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ABSTRACT This paper presents a modulated model-free predictive current control for four-switch three-
phase inverter-fed synchronous reluctance motor drive systems to improve performance against existing
methods. The study focuses on six switching modes modulated with variable duty ratios that are optimized
and computed in real-time. The stator currents corresponding to the six modulated switching modes are
predicted without relying on the motor’s mathematical model nor parameters thanks to its model-free nature.
To enhance the performance of the controller, adaptive current detection technique and current difference
modification are employed, yielding good adaptation to the duty ratio modulations. Implementation of the
proposed method is realized via a TMS320F28379D microcontroller on a testbed to assess its effectiveness.
Finally, comparisons between the proposed scheme and a non-adaptive predecessor under various experi-
mental settings are made to demonstrate its salient performance.

INDEX TERMS Four-switch three-phase inverter, modulated model-free predictive current control, syn-
chronous reluctance motor, modulation.

I. INTRODUCTION
Motor drives have been widely explored over the years due
to their extraordinary performances in torque control and
speed response [1]–[3]. Thanks to the advent of various
power electronic components, many industrial applications
have been dramatically improved the quality, performance,
and stability, including traction motors, variable frequency
drives, and emerging technologies in the field of renewable
energy [4]. Despite the apparent progress and developments
in the field, sustainable and efficient control schemes remain
a significant challenge [5].

Traditionally, the six-switch three-phase (SSTP) inverters
are employed in most of these applications. Huber et al. [6]
presented a multi-level inverter based on the SSTP topology
that exhibits effective DC-link voltage regulations. Although
the implementation is straightforward due to the absence of
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the neutral-point connection, such inverter topology has a
subtle response to switching failures caused by an overload
drive. The breakdown of the power switches is relevant to
a transistor failure in the voltage source inverter (VSI) that
leads to an open-circuit connection [7]. The power switch
failure in the SSTP inverter has led to the development of
an alternative reduced switching topology − the four-switch
three-phase (FSTP) inverters [8]. Its unique feature benefits
from fewer switching modes, cost-effectiveness, and simple
logic signal generation [9], [10].

For synchronous reluctancemotor (SynRM), variousmeth-
ods have been proposed to improve its performance, such
as modern rotor geometries and effective control technolo-
gies. The unique rotor characteristics of the machine with
no windings and embedded permanent magnets make it even
more efficient and sustainable than other motor drives [11].
In fact, the SynRM has been touted as the future of AC
machines because of its simple structure, robustness, high
efficiency, and availability [12]. However, due to the highly
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nonlinear behavior exhibited by its components, an efficient
and control system is still a significant challenge to date [13].
Some advances in nonlinear control have been reported as an
alternative to the widely used PI-based field-oriented control
(FOC), including the slidingmode control, fuzzy control [14],
and artificial neural network-based control [15]. But the
designs and implementations of these controllers are compli-
cated. The model predictive current control (MPCC), on the
other hand, holds some outstandingmerits for its simplicity in
accounting for nonlinearities and constraints [16]. It has been
widely recognized as an excellent control scheme for motor
drives and power inverters. However, there are still significant
drawbacks that hamper the performance of MPCC, including
the high degree of dependence on the accuracy of system
parameters and the absence of a modulator [17]. The imple-
mentation of a single input voltage vector in each control
period, in general, renders the reduction of current ripple and
current error more difficult [18].

The modulation strategy based on duty cycle con-
trol [19], [20] and multiple vector applications [21], [22]
was introduced to solve the problems encountered in the
predictive controllers. Tarisciotti et al. [23] were the first to
propose the modulated MPC (M2PC) to improve the current
ripples of a seven-level H-bridge converter and a three-phase
rectifier [17]. The method is anchored on the principle of
space vector modulation, but it retains the salient features of
multiobjective control and better performance againstMPCC.
In [24], themodulation is injectedwith a zero-sequence signal
in optimizing the selection of switching states to improve
the current harmonics and fast dynamic response of the con-
troller but is delimited to passive load. A different modulation
method based on deadbeat predictive control was proposed
in [25], [26], where multiple cost functions are employed to
identify the best composite voltage vector. In [18], [20], [27],
multiple vectors are applied in each control cycle to reduce
current ripples and errors. Although considerable improve-
ments were obtained, as can be seen from the experimental
results, these methods are model-based, relyingmainly on the
motor’s precise mathematical model and system parameters.
As a result, current predictions are sensitive to parameter
mismatches and variations. Besides, the computational bur-
den becomes a significant challenge due to overly complex
algorithms that need to calculate individual duty cycles.

To circumvent the need for mathematical models and sys-
tem parameters, Lin et al. [28], [29] proposed a model-free
predictive current control (MFPCC) pioneering a current
difference detection technique. In [30], the modulation com-
bines two adjacent current vectors from a predefined first-
level cost function. The over modulation region is controlled
using a new rotating coordinate frame to keep the applied
vector optimal. However, implementation in the modulation-
based model-free control, particularly for FSTP inverters,
remains less explored in the literature. In this paper, a novel
modulationmethod, designated as modulatedmodel-free pre-
dictive current control (MMFPCC) in the sequel, is presented
to improve its predecessor [28], [29]. Compared to earlier

methods, the main difference is that the proposed MMFPCC
can predict the stator current under different voltage vectors
at different application times. The presented method synthe-
sizes two basic voltage vectors through a two-stage optimiza-
tion process generating six switching modes with modulation
advancing the limited numbers of candidate switching vectors
of the FSTP inverter. Firstly, a performance index – a cost
function – will be defined as a measure to represent the
difference between the current command and the predicted
current. Based on here, an optimal duty ratio is achieved via
real-time calculation. Secondly, the optimal switching mode
is obtained from candidates that minimize the cost function.
Thanks to the high speed of the modern microcontroller, cur-
rent differences corresponding to different application times
can be measured and calculated in real-time. The proposed
method is significantly different from [28] and [29], where
the current difference calculation is done in a fixed applica-
tion time manner. This variant of adaptive switching strategy
makes it a technical breakthrough in the MFPCC.

The contributions of the proposed method are as follows:

1. The number of candidate voltage vectors for the FSTP
inverter is boosted to six, known as switching modes.
The vector synthesis is obtained from the linear modu-
lation of two basic vectors, effectively reducing current
ripples and errors.

2. The conduction durations of the two input voltage vec-
tors are designed to be adaptive based on calculated
optimal values. As such, the method employs an opti-
mal scheme of two-vector-based switching to detect
current sampling.

3. The updating scheme of stored current difference is
performed twice in every sampling period based on
modified current difference.

4. Optimization of duty cycles of the two input voltage
vectors is obtained via minimizing a cost function.

5. Comprehensive experiments are conducted with
promising results that support the proposed MMFPCC.

The rest of the article is organized as follows. The ground-
works and the problems concerning MPCC and MFPCC are
presented in Section II. Details of the proposed MMFPCC
are given in Section III. Section IV presents the experimental
results for the validation purpose of the proposed method.
Finally, a conclusion is provided in Section V.

II. GROUNDWORKS AND EXISTING PROBLEMS
A. MPCC OF FSTP INVERTER-FED SYNRM
The generic topology of an FSTP inverter-fed SynRM is
given in Fig. 1. As can be observed, the power switches in
phase ‘‘c’’ are replaced by two capacitors, denoted as C1
and C2, respectively. The other two terminals have power
switches, denoted as Sa1, Sa0, Sb1, and Sb0, respectively.
Other fundamental variables include ia,b,c, ea,b,c, and va,b,c
representing the phase-wise stator currents, the extended
back-EMFs, and the stator voltages, respectively. Lq is the
equivalent q-axis inductance, and rs is the stator resistance.
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As explained in [29], the simplified stator voltage equation
of SynRM in the α-β reference coordinate can be written as

vx = rsix + Lq
d ix
dt
+ ex , x ∈ {α, β}. (1)

It is seen from (1) that different voltage vectors generated
by the inverter will result in different stator currents. Given
this condition, the FSTP inverter can only generate four
switching states due to the absence of power switches in phase
‘‘c’’. The four basic voltage vectors are denoted by v1, v2, v3,
and v4. This unique topology of the FSTP inverter reduces the
number of power switches, hence hardware complexity and
cost.

Based on the discretized counterpart of (1), the (k + 1)th
stator current can be predicted as follows:

ipx [k + 1] =
Lq − rsTs

Lq
ix [k]+

Ts
Lq

vx [k]+
1
Lq

ex [k] (2)

where superscript ‘‘p’’ denotes the predicted value, Ts is the
sampling period, and x ∈ {α, β}. It can be seen from (2)
that the values of motor parameters, extended back-EMF,
stator current, and stator voltage are all required in current
prediction rendering a substantial disadvantage.

B. THE MFPCC
MFPCC schemewas first proposed by Lin et al. [28] based on
a current difference detection technique. The implementation
of the method is straightforward, as the current differences
are directly calculated using the subtraction operations only.
As illustrated in Fig. 2, there are two current differences,
defined respectively as

1iα,β
∣∣Ts
Sk = iα,β [k + 1]− iα,β [k] (3)

1iα,β
∣∣Ts
Sk+1 = iα,β [k + 2]− iα,β [k + 1] . (4)

Given these equations, the current prediction can be
expressed as

ipαβ [k + 2] = iα,β [k]+ 1iα,β
∣∣Ts
Sk + 1iα,β

∣∣Ts
Sk+1 . (5)

The first term, iα,β [k], can be measured from the initial
current sampling, while the second and third terms, 1iα,β

∣∣Ts
Sk

and 1iα,β
∣∣Ts
Sk+1 , are the current differences at the end of

switching intervals of (k + 1)th and (k + 2)th, respectively.
As revealed by (5), the prediction of future stator currents is

highly susceptible to the accuracies of the current differences
depicted by (3) and (4). Similarly, the current difference of
the switching interval of (k−1)th can be calculated by

1iα,β
∣∣Ts
Sk−1 = iα,β [k]− iα,β [k − 1] . (6)

The switching states Sk−1, Sk and Sk+1 in (3)-(6) belong to
one of the four switching states. During each sampling period,
the value of (6) is stored to update the current difference
corresponding to the same switching state. If their respective
switching states match, the latest stored value will be used to
predict the values of (3) and (4). In this way, the MFPCC can
effectively reduce the dependency and sensitivity of current

FIGURE 1. The general architecture of an FSTP inverter-fed SynRM.

FIGURE 2. Schematic diagram of current prediction in the MFPCC [29]
applied to the FSTPI.

predictions on motor parameters and extended back-EMF
compared to the MPCC of (2). The MFPCC also accounts
for the delay compensation in expanding the prediction hori-
zon to k+2. However, it is worth noting that the updating
frequency of (3)-(4) and (6) must be high enough to minimize
the prediction error.

Moreover, offset in the capacitor voltage of the FSTP
inverter caused by load current disturbances is less significant
under balanced voltage. Theoretically, the sum of the stator
currents is zero, i.e., ia + ib + ic = 0 for a three-phase
balanced system. Technically, the nonparametric nature of
the MFPCC makes the control scheme largely simplified via
sensing currents on the two active phases of the FSTP inverter.
As a result, ic can be directly calculated by (7), ic = C1

dVc1
dt
− C2

dVc2
dt

= −ia − ib.
(7)

III. THE PROPOSED MMFPCC
A. ADAPTIVE APPLICATION TIME
The conventional MFPCC only applies a single switching
state at a fixed duration in every sampling period, yielding
large current ripples [28]. In the case of FSTPI, the problem
makes even more challenging because of its architecture with
only four switching voltage vectors available. As shown in
Fig. 3, the four basic voltage vectors are denoted as v1, v2, v3,
and v4.

To boost the candidate voltage vectors, six modulated
voltage vectors labeled as vm1 , v

m
2 , v

m
3 , v

m
4 , v

m
5 , and vm6 is

synthesized in the proposed method. Each modulated voltage
vector is composed of two basic voltage vectors with different
durations, i.e. application times. Suppose the two durations in
the (k+1)th sampling period are T k+11 and T k+12 , for instance,
with their sum equaling to the period Ts

T k+11 + T k+12 = Ts. (8)

162986 VOLUME 9, 2021



C.-K. Lin et al.: MMFPCC for FSTP Inverter-Fed SynRM Drive Systems

FIGURE 3. Diagram of voltage space vector of the proposed scheme.

Dividing both sides by Ts, one gets the following
expression

Dk+11 + Dk+12 = 1, (9)

where Dk+11 = T k+11 /Ts and D
k+1
2 = T k+12 /Ts represent the

first and the second duty ratios, respectively. The optimal duty
ratio (superscripted by ‘‘opt’’ in the sequel) Dopt,k+1

1 can be
obtained through the following identity,

∂ g

∂Dk+11

= 0, (10)

where ‘‘g’’ is the so-called cost function that serves as a
performance measure yet to be defined. Based on the design
criteria (8)-(9), the second optimal duty ratio can be simply
calculated via Dopt,k+1

2 = (1 − Dopt,k+1
1 ), meaning that the

two optimal duty ratios must complement each other. Details
of the modulated voltage vector combinations can be seen in
Table 1, which can be generally expressed as

vmw [k + 1] = vxD
k+1
1 + vyD

k+1
2 (11)

where w ∈ {1, · · · , 6} and x 6= y ∈ {1, 2, 3, 4}. In this
context, the term ‘‘adaptive’’ depicts the adaptability feature
of the proposed method in detecting stator currents of the
switching vectors.

B. ADAPTIVE CURRENT DETECTION
The stator current and current differences are measured and
calculated within a sampling period in the conventional
MFPCC [28]. In general, fixed and equal application time is
adopted. In contrast to [28], the new strategy employs a two-
vector-based switching and uses an adaptive scheme to detect
current.

As depicted in Fig. 4, the switching mode Smk , consisting
of two switching states Sk1 and Sk2 , is applied in the (k)th
sampling period. The corresponding durations are denoted as
T k1 and T k2 , respectively. It is worth noting that the variables
Smk , S

k
1 , S

k
2 , T

k
1 , and T

k
2 are calculated and determined in the

(k-1)th sampling period but applied at the (k)th period. The
first stator current, denoted as ix [k, 1], is sampled after a

TABLE 1. The relationship between the switching mode and the
modulated voltage vector.

short time delay from the moment the first switching state Sk1
is applied to avoid the current surge resulting from inverter
switching. To be more specific, a short delay is config-
ured between the switching and sampling points using the
enhanced pulse width modulator (ePWM) peripheral of the
microcontroller, approximately equaling to 4µs. The same
policy applies to the second current sampling, which is
denoted as ix [k, 2]. As shown in Fig. 4, the current difference
corresponding to the first switching state Sk1 with the applica-
tion time T k1 can be calculated from the two successive current
measurements,

1inewx

∣∣T k1
Sk1
= ix [k, 2]− ix [k, 1] (12)

where the superscript ‘‘new’’ refers to the newly calculated
value, and the subscript ‘‘x’’ represents phase α or β. Sim-
ilarly, the stator current ix [k − 1, 2] is measured by the end
of the switching state Sk−12 in the (k-1)th period. The current
difference between ix [k, 1] and ix [k − 1, 2] is

1inewx

∣∣T k−12

Sk−12
= ix [k, 1]− ix [k − 1, 2] . (13)

As can be seen from (12) and (13), the two current differences
are related to both the switching states and their application
times. The application time is fixed in [28], [29], whose cur-
rent difference is only relevant to different switching states.
Compared to these earlier methods [28], [29], one of the
technical advantages of the new scheme is that its application
durations are adaptive and the duty ratios are optimized.

C. CURRENT DIFFERENCE MODIFICATION
The common drawback of the MPCC is its dependency on
model parameters, as can be seen from (8). Parameter vari-
ations and mismatches will naturally result in unsatisfactory
performances, leading to large current tracking errors. The
model-free predictive current control (MFPCC) provides a
good solution to resolve the difficulty [25].

It is assumed in [29] that current differences under the
same switching state between consecutive sampling periods
have similar values. Therefore, the latest current difference
data can be used to predict future ones, provided their corre-
sponding switching states are the same. However, it becomes
inapplicable if the duty ratio is varying, as shown in Fig. 4.
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FIGURE 4. Schematic illustration of stator current prediction points of the
proposed MMFPCC.

Note that the application times corresponding to (12)
and (13) can differ. A solution is proposed here to solve
the problem of predicting current differences at different
application times. The current differences associated with the
switching states Sk−12 and Sk1 can be respectively predicted as
follows:

1imx
∣∣Ts
Sk−12
= 1ioldx

∣∣∣T k−11

Sk−12

+ 1inewx

∣∣T k−12

Sk−12

= D1
k−1 ·1ioldx

∣∣∣Ts
Sk−12

+ix [k, 1]−ix [k−1, 2] (14)

1imx
∣∣Ts
Sk1
= 1inewx

∣∣T k1
Sk1
+ 1ioldx

∣∣∣T k2
Sk1

= ix [k, 2]− ix [k, 1]+ Dk2 ·1ioldx
∣∣∣Ts
Sk2

(15)

where the superscript ‘‘m’’ stands for the ‘‘modified’’ current
difference, Dk−11 denotes the first duty ratio in the (k-1)th
sampling period, Dk2 refers to the second duty ratio in the
(k)th sampling period, the superscript ‘‘old’’ represents the
old value, and Sk−12 , Sk1 , S

k
2 ∈ {S1, S2, S3, S4}. As depicted

by (14), the symbols 1ioldx
∣∣T k−11

Sk−12
and 1ioldx

∣∣Ts
Sk−12

indicate that

the old current differences stored in the microcontroller are
derived from the same switching state of Sk−12 and different
application times T k−11 and Ts, respectively. The modified
current difference 1imx

∣∣Ts
Sk−12

in (14) can be calculated from the
two successive current differences within a given sampling
period known as the ‘‘old’’ and ‘‘new’’ values. After the
execution of (14) and (11) in sequence, the current difference
1imx

∣∣Ts
Sk1

corresponding to the switching state Sk1 and the appli-
cation time Ts can be obtained via (15).
Since the accuracy of the current difference plays a signif-

icant role in the MFPCC, the old current difference must be
updated within each sampling period. However, the update
frequency of the old current difference in [29] is one in
every sampling period, whereas the new scheme provides two
updates as follows:

1ioldx
∣∣∣Ts
Sk−12

→ 1imx
∣∣Ts
Sk−12

(16)

1ioldx
∣∣∣Ts
Sk1
→ 1imx

∣∣Ts
Sk1
. (17)

D. CURRENT PREDICTION WITH OPTIMIZED DUTY RATIO
As described in (9), the current difference can be affected by
its measurement characteristics. In short, duty ratios follow
Dk2 = (1−Dk1) and D

k+1
2 = (1−Dk+11 ). As such, the current

difference 1ipx
∣∣T k1
Sk1

described in Fig. 4 is defined as

1ipx
∣∣T k1
Sk1
= Dk1 ·1ioldx

∣∣∣Ts
Sk1

(18)

where Dk1 = T k1 /Ts is the first duty ratio. Similarly, the

second current difference 1ipx
∣∣T k2
Sk2

is predicted by

1ipx
∣∣T k2
Sk2
= Dk2 ·1ioldx

∣∣∣Ts
Sk2
=

(
1− Dk1

)
·1ioldx

∣∣∣Ts
Sk2
. (19)

Following (18) and (19), the predicted future current differ-

ences at (k + 1)th switching interval 1ipx
∣∣T k+11

Sk+11
and 1ipx

∣∣T k+12

Sk+12
can be calculated by the equations

1ipx
∣∣T k+11

Sk+11
= Dk+11 ·1ioldx

∣∣∣Ts
Sk+11

(20)

1ipx
∣∣T k+12

Sk+12
= Dk+12 ·1ioldx

∣∣∣Ts
Sk+12

=

(
1− Dk+11

)
·1ioldx

∣∣∣Ts
Sk+12

(21)

where Sk+11 , Sk+12 ∈ {S1, S2, S3, S4}. After executing (16)
and (17), previous current differences corresponding to the
applied time Ts can then be linearly adjusted to predict other
current differences at different application times accordingly.
As such, all current differences shown in Fig. 4 become
predictable. Moreover, to account for the time delay compen-
sation together with (18)-(21), one concludes that the (k+2)th
current prediction can be expressed as

ipx [k + 2, 1] = ix [k, 1]+ 1ipx
∣∣T k1
Sk1
+ 1ipx

∣∣T k2
Sk2

+ 1ipx
∣∣T k+11

Sk+11
+ 1ipx

∣∣T k+12

Sk+12
. (22)

where the subscript ‘‘x’’ refers to the α-axis and β-axis.
We now formally define the cost function ‘‘g’’ as

g =
(
i∗α [k]− ipα [k + 2, 1]

)2
+

(
i∗β [k]−i

p
β [k+2, 1]

)2
(23)

where the superscript ‘‘∗’’ refers to the current command. The
difference between the current command and the predicted
values, namely, the current error, is denoted by εα,β . The cost
function (23) can be rewritten accordingly as

g =
(
Cα1 + D

k+1
1 Cα2

)2
+

(
Cβ1 + D

k+1
1 Cβ2

)2
(24)

where Cα1, Cα2, Cβ1, and Cβ2 are defined as follows:

Cα1 = i∗α [k]− iα [k, 1]− 1ipα
∣∣T k1
Sk1
− 1ipα

∣∣T k2
Sk2
− 1ioldα

∣∣∣Ts
Sk+12

(25)

Cα2 = 1ioldα
∣∣∣Ts
Sk+12

− 1ioldα
∣∣∣Ts
Sk1

(26)
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FIGURE 5. Control diagram of the proposed MMFPCC.

Cβ1 = i∗β [k]− iβ [k, 1]− 1ipβ
∣∣∣T k1
Sk1
− 1ipβ

∣∣∣T k2
Sk2
− 1ioldβ

∣∣∣Ts
Sk+12

(27)

Cβ2 = 1ioldβ
∣∣∣Ts
Sk+12

− 1ioldβ
∣∣∣Ts
Sk1
. (28)

Assume (24) is a continuous and differentiable function.
To get the optimal duty ratio, we let ∂g

∂Dk+11
= 0and obtain

2Cα2
(
Cα1+D

k+1
1 Cα2

)
+2Cβ2

(
Cβ1+D

k+1
1 Cβ2

)
=0. (29)

Dopt,k+1
1 =

−Cα1Cα2 − Cβ1Cβ2

(Cα2)2 +
(
Cβ2

)2 . (30)

For practical reasons such as hardware limitations of the
drive system and to prevent the input voltage vectors from
overlapping within a period, a constraint is imposed as 0.2 ≤
Dopt,k+1
1 ≤ 0.8 amid implementation. The duty ratio will be

replaced by 0.2 or 0.8, respectively, when it falls below 0.2 or
goes above 0.8. This optimal duty ratio will be executedDk+11
as in (20) and (21). The current prediction equation of (22) is
rewritten now as

ipx [k+2, 1]

= ix [k, 1]+ Dk1 ·1ioldx
∣∣∣Ts
Sk1
+

(
1− Dk1

)
·1ioldx

∣∣∣Ts
Sk2

+ Dopt,k+1
1 ·1ioldx

∣∣∣Ts
Sk+11

+

(
1− Dopt,k+1

1

)
·1ioldx

∣∣∣Ts
Sk+12

.

(31)

As illustrated in Fig. 4, the respective future predicted
currents corresponding to the six modulated voltage vectors
can be obtained via (31). Fig. 5 describes the five fundamental
processes involved in the workflow of the proposed new
scheme. It begins by measuring the currents and calculating
the current difference between consecutive switching inter-
vals. Then, the optimal duty ratios are obtained to modify
and optimize the calculated current difference. Current pre-
dictions corresponding to all 6 candidate switching modes are
performed, and the one that minimizes the cost function is
considered the best and applied in the next control cycle.

FIGURE 6. Experimental setup and hardware components.

TABLE 2. Machine and system parameters.

IV. EXPERIMENTAL VALIDATION AND PERFORMANCE
ASSESSMENT
Fig. 6 shows a prototype SynRM drive system equipped with
a 32-bit floating-point microcontroller, TMS320F28379D,
is built to realize and validate the new scheme. Specifica-
tions of the SynRM are provided in Table 2. The FSTP
inverter module is connected with two capacitors at a rated
capacitance of 10,000µF and a rated voltage of 400V. Two
current sensors (AD4001) are installed to collect data through
a differential encoder connected to the drive circuit board.
Analysis and data processing is performed using the software
MATLAB R©. For fair comparisons, both the new approach
and the existing MFPCC [29] are subject to the same condi-
tions in all experiments.

A. FEASIBILITY AND RESPONSES
Illustrated in Fig. 7 is the current signal obtained from
the DSOX3034A digital oscilloscope by Keysight. Thanks
to the interrupt service routine implemented on the
TMS320F28379D microcontroller, adaptive current detec-
tion can be realized and proved to be feasible. The scheme’s
adaptivity can be observed in terms of the applied dura-
tions and the stator current detections. The short time delay
between the switching point and the sampling point is evi-
dent, as shown therein. From the same figure, one can easily
observe that the inverter indeed switches twice in a sampling
period, executing two switching with variable durations.

Meanwhile, it is observed that the increase of input voltage
vectors in the new scheme has resulted in more average
computation time than that of the non-adaptive counterpart
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TABLE 3. Sampling period and computation time.

FIGURE 7. Measurements of stator current in phase-a and the related
sampling signal.

FIGURE 8. Steady-state waveforms of stator current under a command
of 6 A and a frequency of 10 Hz. From top to bottom: actual current
response and current errors.

MFPCC [29]. Table 3 lists the average execution time of
the two methods, denoting the calculation time required for

FIGURE 9. Steady-state waveforms of stator current under a speed
command of 800 rpm and an external load-torque of 2.5 Nm. From top to
bottom: actual current response and current errors.

the controller to perform cost evaluation and current pre-
diction. An interrupt service routine is used in the ePWM
to calculate the processing time for the main loop to solve
the control problem. The real-time execution can be viewed
from the code composer studio (CCS) or measured via an
oscilloscope. The results show that the conventional method
used an average time of 20.53 µs compared to 36.17 µs
of the proposed one, which implies an increase of 76.18%
computational burden. This is expected because the number
of input vectors is doubled. In particular, the proposed new
scheme involves an additional optimization process for the
duty ratios, requiring more computations. The trade-off in
gaining significant improvements on the prediction accu-
racy is higher computational complexity and loading, yet
fortunately without sacrificing too much on the controller’s
capacity.

B. STEADY-STATE PERFORMANCE ASSESSMENT
As shown in Fig. 8 to Fig. 12, the steady-state performance
of current tracking is evaluated by two tests under different
current and speed commands. An external load-torque is also
introduced to assess the performance under strain conditions.
The computed mean values of current ripples, current errors,
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FIGURE 10. Steady-state waveforms of stator current under a speed
command of 2000 rpm and an external load-torque of 2.5 Nm. From top
to bottom: actual current response and current errors.

and total harmonic distortions (THD) are taken as the perfor-
mance assessment measures.

1) PERFORMANCE OF CURRENT TRACKING
The measured stator currents are provided in Figs. 8 to 10
under different commands. Illustrated in Fig. 8 are the α-β
current responses from a current command of 6 A and a
frequency of 10 Hz. Both the existing MFPCC [29] and
the proposed MMFPCC exhibit excellent current tracking
capabilities, as revealed by Figs. 8(a) and 8(b), respectively,
mainly thanks to their model-free nature. Quantitatively, the
mean current ripple and the mean current error of the pro-
posed MMFPCC are reduced by 0.6446 A and 0.3523 A,
respectively, when compared toMFPCC [29]. Another exper-
iment was performed to evaluate the current response under
a speed command of 800 rpm and a high speed of 2000 rpm,
both under a load-torque disturbance of 2.5 Nm. Since the
external load-torque set in Fig. 9 and 10 is larger than the
motor’s rated torque of 2 Nm, the overloading condition
induces more current ripples. It can be observed from the
current waveforms from Fig. 9 that the proposed MMFPCC
effectively reduces the mean current ripple and the mean
current error over the conventional MFPCC [29] by 48.17%

FIGURE 11. Harmonic spectrum under a current command of 6 A and a
frequency of 10 Hz.

FIGURE 12. Harmonic spectrum under a speed command of 800 rpm and
a load-torque disturbance of 2.5 Nm.

and 48.80%, respectively. As revealed by Fig. 10, the impact
from overloading is more evident at a higher speed, with the
conventional MFPCC [29] suffers from larger and heavier
current ripples. The proposed new scheme, on the other hand,
effectively alleviates current errors, which is a good indica-
tion that the prediction strategy indeed works efficiently.

2) PHASE HARMONIC PROFILE
The total harmonic distortion (THD) is taken to be a perfor-
mance measure to further assess the steady-state response.
Shown in Figs. 11-12 is the Fast Fourier Transform (FFT)
applied to the α-axis stator currents of Figs. 8-9, respectively.
It can be seen from Fig. 11 that the THD is 2.06% of the
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FIGURE 13. Dynamic performance of stator current under a current jump
from 1 A to 4 A under a load-torque of 0.6 Nm. From top to bottom:
actual current response with a section enlarged and current errors.

MFPCC [29] and 1.28% of the proposed MMFPCC. In the
case of an overloading condition, as shown in Fig. 12, the
harmonic spectrum’s noise is more evident at some frequen-
cies, particularly more so in Fig. 12(a) than in Fig. 12(b).
The THD of the stator currents is 11.98% and 8.58% for
the conventional MFPCC [29] and the proposed MMFPCC,
respectively, suggesting the THD is significantly reduced by
28.38%. Such results prove the fact that the scheme benefits
a lot from integrating variable durations into the MFPCC,
which yields a lower current harmonic distortion. The lat-
ter is expected and verified by the experimental results of
Figs. 11-12.

FIGURE 14. Dynamic performance of stator current from a progressively
varying load-torque from 0.6 Nm to 1.5 Nm under a constant speed of
800 rpm. From top to bottom: actual current response, current errors and
speed response.

C. PERFORMANCE IN TERMS OF TRANSIENT RESPONSE
This section presents the transient response of the controllers
under different operating commands. Both methods are sub-
jected to the following tests: jump current command, step
load-torque, and step speed command.

1) JUMP CURRENT COMMAND AND RESPONSE
In this test, a current command jumping from 1 A to 4 A is
applied at about 0.8 sec. The motor operates at a load-torque
command of 0.6 Nm. As can be seen from Fig. 13, both con-
trollers produce good responses. However, by inspecting the
enlarged green dotted box in the same figure, one may see a
significant difference in current tracking capability. Scattered
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FIGURE 15. Dynamic performance of stator currents under a step speed
command from 0 rpm to 1200 rpm. From top to bottom: current response,
current errors and speed response.

and pulsating current spikes are visible in the conventional
MFPCC [29] but are not so in the new scheme as the latter
exhibits a smoother step response and lesser distortions. The
mean current ripple of the MFPCC is 0.2253 A as opposed to
0.1564 A of the new scheme. Specifically, the mean current
ripple and mean current error are effectively reduced by
30.58% and 31.38%, respectively.

2) PROGRESSIVE LOAD-TORQUE VARIATION AND
RESPONSE
Fig. 14 shows the two controllers’ performance with the
motor running at a constant speed of 800 rpm while under-
going a progressive load-torque variation from 0.6 Nm to
1.5 Nm. The stator currents are effectively controlled, but

a significant current ripple is observed due to the increas-
ing load effect. Quantitatively, the mean current ripple and
mean current error of the proposedMMFPPC are respectively
reduced by 28.86% and 37.52% compared to that of the
conventional MFPCC [29]. The changes in the load-torque
also affected the speed tracking performance of the SynRM.
The speed slowed down, exhibiting a drooping effect in its
trajectory but recovered immediately within a brief period.
Furthermore, the mean speed error is significantly reduced
from 6.61% of the existing MFPCC [29] to 4.75% of the
proposed method.

3) STEP SPEED COMMAND AND RESPONSE
A step speed command is given to evaluate the current
response and the speed response. For a fair comparison, both
controllers use the same controller in the speed loop, which is
of proportional-integral (PI) type. Fig. 15 shows the current
tracking performance under a step speed command from
0 rpm to 1200 rpm. The mean current ripples of the MFPCC
is 0.4351 A, whereas the proposed MMFPCC is 0.2041 A.
Moreover, the mean speed errors of MFPCC is 36.32%,
in contrast to 23.61% from the MMFPCC. Results revealed
that the proposed new scheme has better performance in
current prediction and speed response compared to its non-
adaptive predecessor.

V. CONCLUSION
A modulated model-free predictive current control
(MMFPCC) is proposed in this paper to improve the per-
formance of a SynRM drive system powered by an FSTP
inverter. Six newmodulated switching modes are obtained by
synthesizing two basic voltage vectors and adaptive optimal
duty ratios. The calculated current differences are adaptively
corrected according to their applied durations, thereby largely
enhancing the current prediction accuracies. Finally, the pre-
sented experimental results demonstrated a significant perfor-
mance improvement on the motor drive in terms of the mean
current ripples, the mean current errors, and the THD under
steady-state and dynamic operating conditions. Compared
to its non-adaptive counterpart, the new scheme provides
a much more effective and feasible solution for current
predictions.
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