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ABSTRACT Analysis and robustness improvement of FCS-MPCC for IPMSM with model parameter
mismatches are studied in this paper. The prediction error of the current in synchronous rotation coordinate
is analyzed and it is divided into two categories according to whether it is related to the selected optimal
voltage vector. A robustness improvement method by extracting the information of both kinds of prediction
errors in the last sampling period is proposed. The simulation and experimental results demonstrate that the
proposed method can effectively improve the ability to resist multiple model parameter mismatches.
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INDEX TERMS Model predictive current control, parameter mismatch, interior permanent-magnet syn-
chronous motor.

I. INTRODUCTION9

Permanent magnet synchronous motors (PMSMs) includ-10

ing surface-mounted PMSMs (SPMSMs) and interior11

PMSMs (IPMSMs) have been applied in many industrial12

fields because of high power density, high efficiency, and13

excellent performances [1], [2], [3]. Finite-control-set model14

predictive control (FCS-MPC) [4], [5], [6], [7], [8] has been15

emerging as one of the promising methods for the control of16

PMSMs due to its advantages of excellent dynamic perfor-17

mance, nonlinear processing ability, and flexibility to handle18

multiple constraints and objectives. FCS-MPC obtains the19

optimal voltage vector according to the predictive model, and20

thus, its performance highly depends on the accuracy of the21

model parameters. However, the utilized model parameters in22

the predicting process of FCS-MPC may not match with the23

actual ones due to the measurement error and the inevitable24

change of the inductance, resistance and flux during the oper-25

ation of PMSMs. Both the steady and dynamic performances26
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approving it for publication was Qinfen Lu .

of FCS-MPC may be deteriorated with model parameter 27

mismatches [9] and it has been one of the main barriers to 28

its widespread application. 29

To address the problem, some methods have been stud- 30

ied. The model parameter mismatches can be viewed as 31

one of the disturbances of the system, and the extended 32

state observer [10] has been designed to compensate for 33

model parameter mismatches. In addition, the sliding-model 34

observers (SMO) have also been studied to enhance the 35

robustness [11], [12], [13], [14], [15]. Amultistep error track- 36

ing based continuous model predictive control with a SMO 37

differentiator is studied in [11] to improve the robustness. 38

A robust predictive speed control for PMSM using integral 39

SMO is proposed in [12]. Robust MPCC based equivalent 40

input disturbance approach for PMSMdrive is studied in [13]. 41

The SMO is introduced in the non-cascade predictive control 42

to estimate and compensate the disturbance caused by the 43

uncertain parameters [14]. A continuous integral-type termi- 44

nal SMO has been studied to deal with the mismatched distur- 45

bance [15]. The above disturbances observers are suitable for 46

the continuous model predictive control methods [16], [17], 47
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and the methods to combine them with FCS-MPC remain to48

be solved.49

The robustness improvement for FCS-MPC for PMSM has50

also been studied in recent years. The last prediction errors51

of a given voltage vector with a weighting factor are added52

to prediction stage at the presence of inductance uncertainty53

in [18] to improve the robustness of FCS-MPCC. However,54

the method in [18] has not considered the parameter mis-55

matches of the stator resistance and themagnetic flux linkage,56

which make it cannot deal with the cases of multiple parame-57

ter mismatches. A cost function in proportional-integral form58

is introduced in [19] to eliminate the steady-state errors under59

model parameter mismatches for the finite-control-set model60

predictive current control (FCS-MPCC) of PMSM. With-61

out quantitative analysis of the prediction errors, the newly62

designed cost function fails to mitigate the torque ripples63

and current harmonics caused by parameter mismatches. The64

methods utilizing current variation or update mechanisms65

to reconstruct the PMSM model have been studied in [20]66

and [21] to suppress the disturbances caused by parameter67

mismatches. An improved FCS-MPCC based on the incre-68

mental model for surface-mounted PMSM is studied in [22].69

However, the proposed methods in [18], [19], [20], [21],70

and [22] are all for SPMSMs of which the d-axe and q-axe71

inductances are viewed as identical. For IPMSMs of which72

the q-axes inductance is bigger than the d-axe inductance, the73

prediction error analysis is not fully identical to the methods74

for SPMSMs, and thus, applying the methods in [18], [19],75

[20], [21], and [22] to IPMSMs needs further studies. The76

model free predictive control methods have been studied in77

[23] and [24], but the measuring noises or errors may lead to78

instability of the system. An online inductances identification79

with a recursive algorithm is inherently incorporated into the80

FCS-MPC of IPMSM to deal with the inductance parameter81

mismatch [25], however, the parameter mismatches of the82

resistance and flux have not been considered. The model83

parameter mismatches for other electrical machines have84

also been studied [26], [27], [28]. A robust model reference85

adaptive system estimator incorporating online parameter86

identification algorithm for parallel predictive torque con-87

trol of induction motor is studied in [26]. The impact of88

parameters mismatch on the FCS-MPCC performance of a89

five-phase induction motor drive is studied in [27]. Influence90

of covariance-basedmethods in the performance of predictive91

controller for five-phase induction motor is studied in [28] to92

improve the robustness. The models of the motors studied in93

[26], [27], and [28] are different from IPMSMs, and accord-94

ingly, applying themethods in [26], [27], and [28] to IPMSMs95

needs further studies.96

In this paper, analysis and robustness improvement of97

FCS-MPCC for IPMSM with model parameter mismatches98

are studied. The prediction errors caused by model param-99

eter mismatches in the two-step prediction considering the100

time-delay compensation is analyzed. The prediction errors101

are divided into two categories according to whether it102

is related to the selected optimal voltage vector. Then, 103

a parameter mismatch compensation method by calculating 104

both kinds of prediction errors according to the error infor- 105

mation in last sampling period is proposed. The main contri- 106

bution of this article is that the prediction errors with model 107

parameter mismatches considering the model of IPMSM 108

is studied and a compensation scheme by calculating the 109

prediction errors with a new and simple method is pro- 110

posed. The proposed method can deal with multiple param- 111

eter mismatches including the stator resistance, magnetic 112

flux linkage, inductances in both d and q axes. The control 113

performances of the proposed method including the steady- 114

state errors of current tracking, current harmonics, and torque 115

ripples can ensure almost the same as the FCS-MPCCwithout 116

parameter mismatches. The effectiveness of the proposed 117

method is verified by the simulation and experimental results. 118

II. ANALYSIS OF THE CONVENTIONAL FCS-MPCC FOR 119

IPMSM WITH MODEL PARAMETER MISMATCHES 120

A. REVIEW OF THE CONVENTIONAL FCS-MPCC 121

CONSIDERING DELAY COMPENSATION 122

The IPMSM control system based on 2-level voltage source 123

inverter (2L-VSI) is shown in Figure 1 (a). There are 8 switch- 124

ing states for 2L-VSI, which generate 8 different voltage 125

vectors (VVs) (V0, V1, V2 . . .V7) as shown in Figure 1 (b). 126

The positions of V0 and V7 are coincidence and they are 127

defined as zero VVs (ZVVs), and the others are defined as 128

non-zero VVs (NZVVs). 129

FIGURE 1. PMSM control system based on 2L-VSI. (a) Topology of the
2L-VSI. (b) Voltage vector diagram.

The current predictive equations of IPMSM at the end of 130

kth sampling period are given in (1) and (2) 131

ipd (k + 1) =
(
1−

R∧Ts
L∧d

)
id (k)+ ωeTs

L∧q
L∧d

iq (k) 132

+
Ts
L∧d

ud (k) (1) 133

ipq (k + 1) =

(
1−

R∧Ts
L∧q

)
iq (k)− ωeTs

L∧d
L∧q

id (k) 134

−ωeTs
ψ∧f

L∧q
+

Ts
L∧q

uq (k) (2) 135

where R is the stator resistance, ψf is the magnetic flux link- 136

age, ωe is the electrical angle rotational velocity, ud, id, and 137
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Ld are the d-axis components of the stator voltage, current,138

and inductance, uq, iq, and Lq are the q-axis components of139

the stator voltage, current, and inductance, Ts is the sampling140

period. The motor parameters R, ψf, Ld and Lq utilized in141

the prediction process are defined as R∧, ψ^
f , L

^
d , and L^q ,142

respectively.143

In order to compensate the time delay in the actuation, two-144

step prediction is usually used and the corresponding current145

predictive equations are given in (3) and (4).146

ipd (k + 2) =
(
1−

R∧Ts
L∧d

)
ipd (k + 1)+ ωeTs

L∧q
L∧d

ipq (k + 1)147

+
Ts
L∧d

ud (k + 1) (3)148

ipq (k + 2) =

(
1−

R∧Ts
L∧q

)
ipq (k + 1)− ωeTs

L∧d
L∧q

ipd (k + 1)149

−ωeTs
ψ∧f

L∧q
+

Ts
L∧q

uq (k + 1) (4)150

The cost function is designed as (5) to realize the target of151

tracking the reference of id and iq. Prediction of the future152

values of id and iq are calculated for each possible VV and153

then the VV that minimizes the cost function is selected.154

g =
(
i∗d − i

p
d (k + 2)

)2
+

(
i∗q − i

p
q (k + 2)

)2
(5)155

B. PREDICTION ERROR ANALYSIS CAUSED BY MODEL156

PARAMETER MISMATCHES157

Obviously, prediction equations (1)-(4) contain motor param-158

eters including R, Ld, Lq, and ψf. In a real system, motor159

parameters may vary during operation due to some reasons160

such as temperature variation, magnetic saturation, and cross-161

coupling effects. For instance, as the temperature increases,162

R increases and ψf decreases. In addition, the magnetic sat-163

uration may result in nonlinear change of Ld and Lq. If the164

motor parameters utilized in the prediction process devi-165

ate from actual values, the current prediction error will be166

inevitably produced.167

The actual currents in d and q axes at the end of kth sam-168

pling period are defined as id(k + 1) and iq(k + 1) and they169

can be obtained by (1) and (2) if R∧, ψ^
f , L

^
d , and L

^
q are equal170

to their actual values. The current prediction errors can be171

obtained as (6) and (7) with R∧, ψ^
f , L

^
d , and L

^
q deviating172

from their actual values173

1id (k + 1) = ipd (k + 1)− id (k + 1) = Cd +Mdud (k)174

(6)175

1iq (k + 1) = ipq (k + 1)− iq (k + 1) = Cq +Mquq (k)176

(7)177

where ‘1’ represents the prediction error, Cd and Cq can be 178

calculated as (8),Md and Mq can be calculated as (9). 179

Cd =

(
R
Ld
−
R∧

L∧d

)
id (k)Ts +

(
L∧q
L∧d
−
Lq
Ld

)
×ωeiq (k)Ts

Cq =

(
R
Lq
−
R∧

L∧q

)
iq (k)Ts +

(
Ld
Lq
−
L∧d
L∧q

)

×ωeid (k)Ts +

(
ψf

Lq
−
ψ∧f

L∧q

)
ωeTs

(8) 180


Md =

(
1
L∧d
−

1
Ld

)
Ts

Mq =

(
1
L∧q
−

1
Lq

)
Ts

(9) 181

As can be seen from (6)-(9), the prediction errors have 182

already appeared in ipd(k + 1) and ipq(k + 1). The currents 183

in d and q axes are predicted twice in a whole process to 184

compensate the system delay. The prediction errors appeared 185

in ipd(k+2) and i
p
q(k+2) are caused by not only the deviation of 186

the motor parameters but also the prediction errors in ipd(k+1) 187

and ipq(k + 1), which may further increase the prediction 188

errors. 189

The prediction errors in ipd(k + 2) and ipq(k + 2) are 190

1id (k + 2) = ipd (k + 2)− id (k + 2) 191

= Cp
d +Mdud (k + 1) (10) 192

1iq (k + 2) = ipq (k + 2)− iq (k + 2) 193

= Cp
q +Mquq (k + 1) (11) 194

where 195

Cp
d =

(
R
Ld
−
R∧

L∧d

)
ipd (k + 1)Ts

+

(
L∧q
L∧d
−
Lq
Ld

)
ωei

p
q (k + 1)Ts

Cp
q =

(
R
Lq
−
R∧

L∧q

)
ipq (k + 1)Ts +

(
ψf

Lq
−
ψ∧f

L∧q

)
ωeTs

+

(
Ld
Lq
−
L∧d
L∧q

)
ωei

p
d (k + 1)Ts

196

(12) 197

By combining (6)-(12), the prediction errors in ipd(k + 2) 198

and ipq(k + 2) can be expressed as 199

1id (k + 2) = Cd +Mdud (k + 1) 200

+ γ11id (k + 1)+ γ21iq (k + 1) (13) 201

1iq (k + 2) = Cq +Mquq (k + 1) 202

+ γ31iq (k + 1)+ γ41id (k + 1) (14) 203
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where204 
γ1 =

(
R
Ld
−
R∧

L∧d

)
Ts, γ2 =

(
L∧q
L∧d
−
Lq
Ld

)
ωeTs

γ3 =

(
R
Lq
−
R∧

L∧q

)
Ts, γ4 =

(
Ld
Lq
−
L∧d
L∧q

)
ωeTs

(15)205

According to (13) and (14), it can be seen that there are206

two kinds of prediction error. One is from the variation207

of parameters in the second prediction, the other is from208

the prediction error produced in the first prediction. Finally,209

an unexpected voltage vector may be selected in the second210

prediction according to the cost function defined in (5) due to211

inaccurate prediction results. The parameter mismatches will212

have adverse effects on motor operation. Thus, it’s necessary213

to compensate the prediction error to improve the operation214

performance.215

III. ROBUSTNESS IMPROVEMENT OF FCS-MPCC FOR216

IPMSM WITH MODEL PARAMETER MISMATCH217

In accordance with the analysis of part B in section II, two218

kinds of prediction error should be compensated. If the pre-219

diction error in the first prediction has been compensated,220

i.e., 1id(k + 1) = 0 and 1iq(k + 1) = 0, (13) and (14) can221

be rewritten as222

1id (k + 2) = Cd +Mdud (k + 1) (16)223

1iq (k + 2) = Cq +Mquq (k + 1) (17)224

The form of (16) and (17) is the same as that of (6) and (7).225

Once Cd, Cq, Md and Mq are figured out, 1id(k + 1) and226

1iq(k+1) can be obtained. Then1id(k+1) and1iq(k+1) are227

compensated in the second prediction. In the end,1id(k + 2)228

and1iq(k+2) are fully eliminated by (16) and (17). Accord-229

ingly, the key to improve the robustness is to get the values230

of Cd, Cq, Md, and Mq. The block diagram of the proposed231

robustness improvement method is shown in Figure 2.232

FIGURE 2. Block diagram of the proposed robustness improvement
method.

At the kth instant, the current prediction errors in d and q233

axes are234

1id (k) = ipd (k)− id (k) = Cd +Mdud (k − 1) (18)235

1iq (k) = ipq (k)− iq (k) = Cq +Mquq (k − 1) (19) 236

In (18) and (19), ud(k−1) and uq(k−1) are known optimal 237

voltage vectors at the (k − 1)th instant. When the optimal 238

voltage vectors are zero VVs, Cd and Cq are obtained by the 239

difference between the predicted current and actual current as 240

Cd = ipd (k)− id (k) if ud (k − 1) = 0 (20) 241

Cq = ipq (k)− iq (k) if uq (k − 1) = 0 (21) 242

Since the sampling period is quite short, it can be con- 243

sidered that the currents in d and q axes remain unchanged 244

between adjacent sampling periods. In the meantime, the 245

motor parameters are also approximately invariant and the 246

rotor speed keeps stable. Hence, if the optimal voltage vectors 247

are non-zero VVs, Cd and Cq can be regarded as equal to the 248

Cd and Cq in the last sampling period, respectively. 249

When the optimal voltage vectors are non-zero VVs, Md 250

and Mq can be obtained by (22) and (23) as 251

Md =
1id (k)− Cd

ud (k − 1)
if ud (k − 1) 6= 0 (22) 252

Mq =
1iq (k)− Cq

uq (k − 1)
if uq (k − 1) 6= 0 (23) 253

When the optimal voltage vectors are zero VVs,Md andMq 254

can be viewed as equal to theMd andMq in the last sampling 255

period with assuming themotor parameters invariant between 256

adjacent sampling periods. 257

Since ud(k) and uq(k) are optimal voltage vectors deter- 258

mined at last sampling period, the current prediction errors at 259

the (k + 1)th instant can be figured out by (6) and (7). Then 260

the currents after compensation at the (k + 1)th instant are 261

expressed as 262

imd (k + 1) =
(
1−

R∧Ts
L∧d

)
id (k)+ ωeTs

L∧q
L∧d

iq (k) 263

+
Ts
L∧d

ud (k)− (Cd +Mdud (k)) (24) 264

imq (k + 1) =

(
1−

R∧Ts
L∧q

)
iq (k)− ωeTs

L∧d
L∧q

id (k) 265

−ωeTs
ψ∧f

L∧q
+

Ts
L∧q

uq (k) 266

−
(
Cq +Mquq (k)

)
(25) 267

where ‘m’ represents the modified value after compensation. 268

The modified currents are used for the second prediction 269

while the parameter mismatch errors are compensated in the 270

same way. The modified equations in the second prediction 271

are expressed as 272

imd (k + 2) =
(
1−

R∧Ts
L∧d

)
imd (k + 1)+ ωeTs

L∧q
L∧d

imq (k + 1) 273

+
Ts
L∧d

ud (k + 1)− (Cd +Mdud (k + 1)) (26) 274

imq (k + 2) =

(
1−

R∧Ts
L∧q

)
ipq (k + 1)− ωeTs

L∧d
L∧q

ipd (k + 1) 275
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−ωeTs
ψ∧f

L∧q
+

Ts
L∧q

uq (k + 1)276

−
(
Cq +Mquq (k + 1)

)
(27)277

In the end, the modified cost function is given by278

gm =
(
i∗d − i

m
d (k + 2)

)2
+

(
i∗q − i

m
q (k + 2)

)2
(28)279

The flowchart of the proposed robustness improvement280

method is shown in Figure 3.281

FIGURE 3. Flowchart of the proposed robustness improvement method.

Firstly, the corresponding ud(k-1) and uq(k-1) for the282

selected optimal voltage vector, id(k-1), iq(k-1) are stored283

to calculate the parameters for compensation. The three-284

phase currents and the position of the rotor are sampled,285

and then id(k) and iq(k-1) can be obtained with the Park286

transformation. The parameters for compensation of the mis-287

match, i.e., Cd, Cq, Md, and Mq, are calculated by (20)-(23).288

Then, the currents after compensation at the (k + 1)th289

instant, i.e., imd (k + 1), imq (k + 1), are calculated according290

to (24) and (25). The modified currents imd (k + 2), imq (k + 2)291

calculated by (26) and (27) are used for the second prediction292

to compensate the time delay. At last, the modified cost293

function defined in (28) is evaluated for each voltage vector,294

and the voltage vector with minimal gm is selected.295

IV. SIMULATION AND ANALYSIS296

In order to analyze the effects of the model parameter mis-297

matches on the control performance of FCS-MPCC and ver-298

ify the effectiveness of the proposed robustness improvement299

method, simulation is conducted with Matlab software and300

the parameters of the IPMSM are given in Table 1. The301

id = 0 control method is adopted in the simulation. The sam-302

ple period Ts is set to 60µs and the dc bus voltage is set303

to 540V.304

TABLE 1. Parameters of the IPMSM.

A. CONTROL PERFORMANCE ANALYSIS FOR FCS-MPCC 305

WITH MODEL PARAMETER MISMATCH 306

The simulation results with the stator resistance mismatch are 307

shown in Figure 4 and 5, where the reference speed and load 308

torque are 750r/min and 40 N.m, respectively. 309

FIGURE 4. Analysis results with the stator resistance mismatch.
(a) Curves of id (b) Curves of iq (c) Root mean square values of the error
between id, iq and their references (ed_RMS, eq_RMS) (d) Curves of
three-phase currents.

In Figure 4, R∧ is equal to R in the interval of 1-2s and 310

the mismatch happens in the interval of 2-3s where R∧ is 311

equal to 2R. According to the curves of id, iq, and the error 312

between id,iq and their references as shown Figure 4 (a)-(c), 313

the stator resistance mismatch has few effects on the control 314

performance of id, iq. The total harmonic distortion (THD) of 315

the phase currents as shown in Figure 4 (d) only increases 316

about 0.02%. In addition, the curves of ed_RMS, eq_RMS, 317

and THD of phase current with different ratios of the sta- 318

tor resistance mismatch are shown in Figure 5, and it is 319

shown that ed_RMS, eq_RMS, and THD of phase current only 320

change slightly with R∧/R. Accordingly, the effects of the 321

stator resistance mismatch on the steady performance of the 322

conventional FCS-MPCC are not obviously. 323

FIGURE 5. Curves of ed_RMS, eq_RMS, and THD of phase current with
different ratios of the stator resistance mismatch. (a) ed_RMS, eq_RMS
(b) THD of phase current.

The simulation results with the permanent magnet flux 324

linkage mismatch are shown in Figure 6 and 7, where the 325

reference speed and load torque are the same as Figure 3. 326

In Figure 6, ψ^
f is equal to ψf in the interval of 1-2s and the 327

mismatch happens in the interval of 2-3s where ψ^
f is equal 328
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to 2ψf. According to the curves of id, iq, and the error between329

id,iq and their references as shown Figure 6 (a)-(c), the per-330

manentmagnet flux linkagemismatch can cause steady errors331

between iq and its reference. The total harmonic distor-332

tion (THD) of the phase currents as shown in Figure 6 (d)333

increases about 0.24%.334

FIGURE 6. Analysis results with the permanent magnet flux linkage
mismatch. (a) Curves of id (b) Curves of iq (c) Root mean square values of
the error between id, iq and their references (ed_RMS, eq_RMS) (d) Curves
of three-phase currents.

FIGURE 7. Curves of ed_RMS, eq_RMS, and THD of phase current with
different ratios of the permanent magnet flux linkage mismatch.
(a) ed_RMS, eq_RMS (b) THD of phase current.

In addition, the curves of ed_RMS, eq_RMS, and THD of335

phase current with different ratios of permanent magnet flux336

linkage mismatch are shown in Figure 7, and it is shown337

that eq_RMS, and THD of phase current increase with ψ^
f /ψf338

deviation from 1.339

The simulation results with Ld mismatch are shown in340

Figure 8, where the reference speed and load torque are341

the same as Figure 4. In Figure 8, L^d is equal to Ld in the342

interval of 1-2s and the mismatch happens in the interval343

of 2-3s where L^d is equal to 0.5Ld. According to the curves344

of id, iq, and the error between id,iq and their references as345

shown Figure 8 (a)-(c), the Ld mismatch can increase the346

tracking errors between id, iq and their references. The total347

harmonic distortion (THD) of the phase currents as shown in348

Figure 8 (d) increases from 9.37% to 13.12%.349

The simulation results with Lq mismatch are shown in350

Figure 9, where the reference speed and load torque are351

the same as Figure 4. In Figure 9, L^q is equal to Lq in the352

FIGURE 8. Analysis results with Ld mismatch. (a) Curves of id (b) Curves
of iq (c) Root mean square values of the error between id, iq and their
references (ed_RMS, eq_RMS) (d) Curves of three-phase currents.

FIGURE 9. Analysis results with Lq mismatch. (a) Curves of id (b) Curves
of iq (c) Root mean square values of the error between id, iq and their
references (ed_RMS, eq_RMS) (d) Curves of three-phase currents.

interval of 1-2s and the mismatch happens in the interval of 353

2-3s where L^q is equal to 1.8Lq. According to the curves 354

of id, iq, and the error between id,iq and their references as 355

shown Figure 9 (a)-(c), the Lq mismatch can increase the 356

tracking errors between id, iq and their references. The total 357

harmonic distortion (THD) of the phase currents as shown in 358

Figure 9 (d) increases from 9.37% to 11.69%. 359

Due to the difference between Ld and Lq of IPMSM and 360

the coupling between the model in d and q-axis, the induc- 361

tance mismatch is much more complex. Figure 10 shows 362

the root mean square values of the error between id, iq and 363

their references (ed_RMS, eq_RMS) with different inductance 364

mismatches. In the case where Ld and Lq change in a small 365

range (no more than ± 10%), the current errors change very 366

little, indicating that the conventional FCS-MPCC can resist 367

a small range of inductance mismatch. However, both ed_RMS 368

and eq_RMS increase obviously with the mismatch increasing. 369

It can be seen that the inductance mismatch has a greater 370
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impact on the performance of current tracking than the stator371

resistance and permanent magnet flux linkage mismatches.372

FIGURE 10. Curves of ed_RMS and eq_RMS under different inductance
mismatch. (a) ed_RMS (b) eq_RMS.

B. EFFECTIVENESS ANALYSIS OF THE PROPOSED373

ROBUSTNESS IMPROVEMENT METHOD374

To verify the effectiveness of the proposed robustness375

improvement method, simulation results are given in376

Figure 11-Figure 15, where the speed reference and load377

torque are set as 750r/min and 40 N.m respectively. The378

simulation time is set as 0.8s. The conventional FCS-MPCC379

is applied before 0.4s, and the proposed robustness improve-380

ment method is applied at 0.4s. Multiple parameter mis-381

matches are set in the simulation, i.e., R∧ is equal to 2R, L^d is382

equal to 0.5Ld, L^q is equal to 1.2Lq, andψ
^
f is equal to 1.25ψf.383

FIGURE 11. Simulation results of the speed.

Simulation results of the speed are shown in Figure 11.384

According to the enlargement in Figure 11, the biggest value385

of the speed fluctuation exceeds 10r/min for the conven- 386

tional FCS-MPCC with multiple parameter mismatches, and 387

it has been reduced to 2.8r/min with the proposed robustness 388

improvement method. 389

FIGURE 12. Simulation results of the electromagnetic torque.

Simulation results of the electromagnetic torque are shown 390

in Figure 12. The biggest value of the torque fluctuation is 391

about 37.75 N.m for the conventional FCS-MPCC with mul- 392

tiple parameter mismatches, and it has been reduced by about 393

56.3% with the proposed robustness improvement method. 394

FIGURE 13. Simulation results of id.

Simulation results of id and iq are shown in Figure 13 and 395

Figure 14, respectively. By comparing the curves before and 396

after 0.4s, it can be found that the fluctuations of id and iq are 397

large for the conventional FCS-MPCC with multiple parame- 398

ter mismatches, and they have been successfully reduced with 399

the proposed robustness improvement method. . . 400

Simulation results of the phase current (ia) are shown 401

in Figure 15. The THD of ia is 18.57% for the conven- 402

tional FCS-MPCC with multiple parameter mismatches and 403

it has been reduced to 11.37% with the proposed robustness 404

improvement method. 405

The THD values of ia with various sample period 406

(Ts) are shown in Figure 16 where the load torque in 407

Figure 16 (a) and (b) is 40 and 80 N.m. The results in 408

Figure 16 indicate that the THD values decrease with the 409

decrease of Ts. Compared with the conventional FCS-MPCC, 410
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FIGURE 14. Simulation results of iq.

FIGURE 15. Simulation results of ia.

the current harmonic has been decreased with the proposed411

FCS-MPCC.412

FIGURE 16. THD values of ia with various sample period. (a) The load
torque is 40 N.m. (b) The load torque is 80 N.m.

To analyze the dynamic characteristic of the FCS-MPCC413

with the proposed robustness improvement method, simu-414

lation results with load torque sudden change from 40N.m415

to 80N.m at 1.0s are shown in Figure 17. The curves of416

the speed, id, and iq are shown in Figure 17 (a), (b), and (c),417

respectively. As shown in the enlargement of the speed in418

Figure 17 (a), the speed can reach its reference in 8ms419

with the load torque sudden change from 40N.m to 80N.m.420

The currents can also track their references according to the421

enlargements of the curves of id and iq.422

Accordingly, the above simulation results indicate the423

FCS-MPCC with the proposed robustness improvement424

method can realize satisfied steady-state and dynamic perfor-425

mances with model parameter mismatches.426

FIGURE 17. Simulation results with load torque sudden change. (a) Speed
(b) id (c) iq.

C. COMPARATIVE ANALYSIS 427

Comparative analysis is given in this part to illustrate the 428

advantages of the proposed method. Comparative results of 429

iq, id, ia, and the root-mean-square values of the electromag- 430

netic torque ripples are given in Figure 18-21, where the 431

results of the conventional FCS-MPCC without parameter 432

mismatches, the conventional FCS-MPCC with parameter 433

mismatches, the robust FCS-MPCC proposed in [19] and the 434

proposed FCS-MPCC are shown in Figure 18-21 (a), (b), (c), 435

and (d), respectively. Two cases of parameter mismatches are 436

simulated, i.e., in the process of ¬ as shown in Figure 18-21, 437

R∧ is equal to 2R, L^d is equal to 0.5Ld, L^q is equal to 1.2Lq, 438

and ψ^
f is equal to 1.25ψf, while, in the process of , R∧ is 439

equal to 0.5R, L^d is equal to 2Ld, L
^
q is equal to 0.5Lq, and ψ

^
f 440

is equal to 0.4ψf. In Figure 18-21, the speed reference and 441

load torque are set as 750r/min and 80 N.m respectively. 442

By observing Figure 18, the fluctuation of iq for the con- 443

ventional FCS-MPCC in the parameter mismatches process 444

of ¬ increases obviously compared with the conventional 445

FCS-MPCC without parameter mismatches. In addition, 446

there is a steady-state error of iq in the parameter mismatches 447

process of  for the conventional FCS-MPCC. As shown in 448

Figure 18 (c), the steady-state error of iq in the parameter 449

mismatches process of  can be mitigated with the robust 450

FCS-MPCC proposed in [19] where a newly designed cost 451
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FIGURE 18. Comparative results of iq. (a) The conventional FCS-MPCC
without parameter mismatches (b) The conventional FCS-MPCC with
parameter mismatches (c) The FCS-MPCC proposed in [19] (d) The
proposed FCS-MPCC.

function in proportional-integral form is adopted. However,452

the fluctuation of iq as shown in Figure 18 (c) is still high.453

With the proposed FCS-MPCC, both the steady-state error454

and the fluctuation have been decreased. The curves shown455

in Figure 18 (d) for the proposed FCS-MPCC are almost456

the same as Figure 18 (a) for the conventional FCS-MPCC457

without parameter mismatches.458

By observing Figure 19, the fluctuation of id for the con-459

ventional FCS-MPCC in the parameter mismatches process460

of ¬ increases obviously compared with the conventional461

FCS-MPCC without parameter mismatches.462

FIGURE 19. Comparative results of id. (a) The conventional FCS-MPCC
without parameter mismatches (b) The conventional FCS-MPCC with
parameter mismatches (c) The FCS-MPCC proposed in [19] (d) The
proposed FCS-MPCC.

In addition, there is a steady-state error of id in the param-463

eter mismatches process of  for the conventional FCS-464

MPCC. As shown in Figure 19 (c), the steady-state error of id465

in the parameter mismatches process of  can be mitigated466

with the robust FCS-MPCC proposed in [19]. However, the467

fluctuation of id as shown in Figure 19 (c) is still high. With 468

the proposed FCS-MPCC, both the steady-state error and 469

the fluctuation of id have been decreased. The curves shown 470

in Figure 19 (d) for the proposed FCS-MPCC are almost 471

the same as Figure 19 (a) for the conventional FCS-MPCC 472

without parameter mismatches. 473

As shown in Figure 20 (a), the THD value of ia for the 474

conventionalMPCCwithout parameter mismatches is 4.87%, 475

and it increases to 8.54% and 8.94% in the parameter mis- 476

matches process of ¬ and , respectively. The harmonic 477

contents in the phase current increase substantially with the 478

conventional MPCC in the process of parameter mismatches. 479

As shown in Figure 20 (c), the THD values of ia for the 480

robust MPCC proposed in [19] are 7.95% and 8.86% in 481

the parameter mismatches process of ¬ and , respectively. 482

The THD values in the phase current decrease to 4.93% and 483

4.97% with the proposed method, which are similar as the 484

conventional MPCC without parameter mismatches. 485

FIGURE 20. Comparative results of ia. (a) The conventional FCS-MPCC
without parameter mismatches (b) The conventional FCS-MPCC with
parameter mismatches (c) The FCS-MPCC proposed in [19] (d) The
proposed FCS-MPCC.

As shown in Figure 21, the fluctuation of Te for the 486

conventional FCS-MPCC in the parameter mismatches pro- 487

cess increases obviously compared with the conventional 488

FCS-MPCC without parameter mismatches. The root-mean- 489

square value of the electromagnetic torque ripples (T ^
e_RMS) 490

for the conventional FCS-MPCC without parameter mis- 491

matches is 2.51 N.m, and it increases to 5.52 and 3.01 N.m in 492

the parameter mismatches process of ¬ and , respectively. 493

The ripples in the electromagnetic torque increase substan- 494

tially with the conventional MPCC in the process of parame- 495

ter mismatches. As shown in Figure 21 (c), T ^
e_RMS has been 496

reduced slightly with the method in [19]. With the proposed 497

method, T ^
e_RMS has been reduced to 2.52 and 2.53N.m, 498

which are similar as the FCS-MPCC without parameter 499

mismatches. 500
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FIGURE 21. Comparative results of Te. (a) The conventional FCS-MPCC
without parameter mismatches (b) The conventional FCS-MPCC with
parameter mismatches (c) The FCS-MPCC proposed in [19] (d) The
proposed FCS-MPCC.

Comparative results of T ^
e_RMS with various load torque501

are shown in Figure 22. In the two cases of the parameter502

mismatches, both the torque ripples can be greatly reduced503

with the proposed method. For the parameter mismatches504

process of ¬ , the torque ripples of the proposed method,505

as shown in Figure 22(a) have been reduced by more than506

54.4% compared with the conventional FCS-MPCC. For the507

parameter mismatches process of , the torque ripples of508

the proposed method, as shown in Figure 22(b) have been509

reduced by more than 16.3% compared with the conven-510

tional FCS-MPCC. The newly designed cost function in511

proportional-integral form in [19] is helpful to decrease the512

steady-state error of id and iq. According to the comparative513

results shown in Figure 18-22, the proposed method can514

realize better performances than the FCS-MPCC proposed515

in [19] in the aspects of current harmonics and torque ripples.516

V. EXPERIMENTAL VERIFICATION517

The proposed MPCC is implemented on a PMSM drive518

platform of which the photos are shown in Figure 23.519

The experimental platform includes a TMSF28377D con-520

trol board, 2L-VSI, power supply, PC, the tested IPMSM521

(Motor 1) and an extra IPMSM to offer the load torque522

(Motor 2). Motor 2 is controlled by another inverter and it can523

work in both speed and torque control mode. The proposed524

FCS-MPCC is implemented on a 4 pole-pairs IPMSM drive525

platform based on a 2L-VSI of which the dc bus voltage526

is about 540V. The current probes are adopted to measure527

the phase current and the curves of id, iq, and the speed528

are measured with a digital-to-analog chip on the control529

board. The stator resistance (R0), d-axis inductance (Ld0),530

q-axis inductance (Lq0), permanent magnet flux linkage (ψf0)531

of the IPMSM which are obtained by off-line identification532

are 0.1�, 0.95mH, 2.05mH, and 0.225Wb, respectively. For533

the FCS-MPCC, the sampling period (Ts) is set as 60µs.534

The reference of iq is obtained by a proportional-integral-535

controller based speed control loop and the reference of id536

FIGURE 22. Comparative results of T ^
e_RMS with various load torque.

(a) R∧ is equal to 2R, L^
d is equal to 0.5Ld, L^

q is equal to 1.2Lq, and ψ^
f is

equal to 1.25ψf (b) R∧ is equal to 0.5R, L^
d is equal to 2Ld, L^

q is equal to
0.5Lq, and ψ^

f is equal to 0.4ψf.

is set as 0. In the experiment, the reference of the speed is set 537

as 750 r/min and the load torque is about 50N.m. 538

The experimental results for both the conventional and pro- 539

posed FCS-MPCC with parameter mismatches are given in 540

Figure 24-26, where the parameters adopted in the prediction 541

satisfy R^ = 3R0, L^d = 0.4Ld0, L^q = 4Lq0, and ψ^
f = 2ψf0. 542

Curves of id and iq of the conventional and proposed FCS- 543

MPCC are shown in Figure 24 and Figure 25, respectively. 544

It can be seen that both id and iq of the conventional 545

FCS-MPCC can not accurately track the reference current 546

under this case. The steady-state error of id and iq caused 547

by parameter mismatches for the conventional FCS-MPCC 548

is about 26.8A and 27.5A, respectively. Fortunately, with the 549
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proposed robustness improvement method, the steady-state550

error of id and iq have been reduced to 0.67A and 1.65A,551

respectively. It’s even worse that there are large distortions552

on the currents for the conventional method, i.e., the root553

mean square value of the tracking error of id and iq is554

about 31.38A and 32.76A, respectively. Fortunately, with the555

proposed robustness improvement method, the root mean556

square value of the tracking error of id and iq has been557

reduced to 9.28A and 5.65A, respectively. For the con-558

ventional FCS-MPCC with parameter mismatches, the poor559

current tracking will deteriorate system performances. Con-560

versely, the proposed FCS-MPCC achieves fairly good cur-561

rent tracking performances.562

FIGURE 23. Photos of the experimental platform. (a) 2L-VSI (b) The tested
and load motors (c) PC with CCS software.

The current of phase ‘a’ of the IPMSM (ia) is alsomeasured563

in the steady state, which is shown in Figure 26. In the conven-564

tional FCS-MPCC, the waveform is greatly distorted result-565

ing from parameter mismatches. The THD of ia as shown566

in Figure 26 (a) is 25.30% and there are a large amount of567

low-order harmonics. By the implementation of the proposed568

robustness improvement method, the current quality can be569

FIGURE 24. Curves of id of the conventional and proposed FCS-MPCC.

FIGURE 25. Curves of iq of the conventional and proposed FCS-MPCC.

FIGURE 26. Curves of ia of the conventional and proposed FCS-MPCC.

effectively promoted as shown in Figure 26(b) and the THD 570

has been reduced to 15.92%. 571

Accordingly, the above analysis indicates that the pro- 572

posed robustness improvement method is effective and it can 573

achieve satisfactory performance in the case where multiple 574

parameters of IPMSM are mismatched. Compared with the 575

conventional FCS-MPCC for IPMSM, the proposed method 576

increases some computational complexity. The implemen- 577

tation time of the proposed increases about 1.7 µs, which 578

is only 2.83% of the sampling period. Accordingly, the 579

increased computational complexity has little impact with the 580

adopted TMSF28377D control board. 581

The current transient response results with the proposed 582

method is shown in Figure 27. The speed keeps 750 r/min 583
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FIGURE 27. Current transient response results with the proposed
FCS-MPCC.

through the speed controller of the load motor and the ref-584

erence of iq for the tested IPMSM changes suddenly from585

30A to 60A. According to the enlargement in Figure 27,586

iq can track the step change within 0.65ms, which indicate587

the excellent dynamic performance of the proposed method.588

FIGURE 28. Comparative results of iq between the proposed method and
the method proposed in [19].

FIGURE 29. Comparative results of id between the proposed method and
the method proposed in [19].

Comparative analysis between the proposed method and589

the robust FCS-MPCC proposed in [19] is experimentally590

studied. Comparative results of iq and id are shown in591

Figure 28 and 29, respectively. By comparing Figure 25 with592

Figure 28, the steady-state error of iq can be mitigated with593

both the proposed method and the method in [19]. The root- 594

mean square values of the ripples of iq with the proposed 595

method and the method in [19] are 5.65 and 25.64A. By com- 596

paring Figure 24 with Figure 29, the steady-state error of 597

id can be mitigated with both the proposed method and the 598

method in [19]. The root-mean square values of the ripples 599

of id with the proposed method and the method in [19] are 600

9.28 and 19.32A. Accordingly, the proposed method can 601

realize better performances in the aspect of current tracking 602

compared with the previously studied method in [19]. 603

VI. CONCLUSION 604

In this paper, the prediction error caused by model parameter 605

mismatches in the two-step prediction considering the time- 606

delay compensation is analyzed and a robustness improve- 607

ment method is proposed to depress the model parameter 608

sensitivity. The conclusion is given as follows: 609

1) The prediction errors with parameter mismatches of the 610

stator resistance, magnetic flux linkage, inductances in both 611

d and q axes are studied. The mismatches of stator resistance 612

and magnetic flux linkage mainly cause the steady-state error 613

of the current tracking, while the mismatches of inductances 614

cause both the steady-state error and the increase of the 615

current ripples. 616

2) The parameter mismatch compensation method by cal- 617

culating the prediction errors which have been divided into 618

two kinds can mitigate the steady-state error of the current 619

tracking and reduce the current harmonics caused by param- 620

eter mismatches. 621

3) The simulation and experimental results indicate that 622

the proposed method can deal with multiple parameter 623

mismatches and the control performances of the proposed 624

method including the steady-state errors of current tracking, 625

current harmonics, and torque ripples can ensure almost the 626

same as the FCS-MPCC without parameter mismatches. The 627

torque ripples of the proposed method can be reduced by 628

more than 54.4% and 16.3% compared with the conventional 629

FCS-MPCC in the parameter mismatches process of ¬ and 630

, respectively. 631
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