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Abstract: In electric drive systems, one of the most common faults is related to measurement
equipment, including current sensors (CSs). As information about the stator current is crucial to
ensure precise control of AC drives, such a fault significantly affects the quality and security of
the entire system. For this reason, a modified extended Kalman filter (EKF) has been presented in
this paper as an algorithmic solution to restore stator current in the event of CS failure. In order
to minimize the impact of rotor and stator resistance variations on the quality of the estimation,
the proposed model includes an estimation of the general coefficient of their changes. In contrast
to solutions known in the literature, the presented model considers changes in both resistances in
the form of a single coefficient. This approach allows us to maintain a low order of the estimator
(fifth) and thus minimize the tendency to system instability and decrease computation burden.
Extensive simulation tests have shown a significant improvement in the accuracy of stator current
estimation under both motor and regenerating modes, a wide speed range (1-100%), and changes in

motor parameters.

Keywords: induction motor drive; fault-tolerant control; current sensor faults; current estimation;
modified Kalman filter; fault compensation

1. Introduction

In recent years, there has been a significant increase in interest in fault-tolerant control
(FTC) systems, which are used in applications with a high degree of safety, such as electric
vehicles or robots. Like every system, the electric drive is susceptible to damage, which
consequently affects its operation. The most important task of the FTC system is to ensure
the correct operation of the drive not only in a fault-free state but also in the event of
damage to any system component, at least until the given device is safely turned off and
the fault is removed. FTC can be realized using hardware or software redundancy. The first
relies on the use of additional spare sensors or semiconductors and involves techniques
to reconfigure power supply systems and electric motor control systems (including mul-
tiphase) [1-3]. In contrast to this approach, software redundancy does not require using
any additional elements, which makes it more attractive and cost-effective. There are two
groups of software-based techniques: passive and active. The first involves designing a
controller that is resistant to selected types of drive damage. On the other hand, active
FTC requires detection of the type of damage and its compensation while maintaining the
functionality of the previous drive system control [2,3].

Measurement sensors are one of the most vulnerable to failure parts of the entire drive
system [2,4]. At the same time, signals provided by them, such as speed, current, or voltage,
are essential in advanced control structures. Accurate measurement of the stator current
is particularly important in vector-controlled AC motor drives. That quantity is crucial
to estimate non-measurable state variables, such as rotor/stator flux or electromagnetic
torque, used in control structures. Any current sensor (CS) failure drastically affects the
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quality and safety of drive operation. For this reason, CS fault compensation has become a
widely researched topic in recent years.

Several CS fault compensation methods are proposed in the literature [5-15]. Their
characteristics are summarized in Table 1.

Table 1. Comparison of the known stator current estimation methods.

Feature: 51 fel 71 08 1o [oil [ pel (4l [sl e
Paper
concerns any CS fault No No Yes Yes Yes Yes Yes Yes Yes Yes Yes
sensitive to C.h anges m No No Yes Yes Yes Yes Yes Yes Yes No No
motor resistance
include fefadba.ck from current No No Yes Yes Yes No No No No Yes Yes
estimation error
additional parameters required Yes No  No Yes Yes Yes No No Yes Yes Yes
noise filtering properties No No No No No No No No Yes No Yes
at least one a.vallable Yes Yes  Yes No * No * No No No No Yes No *
CS required
speed measurement required No No  Yes No Yes Yes Yes Yes No Yes Yes
computation burden L L H H M M L M H M H

Description: * switching to open-loop necessary, L—low, M—moderate, H—high; [5] asymmetry index method, [6] axes
transformation method, [7] multiple observers, [8] SEPLL + sliding mode observer, [9] Luenberger ob-
server, [10,11] adaptive observer, [12] VCS, [13] flux-based state observer, [14] flux-based EKEF, [15] state observer
with resistance adaptation.

In [5], the authors presented an approach based on the asymmetry index, which is the
difference between the RMS norms of the phase currents. In the case of CS gain fault, the
output gain for the current signal is adjusted until the asymmetric index is lower than the
adopted threshold. The greatest advantage of this approach is its total independence from
motor parameters and low computation burden. However, it particularly concerns only one
type of CS fault and does not cover the most dangerous situation—total signal loss. Another
solution that does not require a motor model was proposed in [6]. According to this idea,
the missing stator current can be reconstructed using its reference value, expressed in the
synchronous reference frame (d—4). In this case, at least one CS also has to be available, but
speed measurement is not required.

The most extensive group of current reconstruction methods is based on the mathe-
matical model of the motor. Typically, such estimators take the form of an observer [7-15].
For example, in [7], the authors propose monitoring each of the phase current sensors by
its individual observer. In this solution, CS fault detection can be performed independently.
However, since each observer estimates stator current components, the computational
burden is high. In [8], the faulty phase current is restored using both the SEPLL and
sliding mode observer. These authors considered speed-sensorless scenarios; currents are
calculated without information about motor speed or position, and at least one CS should
be available. The Luenberger observer was proposed in [9]. It should be emphasized
that all mentioned observers consider feedback from current estimation error. If any CS
fails, a problem with its calculation occurs. In such a situation, some authors replace the
feedback observer with an open-loop observer [8,10,11]. However, as shown in [9], if at
least one CS is available, the stator current estimation error can be determined based on
the information from the remaining sensor and the currents estimated by the observer.
This approach allows the maintenance of the functionality of the drive but also improves
the quality of stator current reproduction. Of course, in the event of failure of all CSs, the
only way to restore the stator current comes down to its estimation using an open-loop
observer [9], such as a Virtual Current Sensor (VCS), proposed in [12], or flux-based ob-
server [13]. When it comes to speed-sensorless structures, extended Kalman filters (EKFs)
are commonly presented [16-26]. Surprisingly, in the literature known to the authors,
there is only one work [14] where an EKF was proposed for the current reconstruction.
Nonetheless, the stator currents are not estimated directly by the EKF but are calculated
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based on the estimated stator and mutual flux components of the IM. The authors analyzed
the situation of current estimation without speed measurement; thus, they assumed that
one CS is always available.

The main drawback of motor model-based solutions is that the estimation quality
is strictly dependent on motor parameters, such as rotor and stator resistance. Since
motor parameters change during motor operation, mostly due to temperature variations,
estimators that allow online resistance adjustment are desired. For example, in [15], a
full-order stator current and rotor flux observer with resistance adaptation was presented.
Unfortunately, there is a lack of more such solutions when it comes to current-sensorless
structures. In the field of speed-sensorless structures, EKFs are often used to simultaneously
estimate state variables and both resistances [16,17,21-26]. Unfortunately, the simultaneous
estimation of both resistances in one consistent algorithm increases the order of the EKFE.
The higher the order of the estimator, the greater the tendency to lose its stability. In the
literature, some solutions have been proposed to solve this problem [16,17,21-23]. However,
at the same time, the computation burden increases significantly.

The aim of this paper is to develop an EKF that will enable good accuracy in stator
current estimation after CS fault in a vector-controlled IM drive. In contrast to known
solutions, the presented idea includes changes in both rotor and stator resistance in the
form of a single coefficient. Hence, the solution presented in the article allows for the
maintenance of a low order of the EKF (fifth) and does not increase the complicity of the
estimator. The proposed approach can be applied to any type of sensor fault. As for all
estimators that include feedback from current estimation errors, if all CSs fail, EKF should
be replaced with an open-loop observer. Extensive simulation studies of the quality of
current estimation using the proposed structure were performed under various driving
conditions, both in terms of motor and regenerative operation. It should be noted that
there is a lack of papers in the literature dedicated to the evaluation of current estimators
working under the regenerating mode of the motor. Hence, there are also no such articles
dedicated to EKFs. Simulation tests have proven a significant improvement in the accuracy
of stator current estimation while minimizing the EKF order to the fifth order.

This paper consists of five sections. After this Introduction, Section 2 delves into the
mathematical models of the analyzed IM drive. In this section, the adopted mathematical
model of the IM is described, and the classical algorithm of the EKF is presented. Next, the
proposal for a new EKEF is introduced, which considers temperature changes in both the
stator and rotor resistance of the IM using only one general coefficient. Section 3 describes
the simulation methodology and research scenarios for the comparison of the proposed and
classic EKFs. In Section 4, the obtained results are presented and discussed. The detailed
conclusions derived from the conducted research concerning the adopted methodology
and the newly presented solution for CS fault compensation in the IM drive using modified
EKF are given in the last section.

2. Mathematical Models and Methods
2.1. Mathematical Model of the Induction Motor

The mathematical model of the IM is usually formulated using the following simplify-
ing assumptions [3]:

The stator and rotor cage windings are considered concentrated windings;

The machine is treated as an ideal three-phase symmetrical motor;

The air gap is assumed to be uniform;

The effects of anisotropy, magnetic saturation, hysteresis phenomena, and eddy cur-

rents are neglected;

e  Higher harmonics of the spatial field distribution in the air gap are neglected (only the
fundamental harmonic is considered);

e  Resistances and inductances of the machine windings are treated as constant.
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After adopting these commonly used assumptions and spatial vectors for electromag-
netic state variables, the mathematical model of the IM can be presented in the stationary
coordinate system (a—p), in relative units [p.u.] in the form of the state equation:

d
TNax[t] = A(“’m[t])x[t] + Bum, (@)

Yy = Cx, 2)

where x—state vector, y—measurement (output) vector, u—control (input) vector, A(wy[1)—
state matrix, which depends on the motor speed w;,, B—control (input) matrix, C—output
matrix, and Ty—normalizing time constant: Ty = 1/(27f;n) [s]. The lower subscript in
square brackets defines the calculation time.

A schematic diagram of the mathematical model of the IM expressed by Equations (1)
and (2) is shown in Figure 1.

Uy

O >

Figure 1. Scheme of the mathematic model of the IM.

Taking the state vector as

. T
X1 = |Gsalt) Isplt] Fralt 'f’r/s[tﬂ , (©)

Equation (1) and (2) are expressed as follows:

airs + ary 0 asry AW | | Lsafr .
0 Mts +agfy  —04Wy A3y sl + L {1 0 0 0} Uy 1] )
asry 0 aely —a)m[t] Yrtx[t] (Tls 01 00 usﬁ[t] !
0 as’ty Winlt) aglr Y”ﬁ[ﬂ B ‘—;ﬁ—"
A(wm[t] ) X[
iszx[t]
fsalt) | _ [1 00 0] 5Bl 5)
Zsﬁ[t] 01 0 O ij[t] !
—_———
T ¢ Frplt
Y[t] N——
X[t
where a1 = —%ls, a) = —%, as = #’:l%’ ag = %, as = IZ—T, ag = —% and rg and r,—stator

and rotor resistance, I, I, and /,—main, stator, and rotor inductances, respectively, and
o=1— 1,,2/(1;],)—total leakage factor.

2.2. Mathematical Model of the Extended Kalman Filter
2.2.1. General Model and the Calculation Algorithm of the Extended Kalman Filter

According to the KF theory, the IM model should be written in a discrete form, and
noise signals should be included [27]. Moreover, when the state vector (3) is extended
with an additional element (rotor speed, stator resistance, rotor resistance, etc.), Equa-
tion (4) becomes nonlinear. Consequently, the mathematical model of the IM is expressed
as follows:

XRlk+1) = fR {XR[k]f“[klfk} + Gywiy = Ar (XRmf k) xr[k + Bt + Gywyy,  (6)
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YRk+1] = CRk+1XR[k+1] + Vik+1)/ 7)

where xg—extended state vector, G—interference gain coefficient matrix, fr—a function
that constitutes the nonlinear part of the model, and w and v—disturbance matrix of state
variables and measurements, respectively.

Regarding noises w and v, it is assumed that they are white, Gaussian, indepen-
dent noises, with expected values equal to zero, with covariances Q and R, respectively.
Therefore

w~ N(0,Q), v~ N(0O,R). 8

Considering the above assumptions, the EKF algorithm used for the calculation of the
extended state vector elements can be presented in the following steps:

e  Step 1—calculation of the value of the state vector predictor at the sampling step (k + 1)

A
based on the input uj) and the state estimate xgx) at the previous moment (k):

XR[k+1k] = /R |:XR[kk]/ u[k]rk} = AR <XR[kk]/ k) XR(k|k] + Brix UK/ )

e  Step 2—calculation of the state prediction error covariance matrix:

Py = F[k}P[k\k}F[Tk] +Qp, (10)
where { }
afR xR[k|k]/u[k]/k
Fp = , 11
y OXRk[K] . 1
XR[k|k] =XR[k|K]

And Fjy—state matrix of the linearized system for the estimate value calculated in the
previous step.

e  Step 3—calculation of the EKF gain matrix:

-1
K1) = Pyt Cripa) {CR[kJrl}P[kH\k]C[];[kJrl] + R} , (12)

e  Step 4—calculation of the adjusted state vector estimate:

A A

XRik+1jk+1] = XR[k+1[k] T Kjer) {Y[k-i-l] - CR[k+1}XR[k+1|k]]r (13)

where y[;,1j—measurements at the present moment (k + 1),

e  Step 5—calculation of the estimate error covariance matrix:

Pleiijk+1) = [I - K[k+1]CR[k+1ﬂ Plit1)k)s (14)

where I—identity matrix.
e  Step 6—back to step one.

To implement the algorithm, it is necessary to select the initial matrices: x|p|o; and
P[o10)- However, the appropriate choice of Q and R matrices is crucial. They determine the
quality and rate of the estimation process [20,28,29].

The schematic diagram of the extended Kalman filter is shown in Figure 2.
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Figure 2. Schematic diagram of the general model of the extended Kalman filter.

2.2.2. Mathematical Model of the Classical Extended Kalman Filters for Rotor
Resistance Estimation

When the state vector contains the electromagnetic state variables and rotor resistance:

NA

XR[k] =

Zbs/S[k] gvm (15)

N N 9T
hm w]%mﬁﬂr

The discretized (with step T),) mathematical model of the IM can be described by
Equations (6) and (7), whereby

e  Output vector:
A s a T
YR = [lsa[k] lsﬂ[k]} ’ (16)
e Input vector:
T
URjx = {usa[k] usﬁ[k]} , (17)
And
e  Extended output matrix:
1 00 00
CR‘{O 100 o]’ (18)
e  Extended input matrix:
T, [1 0 0 0 0]
_ P
h%m%1oooy (19)
e  Extended state matrix:
arrs +a2?r[k] 0 a3t (k] A4Wy k) 0
Tp 0 a1rs + azfr[k] A4y 374k 0
A;{[k] :I+TN a5f’r[k] ? a7y (k) — W[k 0], (20)
0 sty Wiy k] ety 0
0 0 0 0 0

The state matrix of the linearized system for the estimated value calculated in the

previous step takes the following form:

Ty

=1+

a1rs + le?,,[k] 0 a3ty A4W (k] azls“[k} + ﬂ3 ra[k]
0 mrs + @ofyy)  —AaWy)  A3Ty) B2lsppy + ﬂ3 rBlK]
asf ik 0 agrvi] Wik szx[k} + ﬂé ralk] (21)
0 as7y[i] Wl ATy st 1 96 Frppy
0 0 0 0
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F

dr
(k]

2.2.3. Mathematical Models of the Modified Extended Kalman Filters for Rotor and Stator
Resistance Estimation

In this research, two modified EKFs are tested: EKF;—for the estimation of «,
components of the stator current and rotor flux vectors and additionally the coefficient
representing uncertainties of the rotor resistance (relative to the rated value); and EKF,—for
the estimation of components of the stator current and rotor flux vectors and general factor
of changes in both rotor and stator resistances versus their nominal values.

In the case of EKFj, the last element of the state vector (15) is replaced by the relative
rotor resistance change factor, defined as follows, similarly to in [28,29]:

real
Ty

7
'rN

dy = (22)

where r,”! and r,ny —actual and rated rotor resistance, respectively.

Therefore, d, takes values of the same order of magnitude as the stator currents and
rotor fluxes. For such modification, the state vector and matrices Ar and Fgr for EKF; take
the following form of Equations (23)—(25):

Adr X . R R R T
XRiK = |lsak] Isplk] Tral] Trpik] ek | - (23)
ars + azrrcfr[k] 0 A {Il37’rdr[k] A4 (] 0
. ) 0,\ a1rs + azi’rdr[k] — a4 [k] a3rrd,[k] 0
ARr[k] =1+ E a57’rdr[k] OA ﬂé?’rd,[k] —Wp[k] 01, (24)
0 ay’,d,m wm[k} uérrdr[k} 0
0 0 0 0 0
arrs + ﬂz?’rdAr[k] 0 QSrrdr[k] A4Wp (k] azfsa[k] +as ?’m[k] Ty
T 0 a1rs + {Ilgrrd:,[k] —A4Wy k] {Il37‘rdr[k] azz;ﬁ[k] + a3 gfrﬁ[k] Ty
_ p A ¢ N
=1+ E a5r,dr[k] 0 a6rrd,[k] —a)m[k] a5zs,x[k] + ae Yra[k] v | (25)
0 El5l’rd:,[k] W lk] aérrd,[k] 015{5/3[1(] + ae ?’rﬁ[k] Ty
0 0 0 0 0 |

During drive operation, both the stator and the rotor resistance change mainly due to
temperature variations. Taking into account the fact that the temperature coefficients of
changes in the resistance of aluminum (the material of the rotor cage) and copper (for the
stator winding) are almost identical, it can be assumed that changes in stator resistance as a
function of temperature are proportional to changes in rotor resistance, on this account:

rreal rreal
ds=T— =25 =4 (26)
'rN sN

With this assumption, it is possible to implement a motor model extended by a
single resistance change coefficient d,; = d, concerning both the stator and rotor resistance,
and thus obtain an EKF,—the filter for estimating electromagnetic state variables and
both stator and rotor resistances. This approach allows both resistances to be updated
simultaneously while keeping the algorithm simple and low order (fifth—as in EKFy).
For such a modification, the state vector and suitable matrices Ar and Fr for EKF, are
expressed as follows in Equations (27)—(29):

ad N -

2 A o o T
XR[K] = [Zsrx[k] isgik]  Tral)  TrplK] d[k]} , (27)



Electronics 2024, 13, 641 80of 18

~

alrsd[k] + azrrd[k] X 0 a3rrj[k] a4wrr£[k] 0
OA alrsd[k] + azrrd[k] —A4Wp k] QSVrd[k] 0
A?{[k} =1+ il & a5rrd[k] 0 aérrd[k] *wm[k] 0f, (28)
TN o
0 1157'7d[k} a)m[k} aérrd[k] 0
0 0 0 0 0
alrscf[k] + Clzrrd[k] A 0 a3rr¢f[k] a4w,,£[k] (alrs + azr,)isa[k] + azty qu[k]
T 0 arrsdyy + aafrdyy  —A4wpp  astedpy  (17s +aare)isp +astr Yoy
F‘flk] — I+ ﬁ astydjy 0 atrdl) W) a5isq k) + a6 Frafi] ) 77 . (29
0 aSrrd[k] Winlk] aérrd[k] 115i55[k] + ag Yfr‘B[k] Ty

0 0 0 0 0

It should be emphasized that the parameters rs and 7, in the respective matrices given
by Equations (24), (25), (28), and (29) are treated as constant, and are rated just like the
other parameters in the coefficients a;—a5. The input and output vectors and matrices for
EKF; and EKF; take the form of Equations (16)—(19).

3. Research Scenarios
3.1. Simulation Details and Research Scenarios

All tests were carried out for a drive system with an IM controlled by the Direct
Field-Oriented Control (DFOC) method, with two CSs applied in the control structure. The
rated parameters of the IM are presented in Appendix A. To reliably assess the quality of
stator current estimation by the proposed EKF; and EKFy, it is assumed that the variables
estimated by the EKF do not interfere with the drive control system (the estimator works in
an open loop). Moreover, CS faults are only simulated at the EKF input. Thus, measured,
undisturbed by faulty CS currents are used to implement the current feedback required in
the DFOC structure.

In the situation where any of the CS fails, the current signal is no longer available (or
is clearly distorted). Therefore, to provide the best quality of EKF estimation, at the EKF
input, the measured currents i;4p are converted to the stationary reference frame (#—f) and
then replaced by the corrected current components i, B They are a combination of phase

currents measured by healthy CSs and the currents 7, 4pc, estimated by a given EKF. Thus,
corrected currents are calculated depending on the location of the damage (indicated by
the A factor) as follows:

_ P -
for both healthy CS (A =1

|2 (isa + 2ip) | ycs(A=1)
l:fc;“ = \/g_i'SB N is,c for faulty CSin phase A(A = 2), (30)
lsp | 5° (isa + 2isp) |

isA .
R for faulty CSin phase B(A =3
2 (iya +20p) | y CSin phase B(A = 3)

Estimated phase currents are calculated based on estimated currents, 7, p, using the
inverse Clarke transform:

isC

0
fsa 1 V3
=2 2 | oY
f
2
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Vector-control structure u /‘( Kalman filter block '7

The components of the stator voltage us, required by the EKF algorithm, are calculated
based on the actual switching states S4pc of the inverter IGBTs and on the measurement of
the DC-bus voltage, upc, according to the equation:

Use| 1 254 —5p—Sc¢
)= 3voe VA 553 &

The general functional diagram of the tested system is shown in Figure 3.

CS fault simulation

A=1 for both healthy CS,
A= 2 for faulty CS in phase 4,
A=3 for faulty CS in phase B

Y

Analysis

Encoder

Figure 3. General scheme of the tested system.

The system simulation models were performed using the MATLAB/Simulink 2023b
software. The Euler method (odel) was used to numerically solve differential equations,
with a sampling time of 6.25 ps. The modulation frequency was assumed to be 8 kHz. To
reproduce the simulation conditions as close as possible to the real ones, the presence of
measurement noise of the stator current, DC-bus voltage upc of the voltage source inverter
(VSI), and the IM angular speed were assumed. The current noise was modeled based on
an actual measurement performed under rated operating conditions.

The noise parameters were selected by analyzing the frequency spectrum obtained
using a fast Fourier transform. (FFT) of the stator current signal. It was assumed that the
measurement noise was white, Gaussian with a zero expected value. The variance was
selected to receive a spectrum close to the real one, thus maintaining the noise signal at
—70 dB (variance assumed: 7.5 x 107°). A graphical FFT representation of both signals,
real (measured) and simulated, is shown in Figure 4. Since voltage measurement is carried
out using a measuring transducer of the same type, the presence of the same noise was
assumed. The measurement noise on the encoder was considered a pulse counting error,
which was implemented in accordance with [9]. Example waveforms of noisy and ideal
signals are shown in Figure 5.

‘7 Measured signal Simulated signal ‘

—60

Amplitude [dB]
5

0 50 100 150 200 250 300 350 400
Frequency [Hz|

Figure 4. Frequency spectrum of the real and simulated current signals.
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0.93 ¢
1.02 ‘ measured signal ideal signal ‘ ‘ measured signal ideal signal

2 0928
&
=g L
2 0.926 | | ,|| !Hl |
wn

0.924

0 0.005 0.01 0.015 0.02
Time [s] x107* Time [s]
(@) (b)

Figure 5. Example waveforms of measured signals (with noise) and ideal signals (without noise) for
the measurement of current is and voltage up¢ (a); angular velocity (b).

3.2. Methodology for Testing the Quality of Stator Current Estimation Using EKFs

The research on the proposed EKFs was divided into two stages:

first, the influence of the elements of the Q matrix for EKF; on the quality of state
variable estimation, in particular the stator current, in the presence of changes in the IM
parameters and the occurrence of CS damages in phases A and B of the stator winding;
then, considering the conclusions resulting from the first stage of research, the quality
of stator current estimation provided by EKF; and EKF, was compared.

The following assumptions were made for these tests:

The matrix R is considered constant and diagonal, with a value determined according
to [30] as: R = diag[7.5 x 107> 1.25 x 107*];

Initial conditions for EKFs: Pjgg = diag[1073 1072 107 1073 107 ], x| =
diagl0 0 0 0 1 J;

Matrix Q is diagonal;

the influence of only elements 417 and g, of the Q matrix is examined, each of which
can have values in the following range: g = {10_7, 1078, 8x 1072, 109, 10710 },'
these values mostly influence the current estimation quality;

The remaining elements of the Q matrix (433, 444, and g55) are considered constants,
with values 1019;

The tests are carried out for both motoring and regenerating mode, for speed range

w:,ff = {%0.01, £1}wy,N, and load torque t;, = {0.05, 1}y, assuming changes in the
motor model parameters (ry, s, and [,;) within the range of £ 25% of the rated value
for three fault situations: failure-free (A = 1), with CS damage in phase A (A = 2) and
with damage in phase B (A = 3);

Additionally, the situation in which both the stator and the rotor resistance changes is
considered. The parameters were changed only in the motor model.

4. Analysis of the Results
4.1. Influence of the Q Matrix for EKF; on the Quality of Current Estimation

According to the defined assumption, in this stage of the research, the best pair of

g11 and g at a given operating point of the drive system was determined based on the
selection criterion, defined as the average of the root mean square error (RMSE) value for
the phase currents (ig4, isp):

tz/Tp ) R 5 fz/Tp ) N 2
Y (isa(k) —isa(k)) Y (is(k) —isg(k))
. 1 k=t1/ Ty k=t1/Tp
Olsap = 5 (th— 1) (bh—t) (33)
) 1 11 2 1 +1

Ty Ty
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where i, Ak and i p[y—estimated phase currents,i; 4 and i,p[y)—measured ideal currents
(without noise added), and t; and t)—the beginning and end of the analyzed time interval
(for this study: 10 s of the steady state).

It should be noted that considering ideal measured currents (without measurement
uncertainties) in Equation (33) makes it possible to find a Q matrix that provides the
best properties for filtering measurement noise. Moreover, EKF uses corrected currents
Equation (30) which are created from the available (after fault) measured current (with noise
added) and estimated ones. Because RMSEs are calculated for changes in three parameters
of the motor model, it is possible to determine the Q that provides the best robustness to all
of their changes. Thus, the final error at a given operating point is calculated as the average
of RMSE for all parameter changes.

In Tables 2 and 3, examples of the average current RMSE values for different operating
points in motoring and regenerating modes are presented. The lowest values for a given
operating point are marked in blue, values exceeding 20 x 1073 are marked in red, and
unstable points (or when the error exceeds 100 x 10~3) are marked in grey.

Table 2. Average RMSE values for current, dis4p, for all parameter changes, and with CS damage in
phase A under motoring mode (multiplied by 103).

1l 1% of w,,Nn 100% of w,,n Load
107 108  8x10° 10° 101 107 108 8x10° 10° 1010  Torquef,
10~7 16.25 18.41 18.77 21.36 22.48 10.16 9.17 9.17 9.19 9.20
1078 16.61 14.64 14.72 16.61 17.90 9.10 494 4.84 4.67 4.69
8§x107? 1673 14.51 14.54 16.22 17.47 9.12 474 4.62 444 4.46 t, =5%
107° 17.40 14.35 14.14 14.24 15.39 9.33 3.91 3.73 3.55 3.70
10710 17.33  14.07 13.79 13.36 X 939 379 3.59 3.60 4.07
10~7 20.19 25.67 26.60 35.07 3998 27.07 21.33 21.18 20.60 20.51
1078 24.33 20.42 20.62 26.76 3293 1979 1149 11.18 10.19 10.09
8§x1077  24.92 20.45 20.56 26.06 3218 1942  10.95 10.62 9.57 9.48 tp =100%
10~° 28.05 23.19 22.80 23.39 28.48  17.68 8.46 7.96 6.18 6.12
10~10 28.45 25.33 24.99 24.39 3232 17.34 8.04 7.51 5.71 6.03
Blue color—lowest value; red color—values exceeding 20 x 1073; grey color—100 x 1073.
Table 3. Average RMSE values for current, disp, for all parameter changes, and with CS damage in
phase A under regenerating mode (multiplied by 10%).
1z 1% of w,,Nn 100% of w,,,n Load
107 108 8 x 107 109 10-10 107 108 8x10? 1079 1010 Torque t;
10~7 17.57 21.51 21.94 25.43 2629  11.63 9.02 8.93 8.63 8.60
1078 16.96 17.83 17.91 X X 12.11 6.69 6.38 492 4.66
8§x107? 1701 18.25 18.36 X X 12.20 6.68 6.35 4.79 451 tp =5%
1077 17.51 19.57 21.36 X X 12.72 6.96 6.59 4.47 4.01
10710 17.77 18.87 19.86 38.53 X 12.85 7.09 6.72 4.53 3.99
1077 20.16 26.24 27.28 36.75 4279 3055 2371 23.53 22.90 22.82
108 25.18 20.93 21.15 27.59 33.85 2205 1251 11.93 9.14 8.63
8§x107% 2591 21.06 21.18 27.00 3311 2165 1221 11.62 8.60 8.03 tp =100%
10~° 29.66 24.50 24.15 26.74 3276 1959 1143 10.83 6.88 5.83
10~10 29.49 26.19 25.92 97.56 X 19.15  11.38 10.82 6.85 5.67

Blue color—lowest value; red color—values exceeding 20 x 10~3; grey color—100 x 1073.

Similar results were obtained in the case of a CS fault in phase B. For the failure-free
case, the RMSE values of the current range from 1.27 x 1073 t0 16.89 x 1073.

The analysis of the obtained results shows that in a situation where all current sensors
are available, the selection of elements 411 and 4,5 of the Q matrix is not critical to obtain
a satisfactory quality of stator current estimation (for all assumed pairs of g elements the
estimation errors are similar). Therefore, in the failure-free state, it is sufficient to select
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one Q matrix constant throughout the entire drive operating range. The influence of the
selection of g11 and gy on the quality of the stator current estimation is observed in the
event of failure of any CS, especially in the low speed range (Tables 2 and 3)—when ¢
values are set too small, the system tends to lose stability. The appropriate selection of the
Q matrix also allows the current estimation error to be reduced even several times.

However, as can be seen from this part of the investigation, it is difficult to determine
the one pair of 411 and g2, elements, the best for all operating points of the drive system
and CS fault scenarios. Therefore, for further testing of both analyzed EKFs, the parameters
that ensure the smallest average RMSE of the current for all operating points and changes
in motor parameters were adopted:

e  For failure-free CSs: {g11; g22} = {1077;1077);
e  For sensor damage in phase A or phase B: {g11; g22} = {8 x 1072;8 x 107?}.

4.2. Analysis of the Quality of Stator Current Estimation Using EKF; and EKF,

In the second stage of the study, the quality of the stator current estimation provided
by EKF; and EKF, was compared. The tests were carried out in various drive operating
states (both during motor operation and in regenerating mode) and with different changes
in motor resistances. The quality of the estimation of the phase currents was evaluated
using RMSE), according to the following equation:

tz/Tp . ~ 2
x (lsm(k) - 1sm(k)>
Sign = | /D (34)
sm (tz _ tl)

+1
Ty

where m—phase A or B.

RMSE values for both tested EKFs, for nominal load, and all CSs statuses are illustrated
in Figure 6. Since the IM is operating mostly with a load close to the nominal, it was decided
to show the results only for such a load. However, the results obtained for low load torque
(5% of its nominal value) take similar (or even smaller) values.

As can be seen, EKF;, which considers changes in both motor resistances, allows us to
decrease current estimation error, especially in low speed regions, when any of the CS is
broken. For the rated speed, both models usually provide similar estimation errors.

When all CSs are available, there are no significant differences between both proposed
models (Figure 6a,d). Moreover, resistance changes do not considerably affect estimation
quality—for all tested operation points and resistance changes, the RMSE of both phase
currents are similar and do not exceed 2.5 x 10~3. Nonetheless, for some operating points
(when stator resistance changes), EKF; still provides an estimation error approximately
two times smaller than EKF;.

Analysis of the obtained results shows that the greatest advantage of EKF, over EKF;
becomes apparent when damage to any CS occurs. It can be clearly seen in the low speed
region when both the stator and the rotor resistance change simultaneously (Figure 6b,c,ef).

To quantify the improvement in the estimation when any CS is broken, a percentage
improvement in the quality of the current estimation offered by EKF, relative to EKF; was

formulated: EKE
Sitkh — 5iEKE

Lsm o

IR - 100%. (35)
Ism

where m—phase A or B, (51‘5,5 F__RMSE of m-phase current for EKF;, and (Sif,l,f E__RMSE

of m-phase current for EKF,. The results obtained for CS damage in phases A and B are

shown in Tables 4 and 5, respectively. Significant improvement (over 20%) is highlighted in

green, while the greatest deterioration (less than —20%) is in red.

Aism —
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(d)

(b)

Figure 6. Values of current estimation errors in phase A (a—c) and B (d—f) for the rated load torque
and the following condition: failure-free (a,d), with failure of sensor A (b,e), and B (c,f).

Table 4. Improvement in stator phase currents estimation provides for EKF;, over EKF; for CS damage

in phase A.
Aig 4 [%] Aigp [%]

Resistance/Speed [%] —100% —1% 1% 100% —100% —1% 1% 100%
™M =075ry -36.0 <<—100 <<—100 —16.95 —-71.9 <<—100  <<-—100 -7.6
M =125 1,y 26.1 <<—100  <<—100 3.66 —75.0 <<—100  <<—100 —57.8

rs™ = 0.75 reny 11.3 52.5 46.0 461 3.6 50.7 452 3.2

M = 1.25 roy —4.2 57.0 50.2 —0.28 —43 56.4 48.9 1.5

™M = 0.75r,5; 1s™ = 0.75 ron 2.8 93.1 91.2 —4.15 28.1 77.0 76.6 33.9
M =12575;1s™M =125rgg 422 97.1 95.6 20.40 21.6 87.6 85.8 13.1

Green color indicates improvement over 20%, and red color points to more than 20% deterioration.
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Table 5. Improvement in stator phase currents estimation provides for EKF;, over EKF; for CS damage

in phase B.
Aigy [%] Aigg [%]

Resistance/Speed [%] —100% —1% 1% 100% —100% —1% 1% 100%
™M =0.75 1,y —73.9 <<—100  <<—100 —32.4 —13.1 <<—100  <<—100 —19.3
1M =125,y <<—100 <<—100  <<-100 —29.5 —23.2 <<—100  <<—100 —19.7

™M = 0.75 rey 2.8 53.2 45.6 3.4 6.4 54.9 447 2.0
rs™M =1.25 rgy —5.5 54.4 46.0 —4.7 —4.2 54.4 46.8 —6.0
™M = 0.75 1,7 7™ = 0.75 gy 25.2 88.6 88.0 12.3 15.6 95.1 93.8 -2.8

1M =1.25 1,y 1™ = 1.25 rgy 55.1 94.2 93.0 32.0 12.2 98.3 97.7 5.2

Green color indicates improvement over 20%, and red color points to more than 20% deterioration.

As can be seen in Tables 4 and 5, at low angular speeds and when both resistances
change, the improvement in the estimation of the current in the phase where the fault
occurred is close to 100% (range: 93.1-98.3%), while the other current is estimated from
77.0% to 94.2% better, relative to EKF;. In addition, the quality of the estimation of missing
and available current are similar. As this case is closest to the real situation, it can be
concluded that the proposed filter structure EKF, will perform better under experimental
conditions than the EKF; model while maintaining the simplicity of the algorithm.

Each motor parameter is subject to a certain identification error, which means that the
actual motor resistance may be far different from that stated on the nameplate. Obviously,
such changes may also consider resistances and, in general, affect estimation quality.
Therefore, the test was also carried out with changes in only one of the resistances: stator
or rotor.

It should be noted that the proposed algorithm EKF, makes the estimation process
insensitive to any changes in stator resistance. At low speeds, the improvement is up
to 57%. Nonetheless, in all operating states in which only the rotor resistance changes,
significant deterioration is observed (for low speeds greater than 100%). Therefore, to
preserve the best estimation quality using EKF,, it is necessary to identify the nominal
rotor resistance as precisely as possible. However, it is also worth noting that, despite
a significant deterioration in estimation quality compared to the EKF; model, the error
values remain small and satisfactory.

Examples of phase current transients for both filter models (EKF; and EKF;), to-
gether with reference signals, for the operating states in which the greatest improve-
ment/deterioration in the quality of current estimation was observed are shown in Figure 7.
The greatest improvement in the quality of the estimation of a given phase current (A/B) is
observed in the following situation: nominal load, low speed under regenerating mode,
when both rotor and stator resistance increase, with faulty CS in the analyzed phase (A/B)
(Figure 7a,b). In contrast, the greatest deterioration of quality occurs when only the rotor
resistance increases, whereas other conditions remain the same (Figure 7c,d).

It should also be noted that the quality of the DFOC-controlled drive will be influenced
not only by the quality of the current estimation but also by the rotor flux components.
Therefore, RMSE values calculated for the rotor flux components (in the same way as for
the currents) were examined. Results developed for the rated load and for the faulty CS in
phase A are shown in Figure 8. The results for the faulty-free case and with fault in phase B
are similar.



Electronics 2024, 13, 641

15 of 18

1
?: 0.5
20
505
e

-1

1
505
&0
R 05
e

.92
09 0.95 ——_—]
=g
0.90 9 0.00 P =
1
:: 0.5
— o ref. ="
EKF1 <
EKF2 & 08
. . . . " ) -1 . . " . . )
2.6 2.7 2.8 2.9 3 3.1 2.6 2.7 2.8 2.9 3 3.1
Time [s] Time [s]
@) . ©
0.95 fr~—~—~r—A T ee— A
0.90 v~y nr 0.90 4 m e o A
1
?: 0.5
S0
205
TS
f A A . . ) -1 f . . ) A )
2.6 2.7 2.8 2.9 3 3.1 2.6 2.7 2.8 2.9 3 3.1
Time [s] Time [s]
(b) (d)

Figure 7. Waveforms of rotor currents at operating points where the greatest improvement (a,b) and
deterioration (c,d) of the estimation quality are observed. The results relate to the following conditions:
tr = tiN, wm =—0.01 wy,N, and faulty CSin phase: A (a,c), B (b,d). The greatest improvement occurs for
M =125 r,y and rs™ = 1.25 7sn, while the greatest deterioration for M = 1.25 1,y and rs™ = rgy.

(a) (b)

Figure 8. Values of rotor flux components estimation errors: « (a) and B (b) for the rated load torque

with damaged sensor A.

As it was for currents, it can be clearly seen that EKF, allows for the reduction in esti-
mation errors for all situations where stator resistance changes. The greatest improvement
and deterioration in the quality of the estimation is observed for the same load and speed
as for the current, but in this case, this applies to the fault-free state. The bottom line is
that the greatest improvement corresponds to a simultaneous change in both resistances.
Consequently, EKF, will behave better in a real CS-FTC system, with regard not only to
the quality of the current estimation but the entire state vector. The waveforms of the
rotor flux components for both EKFs, compared to the reference signal, for the best and
worst improvement in the estimation quality of the rotor flux components, are presented in
Figure 9.
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Figure 9. Waveforms of rotor flux components at operating points where the greatest improvement
(a,b) and deterioration (c,d) of the estimation quality are observed. The results relate to the following
conditions: t; =ty N, wy =—-0.01 w,,N and failure-free mode. The greatest improvement occurs for
7™M = 0.75 1,y and 1™ = 0.75 4y, while the greatest deterioration for "M = 0.75 1,y and 7s™ = rgy.

5. Conclusions
Based on the presented research, the following conclusions can be drawn:

e  Correct selection of the Q matrix for the Kalman filter is particularly important in the
event of damage to the CS.

e  To ensure the highest quality stator current estimation, tuning the Q matrix depending
on the current operating point (both speed and load) is recommended.

e The worst quality of estimation is obtained in states characterized by low current
variability, which corresponds to operation at low speeds and low loads (especially in
regenerating mode).

e [Extending the state vector with a general coefficient of resistance change, considering
changes in both rotor and stator resistance, allows for increasing the accuracy of the
estimation of electromagnetic state variables while maintaining the simplicity of the
EKF algorithm. With this approach, a significant deterioration of the estimate occurs
only in the case of changes in only the rotor resistance. Since this situation does not
occur on a real drive, this defect does not matter.

e The adopted way of calculation of the corrected stator currents, taking into account
the available measured and estimated currents makes it possible to properly calculate
the state estimation error in the EKF algorithm.

It should be highlighted that the main goal of this work was to develop a Kalman filter
for estimating IM stator winding currents in the case of CS fault that would be less sensi-
tive to the most common parametric inaccuracies of the motor model (resistance change
during system operation), while maintaining the simplicity of the algorithm, including
the relatively low order of the system of equations describing the estimator. The EKF,
we proposed met these requirements, which was proven by extensive simulation tests. It
seems that it may be a good solution as a system for compensating failures to stator current
sensors in the drive systems with an increased degree of safety.

To validate the obtained theoretical results, experimental tests will be carried out in
the near future.
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Appendix A

Table Al. Induction motor parameters.

Symbol [ph.u.] [p.u.l

Rated phase voltage, Uy 230V 0.707

Rated phase current, Iy 25A 0.707

Rated power, Py 1.1 kW 0.638

Rated speed, ny 1390 rpm 0.927

Rated torque, T,y 7.56 Nm 0.688
Number of pole pairs, pb 2 -

Rotor winding resistance, R, 4968 O) 0.0540

Stator winding resistance, Rs 5114 Q) 0.0556

Rotor leakage inductance, Ly, 31.6 mH 0.1079

Stator leakage inductance, Ly 31.6 mH 0.1079

Main inductance, L;, 541.7 mH 1.8498

Rated rotor flux, ¥,n 0.7441 Wb 0.7187
Mechanical time constant, Ty 0.25s -
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