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ABSTRACT Conventional model-based predictive current control suffers from the common drawbacks
of high reliance on system model parameters and the use of a single input voltage vector, which result
in large pulsating current ripples and prediction errors. In the case of a four-switch three-phase inverter
(FSTPI) topology, the implementation of the predictive controller is exacerbated due to the limited number
of candidate voltage vectors. This article presents an integrated model-free predictive current control with a
hybrid switching mechanism to solve the problem. The proposed method introduces the combined switching
mechanism of input voltage vectors with fixed and variable modulations by increasing the number of
switching voltage vectors. The four basic voltage vectors generated in the FSTPI create 24 new synthesized
voltage vectors through fourfold linear expansions of the space vector plane. The switching durations of input
voltage vectors are determined by calculating their optimal duty ratios. As a result, the proposed method im-
proves the prediction accuracy by increasing the iteration calculations of current differences every sampling
period. The proposed method, known as the hybrid switching of four-voltage-vector model-free predictive
current control, is practically tested via simulation and experimental works to evaluate its effectiveness and
performance improvement.

INDEX TERMS Four-switch three-phase inverter (FSTPI), four-voltage-vector, hybrid switching control,
model-free predictive current control (MFPCC), synchronous reluctance motor (SynRM).

NOMENCLATURE

Abbreviations
SynRM Synchronous reluctance motor.
IM Induction motor.
PMSM Permanent-magnet synchronous motor.
FSTPI Four-switch three-phase inverter.
FOC Field-oriented control.
VC Vector control.
DTC Direct torque control.
FCS-MPC Finite set model predictive control.
MPCC Model predictive current control.
MBPCC Model-based predictive current control.

MFPCC Model-free predictive current control.
HS Hybrid switching.
4VV Four-voltage-vector.
LUT Lookup table.

Variables and Parameters
V1,V2,V3,V4 Basic voltage vectors.
VV1,VV2, . . . ,VV24 Synthesized voltage vectors.
SS1, SS2, . . . , SS24 Equivalent switching modes.
Va,Vb,Vc,Vd Vector application sequence (first, sec-

ond, third, and fourth).
da, db, dc, dd Duty ratio sequence (first, second,

third, and fourth).
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�iα,β Current difference in the α–β refer-
ence frame.

ire f
α,β

Current commanding/reference value.

ip
α,β

Current predicted value.

I. INTRODUCTION
In the past few decades, power converters and motor drive
applications have grown exponentially in various industries,
such as manufacturing, power generation, and hybrid electric
vehicles [1], [2]. Thanks to the rapid development of fast and
powerful microcontrollers, industrial electronics has changed
the paradigm and become a leading industry for efficiency
and increased performance. Today, electric motor drives are
among the notable fields that have gained widespread atten-
tion in integrating these technological innovations.

The SynRM is the simplest type of synchronous motor
owing to its rotor construction, which is made of iron lam-
inations [3]. The design construction is like that of IM [4]
and the performance is comparable to that of PMSMs [5].
In addition, the SynRM offers some excellent features, such
as rugged and simple structures, no rotor magnetic material
or winding, which makes it cost-effective and draws higher
efficiency and field-weakening capability [6], [7]. Meanwhile,
the FSTPI topology has the advantages of minimal switching
losses and fault-tolerant control [8], which are essential to
numerous applications, such as motor drives [9], renewable
energy systems [10], and active power filters [11].

Various control strategies have been employed for SynRM,
including the widely known classical methods of FOC and
DTC [12], [13]. The FOC, also known as the VC, is a
type of linear controller that generates voltage vectors from
a pulsewidth modulator. FOC has the advantage of good
steady-state performance but suffers from moderate dynamic
responses and stringent tuning requirements, making it more
complicated than DTC [14]. On the other hand, the control
strategy of DTC is based on selecting the voltage vector from
the error signal between the torque and stator hysteresis con-
troller. Comparing these two classical methods, DTC has a
more straightforward control design and structure, better fast
dynamic characteristics, and does not require a modulator.
However, despite the apparent advantages of DTC, its perfor-
mance deteriorates, particularly at lower speeds, where high
pulsating torque and flux ripples are observed [15]. With the
recent progress in the development of control technologies,
some advanced methods have been proposed for SynRM,
such as slide-mode control, FCS-MPC, and fuzzy control. In
particular, the FCS-MPC has received significant attention as
a viable alternative to motor drive controls and power con-
verters [16], thanks to its intuitive design, quick response,
and multivariable approach. The FCS-MPC uses the equiva-
lent discrete-time model of the system to predict the future
behavior of the controlled variables, such as current, flux,
or torque. The optimal solution for a predictive controller
is obtained by solving a constrained finite-horizon optimiza-
tion control problem via the cost function [17]. However,

FCS-MPC relies on the accurate representation of the system
model. Deviations or mismatches due to operating conditions
and environmental factors can result in performance degrada-
tion. Moreover, the conventional MPCC applies only a single
voltage vector at every sampling period, causing high current
ripples and excessive tracking errors under steady-state con-
trol [18].

Several methods have been proposed to address the param-
eter dependency of the MPCC, including the grey prediction
scheme [19], online parameter disturbance observer [20], and
Lyapunov adaptive control [21], among others. According to
Rodriguez et al. [22], the latest advancements in predictive
controller strategies have focused on improving performance
and efficiency. Recently, Li et al. [23] have proposed an ap-
proach that can improve parameter robustness by combining
an extended state observer with the deadbeat predictive cur-
rent control and a zero-voltage vector redistribution strategy.
The method yields favorable performance with forecast dis-
turbance error and parameter mismatch but requires complex
parameter tuning and adjustment. In [24], a Luenberger-based
disturbance observer is proposed that can regulate the flux
and inductance sensitivity. However, due to the one-step delay
design of the controller, real-time compensation is compro-
mised. Yang et al. [25] also presented an adaptive disturbance
observer by setting a broader predefined tolerance limit for in-
ductance mismatch of the motor load. The method has solved
high current oscillations but disregards the salient effects of
resistance and flux mismatches. A sliding-mode disturbance
observer is proposed in [26], owing to its less complex control
algorithm to predict stator currents under different mismatch
conditions.

The above-mentioned methods [19], [20], [21], [22], [23],
[24], [25], [26] have addressed sensitivity to parameter
mismatches to some extent, but the root cause remains
unsolved—the controllers’ dependency on the system model.
A direct and more stable solution to system parameter de-
pendency is presented by Fliess and Join [27] using the
model-free approach. Lin et al. [28] were the first to con-
ceptualize model-free control in motor drive applications,
which later became known as the MFPCC. The scheme uses
the conventional single voltage vector with two sampling
measurements in each sampling period. Another approach to
MFPCC is presented by Zhang et al. [29] using the combined
ultralocal model of the system and an extended state observer.
Parameter adjustment is less required herein [29]; however, as
described by Zhou et al. [18], the conventional use of a single
voltage vector remains unsolved, with high current ripples and
tracking errors as primary issues. Multiple voltage vectors are
integrated into MFPCC by Agustin et al. [30] and Xiong et
al. [31], but the switching duration is designed to be fixed,
posing problems with ineffective current measurements. Some
previously known approaches and concepts of MFPCC are
also discussed in [32].

In order to enhance the robustness and current prediction
accuracy of the FSTPI-fed SynRM, a novel switching strategy
of input voltage vectors is integrated into the MFPCC. The
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FIGURE 1. Topology of FSTPI-fed SynRM and the corresponding basic
voltage vectors V1, V2, V3, and V4.

method introduces a combined switching mechanism of fixed
and variable modulations, known herein as the HS control.
The switching controls of input voltage vectors are deter-
mined by their optimal duty ratios. Moreover, the number of
input voltage vectors is increased by combining four random
voltage vectors in every sampling period. However, due to
the unique architecture of the FSTPI, the inverter can only
generate four basic voltage vectors. Therefore, 24 new syn-
thesized voltage vectors, also known as switching modes, are
created by randomly combining four basic voltage vectors.
This can be achieved by fourfold linear expansions of the
space vector plane. In this article, the proposed control method
is termed the HS of 4VV-MFPCC (HS-4VV-MFPCC). The
proposed method is expected to improve prediction accuracy
by increasing the iterative calculations of current differ-
ences every sampling period. Simulation and experimental
works are carried out to demonstrate the effectiveness of the
proposed HS-4VV-MFPCC using the TMS320F28379D mi-
crocontroller.

The rest of this article is organized as follows. An overview
of the conventional MBPCC for FSTPI-fed SynRM drive sys-
tems is presented in Section II. The principle of HS control
and HS-4VV-MFPCC is introduced in Section III and Sec-
tion IV, respectively Performance validation by simulation
is presented in Section V. The detailed experimental works
and results are shown in Section VI. Finally, Section VII
concludes this article.

II. CONVENTIONAL MBPCC AND MFPCC FOR FSTPI-FED
SYNRM
A. FSTPI-FED SYNRM MODEL
The topology of the FSTPI-fed SynRM is shown in Fig. 1,
where power switches on the c-phase are replaced by two
capacitors, denoted as C1 and C2. The remaining two phases
have power switches on each leg, denoted by switching states
of s1, s2, s3, and s4. These switching states operate based on
the ON and OFF configurations of the power switches. Also
shown in the figure is the admissible set of voltage vectors
generated by FSTPI with their corresponding switching com-
binations of V1(00), V2(10), V3(11), and V4(01).

The mathematical model of the SynRM stator voltage in a
two-phase stationary α–β reference frame can be defined [9]

as follows:

vx = rsix + Lq
d

dt
(ix ) + ex (1)

where vx = [vα vβ ]T, ix = [iα iβ ]T, and ex = [eα eβ ]T are the
phase-wise stator voltages, stator currents, and extended back
electromotive forces (EMFs), respectively. Lq is the equivalent
q-axis inductance and rs is the stator resistance.

It can be noticed in (1) that the state equation is a first-
order system. Hence, the Euler-forward approximation can be
used to determine the solution of the differential component
as d

dt (ix ) ≈ ix (k+1)−ix (k)
Ts

.
Following the discrete-time model of the system in (1), the

current prediction equation at [k + 1]th sampling period can
be obtained by

ipx (k + 1) = Lq − rsTs

Lq
ix(k) + Ts

Lq
vx(k) + 1

Lq
ex(k) (2)

where Ts is the sampling time, and superscript “p” indicates
the predicted value. Moreover, (2) denotes the prediction
equation for the conventional MBPCC.

B. CONVENTIONAL MFPCC
The MFPCC is based on current difference calculations of all
admissible candidate voltage vectors generated by the inverter.
According to Lin et al. [28], the calculation can be approxi-
mated by linear variations between two current measurements
using high-precision sensing devices.

The model-free control can be achieved by eliminating the
effect of system parameters. As described in [28], the current
difference can be calculated as follows:

�iα,β (k) = iα,β (k + 1) − iα,β (k) (3)

where �iα,β (k) is the current difference at the [k]th sampling
period with current measurements of iα,β (k + 1) and iα,β (k).
Every candidate voltage vector calculates the current differ-
ence component �iα,β (k) and stores it in the LUT. In the case
of FSTPI, four current differences are available by the end of
the sampling instants.

Following the above-mentioned relations, the current pre-
diction defined in (2) can be simplified in the model-free
approach as follows:

ipα,β (k + 1) = iα,β (k) + �iα,β (k). (4)

Similarly, the current prediction at the [k + 2]th sampling
period can be obtained as follows:

ipα,β (k + 2) = ipα,β (k + 1) + �iα,β (k + 1). (5)

The cost function is the optimization criterion in determin-
ing the best candidate voltage vector in the next sampling
period. It is measured as the square of the absolute value of
current errors between predicted and reference values. The
cost function can be calculated using the following equation:

G =
∣∣∣ire f

α,β
(k + 2) − ipα,β (k + 2)

∣∣∣2
. (6)
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FIGURE 2. Equivalent space voltage vector diagram of the proposed
HS-4VV-MFPCC.

III. HS CONTROL
A. SYNTHESIZED VOLTAGE VECTORS
In the case of FSTPI, increasing the candidate voltage
vectors is more advantageous as the inverter can only yield
four basic voltage vectors, such as V1, V2, V3, and V4. As
depicted in Fig. 2, increasing the candidate voltage vectors
in the FSTPI can be obtained in the following two parts: 1)
linear combinations of four random basic voltage vectors
and 2) expansion of the space vector fourfold. The vector
combinations are described as (VaVbVcVd ), such that Va,
Vb, Vc, and Vd represent the proper sequence of the four
applied voltage vectors, as first, second, third, and fourth,
respectively. The resulting synthesis can generate a total
of 256 combinations. However, the control objective of the
predictive controller can only select the optimal one from
the pool of candidates. As such, with the large selections
available for optimization, the complexity of calculations can
be compromised. Hence, clustering is enforced to classify
all redundant synthesized voltage vectors corresponding to
their properties and location in the space vector plane. As
shown in Table 1, for instance, the synthesized voltage vector
VV1 can be obtained from 16 possible combinations, such
as (1124), (1142) , (3111) , (1131), among others. Despite
their unique and varying basic voltage vector compositions,
these 16 combinations have the same resultants and can be
clustered as a single synthesized voltage vector.

After clustering, 24 distinct combinations are identified and
evenly distributed across the space vector plane, as illustrated
in Fig. 2. These combinations represent the new candidate
switching modes with their corresponding synthesized voltage
vectors denoted by the notation of VVn, n ∈ {1, 2, .., 24}.
The detailed lists can be seen in Table 1, including their
equivalent switching modes and redundant basic voltage
vector combinations.

TABLE 1. Clustering of Synthesized Voltage Vectors
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B. GENERAL HS EQUATION
As mentioned in the previous section, the input sequence of
the synthesized voltage vectors is denoted by the following
variables: Va, Vb, Vc, and Vd . In the same way, their corre-
sponding duty ratios are described as da, db, dc, and dd , which
hold the identity of

da + db + dc + dd = 1 (7)

where d j = Tj/Ts, j ∈ {a, b, c, d}. The sum of their respective
time durations is equal to sampling time, Ts. The expression
can be given as follows:

Ta + Tb + Tc + Td = Ts. (8)

Following the above-mentioned relations, the general equa-
tion of any synthesized voltage vector VVn can be defined
according to the volt-second principle as follows:{

VVn · Ts = Ta · Va + Tb · Vb + Tc · Vc + Td · Vd

VVn = da · Va + db · Vb + dc · Vc + dd · Vd
(9)

where VVn refers to any of the candidate synthesized voltage
vectors described in Table 1. In implementing the HS mech-
anism, the duty ratios in (7) need to define based on fixed
and variable modulations. The first two input basic voltage
vectors are designed to execute at a fixed and equal duty of
25% apiece every sampling period, such that da = db = 0.25.
The last two voltage vectors, denoted by dc and dd , are in
variable durations relative to their calculated optimal duty
cycles as dc = dopt

c and dd = dopt
d . The superscript “opt” im-

plies optimal value. From (9), the general HS equation can be
obtained relative to their applied switching mode and optimal
synthesized voltage vector as follows:

VV opt
x

∣∣ SSn = 0.25Va + 0.25Vb + dopt
c · Vc + dopt

d · Vd (10)

where x ∈ {α, β} and n ∈ {1, 2, . . . . . . , 24}. The selection cri-
teria are defined by minimizing the cost function for every
sampling interval. The smallest possible cost value corre-
sponds to the best switching mode or the optimal synthesized
voltage vector.

C. HYBRID SWITCHING OF FOUR-VOLTAGE-VECTOR
MODEL-BASED PREDICTIVE CURRENT CONTROL
Following the definition of stator voltage in (1), the four input
basic voltage vectors of any switching mode can be defined in
their model-based form as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

Va = rsix (k, 1) + Lq

(
ix (k,2)−ix (k,1)

Ta

)
+ êx (k − 1)

Vb = rsix (k, 2) + Lq

(
ix (k,3)−ix (k,2)

Tb

)
+ êx (k − 1)

Vc = rsix (k, 3) + Lq

(
ix (k,4)−ix (k,3)

Tc

)
+ êx (k − 1)

Vd = rsix (k, 4) + Lq

(
ix (k+1,1)−ix (k,4)

Td

)
+ êx (k − 1)

(11)

where (11) is expressed in the [k]th sampling period, and
variables are described accordingly in Fig. 3. To simplify
the equation, the combined action of the four basic voltage
vectors, defined in (10), can be considered herein, such that

FIGURE 3. Prediction scheme of HS-4VV-MBPCC.

VVx|SSk
n = da · Va + db · Vb + dc · Vc + dd · Vd . For instance,

between [k]th and [k + 1]th sampling period, the resulting
stator voltage equation due to the applied switching mode can
be written as follows:

VVx
∣∣SSk

n = rsix (k, 1) + Lq

(
ix (k + 1, 1) − ix (k, 1)

Ts

)
.

+ êx (k − 1) (12)

The current measurement in each input basic voltage vector
can be derived using (11). From (12), the current prediction at
the [k + 1]th sampling period can be obtained as follows:

ix (k + 1, 1)
∣∣SSk

n =
(

1 − rsTs

Lq

)
ix (k, 1) .

+ Ts

Lq

(
VVx| SSk

n − êx (k − 1)
)

. (13)

Extending the prediction horizon to [k + 2]th sampling in-
stants, the current prediction denoted by superscript “p” can
be expressed as follows:

ipx (k + 2)
∣∣SSk+1

n =
(

1 − rsTs

Lq

)
ix (k + 1, 1)

+ Ts

Lq

(
VVx| SSk+1

n − êx (k − 1)
)

.

(14)

It can be observed in (13) and (14) that the primary compo-
nent for a model-based predictive controller is the back-EMF.
Since there are no direct means to measure its exact value, the
back-EMF can be approximated by designing the sampling
duration as short as possible. For MPCC, this suggests that
variations between adjacent sampling periods can be assumed
constant. The relation can be described as follows:

êx (k) ≈ êx (k − 1) = VVx| SSk−1
n − Lq

Ts
ix (k, 1)

+
(

rs − Lq

Ts

)
ix (k − 1, 1) . (15)
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Then, the derived equation of back-EMF can be substituted
back into (14) to obtain the current prediction equation as
follows:

ipx (k + 2)
∣∣ SSk+1

n = K1 · ix (k − 1, 1) + K2 · ix (k, 1)

+ K3 · VVx| SSk−1
n + K4 ·VVx| SSk

n

+ K5 ·VVx| SSk+1
n (16)

where constants of parameters K1, K2, K3, K4, and K5 are
defined accordingly as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

K1 = −2L2
q+3LqrsTs−r2

s T 2
s

L2
q

K2 = 3L2
q−3LqrsTs+r2

s T 2
s

L2
q

K3 = −2LqTs+rsT 2
s

L2
q

K4 = LqTs−rsT 2
s

L2
q

K5 = Ts
Lq

. (17)

D. MODEL-BASED CALCULATION OF OPTIMAL DUTY
RATIOS
Described in (10) is the characteristic of an HS strategy ap-
plied to the four input voltage vectors at any given sampling
period. The first two applied voltage vectors have fixed duty
ratios of 25% each, and the third and fourth applied voltage
vectors are modulated according to their optimal duty ratios.
By simplifying (10) into a single unknown variable, the equa-
tion in [k + 1]th sampling period can be deduced to

VVx| SSk+1
n = 0.25Va + 0.25Vb + dk+1

c · Vc

+ (0.50 − dk+1
c ) · Vd (18)

where 0.50 − dk+1
c = dk+1

d . Similar to the expression defined
in (16), (18) can be rewritten as follows:

ipx (k + 2)
∣∣ SSk+1

n = K1 · ix (k − 1, 1) + K2 · ix (k, 1)

+ K3 · VVx| SSk−1
n + K4 ·VVx| SSk

n

+ K5 · (0.25Va + 0.25Vb + 0.50Vd )

+ dk+1
c · K5 · (Vc − Vd ). (19)

It is known that the current prediction in (19) is defined at
[k + 2]th instants. This makes the components VVx|SSk−1

n and
VVx|SSk

n readily available and obtainable from the previous
sampling periods.

The next step is to define the error measure between the
current command or reference value and the predicted value.
The expression can be obtained as follows:

{
Ex| SSk+1

n = iref
x − ipx (k + 2)

∣∣ SSk+1
n

= Mx + dk+1
c Nx

(20)

where new composite variables of M and N in α–β are defined
as follows:⎧⎪⎪⎨

⎪⎪⎩
Mx = iref

x − K1 · ix(k − 1, 1) − K2 · ix (k, 1)
−K3 · VVx| SSk−1

n − K4 ·VVx| SSk
n

−K5 · (0.25Va + 0.25Vb + 0.50Vd )
Nx = K5(Vc − Vd )

. (21)

Finally, the cost function G can be expressed as follows:

G| SSk+1
n =

(
Eα| SSk+1

n

)2 +
(

Eβ

∣∣ SSk+1
n

)2
. (22)

In determining the applicable duty ratios, the resulting cost
value is employed via partial derivatives of (22), that is ∂ G

∂dc
=

0. In this way, one can obtain the following relation:

dc =
∣∣∣∣∣−MαNα − MβNβ

(Nα )2 + (
Nβ

)2

∣∣∣∣∣ (23)

and the duty ratio of the fourth input voltage vector Vd can be
calculated simply as follows:

dd = |0.50 − dc| . (24)

However, it should be known that the switching duration of
the third and fourth input voltage vectors Vc and Vd , respec-
tively, is designed to be variable and adaptive to the calculated
duty ratios of (23) and (24). This suggests that the calculated
duty ratios may inevitably result in overmodulation. Hence,
range constraint solutions are enforced as follows.

1) If dc + dd = 0.50, the calculated duty ratios are consid-
ered optimal, therefore{

dopt
c = dc

dopt
d = dd

. (25)

2) If the first condition satisfies, but the threshold limit
dc < 0.10 or dd > 0.40, the optimal duty ratios are re-
calculated by {

dopt
c = dc

dc+dd
× 50%

dopt
d = dd

dc+dd
× 50%

. (26)

3) If dc + dd < 0.5 or dc + dd > 0.5, the same relation
established in (26) will be applied.

The working principle of the HS-4VV-MBPCC is summa-
rized in a control block diagram shown in Fig. 4.

IV. HYBRID SWITCHING OF FOUR-VOLTAGE-VECTOR
MODEL-FREE PREDICTIVE CURRENT CONTROL
The excellent advantage of MFPCC is that it does not use
system parameters for current predictions. It employs a prac-
tical and effective approach to measuring current samplings
from sensing devices and stores them in the LUT. However,
the accuracy obtained from current samples is critical for
this current controller. Control performance relies primarily
on the stored stator current data in the LUT, and it begins
to deteriorate when the current data become obsolete. From
(4), it can be observed that the MFPCC involves two types of
current data: the actual current samples due to the input basic
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FIGURE 4. Control diagram of HS-4VV-MBPCC.

FIGURE 5. Prediction scheme of HS-4VV-MFPCC.

voltage vectors and the current difference calculated between
two adjacent current samplings.

To ensure that current data are up to date, the strategy of
HS-4VV-MFPCC introduces four current sampling iterations
in every sampling interval. As illustrated in Fig. 5, the current
samplings at the [k]th sampling period are denoted by ix (k, 1),
ix(k, 2), ix(k, 3), and ix(k, 4), representing the four input basic
voltage vectors, respectively. The current differences, which
are defined as the current variation between two adjacent
measuring points, are denoted by �ix|Sk

a , �ix|Sk
b , �ix|Sk

c , and
�ix|Sk

d . The variables Sk
a , Sk

b , Sk
c , and Sk

d correspond to any of
the applied basic voltage vectors at [k]th instants, such that
Sk

a, Sk
b, Sk

c , Sk
d ∈ {S1, S2, S3, S4}. The four current differences

due to their corresponding switching states are defined as
follows: ⎧⎪⎪⎨

⎪⎪⎩
�ix| Sk

a = ix(k, 2) − ix(k, 1)
�ix| Sk

b = ix(k, 3) − ix(k, 2)
�ix| Sk

c = ix(k, 4) − ix(k, 3)
�ix| Sk

d = ix(k + 1, 1) − ix(k, 4)

. (27)

FIGURE 6. Control diagram of HS-4VV-MFPCC.

The equivalent current difference equation in (27) can be
expressed relative to HS by integrating the calculated optimal
duty ratios of dopt

c and dopt
d . The resulting expression is given

as follows:

�iopt
x

∣∣ SSk
n = 0.25�ix| Sk

a + 0.25�ix| Sk
b

+ dopt
c · �ix

∣∣ Sk
c

+ (
0.50 − dopt

c

) · �ix
∣∣ Sk

d . (28)

Similarly, by extending the current difference calculation to
the [k + 1]th sampling period, the optimal current difference
component �iopt

x |SSk
n is obtainable as follows:

�iopt
x

∣∣ SSk+1
n = 0.25�ix| Sk+1

a + 0.25�ix| Sk+1
b

+ dopt
c · �ix

∣∣ Sk+1
c

+ (
0.50 − dopt

c

) · �ix
∣∣ Sk+1

d . (29)

Combining (28) and (29), the current prediction equation
due to the switching mode SSk+1

n can be described as follows:

ipx (k + 2)
∣∣ SSk+1

n = ix (k, 1) + �iopt
x

∣∣ SSk
n + �iopt

x

∣∣ SSk+1
n .

(30)
Finally, the cost function can be calculated based on the

current error calculation defined in (20) and expressed accord-
ingly as follows:

G| SSk+1
n =

(
iref
x − ipx (k + 2)

∣∣ SSk+1
n

)2
. (31)

The optimal duty ratios can be solved by following the strat-
egy defined in (23)–(26). In summary, a block diagram of the
HS-4VV-MFPCC is shown in Fig. 6. The process workflow is
detailed in Fig. 7.

VOLUME 3, 2022 543



LIN AND AGUSTIN: HYBRID SWITCHING OF FOUR-VOLTAGE-VECTOR MFPCC FOR FSTPI-FED SynRM DRIVE SYSTEMS

FIGURE 7. Simplified workflow process of the HS-4VV-MFPCC.

TABLE 2. Parameter of Simulations

V. PRELIMINARY VALIDATION BY SIMULATIONS
The performance of the proposed control method under
model-based and model-free schemes, known as HS-4VV-
MBPCC and HS-4VV-MFPCC, respectively, is first investi-
gated in this section using MATLAB/Simulink. Table 2 lists
the simulation parameters employed in both predictive meth-
ods to facilitate fair comparison.

Variations in the inductive parameter are only examined
for parameter mismatch conditions because they are known
to have a more significant impact on predictive controllers
than variations in the resistive parameter [32]. The variations
are set under two conditions: a 50% decrease and a 200%
increase relative to the nameplate value. Since the gains of the
proportional integral (PI)-based speed controller are fixed in

FIGURE 8. Performance of HS-4VV-MBPCC under inductance variations.

FIGURE 9. Performance of HS-4VV-MFPCC under inductance variations.

FIGURE 10. Average current error curve under inductance variations.

the simulations, the corresponding q-axis current commands
will vary as the motor parameters are changed.

Figs. 8 and 9 show the comparative α–β current response
of HS-4VV-MBPCC and HS-4VV-MFPCC, respectively. It
can be observed under the model-based predictive scheme
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TABLE 3. SynRM Specifications

FIGURE 11. Experimental test bench. (a) Drive circuit board. (b) Motor
load.

that parameter variation primarily affects the current response
of the controller with large current ripples. The influence
of parameter mismatch is predominantly observed under the
reduced condition of inductive parameter, where a heavier
build-up of current ripples is noticeable. When the parameter
value is increased by 200%, a slight change can be observed

FIGURE 12. Switching signals of the applied four voltage vectors derived
from the oscilloscope.

compared to the ideal setting. The findings suggest that the in-
ductive parameter severely impacts prediction accuracy when
it is decreased relative to its nominal value. For HS-4VV-
MFPCC, shown in Fig. 9, it is evident that current ripples are
less affected by parameter variations. The model-free method
takes advantage of insensitivity to any changes in the motor
parameters. At a 50% decrease, the current ripples are seen
to increase slightly because of the PI-based speed controller.
However, the increase is considered insignificant compared
to the model-based controller. The summary of the current
response between −75% and +100% variations in the induc-
tive parameters is shown in Fig. 10. Furthermore, simulation
results are presented as an initial proof of concept for the
proposed method. It should be expected that minimal discrep-
ancy in results can be observed compared to the hardware
implementation as simulation works are demonstrated in an
almost perfect setup. More realistic and practical results can
be observed in experimental validations.

VI. EXPERIMENTAL EVALUATIONS
A. HARDWARE AND TEST BENCH
Illustrated in Fig. 11 is the experimental setup to perform
the tests. In Fig. 11(a), the drive circuit board consists of
the following subcomponents: (A) a digital signal processor
of TMS320F28379D microcontroller from Texas Instruments,
Inc., (B) current sensors of LA25-NP type, (C) overcurrent
current protection board with built-in circuit encoder, (D)
power module inverter (SCM1246MF), (E) ADA4940, (F)
AD4001, (G) power source, and (H) pair of capacitors rated
400 V/10 000 μF. Fig. 11(b) depicts the motor load SynRM
coupled with an external load torque device. The motor spec-
ifications are listed in Table 3.

B. VALIDATION OF HYBRID SWITCHING OF SYNTHESIZED
VOLTAGE VECTORS
Fig. 12 demonstrates the HS mechanism of four input volt-
age vectors obtained from an oscilloscope. The switching
response of the inverter corresponding to the four applied
voltage vectors in one sampling period is configured by the
controller’s enhanced pulsewidth modulator. The sampling
time is set to 100 μs. The adaptivity of the HS control can be
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FIGURE 13. Steady-state current response at a speed command of 800 r/min and a load torque of 1.5 N·m. In each subfigure from top to bottom: α–β

current waveforms, α-phase current error, β-phase current error, and speed tracking performance. (a) C-MBPCC. (b) C-MFPCC. (c) HS-4VV-MBPCC.
(d) HS-4VV-MFPCC.

TABLE 4. Execution Time of Different MPCC Algorithms

observed from the applied durations of the four input voltage
vectors. At any instant, it is noticeable that the first half of the
sampling duration actuates twice at a fixed period of 25 μs
each, denoted by Ta and Tb. The last half registers variable
switching durations marked as Tc and Td , at 34.6 and 15.4 μs,
respectively.

C. EXECUTION TIME EVALUATION
The execution time of the TMS320F28379D DSP under
various MPCC algorithms is experimentally measured to
determine their respective computational efficiencies. Four
sets of predictive controllers are evaluated, including the
conventional MBPCC (C-MBPCC), conventional MFPCC
(C-MFPCC), and proposed methods of HS-4VV-MBPCC and
HS-4VV-MFPCC. Table 4 shows that C-MBPCC and C-
MFPCC have the shortest execution time because of only
four candidate voltage vectors to optimize. As the admissible

voltage vector increases, a significant increase can be no-
ticed in the case of HS-4VV-MBPCC and HS-4VV-MFPCC.
In particular, the HS-4VV-MFPCC has the longest time of
43.5 μs or almost double that of its conventional counterpart.
However, given that the sampling design for the controllers
is 100 μs, the performance of the proposed control methods
remains practical and viable.

D. STEADY-STATE EXPERIMENTAL RESULTS
In evaluating the performance of the proposed method over
the conventional predictive schemes, the steady-state result is
presented under conditions of speed and current commands.
Fig. 13 illustrates the stator current response at a speed com-
mand of 800 r/min with an external load torque of 1.5 N·m.
Fig. 14, on the other hand, shows current waveforms at a
current command of 6A, operating at a speed frequency of
30 Hz. Both figures show experimental results of α-phase
and β-phase current errors, with speed tracking performance
shown in Fig. 13.

The following has been observed based on the steady-state
experimental results.

1) The proposed HS-4VV-MFPCC yields the most efficient
current tracking performance based on the average ripples and
errors recorded. The C-MBPCC generates the highest average
current error, whereas the HS-4VV-MFPCC yields the lowest,
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FIGURE 14. Steady-state current response at a current command of 6 A and a frequency of 30 Hz. In each subfigure from top to bottom: α–β current
waveforms, α-phase current error, and β-phase current error. (a) C-MBPCC. (b) C-MFPCC. (c) HS-4VV-MBPCC. (d) HS-4VV-MFPCC.

FIGURE 15. Dynamic response from a standstill to a speed command of 200 r/min and a load torque of 1.5 N·m. In each subfigure from top to bottom:
α–β current waveforms, magnified view of α–β current waveforms, α-phase current error, β-phase current error, and speed tracking performance.
(a) C-MBPCC. (b) C-MFPCC. (c) HS-4VV-MBPCC. (d) HS-4VV-MFPCC.
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FIGURE 16. Dynamic response under a current step command from 3 to 6A, operating at a 30 Hz frequency. In each subfigure from top to bottom: α–β

current waveforms, magnified view of α–β current waveforms, α-phase current error, and β-phase current error. (a) C-MBPCC. (b) C-MFPCC. (c)
HS-4VV-MBPCC. (d) HS-4VV-MFPCC.

implying error reductions of 76.18 % and 60.70% for Figs. 13
and 14, respectively.

2) The model-free schemes, C-MFPCC and HS-4VV-
MFPCC, outperform their model-based counterparts, which
indicates that they effectively suppress parameter mismatch
and uncertainty.

3) The speed tracking performance is also significantly im-
proved using the proposed method, with a speed deviation of
0.1040 r/min compared to 2.0190 r/min in the conventional
model-based predictive scheme.

E. DYNAMIC EXPERIMENTAL RESULTS
Various tests are performed to evaluate the dynamic response
of the MPCC algorithms, including a speed step command
from a standstill condition to the desired speed command, a
current step command, and an on-load and off-load torque
injection. The dynamic responses of speed and current step
commands are shown in Figs. 15 and 16. Similarly, Fig. 17
displays the dynamic experimental waveforms of stator cur-
rents in α–β, the equivalent error response, d–q current
waveforms, and the transient speed tracking. The dynamic
setting is carried out at a constant speed command of 800
r/min with on- and off-load injection of 1.5 N·m external
torque. Based on the current ripples seen on each MPCC
algorithm from Fig. 17(a)–(d), it is evident that the proposed
method produces the most significant current dynamic out-
put. From these three conditions performed, C-MBPCC and
HS-4VV-MBPCC perform the worst, owing to their model-
based characteristics. In contrast, the application of four input
voltage vectors of HS-4VV-MFPCC has contributed to better
iterations and predictions of current samplings, resulting in a

TABLE 5. Quantitative Summary of %THDi Comparison

better quality of current waveforms illustrated in the experi-
mental results.

F. TOTAL HARMONIC DISTORTION RESULTS
The harmonic profile of the different tests performed is illus-
trated in this section. The current total harmonic distortion
(THDi) expressed in percentage (%) is used to assess the
performance of the proposed controller. The lower theTHDi
implies better performance with lesser induced heat, lower
electromagnetic emissions, and lesser core loss in the ma-
chine. The quantitative summary of the test performed from
Figs. 13–17 is described in Table 5. Results show that the pro-
posed HS-4VV-MFPCC can significantly mitigate the effect
of harmonic distortion in the SynRM regardless of operating
conditions. The highest recorded THDi is observed under
operating conditions of high external load torque of 1.5 N·m
in Figs. 13 and 17. Under the current control scheme shown
in Figs. 14 and 16, it can be observed that the proposed
method can reduce the harmonics by 17.67% and 21.03%,
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FIGURE 17. Dynamic response from a standstill (at rest) to 800 r/min with a sudden on-load and off-load torque injection of 1.5 Nm. In each subfigure
from top to bottom: α–β current waveforms, magnified view of α–β current waveforms, α-phase current error, β-phase current error, stator currents in d–q
axis, and speed tracking performance. (a) C-MBPCC. (b) C-MFPCC. (c) HS-4VV-MBPCC. (d) HS-4VV-MFPCC.

respectively, when compared with HS-4VV-MBPCC. Mean-
while, compared with the traditional MFPCC, the reduction is
60.84% and 21.03%.

VII. CONCLUSION
An integrated MFPCC based on the HS mechanism of four
voltage vectors is presented in this article. The control dura-
tion of switching voltage vectors is designed to be fixed and
variable through HS. Moreover, 24 new synthesized voltage
vectors denoted as switching modes are created through linear
expansions of the space vector plane to boost the number of
candidate selections. Validation of the control performance
of the proposed method is demonstrated under various set-
tings, such as parameter mismatch tests, speed commands
under different load torque conditions, and current commands.
Simulation and experimental results show that the proposed
HS-4VV-MFPCC can successfully improve current prediction
accuracy thanks to the increased iteration calculations of cur-
rent differences. An average reduction in current ripple and
current error is observed by more than 50%, and substantial
improvements in current THDi by an average of 42% when
compared to conventional MBPCC.
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