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

I. INTRODUCTION14

In recent years, synchronous reluctance motor (SynRM)15

drives in industrial and commercial applications have rapidly16

increased [1]. The unique nature of its rotor construction,17

where no winding and embedded permanent magnets, makes18

the SynRM commercially viable and advantageous over19

other motor drives [2]. A few advantages of the SynRM are20

easy to operate in wide speed ranges, high power density,21

reduced noise and vibrations, and increased reliability [3].22

Moreover, without magnetic materials, induced currents are23

eliminated, and losses are reduced, making the system24

The associate editor coordinating the review of this manuscript and

approving it for publication was Justin Zhang .

simple and more efficient [4], [5]. The advantages mentioned 25

above and features establish the SynRM as the future of 26

AC machines [6]. 27

For the SynRM drive system to provide a better perfor- 28

mance, fast transient response, and excellent steady-state 29

response, controlling the motor drive system plays an impor- 30

tant role. Generally, an inverter is used to control the motor 31

drive systems. So, selecting an efficient control strategy for 32

the inverter will help to obtain the motor’s required fea- 33

tures. Model predictive current control (MPCC) is one of 34

the most popular and suitable control strategies for motor 35

drive applications [7], [8].MPCC has drawn significant atten- 36

tion due to its simplicity, fast dynamic response, and nonlin- 37

ear control flexibility [9]. However, implementation of this 38
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method involves a large amount of computation, whereas the39

conventional control method does not. However, with the40

advent of powerful high-speed microcontrollers, the problem41

of large and complex computational requirements is ruled42

out.43

J. Rodriguez et al. applied the MPCC to the voltage source44

inverter [10], which can predict the optimal voltage switching45

vector of the inverter. Its principle is majorly dependent on46

predicting future currents based on the mathematical model47

of the load. Therefore, the accuracy of the predicted cur-48

rent and the performance of the controller depend on motor49

parameters like flux linkage, q-axis inductance, resistance,50

and extended back-emf. MPCC has been applied effectively51

in SynRM for various control objectives like torque, flux,52

current, and speed [11], [12]. Despite MPCC’s excellent per-53

formance, the parameter uncertainties and dependence on54

model parameters can degrade the efficacy of the system.55

MPCC with gray prediction was developed in [13] to deal56

with parameter uncertainties, which delivers good current57

response and anti-interference ability. On the other hand, this58

method involves high computation and is time-consuming.59

In [14], an adaptive disturbance observer method was devel-60

oped to decrease the mismatch in inductance and reduce61

the current oscillations. However, this method does not con-62

sider the mismatches in flux and resistance. An enhanced63

stator current and disturbance observed method was imple-64

mented in [15] to overcome the challenges of system sta-65

bility during parameter mismatches. Nevertheless, it requires66

adjusting and selecting reasonable sliding parameters due to67

noise. In addition, the scheme is also dependent on motor68

parameters. A model predictive current controller based on69

a reduced-order observer is proposed in [16], which can70

observe and compensate for lumped disturbances with a71

lesser computational burden. However, the controller perfor-72

mance deteriorates when parameter mismatches exist due to73

aging, temperature, or other faults.74

To reduce the influence of parameter uncertainty on the75

current tracking performance model-free predictive current76

controller (MFPCC) is proposed in [1] and [17]. This method77

operates without using the motor parameters and is suit-78

able for different motor drive applications. It predicts the79

future currents based on the previously stored stator cur-80

rents, which helps eliminate the requirement for a system81

model and dependency on motor parameters in the controller.82

Minimal attempts are made to employ MFPCC to SynRM83

drives [1], [18] and are operated with a conventional single84

input voltage vector. Implementing a single-voltage-vector85

(SVV) in each switching cycle makes it more difficult to86

eliminate or reduce the current ripples and errors [19]. Modu-87

lated MPCC is developed in [20] to reduce the current ripples88

for a seven-level H-bridge converter. Multiple voltage vec-89

tors are applied in each control cycle to decrease the current90

ripples and current errors. Although the experimental stud-91

ies show significant improvements, these methods heavily92

rely on the mathematical modeling of the system and motor93

parameters.94

In the field of predictive current controllers, increasing 95

the switching states may raise the number of optional state 96

combinations. It relatively increases the probability of exe- 97

cuting the optimal switching mode or the time taken to mod- 98

ulate multiple voltage vectors in the same prediction period. 99

Therefore, methods such as increasing the number of optional 100

voltage vectors can be better than the existing SVV predic- 101

tive current control in current tracking performance, reducing 102

current error and ripple, lowering total harmonic distortion 103

rate, and having other advantages. Therefore, this article dis- 104

cusses the application of modulated two-voltage-vector or 105

dual-voltage-vector (DVV) MFPCC for SynRM drive appli- 106

cations. The switching strategy is first to select the average 107

duty cycle to modulate the best switch for the voltage vector 108

and then adjust the duty cycle to control online, which is 109

expected to reduce the amount of calculation. It has the advan- 110

tage of an excellent current tracking effect. In [21] and [22], 111

an MPCC with duty cycle control is proposed for permanent 112

magnet synchronous hub motor drives. Unlike the proposed 113

method, the developed duty cycle and control scheme strat- 114

egy depends uponmotor parameters, influencing the system’s 115

performance. 116

Unlike the SVV-based predictive current controllers, the 117

DVV follows the predictive current control to pursue the 118

optimal switching state during the sampling period. It has 119

the optimal time-proportion modulation with time-varying 120

characteristics, and relatively speaking, the switching state is 121

also modulated due to the time-proportion modulation. The 122

selectable range of the voltage vector is also refined from a 123

single point to several line segments, allowing more freedom 124

in selecting voltage vectors. In different vector numbers, the 125

cost function is the criterion for predicting the current control 126

to select the best switchingmode. The difference in the design 127

of this cost function affects the benchmark for choosing the 128

best switching mode and the application time ratio. 129

For the application time ratio, the proposed prediction cur- 130

rent control with an online duty cycle calculation modulation 131

changes the cost function, thereby omitting the need to use 132

many calculations in the time ratio. The proposed method 133

increases the computational burden and reduces the aver- 134

age current error compared to the SVV. There is a trade-off 135

between the computational burden and average current error. 136

However, with the development of advanced microproces- 137

sors higher computational burden will not be a problem. All 138

25 groups of switching combinations of the DVVmodulation 139

scheme are calculated, and online duty cycle modulation is 140

performed after selecting the optimal switching mode. The 141

design first modulates the voltage vector with the same duty 142

cycle to obtain the optimal switch combination. Then, design 143

and calculate the online duty cycle with this combination. 144

The proposed method provides an excellent current tracking 145

effect and can significantly reduce execution time. The main 146

contributions of the article are as follows: 147

1. A novel modulated dual-voltage-vector MFPCC with 148

online duty-cycle calculation for a synchronous reluc- 149

tance motor drive is proposed. 150
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2. Online duty ratio calculation reduces the calculation151

time and cost function.152

3. The proposed method reduces the current ripples and153

errors compared to the conventional single-voltage-154

vector one; it also reduces calculation time.155

4. Experimental studies under steady-state and transient156

conditions are performed in different operating con-157

ditions. Furthermore, a detailed comparison study is158

performed with SVV MFPCC.159

The rest of the article is organized as follows. The160

implementation details of the proposed modulated dual-161

voltage-vector with online duty cycle calculation are given162

in Section II. The cost function and application time ratio are163

also calculated in this section. The practical validation and164

performance evaluation of the proposed method is given in165

Section III. The performance of the proposed method is also166

compared with modulated SVV MFPCC. A detailed quan-167

titative analysis is also performed. Finally, conclusions are168

provided in Section IV169

II. MODULATED DUAL-VOLTAGE-VECTOR MODEL-FREE170

PREDICTIVE CURRENT CONTROL171

A. MODULATED DUAL-VOLTAGE-VECTOR172

Conventional modulation schemes generally select a single-173

voltage vector for each switching cycle. However, recent174

studies show that using only one voltage vector in the mod-175

ulation scheme increases the current ripples and errors [19].176

This section explains the implementation of DVVmodulation177

using MFPCC for SynRM. The proposed method can elimi-178

nate the disadvantages above by increasing the input voltage179

vectors in each switching cycle. The mathematical modeling180

of SynRM is presented by many researchers [1], [3], [5], [6].181

This paper does not describe the mathematical modeling of182

SynRM to avoid repetition. Moreover, in the proposed mod-183

ulated MFPCC, the mathematical model of the SynRM is184

not required. The proposed modulated DVV is explained as185

follows.186

The dual-voltage-vector modulation is formed bymodulat-187

ing two sets of voltage vectors in proportion to time, as shown188

in Fig. 1. In the figure vm1 ∼ vm6 are the modulations of189

the non-zero single-voltage vector and the zero-voltage vec-190

tor; vm7 ∼ vm24 are the modulations of two non-zero single-191

voltage vectors; the superscript ‘‘m’’ represents the symbol192

of the dual-voltage-vector modulation, and the modulation is193

expressed in the form of a line segment in the voltage vector194

diagram.195

The application time of the dual-voltage-vector is defined196

as:197

Tm1 + Tm2 = Ts, Tm1, Tm2 ∈ [0,Ts] (1)198

The superscript symbols ‘‘m1’’ and ‘‘m2’’ are the first and199

second order of application of the voltage vectors, respec-200

tively; hence, Tm1 and Tm2 denotes the first and second201

applied voltage vectors of the dual-voltage vector modulation202

application time. The proportion of the application time of the203

FIGURE 1. Voltage vector diagram of modulating two voltage vectors.

dual-voltage-vector in the prediction period is further defined 204

as: 205

Dm1 + Dm2 = 1, Dm1, Dm2 ∈ [0, 1] (2) 206

Dmp =
Tmp

Ts
, p ∈ {1, 2} (3) 207

where Dm1 and Dm2 denote the first and second applied 208

duty ratios, respectively. They correspond to the dual-voltage- 209

vector modulation’s first and second voltage vectors in the 210

prediction period. The application time ratio must be lim- 211

ited to the [0,1] interval. To meet the actual situation, the 212

limits must be observed so that the optimal application time 213

ratio can be calculated within the interval. The synthesized 214

dual-voltage vector obtained through modulation is given 215

as: 216

vmn = Dm1vm1 + Dm2vm2, n ∈ {0, 1, 2, 3, . . . ., 24} (4) 217

where vmn is any of the synthesized voltage vector mod- 218

ulated by the dual voltage vectors; vm1 and vm2 respec- 219

tively refer to the first and second applied voltage vectors, 220

which correspond to any of the fundamental voltage vec- 221

tors, i.e., vm1, vm2 ∈ {v0, v1, . . . . . . , v6}. Table 1 shows 222

the relationship between the switching state combination 223

and DVV after modulation and synthesis. In the given 224

table, Sm0 , S
m
1 , . . . . . . ., S

m
24 correspond to the combinations of 225

switching states of the dual-voltage-vector modulation; Sm1 226

and Sm2 represent the first and second switching states of the 227

dual-voltage-vector modulation. 228

The duty cycle of the voltage vector modulation will 229

inevitably increase the calculation amount of the micro- 230

processor. To reduce the execution time of the algorithm 231

and maximize its computing limit, we design a modula- 232

tion strategy with online duty cycle calculation. This can 233

be accomplished using a two-step design approach and is 234

given as follows: Firstly, the voltage vector modulation is 235

performed on the switching combination, and the applica- 236

tion time ratio can be obtained from the average number 237

of voltage combinations in the prediction period. Accord- 238

ing to equation (1), the voltage vector of this combina- 239

tion is calculated and modulated with an online duty cycle, 240

allowing the optimal application time ratio and performing 241

duty cycle modulation for the optimal switching state. The 242
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TABLE 1. Relationship of dual-voltage-vectors after modulation and
synthesis.

applied voltage vector relations and synthesis can be shown in243

Table 1.244

B. CURRENT PREDICTION245

The best current sampling timing is when the preceding and246

following prediction intervals alternate, that is, the moment247

when the inverter switches are triggered. Since the time248

between the dead zone and surge zone is very close, the249

current values obtained before and after the ideal sampling250

point can be approximated to the current value obtained at251

the ideal sampling point. This method is called correction of252

the current sampling time point. The modulated dual-voltage-253

vector model-free predictive current control in the actual sit-254

uation needs to correct the current sampling timing due to255

the correction of the current sampling time point. Moreover,256

the phenomenon can be associated with time-consuming257

FIGURE 2. Timing diagram of modulating dual-voltage-vector after
modification is implemented.

signal transmission and conversion [23]. The timing diagram 258

is illustrated in Fig. 2. 259

Under the premise of an extremely short sampling period, 260

the current change in MPCC can be regarded as linear. After 261

each switching actuation, a current sampling is performed 262

to obtain the current variation corresponding to each applied 263

switching state. Then, the current variation record value is 264

obtained as shown below: 265

1ix[k − 1]|Smn [k−1] = ix[k]|Smn [k−1] 266

− ix[k − 1]|Smn [k−2] (5) 267

1irecx [k − 1]
∣∣
Su=Smn [k−1]

= 1ix[k − 1]|Smn [k−1] , 268

u ∈ {0, 1, . . . , 24} (6) 269

where 1ix[k − 1]|Smn [k−1] is the current variation of the 270

(k-1)th time, which is obtained by subtracting the kth switch- 271

ing state Smn [k] and the (k-1)th switching state S
m
n [k−1];1iα 272

and 1iβ are α and β axis stator change in current; the super- 273

script ‘‘rec’’ is the recorded value; 1irecx [k − 1]
∣∣
Su=Smn [k−1]

274

is the recorded value of the α- axis and β- axis cur- 275

rent variation corresponding to the switching state of the 276

switch Su ∈ {S0, S1, . . . ., S24}. The modulated dual-voltage- 277

vector model-free predictive current control will be calcu- 278

lated according to the recorded value of the current change 279

after sampling, and the current sampling times are equal 280

to the applied current. The recorded value of current vari- 281

ation given in (5) for DVV modulation is extended as 282

follows: 283

1ix[k − 1]|Smn [k−1] = 1ix[k − 1, 1]|Sm1[k−1] 284

+ 1ix[k − 1, 2]|Sm2[k−1] (7) 285

where: 286

1ix[k − 1, 1]|Sm1[k−1] = ix[k − 1, 2]|Sm1[k−1] 287

− ix[k − 1, 1]|Sm2[k−2] 288

1ix[k − 1, 2]|Sm2[k−1] = ix[k, 1]|Sm2[k−1] 289

− ix[k − 1, 1]|Sm1[k−1] 290

VOLUME 10, 2022 97859



V. R. Reddy et al.: Modulated DVV MFPCC for SynRM Drives With Online Duty Cycle Calculation

FIGURE 3. Standardized schematic diagram with sampling current.

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

where 1ix[k − 1, 1]|Sm1[k−1] is the first switching state of the291

(k-1)th modulated two voltage vectors. In the model predic-292

tive current control technique, the current variation will not293

match the prediction results due to the application time of294

the switching state after the modulation. Therefore, it is nec-295

essary to generalize (6) to standardize the current variation,296

as shown in Figure 3.297

1irec,newx

∣∣
Su=S

mp
n [k−1] =

1ix[k − 1, p]|Su=Smpn [k−1]

Dmp
,298

p ∈ {1, 2} (8)299

The superscript symbol ‘‘rec, new’’ is the annotation after300

the record value is updated; 1irec,newx is the updated record301

value of the α-β axes current change. However, due to the302

influence of correction of the current sampling time point,303

the standardized action of (8) will amplify the sampling error,304

which will lead to the inaccuracy of the recorded value of305

current change or variation, as shown in Figure 4.306

In this article, the misalignment of the current variation307

is corrected by imposing the application time ratio to the308

recorded value and ensuring that the misalignment is within309

the allowable range. Accordingly, the new recorded value is310

modified from the following relation:311

1irec,newx

∣∣
Su=S

mp
n [k−1] = (1− Dmp) 1irecx

∣∣
Su=S

mp
n [k−1]312

+ 1ix[k − 1, p]|Su=Smpn [k−1] (9)313

Finally, the (k + 1)th stator current equation of the314

model-free predictive current control of dual-voltage-vector315

modulation with online duty cycle calculation is expressed 316

as: 317

ipx[k + 1, 1]
∣∣
Smn
= ix[k, 1]|Sm2n [k−1] + 1ix[k]|Su=Smn [k] 318

(10) 319

The current controller considers the delay compensation 320

to extend the prediction period to the (k + 2)th switching 321

horizon. The stator current equation can therefore be obtained 322

as follows: 323

ipx[k + 2, 1]
∣∣
Smn
= ix[k + 1, 1]|Sm2n [k] 324

+ 1ix[k + 1]|Su=Smn [k+1] (11) 325

Although the (k + 1)th and (k + 2)th stator current sam- 326

pling values cannot be known immediately, the current vari- 327

ation obtained can be calculated based on the recorded value 328

of the current change corresponding to the switching state 329

and application time. The expression can be approximated 330

as: 331

1ix[k]|Smn [k] ≈ 1irecx [k]
∣∣
Su=Smn [k]

(12) 332

1ix[k, p]|Smn [k] ≈ Dmp1irecx [k, p]
∣∣
Su=S

mp
n [k] (13) 333

From (10), (11), and (12), the stator current prediction 334

expression of the (k + 2)th order can be deduced as: 335

ipx[k + 2, 1]
∣∣
Smn
= ix[k, 1]|Sm2n [k−1] + 1i

rec
x [k]

∣∣
Su=Smn [k]

336

+ 1irecx [k + 1]
∣∣
Su=Smn [k+1]

(14) 337

Recalling the identity relation of (2), we can simplify the 338

current predicted value into an expression of an unknown 339

variable. For instance, at (k + 1)th instant, the application 340

time ratio can be obtained so that (14) can be converted 341

into a single unknown variable of the first duty ratio. As a 342

result, it can be easily expressed relative to the applica- 343

tion time of the first switch switching state and is given 344

as: 345

ipx[k + 2, 1]
∣∣
Smn
= ix[k, 1]|Sm2n [k−1] + 1i

rec
x [k]

∣∣
Smn [k]

346

+ 1irecx [k + 1, 2]
∣∣
Sm1n [k+1] 347

+Dm1(1irecx [k + 1, 1]
∣∣
Sm1n [k+1] 348

− 1irecx [k + 1, 2]
∣∣
Sm2n [k+1]) (15) 349

With (15), the predicted currents of all 25 switching states 350

are calculated and used to calculate each switching state’s 351

cost function to obtain the optimal one. The optimal volt- 352

age vector is used to trigger the switches in the next control 353

period, which can be used to control the SynRM as per the 354

actual commanded current signals. 355

C. CALCULATION OF COST FUNCTION AND APPLICATION 356

TIME RATIO 357

The cost function needs to be calculated to find the optimal 358

switching state that results in the lowest current error. It can 359

be obtained by finding out the current error value from the 360
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predicted currents and the actual currents. From (15), the361

current error value can be calculated as follows:362

Ex[k + 2]|Smn = i∗x [k + 2]+ ipx[k + 2, 1]
∣∣
Smn

363

= Dm1 · F1x[k + 1]|Smn [k+1]364

+ F2x[k + 1]|Smn [k+1] (16)365

where,366

F1x[k + 1]|Smn [k+1] = 1irecx [k + 1, 2]
∣∣
Sm2n [k+1]367

− 1irecx [k + 1, 1]
∣∣
Sm1n [k+1]368

F2x[k + 1]|Smn [k+1] = i∗x [k + 2, 1]− ix[k, 1]|Sm2n [k−1]369

−1 irecx [k]
∣∣
Smn [k]

370

−1 irecx [k + 1, 2]
∣∣
Sm2n [k+1]371

From the above expression, it can be observed that the372

influence of the application time ratio is significantly pro-373

portional to the calculation of the current error value of the374

(k + 2)th sampling time. The cost function is obtained as:375

g[k + 2]|Smn =
∣∣∣Eα[k + 2]|Smn

∣∣∣+ ∣∣∣Eβ [k + 2]
∣∣
Smn

∣∣∣376

=

∣∣∣Dm1 · F1α[k + 1]|Smn [k+1]377

+ F2α[k + 1]|Smn [k+1]
∣∣∣378

+

∣∣∣Dm1 · F1β [k + 1]
∣∣
Smn [k+1]

379

+ F2β [k + 1]
∣∣
Smn [k+1]

∣∣∣ (17)380

The design of the application time ratio of the modulated381

module predictive current controller with online duty cycle382

calculation is to simplify the method of calculating the exist-383

ing modulation strategy. The cost function of the existing384

modulation strategy method takes the form of the sum of385

squares, and the application time proportion is obtained by386

performing partial differentiation of the cost function. The387

absolute minimum value of the cost function must occur for388

any application time proportion, where the partial deriva-389

tive of the time proportion is equal to zero for any applied390

time. In order to simplify the calculation, the proposed391

method with online duty cycle calculation has discussed the392

concept of applying time ratio proportion, which is differ-393

ent from the existing methods. The design description for394

the online duty ratio calculation is given in the following395

discussions.396

According to the definition of the current error equation397

in (16), the physical meaning of the current error is the current398

command minus the predicted value of the stator current, and399

the cost function is based on the relativeminimumvalue of the400

current error designed for the controller. Therefore, to obtain401

the best application time ratio, the absolute value of the cost402

function is first set to zero and is given as:403

g[k + 2]|Smn =
∣∣∣Eα[k + 2]|Smn

∣∣∣+ ∣∣∣Eβ [k + 2]
∣∣
Smn

∣∣∣ = 0404

(18)405

FIGURE 5. Block diagram of the modulated DVV MFPCC with the
calculation of online duty cycle.

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).

g[k + 2]|Smn =
∣∣∣Dm1 · F1α[k + 1]|Smn [k+1] 406

+ F2α[k + 1]|Smn [k+1]
∣∣∣ 407

+

∣∣∣Dm1 · F1β [k + 1]
∣∣
Smn [k+1]

408

+ F2β [k + 1]
∣∣
Smn [k+1]

∣∣∣ 409

= 0 (19) 410

By rearranging the above expressions, the application time 411

ratio found in the cost function at (k + 1)th sampling period 412
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TABLE 2. Synchronous reluctance motor parameters.

FIGURE 7. Measured graph in steady-state at a speed command of
100 rpm and an external load torque of 1 Nm.

can be obtained accordingly as:413

Dm1 =

(
− F2α[k + 1]|Smn [k+1] − F2β [k + 1]

∣∣
Smn [k+1]

)
(
F1α[k + 1]|Smn [k+1] + F1β [k + 1]

∣∣
Smn [k+1]

)414

(20)415

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 416

limits of (2), it can become the best optimized application 417

time ratio and is given as: 418

Dm1opt = Dm1 (21) 419

The subscript symbol ‘‘opt’’ for the time proportion is the 420

abbreviation of optimization; Dm1opt represents the first modu- 421

lated application time based on the online duty cycle calcula- 422

tion for two applied voltage vectors. Based on the application 423

time ratio obtained, the application time of the second applied 424

voltage vector can be calculated using the mathematical rela- 425

tion of duty ratios in (2). If the application time ratio exceeds 426

the limit given in (2), then the application time ratio of the 427

first switching state of the (k + 1)th time be the upper limit; 428

if less than the lower limit, then the application time ratio is 429

set to a lower limit. The current predicted value at (k + 2)th 430
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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 is431

used to calculate the cost function of each group. After432

obtaining the total cost function of 25 modulated switching433

states, the switching combination corresponding to the rela-434

tive minimum value of the cost function is selected as given435

below:436

g[k + 2]|Smn,opt = min Smn , Smn ∈ {S
m
0 , S

m
1 , . . . . . . .., S

m
24}437

(22)438

The application time ratio of the first and second applied439

switching states is used to modulate the voltage vector and440

output to the inverter to complete the dual-voltage-vector441

modulation type MFPCC for the next k th online duty cycle442

calculation. Fig. 5 shows the block diagram of the dual-vector443

modulation model-free predictive current controller system444

for the calculation of the online duty cycle. The figure shows445

FIGURE 10. Measured graph from a standstill position of the motor to the
steady-state setting under a speed command 1500rpm and load
0.6 Nm.

the complete structure of the proposed modulated DVV for 446

the SynRM drive system. 447

III. PRACTICAL VALIDATION AND PERFORMANCE 448

EVALUATION OF THE PROPOSED METHOD 449

In order to validate the proposed method practically on 450

the synchronous reluctance motor, a laboratory prototype is 451

developed and is shown in Fig. 6. The hardware setup helps to 452

verify the tracking performance, feasibility, and correctness 453

of the proposed online duty cycle modulated dual-voltage- 454

vector MFPCC. The test setup includes a synchronous reluc- 455

tance motor, drive circuit, oscilloscope, DC power supply, 456

and measuring equipment to validate the proposed method. 457

The drive circuit consists of an IGBT power module, Texas 458

Instruments digital signal processor TMS320F28379D, over 459

current protection, drive signal isolation circuit, analog to 460

digital converter, current/voltage conversion circuit, and cur- 461

rent sensors. The parameters of the synchronous reluctance 462
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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 proposed463

method, conventional single-voltage-vector MFPCC is also464

implemented for comparison purposes. Both methods are465

realized with the same experimental setup, and a detailed466

comparison study is performed. The control processor uses467

a sampling time of 75µs for implementing the experi-468

mental studies. By the way, the six power switches in469

the three-phase voltage source inverter operate at variable470

switching frequencies due to the design of the modulated471

DVV.472

The experimental studies are carried out during steady state473

and dynamic conditions. The reluctance motor is operated474

under different speed conditions during steady-state opera-475

tion. Fig. 7 and Fig. 8 show the steady-state speed and current476

tracking performance of SynRM, having an external load477

of 1 Nm with different speed conditions for both DVV and478

FIGURE 12. Steady-state results at a current command peak value of 5A
and a operating frequency of 10Hz.

SVVMFPCCs. The α-axis and β-axis current command val- 479

ues are kept at 4 A, and the actual currents follow the com- 480

manded values. With the implementation of DVV MFPCC, 481

the current error is reduced and tracks the commanded speed 482

quickly, compared to SVV MFPCC. Fig. 9 and Fig. 10 show 483

the experimental studies performed during the motor acceler- 484

ating from a standstill condition to the rated speed command. 485

The change inmotor speed can be observed from 0 to 100 rpm 486

in Fig. 9 and 0 to 1500 rpm in Fig. 10. It can be observed 487

that the DVV MFPCC scheme improves the current tracking 488

performance at a lesser current error compared to the SVV 489

MFPCC. Compared to the low-speed condition, the current 490

tracking performance at high speed deteriorated due to large 491

and pulsating load currents. 492

Fig. 11 shows the motor is loaded from 0 Nm to 1 Nm 493

instantaneously after 0.2 sec. From the experimental studies, 494

the adaptability of the PI speed controller will signif- 495

icantly affect the current tracking effect of the pre- 496

dicted current controller. The proposed DVV modulation 497

method shows better current tracking performance than SVV 498

modulation. 499
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FIGURE 13. Steady state results at a current command peak value of 5A
and operating frequency of 30Hz.

TABLE 3. Quantitative analysis of experimental studies.

Fig. 12 and Fig. 13 show the steady-state experimental500

results of DVV and SVV MFPCCs for different frequency501

FIGURE 14. A step change in the current command from −5 A to 5 A.

conditions. The current tracking for the DVVMFPCC shows 502

better performance compared to SVVMFPCC. Furthermore, 503

one can observe that the lower the current frequency, the 504

better the current tracking effect. The transient performance 505

of the proposed method is also validated by applying a step 506

change in the current value. A step change in current of 507

−5A to 5A is applied after 0.15s and is shown in Fig. 14. 508

The performance of the current tracking is improved in 509

DVV MFPCC compared to SVV MFPCC. The current error 510

is also observed to reduce. The performance of the pro- 511

posed scheme is also validated by changing the frequency 512

from 10Hz to 30Hz and back to 10Hz again, as shown in 513

Fig. 15. 514

From the above experimental studies, the increased number 515

of vectors in a switching cycle improves the current track- 516

ing performance and reduces the current error. Due to the 517

implementation of the online duty cycle modulation method, 518

the calculation time is reduced and also has excellent current 519

tracking performance. A quantitative analysis of the above 520

experimental results is given in Table 3. The average current 521

error and current ripple are given in Table 3. The quanti- 522

tative results show that the proposed method’s average cur- 523

rent error and current ripple are lesser than the conventional 524

single-voltage vector. 525
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FIGURE 15. A step change in frequency from 10Hz to 30Hz and 30Hz
to 10Hz.

IV. CONCLUSION526

A modulated dual-voltage-vector MFPCC with online duty527

cycle calculation for SynRM drive is proposed in this article.528

The developed online duty ratio calculation method simpli-529

fies the problem of cost function optimization. The aver-530

age duty ratio is initially considered, and the online duty531

ratio is calculated in the next switching cycle. The proposed532

method reduces the current ripples and current errors that533

generally exist in the conventional SVV MFPCC. It also534

reduces the calculation time and tracks the current effectively.535

Finally, experimental studies were performed on a labora-536

tory prototype using the microcontroller TMS320F28379D.537

The experimental results during steady-state and transient538

conditions show the effectiveness and feasibility of modulat-539

ing the predictive current controller with online duty cycle540

calculation.541
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