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ABSTRACT In this paper, a modulated dual-voltage-vector model-free predictive current control with online
duty cycle calculation is proposed and applied to drive a synchronous reluctance motor. The dual-voltage-
vector modulation scheme reduces the current ripples and errors in the single-voltage-vector method. The
proposed method reduces the predictive current controller’s calculation time by first setting the initial value of
the duty cycle to a constant. Then, an optimal switching mode can be selected by minimizing a cost function.
Next, the required duty cycle can be calculated directly by the proposed method without any differential
calculations instead of its initial value. The proposed method can effectively track the stator current, reducing
the maximum average current error by 34.8% compared to the conventional single-voltage-vector scheme.
Finally, the correctness and feasibility of the modulated model-free predictive current controller with the
online duty cycle calculation proposed in this article are verified by the experimental results using Texas
Instruments microcontroller TMS320F28379D.

INDEX TERMS Dual-voltage-vector, modulated model-free predictive current controller, online duty cycle
calculation, synchronous reluctance motor.

I. INTRODUCTION
In recent years, synchronous reluctance motor (SynRM)

simple and more efficient [4], [5]. The advantages mentioned
above and features establish the SynRM as the future of

drives in industrial and commercial applications have rapidly
increased [1]. The unique nature of its rotor construction,
where no winding and embedded permanent magnets, makes
the SynRM commercially viable and advantageous over
other motor drives [2]. A few advantages of the SynRM are
easy to operate in wide speed ranges, high power density,
reduced noise and vibrations, and increased reliability [3].
Moreover, without magnetic materials, induced currents are
eliminated, and losses are reduced, making the system
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AC machines [6].

For the SynRM drive system to provide a better perfor-
mance, fast transient response, and excellent steady-state
response, controlling the motor drive system plays an impor-
tant role. Generally, an inverter is used to control the motor
drive systems. So, selecting an efficient control strategy for
the inverter will help to obtain the motor’s required fea-
tures. Model predictive current control (MPCC) is one of
the most popular and suitable control strategies for motor
drive applications [7], [8]. MPCC has drawn significant atten-
tion due to its simplicity, fast dynamic response, and nonlin-
ear control flexibility [9]. However, implementation of this
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method involves a large amount of computation, whereas the
conventional control method does not. However, with the
advent of powerful high-speed microcontrollers, the problem
of large and complex computational requirements is ruled
out.

J. Rodriguez et al. applied the MPCC to the voltage source
inverter [ 10], which can predict the optimal voltage switching
vector of the inverter. Its principle is majorly dependent on
predicting future currents based on the mathematical model
of the load. Therefore, the accuracy of the predicted cur-
rent and the performance of the controller depend on motor
parameters like flux linkage, g-axis inductance, resistance,
and extended back-emf. MPCC has been applied effectively
in SynRM for various control objectives like torque, flux,
current, and speed [11], [12]. Despite MPCC'’s excellent per-
formance, the parameter uncertainties and dependence on
model parameters can degrade the efficacy of the system.
MPCC with gray prediction was developed in [13] to deal
with parameter uncertainties, which delivers good current
response and anti-interference ability. On the other hand, this
method involves high computation and is time-consuming.
In [14], an adaptive disturbance observer method was devel-
oped to decrease the mismatch in inductance and reduce
the current oscillations. However, this method does not con-
sider the mismatches in flux and resistance. An enhanced
stator current and disturbance observed method was imple-
mented in [15] to overcome the challenges of system sta-
bility during parameter mismatches. Nevertheless, it requires
adjusting and selecting reasonable sliding parameters due to
noise. In addition, the scheme is also dependent on motor
parameters. A model predictive current controller based on
a reduced-order observer is proposed in [16], which can
observe and compensate for lumped disturbances with a
lesser computational burden. However, the controller perfor-
mance deteriorates when parameter mismatches exist due to
aging, temperature, or other faults.

To reduce the influence of parameter uncertainty on the
current tracking performance model-free predictive current
controller (MFPCC) is proposed in [1] and [17]. This method
operates without using the motor parameters and is suit-
able for different motor drive applications. It predicts the
future currents based on the previously stored stator cur-
rents, which helps eliminate the requirement for a system
model and dependency on motor parameters in the controller.
Minimal attempts are made to employ MFPCC to SynRM
drives [1], [18] and are operated with a conventional single
input voltage vector. Implementing a single-voltage-vector
(SVV) in each switching cycle makes it more difficult to
eliminate or reduce the current ripples and errors [19]. Modu-
lated MPCC is developed in [20] to reduce the current ripples
for a seven-level H-bridge converter. Multiple voltage vec-
tors are applied in each control cycle to decrease the current
ripples and current errors. Although the experimental stud-
ies show significant improvements, these methods heavily
rely on the mathematical modeling of the system and motor
parameters.
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In the field of predictive current controllers, increasing
the switching states may raise the number of optional state
combinations. It relatively increases the probability of exe-
cuting the optimal switching mode or the time taken to mod-
ulate multiple voltage vectors in the same prediction period.
Therefore, methods such as increasing the number of optional
voltage vectors can be better than the existing SVV predic-
tive current control in current tracking performance, reducing
current error and ripple, lowering total harmonic distortion
rate, and having other advantages. Therefore, this article dis-
cusses the application of modulated two-voltage-vector or
dual-voltage-vector (DVV) MFPCC for SynRM drive appli-
cations. The switching strategy is first to select the average
duty cycle to modulate the best switch for the voltage vector
and then adjust the duty cycle to control online, which is
expected to reduce the amount of calculation. It has the advan-
tage of an excellent current tracking effect. In [21] and [22],
an MPCC with duty cycle control is proposed for permanent
magnet synchronous hub motor drives. Unlike the proposed
method, the developed duty cycle and control scheme strat-
egy depends upon motor parameters, influencing the system’s
performance.

Unlike the SVV-based predictive current controllers, the
DVYV follows the predictive current control to pursue the
optimal switching state during the sampling period. It has
the optimal time-proportion modulation with time-varying
characteristics, and relatively speaking, the switching state is
also modulated due to the time-proportion modulation. The
selectable range of the voltage vector is also refined from a
single point to several line segments, allowing more freedom
in selecting voltage vectors. In different vector numbers, the
cost function is the criterion for predicting the current control
to select the best switching mode. The difference in the design
of this cost function affects the benchmark for choosing the
best switching mode and the application time ratio.

For the application time ratio, the proposed prediction cur-
rent control with an online duty cycle calculation modulation
changes the cost function, thereby omitting the need to use
many calculations in the time ratio. The proposed method
increases the computational burden and reduces the aver-
age current error compared to the SVV. There is a trade-off
between the computational burden and average current error.
However, with the development of advanced microproces-
sors higher computational burden will not be a problem. All
25 groups of switching combinations of the DVV modulation
scheme are calculated, and online duty cycle modulation is
performed after selecting the optimal switching mode. The
design first modulates the voltage vector with the same duty
cycle to obtain the optimal switch combination. Then, design
and calculate the online duty cycle with this combination.
The proposed method provides an excellent current tracking
effect and can significantly reduce execution time. The main
contributions of the article are as follows:

1. A novel modulated dual-voltage-vector MFPCC with

online duty-cycle calculation for a synchronous reluc-
tance motor drive is proposed.
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2. Online duty ratio calculation reduces the calculation
time and cost function.

3. The proposed method reduces the current ripples and
errors compared to the conventional single-voltage-
vector one; it also reduces calculation time.

4. Experimental studies under steady-state and transient
conditions are performed in different operating con-
ditions. Furthermore, a detailed comparison study is
performed with SVV MFPCC.

The rest of the article is organized as follows. The
implementation details of the proposed modulated dual-
voltage-vector with online duty cycle calculation are given
in Section II. The cost function and application time ratio are
also calculated in this section. The practical validation and
performance evaluation of the proposed method is given in
Section III. The performance of the proposed method is also
compared with modulated SVV MFPCC. A detailed quan-
titative analysis is also performed. Finally, conclusions are
provided in Section IV

Il. MODULATED DUAL-VOLTAGE-VECTOR MODEL-FREE
PREDICTIVE CURRENT CONTROL

A. MODULATED DUAL-VOLTAGE-VECTOR

Conventional modulation schemes generally select a single-
voltage vector for each switching cycle. However, recent
studies show that using only one voltage vector in the mod-
ulation scheme increases the current ripples and errors [19].
This section explains the implementation of DVV modulation
using MFPCC for SynRM. The proposed method can elimi-
nate the disadvantages above by increasing the input voltage
vectors in each switching cycle. The mathematical modeling
of SynRM is presented by many researchers [1], [3], [5], [6].
This paper does not describe the mathematical modeling of
SynRM to avoid repetition. Moreover, in the proposed mod-
ulated MFPCC, the mathematical model of the SynRM is
not required. The proposed modulated DVV is explained as
follows.

The dual-voltage-vector modulation is formed by modulat-
ing two sets of voltage vectors in proportion to time, as shown
in Fig. 1. In the figure v{' ~ vg' are the modulations of
the non-zero single-voltage vector and the zero-voltage vec-
tor; V5" ~ v, are the modulations of two non-zero single-
voltage vectors; the superscript “m’ represents the symbol
of the dual-voltage-vector modulation, and the modulation is
expressed in the form of a line segment in the voltage vector
diagram.

The application time of the dual-voltage-vector is defined
as:

™ 1" =T, T, T [0,y M

The superscript symbols “m1” and “m2” are the first and
second order of application of the voltage vectors, respec-
tively; hence, T™ and T™ denotes the first and second
applied voltage vectors of the dual-voltage vector modulation
application time. The proportion of the application time of the
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FIGURE 1. Voltage vector diagram of modulating two voltage vectors.

dual-voltage-vector in the prediction period is further defined
as:

Dml, Dm2 c [0’ 1] (2)
pefl2} 3

Dml +Dm2 =1,
"
D= —,

T,

where D! and D™ denote the first and second applied
duty ratios, respectively. They correspond to the dual-voltage-
vector modulation’s first and second voltage vectors in the
prediction period. The application time ratio must be lim-
ited to the [0,1] interval. To meet the actual situation, the
limits must be observed so that the optimal application time
ratio can be calculated within the interval. The synthesized
dual-voltage vector obtained through modulation is given
as:

v =DV L DY ne{0,1,2,3,....,24) (4)
where V' is any of the synthesized voltage vector mod-
ulated by the dual voltage vectors; ! and v respec-
tively refer to the first and second applied voltage vectors,
which correspond to any of the fundamental voltage vec-
tors, i.e., v v ¢ vo, v, ernn.. ,ve}. Table 1 shows
the relationship between the switching state combination
and DVV after modulation and synthesis. In the given
table, S(')", ST , 854 correspond to the combinations of
switching states of the dual-voltage-vector modulation; S
and §™? represent the first and second switching states of the
dual-voltage-vector modulation.

The duty cycle of the voltage vector modulation will
inevitably increase the calculation amount of the micro-
processor. To reduce the execution time of the algorithm
and maximize its computing limit, we design a modula-
tion strategy with online duty cycle calculation. This can
be accomplished using a two-step design approach and is
given as follows: Firstly, the voltage vector modulation is
performed on the switching combination, and the applica-
tion time ratio can be obtained from the average number
of voltage combinations in the prediction period. Accord-
ing to equation (1), the voltage vector of this combina-
tion is calculated and modulated with an online duty cycle,
allowing the optimal application time ratio and performing
duty cycle modulation for the optimal switching state. The
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TABLE 1. Relationship of dual-voltage-vectors after modulation and
synthesis.

Switching Switching State
Line State/ Combination Resulting Linear
Segment C(ifn;;;)osrite g g Combination

0 Syove S,(000) S, (000) V= D"+ D"v?
1 STt S, (100)  S,(000) v'= D"+ D"y
2 Su v S,(110)  S,(000) vy = D"v)"+ D"y
3 Srv 8,(010)  S,(000) vy = D"+ D"y
4 S S,(011)  8,(000) v; = D"v"+ D"v?
5 Sel S(001)  S,(000) vi'= D"+ D"
6 seve S,(101)  S,(000) v!'= D"+ D"v?
7 s $,(100)  S,(110) vi'= D"'y"+ D"yy?
8 sy S,(110)  8,(010) vi'= D"y + D"
9 Syvy 8,(010)  S,(011) vy'= D"+ D"
10 Snovn o S,(011)  S,(001) vjp= D"+ D"?
11 Snon S,(001)  S,(101) vy = D"+ D"y
12 snovn S,(101) S, (100) vi= D"+ D"V
13 Snon S (100)  S,(010) vy = D"+ D"
14 Snovn o S,(110) S, (011) v = D"+ D"
15 Snn o 8,(010)  S,(001) vii= D"+ D"
16 Srovn 8,011 S,(101) v = D"+ D"V
17 St S,(001) S, (100) V= D"+ D"
18 S v S,(101)  S,(110) vi= D"+ D"v?
19 Suovn o S,(100) S, (100) vy = D"y + D"y
20 spovno o S,(110)  S,(110) v = D"+ D"y
21 Snovno o 8,(010)  S,(010) V5= D"+ D"
22 snovno 8,011 S,(011)  vi=D"v{'+ D"
23 Snovh o S(001)  S,(001) vy = D"+ D"
24 siovi 8,101y S, (101)  vh = D"+ D"

applied voltage vector relations and synthesis can be shown in
Table 1.

B. CURRENT PREDICTION

The best current sampling timing is when the preceding and
following prediction intervals alternate, that is, the moment
when the inverter switches are triggered. Since the time
between the dead zone and surge zone is very close, the
current values obtained before and after the ideal sampling
point can be approximated to the current value obtained at
the ideal sampling point. This method is called correction of
the current sampling time point. The modulated dual-voltage-
vector model-free predictive current control in the actual sit-
uation needs to correct the current sampling timing due to
the correction of the current sampling time point. Moreover,
the phenomenon can be associated with time-consuming
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FIGURE 2. Timing diagram of modulating dual-voltage-vector after
modification is implemented.

signal transmission and conversion [23]. The timing diagram
is illustrated in Fig. 2.

Under the premise of an extremely short sampling period,
the current change in MPCC can be regarded as linear. After
each switching actuation, a current sampling is performed
to obtain the current variation corresponding to each applied
switching state. Then, the current variation record value is
obtained as shown below:

Aix[k — lsmyg—1) = ix[k]lsmpg—1
— e[k = Ulgmp—2  (5)
Ai;ec[k - 1]‘SM=S,'1"[]€71] = Alx[k - 1]|Sg’[k—1] )
uef0,1,....24) (6

where Ai[k — 1]] Smik—1] is the current variation of the
(k-1)th time, which is obtained by subtracting the kth switch-
ing state S)[k] and the (k-1)th switching state S)'[k — 1]; Aig
and Aig are o and § axis stator change in current; the super-
script “rec” is the recorded value; A#*“[k — 1] SumSmik—1]
is the recorded value of the «- axis and B- axis cur-
rent variation corresponding to the switching state of the
switch S, € {So, S1, . ..., S24}. The modulated dual-voltage-
vector model-free predictive current control will be calcu-
lated according to the recorded value of the current change
after sampling, and the current sampling times are equal
to the applied current. The recorded value of current vari-
ation given in (5) for DVV modulation is extended as
follows:

Aixlk = lsmp—13 = Aixlk — 1, Hlgmg_y;
+ Alx[k - 1, 2]|Sn12[k_1] (7)
where:
Aix[k - 1, 1]|sml[k_1] = ix[k - 1, 2]|sml[k_1]
- lx[k - 1, l]lsmz[k_z]
Alx[k - 1, 2]|Sm2[k71] == ix[k, 1]|Sm2[k71]
- lx[k - 1, 1]|sm1[k—1]
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FIGURE 3. Standardized schematic diagram with sampling current.

.y Ideal sampling point

O Current error is
amplified

|
. ! ;
e | ’
| v
I
|

Current difference befqlre
amplification

Enlarge

FIGURE 4. Schematic diagram of the misalignment of the recorded value.

where Aic[k — 1, 1]|gmi;_y; s the first switching state of the
(k-1)th modulated two voltage vectors. In the model predic-
tive current control technique, the current variation will not
match the prediction results due to the application time of
the switching state after the modulation. Therefore, it is nec-
essary to generalize (6) to standardize the current variation,
as shown in Figure 3.

_Ailk =L pllg, g1
Su=Sy"lk—1] — Dmp ’
peil,2) )]

The superscript symbol “rec, new” is the annotation after
the record value is updated; A" is the updated record
value of the -8 axes current change. However, due to the
influence of correction of the current sampling time point,
the standardized action of (8) will amplify the sampling error,
which will lead to the inaccuracy of the recorded value of
current change or variation, as shown in Figure 4.

In this article, the misalignment of the current variation
is corrected by imposing the application time ratio to the
recorded value and ensuring that the misalignment is within
the allowable range. Accordingly, the new recorded value is
modified from the following relation:

Al-rec,new
X

Airec,new
X

= =D)AL oy,
+ Aiclk — 1, pllg, gy D)

Su=S"[k—1

Finally, the (k + ID)th stator current equation of the
model-free predictive current control of dual-voltage-vector
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modulation with online duty cycle calculation is expressed
as:

iﬁ[k +1, 1]|Slln = i[k, 1]|S,',"2[k—1] + Aix[k“su:S;,"[k]
(10)

The current controller considers the delay compensation
to extend the prediction period to the (k + 2)th switching
horizon. The stator current equation can therefore be obtained
as follows:

lﬁ[k + 2, 1]|S;r1n = lx[k + l, 1]'5’11112[](]
+ Aiclk + ls,=smpr+1y - (1D

Although the (k + 1)th and (k + 2)th stator current sam-
pling values cannot be known immediately, the current vari-
ation obtained can be calculated based on the recorded value
of the current change corresponding to the switching state
and application time. The expression can be approximated
as:

Aix[k]lgmx) =~ Ai;ec[k]|s“:s,;"[kl (12)

Airlk, pllspiy ~ D" ALk Pl ooy (13)

From (10), (11), and (12), the stator current prediction
expression of the (k + 2)th order can be deduced as:
Rlk +2,1[g, = ixlk, Nlgpa1) + ALK |5, gy
+ ATk + 1]|Su:S,’{‘[k+1] (14)
Recalling the identity relation of (2), we can simplify the
current predicted value into an expression of an unknown
variable. For instance, at (k + 1)th instant, the application
time ratio can be obtained so that (14) can be converted
into a single unknown variable of the first duty ratio. As a
result, it can be easily expressed relative to the applica-

tion time of the first switch switching state and is given
as:

Pk + 2, 1]|S;,, = ix[k, Ulgppe_i) + Aif“[k]\smﬂ
+ ARCTE+ 1,2 gy
+D" ARk + 11| gugey g
— ATk + 1, 2]|S;n2[k+”) (15)

With (15), the predicted currents of all 25 switching states
are calculated and used to calculate each switching state’s
cost function to obtain the optimal one. The optimal volt-
age vector is used to trigger the switches in the next control
period, which can be used to control the SynRM as per the
actual commanded current signals.

C. CALCULATION OF COST FUNCTION AND APPLICATION
TIME RATIO

The cost function needs to be calculated to find the optimal
switching state that results in the lowest current error. It can
be obtained by finding out the current error value from the
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predicted currents and the actual currents. From (15), the
current error value can be calculated as follows:

Exlk +2llgm = ixlk + 21+ &k +2,1]
D" Fyylk + Ulsmpr+1)

+ Foulk + lgmpg1g (16)

m
SYl

where,

Filk + Mlsmpr1y = ATk + 1, 2]}S,'{’2[k+11
— ATk + 1, 1]|Sg“[k+1]
Faulk + Wigpeyny = 51k +2. 11— iylk, Ulgpoy
— A LKy
— ATk + 1,2 oy

k+1]

From the above expression, it can be observed that the
influence of the application time ratio is significantly pro-
portional to the calculation of the current error value of the
(k 4+ 2)th sampling time. The cost function is obtained as:

gtk + 2l = | Eolk + 215y

+(Eﬂ[k+2]}sl,1,,

= ‘Dml - Fialk + Hlgmpe1
+ Foulk + 1]|S{{’[k+1]‘
+ )D”’l - Figlk + 1]|S;ln[k+1]
+ Foglk + 1]|s;ln[k+1]‘ an

The design of the application time ratio of the modulated
module predictive current controller with online duty cycle
calculation is to simplify the method of calculating the exist-
ing modulation strategy. The cost function of the existing
modulation strategy method takes the form of the sum of
squares, and the application time proportion is obtained by
performing partial differentiation of the cost function. The
absolute minimum value of the cost function must occur for
any application time proportion, where the partial deriva-
tive of the time proportion is equal to zero for any applied
time. In order to simplify the calculation, the proposed
method with online duty cycle calculation has discussed the
concept of applying time ratio proportion, which is differ-
ent from the existing methods. The design description for
the online duty ratio calculation is given in the following
discussions.

According to the definition of the current error equation
in (16), the physical meaning of the current error is the current
command minus the predicted value of the stator current, and
the cost function is based on the relative minimum value of the
current error designed for the controller. Therefore, to obtain
the best application time ratio, the absolute value of the cost
function is first set to zero and is given as:

=0
(18)

glk +2llgp = | Ealk +2llgp

+ | Bl + 21,

VOLUME 10, 2022

Three phase switch
voltage source inverter

Adjust the duty cycle of]
»| the optimal switching

H‘—»
> S
second stage, and output| ~** !

D™ D"| state of the first and S

Calculate the cost SsS
< " 0’ Pel
function and select the
optimal switching state [ [k]

OIJBI QW) JS9q Y} AJR[NO[BD
el
=L
K%

>

srecord
A s,

“ Dml DmZ
Percentage of time

[brought into the average;
forecast period

Calculate current
change and update the
current change
prediction

AT

ord |
ap 1S 2

FIGURE 5. Block diagram of the modulated DVV MFPCC with the
calculation of online duty cycle.
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FIGURE 6. Prototype of experimental setup ((A) synchronous reluctance
motor; (B) dynamometer; (C) dynamometer control unit; (D) drive circuit;
(E) digital storage oscilloscope; (F) DC power supply).

glk +2|gn = ‘Dml + Fialk + lgmxt1)
+ Faolk + 1]|S,’1”[k+1]‘
+ ‘Dm] - Fiplk + Ul gy

+ Faoplk + 1]|S,’{‘[k+1]‘
=0 (19)

By rearranging the above expressions, the application time
ratio found in the cost function at (k 4 1)th sampling period
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TABLE 2. Synchronous reluctance motor parameters.

Motor Parameters Values

Number of poles 4 pole

Rated power 500 W

Winding resistance 25Q
d-axis inductance (Ly) 48.19 mH
g-xis inductance (L,) 24.5 mH

Motor shaft inertia 0.0183 kg-m*
Motor shaft friction coefficient 0.0063 Nm-sec/rad

Rated speed 1500 rpm
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can be obtained accordingly as:

— Faglk + Ulgmpgy1) — Foplk + 1]|sgn|k+1|>

(Fla[k + Ulsmpe+1) + Fiplk + 1]|s,g"[k+1])
(20)
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FIGURE 8. Measured graph in steady-state at a speed command of
1500rpm and an external load torque of 1 Nm.

If the application time ratio satisfies the upper and lower
limits of (2), it can become the best optimized application
time ratio and is given as:

Dy = D" 1)

The subscript symbol “opt” for the time proportion is the
abbreviation of optimization; D’O’;}, represents the first modu-
lated application time based on the online duty cycle calcula-
tion for two applied voltage vectors. Based on the application
time ratio obtained, the application time of the second applied
voltage vector can be calculated using the mathematical rela-
tion of duty ratios in (2). If the application time ratio exceeds
the limit given in (2), then the application time ratio of the
first switching state of the (k 4+ 1)th time be the upper limit;
if less than the lower limit, then the application time ratio is
set to a lower limit. The current predicted value at (k + 2)th
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FIGURE 9. Measured graph from a standstill position of the motor to
steady-state setting under a speed command of 100rpm and load
0.6 Nm.

can be obtained using the application time ratio, which is
used to calculate the cost function of each group. After
obtaining the total cost function of 25 modulated switching
states, the switching combination corresponding to the rela-
tive minimum value of the cost function is selected as given
below:

glk +2llgp =minSy, Sy e (S§L ST, , sy

The application time ratio of the first and second applied
switching states is used to modulate the voltage vector and
output to the inverter to complete the dual-voltage-vector
modulation type MFPCC for the next k th online duty cycle
calculation. Fig. 5 shows the block diagram of the dual-vector
modulation model-free predictive current controller system
for the calculation of the online duty cycle. The figure shows
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the complete structure of the proposed modulated DVV for
the SynRM drive system.

Ill. PRACTICAL VALIDATION AND PERFORMANCE
EVALUATION OF THE PROPOSED METHOD

In order to validate the proposed method practically on
the synchronous reluctance motor, a laboratory prototype is
developed and is shown in Fig. 6. The hardware setup helps to
verify the tracking performance, feasibility, and correctness
of the proposed online duty cycle modulated dual-voltage-
vector MFPCC. The test setup includes a synchronous reluc-
tance motor, drive circuit, oscilloscope, DC power supply,
and measuring equipment to validate the proposed method.
The drive circuit consists of an IGBT power module, Texas
Instruments digital signal processor TMS320F28379D, over
current protection, drive signal isolation circuit, analog to
digital converter, current/voltage conversion circuit, and cur-
rent sensors. The parameters of the synchronous reluctance
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FIGURE 11. Measured graph from a no load to 1 Nm at a constant speed
command of 800rpm.

motor are shown in Table 2. In addition to the proposed
method, conventional single-voltage-vector MFPCC is also
implemented for comparison purposes. Both methods are
realized with the same experimental setup, and a detailed
comparison study is performed. The control processor uses
a sampling time of 75us for implementing the experi-
mental studies. By the way, the six power switches in
the three-phase voltage source inverter operate at variable
switching frequencies due to the design of the modulated
DVV.

The experimental studies are carried out during steady state
and dynamic conditions. The reluctance motor is operated
under different speed conditions during steady-state opera-
tion. Fig. 7 and Fig. 8 show the steady-state speed and current
tracking performance of SynRM, having an external load
of 1 Nm with different speed conditions for both DVV and
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SVV MFPCCs. The «-axis and B-axis current command val-
ues are kept at 4 A, and the actual currents follow the com-
manded values. With the implementation of DVV MFPCC,
the current error is reduced and tracks the commanded speed
quickly, compared to SVV MFPCC. Fig. 9 and Fig. 10 show
the experimental studies performed during the motor acceler-
ating from a standstill condition to the rated speed command.
The change in motor speed can be observed from 0 to 100 rpm
in Fig. 9 and 0 to 1500 rpm in Fig. 10. It can be observed
that the DVV MFPCC scheme improves the current tracking
performance at a lesser current error compared to the SVV
MFPCC. Compared to the low-speed condition, the current
tracking performance at high speed deteriorated due to large
and pulsating load currents.

Fig. 11 shows the motor is loaded from 0 Nm to 1 Nm
instantaneously after 0.2 sec. From the experimental studies,
the adaptability of the PI speed controller will signif-
icantly affect the current tracking effect of the pre-
dicted current controller. The proposed DVV modulation
method shows better current tracking performance than SVV
modulation.
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TABLE 3. Quantitative analysis of experimental studies.

0.2

. MFPCC Average current error Current ripple

Figure strategy - G T - (4) -
o — axis B-axis | o—axis B-axis
7 SVV 0.1653 0.157 0.2073 0.1934
DVV 0.1244 0.1207 0.163 0.1566

8 SVV 0.3279 0.3374 0.4324 0.4393
DVV 0.2729 0.2429 0.3714 0.3128

9 SVV 0.1423 0.1397 0.1842 0.177
DVV 0.1129 0.1055 0.1543 0.1438

10 SVvV 0.2852 0.2789 0.3688 0.3675
DVV 0.2079 0.1928 0.2861 0.2596

11 SVV 0.2083 0.2119 0.2658 0.2711
DVV 0.1568 0.1381 0.2173 0.1821

12 SVV 0.1599 0.1902 0.1981 0.2303
DVV 0.1374 0.1311 0.1751 0.1705

13 SVV 0.2561 0.2823 0.3181 0.343
DVV 0.2306 0.2068 0.2977 0.2745

14 SVv 0.2932 0.2006 0.8484 0.2652
DVV 0.2553 0.1381 0.8215 0.1904

15 SVvV 0.2729 0.2716 0.341 0.334
DVV 0.2145 0.2108 0.284 0.287

Fig. 12 and Fig. 13 show the steady-state experimental
results of DVV and SVV MFPCCs for different frequency
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FIGURE 14. A step change in the current command from -5 Ato 5 A.

conditions. The current tracking for the DVV MFPCC shows
better performance compared to SVV MFPCC. Furthermore,
one can observe that the lower the current frequency, the
better the current tracking effect. The transient performance
of the proposed method is also validated by applying a step
change in the current value. A step change in current of
—5A to 5A is applied after 0.15s and is shown in Fig. 14.
The performance of the current tracking is improved in
DVV MFPCC compared to SVV MFPCC. The current error
is also observed to reduce. The performance of the pro-
posed scheme is also validated by changing the frequency
from 10Hz to 30Hz and back to 10Hz again, as shown in
Fig. 15.

From the above experimental studies, the increased number
of vectors in a switching cycle improves the current track-
ing performance and reduces the current error. Due to the
implementation of the online duty cycle modulation method,
the calculation time is reduced and also has excellent current
tracking performance. A quantitative analysis of the above
experimental results is given in Table 3. The average current
error and current ripple are given in Table 3. The quanti-
tative results show that the proposed method’s average cur-
rent error and current ripple are lesser than the conventional
single-voltage vector.
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IV. CONCLUSION

A modulated dual-voltage-vector MFPCC with online duty
cycle calculation for SynRM drive is proposed in this article.
The developed online duty ratio calculation method simpli-
fies the problem of cost function optimization. The aver-
age duty ratio is initially considered, and the online duty
ratio is calculated in the next switching cycle. The proposed
method reduces the current ripples and current errors that
generally exist in the conventional SVV MFPCC. It also
reduces the calculation time and tracks the current effectively.
Finally, experimental studies were performed on a labora-
tory prototype using the microcontroller TMS320F28379D.
The experimental results during steady-state and transient
conditions show the effectiveness and feasibility of modulat-
ing the predictive current controller with online duty cycle
calculation.
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