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ABSTRACT A novel voltage control scheme for an interior permanent magnet synchronous motor (IPMSM)
servo drive in the constant power region with intelligent estimation of the motor parameter is proposed in
this study. In the novel voltage control scheme, a feedforward voltage angle controller is proposed where an
intelligent parameter estimation method by using a wavelet fuzzy neural network (WFNN) is developed to
estimate the q-axis inductance online. In this study, in order to minimize the copper loss, a flux-weakening
(FW) control scheme under maximum phase voltage is developed first. Then, an adaptive backstepping based
nonlinear controller (ABNC) considering nonzero d-axis current is developed to improve the robustness of
the speed control. The Lyapunov stability theorem is used to derive the adaptive law of the online estimation
of the lumped uncertainty to ensure the asymptotical stability of the ABNC.Moreover, a feedforward voltage
angle controller is developed for the voltage control where the q-axis current controller is retained in order
to ensure the steady-state performance of the control system. Furthermore, the WFNN is adopted to estimate
the actual q-axis inductance value online for the feedforward voltage angle controller to improve the dynamic
response. In addition, some experimental results are demonstrated to verify the effectiveness of the proposed
voltage control scheme with ABNC in the constant power region.
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INDEX TERMS Interior permanent magnet synchronous motor (IPMSM), adaptive backstepping based
nonlinear controller (ABNC), maximum torque per ampere (MTPA) control, flux-weakening (FW) control,
online parameter estimation, wavelet fuzzy neural network (WFNN).

I. INTRODUCTION18

There are many attractive characteristics of the interior per-19

manent magnet synchronous motors (IPMSMs) including20

wide speed operating range, superior power density, high21

efficiency, and high torque-to-inertia ratio. These features22

permit the IPMSMs to be operated not only in the constant23

torque region but also in the constant power region up to24

a high speed by using flux weakening. Thus, IPMSMs has25

been adopted in many industrial applications [1], [2], [3],26

[4]. Moreover, to improve the control performance and effi-27

ciency of the IPMSM servo drives, optimal control methods28

such as maximum torque per ampere (MTPA) control and29

The associate editor coordinating the review of this manuscript and

approving it for publication was Haibin Sun .

flux-weakening (FW) control have been proposed [1], [2], 30

[3], [4]. In order to utilize the advantages of the reluctance 31

torque term of the IPMSMs in the constant torque region, 32

the MTPA control has been developed to improve the torque 33

output. Furthermore, the FW control is an important issue in 34

the range of high speed with the back electromotive force 35

(EMF) increasing along with the rising speed, which will 36

reach the limit of dc-link voltage in the constant power region. 37

There are mainly two strategies to achieve the FW control 38

which are the current control methods [4], [5], [6], the voltage 39

control methods [7], [8], [9], [10], [11]. In [4], to limit the 40

inverter output voltage to the maximum phase voltage of the 41

inverter at high speed, a voltage control loop was designed for 42

the current control in the constant power region. A FWcontrol 43

was achieved by using current control with the flux level 44
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being adjusted automatically by the outer voltage regulation45

loop to prevent saturation of the current regulator in [5].46

In [6], an improved FW control algorithm of IPMSMs based47

on torque feedforward technique was proposed to generate48

large and stable torque in the FW region. Moreover, tradi-49

tional FW control using current control methods, which are50

developed from the vector control methods, usually adopt two51

proportional-integral (PI) regulators to control the d-axis and52

the q-axis current separately. However, the stability of the53

control system of traditional FW control may be affected by54

the undesired current saturation phenomenon. Though many55

anti-windup strategies for the permanentmagnet synchronous56

motors (PMSMs) were presented in the literature [6], the57

conflict between the two current regulators still lead to the58

slow dynamic response or even the instability of the control59

system in high speed [5]. On the other hand, the voltage60

control methods can make fully use of dc-link voltage and61

eliminate the conflict between the two current regulators [7],62

[8], [9], [10], [11]. In [7], a novel torque control based on63

voltage phase angle control was proposed to provide more64

accurate torque for the IPMSMs in the constant power region.65

A voltage angle based FW control scheme appropriate for the66

operation of surface PMSMs over a wide range of speed was67

proposed in [8]. A single current regulator which controls the68

d-axis current actively with a fixed q-axis voltage command69

was proposed in [9]. In [10], a single q-axis current regulator70

with variable voltage angle control method was proposed.71

In [11], a voltage control scheme was developed to control72

the torque with the voltage angle in the FW region when73

the inverter output voltage amplitude is saturated. Further-74

more, an online stator flux estimation method was proposed75

in [12], in which a real-time torque control was proposed76

to satisfy both torque control accuracy and high-efficiency77

operation in consideration of flux linkage variations in both78

the MTPA and FW regions. Both stator flux linkages and79

dynamic inductances are estimated online in [12] to consider80

the flux variations in real time.81

Although the control performance and dynamic response82

of the IPMSMs are excellent, the motor parameters are eas-83

ily varying at different operating conditions. Therefore, the84

development of parameters estimation of IPMSMs has been85

a popular research topic in the past two decades [13], [14],86

[15], [16], [17], [18]. In [13], an online parameter estimation87

method based on a discrete-time dynamic model for the88

IPMSMswas proposed. The proposedmethod consists of two89

affine projection algorithms and has adopted the difference90

in dynamics of motor parameters. Moreover, an estimation91

method of the spatial inductance map by spatially scanning92

the motor using the sinusoidal voltage injection was devel-93

oped in [14]. In [15], a real-time method to estimate the94

inductances of an IPMSM by using the measured dc-link95

voltage of the inverter and the derivatives of the stator currents96

at certain voltage vectors during each pulse width modula-97

tion cycle was proposed. Furthermore, an adaptive online98

parameter estimation method for the high-speed control of99

an IPMSM drive was developed in [16]. In [17], the Adaline100

NN algorithm was employed to design the estimators for the 101

rotor flux linkage and stator winding resistance. In addition, 102

an online parameter estimation methodology using d-axis 103

current injection, which can estimate the distortion voltage 104

of the current-controlled voltage source inverter (CCVSI), the 105

varying dq-axis inductances, and the rotor flux, was proposed 106

in [18]. However, most of the parameter estimation methods 107

mentioned above were only developed for the control of the 108

IPMSMs in the constant torque region. 109

The PI speed controller is largely adopted in many control 110

applications due to its simplicity. Nevertheless, the disad- 111

vantages of the PI controller, such as sensitive to parameter 112

variations and external disturbances, is well known. On the 113

other hand, the backstepping control, as a systematic and non- 114

linear recursive design method, has attracted much attention 115

for the nonlinear feedback control [19], [20], [21], [22], [23]. 116

Moreover, the backstepping control is based on Lyapunov 117

stability theory. Its control law is derived by constructing 118

the Lyapunov function, and the global asymptotic stability is 119

ensured. However, the sign function in the backstepping con- 120

trol may cause undesired chattering phenomena. Therefore, 121

to reduce the chattering phenomena and improve the con- 122

trol performance, some control methods such as adaptive 123

control [19], [20], intelligent control [21], and sliding mode 124

control [22], [23], have been proposed to merge with the 125

backstepping control. Therefore, one of the objectives of this 126

study is to replace the conventional PI speed controller by an 127

adaptive backstepping based nonlinear controller (ABNC). 128

To improve the control performance of an IPMSM servo 129

drive in the constant power region, a novel voltage con- 130

trol scheme with a feedforward voltage angle controller is 131

developed in this study. Moreover, an intelligent parame- 132

ter estimation method by using a wavelet fuzzy neural net- 133

work (WFNN) [24], [25], [26] is proposed to estimate the 134

q-axis inductance online for the feedforward voltage angle 135

controller. This study is organized into six sections. The 136

dynamic analysis of a field-oriented control (FOC) IPMSM 137

servo drive with traditional FW control is studied in Sec. II. 138

Then, an ABNC speed controller considering nonzero d-axis 139

current with adaptive online estimation of the lumped uncer- 140

tainty is discussed in Sec. III. Furthermore, the proposed 141

voltage control by using a feedforward voltage angle control 142

with the q-axis current controller is introduced in Sec. IV. 143

In addition, the experimentation based on a TMS320F28075 144

32-bit floating-point digital signal processor (DSP) with 145

some experimental results to verify the effectiveness of the 146

proposed voltage control scheme is presented in Sec. V. 147

Finally, some conclusions are addressed in Sec. VI. 148

The main contributions of this study are listed as follows: 149

(1) An ABNC speed controller considering nonzero d-axis 150

current is proposed to improve the robustness of the speed 151

control. (2) A feedforward voltage angle controller, in which 152

an intelligent parameter estimation method using WFNN is 153

adopted to estimate the q-axis inductance online, is devel- 154

oped. (3) The current control and voltage control modes with 155

ABNC speed controller to achieve the current and voltage 156
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control of an IPMSM servo drive at different speeds and load157

torque conditions are successfully implemented.158

II. TRADITION FW CONTROL OF IPMSM159

The voltage model at steady state of an IPMSM in the dq160

reference frame can be expressed as follows:161

vd = rsid − ωeLqiq (1)162

vq = rsiq + ωe(Ld id + λm) (2)163

where vd and vq are the d-axis and q-axis voltages; id and iq164

are the d-axis and q-axis currents; rs is the stator resistance;165

Ld and Lq are the d-axis and q-axis inductances; λm is the166

permanent-magnet (PM) flux of the rotor; ωe is the electrical167

speed. Moreover, voltage-fed inverters are widely used in the168

IPMSM servo drive system. The maximal phase voltage limit169

Vs_max of the inverter is defined by the dc-link voltage vdc,170

which equals to vdc
/√

3, for the space vector pulse width171

modulation (SVPWM). Furthermore, the current limit is_max172

is defined by the machine rated current irated . The following173

two constraints must be fulfilled for the control of an IPMSM:174

v2d + v
2
q = v2s ≤ v

2
s_max (3)175

i2d + i
2
q = i2s ≤ i

2
s_max = (

√
2 irated )2 (4)176

For the speeds above the rated speed, where the stator resis-177

tance can be neglected, (1) and (2) can be simplified as178

follows:179

vd = −ωeLqiq (5)180

vq = ωeLd id + ωeλm (6)181

Combining (3), (5) and (6), the voltage limit ellipse of an182

IPMSM can be obtained as follows:183

(id +
λm
Ld
)2

(Vs_max
ωeLd

)2
+

i2q

(Vs_max
ωeLq

)2
= 1 (7)184

According to (4) and (7), the operation limit of IPMSM185

with the current limit circle and voltage limit ellipses in186

dq-axis current plane with four different electrical speeds187

and electromagnetic torques are shown in Fig. 1 where Te is188

the electromagnetic torque. In addition, the MTPA curve is189

obtained by using (26) and will be discussed in Sec. IV. In the190

constant torque region, the operating points are located on the191

MTPA curve for minimizing the copper loss. Additionally,192

the overlapping between the current limit circle and voltage193

limit ellipse defines the FW operating region. The operating194

region becomes smaller along with the shrinking of the volt-195

age limit ellipse when the electrical speed increases [6], [11].196

Fig. 2 is the block diagram of an FOC IPMSM servo drive197

by using the SVPWM CCVSI with the conventional MTPA198

and FW control. In Fig. 2, first, the actual rotor position θrm of199

the motor is determined by the encoder, and the mechanical200

speed ωrm is obtained by differentiating θrm. The electrical201

angle θre can be obtained by multiplying θrm with the pole202

pairs P/2. Next, the mechanical speed ωrm is subtracted from203

FIGURE 1. Operation limits of IPMSM.

FIGURE 2. Block diagram of IPMSM servo drive with conventional MTPA
and FW control.

the mechanical speed command ω∗rm to obtain the mechanical 204

speed errore1. Then, e1 is inputted into PI speed controller to 205

get the q-axis current commandi∗q. Moreover, i∗q is substituted 206

into the MTPA formula to derive the d-axis current command 207

i∗d,MTPA for the MTPA control. While the FW control is 208

proceeded, the motor speed will be increased above the rated 209

speed. The input of the MTPA block shown in Fig. 2 will be 210

switched to FW and the i∗d,MTPA will be kept constant during 211

the FW control. Furthermore, to make sure that the stator 212

voltage command v∗s will not exceed the phase voltage limit 213

Vs_max of the inverter, Vs_max − v∗s is inputted into a PI con- 214

troller to generate the variation of d-axis current command 215

1i∗d which is a negative value. Only when the inverter output 216

voltage v∗s exceeds the maximum phase voltage Vs_max of 217

the inverter, the input of the PI controller will be nonzero. 218

As shown in Fig. 2, the three-phase currents ia, ib and ic of the 219

CCVSI are transformed to the corresponding q-axis current iq 220

and d-axis current id by using the coordinate transformation. 221

In addition, iq and id are subtracted respectively from i∗q and 222

i∗d , and then the dq-axis voltage commands v∗d and v∗q are 223

obtained through the PI controllers of the current loop with 224

the decouple control shown in Fig. 2. After v∗d and v∗q are 225

obtained, v∗α and v
∗
β are derived by using coordinate transfor- 226

mation. Additionally, the switching signals of the insulated- 227

gate bipolar transistors (IGBTs) of the CCVSI are generated 228
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FIGURE 3. Block diagram of proposed voltage control IPMSM servo drive with ABNC.

through SVPWM. Finally, the switching signals are sent to229

the IGBTs to achieve the conventional MTPA and FW con-230

trol. However, when the IPMSMservo drive is operated above231

the rated speed, the undesired current saturation phenomenon232

caused by the integrator windup problem of the PI current233

controllers is the main disadvantage of the conventional FW234

control system.235

III. ADAPTIVE BACKSTEPPING BASED NONLINEAR236

CONTROLLER237

Fig. 3 is the block diagram of the proposed voltage control238

IPMSM servo drive where the ABNC is adopted as the speed239

controller. In Fig. 3, first, e1 is inputted into the ABNC to240

get the q-axis current command, and i∗q is substituted into the241

MTPA formula to derive the d-axis current command i∗d,MTPA242

for theMTPA control in the constant torque region. While the243

FW control is proceeded, the motor speed will be increased244

above the rated speed. As the stator voltage command reaches245

the maximum phase voltage Vs_max , the mode selector shown246

in Fig. 3 will be switched to the voltage control mode for the247

constant power region. Moreover, the WFNN is adopted to248

estimate the correct q-axis inductance value L̂q online. The249

L̂q is used to obtain the feedforward voltage angle command 250

θ∗vf as shown in the block of voltage control mode of Fig. 3. 251

Furthermore, the q-axis current error eq is inputted into PI 252

controller to generate the compensating value of voltage 253

angle1θ∗v . Owing to the voltagemagnitude is fixed in voltage 254

control mode, the dq-axis voltage commands can be obtained 255

from the voltage angle command θ∗v . 256

The mechanical dynamic equation of the IPMSM servo 257

drive system can be represented as follows: 258

Te = J ω̇rm + Bωrm + TL (8) 259

where J is the inertia coefficient;B is the damping coefficient; 260

TL is the load torque. By neglecting the load torque, (8) can 261

be modified as 262

ω̇rm = −
B
J
ωrm +

Te
J

(9) 263

The developed electromagnetic torque Te can be represented 264

by the following equation: 265

Te =
3
2
P
2
[λmiq + (Ld − Lq)id iq] (10) 266
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The IPMSM servo drive system can be formulated by rewrit-267

ing (9) and (10) as follows:268

ω̇rm = −
B̄

J̄
ωrm +

3Pλ̄m
4J̄

i∗q +
3P(L̄d − L̄q)

4J̄
id i∗q269

= Amωrm + Bmi∗q + Cmid i
∗
q (11)270

where Am = − B̄
J̄
; Bm =

3Pλ̄m
4J̄

; Cm =
3P(L̄d−L̄q)

4J̄
; B̄, J̄ , λ̄m,271

L̄d and L̄q are the nominal values of damping coefficient,272

moment of inertia, PM flux, d-axis inductance and q-axis273

inductance, respectively. By considering the uncertainties274

including the existence of parameter variations and external275

disturbances of the IPMSM servo drive system, (11) can be276

rewritten as277

ω̇rm = (Am +1Am)ωrm + (Bm +1Bm)i∗q278

+ (Cm +1Cm)id i∗q + (Dm +1Dm)TL279

= Amωrm + Bmi∗q + Cmid i
∗
q + Em (12)280

where Dm = − 1
J̄
; 1Am, 1Bm, 1Cm and 1Dm are the time-281

varying parameter variations. Then, Em is named the lumped282

uncertainty and defined as follows:283

Em = 1Amωrm +1Bmi∗q +1Cmid i
∗
q + (Dm +1Dm)TL284

(13)285

And Em is assumed to be bounded286

|Em| ≤ ρ (14)287

where ρ is a given positive constant.288

Define the speed tracking error and its derivative term as289

follows:290

e1 = ω∗rm − ωrm (15)291

ė1 = ω̇∗rm − ω̇rm (16)292

where ω̇rm can be viewed as a virtual control input. Then,293

define the following stabilizing function as:294

λ1 = −c1e1 − ω̇∗rm (17)295

where λ1 is a positive constant. Moreover, a virtual control296

error is defined as:297

e2 = ω̇rm + λ1 = ω̇rm − c1e1 − ω̇∗rm (18)298

Furthermore, a Lyapunov function is chosen as follows:299

V =
1
2
e21 +

1
2δ
|Ẽm|2 > 0 (19)300

whereV is a positive definite function; Ẽm = Em−Êm and Êm301

is the estimated value of Em; δ is a positive constant. Taking302

the time derivative of the Lyapunov function and using (12)303

and (18), one can obtain:304

V̇ = e1ė1 +
1
δ
Ẽ ˙̃E = e1(ω̇∗rm − ω̇rm)−

1
δ
Ẽm
˙̂Em305

= e1(−c1e1 − e2)−
1
δ
Ẽm
˙̂Em306

= −c1e21 − (ω∗rm − ωrm)e2 −
1
δ
Ẽm
˙̂Em 307

= −c1e21 − [ω∗rm − (
1
Am

)(ω̇rm − Bmi∗q − Cmid i
∗
q − Em)] 308

× e2 −
1
δ
Ẽm
˙̂Em 309

= −c1e21 − [ω∗rm −
ω̇rm

Am
+ (

1
Am

)(Bm + Cmid )i∗q] 310

× e2 −
e2
Am

(Ẽm + Êm)−
1
δ
Ẽm
˙̂Em 311

= −c1e21−[ω
∗
rm−

ω̇rm

Am
+ (

1
Am

)(Bm + Cmid )i∗q +
1
Am

Êm] 312

× e2 −
e2
Am

Ẽm −
1
δ
Ẽm
˙̂Em 313

= −c1e21 − [ω∗rm −
ω̇rm

Am
+ (

1
Am

)(Bm + Cmid )i∗q 314

+
1
Am

Êm]e2 −
Ẽm
δ
(
δe2
Am
+
˙̂Em) (20) 315

Therefore, according to (20), the ABNC control law UABNC 316

and adaptive law ˙̂Em are designed as follows: 317

UABNC = i∗q =
1

Bm + Cmid
(ω̇rm − Amω∗rm − Êm + Amc2e2) 318

(21) 319

˙̂Em = −
δ

Am
e2 (22) 320

Substituting (21) and (22) into (20), the following equation 321

can be obtained: 322

V̇ = −c1e21 − c2e
2
2 ≤ 0 (23) 323

Since V̇ (t) ≤ 0 is negative semidefinite and V (t) > 0, 324

it implies that e1, e2, and Ẽm are nonincreasing and bounded. 325

According to Lyapunov Theorem and Barbalat’s Lemma, 326

e1and e2 will converge to zero as t →∞. Thus, considering 327

the dynamic equation of the IPMSM servo drive system 328

represented by (12), if the ABNC control law and adaptive 329

law are designed as (21) and (22), the asymptotically stable 330

of the IPMSM servo drive system using the ABNC speed 331

controller can be guaranteed. 332

IV. NOVEL VOLTAGE CONTROL SCHEME OF IPMSM 333

To achieve wide speed range operation, two control modes 334

are proposed for the IPMSM servo drive and the switch 335

signal is obtained by using the mode selector as shown in 336

Fig. 3. In the current control mode, the switching signal of 337

the mode selector turns to the voltage control mode when 338

the stator voltage command reaches the maximum phase 339

voltage (Vs_max ≈ 179V) of the CCVSI. On the other hand, 340

in the voltage control mode, the switching signal of the mode 341

selector turns to the current control mode when the d-axis 342

current id is larger than d-axis current command of MTPA 343

i∗d,MTPA. The above description can be summarized as: 344

v∗s ≥ Vs_max : 345

Current Control Mode→ Voltage Control mode 346

(24) 347
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FIGURE 4. dq-axis voltage coordinate of IPMSM.

id > i∗d,MTPA :348

Voltage Control Mode→ Current Control Mode349

(25)350

A. CURRENT CONTROL MODE351

In the current control mode, in order to maximize the motor352

efficiency, the MTPA method is used to minimize the copper353

loss. According to MTPA formula, the d-axis current com-354

mand i∗d,MTPA can be obtained as follows [4]:355

i∗d,MTPA =
−λm +

√
λ2m + 4(Ld − Lq)2i∗2q

2(Ld − Lq)
(26)356

B. VOLTAGE CONTROL MODE357

When the IPMSM servo drive is operated above the rated358

speed and the stator voltage command reaches the maximum359

phase voltage, the voltage control mode is adopted. Since the360

inductances of the IPMSM vary nonlinearly with different361

operating conditions, a novel voltage control scheme is pro-362

posed in Fig. 3. In the voltage control mode, the magnitude of363

stator voltage command is fixed, that is v∗s = Vs_max , which is364

179V. According to the dq-axis voltage coordinate of IPMSM365

shown in Fig. 4, the d-axis and q-axis voltage commands can366

be expressed as:367

v∗d = −v
∗
s sin θ

∗
v (27)368

v∗q = v∗s cos θ
∗
v (28)369

(v∗d )
2
+ (v∗q)

2
= (Vs_max)2 (29)370

Based on formula (21), (22) and (27), the feedforward voltage371

angle command is designed as:372

θ∗vf = sin−1(
ω∗e L̂qi

∗
q

v∗s
) (30)373

where ω∗e is the command of the electrical speed and can374

be obtained by multiplying ω∗rm with the pole pairs P/2.375

Considering the steady state stability of the proposed control376

system, the q-axis current regulator is still retained. Besides,377

q-axis current error can be represented as:378

eq = i∗q − iq (31)379

A PI controller is adopted to generate the compensating value 380

of voltage angle 1θ∗v by using eq. Then, the voltage angle 381

command can be expressed as: 382

θ∗v = θ
∗
vf +1θ

∗
v (32) 383

However, since the q-axis inductance value L̂q shown in (30) 384

varies significantly in FW region, a WFNN [24], [25], [26] is 385

adopted to estimate the q-axis inductance value L̂q online as 386

shown in Fig. 3 to improve the dynamic response of voltage 387

control. 388

C. ESTIMATION OF DISTORTION VOLTAGE 389

Owing to the nonlinearity and time delay of the CCVSI, 390

the distortion voltage errors between the dq-axis voltages 391

command and the real dq-axis voltages of the IPMSM servo 392

drive are inevitable. Thus, considering the distortion voltage 393

errors, the dq-axis voltages command can be expressed as 394

follows in the FW operating region: 395

v∗d = −ωeLqiq + DdVdead (33) 396

v∗q = ωeLd id + ωeλm + DqVdead (34) 397

where Vdead is the distortion voltage and Dd , Dq are the 398

distorted coefficients [18]. To estimate the distortion voltage 399

Vdead , the instantaneous measurement of the electrical speed, 400

dq-axis voltages and currents are required. However, when 401

the motor is operated at high speed, these signals will be con- 402

taminated by various noises. Therefore, the smoothing values 403

of the measured signals are adopted to improve the estimation 404

accuracy. Eq. (33), (34) can be rewritten as follows: 405

v̄∗d = −ω̄eLq īq + D̄dVdead (35) 406

v̄∗q = ω̄eLd īd + ω̄eλm + D̄qVdead (36) 407

where the smoothing values of dq-axis voltage commands 408

v̄∗dq, dq-axis current īdq and electrical speed ω̄e are averaged 409

every ten times. Moreover, the smoothing values of distorted 410

coefficients D̄d , D̄q are defined as follows [18]: 411

D̄d =
1
N

N∑
k=1

2 sin[θrmk − int{
3(θrmk + γ + π

6 )

π
} ×

π

3
] 412

(37) 413

D̄q =
1
N

N∑
k=1

2 cos[θrmk − int{
3(θrmk + γ + π

6 )

π
} ×

π

3
] 414

(38) 415

where N = 360 for 360 degrees; γ is the current angle; 416

θrmk is the kth rotor angle. Besides, D̄d and D̄q are only 417

functions of the current angle and are independent of rotor 418

position. Since the calculation of the smooth values needs to 419

substitute and accumulate the rotor angle 360 times according 420

to different current angles, it will take a large amount of 421

calculation and is impossible to obtain the smooth values of 422

the distortion coefficients in one interrupt sampling time. For 423
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FIGURE 5. Block diagram of q-axis inductance estimation.

the convenience of calculation in real time, the curve fitting424

is adopted to equate the distorted coefficients as follows:425

D̄d ≈ 1.91 sin(γ + 3.132) (39)426

D̄q ≈ 1.91 sin(γ + 1.561) (40)427

Furthermore, the following equation can be obtained by mul-428

tiplying (35) by id and multiplying (36) by iq and adding429

together:430

V̄ ∗d īd + V̄
∗
q īq = ω̄e[(Ld − Lq)īq īd + λm īq]431

+ V̂dead (D̄d īd + D̄q īq) (41)432

In addition, substituting [(Ld − Lq)īq īd + λm īq] = Te× 4
3P =433

Te
6 to (41) with P = 8 results in the following equation:434

V̄ ∗d īd + V̄
∗
q īq = ω̄e

Te
6
+ V̂dead (D̄d īd + D̄q īq) (42)435

Thus, the distortion voltageVdead can be estimated as follows:436

V̂dead =
V̄ ∗d īd + V̄

∗
q īq − ω̄e

Te
6

(D̄d īd + D̄q īq)
(43)437

where V̂dead is the estimated value of Vdead .438

D. ONLINE ESTIMATION OF Q-AXIS INDUCTANCE439

The block diagram using the intelligent parameter estimation440

method to estimate the q-axis inductance L̂q is shown in441

Fig. 5. There are two mostly adopted neuron networks, the442

fuzzy neural network (FNN) and the wavelet neural net-443

work (WNN), in the intelligent control systems. The FNN444

possesses the characteristic of fuzzy reasoning in handling445

uncertain information and the characteristic of artificial neu-446

ral networks in learning from processes. Moreover, the WNN447

with reduced network size has the ability of converging448

quickly with high precision owing to the time–frequency449

localization properties of wavelets. Since the WFNN com-450

bines the aforementioned advantages of the FNN and WNN451

[24], [25], [26], the q-axis inductance is estimated by the452

WFNN as shown in Fig. 5. The q-axis current iq obtained 453

from the IPMSM servo drive, i.e. the voltage model of the 454

IPMSM servo drive, is subtracted from the estimated q-axis 455

current îq of the estimated voltage model of the IPMSM servo 456

drive to obtain the error e. Then, e and its derivative ė are 457

inputted into the WFNN to obtain the adaptation value of the 458

q-axis inductance 1L̂q online. 459

The coupling terms of both the real and estimated q-axis 460

voltagemodel are required as shown in Fig. 5. Therefore, after 461

some mathematical manipulations using (3), (33) and (34), 462

one can obtain: 463

ωe(Ld id + λm) =
√
(vs_max)2 − (−ωeLqiq + DdVdead )2 464

−DqVdead (44) 465

Substituting D̄d , D̄q, V̂dead , ω∗e and i
∗
q into (44), the coupling 466

term of the estimated voltage model can be expressed as: 467

ωe(Ld id + λm) =
√
(vs_max)2 − (−ω∗e L̂qi∗q + D̄d V̂dead )2 468

− D̄qV̂dead (45) 469

Moreover, the output of the WFNN is the adaptation value 470

of the q-axis inductance 1L̂q. Thus, the estimated value of 471

the q-axis inductance can be obtained by using the following 472

equation: 473

L̂q(N + 1) = L̂q(N )+1L̂q(N ) (46) 474

The adaptation is processed recursively until îq = iq, which is 475

the same as the traditional model following control scheme. 476

Then, the steady-state estimation value of the q-axis induc- 477

tance L̂q at a specific high-speed operating condition can be 478

obtained. Furthermore, since the coupling term shown in (45) 479

is replaced by the right hand side of the equality, the variations 480

of Ld and λm are effectively taken into account during the 481

adjustment of the q-axis inductance. 482

V. EXPERIMENTATION 483

The experimental setup of the IPMSM servo drive system 484

are shown in Fig. 6. The IPMSM test platform is composed 485
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FIGURE 6. Photo of experimental setup.

of an IPMSM, a gearbox (with gear ratio 4:1), a torque486

meter and a magnetic powder brake. The detailed informa-487

tion of the magnetic powder brake and IPMSM is listed in488

Table 1. A TMS320F28075 32-bit DSP with 120 MHz is489

adopted in this study to develop the DSP-based servo drive490

system. Moreover, a torque meter with 100 Nm/7000 rpm491

is utilized to measure the load torque. The resolution of the492

adopted encoder is 2500 pulses/rotation and multiplied by493

4 by the DSP. The maximum speed of the IPMSM in the494

experimentation is 4000 rpm in the constant power region.495

Therefore, by using the gearbox with a gear ratio of 4:1 to496

reduce the speed, the resulted maximum speed 1000 rpm is497

smaller than the rated speed of the magnetic powder brake498

1800 rpm. Furthermore, the ratings of the adopted CCVSI is499

5 kW/220 V/14 A. The switching frequency 10 kHz is con-500

trolled by the SVPWM technology. In addition, the dc-link501

voltage provided by an adjustable DC power supply is set502

at 311 V. According to the SVPWM, the inverter maxi-503

mum phase voltage Vs_max was set to be 311/
√
3 ≈ 179V.504

In general, the bandwidth of the current and voltage control505

loops is 10 times of the speed control loop. Additionally, the506

operation cycles and execution time of the WFNN estimator507

is 12261 cycles/102.175 µs. Though the proposed WFNN508

estimator is more complicated, the execution time is still509

within 1 ms. Thus, the sampling time of the speed, current,510

voltage control loops are 1 ms, 0.1 ms, 0.1 ms, respectively.511

The experimental results are presented to verify the effec-512

tiveness of the designed voltage control for the operating513

speed above the rated speed. The parameters of the proposed514

ABNC are given as follows:515

c1 = 6.25, c2 = 5.5, δ = 130 (47)516

Moreover, the parameters of the PI controller of the pro-517

posed voltage angle controller are given as KP = 0.04 and518

KI = 5 where KP and KI represent the proportional and519

integral gains. These parameters are tuned by trial and error520

to achieve the best response. Furthermore, to demonstrate521

the wide speed control range of the proposed voltage control522

scheme, the torque-speed curve with four experimental cases523

are presented in Fig. 7. The first case is the operating con-524

dition with rated speed 2000 rpm and rated torque 9.5 Nm.525

In addition, three operating conditions transforming from the526

current control mode to the voltage control mode to achieve527

TABLE 1. Parameters of magnetic powder brake and IPMSM.

FIGURE 7. Torque-Speed Curve and four experimental cases.

the constant power control at rated output power 2kW, which 528

are 3500 rpm under 5.43 Nm load torque, 3750 rpm under 529

5.07 Nm load torque and 4000 rpm under 4.75 Nm load 530

torque, are tested. 531

For the comparison of the control performance, the exper- 532

imental results of PI speed controller with proportional gain 533

2 and integral gain 0.14 are also given. The gains of the PI 534

speed controller are obtained by trial and error to achieve 535

acceptable transient and steady-state responses. To demon- 536

strate the control performance of the PI and ABNC speed 537

controllers, the IPMSM is operated at rated speed 2000 rpm 538

and rated torque 9.5 Nm with 100 rpm step command, and 539

the results are shown in Fig. 8. Figs. 8(a) and 8(b) present 540

the mechanical speed command ω∗rm, the mechanical speed 541

ωrm and the mechanical speed error e1. Figs. 8(c) and 8(d) 542

present the q-axis current command i∗q, q-axis current iq, 543

d-axis current command i∗d and d-axis current id . The stator 544

voltage command v∗s , the q-axis voltage command v∗q and the 545

d-axis voltage command v∗d are shown in Figs. 8(e) and 8(f). 546

In Fig. 8, since the stator voltage command is less than the 547

maximum phase voltage (Vs_max ≈ 179V) of the CCVSI, the 548
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FIGURE 8. Experimental results of PI and ABNC with step command at 2000rpm with 9.5Nm.
(a) Mechanical speed command, mechanical speed, mechanical speed error of PI. (b) Mechanical speed
command, mechanical speed, mechanical speed error of ABNC. (c) q-axis current command, q-axis
current, d -axis current command, d -axis current of PI. (d) q-axis current command, q-axis current, d -axis
current command, d -axis current of ABNC. (e) Stator voltage command, q-axis voltage command, d -axis
voltage command of PI. (f) Stator voltage command, q-axis voltage command, d -axis voltage command of
ABNC.

switching signal of the mode selector remains at the current549

control mode with MTPA control shown in (26). Moreover,550

it can be seen from Figs. 8(a) and 8(b) that the overshoot551

of the PI speed controller is 31.8%, and the overshoot of552

the ABNC speed controller is 13.3%. Furthermore, the peak553

value of speed tracking error of PI and ABNC are 101.31 rpm554

and 97.63 rpm, respectively. In addition, the speed tracking555

error of PI and ABNC converge to zero in 0.31 sec and 0.24556

sec, respectively. Therefore, comparing with the PI speed 557

controller, the ABNC speed controller possesses more robust 558

control characteristic. 559

Figs. 9-11 depict the experimental resulted of the cur- 560

rent and voltage control for the mechanical speed command 561

increasing from 2000 rpm to 3500 rpm under 5.43 Nm load 562

torque, 2000 rpm to 3750 rpm under 5.07 Nm load torque, 563

and 2000 rpm to 4000 rpm under 4.75 Nm load torque, 564
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FIGURE 9. Experimental results of current and voltage control from 2000rpm to 3500rpm under
5.43Nm load torque. (a) Mechanical speed command, mechanical speed, mechanical speed error,
q-axis current command. (b) Stator voltage command, q-axis voltage command, d -axis voltage
command. (c) Voltage angle command, feedforward voltage angle command, compensating voltage
angle command. (d) Estimated distorted voltage, q-axis current, estimated q-axis current, estimated
q-axis inductance.

FIGURE 10. Experimental results of current and voltage control from 2000rpm to 3750rpm
under 5.07Nm load torque. (a) Mechanical speed command, mechanical speed, mechanical
speed error, q-axis current command. (b) Stator voltage command, q-axis voltage command,
d -axis voltage command. (c) Voltage angle command, feedforward voltage angle command,
compensating voltage angle command. (d) Estimated distorted voltage, q-axis current,
estimated q-axis current, estimated q-axis inductance.

respectively. Figs. 9(a), 10(a), 11(a) present the mechan-565

ical speed command ω∗rm, the mechanical speed ωrm, the566

mechanical speed error e1 and the q-axis current command 567

i∗q. Figs. 9(b), 10(b), 11(b) depict the stator voltage command 568
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FIGURE 11. Experimental results of current and voltage control from 2000rpm to 4000rpm under 4.75Nm load
torque. (a) Mechanical speed command, mechanical speed, mechanical speed error, q-axis current command.
(b) Stator voltage command, q-axis voltage command, d -axis voltage command. (c) Voltage angle command,
feedforward voltage angle command, compensating voltage angle command. (d) Estimated distorted voltage,
q-axis current, estimated q-axis current, estimated q-axis inductance.

v∗s , the q-axis voltage command v∗q and the d-axis voltage569

command v∗d . Figs. 9(c), 10(c), 11(c) show the voltage angle570

command θ∗v , the feedforward voltage angle command θ∗vf571

and the compensating voltage angle command 1θ∗v . The572

estimated distortion voltage V̂dead , the q-axis current iq, the573

estimated q-axis current îq, and the estimated q-axis induc-574

tance L̂q are shown in Figs. 9(d), 10(d), 11(d) by using575

the scheme shown in Fig. 5. From the experimental results576

shown in Figs. 9-11, once the stator voltage command v∗s577

reaches themaximumphase voltageVs_max of the inverter, the578

switch signal of the mode selector will transit to the voltage579

control mode from the current control mode. During the tran-580

sition, due to the robust control characteristic of the ABNC,581

the speed error converges immediately. Moreover, when the582

motor operates at rated speed with different load conditions,583

the operating points are located at the intersections of torque584

trajectories and MTPA curve. Above the rated speed, the585

voltage limit ellipse will shrink with the increasing speed.586

Then, the operating points will move to the intersections of587

torque trajectories and the voltage limit ellipses. According to588

Fig. 1, the higher the operating speed, the more the negative589

value of d-axis current id is at the same load condition. The590

above situation will result in higher voltage angle command591

θ∗v and more negative value of d-axis voltage command v∗d 592

as shown in Figs. 9(b), 10(b), 11(b) and 9(c), 10(c), 11(c). 593

Furthermore, the estimated distortion voltage V̂dead can be 594

obtained by using Eq. (43), which is larger at higher speed 595

with lower torque as shown in Figs. 9(d), 10(d), 11(d). The 596

same phenomenon can also be found in [18]. In addition, 597

the estimated L̂q are 8.23mH, 7.33mH and 6.43mH, respec- 598

tively, by using the proposed intelligent q-axis inductance 599

estimation scheme at three FWoperating conditions as shown 600

in Figs. 9(d), 10(d), 11(d). The estimated value of the q-axis 601

inductance decreases with higher voltage angle at higher 602

speed. The above result has also been obtained in both [6] and 603

[27]. Additionally, the successful model following dynamics 604

of the estimated voltage model of the IPMSM servo drive and 605

the voltage model of the IPMSM servo drive by the tracking 606

of the estimated q-axis current îq to the q-axis current iq also 607

can be found in Figs. 9(d), 10(d), 11(d). Therefore, the voltage 608

control with rated output power could be achieved at high 609

speed by using the proposed voltage control scheme. 610

For the comparison of control performance of the 611

q-axis inductance L̂q estimation scheme, the WFNN shown 612

in Fig. 5 is replaced by a traditional PI estimation 613

method. Figs. 12(a) and 12(b), Figs. 12(c) and 12(d), and 614
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FIGURE 12. Experimental results of current and voltage control using PI estimation. (a) Voltage angle
command, feedforward voltage angle command, compensating voltage angle command from 2000rpm to
3500rpm under 5.43Nm load torque. (b) Estimated distorted voltage, q-axis current, estimated q-axis current,
estimated q-axis inductance from 2000rpm to 3500rpm under 5.43Nm load torque. (c) Voltage angle command,
feedforward voltage angle command, compensating voltage angle command from 2000rpm to 3750rpm under
5.07Nm load torque. (d) Estimated distorted voltage, q-axis current, estimated q-axis current, estimated q-axis
inductance from 2000rpm to 3750rpm under 5.07Nm load torque. (e) Voltage angle command, feedforward
voltage angle command, compensating voltage angle command from 2000rpm to 4000rpm under 4.75Nm load
torque. (f) Estimated distorted voltage, q-axis current, estimated q-axis current, estimated q-axis inductance
from 2000rpm to 4000rpm under 4.75Nm load torque.

Figs. 12(e) and 12(f) depict the experimental results of the615

current and voltage control for the mechanical speed com-616

mand increasing from 2000 rpm to 3500 rpm under 5.43 Nm617

load torque, 2000 rpm to 3750 rpm under 5.07 Nm load618

torque, and 2000 rpm to 4000 rpm under 4.75 Nm load619

torque, respectively, by using the PI parameter estimation620

scheme. Figs. 12(a), 12(c) and 12(e) show the voltage angle621

command θ∗v , the feedforward voltage angle command θ∗vf 622

and the compensating voltage angle command 1θ∗v . More- 623

over, the estimated distortion voltage V̂dead , the q-axis current 624

iq, the estimated q-axis current îq, and the estimated q-axis 625

inductance L̂q are also 8.23mH, 7.33mH and 6.43mH as 626

shown in Figs. 12(b), 12(d) and 12(f). Though the estimated 627

steady-state values of L̂q by using PI estimation scheme at 628
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three FW operating conditions are the same as the WFNN629

estimation scheme shown in Figs. 9(d), 10(d) and 11(d), the630

sluggish response of the PI parameter estimation scheme631

obstructs its usefulness in practical applications.632

Comparing with the real-time torque control and online633

stator flux estimation method developed in [12], an ABNC634

speed controller considering nonzero d-axis current was pro-635

posed in this study to improve the robustness of the speed636

control. Moreover, a feedforward voltage angle controller,637

in which an intelligent parameter estimation method using638

WFNN is adopted to estimate the q-axis inductance online,639

was successfully developed for the speed control in the640

constant power region. On the other hand, the estimation641

model shown in (33) and (34) ignores the influence of stator642

resistance. If it is considered, the estimation accuracy can be643

improved. Besides, the operation cycles and execution time644

of the WFNN estimator is 12261 cycles/102.175 µs. Though645

the execution time is still within 1 ms sampling time of the646

speed control loop, the proposed WFNN estimator is rather647

complicated. A simplified FNN model will be considered in648

the future to reduce the calculation burden of the DSP.649

VI. CONCLUSION650

A novel voltage control scheme using a feedforward voltage651

angle controller with online intelligent parameter estimation652

method for the q-axis inductance was successfully developed653

for an IPMSM servo drive in this study. First, an ABNC speed654

controller was developed to improve the transient response655

of the speed control. Then, the MTPA method is used in the656

current control mode for the constant torque region. More-657

over, the feedforward voltage angle controller with intelligent658

parameter estimation using WFNN was designed to improve659

the dynamic response in the voltage control mode for the con-660

stant power region. Furthermore, the q-axis current controller661

was retained to ensure the steady-state response. In addi-662

tion, the experimental results of three operating conditions663

transforming from the current control mode to the voltage664

control mode to achieve the constant power control at rated665

output power were provided to demonstrate the validity of the666

proposed control methods of the IPMSM servo drive system.667
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