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Abstract: This paper presents a new online method based on low frequency signal injection to 1

estimate the stator resistance of a Wound Rotor Synchronous Machine (WRSM). The proposed 2

estimator provides a parameter-free method for estimating the stator resistance, in which there is 3

no need to know the values of the parameters of the machine model, such as the stator and rotor 4

inductances or the rotor flux linkage. In this method, a low frequency sinusoidal current is injected in 5

the d axis of the stator current to produce a sinusoidal flux in the stator. In this study, it will be shown 6

that the phase difference between the generated sinusoidal flux and the injected sinusoidal current is 7

related to the stator resistance mismatch. Using this phase difference, the stator resistance is estimated. 8

To validate the proposed model-free estimator, simulations are performed with Matlab Simulink and 9

the results are compared with the extended Kalman filter observer. Finally, experimental tests, under 10

different conditions, are performed to estimate the stator resistance of a WRSM. 11

Keywords: Resistance estimation, Wound Rotor Synchronous Machine (WRSM), Motor parameters, 12

Parameter identification 13

Nomenclature 14

15

ωc Cutoff frequency of the LPF 16

ωe Synchronous angular frequency 17

ψs Stator flux 18

φ Phase error produced by LPF 19

DTC Direct Torque Control 20

EKF Extended Kalman Filter 21

ie Rotor excitation current 22

is Stator current 23

Ld Stator inductance on the d axis 24

Lq Stator inductance on the q axis 25

LPF Low Pass Filter 26

M Mutual inductance between the rotor and the stator 27
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Mag Gain error produced by LPF 28

MPC Model Predictive Control 29

Rs Stator resistance 30

vd Voltages in the d axis 31

vq Voltages in the q axis 32

vs Stator voltage 33

WRSM Wound Rotor Synchronous Machine 34

ψ̂s Estimated flux 35

R̂s Initial resistance 36

ψ̃s Error part of the estimated flux 37

R̃s Error value of the resistance 38

1. Introduction 39

Synchronous machines are among the most popular types of electrical machines and 40

are increasingly used in various applications. In recent years, many studies have been 41

carried out on modeling, parameters identification, and control methods for this type 42

of machine[1]. The parametric variation of machines with non-linear models is still an 43

important drawback of automatic system controllers [2]. Most of the advanced control 44

methods for synchronous machines are model-based that are dependent on the parameters 45

of the machine. In particular, the stator resistance has a very important role in many 46

advanced control methods such as Direct Torque Control (DTC) [2], Model Predictive 47

Control (MPC) or sensorless control methods [3]. For example, in DTC control method, a 48

mismatch in the stator resistance value may introduce a considerable error in the estimated 49

flux and electromagnetic torque, which can degrade the control performances. Nevertheless, 50

the stator resistance is not always equal to the value given by the manufacturer and it can 51

change due to age, wear, temperature variations, etc. In addition, when the drive system 52

is taken into account, the resistances of the driver and the interface wires are added to 53

the equivalent stator resistance. Thus, for precise control, a stator resistance estimator is 54

needed. 55

This paper presents a method for estimating the stator resistance without the need for 56

information about the values of the motor parameters (such as d- and q-axis inductances, 57

etc). The proposed estimator is presented after a review of some existing estimation 58

methods. 59

According to the scientific literature, the stator resistance estimation methods can be divided 60

into three main categories: 61

1. Direct measurement methods 62

2. Model-based estimation methods 63

3. Signal injection-based methods 64

Direct measurement methods, usually realize under certain conditions, but due to tempera- 65

ture changes and the rest of the system influences, the resistance does not remain constant 66

during the tests therefore they are not an accurate method. 67

The model-based estimation methods, are generally sensitive to variations in the 68

motor parameters. Consequently, a precise estimation cannot be made if the parameters 69

of the model are not available [4]. Among these methods, the Kalman filter observer [5– 70

7] can be mentioned which is robust towards measurement noises but requires a high 71

amount of computational power due to the complex matrix operations. Other model-based 72

online methods also presented in the literature that can estimate stator resistance and rotor 73

speed simultaneously, such as full-order observers [8], reduced-order observers [9,10] and 74
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model reference adaptive observers [11–17]. The estimators based on Model Reference 75

Adaptive System (MRAS) compare a reference model (with measured variables) and an 76

adjustable model (with estimated states) and according to the error between these two 77

models, the desired variable is estimated. However, these methods are model-based and 78

require the machine parameters to estimate the stator resistance. Another model reference 79

adaptive estimator is also proposed in [18]. This method unlike the classical model-based 80

methods does not require flux calculation, but the stator resistance estimation is performed 81

individually only if the speed is available. A stator resistance estimator based on fuzzy logic 82

controller is also presented in [19] for an induction motor controlled by DTC technique in 83

which the resistance value is updated during operation. Cheng Luo et al. [20] also propose 84

a "phase-shift" based method to compensate the stator resistance for motor drives. They 85

decoupled the resistance estimator from the speed estimator by introducing a coefficient 86

for operating point tracking compensation. In [21], a sensorless control of surface-mounted 87

PMSM with online resistance estimation is proposed. This method uses a sliding mode 88

observer to estimate the stator currents, and assuming the estimated current error is close 89

to zero, a first-order low pass filter is used to estimate the stator resistance. However, this 90

method may not be precise when the initial resistance error is large [22]. 91

The third category of stator resistance estimation methods is based on signal injec- 92

tion. There are some limited studies on DC signal injection [23–25], low-frequency signal 93

injection [26], and high-frequency signal injection [27,28]. In [24] the authors present a 94

signal injection strategy to estimate the machine temperature through the stator resistance 95

estimation of an induction motor. However, the estimator needs a look-up table for different 96

current and temperature values to obtain the voltage drop in the semiconductors that is 97

used in the algorithm. In [25] a DC-signal injection method is proposed. In this method, a 98

DC signal is injected into the three-phase windings of the stator. Then, using a method that 99

includes a high-pass digital filter, a low-pass digital filter, and a sample-and-hold function, 100

the values of the dc components are obtained, and then the stator resistance is estimated. 101

However, extracting the DC components is not easy since the magnitudes of the DC com- 102

ponents are much smaller than the fundamental components and the frequency of the 103

fundamental component depends on the rotor speed and hence on the operating point [29]. 104

In the other hand, due to the current limitations of semiconductor devices, dc-signal in- 105

jection methods cannot be directly applied to the motors larger than 100hp(75kW) [23]. A 106

low-frequency injection-based method for estimating the stator resistance for PMSMs is 107

proposed in [26]; the method is based on injecting a three-level perturbation into id and us- 108

ing two algorithms with different convergence speeds. However, this method is completely 109

model-based and sensitive to the model parameters. Also, unstable convergence may occur 110

in the saturation case [30]. High-frequency signal injection methods are mostly used for 111

initial detection of rotor position [31,32] or estimation of the magnetization state [27], rather 112

than for estimation of stator resistance. In these methods, some other problems such as the 113

skin effect and the reactance values (which at high frequencies are more prominent than 114

the resistance value) must be considered in the analysis [25]. 115

In this paper, a new method based on low-frequency signal injection is proposed 116

to estimate the stator resistance. The first advantage of this method is that it does not 117

require machine parameters, which can be applied to the machines even with unknown 118

parameters. Moreover, the variation of the different parameters does not affect the accuracy 119

of the resistance estimation. The second advantage is the simplicity of the implementation, 120

which does not require any complicated process. In the proposed method, a low-frequency 121

sinusoidal current is injected into the d axis of the stator for a short time. This injected signal 122

can produce a sinusoidal variation on the estimated flux of the q axis if there is a mismatch 123

on the stator resistance value. The phase difference between the injected sinusoidal signal 124

and the sinusoidal variation of the estimated flux is related to the initial value of the stator 125

resistance, which allows to adjust and estimate the correct value of the stator resistance. 126

The rest of the paper is structured as follows. The flux estimation is introduced in Section 127

II. In Section III, the effect of stator resistance mismatch on the estimated flux is studied. 128
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The simulation and method explanation is presented in Section IV, and the experimental 129

validations are provided in Section V. Finally, Section VI concludes this article. 130

2. Flux estimation 131

With the method proposed in this paper, in order to estimate the stator resistance, the 132

stator flux must first be estimated. In this study, a flux estimator, based on the voltage 133

model, is used as introduced in [33,34]. In this method, the stator flux linkage can be 134

calculated by integrating the back EMF of the stator windings. The stator voltage in αβ 135

reference frame is described as (1). 136

vs = Rsis +
dψs

dt
(1)

where Rs is the stator resistance and vs, is, and ψs, are the voltage, current, and stator flux 137

respectively. The stator flux can be expressed as follows: 138

ψs =
∫

(vs − Rsis)dt (2)

The integration in (2) can cause a drift and saturation problems due to the initial condition 139

or dc offset. To avoid this issue, a Low Pass Filter (LPF) can be used instead of a pure 140

integrator. Equation (3) describes the estimated flux in the Laplace transform. where ωc is 141

the cutoff frequency of the LPF in radians per second. 142

ψs =
(vs − Rsis)

s + ωc
(3)

Using a LPF can solve the saturation and drift problems, but it also can add an error 143

in the estimated flux. The gain and phase error produced by LPF can be described as 144

(4)[33], where Mag and φ represent the gain and the phase error respectively, and ωe is the 145

synchronous angular frequency. It can be seen from (4), that there is a gain decrement and 146

a phase delay due to the LPF. 147Mag = |ωe |√
ωe2+ωc2

φ = π
2 − tan−1(ωe

ωc
)

(4)

Choosing a cutoff frequency close to the operating frequency can decrease the DC offset of 148

the estimated flux, but also introduces phase and magnitude errors. For example, when 149

a cutoff frequency is chosen equal to the synchronous one (ωc = ωe), the ratio of the 150

estimated flux to the actual flux has a magnitude of 1√
2

with an angle of π
4 . Thus, to reduce 151

phase and magnitude errors, the cutoff frequency can be set as low as possible, but this 152

will reduce the effectiveness of the low-pass filter in filtering out the DC offset that is 153

likely present in the detected currents or voltages. Reference [34] suggests that the cutoff 154

frequency be chosen as a fraction of the rotation frequency, as follows: 155

ωc =
|ωe|

k
(5)

where k is a constant. In this case, to prevent the time constant of the LPF from being much 156

increased when the motor speed is close to zero, a lower limit must be considered for ωc. 157

On the other hand, to eliminate the error produced by LPF, a gain and a phase compensator 158

can be used as (6) [34]. This compensator is exactly the inverse of the error introduced in 159

(4). Therefore, the selection of the gain and phase compensators is performed only using 160

the ωe and ωc. 161Gc =

√
ωe2+ωc2

|ωe |
φc = tan−1(ωc

ωe
)

(6)
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Figure 1. Flux estimation method.

Fig.1 illustrates the block diagram of the flux estimation method. In this method, after the 162

integration of back EMF through an LPF, a gain and a phase compensator is used. Then 163

with a Park transformation, the stator fluxes in dq reference frame are obtained. The stator 164

flux estimator that is introduced, depends on the stator resistance. In the next section, the 165

effect of stator resistance mismatch on flux estimation is investigated. 166

3. Effect of stator resistance mismatch on the estimated flux 167

Since the presented flux estimator depends on the stator resistance, it is clear that 168

an error in the stator resistance will cause an error in the estimated flux. By using the 169

difference between the actual flux and the estimated one, the resistance error can be found. 170

However, it is very difficult to measure the actual stator flux and therefore to know the 171

error value of the estimated flux. Thus, in this paper, a method will be proposed to detect 172

the error in the estimated flux without the need to measure the actual flux. Finally using 173

this error, the stator resistance mismatch will be detected. 174

In order to analyze the effect of stator resistance mismatch on the estimated flux, it 175

is assumed that the compensator performs well, and the result is the same as with a pure 176

integrator as seen in (2). 177

The resistance error is defines as (7) : 178

R̂s = Rs + R̃s (7)

Where Rs is the actual resistance, R̂s is the initial resistance and R̃s is its error value. By 179

substituting (7) in (2), the estimated flux is expressed as (8). 180

ψ̂s =
∫

(vs − (Rs + R̃s)is)dt = ψs +
∫

− R̃sisdt (8)

Where ψs is the actual flux and the rest of the equation is the error part due to the resistance 181

error, the tilde symbol represents the error part as (9). 182

ψ̃s = − R̃s

∫
isdt (9)

If the stator currents in αβ reference frame are considered sinusoidal as in (10) : 183{
iα = Imcos(ωet)
iβ = Imsin(ωet)

(10)

By developing (9) and (10), the estimated flux error due to the resistance mismatch can be 184

described as (11) : 185{
ψ̃α = −R̃s Im

ωe
sin(ωet)

ψ̃β = R̃s Im
ωe

cos(ωet)
(11)
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By transforming (11) in dq reference frame, the estimated flux error can be expressed by 186

(12), where R̃s is the error value of the stator resistance. 187{
ψ̃d =

−R̃s Iq
ωe

ψ̃q = R̃s Id
ωe

(12)

According to (12), the resistance mismatch can cause an error in the estimated flux. In 188

the field weakening region (iq positive and id negative), it can be noticed from (12) that a 189

positive R̃s causes ψ̃d and ψ̃q to be negative and creating a negative offset in the estimated 190

fluxes ψ̂d and ψ̂q. Similarly, a negative R̃s makes ψ̃d and ψ̃q positive and therefore it causes 191

to a positive offset for the estimated fluxes ψ̂d and ψ̂q. This behavior will also be observed 192

in the simulation section. 193

Another consideration is the effect of stator resistance mismatch on the estimated flux 194

profile in terms of currents. The effect of this mismatch on the flux gradient in terms of 195

currents is shown in (13). In these relations, it is assumed that (Id1 < Id2 and Iq1 < Iq2). 196

197

∆ψ̃d
∆Id

|Iq=cte =
R̃s Iq(

1
ωe1

− 1
ωe2

)

Id2−Id1
−−−−−→
ωe1>ωe2

sign(∆ψ̃d
∆Id

) ∝ −R̃s

∆ψ̃q
∆Iq

|Id=cte =
R̃s Id(

1
ωe2

− 1
ωe1

)

Iq2−Iq1
−−−−−→
ωe2>ωe1

sign(∆ψ̃q
∆Iq

) ∝ R̃s

∆ψ̃q
∆Id

|Iq=cte =
R̃s(

Id2
ωe2

− Id1
ωe1

)

Id2−Id1
−−−−−→
ωe1>ωe2

sign(∆ψ̃q
∆Id

) ∝ R̃s

(13)

According to (13), it can be concluded that the slope of the estimated flux error in 198

terms of id, or the value of (∆ψ̃d
∆Id

), has the opposite sign to the error value of the stator 199

resistance (−R̃s). It means that if the estimated resistance is lower than the actual resistance 200

(R̂s < Rs), the resistance error value (R̃s) is negative, and the value of (∆ψ̃d
∆Id

) is positive, 201

therefore, with a positive error, the value of the estimated flux in terms of id or (∆ψ̂d
∆Id

) is 202

more than the real one. It can also be said that for positive values of R̃s, the value of (∆ψ̂d
∆Id

) is 203

less than the real one. This argument is also valid for the values of (∆ψ̂q
∆Iq

) and (
∆ψ̂q
∆Id

) which 204

have the same sign as the error value of the stator resistance (R̃s). However, in this study, 205

we only use the third row of (13), as explained below. 206

The crucial point in this section is that, in the constant current of iq, it is expected that 207

ψq does not depend on the current id, thus the value of (∆ψ̂q
∆Id

) is expected to be equal to 208

zero. However, according to (13), this value has the same sign as the error value of the 209

stator resistance. It means, for R̃s > 0, the value of (∆ψ̃q
∆Id

) is positive, so the value of (∆ψ̂q
∆Id

) 210

is greater than zero and positive, and for R̃s < 0, the value of (∆ψ̃q
∆Id

) and therefore (
∆ψ̂q
∆Id

) is 211

less than zero or negative. Therefore, by observing the sign of (∆ψ̂q
∆Id

), the sign of R̃s can be 212

found. From this, it is possible to determine if R̂s is greater or less than the actual resistance 213

of the motor. In this paper, this behavior is used to estimate the stator resistance. 214

Before explaining the estimation algorithm in the simulation section, the effect of stator 215

resistance mismatch on the estimated flux will be observed. 216

Table 1. Simulation Parameters

Parameter Symbol Value
Stator resistance Rs 20mΩ
d-axis inductance Ld 80µH
q-axis inductance Lq 80µH

Mutual inductance between rotor and stator M 3mH
Number of pole pairs Np 6
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Figure 2. Schematic of the studied system.

4. Simulation and method explanation 217

To investigate the performances of the flux estimator and the effect of stator resistance 218

mismatch, simulations are conducted for a WRSM with MATLAB Simulink. The WRSM 219

studied is a low voltage and high current motor for automotive applications powered by a 220

three-phase inverter and a 12-volt DC battery. The rotor also has a separate power supply 221

that allows a higher degree of freedom for the control system. An input filter with a large 222

capacitor is used to protect the battery from instantaneous currents and voltage peaks. 223

Fig. 2 shows a schematic of this system, where the control card consists of a vector control 224

with PI regulators for id and iq. The parameters of the simulated model also are listed in 225

TABLE 1. 226

4.1. Estimated flux 227

In these simulations, the method introduced in Fig.1 is applied to estimate the stator 228

flux. The constant k in (5) is chosen as k = 4, and the lower limit of ωc is considered equal 229

to 1 for speeds close to zero, in order to avoid that the LPF time constant increases too much. 230

In the first simulation, in a constant iq, the estimated flux ψ̂d is obtained as a function of the 231

current id, and in a constant id, the estimated ψ̂q is obtained in terms of iq. Fig. 3 and Fig. 4 232

show the estimated flux ψ̂d and ψ̂q respectively, in three different cases: the blue one where 233

the stator resistance is error-free, the red one where the initial resistance (or the resistance 234

used in the flux estimator) is 50% higher than the actual value and the green one where 235

the initial resistance is 50% lower than the actual value. Fig. 4 illustrates the estimated 236

flux ψ̂q in terms of iq. As discussed before, the stator resistance error can cause an offset 237

and a change in the slope. As it can be noticed in these figures, an error in the resistance 238

value induces an error in the estimated flux. As discussed in the previous section, when the 239

initial resistance is less than the actual value, the estimated flux has a positive offset, and 240

when the initial resistance is greater than the actual value, the estimated flux has a negative 241

offset. Also, as expected from (13), the slope of the diagrams could also contain an error. 242

Fig. 5 demonstrates the estimated flux ψ̂q in terms of id. According to this figure, for 243

an initial resistance lower than the actual value, the slope of this diagram is negative, and 244

for a resistance higher than the actual value, the slope is positive. For the error-free case 245

this value is equal to zero, in other words the flux ψ̂q does not depend on the current id, 246

which confirms the results obtained in equation (13). From the estimated flux ψ̂q in terms 247

of id, the error in the stator resistance can be detected. In another simulation, the flux ψ̂q is 248

estimated by applying a sinusoidal current at id for different values of R̂s. Fig. 6 illustrates 249

the estimated flux ψ̂q while iq is constant, and there is a sinusoidal current injected into 250

id, for different values R̃s. As shown in this figure, when the value of R̂s is bigger than 251

the actual value, the estimated flux is in phase with id, which means, when id increases, 252

the flux ψ̂q also increases, and when id decreases, the estimated flux ψ̂q also decreases. In 253

the cases where the stator resistance is smaller than the actual value, it is observed that 254

the flux ψ̂q changes by 180 degrees of phase shift concerning id. In other words, the flux 255
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ψ̂q decreases with the increase in id, and it increases with the decrease in id. When the 256

resistance is error-free, as expected, the flux ψ̂q does not depend on id, and despite the 257

sinusoidal changes in id, the flux ψ̂q is constant. 258
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4.2. Estimation of Stator Resistance 259

In the previous subsection, it has been shown that in the case of stator resistance error, 260

the estimated flux ψ̂q varies as a function of id. Therefore, by observing the estimated flux 261

ψ̂q in terms of id, the stator resistance can be adjusted. The flowchart in Fig. 7 displays the 262

resistance estimation algorithm. According to this flowchart, a sinusoidal signal is first 263

applied to the d-axis current of the stator (id). Then, with the initial value of the stator 264

resistance, the flux ψ̂q is estimated. If the estimated flux ψ̂q changes in proportion to id, 265

the estimated resistance must be reduced. If ψ̂q changes in opposite to id, the estimated 266

resistance must be increased. The frequency of the iteration of this process is determined 267

by the input flag which is explained later, and the process continues until the flux ψ̂q no 268

longer changes with changes in id. 269

To implement the proposed algorithm, it is required to choose the frequencies of the injected 270

sinusoidal signal ( fsin) and the iteration time of the calculation block (or the sampling time). 271

The selection of the frequency of the injected signal depends on the flux estimation rate. 272

This frequency is limited by the LPF used to estimate the flux, and must be lower than the 273

cutoff frequency of the LPF (ωc), to ensure that the estimated flux is not affected by a drop 274

in amplitude or a shift in phase. Selecting a sinusoidal signal frequency higher than the 275

cutoff frequency of the filter may result in incorrect convergence of the estimator. To choose 276

the sampling time, it should be considered that an acceptable number of samples are taken 277

in a sinusoidal period, so a sampling time can be chosen to guarantee that Ts <
1

20 Tsin. The 278

following simulations are performed at id = 0, iq = 90A and the rotor speed of 680rpm. 279

Considering the number of pole pairs Np = 6, the electrical rotation frequency is equal to 280

ωe = 136π(rad.sec−1), and with k = 4, ωc = 34π(rad.sec−1). The sinusoidal injected signal 281

is selected as idre f = 2.5sin(16π). Where fsin = 16π(rad.sec−1) is chosen less than 0.5ωc. 282

The amplitude also is chosen as 2.5A, about 2% of the nominal current. In general, as the 283

amplitude of the injected sinusoidal signal increases, the amplitude of the changes in the 284

estimated flux increases, which can increase the rate of resistance estimation. However, a 285

high current amplitude causes more losses. Choosing an amplitude of about 2%− 5% of the 286

nominal current can lead to an acceptable estimation rate and also having few losses. The 287

sampling frequency is also chosen equal to Ts = 5ms about 1
25 Tsin. At each sampling, a flag 288

is sent to the calculating block that leads the algorithm to an iteration. Fig. 8 summarizes 289

the stator resistance estimation scheme of the proposed algorithm. 290

Now to observe the performance of the stator resistance estimator, other simulations 291

are conducted for a WRSM in Matlab-simulink. In the first simulation, iqre f = 90A, and 292

idre f = 2.5sin(16π), and the initial value of the stator resistance is chosen Rsp = 0.2Ω, 293
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which is 10 times greater than its actual value. Fig. 9 shows the current id, the estimated flux 294

ψ̂q, and the estimated resistance R̂s. The estimation method is applied at t = 3s until t = 5s, 295

when the resistance is estimated. At t = 6s the real value of the resistance is changed to 296

Rs = 0.04Ω and at t = 7s the estimator is run again and the estimated resistance value 297

converges towards the new resistance value. As it can be seen, the value of the stator 298

resistance, despite a large error in the initial value, is correctly estimated in a fall time of 299

t f = 0.375s. 300

Fig. 10 also shows the estimation of stator resistance when the initial value is Rsp = 0.002Ω, 301
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which is 10 times less than its actual value. In this figure it can be seen that the estimation 302

of the stator resistance behaves as expected.
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Figure 9. Simulation results: Estimated Rs, estimated flux ψq and with a sinusoidal signal injection
on id.

0 2 4 6 8 10Time(s)
-5

0

5

10 I
dref

(A)
q
(mWeb) R

s
Est(c ) R

s
- actual(c )

Figure 10. Simulation results: Estimated Rs, estimated flux ψq and with a sinusoidal signal injection
on id.

303

4.3. Kalman Filter estimator 304

In this section, a comparison is made between the proposed estimator and the Kalman 305

filter estimator. Kalman filter is a mathematical model that runs in parallel to the actual 306

system and provides the estimation of the states of linear systems [35]. Fig. 11 shows the 307

structure of an Extended Kalman Filter (EKF) observing the states of an actual system. 308

Using the system model of a WRSM, the state equations for the estimator can be presented 309

as follows: 310
did
dt = vd

Ld
− R̂s

Ld
id +

ωe Lq
Ld

iq
diq
dt =

vq
Lq

− R̂s
Lq

iq − ωe
Lq
(Ldid + Mie)

dR̂s
dt = 0

(14)

where, vd and vq are the voltages in the dq axes, ie is the rotor excitation current and ωe is 311

the synchronous angular frequency. Also Ld and Lq are the stator inductance on the d and 312

q axes and M is the mutual inductance between the rotor and the stator. This simulation 313

= f(x)+Budx
dt

= f(x)+Budx
dt

x

yx

y

Real system

Modeled system

u

r

Measured variables  

h(x)

h(x)

Gain

Figure 11. Structure of the Kalman filter estimator
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Figure 12. Simulation results: Measured and estimated currents by Kalman observer.

is performed at a constant current of iq = 80A and id = −10A. The estimated currents id 314

and iq by the Kalman observer as well as the measured currents can be seen in Fig. 12. The 315

estimated resistance is also shown in Fig. 13. It is observed that the Kalman observer is 316

able to correctly estimate the stator resistance in a short time (less than 0.5ms). However

Figure 13. Simulation results: Actual resistance and estimated one by Kalman observer.
317

Kalman observer has two main drawbacks: the first problem is a high computational load, 318

and the second one, like the other model-based observers, is that it depends on the model 319

parameters. To estimate the stator resistance, the values of the motor parameters such as 320

Ld, Lq and M need to be specified in the EKF design, while with the proposed method, 321

those parameters are not needed. In model based observers, an error in each parameter 322

leads to an error in the estimated parameter. To observe the effect of motor parameters 323

error on estimated resistance, the motor parameters are given to the Kalman observer with 324

some errors. Fig. 14 illustrates the estimated resistance while there are errors in the other 325

parameters. 326

In Fig. 14, it can be seen that if only Ld or Lq have 50% error, the resistance value of 327

Rs is estimated with an error of 8.5% and 15% respectively. If both Ld and Lq have a 50% 328

error, the error is greater (about 50%). This error increases when the mutual inductance 329

M has an error, because as it can be seen in TABLE 1, its value is much higher than the dq 330

inductances. In this figure the red diagram shows the estimated resistance while M is 50% 331

lower than the actual value, and the purple diagram shows the estimated resistance while 332

M is 50% greater than the actual value, at which the errors correspond to 50% and 150% 333

respectively. These results show that despite the high speed of the Kalman estimator to 334
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Figure 14. Simulation results: Estimated resistance by Kalman observer when errors in the parameters
are added.

Figure 15. Experimental test bench.

estimate the stator resistance, if the other parameters of the model contain an error, the 335

estimated resistance will also have an error which can be significant in certain cases as it 336

can be seen in Fig. 14. 337

5. Experimental results 338

In order to verify the proposed estimator, experimental tests have been carried out on a 339

WRSM. The prototype platform is shown in Fig. 15. The WRSM under study is designed by 340

Valeo for mild-hybrid applications for automotive industry with 12V rated voltage, 1.5kW 341

rated power and excitation current of rotor up to 8A. The experimental setup consists of 342

two WRSMs, the first machine is controlled and its stator resistance is estimated and the 343

other is used as a load for the first machine. A dSPACE MicroLabBox is used to control the 344

system and sends the switching signals to a three phase inverter with a frequency of 10kHz. 345

A 12 volt DC power supply is used as the input source of the inverter to emulate a car 346

battery. The rotor excitation winding is also powered by a controllable DC voltage source. 347
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5.1. Flux estimation 348

In the first test, the effect of a resistance mismatch on the estimated flux will be studied. 349

To do so, with a current reference of iq = 35A, a sinusoidal current is applied to id and the 350

flux ψ̂q is estimated. 351

In this test, a sinusoidal current is applied to id and the flux ψ̂q is estimated while the 352

value of the stator resistance in the equations of the flux estimator is first set to a value 50% 353

lower than its actual value, then it is set equal to its real value, then it is fixed to a value 354

50% higher than its real value. 355

Fig. 16 shows the current id and the estimated flux ψ̂q. In this figure, as in the simulation 356

results, it is observed that at the beginning, when the set value of Rs is lower than its real 357

value, the current id and the flux ψ̂q have a phase difference of 180 degrees, so the flux ψ̂q 358

decreases when id increases and it increases when id decreases. Then, when the fixed value 359

of Rs is equal to its real value, ψ̂q is almost constant and stable. Finally, when the set value 360

of the resistance is greater than its real value, the current id and the flux ψ̂q are in phase. 361

Figure 16. Estimated flux with a sinusoidal signal injection on id for different value of Rs.

5.2. Stator resistance estimation 362

In the next test the resistance estimation algorithm is implemented. In this experiment, 363

iq = 35A, and for the sinusoidal signal injected into id, the frequency of the sinusoidal wave 364

is 16π (rad.s−1) and the amplitude is equal to 5A (about 4% of the nominal current). In the 365

first test the initial resistance value is considered 2mΩ. The sinusoidal signal is injected into 366

id, and the estimation algorithm is executed. Fig. 17 illustrates the result of this estimation. 367

As shown in Fig. 17, the estimated flux first oscillates sinusoidally with a phase shift of 180 368

degrees with id. Then, by starting the resistance estimation algorithm, the amplitude of 369

the estimated flux oscillation is decreased and the estimated resistance converges towards 370

27.2mΩ. 371

This experiment is repeated under the same conditions, but this time the initial value of 372

the stator resistance is chosen as 200mΩ. The result of this estimation is also illustrated in 373

Fig. 18. As it is seen, first the estimated flux has oscillations in phase with id. Then, after 374

starting the estimation, the oscillation in the estimated flux is reduced, and the estimated 375

resistance converges to 27.2mΩ. 376

5.3. The effect of sudden change in load 377

To investigate how the estimator responds to a sudden change in load level and shaft 378

speed, another experiment is performed. In this test, the motor currents (id and iq) are kept 379

constant and the rotor speed varies with the output load. As mentioned earlier, a second 380

machine is connected to the studied machine as an output load. The second machine works 381

as a generator and supplies a resistive load. In this test, to make a sudden change in the 382

motor load, the resistive load connected to the generator suddenly changes. Fig. 19 shows 383
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Figure 17. Estimated resistance when the initial value is about 10 times smaller than the actual value.

Figure 18. Estimated resistance when the initial value is about 10 times bigger than the actual value.

the stator resistance estimation during the load changes. In this figure, it is observed that 384

after a sudden change in output load, the estimated resistance remains stable. 385

386

5.4. Estimation of resistance by Kalman observer 387

In this part, to compare and validate the proposed estimator, a Kalman filter observer 388

is applied to estimate the stator resistance. In this test, the stator currents are equal to 389

id = 0 and iq = 35. Fig. 20 illustrates the resistance estimated with the Kalman observer 390

which converges to 28mΩ. Fig. 21 also shows the estimated resistance in the case of error 391

in the motor parameters. It can be seen, like the simulation part, for the error of 50% on 392

Ld or Lq the estimated resistance faces a small error (5.7%). This error increases with a 393

mismatch in the mutual inductance M, the red diagram in this figure shows the estimated 394

resistance while M is about 50% lower than the actual value (which leads to an error of 395

89% in the estimated resistance), and the purple diagram shows the estimated resistance 396

while M is about 50% bigger than the actual value (which causes an error of 135% in the 397

estimated resistance). The results observed in this section demonstrated the sensitivity of 398

model-based estimators and it was observed that in this type of estimators, an error in one 399

of the model parameters can lead to a significant error in the estimated parameter. Though, 400

the proposed estimator is completely independent of the model parameters. 401
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iload (2A/div)

R  (40mΩ /div)s
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Figure 19. Estimated stator resistance during load change.

Figure 20. Experimental estimated resistance with Kalman observer.

Figure 21. Experimental estimated resistance with Kalman observer while there are errors in the
parameters.
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6. Conclusions 402

In this paper, a new method based on low frequency signal injection has been proposed 403

to estimate the stator resistance. This technique is based on the phase difference between 404

the injected sinusoidal current and the estimated flux variations. In this method, a low 405

frequency sinusoidal current is injected into the d axis of the stator and during this time the 406

stator flux is estimated. It was shown that by injecting a low frequency sinusoidal signal 407

into the stator d-axis, in case of stator resistance mismatch, the estimated flux of the q-axis 408

gets sinusoidal variation, and the phase difference between the injected sinusoidal signal 409

and the sinusoidal variation of the estimated flux is related to the value of estimated stator 410

resistance. This phase difference was used to adjust the stator resistance. The proposed 411

method provides a simple, parameter-free technique for estimating stator resistance with- 412

out the need for the parameters of the machine model, such as stator and rotor inductances 413

or the rotor flux linkage. 414

The simulation work, first, showed the effect of a stator resistance mismatch on the esti- 415

mated flux, which confirmed the presented equations and discussion. Then, the implemen- 416

tation of the proposed estimator showed that the estimated resistance converges to the 417

actual value. 418

A comparison with the Kalman observer also illustrated the advantage of the proposed 419

estimator. The results demonstrated the sensitivity of the model-based estimators and 420

it was observed that in this type of estimators, an error in one of the model parameters 421

can lead to a significant error in the estimated parameter (up to a few tens of percent 422

error). While the proposed estimator is completely independent of the model parameters. 423

However, the Kalman observer can estimate the stator resistance in a short time (less than 424

0.5 ms), while the proposed method cannot be as fast due to the nature of the low-frequency 425

injection method which can take few seconds. 426

Finally, the performances of the estimator was validated on a test bench. The experimental 427

results as well as the simulation results have clearly shown that even in the case where the 428

initial value of the resistance is far from the real value, the proposed method can converge 429

and estimate the value of stator resistance precisely. 430
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