Section IV to analyze power transfers
across different ports.

IV. EXPERIMENTAL RESULTS

This section evaluates the performance of the proposed
control strategy. For this purpose, the control algorithm was
implemented in an Opal-RT OP4510 controller whose main
processing unit is complemented with very high speed
(200 MHz) Xilinx KINTEX-7 FPGA technology. The system
is integrated with 16-bit analog-to-digital converters and the
modulator is carrier-based to synthesize the desired OSS. The
control algorithm was also experimentally validated with a
low-cost Texas Instruments TMS320F28379D controller in the
early testing phase. The experimental tests use two bidirectional
dc power sources and an anisotropic PMSM coupled to an induc-
tion machine to evaluate the control system during stationary,
transient and different operating conditions, as illustrated in
Fig. 6. The system parameters are summarized in Table I. A ratio
between the dc voltages of 2:1 has been used since this operation
ensures maximum power extraction from the 2L-TPC converter.
However, when this ratio is disturbed, the power extraction is
limited [20].

A. Steady-State Speed Performance

To evaluate the system performance, the total harmonic dis-
tortion (THD) and weighted total harmonic distortion (WTHD)
are calculated for the voltages and currents. The steady-state
behavior of the stator currents in the αβ frame is shown in

TABLE I
BASE PARAMETERS AND CONDITIONS OF THE EXPERIMENTAL SETUP

Fig. 7. Steady-state performance at ωm = 1500 r.p.m. and fs = 20 kHz for
two different current references ‖i�s ‖. (a) 20 A (m̄ = 0.57). (b) 40 A (m̄ =
0.61).

Fig. 7. The shaft speed has been set to ωm = 1500 r.p.m.
and current references ‖i�s‖ = {20, 40} A have been imposed.
In this configuration, the average modulation index for each
case determined as the ratio of the modulus of the volt-
age to its maximum possible steady-state value [21] is m̄ =
{0.57, 0.61}, respectively. It is also clear how the phase-neutral
voltage of the converter vaN oscillates between two levels,
while the phase-to-phase voltage vab oscillates between three
levels.

Fig. 8 shows the harmonic spectrum for the current, phase
voltage in the phase a and phase-phase voltage for the operating
conditions of Fig. 7. For the current, the dominant harmonics
are the 5th and 11th in the case of a low current level. As
the reference is doubled, the 5th harmonic decreases and a 7th
harmonic appears. Regarding the phase voltages, it contains
harmonics centered at the switching frequency fs = 20 kHz and
multiples of it. In addition, a high value in the 3rd harmonic for
the voltage vaN is observed, as a consequence of a modulation
with space vector modulation (SVM) strategy (in an implicit
manner) [22]. However, that third harmonic disappears in the
line-to-line voltage spectrum and in the current spectrum. THD
decreases as the reference increases for all signals, while WTHD
decreases significantly for higher current reference.
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Fig. 8. Harmonic spectrum for ia, vaN and vab for two different current
references ‖i�s ‖. (a) 20 A. (b) 40 A.

Fig. 9. Duty cycle waveforms per phase, common mode value, distribution
parameter, and port DC2 and machine currents for: ϑ = 0.5 → ϑ�.

B. Dc Port Current Control Performance

Fig. 9 illustrates a worst-case scenario test to evaluate the con-
trol of idc2 by manipulating the common-mode voltage through
the distribution parameter ϑ. The worst-case scenario occurs
when the voltage vector operates at the maximum modulation
index and at certain angles, where the CMV has no redundancy.
To assess the effect of the distribution parameter ϑ, it was first
set to an intermediate value of ϑ= 0.5, and then adjusted to the
optimal value ϑ�. The induction machine was kept rotating at
nominal speed all times.

At t = 0 ms, the port dc2 is electrically connected, but ϑ is
intentionally fixed at ϑ = 0.5 until t = 60 ms. During this time,
idc2 remains uncontrolled but reaches a stable equilibrium near

Fig. 10. Effect of the tuning parameters λuα,λuβ on the transient performance
of the controller for i�q: 0 → 30A. (a) λuα, λuβ : 1.2, 1.2. (b) λuα, λuβ : 1.2,
0.8. (c) λuα, λuβ : 0.8, 1.2. (d) λuα, λuβ : 0.8, 0.8.

idc2 = 0 A. The modulation signals exhibit characteristics typical
of SVM strategies with uniformly distributed passive vectors,
and the common-mode trajectory of the ASV (13) follows a
triangular path, as described in [23].

From t = 60 ms onward, ϑ� is dynamically adjusted by the
dc port current control to track the reference i�dc2. When idc2

increases, the control sets ϑ� = 0, and when it decreases, ϑ�

= 1. In addition, during the idc2 transients, a perturbation with
three times the fundamental frequency of the machine appears,
caused by the common-mode oscillations imposed by the SVM
and maintained by the machine current control in steady-state.

C. Effect of the Tuning Parameters

In this section, four experiments were carried out to
demonstrate the effect of the tuning matrix Λu(k) =
diag(λuα, λuβ)B(k) on the dynamic behavior of the machine
current control. For all the studied cases illustrated in Fig. 10,
the machine starts stopped and a current step i�q: 0 → 30 A.
Fig. 10(a) shows how a high value in both components of the
matrixΛu(k) produces a smooth response in the reference track-
ing, although it may imply a higher overshoot in the current ref-
erence change due to a smooth transition in the voltage change.
Fig. 10(b) shows how a low value in the β component induces
much more aggressive tracking by a dominance in the deadbeat
control input, causing measurement errors in a real experiment to
result in much more oscillating and noisy responses around the
reference of that component. Similarly, Fig. 10(c) shows that the
α component has a well-aggressive tracking. Finally Fig. 10(d)
shows a generalized aggressive response where the deadbeat
control dominates globally in both components. It can be seen
how both αβ coordinates can be tuned practically uncoupled
and independently of each other.

D. Variable-Speed Control Performance

The experiments of Fig. 11 test the speed controller. At t = 0 s
a reference change in speed occurs to bring the machine to nom-
inal speed. At that time the controller saturates the quadrature
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Fig. 11. Operation of the 2L-TPC with speed control and mechanical disturbance in the load torque.

current at its maximum. In addition, a reference change occurs
at i�dc2 so that the dc2 port contributes power. At t = 2 s the dc2
port stops contributing its energy and consequently, the dc1 port
increases the value of its current to compensate it. At t = 3.1 s
the mechanical load is perturbed with a reduction in load torque.
As a consequence the speed controller adjusts to the reference
and decreases the value of i�q along with the current provided
by the dc1 port. At t = 7.1 s the torque reduction is eliminated
and the original load conditions are acquired again. At t = 12 s
a reference change in speed occurs to bring the machine to
nominal speed in the opposite direction. At t = 12 s there is a
reference change in speed to a nominal value but in the negative
direction. At that time the controller saturates the quadrature
current at its minimum and operates in regenerative mode. In
addition, the reference i�dc2 is changed to a negative value so that
the dc2 port injects the regenerated energy. At t = 12.58 s the
machine reaches speed ω�m ≈ 0 r.p.m. and undergoes a change
of rotation. At that moment the dc2 port stops receiving energy
and consequently all the energy needed to run the machine as a
motor (but in the opposite direction) comes from the dc1 port.
Finally the machine reaches its equilibrium speed and keeps
rotating at its nominal speed but with negative sign. It should
be noted that in conditions where i�dc2 and i�q � Te are constant,
the profile of idc1 is similar to that of mechanical speed ωm

because Vdc1 is constant and the mechanical power corresponds
to the product between ωm and Te.

E. Dynamics of Energy Transfer Between Ports

Three tests were performed to demonstrate the power transfer
between two ports of the converter while keeping the third port
stable with the machine rotating at nominal speed. In process I

[see Fig. 12(a)], a transition is performed at ac port according
to i�q = 30 → −30 A for 0.1 s while keeping fixed the value of
i�dc2 = 10 A. It is observed how the value of idc1 also varies in
the form of a ramp, similar to iq. In process II [see Fig. 12(b)],
the same transition is performed at the ac port as in process I
but the value of i�dc2 which cancels the current idc1 is determined
theoretically with a power balance as follows:

i�dc2(k) =
ωmT

�
e (k)

Vdc2
. (34)

Consequently, the value of idc1 ≈ 0 A under ideal conditions
and the difference is explained by system inefficiencies. It is
observed how idc2 varies in the form of a ramp similar to
iq. Finally, in process III [see Fig. 12(c)] the machine is kept
operating at current stationary conditions. A ramp transition is
made for the reference i�dc2 = 10 → −10 A. Consequently, idc1

also varies in the form of a ramp but in the opposite way, since
all the power that is no longer injected from dc2 port must be
supplied by dc1. The variation of current idc2 is Δidc2 = −20 A
and that of idc1 is exactly half Δidc1 = 10 A due to the voltage
ratio between dc ports.

F. Simulated OSV-MPC Implementation as Benchmark

To evaluate the performance of the OSS-MPC it is necessary
to compare it with the traditional control method OSV-MPC.
This strategy applies one of the 23 possible switching vectors
uabc ∈ U � {0, 1}3 minimizing the cost function

Jj =
∥∥B (U jdj(k)− udb(k))

∥∥2
2

+
∥∥Λu (U jdj(k)− uss(k))

∥∥2
2
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Fig. 12. Dynamics in energy transfer between ports for: (a) process I, (b) process II, and (c) process III.

Fig. 13. Selection of switching vectors for OSV-MPC current control.
(a) Vector space during T oss

s = 7T osv
s . (b) Switching pattern.

+ λdc2 ‖idc2(k)− i�dc2(k + 1)‖22 (35)

which is analogous to (19), but a third member has been
added that penalizes the tracking error of idc2 by the λdc2

parameter.
As OSS-MPC applies seven switching states within a period

Ts = T oss
s and OSV-MPC applies one switching state in its

control period T osv
s , a fair comparison with a similar number

of commutations requires that T osv
s = T oss

s /7. The feasible re-
gion of an ASV with OSV during a period Ts corresponds to
all combinations of an average of seven of the eight possible
switching vectors, as shown in Fig. 13(a). For example, applying
the switching pattern in Fig. 13(b), the resulting ASV is u�s .

The simulation computation time during a period Ts has
been calculated for both methods using MATLAB tic and toc
functions. For the OSS-MPC strategy, this corresponds to 296μs,
while for the OSV-MPC strategy it increases to 644 μs.

Fig. 14 shows the current waveforms in steady state with the
harmonic spectrum for both control methods. Fig. 14(a) shows
that the OSV strategy exhibits current tracking with a larger

Fig. 14. Steady-state performance. (a) OSV-MPC strategy with fosv
s = 7foss

s
kHz. (b) OSS-MPC strategy with foss

s = 20 kHz.

ripple. The harmonic spectrum is dispersed with considerable
low-frequency components. Fig. 14(b) shows that OSS has a
tracking with even ripples and its harmonic spectrum is sharp,
with values around multiples of the switching frequency f oss

s

corresponding to high frequencies, which facilitates filtering.
The THD decreases by about 35% while the WTHD decreases
by 85% because it penalizes the high-frequency components
present in OSV-MPC.

Fig. 15 shows four different cases for the dynamic response
under step changes in ac and dc2 port currents. With the OSS
strategy [see Fig. 15(a)], during the stator current transition, the
value of idc2 tends to 0 for a brief instant because the value of
u�sβ is at the parameter of the feasible region, so dp = 0 and
consequently the dc port current control has no control over
the system at that instant. In OSV strategy [see Fig. 15(b), (c),
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Fig. 15. Dynamic currents responses ‖i�s ‖ = 127.5
√
2 A and ‖idc2‖ = 15

A. (a) OSS-MPC. (b) OSV-MPC, λdc2 = 1. (c) OSV-MPC, λdc2 = 1000 y.
(d) OSV-MPC, λdc2 = 1000 000.

Fig. 16. Effect of the parameter μL for different values of λux on: (a) average
current tracking error Eis % and (b) WTHD, at nominal operating point.

Fig. 17. Effect of the parameter μψ for different values of ωm on: (a) average
current tracking error Eis % and (b) WTHD, at nominal operating point.

and (d)] the parameter λdc2 affects current tracking and there
is a trade off between stator or dc2. It can be further observed
that the OSV-MPC strategy has a slight superiority in dynamic
response over OSS-MPC, even for different values of λdc2.

G. Sensitivity Analysis

The machine parameter mismatches are modeled as L̂d =
μLLd, L̂q = μLLq, R̂s = μRRs, and ψ̂m = μψψm. Fig. 16
shows the impact on the machine operating in steady state
considering a wide variation of the parameter μL. The average
current tracking error is reduced for low values of λux and
the WTHD has a stable behavior in the case of overestimation.
Fig. 17 shows an analogous test, but considering a variation in
the parameter μψ for different rotor speeds ωm. In this case,

the average current tracking error is reduced for low values of
speed and grows linearly with respect to the deviation of the
μψ factor and the WTHD has a stable behavior in the case of
underestimation.

V. CONCLUSION

This article proposes an MPC strategy based on OSS for
2L-TPC converters driving an anisotropic PMSM with hybrid
energy storage. Extensive experimental tests demonstrate that
the proposed control method performs optimally under both
stationary and transient conditions. The OSS-MPC controller
ensures the converter operates with a fixed switching frequency
and a predefined harmonic spectrum without compromising
the fast dynamic response characteristic of predictive control
strategies. In addition, the redundancy of passive vectors can
be utilized to manipulate the common-mode switching signal to
control the current of the dc ports. Consequently, the proposed
controller is suitable for 2L-TPC applications that drive ma-
chines with energy storage, requiring high dynamic response
and the simultaneous handling of all converter currents in
the same stage.
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