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Abstract—As is well known, the additional low-order harmonic
currents and the huge computation amount of the cost function
value with all available control sets are the two special issues of
finite-control-set model predictive current control (FCS-MPCC)
for multiphase inverters. Thus, this paper proposes a FCS-MPCC
scheme with duty-ratio optimization for five-phase inverters. First,
a group of the reconstructed virtual voltage vectors (V3) with low-
order harmonic elimination is defined and employed as the control
sets in FCS-MPCC scheme. Thus, it leads to no requirement for
harmonic items and weighting factors existing in the cost function.
Then, a combination of zero vectors and the selected V3 during
each control horizon is adopted to rearrange the pulse sequence,
which can realize constant switching frequency. In addition, the
durations of the selected V3 and zero vectors during each control
horizon are also estimated to minimize the steady-state current
ripples in different subspaces based on the cost function optimiza-
tion. Finally, a comparison of the proposed V3-FCS-MPCC scheme
and the other FCS-MPCCs are presented in simulation and exper-
imental test. Simulation and experimental results verify that the
proposed V3-FCS-MPCC scheme can remain the simplified struc-
ture, fast dynamic performance, constant switching frequency, and
achieve minimum current ripples in different subspaces.

Index Terms—Constant switching frequency, current control,
duty ratio, finite control set (FCS), model predictive control (MPC),
multiphase inverters, virtual voltage vector (V3).

I. INTRODUCTION

THE interest in the area of multiphase inverters has substan-
tially increased during the last decade because of the po-

tential advantages that they offer for multiphase machine drives
[1]–[4]. Compared with the conventional three-phase power
converter system, multiphase inverters have several salient fea-
tures: First, higher power and current can be delivered using
power electronic devices in huge-power and low-voltage oc-
casion, such as: electromagnetic launch system, railway loco-
motive traction drive, marine and aerospace propulsion. Second,
there are more control variables that can be manipulated to afford
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stronger fault tolerance [5]–[8], and the enhanced reliability is
subsequently coming. Third, multiphase inverters can also pro-
vide an improved magnetomotive force waveform, lower torque
pulsation [9], [10], and higher torque density for their applica-
tions [11], [12].

Model predictive control (MPC) has been becoming a hot
topic of academic and industry for more than three decades,
and the most classical form is the finite-control-set MPC
(FCS-MPC) [13]. Among various kinds of FCS-MPC meth-
ods, model predictive current control with the finite-control-set
(FCS-MPCC) is one of the most important and classical so-
lutions in power electronics. MPC schemes have been widely
reported for three-phase inverter applications [14] and popular-
ized to a five-phase inverter driving a star-connected R–L load
[15], [16]. FCS-MPCC is a typical direct-current control scheme
that predicts the future evolution of currents in discrete time us-
ing a predictive model. It takes into account the discrete nature of
power converters to solve the online optimization problem using
a single cost function and does not require an external modulator
[17]. The switching vector that minimizes cost function is se-
lected as the output of the controller. The FCS-MPCC scheme
has an intuitive concept and straightforward implementation.
Furthermore, the considered variables and control objectives
of the system can be easily presented by designing a specific
cost function with adjustable weighting factors. However, FCS-
MPCC needs to solve the optimization problem during each
control horizon, which leads to the heavy calculation amount.
Especially, for long steps prediction and multilevel or irregu-
lar converter topologies application, the calculation complexity
can rise exponentially [17]. As presented in [18] and [19], a
synchronous current control scheme with a full set of switching
states taken as the input control set of the FCS-MPCC for a
five-phase drive system was addressed. Usually, a heavy calcu-
lation amount means that a lower sampling frequency should be
employed for the sake of executing solution procedure, which
will increase current ripple and deteriorate current waveform
quality.

In order to reduce the calculation effort due to the increased
number of iterations, various advanced techniques have been
applied for a multiphase system. A simplified algorithm that
employs adjacent voltage vector was proposed to reduce the
available voltage vectors of the control set in [20]. Similarly, Lim
et al. [21] proposed a computation reduction solution that elim-
inates unfeasible switching states inherent in reduced-switch-
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count inverters. These two methods can reduce computational
burden effectively but at the expense of worse control optimality.
Additionally, according to predefined constraints, a predictive
control technique was adopted in [22] to reduce the available
switching states of voltage-source inverters. However, the short-
coming of the adopted scheme is the weak algorithm portability.
Therefore, how to reduce the computational cost in FCS-MPCC
scheme for a multiphase drive system still needs to be studied
further.

Recently, to achieve excellent steady-state performance of
three-phase inverter-fed motor drive systems, duty-cycle control
concept was proposed to be applied in FCS-MPC [23], [24]. For
example, in order to reduce torque ripple of an induction motor,
a combination of the selected active voltage vector and null vec-
tor in each control horizon is adopted in the proposed FCS-MPC
reported in [23]. Different from traditional optimal duty-cycle
control, Zhang and Yang [23] reported that the way of selecting
voltage vector first based on the principle of cost function min-
imization can no longer remain optimal in minimizing torque
and flux errors. Thus, it realizes vector selection and duty-ratio
optimization simultaneously. The duration of the active vector is
obtained from a deadbeat torque controller. Consequently, better
torque performance under lower sampling frequency condition
can be observed. In addition, better steady-state performance
during wide speed range can be achieved, compared with the
traditional duty-cycle optimal control schemes. As for a mul-
tiphase drive system, the work with an evaluation of the FCS-
MPC quality using duty-ratio optimization is only discussed in
[25], where a five-phase inverter is considered for a two-motor
three-phase drive. However, the work reported in [25] is not
available for an independent multiphase load system.

This paper aims to deal with the aforementioned issues in
the FCS-MPCC for five-phase drive systems. Virtual voltage
vectors (V3s) are reconstructed first for releasing the compu-
tational burden of digital signal processor. Then, a new inte-
grated FCS-MPCC method with the duty-ratio estimation of V3s
in five-phase inverters is proposed, which can enhance torque
waveform quality, reduce the low-order harmonic components
of phase currents, and keep constant switching frequency for
the power switches. Compared with the existing FCS-MPCC
schemes for multiphase inverters, the salient features of the pro-
posed FCS-MPCC scheme can be summarized as follows.

1) Proposing an integrated FCS-MPCC method with duty-
ratio optimization and making it expandable to five-phase
inverters even other multiphase system.

2) Employing the predefined V3s as the control set to reduce
the low-order current harmonics. Hence, it is not necessary
to design harmonic item and the weighting factor in the
cost function.

3) Enhancing the output current quality, comparing with the
several traditional FCS-MPCC schemes. Steady-state per-
formance will be better, while the fast dynamic response
is reserved.

4) Taking the discrete nature of power converters into ac-
count and selects the best V3 by minimizing a predefined
cost function. Hence, the simplified structure is reserved
and no modulation stage is required.

Fig. 1. Five-phase voltage-source inverter power circuit.

5) Realizing constant switching frequency for inverters.
This paper is organized as follows. The discrete model of a

five-phase inverter system is described and the basic concept of
the FCS-MPCC algorithm is presented in Section II. Section III
explains the proposed scheme with duty-ratio optimization.
Section IV shows the comparative experimental results of the
proposed method and traditional FCS-MPCC schemes. Finally,
Section V concludes this paper.

II. SYSTEM MODELING AND TRADITIONAL FCS-MPCC OF

FIVE-PHASE INVERTERS

The main topology of a two-level five-phase voltage-source
inverter connected to a passive R--L load is depicted in Fig. 1.
The load is taken star connected and the input dc-link voltage
Vdc is regarded as being constant. Five-phase bridge legs are
symboled and expressed as a, b, c, d, e, respectively. Symbol S
with subscript represents the drive signal of each switch device.
The upper and lower devices of each leg operate in a comple-
mentary manner.

A. Voltage Vectors Distribution

The five-phase inverter has 32 voltage vectors, which can be
defined as the binary value of Vi = Sa1Sb1Sc1Sd1Se1 . “1” in-
dicates the upper switch of the corresponding leg is on, while
“0” indicates the lower switch is on. Since five-phase variables
present four degrees of freedom with the exception of zero-
sequence components, two space vectors should be used in order
to define the equivalent transformation of five-phase variables
[26]. The fundamental components of the inverter variables and
the harmonics with order k = 10m ± 1 (m = 1, 2, 3 . . . ) are
transformed into the α-β subspace, whereas the harmonics with
k = 10m ± 3 (m = 1, 2, 3 . . . ) are mapped into the x-y sub-
space. The voltage vectors can be expressed with the switching
functions as

V αβ = Vα + jVβ

=
2
5
Vdc(Sa1 + χSb1 + χ2Sc1 + χ3Sd1 + χ4Se1) (1)

V xy = Vx + jVy

=
2
5
Vdc(Sa1 + χSc1 + χ2Se1 + χ3Sb1 + χ4Sd1) (2)

where χ = exp(j2π/5).
The α-β and x-y subspace voltage vectors can be described in

Fig. 2(a) and (b), respectively. According to the amplitude, the
voltage vectors in α-β subspace are classified into four types:
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Fig. 2. Space vector diagram of five-phase inverters in two subspaces. (a) α-β
subspace. (b) x-y subspace.

TABLE I
SPACE VECTOR GROUPS AND CORRESPONDING SWITCHING STATES

Group Switching States

Large V L 1 (11001), V L 2 (11000), V L 3 (11100), V L 4 (01100),
V L 5 (01110), V L 6 (00110), V L 7 (00111), V L 8 (00011),

V L 9 (10011), V L 1 0 (10001)
Medium V M 1 (10000), V M 2 (11101), V M 3 (01000), V M 4 (11110),

V M 5 (00100), V M 6 (01111), V M 7 (00010), V M 8 (10111),
V M 9 (00001), V M 1 0 (11011)

Small V S 1 (01001), V S 2 (11010), V S 3 (10100), V S 4 (01101),
V S 5 (01010), V S 6 (10110), V S 7 (00101),
V S 8 (01011), V S 9 (10010), V S 1 0 (10101)

Zero V 0 (00000), V 3 1 (11111)

zero vectors (V 0 ,V 31), small vectors (V S1 − V S10), medium
vectors (V M1 − V M10), and large vectors (V L1 − V L10), as
shown in Fig. 2(a). The space plane pattern is divided as ten
sectors. The space angle range in each sector is π/5. Amplitudes
of these large vectors, medium vectors, and small vectors can
be expressed as

⎧
⎪⎨

⎪⎩

VLarge = Vmax= 2 ∗ 2/5 ∗ Vdc ∗ cos 36◦= 0.6472 Vdc

VMiddle = Vmid = 2/5 ∗ Vdc = 0.4 Vdc

VSmall = Vmin= 2 ∗ 2/5 ∗ Vdc ∗ cos 72◦= 0.2472 Vdc

.

(3)

Thus, the active voltage vectors in the α-β subspace can be di-
vided into three decagons, from inner decagon to outer decagon:
D1 , D2 , D3 [see Fig. 2(a)]. The ratio between two consecutive
magnitudes is a constant of 0.618−1. From Fig. 2, please note
that the inner decagon D1 in the α-β subspace is mapped as
the outer decagon in the x-y subspace. The outer decagon D3
in the α-β subspace is mapped as the inner decagon in the x-y
subspace, but the middle decagon D2 of the α-β subspace is still
mapped as the middle decagon in the x-y subspace. The corre-
sponding switching state of each voltage vector is summarized
and listed in Table I.

B. Prediction Model of R–L Load

The load current dynamics can be described by the vector
equation

V = Ri + L
di

dt
(4)

Fig. 3. Block diagram of traditional MPCC schemes.

where V, i are the space voltage and current vectors in both
α-β and x-y subspace. R, L represent the resistive and inductive
loads. Assuming the small sampling interval Ts , and applying
the first-order discrete approximation to voltage and current
vector equations in (4), the future value of load current can be
predicted as

i(k + 1) =
1

RTs + L
[Li(k) + TsV (k + 1)] (5)

where V(k + 1) represents the candidate voltage vectors in the
FCS. The term RTs could be neglected if the sampling interval
is small enough.

C. Traditional FCS-MPCC Schemes

The overall control diagram of the traditional FCS-MPCC for
five-phase inverters is shown in Fig. 3. The predictive control
scheme is performed in the following steps.

1) Measuring the load currents at kth sampling instant.
2) Predicting the load currents at (k + 1)th sampling instant

for all candidate voltage vectors in the FCS.
3) Evaluating the cost function value g for each prediction

result.
4) Selecting the corresponding switching state that can mini-

mize the cost function g from all candidate voltage vectors.
Once when the prediction and control time horizons are set,

the cost function remains as the only tuning tool that exists in
the FCS-MPCC. Typically, two forms of cost function are used,
i.e., linear and quadratic [27]. For five-phase inverters, in order
to achieve the sinusoidal current load waveform, not only the
currents in α-β subspace need to be considered into the cost
function, but also the harmonic currents in x-y subspace need
to be contained. Therefore, the cost function must be relative to
four current error terms, and usually defined as the following
structures:

g = |i∗α (k + 1) − iα (k + 1)| + ∣
∣i∗β (k + 1) − iβ (k + 1)

∣
∣

+ λ1 |i∗x(k + 1) − ix(k + 1)| + λ2
∣
∣i∗y (k + 1) − iy (k + 1)

∣
∣

(6)

g = [i∗α (k + 1) − iα (k + 1)]2+[i∗β (k + 1) − iβ (k + 1)]2

+ λ1 [i∗x(k + 1) − ix(k + 1)]2 + λ2 [i∗y (k + 1) − iy (k + 1)]2

(7)

where i∗ with the subscript represents the desired value of the
corresponding currents in α-β and x-y subspace, respectively. λ1
and λ2 represent the weighting factors of cost function. In this
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paper, the quadratic form is employed here as it can produce
a higher penalization of bigger errors compared with smaller
ones and better insight into the cost values. In addition, the dif-
ferential process of cost function in (6) is very difficult, due to
the expression type of the absolute value function. The expres-
sion of cost function in (7) is widely adopted in the FCS-MPCC
schemes, especially in FCS-MPCC with duty-ratio optimization
or pulse-width-modulation (PWM) stage [28]. Thus, quadratic
form of cost function in (7) is also used in this paper.

In general, there are three classical FCS-MPCC schemes for
a five-phase inverter according to the categories of the selected
FCS. The FCS-MPCC that uses all the available switching states
is termed as FCS-MPCC31 . All the ten largest voltage vectors
and zero-voltage vectors are taken as the control set is named as
the FCS-MPCC11 . Similarly, FCS-MPCC21 method takes ten
large vectors, ten medium vectors, and zero vectors as the input
control set [27]. In essence, Lim et al. [27] have demonstrated
that small vectors is not necessary to be included as elements
in the input control set for the reason that small vectors in α-β
subspace will become higher voltage vectors in the x-y harmonic
subspace, which leads to large low-order current harmonics.
In addition, the calculation burden of FCS-MPCC21 and FCS-
MPCC31 schemes is very heavy.

Anyway, all of these traditional FCS-MPCCs applying a sin-
gle switching state during each control interval, inevitably lead
to an additional harmonic excitation in the x-y subspace, despite
there are the harmonic component constraints in the predefined
cost functions (6) and (7). In addition, in these three traditional
FCS-MPCCs, the heavier computational efforts of the control
scheme, the smaller low-order current harmonics. For exam-
ple, computational burden in MPCC31 is the heaviest, while the
low-order current harmonic values are the smallest in these three
schemes.

III. PROPOSED FCS-MPCC WITH DUTY-RATIO OPTIMIZATION

A. Definition of V3s

As aforementioned, heavy computational burden and large
low-order current harmonics are two existing key issues in the
traditional FCS-MPCC of the five-phase drive system. Accord-
ing to (4), the harmonic currents ix , iy are produced by the
harmonic voltages existing in x-y subspace. Hence, if the har-
monic average voltages are approximately zero in x-y subspace
during each control interval, the harmonic currents ix , iy can be
eliminated effectively.

From Fig. 2(a) and (b), it can be noticed that the two inverter
states with aligned large- and medium-voltage vectors in the α-β
subspace, e.g., inverter states V L1 and V M1 , become small- and
medium-voltage vectors pointing to the opposite directions in
the x-y subspace. On the basis of this principle, as the amplitude
ratio between the medium- and small-voltage vectors is 0.618−1

in x-y subspace, the duration ratio of medium vector V M1 and
large vector V L1 in α-β subspace can be set as 0.618 to synthe-
size a zero-mean volt–second product in the x-y subspace. The
process is presented in Fig. 4. This combination mode of large
and medium vectors and the corresponding dwell times design
can eliminate low-order current distortion, and form ten active

Fig. 4. Schematic diagram of synthetic vectors V v1 in different subspaces.
(a) α-β subspace. (b) x-y subspace.

Fig. 5. V3s in α-β subspace.

V3s [29], named as V v1 − VV10 , in α-β subspace, as shown in
Fig. 5.

Following the above defined combination rule, the amplitudes
of virtual vectors in α-β and x-y subspaces are expressed as

{
|V v |αβ = (1 − kv ) · 0.4 Vdc + kv · 0.6472 Vdc

|V v |xy = kv · 0.2472 Vdc − (1 − kv ) · 0.4 Vdc
(8)

where kv represents duration ratio of the large-voltage vector
during every control interval Ts . Substituting kv = 0.618 into
(8) yields

{
|V v |αβ = 0.5527 Vdc

|V v |xy = 0
. (9)

Please note that the amplitudes of these 10 V3s are all equal
to 0.5527Vdc .

B. Cost Function Optimization

The goal of cost function is to adjust the system behavior
through comparing the predicted values with reference values.
It plays a great role in the FCS-MPCC scheme. For a five-phase
drive system, in order to achieve sinusoidal current waveform
and avoid current distortion in the x-y subspace, the harmonic
current references i∗x and i∗y in cost function shown in (6) are
both set to zero. In the proposed FCS-MPCC scheme, these
10 V3s and zero-voltage vectors are set as the all available ele-
ments in the input control set. Thus, harmonic currents ix and iy
can be eliminated automatically by the predefined V3s. There-
fore, the issue of low-order harmonic currents is unnecessary to
be considered into cost function. In other words, the controlled
quantities in the cost function are only current components in
α-β subspace. The proposed FCS-MPCC scheme can reduce
computational burden further. The modified cost function is
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shown as

g = [i∗α (k + 1) − iα (k + 1)]2+[i∗β (k + 1) − iβ (k + 1)]2 .
(10)

Please note that there is no weighting factor. It is easy to be
implemented and applied in the practical application.

C. Digital Delay Compensation

As it is well known, in real-time implementation, one-step
delay between the desired vector and the actual vector caused
by digital processing will deteriorate the performance of FCS-
MPCC, particularly when the calculation period is significant
compared with the sampling period [30]. To compensate this de-
lay, the digital delay compensation scheme in [30] is employed
in this paper.

The measured currents and the applied switching state at
the kth sampling instant are used in (5) to estimate the load
current values at the (k + 1)th sampling instant. Then, these
estimated currents are used as the initial prediction values for
all available vectors in the defined control set during (k + 2)th
control interval.

The prediction can be realized through one step forward shift
of the load model, and cost function with the predicted currents
during (k + 2)th control interval is shown as

g = [i∗α (k + 2) − iα (k + 2)]2+[i∗β (k + 2) − iβ (k + 2)]2 .
(11)

D. Duty-Ratio Determination

The optimization control object of MPCC is to force the
predictive currents to reach the reference values. In traditional
FCS-MPCC schemes, a single switching state is widely adopted
during the entire control interval Ts , and it leads to large-current
ripples, especially in the low-sampling-frequency condition. Al-
though the V3s are used as the input control set, they still cannot
eliminate the tracking error completely. In most cases, it is not
necessary for the V3 being applied in the entire control interval
to meet the desired control requirements. The corresponding
duty ratio of the selected V3 during each control interval should
be estimated, in order to force the actual currents to track the
reference values accurately. Thus, this paper proposes a combi-
nation solution of V3 and zero-voltage vectors to further reduce
tracking error. In this condition, if the dwell time of V3 V vj dur-
ing the entire control interval is defined as djTs , zero-voltage
vector is applied in the rest interval (1 − dj )Ts , where dj rep-
resents the duty ratio of virtual vector V Vj during the entire
control interval.

Fig. 6. Determination steps of dj in the proposed FCS-MPCC scheme.

For the predictive current in α-β subspace, the computational
expressions at (k + 2)th sampling instant can be deduced from
(4) as (12) shown at the bottom of this page. where Vvjα , Vvjβ

are α-axis and β-axis components of V3 V Vj , respectively. The
optimization control object is to minimize cost function g in (7)
by selecting the appropriate duty ratio dj , which yields

∂g

∂dj
= 0. (13)

Substituting (11) and (12) into (13), dj can be derived from
(14). dj is in the range from 0 to 1, and fortunately, the best
solution dj is irrelative to the weighting factor λ for the reason
that harmonic currents are not contained into the adopted cost
function, the computation process of dj can be simplified (14)
shown at the bottom of this page.

The first step of calculating dj in the proposed method is to
select an optimal V3 or zero vector at the maximum duty-ratio
value (dj = 1) from the cost function estimation for 11 times,
and then, the best duty cycle of the selected V3 can be deduced
from (13), as shown in Fig. 6. The last step is to assemble pulse
sequence units with V3 and zero vector, which will be translated
into the drive signals to five-phase inverters.

The first step of calculating dj in the proposed method is to
select an optimal V3 or zero vector at the maximum duty-ratio
value (dj = 1) from the cost function estimation for 11 times,
and then, the best duty cycle of the selected V3 can be deduced
from (13), as shown in Fig. 6. The last step is to assemble pulse
sequence units with V3 and zero vector, which will be translated
into the drive signals to five-phase inverters.

E. Switching Sequence and Implementation

Take V v1 as an example, Fig. 7(a) shows the original com-
bination switching sequence of the selected V3 V v1 and zero-

{
iα (k + 2) = 1

RT s +L [Liα (k + 1) + djTsVvjα (k + 2)]

iβ (k + 2) = 1
RT s +L [Liβ (k + 1) + djTsVvjβ (k + 2)]

, j = 1, 2, ..., 10 (12)

dj =
[Vvjα (k + 2)i∗α + Vvjβ (k + 2)i∗β ](RTs + L) − L[Vvjα (k + 2)iα (k + 1) + Vvjβ (k + 2)iβ (k + 1)]

Ts [V 2
vjα (k + 2) + V 2

vjβ (k + 2)]
. (14)
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Fig. 7. Switching sequence of V3 (V v1 ). (a) Initial mode. (b) Symmetrical
mode.

Fig. 8. Flowchart diagram of the proposed method.

voltage vectors, where the duration ratios of V M1 and V L1 are
fixed at 0.618. Due to the asymmetry of this pulse sequence,
there exists some additional harmonics around the switching
frequency, and it is not easy to be realized in digital processors
such as DSP TMS320F2000 series. For the most commonly
used PWM generation technique, the inverted and noninverted
signals are symmetrical to the middle of the PWM period. This
type of PWM waves can be considered as the standard switch-
ing sequence for the real-time systems [26], [31]. Therefore,
according to the specific PWM generation technique, sym-
metrical arrangement of switching sequence is first required,
as presented in Fig. 7(b). Thus, the actual applied voltage
vector sequences are changed from V 0 − V M1 − V L1 − V 0
to V 0 − V M1 − V L1 − V 31 − V L1 − V M1 − V 0 . The cor-
responding duration of each switching state is shown in Fig.
7(b). The switching sequence in Fig. 7(b) is absolutely same
with that of the traditional space vector PWM, which can real-
ize constant switching frequency.

From the above analysis, the proposed FCS-MPCC scheme
employing the V3s as input control set is easy to be imple-
mented. Moreover, the computational burden in the proposed
FCS-MPCC is dramatically lower than that in the FCS-MPCC21
method, because there are only 11 vectors for cost function eval-
uation during every control interval. Fig. 8 shows the flowchart
diagram of the proposed V3-FCS-MPCC11 with duty-ratio op-
timization scheme. The block diagram for the proposed FCS-
MPCC scheme is shown in Fig. 9, where the dashed box
indicates the duty-ratio estimator. Compared to traditional
FCS-MPCC, the simplicity structure is reserved.

IV. SIMULATION RESULTS

To verify the effectiveness of the proposed FCS-MPCC with
duty-ratio optimization scheme, a simulation comparison of the
proposed scheme and four traditional FCS-MPCC schemes is
shown in the MATLAB/Simulink environment. Five kinds of
current control schemes are named as FCS-MPCC11 , FCS-
MPCC21 , FCS-MPCC31 , FCS-MPCC11−V

3, and the proposed
FCS-MPCC11−V

3−DRO , respectively, where FCS-MPCC11−V
3

represents a form of traditional FCS-MPCC11 scheme employ-
ing ten virtual vectors and zero vectors as the control set; FCS-
MPCC11−V

3−DRO represents the proposed FCS-MPCC11 with
duty-ratio optimization of V3s.

Fig. 10 shows steady-state simulation results of the output
phase current, current fast Fourier transform (FFT) analysis,
and current trajectories in two bidimensional subspaces for the
traditional FCS-MPCC11 , FCS-MPCC21 , FCS-MPCC31 , FCS-
MPCC11−V

3, and the proposed FCS-MPCC11−V
3−DRO scheme

at same sampling frequency. In this figure, it is clear that the
phase current waveform and the current ripples on two bidi-
mensional subspaces in the proposed method are superior to the
other four FCS-MPCC schemes. In addition, it should be noted
that FCS-MPCC21 and FCS-MPCC31 methods can reduce the
low-order current harmonics to a certain extent compared to
the FCS-MPCC11 scheme. Furthermore, Fig. 10(b) and (c) has
verified that it is not necessary to set small vectors as elements
in the control set.

Fig. 11 shows steady-state simulation results of the output
phase current, current FFT analysis, and current trajectories in
two bidimensional subspaces for five control schemes at same
switching frequency. The average switching frequency in FCS-
MPCC31 and FCS-MPCC11−V

3 is about 5 kHz. Meanwhile, the
switching frequency in the proposed FCS-MPCC11−V

3−DRO
scheme is also set as 5 kHz. From Fig. 11, it is clear that the
phase current waveform and the current ripples in the proposed
FCS-MPCC11−V

3−DRO scheme under the same switching fre-
quency is still superior to those in the adopted FCS-MPCC31
and FCS-MPCC11−V

3, which has verified the effectiveness of
the proposed scheme.

V. EXPERIMENTAL RESULTS

Fig. 12 shows a scale-down experimental test setup of a
five-phase inverter configuring with Infineon F4-30R06W1E3
insulated-gate bipolar transistor (30 A/600 V) modules. A dc
power supply (Vdc = 40 V) is fed for the adopted inverter with
five-phase star-connected resistive–inductance loads (R = 10 Ω,
L = 4.5 mH). The control scheme is programmed and imple-
mented in TI DSP TMS320F28335. The output phase currents
are measured with LA 35-NP current Hall sensors.

A. Steady-State Performance of Different FCS-MPCC
Methods (Same Sampling Frequency)

In order to verify the feasibility of the proposed FCS-MPCC,
at the same sampling frequency (10 kHz), Fig. 13 shows ex-
perimental results of current, phase voltage, current FFT anal-
ysis, and current trajectories in two bidimensional subspaces
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Fig. 9. Proposed FCS-MPCC11−V
3−DRO scheme of five-phase inverters.

Fig. 10. Simulation comparison of steady-state performance for five FCS-
MPCC schemes at same sampling frequency (10 kHz). (a) FCS-MPCC11 .
(b) FCS-MPCC21 . (c) FCS-MPCC31 . (d) FCS-MPCC11−V

3. (e) Proposed
FCS-MPCC11−V

3−DRO method.

Fig. 11. Simulation comparison of steady-state performance for five FCS-
MPCC schemes at same switching frequency (5 kHz). (a) FCS-MPCC31 .
(b) FCS-MPCC11−V

3. (c) Proposed FCS-MPCC11−V
3−DRO method.

for the traditional FCS-MPCC11 , FCS-MPCC11−V
3, and the

proposed FCS-MPCC11−V
3−DRO schemes. It is clear that the

phase current waveform and the current ripples on two bidi-
mensional subspaces in the proposed method are superior to
the other two FCS-MPCC schemes. Current total harmonics
distortion (THDi) value in the proposed scheme is smallest
(THDi = 4.63%). In Fig. 13(a), it can be found that although
FCS-MPCC11 scheme can suppress the harmonic currents in x-y
subspace due to the cost function contained the harmonic items
(7), there inevitably exists third- and seventh-order harmonic
excitations in the x-y subspace because only a single switch-
ing vector is applied during each control interval. In Fig. 13(b),
FCS-MPCC11−V

3 can reduce the harmonic currents in x-y sub-
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Fig. 12. Experimental configuration of a five-phase inverter test platform.

Fig. 13. Comparison of steady-state performance of various FCS-MPCC
methods at same sampling frequency (10 kHz). (a) Traditional FCS-MPCC11 ,
(b) FCS-MPCC11−V

3, (c) proposed FCS-MPCC11−V
3−DRO method and

proposed FCS-MPCC11−V
3−DRO with asymmetric switching sequence, and

(d) proposed FCS-MPCC11−V
3−DRO method with symmetrical switching se-

quence.

Fig. 14. Current THD values in three FCS-MPCCs with respect to different
sampling frequency and reference current.

space partly. It should be mentioned that the average volt–second
can be kept at zero when the instantaneous volt–second is still
larger than that in the proposed FCS-MPCC11−V

3−DRO in each
control interval, because FCS-MPCC11−V

3 is a special case
of FCS-MPCC11−V

3−DRO with dj = 1. Moreover, the current
steady-state tracking error in α-β subspace cannot be eliminated
completely. Fig. 13(c) and (d) shows experimental results of the
proposed FCS-MPCC11−V

3−DRO scheme with asymmetric and
symmetrical switching sequences, respectively. It is clear that
the proposed FCS-MPCC11−V

3−DRO can further reduce more
current ripples both in α-β and x-y subspaces compared with
FCS-MPCC11−V

3 in Fig. 13(b). In addition, comparing Fig.
13(c) and (d), the symmetrical switching sequence scheme can
achieve the better sinusoidal current quality and lower current
THDi value than the asymmetric solution.

Fig. 14 shows current THDi values in three FCS-MPCCs
with respect to different sampling frequency and reference cur-
rent value. In this figure, it is clear that the proposed FCS-
MPCC11−V

3−DRO can always achieve the smallest THDi value
among the three FCS-MPCC schemes at different sampling fre-
quency and reference current. The same sampling frequency
means the same computing time for the execution of predictive
control algorithm. For the traditional FCS-MPCC11 and FCS-
MPCC11−V

3, although the current quality can be improved in
higher sampling frequency condition, the algorithm execution
process period will be limited during shorter sampling interval.
Fortunately, the proposed FCS-MPCC11−V

3−DRO can obtain
better performance under the limitation of low sampling fre-
quency, due to symmetrical switching sequence design with
constant switching frequency.

B. Steady-State Performance of Different FCS-MPCC
Methods (Same Switching Frequency)

To verify the effectiveness of the proposed scheme fairly,
Fig. 15 shows a comparison of steady-state performance of FCS-
MPCC11−V

3 and the proposed FCS-MPCC11−V
3−DRO meth-

ods at same switching frequency. The approximate switching
frequency in FCS-MPCC11−V

3 is about 2.51 kHz when the
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Fig. 15. Comparison of steady-state performance of two FCS-MPCC meth-
ods at same switching frequency (2 kHz). (a) Current waveform. (b) Current
trajectories in x-y subspace. (c) Duty ratio.

sampling/control frequency is set to 5 kHz. Meanwhile, the
switching frequency in the proposed FCS-MPCC11−V

3−DRO
scheme keeps at 2 kHz even if the sampling/control frequency
is set to 2 kHz. From Fig. 15, it is clear that the phase cur-
rent waveform and the current ripples on two bidimensional
subspaces of the proposed method under lower sampling and
switching frequencies is still superior to those in the adopted
FCS-MPCC11−V

3. Current THDi in the proposed scheme is
9.23% lower than 12.04% in FCS-MPCC11−V

3. In addition, the
equivalent duty ratio of V3 in the FCS-MPCC11−V

3 is always
1, while it is accurately estimated around 0.6 in the proposed
method. The effectiveness of the proposed scheme is proved
obviously from the other perspective.

C. Evaluation of Dynamic Performance for the Proposed
FCS-MPCC11−V

3−DRO Method

As aforementioned, the proposed FCS-MPCC11−V
3−DRO

method can both improve the steady-state current performance
in α-β and x-y subspaces. In order to verify the dynamic per-
formance of the current control in the proposed method, Fig. 16
shows the dynamic results for a step in the reference current at
2-kHz sampling frequency. It can be observed that the current in
α-β subspace can always track the reference value precisely and
achieve fast dynamic response. Meanwhile, from step change
process of duty ratio, the current tracking ability for reference
step change is very fast (settling time is approximately 0.04 ms).
Moreover, the harmonic currents in x-y subspace are always kept
at zero, thus sinusoidal phase current with low harmonic distor-
tion is obtained.

Fig. 16. Dynamic performances for a step in the reference current (2-kHz
sampling frequency). (a) Current waveform. (b) Current trajectories. (c) Duty
ratio.

D. Parameter Sensitivity Analysis of the Proposed
FCS-MPCC11−V

3−DRO Method

The above experimental tests are carried on with the specific
control parameters, i.e., R = 10 Ω, L = 4.5 mH. The load
resistance has very small effect on the prediction process. In fact,
it can be neglected for the reason that the sampling interval Ts is
short enough. Therefore, the influence of inductance parameters
variation on control performance should be mainly analyzed.
First, the inductance mismatch ratio δ is defined as

δ= 1 − Lm

L
(15)

where Lm is estimating inductance value and L is actual induc-
tance value. L remains constant during the experiment.

Fig. 17 shows the steady-state performance of the proposed
FCS-MPCC11−V

3−DRO method at 10-kHz sampling frequency,
when the mismatch ratio δ is +50% and −50%, respectively,
and the corresponding duty ratio is shown in Fig. 18. Compared
with Fig. 13(d), it can be observed that there is no significant
difference between these three sets of results. It confirms that
the proposed FCS-MPCC11−V

3−DRO method is robust against
the variation of control parameters. In order to clearly see the
influence of inductance variation on the system, Fig. 19 shows
the variation curve of phase current THDi and ripples in α-
β and x-y subspaces with respect to inductance mismatch. It
should be mentioned that the average steady-state ripples of
currents in α-β and x-y subspaces in Fig. 13(d) are 0.0504 and
0.0483, respectively, which are very close to those in Fig. 17(a).
However, the current ripples become slightly greater when the
inductance mismatch ratio equals −20% and −50%.

Moreover, current THDi curve shown in Fig. 19 also presents
the same trends. It can be noticed that from Fig. 19, the larger the
absolute value of the inductance mismatch ratio δ is, the larger
the current ripple and THD value are, and the negative ratio δ
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Fig. 17. Inductance mismatch effect on the load current. (a) δ = +50%.
(b) δ = −50%.

Fig. 18. Inductance mismatch effect on duty ratio. (a) δ = +50%. (b) δ =
−50%.

Fig. 19. (a) Variation curve of phase current THD. (b) Current ripples in α-β
and x-y subspaces.

can result higher current ripple and THD values than the positive
ratio δ in case of the same absolute value. Fortunately, current
can still track the reference value in Fig. 17 no matter how the
inductance changes. It has proved the strong robustness of the
proposed FCS-MPCC scheme with duty-ratio optimization.

E. Cost Time Evaluation of the Proposed
FCS-MPCC11−V

3−DRO Method

Fig. 20 shows the real-time implementation details of the
proposed FCS-MPCC11−V

3−DRO scheme. It can be seen that
the proposed FCS-MPCC11−V

3−DRO needs a sampling time
of at least 40 μs. It means that the proposed scheme can still
be executed below 20-kHz sampling frequency. The main time
consuming is to iterate the predictive model and calculate the

Fig. 20. Real-time implementation details of the proposed scheme in a sam-
pling period.

TABLE II
EXPERIMENTAL COMPARISON OF THE PROPOSED CONTROL SCHEME AND

OTHER SCHEMES

Control Schemes FCS- FCS- FCS- FCS-
Performances MPCC1 1 MPCC2 1 MPCC1 1−V

3 MPCC1 1−V
3−D R O

Steady-state current General Good Good Excellent
Dynamic performance Fast Fast Fast Fast
Cost effort Easy Heavy Easy Easy
The maximum available 0.6472 Vd c 0.6472 Vd c 0.5527 V 0.5527 Vd c

output voltage

minimum cost function value while the duty-ratio calculation
only occupies a tiny part during the entire execution period of
the proposed scheme.

F. Comprehensive Comparison Performance of Three
FCS-MPCC Schemes

Finally, a comprehensive comparison of the proposed FCS-
MPCC scheme and two other methods is summarized and listed
in Table II. The proposed scheme can achieve the best steady-
state performance, and retain the fast transient performance as
a potential feature in a traditional FCS-MPCC scheme. The
proposed FCS-MPCC method is robust against the parameter
mismatch. In addition, the computational consuming time for
a whole control interval in the proposed FCS-MPCC is about
40 μs. Only ten V3s and zero vectors need to be evaluated in
every control interval. Moreover, it should be mentioned that
the maximum available ac voltage of the proposed scheme is
0.5527Vdc as shown in (9), which is smaller than that of the
conventional FCS-MPCC scheme.

VI. CONCLUSION

This paper proposes an integrated FCS-MPCC method using
V3s as control set with duty-ratio optimization for five-phase
inverters. In order to reduce the harmonic current and the cal-
culation amount in the predictive control algorithm, ten V3s are
redefined in combination form of large- and medium-voltage
vectors in the same direction in α-β subspace with constant
duration ratio 0.618−1. Thus, cost function can be simplified
without weighting factor in the proposed FCS-MPCC. Actu-
ally, if the cost function does not contain the x-y current items,
the controller could be less effective in dealing with nonideal
effect, mainly caused by the dead-time effect. However, the ef-
fect is not quite significant. Therefore, in practical applications,
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the x-y current items can be added into cost function depends
on the property of the controller.

From a comprehensive experimental comparison of tradi-
tional FCS-MPCC, FCS-MPCC11−V

3, and the proposed FCS-
MPCC11−V

3−DRO methods, the salient features of the proposed
FCS-MPCC can be summarized as follows.

1) The steady-state phase current waveform and the cur-
rent ripples on two bidimensional subspaces of proposed
method are superior to the other FCS-MPCC schemes.

2) The proposed scheme can realize constant switching fre-
quency.

3) The proposed scheme can retain the simplified structure
and fast dynamic performance of traditional FSC-MPCC,
which is easy to implement.

4) The proposed FCS-MPCC method is robust against the
inductance mismatch.

5) The computational burden in the proposed FCS-MPCC is
about 40 μs. The algorithm can be still executed under
20-kHz sampling frequency.

6) The proposed method takes the discrete feature of in-
verter into account with no modulation stage, avoided the
complex computational process of desired voltage in gen-
eralized predictive control with PWM stage at the same
time.

In this paper, a five-phase inverter is used as a practical ex-
ample. Moreover, the proposed algorithm with duty-ratio opti-
mization can be extended into n-phase inverter application.
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