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W N

Abstract: This paper presents a new online method based on low frequency signal injection to
estimate the stator resistance of a Wound Rotor Synchronous Machine (WRSM). The proposed
estimator provides a parameter-free method for estimating the stator resistance, in which there is
no need to know the values of the parameters of the machine model, such as the stator and rotor
inductances or the rotor flux linkage. In this method, a low frequency sinusoidal current is injected in
the d axis of the stator current to produce a sinusoidal flux in the stator. In this study, it will be shown
that the phase difference between the generated sinusoidal flux and the injected sinusoidal current is
related to the stator resistance mismatch. Using this phase difference, the stator resistance is estimated.
To validate the proposed model-free estimator, simulations are performed with Matlab Simulink and
the results are compared with the extended Kalman filter observer. Finally, experimental tests, under
different conditions, are performed to estimate the stator resistance of a WRSM.

Keywords: Resistance estimation, Wound Rotor Synchronous Machine (WRSM), Motor parameters,
Parameter identification
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Mag  Gain error produced by LPF
MPC Model Predictive Control

R Stator resistance

U4 Voltages in the d axis
Uy Voltages in the g axis
Us Stator voltage

WRSM Wound Rotor Synchronous Machine
Ps Estimated flux

Rs Initial resistance

Ps Error part of the estimated flux

R, Error value of the resistance

1. Introduction

Synchronous machines are among the most popular types of electrical machines and
are increasingly used in various applications. In recent years, many studies have been
carried out on modeling, parameters identification, and control methods for this type
of machine[1]. The parametric variation of machines with non-linear models is still an
important drawback of automatic system controllers [2]. Most of the advanced control
methods for synchronous machines are model-based that are dependent on the parameters
of the machine. In particular, the stator resistance has a very important role in many
advanced control methods such as Direct Torque Control (DTC) [2], Model Predictive
Control (MPC) or sensorless control methods [3]. For example, in DTC control method, a
mismatch in the stator resistance value may introduce a considerable error in the estimated
flux and electromagnetic torque, which can degrade the control performances. Nevertheless,
the stator resistance is not always equal to the value given by the manufacturer and it can
change due to age, wear, temperature variations, etc. In addition, when the drive system
is taken into account, the resistances of the driver and the interface wires are added to
the equivalent stator resistance. Thus, for precise control, a stator resistance estimator is
needed.

This paper presents a method for estimating the stator resistance without the need for
information about the values of the motor parameters (such as d- and g-axis inductances,
etc). The proposed estimator is presented after a review of some existing estimation
methods.

According to the scientific literature, the stator resistance estimation methods can be divided
into three main categories:

1. Direct measurement methods
2. Model-based estimation methods
3. Signal injection-based methods

Direct measurement methods, usually realize under certain conditions, but due to tempera-
ture changes and the rest of the system influences, the resistance does not remain constant
during the tests therefore they are not an accurate method.

The model-based estimation methods, are generally sensitive to variations in the
motor parameters. Consequently, a precise estimation cannot be made if the parameters
of the model are not available [4]. Among these methods, the Kalman filter observer [5—
7] can be mentioned which is robust towards measurement noises but requires a high
amount of computational power due to the complex matrix operations. Other model-based
online methods also presented in the literature that can estimate stator resistance and rotor
speed simultaneously, such as full-order observers [8], reduced-order observers [9,10] and
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model reference adaptive observers [11-17]. The estimators based on Model Reference
Adaptive System (MRAS) compare a reference model (with measured variables) and an
adjustable model (with estimated states) and according to the error between these two
models, the desired variable is estimated. However, these methods are model-based and
require the machine parameters to estimate the stator resistance. Another model reference
adaptive estimator is also proposed in [18]. This method unlike the classical model-based
methods does not require flux calculation, but the stator resistance estimation is performed
individually only if the speed is available. A stator resistance estimator based on fuzzy logic
controller is also presented in [19] for an induction motor controlled by DTC technique in
which the resistance value is updated during operation. Cheng Luo et al. [20] also propose
a "phase-shift" based method to compensate the stator resistance for motor drives. They
decoupled the resistance estimator from the speed estimator by introducing a coefficient
for operating point tracking compensation. In [21], a sensorless control of surface-mounted
PMSM with online resistance estimation is proposed. This method uses a sliding mode
observer to estimate the stator currents, and assuming the estimated current error is close
to zero, a first-order low pass filter is used to estimate the stator resistance. However, this
method may not be precise when the initial resistance error is large [22].

The third category of stator resistance estimation methods is based on signal injec-
tion. There are some limited studies on DC signal injection [23-25], low-frequency signal
injection [26], and high-frequency signal injection [27,28]. In [24] the authors present a
signal injection strategy to estimate the machine temperature through the stator resistance
estimation of an induction motor. However, the estimator needs a look-up table for different
current and temperature values to obtain the voltage drop in the semiconductors that is
used in the algorithm. In [25] a DC-signal injection method is proposed. In this method, a
DC signal is injected into the three-phase windings of the stator. Then, using a method that
includes a high-pass digital filter, a low-pass digital filter, and a sample-and-hold function,
the values of the dc components are obtained, and then the stator resistance is estimated.
However, extracting the DC components is not easy since the magnitudes of the DC com-
ponents are much smaller than the fundamental components and the frequency of the
fundamental component depends on the rotor speed and hence on the operating point [29].
In the other hand, due to the current limitations of semiconductor devices, dc-signal in-
jection methods cannot be directly applied to the motors larger than 100hp(75kW) [23]. A
low-frequency injection-based method for estimating the stator resistance for PMSMs is
proposed in [26]; the method is based on injecting a three-level perturbation into i; and us-
ing two algorithms with different convergence speeds. However, this method is completely
model-based and sensitive to the model parameters. Also, unstable convergence may occur
in the saturation case [30]. High-frequency signal injection methods are mostly used for
initial detection of rotor position [31,32] or estimation of the magnetization state [27], rather
than for estimation of stator resistance. In these methods, some other problems such as the
skin effect and the reactance values (which at high frequencies are more prominent than
the resistance value) must be considered in the analysis [25].

In this paper, a new method based on low-frequency signal injection is proposed
to estimate the stator resistance. The first advantage of this method is that it does not
require machine parameters, which can be applied to the machines even with unknown
parameters. Moreover, the variation of the different parameters does not affect the accuracy
of the resistance estimation. The second advantage is the simplicity of the implementation,
which does not require any complicated process. In the proposed method, a low-frequency
sinusoidal current is injected into the d axis of the stator for a short time. This injected signal
can produce a sinusoidal variation on the estimated flux of the g axis if there is a mismatch
on the stator resistance value. The phase difference between the injected sinusoidal signal
and the sinusoidal variation of the estimated flux is related to the initial value of the stator
resistance, which allows to adjust and estimate the correct value of the stator resistance.
The rest of the paper is structured as follows. The flux estimation is introduced in Section
II. In Section III, the effect of stator resistance mismatch on the estimated flux is studied.
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The simulation and method explanation is presented in Section IV, and the experimental
validations are provided in Section V. Finally, Section VI concludes this article.

2. Flux estimation

With the method proposed in this paper, in order to estimate the stator resistance, the
stator flux must first be estimated. In this study, a flux estimator, based on the voltage
model, is used as introduced in [33,34]. In this method, the stator flux linkage can be
calculated by integrating the back EMF of the stator windings. The stator voltage in &3
reference frame is described as (1).

dis

vs = Rgis + at

(1)

where R; is the stator resistance and vs, is, and 5, are the voltage, current, and stator flux
respectively. The stator flux can be expressed as follows:

s = / (7)5 - Rsis)dt (2)

The integration in (2) can cause a drift and saturation problems due to the initial condition
or dc offset. To avoid this issue, a Low Pass Filter (LPF) can be used instead of a pure
integrator. Equation (3) describes the estimated flux in the Laplace transform. where w is
the cutoff frequency of the LPF in radians per second.

(Us - Rsis)
s + we

Ps = (©)
Using a LPF can solve the saturation and drift problems, but it also can add an error
in the estimated flux. The gain and phase error produced by LPF can be described as
(4)[33], where Mag and ¢ represent the gain and the phase error respectively, and w, is the
synchronous angular frequency. It can be seen from (4), that there is a gain decrement and
a phase delay due to the LPF.

T Vwltw? (4)

Choosing a cutoff frequency close to the operating frequency can decrease the DC offset of
the estimated flux, but also introduces phase and magnitude errors. For example, when
a cutoff frequency is chosen equal to the synchronous one (w. = w,), the ratio of the
estimated flux to the actual flux has a magnitude of % with an angle of Z. Thus, to reduce
phase and magnitude errors, the cutoff frequency can be set as low as possible, but this
will reduce the effectiveness of the low-pass filter in filtering out the DC offset that is
likely present in the detected currents or voltages. Reference [34] suggests that the cutoff
frequency be chosen as a fraction of the rotation frequency, as follows:

o, el
¢ k

(5)

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

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

On the other hand, to eliminate the error produced by LPF, a gain and a phase compensator
can be used as (6) [34]. This compensator is exactly the inverse of the error introduced in
(4). Therefore, the selection of the gain and phase compensators is performed only using

the w, and w.
G. — vV we+we?
€ |wel (6)
pe = tan (%)

We

137

143

145

146
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LPF Gain compensator  Transform
V. N 1 Vwe?+wc? dg Y
A t I
= S+ we |wel o 1,
> e —
Me

N o

-1 Wc
tan (we)

Phase compensator

Figure 1. Flux estimation method.

Fig.1 illustrates the block diagram of the flux estimation method. In this method, after the
integration of back EMF through an LPF, a gain and a phase compensator is used. Then
with a Park transformation, the stator fluxes in dg reference frame are obtained. The stator
flux estimator that is introduced, depends on the stator resistance. In the next section, the
effect of stator resistance mismatch on flux estimation is investigated.

3. Effect of stator resistance mismatch on the estimated flux

Since the presented flux estimator depends on the stator resistance, it is clear that
an error in the stator resistance will cause an error in the estimated flux. By using the

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

However, it is very difficult to measure the actual stator flux and therefore to know the
error value of the estimated flux. Thus, in this paper, a method will be proposed to detect
the error in the estimated flux without the need to measure the actual flux. Finally using
this error, the stator resistance mismatch will be detected.

In order to analyze the effect of stator resistance mismatch on the estimated flux, it
is assumed that the compensator performs well, and the result is the same as with a pure
integrator as seen in (2).

The resistance error is defines as (7) :

RS - Rs + Rs (7)

Where R; is the actual resistance, R; is the initial resistance and R, is its error value. By
substituting (7) in (2), the estimated flux is expressed as (8).

ho= [ (0 = R+ R)idt = po+ [ — Rt ®

Where s is the actual flux and the rest of the equation is the error part due to the resistance
error, the tilde symbol represents the error part as (9).

lps - - Rs/isdt (9)
If the stator currents in «f reference frame are considered sinusoidal as in (10) :

z:,x = Imc?s(wet) (10)
ig = Imsin(wet)
By developing (9) and (10), the estimated flux error due to the resistance mismatch can be
described as (11) :

e

1/7;3 = %cos(wgt)

~ _M .
{%— o sin(w,t) 1)

180

182

183

185
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By transforming (11) in dq reference frame, the estimated flux error can be expressed by
(12), where R; is the error value of the stator resistance.

v =Ry
9= "we

According to (12), the resistance mismatch can cause an error in the estimated flux. In
the field weakening region (i; positive and iy negative), it can be noticed from (12) that a
positive Rs causes ; and 1, to be negative and creating a negative offset in the estimated
fluxes 4 and ;. Similarly, a negative Rs makes 9; and §, positive and therefore it causes
to a positive offset for the estimated fluxes §; and ;. This behavior will also be observed
in the simulation section.
Another consideration is the effect of stator resistance mismatch on the estimated flux
profile in terms of currents. The effect of this mismatch on the flux gradient in terms of
currents is shown in (13). In these relations, it is assumed that (I;; < I, and I5; < Ip,).

Rslq( -o)

Alrz’d Wel W2 li) P,
ot = : sign « —R
Al |I'7—Ct€ Iip—In We1>Wea sn(ar Aly ;) s
~ 5 11 _
Ay Rela(@g ~ay) A 2
L =cte = . sign(—+~) « R 13
Al |I,,, cte [ o>y 8 yP ) s (13)
. Rl _In .
Ay Rs (G — @) Afgy o R
_ = X R
Aly |Iq—cte Tn—1In We1>Wer Slgn( Al ) s

According to (13), it can be concluded that the slope of the estimated flux error in
terms of iy, or the value of ( ) has the opposite sign to the error value of the stator
resistance (—R;). It means that 1f the estimated resistance is lower than the actual resistance
(Rs < Ry), the resistance error value (R;) is negative, and the value of ( ) is positive,

therefore, with a positive error, the value of the estimated flux in terms of ig or (&7 Ady ) is
more than the real one. It can also be said that for positive values of RS, the value of ( ) is

less than the real one. This argument is also valid for the values of ( ) and ( ) whlch

have the same sign as the error value of the stator resistance (R;). However, in thls study,
we only use the third row of (13), as explained below.
The crucial point in this section is that, in the constant current of iy, it is expected that

§; does not depend on the current i;, thus the value of ( ) is expected to be equal to
zero. However, according to (13), this value has the same 51gr1 as the error value of the

stator resistance. It means, for R; > 0, the value of ( ) is posmve so the value of ( )

is greater than zero and positive, and for Rs < 0, the value of ( ) and therefore ( At/;q ) is

less than zero or negative. Therefore, by observing the sign of (Tld ), the sign of R can be

found. From this, it is possible to determine if Ry is greater or less than the actual resistance
of the motor. In this paper, this behavior is used to estimate the stator resistance.

Before explaining the estimation algorithm in the simulation section, the effect of stator
resistance mismatch on the estimated flux will be observed.

Table 1. Simulation Parameters

Parameter Symbol | Value

Stator resistance R; 20mQ)

d-axis inductance Ly 80uH

g-axis inductance L, 80uH

Mutual inductance between rotor and stator M 3mH
Number of pole pairs Np 6

187

203

204

205

206
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<<

| Vou| LPE | [V >

4 _|§} _|H} “WRSM
1

A A

Load

Control Card

Figure 2. Schematic of the studied system.

4. Simulation and method explanation

To investigate the performances of the flux estimator and the effect of stator resistance
mismatch, simulations are conducted for a WRSM with MATLAB Simulink. The WRSM
studied is a low voltage and high current motor for automotive applications powered by a
three-phase inverter and a 12-volt DC battery. The rotor also has a separate power supply
that allows a higher degree of freedom for the control system. An input filter with a large

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

Fig. 2 shows a schematic of this system, where the control card consists of a vector control
with PI regulators for i; and i;. The parameters of the simulated model also are listed in
TABLE 1.

4.1. Estimated flux

In these simulations, the method introduced in Fig.1 is applied to estimate the stator
flux. The constant k in (5) is chosen as k = 4, and the lower limit of w, is considered equal
to 1 for speeds close to zero, in order to avoid that the LPF time constant increases too much.
In the first simulation, in a constant i;, the estimated flux 1/3,1 is obtained as a function of the
current iy, and in a constant i;, the estimated 1}7,7 is obtained in terms of i;. Fig. 3 and Fig. 4
show the estimated flux §; and 1§, respectively, in three different cases: the blue one where
the stator resistance is error-free, the red one where the initial resistance (or the resistance
used in the flux estimator) is 50% higher than the actual value and the green one where
the initial resistance is 50% lower than the actual value. Fig. 4 illustrates the estimated
flux 9, in terms of i;. As discussed before, the stator resistance error can cause an offset
and a change in the slope. As it can be noticed in these figures, an error in the resistance
value induces an error in the estimated flux. As discussed in the previous section, when the
initial resistance is less than the actual value, the estimated flux has a positive offset, and
when the initial resistance is greater than the actual value, the estimated flux has a negative
offset. Also, as expected from (13), the slope of the diagrams could also contain an error.

Fig. 5 demonstrates the estimated flux ¢, in terms of i;. According to this figure, for
an initial resistance lower than the actual value, the slope of this diagram is negative, and
for a resistance higher than the actual value, the slope is positive. For the error-free case
this value is equal to zero, in other words the flux §, does not depend on the current iy,
which confirms the results obtained in equation (13). From the estimated flux lﬁq in terms
of i, the error in the stator resistance can be detected. In another simulfltion, the flux ¢, is
estimated by applying a sinusoidal current at i; for different values of R;. Fig. 6 illustrates
the estimated flux 9, while i, is constant, and there is a sinusoidal current injected into
iy, for different values Rs. As shown in this figure, when the value of R; is bigger than
the actual value, the estimated flux is in phase with i;, which means, when i; increases,
the flux ¢, also increases, and when i, decreases, the estimated flux §, also decreases. In
the cases where the stator resistance is smaller than the actual value, it is observed that
the flux ¢, changes by 180 degrees of phase shift concerning i;. In other words, the flux
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Figure 3. Simulation results: Flux ¢; as a function of i; in the case of R mismatch.
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Figure 5. Simulation results: Flux ¢, as a function of i; in the case of Rs; mismatch.

1/3,7 decreases with the increase in i;, and it increases with the decrease in i;. When the zs6
resistance is error-free, as expected, the flux §; does not depend on iy, and despite the zs7
sinusoidal changes in iz, the flux ), is constant. 258
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Figure 6. Simulation results: Flux i, as a function of a sinusoidal variation of i; in the case of Rs
mismatch.

4.2. Estimation of Stator Resistance

In the previous subsection, it has been shown that in the case of stator resistance error,
the estimated flux ¢, varies as a function of i;. Therefore, by observing the estimated flux
1Py in terms of iy, the stator resistance can be adjusted. The flowchart in Fig. 7 displays the
resistance estimation algorithm. According to this flowchart, a sinusoidal signal is first
applied to the d-axis current of the stator (iz). Then, with the initial value of the stator
resistance, the flux ), is estimated. If the estimated flux i, changes in proportion to iy,
the estimated resistance must be reduced. If §, changes in opposite to i, the estimated
resistance must be increased. The frequency of the iteration of this process is determined
by the input flag which is explained later, and the process continues until the flux $; no
longer changes with changes in i;.

To implement the proposed algorithm, it is required to choose the frequencies of the injected
sinusoidal signal (fs;;,) and the iteration time of the calculation block (or the sampling time).
The selection of the frequency of the injected signal depends on the flux estimation rate.
This frequency is limited by the LPF used to estimate the flux, and must be lower than the
cutoff frequency of the LPF (w,), to ensure that the estimated flux is not affected by a drop
in amplitude or a shift in phase. Selecting a sinusoidal signal frequency higher than the
cutoff frequency of the filter may result in incorrect convergence of the estimator. To choose
the sampling time, it should be considered that an acceptable number of samples are taken
in a sinusoidal period, so a sampling time can be chosen to guarantee that T; < %Tsin- The
following simulations are performed at iy = 0, i; = 90A and the rotor speed of 680rpm.
Considering the number of pole pairs N), = 6, the electrical rotation frequency is equal to
we = 1367t (rad.sec™1), and with k = 4, w, = 347 (rad.sec™!). The sinusoidal injected signal
is selected as gy = 2.55in(1677). Where fi;, = 1671(rad.sec™!) is chosen less than 0.5w,.
The amplitude also is chosen as 2.5A, about 2% of the nominal current. In general, as the
amplitude of the injected sinusoidal signal increases, the amplitude of the changes in the
estimated flux increases, which can increase the rate of resistance estimation. However, a
high current amplitude causes more losses. Choosing an amplitude of about 2% — 5% of the
nominal current can lead to an acceptable estimation rate and also having few losses. The
sampling frequency is also chosen equal to Ts = 5ms about 21—5T51-n. At each sampling, a flag
is sent to the calculating block that leads the algorithm to an iteration. Fig. 8 summarizes
the stator resistance estimation scheme of the proposed algorithm.

Now to observe the performance of the stator resistance estimator, other simulations
are conducted for a WRSM in Matlab-simulink. In the first simulation, iq,e F = 904, and
lgref = 2.5sin(1677), and the initial value of the stator resistance is chosen Rs, = 0.2Q,
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Figure 8. Stator resistance estimation scheme.

which is 10 times greater than its actual value. Fig. 9 shows the current i, the estimated flux
iPg, and the estimated resistance R;. The estimation method is applied at t = 3s until t = 5s,
when the resistance is estimated. Att = 6s the real value of the resistance is changed to
Rs = 0.04Q) and at t = 7s the estimator is run again and the estimated resistance value
converges towards the new resistance value. As it can be seen, the value of the stator
resistance, despite a large error in the initial value, is correctly estimated in a fall time of
tr = 0.375s.

Fig. 10 also shows the estimation of stator resistance when the initial value is Rs, = 0.0020),

204
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which is 10 times less than its actual value. In this figure it can be seen that the estimation
of the stator resistance behaves as expected.

30 ‘ —1,, A —‘I’q(mWeb) —RsEst(cQ) --R- actual(c€2)

20 7
ppressesmes A=

_10 1 1 1 1
0 2 4 Time(s) 6 8 10

Figure 9. Simulation results: Estimated Rs, estimated flux ¢; and with a sinusoidal signal injection
onig.

_5 1 1 1 1
0 2 4 Time(s) 8 10

Figure 10. Simulation results: Estimated R;, estimated flux ¢, and with a sinusoidal signal injection
on id-

4.3. Kalman Filter estimator

In this section, a comparison is made between the proposed estimator and the Kalman
filter estimator. Kalman filter is a mathematical model that runs in parallel to the actual
system and provides the estimation of the states of linear systems [35]. Fig. 11 shows the

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

Using the system model of a WRSM, the state equations for the estimator can be presented
as follows:

did _v4 Rg weLq .

de Ly~ LTI

ig _ vg Ry W . .

at = 1.~ Tl — T (Laig + Mic) (14)
dRs __

a =0

where, v; and v, are the voltages in the dq axes, i, is the rotor excitation current and w, is
the synchronous angular frequency. Also L and L, are the stator inductance on the d and
g axes and M is the mutual inductance between the rotor and the stator. This simulation

Real system

Measured variables

4= foor+Bu (=M

Modeled system

| di n
df = f(X)+Bu

<
v

=<
>

—
>

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 i; = 80A and iy = —10A. The estimated currents iy
and iy by the Kalman observer as well as the measured currents can be seen in Fig. 12. The
estimated resistance is also shown in Fig. 13. It is observed that the Kalman observer is
able to correctly estimate the stator resistance in a short time (less than 0.5ms). However

0.05 —
- Rs
S o [ ]
. |
-0.05 ‘ ‘ ‘
0 0.5 1 1.5 2

Time(s)
Figure 13. Simulation results: Actual resistance and estimated one by Kalman observer.

Kalman observer has two main drawbacks: the first problem is a high computational load,
and the second one, like the other model-based observers, is that it depends on the model
parameters. To estimate the stator resistance, the values of the motor parameters such as
Ly, Ly and M need to be specified in the EKF design, while with the proposed method,
those parameters are not needed. In model based observers, an error in each parameter
leads to an error in the estimated parameter. To observe the effect of motor parameters
error on estimated resistance, the motor parameters are given to the Kalman observer with
some errors. Fig. 14 illustrates the estimated resistance while there are errors in the other
parameters.

In Fig. 14, it can be seen that if only L; or L, have 50% error, the resistance value of
Rs is estimated with an error of 8.5% and 15% respectively. If both L; and L; have a 50%
error, the error is greater (about 50%). This error increases when the mutual inductance
M has an error, because as it can be seen in TABLE 1, its value is much higher than the dgq
inductances. In this figure the red diagram shows the estimated resistance while M is 50%
lower than the actual value, and the purple diagram shows the estimated resistance while
M is 50% greater than the actual value, at which the errors correspond to 50% and 150%
respectively. These results show that despite the high speed of the Kalman estimator to



Version March 11, 2023 submitted to Journal Not Specified

13 of 19

0.05

RSEStwithout error
R Est
S Lq-error
_RSEStLd-error
_RSEStqu—error
~ _RSEStM—error
\c./ 0 _RSEStAlI—error
@»n
&
_0 05 1 1 1 1 1 1
0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
Time(s)

Figure 14. Simulation results: Estimated resistance by Kalman observer when errors in the parameters
are added.

Inverter

Load Rectifier
' WRSM dSPACE

Input Cap

Figure 15. Experimental test bench.

estimate the stator resistance, if the other parameters of the model contain an error, the
estimated resistance will also have an error which can be significant in certain cases as it
can be seen in Fig. 14.

5. Experimental results

In order to verify the proposed estimator, experimental tests have been carried out on a
WRSM. The prototype platform is shown in Fig. 15. The WRSM under study is designed by
Valeo for mild-hybrid applications for automotive industry with 12V rated voltage, 1.5kW
rated power and excitation current of rotor up to 8A. The experimental setup consists of
two WRSMs, the first machine is controlled and its stator resistance is estimated and the
other is used as a load for the first machine. A dSPACE MicroLabBox is used to control the

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

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

battery. The rotor excitation winding is also powered by a controllable DC voltage source.
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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. s
To do so, with a current reference of i; = 35A, a sinusoidal current is applied to i; and the  ss0
flux i, is estimated. 351

In this test, a sinusoidal current is applied to iz and the flux §, is estimated while the  ss
value of the stator resistance in the equations of the flux estimator is first set to a value 50%  3ss
lower than its actual value, then it is set equal to its real value, then it is fixed to a value s
50% higher than its real value. 35

Fig. 16 shows the current i; and the estimated flux §,. In this figure, as in the simulation s
results, it is observed that at the beginning, when the set value of R; is lower than its real = sss
value, the current iy and the flux §, have a phase difference of 180 degrees, so the flux {; sss
decreases when i; increases and it increases when i; decreases. Then, when the fixed value sse
of R, is equal to its real value, {; is almost constant and stable. Finally, when the set value s
of the resistance is greater than its real value, the current iy and the flux §, are in phase. 36

(Flux: In phase opposite to the current) (Flux: In phase with the current)

T (Flux: Constant) I

Rs :O-SRS—actual T Rs :1~5RS—actual
Rs ~ RS—actual e

3
AVATAVATLP ”v"v\/\,«"\\

VNAAAAAANN

id (10A/div)
& 100ms ¥ (8¢* Wb/div)

Figure 16. Estimated flux with a sinusoidal signal injection on i; for different value of R;.

5.2. Stator resistance estimation 362

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

ig = 35A, and for the sinusoidal signal injected into i, the frequency of the sinusoidal wave s
is 167 (rad.s~!) and the amplitude is equal to 5A (about 4% of the nominal current). In the s
first test the initial resistance value is considered 2m(). The sinusoidal signal is injected into  ses
iz, and the estimation algorithm is executed. Fig. 17 illustrates the result of this estimation. sez
As shown in Fig. 17, the estimated flux first oscillates sinusoidally with a phase shift of 180  ses
degrees with i;. Then, by starting the resistance estimation algorithm, the amplitude of ses
the estimated flux oscillation is decreased and the estimated resistance converges towards sz
27.2mQ). 371
This experiment is repeated under the same conditions, but this time the initial value of 7

the stator resistance is chosen as 200m(). The result of this estimation is also illustrated in  s7s
Fig. 18. As it is seen, first the estimated flux has oscillations in phase with i;. Then, after sz
starting the estimation, the oscillation in the estimated flux is reduced, and the estimated 7
resistance converges to 27.2m(). 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 sz
speed, another experiment is performed. In this test, the motor currents (i; and i,) are kept = s7
constant and the rotor speed varies with the output load. As mentioned earlier, a second  sso
machine is connected to the studied machine as an output load. The second machine works  se:
as a generator and supplies a resistive load. In this test, to make a sudden change in the e
motor load, the resistive load connected to the generator suddenly changes. Fig. 19 shows s



Version March 11, 2023 submitted to Journal Not Specified 15 0f 19

id (20A/div)
Y CmWb/div) e
R (40mQ /div)
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—
Figure 17. Estimated resistance when the initial value is about 10 times smaller than the actual value.

id (20A/div)
Yy CmWDb/div) e
R (40mQ /div) e

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

5.4. Estimation of resistance by Kalman observer

In this part, to compare and validate the proposed estimator, a Kalman filter observer
is applied to estimate the stator resistance. In this test, the stator currents are equal to
ig = 0 and i; = 35. Fig. 20 illustrates the resistance estimated with the Kalman observer
which converges to 28m(). Fig. 21 also shows the estimated resistance in the case of error
in the motor parameters. It can be seen, like the simulation part, for the error of 50% on
Ly or L, the estimated resistance faces a small error (5.7%). This error increases with a
mismatch in the mutual inductance M, the red diagram in this figure shows the estimated
resistance while M is about 50% lower than the actual value (which leads to an error of
89% in the estimated resistance), and the purple diagram shows the estimated resistance
while M is about 50% bigger than the actual value (which causes an error of 135% in the
estimated resistance). The results observed in this section demonstrated the sensitivity of
model-based estimators and it was observed that in this type of estimators, an error in one
of the model parameters can lead to a significant error in the estimated parameter. Though,
the proposed estimator is completely independent of the model parameters.
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Figure 20. Experimental estimated resistance with Kalman observer.
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Figure 21. Experimental estimated resistance with Kalman observer while there are errors in the
parameters.
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6. Conclusions

In this paper, a new method based on low frequency signal injection has been proposed
to estimate the stator resistance. This technique is based on the phase difference between
the injected sinusoidal current and the estimated flux variations. In this method, a low
frequency sinusoidal current is injected into the d axis of the stator and during this time the
stator flux is estimated. It was shown that by injecting a low frequency sinusoidal signal
into the stator d-axis, in case of stator resistance mismatch, the estimated flux of the g-axis
gets sinusoidal variation, and the phase difference between the injected sinusoidal signal
and the sinusoidal variation of the estimated flux is related to the value of estimated stator
resistance. This phase difference was used to adjust the stator resistance. The proposed
method provides a simple, parameter-free technique for estimating stator resistance with-
out the need for the parameters of the machine model, such as stator and rotor inductances
or the rotor flux linkage.

The simulation work, first, showed the effect of a stator resistance mismatch on the esti-
mated flux, which confirmed the presented equations and discussion. Then, the implemen-
tation of the proposed estimator showed that the estimated resistance converges to the
actual value.

A comparison with the Kalman observer also illustrated the advantage of the proposed
estimator. The results demonstrated the sensitivity of the model-based estimators and
it was observed that in this type of estimators, an error in one of the model parameters
can lead to a significant error in the estimated parameter (up to a few tens of percent
error). While the proposed estimator is completely independent of the model parameters.
However, the Kalman observer can estimate the stator resistance in a short time (less than
0.5 ms), while the proposed method cannot be as fast due to the nature of the low-frequency
injection method which can take few seconds.

Finally, the performances of the estimator was validated on a test bench. The experimental
results as well as the simulation results have clearly shown that even in the case where the
injtial value of the resistance is far from the real value, the proposed method can converge
and estimate the value of stator resistance precisely.
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