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Synchronous Reluctance Motor Parameter and
State Estimation Using Extended Kalman
Filter and Current Derivative Measurement

Zbynek Mynar

Abstraci—The synchronous reluctance motor is
becoming a very attractive alternative to the ac induction
machine. This is due to the lack of rare-earth metals in
their construction and a higher efficiency, which was
brought about by recent progress in rotor design. However,
in order to achieve an efficient and low-cost operation
of the synchronous reluctance motor drive, an adaptive
sensorless algorithm should be utilized to cope with
machine nonlinearities. This article describes an adaptive
observer, which can provide an estimation of rotor position
and speed, as well as core loss and inductance parameters.
A modified pulsewidth modulation (PWM) switching
scheme and a current derivative measurement method are
proposed, together with an extended Kalman Filter design.
Experimental results are shown to demonstrate the method
performance and feasibility.

Index Terms—Current derivative, extended Kalman fil-
ter (EKF), online adaptive observer, pulsewidth modulation
(PWM) excitation, sensorless control, synchronous reluc-
tance motor, synchronous reluctance machine (SynRM).

[. INTRODUCTION

HE concept of the synchronous reluctance machine

(SynRM) dates to the beginning of the previous century,
however, only in recent years is gaining more attention. Despite
advantages such as its low cost, simple, and rugged construc-
tion, cold rotor, a wide field-weakening range and the absence
of expensive rare-earth metals, only recent progress in rotor
high-anisotropy design has allowed the SynRM to achieve a
better efficiency [1], [2]. In fact, it is becoming an attractive
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replacement for the ac induction machine in many industrial
applications such as pumps or HVACs [3]-[6].

The classical SynRM control method is based on cascaded
field-oriented vector control (FOC) [7], [8]. Despite numerous
advantages, the SynRM exhibits significant nonlinearity in the
form of magnetic saturation, making its power-optimal and
preferably sensorless FOC complicated.

There are two major types of SynRM power optimization con-
trol algorithms in the literature [9]. The search-type controllers
do not require knowledge of machine parameters, however,
they usually involve test signal injection and significant con-
vergence time [10]. The second class are the loss model-based
methods, which do not exhibit these disadvantages, but they
require knowledge of actual machine parameters [11], [12]. This
means a relatively complicated offline system identification is
needed, or an online adaptive observer, which can provide the
necessary information, such as stator inductance, resistance, and
core losses [13], [14].

Apart from efficiency optimization, sensorless SynRM con-
trol strategies are being extensively investigated. These can
be classified based on the operational speed range. Significant
rotor anisotropy is exploited by high-frequency injection (HFI)
algorithms, which can operate in the low-speed range [15]-
[18]. Algorithms based on extended electromotive force (EMF)
are then used in the medium-high speed range [19], [20].
Low- and high-speed algorithms are usually either explicitly
switched when crossing the speed region, or ahybrid algorithm is
employed [21]-[23].

There is clearly a desire for an adaptive observer algorithm,
which can provide all the major parameters required for power-
efficient sensorless control of a SynRM in the full speed range.
Recently, it was shown that simultaneous position, speed, and
stator inductance estimation is possible using a fundamental
pulsewidth modulation (PWM) excitation and a current deriva-
tive measurement [24]. The algorithm proposed in this article
combines a similar principle, with a stator flux model suitable
for higher speeds using the extended Kalman filter (EKF). The
resulting method, described in Section III, can provide posi-
tion, speed, inductance, core loss, and flux estimations from
standstill to the stator voltage limit. An important focus of this
article is also the implementation of a reliable current deriva-
tive measurement on the SynRM, which usually exhibits large
values of stator inductances, thus making precise measurement
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Fig. 1. SynRM model including core losses in (a) direct axis and
(b) quadrature axis.

difficult. A modified measurement method and a PWM
switching scheme were, therefore, proposed in Sections III-A
and III-B. Viability and performance of this approach were
proven on a real experimental setup, with results shown in
Section IV.

[I. SynRM MODEL INCLUDING CORE LOSSES

The model of SynRM in the rotating dq reference frame,
which includes core losses, is shown in Fig. 1 and can be
expressed as

R+ w. Ky, +pLq —weLy + Ky, .
Uqq = tqq (1)
WeLd _me R"‘WeKm +qu

where 44, = [iq,%,]T is stator current vector, g, = [ug, ug|T is
stator voltage vector, R is stator resistance, w, is electrical rotor
speed, Lg and L, are stator direct and quadrature inductances,
K., = weLyaLy/R,y, is core loss coefficient, R, is core loss
resistance, and p is differential operator [25], [26]. The rela-
tion between the measured stator current ¢, and stator flux
‘I’dq = [\I’d, \Ifq]T is then

Ly K,

U, =
~K, L,

idq . (2)

The term of normalized reluctance can be introduced for the
direct and quadrature axis as

1
Ry=-—and R, = . 3)

Combining (1)—(3) leads to the final stator flux model

!

AW, RR,R,

/R, —Kn| [0
at T A

Lt
K, 1/R, We

—We

LR

where A =1+ KE,LRIdR/q.

[II. PROPOSED SENSORLESS ALGORITHM

The block diagram of the proposed sensorless algorithm is
shown in Fig. 2. The normalized reluctances R/ph ~ of SynRM
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Fig. 2. Proposed algorithm in vector control algorithm block diagram.
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Fig. 3. Standard SVM voltage generation.

phase N € {a,b,c} are defined similarly to (3) as

/ 1 ) ,

Ropha = .= Ry cos>(6,) + R, sin?(6.)
pha

' 1 ! 27 ro 27
Rony = o =R, cos? (96 + 3) +R, sin? (96 + 3)

' 1 ! 27 o 21
Rphc :E = Rd cos® (95 - 3> + Rq sin? <0€ - 3>

(5)

where Lppq, Lpny, and L,y are machine phase inductances.
The reluctance R’p »n 18 acquired from the phase current change
Aig4. measured at the Ry, shunt resistor when one of the
nonzero space vector modulation (SVM) voltage vectors vy, =
{v1,v2,v3,v4,v5,v6} is applied by the inverter for the time
duration T, pr = {Tp1, T2, Tv3, Tva, Tvs, Tve - The basic prin-
ciple of SVM is shown in Fig. 3. For example, the phase a
normalized reluctance can be obtained during times 7, and
T4 as

, Aige 1 , Adge 1
Rpha = ( Tv(j > % or Rpha = ( Tvi ) %Udc (6)
where Uy, is the inverter dc-bus voltage. Note that relation (6)
was simplified by neglecting the stator resistance R, otherwise
the first-order system model would have to be approximated,
further increasing computation demands.

In order to provide sufficient torque, stator inductances of the
SynRM are usually very large (sometimes hundreds of mH).
This significantly complicates the measurement of Ai,. during
short periods T, 5s generated by the standard 10-kHz PWM. For
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Fig. 4. Principle of the proposed alignment-swap PWM switching
scheme.

example, with a T',); measurement window of length T /2 =
50 ps, inverter de-bus voltage Uy, = 400 V, and the SynRM with
max(Lg) = 0.5 H, the approximate current change of

To3Uge  0.0001 - 400
. A - 3 _
min(Aige) 2max(Lg) 3-0.5

=267mA (7)

would have to be measured with sufficient resolution. This
requires the introduction of the modified alignment swap
PWM switching scheme, which provided improved excitation
(described in Section III-A), and Aigz. measurement method,
which increased the measurement precision (described in
Section II1-B).

The EKF presented in Section III-C then uses the acquired
R/ph  and stator current measurements to provide estimations

of rotor electrical position 0., electrical angular speed w,, core
loss coefficient Km, and stator inductances ﬁd and f/q. The
remaining portion of the algorithm is the commonly used FOC
method, where we ' is the required rotor speed and 677 is
the required current angle between the current vector 24, and
rotor position 0. Algorithms, which would utilize the estimated
parameters K, Lq, and f,q to optimize efficiency via angle
67" are available in the existing literature and are not within the
scope of this article [11], [12].

A. Modified PWM Switching Scheme

The goal of the modified switching scheme is to maximize the
duration of the nonzero voltage vectors T',5; so that the Aig,.
measurement can be taken on at least one phase, no matter the
duty cycle D, value. The principle of the switching scheme
is shown in Fig. 4. Calculation of phase duty cycles D ..
remains unchanged compared to the standard SVM method.
Edge alignment is, however, swapped in every third PWM cycle
consequently in each phase. This will not affect the final gener-
ated fundamental voltage vector u, g, but each of the six nonzero
voltage vectors v, is now aligned to either the beginning or the

uDD

—° luidc

Fig. 5. Measurement circuit of 4. current (MC IDC).

end of the PWM period once during the span of three PWM
cycles. This maximizes the periods T', 57, which serve as Aig,.
measurement windows.

B. Current Derivative Measurement Method

Existing algorithms, which rely on current derivative mea-
surement, usually extract this information from the circuit
formed by shuntresistors R and the measurement circuit of the
phase currents 2,5, (MC IABC) block (differential operational
amplifier) in Fig. 2. The scale of this circuit max(¢4p.) is,
however, set to measure the full range of nominal phase current
Ihom, Which in combination with the large stator inductances of
the SynRM makes an accurate Ay, measurement difficult.

The proposed method shown in Fig. 2 is based on the separate
measurement circuit of current Aig. (MC IDC) with the com-
mon shunt resistor Ry, the ADC for u;4. signal measurement
and the DAC, which generates the u,sy signal. A schematic
diagram of the MC IDC is shown in Fig. 5. It functions as a
differential amplifier with a high analog gain of 74, measurement
(it has a small scale max(i4.) < max(4p.)) and with a floating
offset, controlled by signal u,ss. The uqyps is adjusted online so
that the ADC measurable range 0V < ;4. < upp is always
maintained. The steady-state operation of the MC IDC can be
described as

‘ , R

Uige = KRy Rsheige + KRyt — R—zum (8)
where
_ R\Ry+ R\R, + R2R,

K / !
f (Rl + RP)Ran

(€]

and R} = R, + R;. Compensation voltage u,y; is calculated
from (8) based on knowledge of the phase currents 2. (obtained
using the MC IABC) and the required condition w;q. ~ upp/2.
This leads to the linear function
2Rs + R, RyRspe .
Uoff = s 7 7o~ UDD — — N
2R,R\Kpr Ry

where 7y is the last acquired value of the phase current, which
flows via R, during ¢4, measurement (for example, iy = i, =
1qc during To1 and Tr4).

An example of the u;q. and u,sy signals in an active system
is shown in Fig. 6. Signal u.ss is updated by the DAC at the
beginning of the PWM cycle and when the first switching event
occurs. It can be seen that u;4. provides good measurement gain
and always remains in the valid range during the measurement
time window T, ps.

DD (10)
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Fig. 7. Example of R;hN measurement obtained on a real machine
(see Table ).

To acquire the final phase reluctance R;)h  according to (6),
the difference Aig. = max(ig.)Au;q./upp has to be deter-
mined. In the proposed algorithm, the signal ;4. is sampled
equidistantly Ny times per PWM cycle T (see Fig. 6). The
acquired data are stored using the DMA to the round buffer
and the slope of 4. is obtained using the standard least square
algorithm once per T,. A valid sample set within the buffer
is determined using knowledge of the duty cycles D ;.. An
example of the real system measurement of R;D »n dependence
on position ., for all three phases is shownin Fig. 7. It can be seen
that the rotor position, speed, as well as the stator inductances,
can be extracted.

C. Extended Kalman Filter

Various position, speed, and parameter estimation methods
were proposed for motor drives in the last several decades,
however, the EKF is still regarded as a high performing and
relevant algorithm. The EKF is the suboptimal state and pa-
rameter estimator for nonlinear dynamic systems, which con-
siders the stochastic properties of measurements and estima-
tions. This makes it suitable for the proposed method because
the SynRM model (4) is significantly nonlinear and the noisy

phase reluctance R;h  measurement can be optimally utilized
together with more accurate stator current measurement. The
disadvantages are relatively high computational demands and a
difficult acquisition and description of stochastic properties of
measurements and estimated states [27]-[29].

The digital implementation of the estimator is expected, there-
fore, we first assume the discrete system state-space description

Xk+1 = f (Xk, ug, Wk)

Yi = h(xg, vi) (11)

where x is the state vector, u is the vector of control variables, y
is the output vector, w and v are the process and measurement
noise vectors, and f and h are nonlinear time-variant system
and output functions. Discrete implementation of the extended
Kalman filter consists of the prediction step

Kip1 = (Rg-15-1, W1, 0)

Pip1=FePrpFl +Q (12)
and the update step
1
K = Py HY (HyPy HY +R)
Kik = Kppp—1 + K [ye — h(Xppp-1,0)]
Prp = (I —KiHy) Pyjpy (13)

where X is the state vector estimate, P is the error covariance
matrix, F;, and Hy are Jacobians of f and h, K is Kalman
gain, and Q and R are covariance matrices of the process and
measurement noise [7], [30]. In our case, the matrices Q and R
are considered to be constant.

Another major benefit of the EKF is its ability to optimally
merge information from multiple measurements based on their
stochastic properties. This capability allows us to combine the
R;jh n measurement described in Section III-B with the stator
flux model (4), so the machine parameter estimation for the
power-efficient sensorless operation can be achieved in a wide
speed range. This leads to the following state vector:

. . N R R T
)= Ry Ry Ko 0o Wy, @ 6 (9)
and the system input vector
_ T
uy, = [ta, ugl . 15)

As described in Section III-B, the reluctance of only one phase
can be obtained per sampling period 7. Only one phase reluc-
tance ’R’p nn Will be therefore used in the measurement vector

T
(16)

Yie = [R/tha lay 18

Using the Euler discretization method and the flux model
(4) and provided that K,,, R:j, 7'\’,;1, and w, are slow-changing
quantities (relative to the sampling period T%), the nonlinear
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time-variant system function is

Ny}
Rd
A

q

= R

Ty(ug + @ Wy— RR,T4A™Y)
Ty(uq — @ePa—RR,L AY)

f(xk,uk,O) = \i’d (17)

We

O + Tse

where I'y = \i/d — [A(mf%/q\ilq and 'y = ‘ilq + IA(mf%’d\i/d.
The nonlinear output function can be assembled using (5),
(2), and well-known inverse Park’s transformation as

7% cos? (96 +0pN) + 7A€/q sin® (ée +0pnN)
(RyLacosf — R, T'ysinf.) A"
(’ledlﬂd sinf, + ﬁ;Fq cosf,)A!

h(xy,0)= (18)

where 0,5, v is the stator phase offset for the R/p 5N Measurement
(Opha = Orad, O,pp, =27 /3 rad, and 0, = —27/3rad).
The Jacobian of the process matrix (17) is

of
Fk - |:8)(

:| x=Rp|k,u=ug,w=0

1 0 0 0 0 0 0
0 1 0 0 0 0 0
0 0 1 0 0 0 0

= |Fu Fy Fi3 Fu Fis Fie Far (19)
Fs51 Fso Fs3 Fsq Fss Fse Fsr
o 0 0 0 0 1 0
Lo 0 0 0 0 T, 1]
where

Fy =-T,RT ;A% = —T,RB,;
Fsy = —~T.RK,,R,T4A™? = ~T,RCy
Fip = T.RK,,R,T A2 = ~T,RB,
Fro = —T,RUyA™? = ~T,RC,
Fy3 = T,RR R, (Tg + KyRyLa)A™? = —T,RBs
Fs3 = —T,RR R, (Lq — KR, U)A ™% = —T,RC;
Fiyu=1—-T,RR, A" =1—T,RBy
Fsy = —Ty(@e+ RRyR K nA™) = —Tyo. — TuRCy
Fy5 = Ty(@0e+ RR R Ky A~ ) =Ty — TsRBs
Fys =1-T,RR,A™" =1 - T,RC5
Fye = Ts\ilan56 = T, 0,
Fy7 = Tyug, and Fy7 = —Tyug. (20)

The Jacobian of the output matrix (18) is

h
(2]
X X=Xp|k-1,v=0
1 0 0
= |0 cos ée — Sinée
0 sin ée cos ée
H11 H12 0 0 0 0 H17
X | By By Bg By B5 0 7]?1105 21
Ci Cy C3 Cy Cs 0 I'gBy
where
Hy = cosz(ée + 6pnn)
His = Sin2(ée + Gth)
Hy; = 2(7@; — 7A€,d) sin(ée +0pnN) cos(ée +0,nN). (22)

Measurements (16) are considered to be uncorrelated, there-
fore the measurement noise covariance matrix has a form

diag (R)=[o,,. 07, 07] (23)

where o, and o; are standard deviations of phase reluctance
! .
R, and iqp current measurement. The value of o, must
. !
be selected manually by analyzing R, measurements on

an actual system. Variance o2 can be modeled as the ADC
discretization error and noise introduced by measurement circuit
MC TABC, which yields

52 — ( Max(iabe) i L e mex(ane) | 1 2 (24)
! /12 - 2Nanc Upp R,

where max (2, ) is the phase current scale, Napc is the number
of ADC bits, Ry, is the shunt resistance, upp is the maximal
ADC measurable voltage, and EIN is the equivalent input noise
of the operational amplifier [7], [8], [31].

The process noise matrix is also diagonal, and has the form

. 2 2 9 2 2 2 2
diag (Q)= [URr POR TR T T0y T 99, |- (25)

d
Core loss coefficient K, and reluctance 7A€/d and 7A2/q states are
considered to be slow-changing parameters and their standard
deviations ok, , 04 , and o can be selected close or equal to
d q

zero. Deviation of the stator flux ¥4 and \i!q can be modeled by
introducing the voltage error o, as oy, = oy, = Ts0,,. Voltage
error o, is caused by model uncertainties at a given Uy. and
has to be determined experimentally, but usually takes a value
of several volts. Speed estimation deviation can be selected as
the maximal electrical speed change of moment of inertia .J,
with nominal torque Tyom per sampling period T, as o, =
TsThom/J. Because position 6§, is obtained as a pure integration
of we, its deviation will be oy, = Orad [7], [8].

The covariance matrix Py is initialized as diagonal matrix,
usually with sufficiently high values, because the confidence in
the initial state estimate is low. Taking into account the scales of
the estimated states the matrix P can be, for example, initialized
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Fig. 8.  Experimental setup with a 550 W SynRM. 303
Fig. 10.  Current dependency of quadrature axis stator inductance L[ff.
TABLE |
PARAMETERS OF SynRM
;araf_ne‘fr ?Dymb(’l \;a;%e U\;it The initial value of covariance matrix (26) was set based on
ominal power hom . . N 1
Nominal speed Noow 1500 min the preYlously krl?wn motor properties to max(R,;) =3H™,
Nominal voltage | Unom 350 Vims max(R,) =5H", max(K,)=0.1Q-s/fad, max(V,)=
gom@na} current ggom :1),2 /;rms 1.0Wb, max(¥,)=03Wb, max(w.)=314rad/s, and
P;r:gl;rstorq“e e 5 m max(f,) = 3.14rad. Standard deviations of the process noise
p . . . .
Stator resistance R 9.68 Q covariance matrix (25) and the measurement noise covariance
Moment of inertia | J 1.64-10~% | kgm? matrix (23) were initially set as shown in Section III-C, and then
manually tuned. The general rule is that the relative increase
of element of the matrix Q signifies heavier system noise or
0.65H state uncertainty, leading to the increased Kalman gain K and
0.6 faster filter dynamics. Likewise, increasing the relative size
o 0-60H of the matrix R elements leads to the lower confidence in
the measurement, signifying the presence of noise and thus
0.4 0.55H . .
L [H] lowering the Kalman gain K. The largest change from the
0.2 050H initial setup were .1n.creased dev1at101.1$ 07.3, s ORLs OKys OWgs
and oy, as the original filter dynamics did not suffice for the
g» 045H set of selected experiments. The final configuration was chosen
as
040 H
or,, = 0.16 H™!, ;i = 15 mA
o = 32-100"H"',  op =32-100*H!
d q
) ) ) _ -5 _ -3
Fig. 9. Current dependence of direct axis stator inductance L'¢'. o0k, = 3.2-107° Q s/rad, oy, = 7.8-107° Wb
oy, = 7.8-107% Wb, 0,, = 0.21 rad/s
09, = 0 rad.
as

(26)

diag (Pp) = max(x) o max(x)

where max(x) is the vector of the maximal expected values that
can be reached by the individual states in the vector x.

IV. EXPERIMENTAL RESULTS

The algorithm proposed in this article was implemented on
an NXP-MKV58F1MO0 Cortex-M7 240 MHz MCU and verified
on the experimental setup, with a KSB 550 W SynRM type
SuPremE 80M-BWA7F3NRSDWWZWKS (see Fig. 8). Its ba-
sic electrical and mechanical parameters are listed in Table I.
Offline identification of stator inductances was performed to
acquire Lfff and Lf;f reference inductances, as shown in Figs. 9
and 10 [13].

As can be seen in Fig. 6, the phase currents of the SynRM
used are deformed shortly after a switching event, and therefore a
certain number of samples must be discarded first. This is aresult
of the significant winding length and thus its capacitance, which
is necessary to achieve inductance in the range of hundreds of
mH. The number of ¢4, samples per period 75 was selected to
Nompl = 45.

In order to achieve high-speed and high-torque regions, volt-
age injection had to be conducted at high duty cycle levels.
This is due to the fact that the stator voltage vector is normally
roughly perpendicular to the direct axis. While R;)h N Mmea-
surement would suffice for the position and speed estimation,
identification of inductance ﬁd would be inaccurate.

No advanced efficiency optimization algorithm was used dur-
ing experiments, and the current angle was set 6; = 45°.
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Fig. 11.  On-the-fly EKF startup at ¢o and switch to closed loop at ¢ .

The EKF states and the stator current ¢4, during the on-the-fly
start are shown in Fig. 11. The observer is started at time
to = 100 ms and switched to closed-loop att; = 150 ms with the
required speed command set to Ny;,' = 500 r/min. The reference
position 6 and speed N were obtained using the encoder
sensor. The measurement demonstrates the behavior with the
initial position error 0™ = g — 0. close to the worst-case value
7/2. It can be seen that, thanks to the phase reluctance R/ph N
measurement, no excitation apart from the proposed PWM
switching scheme described in Section III-A is necessary, which
allows a smooth on-the-fly startup. This is an advantage when
compared to the commonly used HFI and EMF-based SynRM
algorithms [15]-[20].

The mechanical speed estimation N, = 600, /(27 P,) in
response to the reversal of the required speed Ny, from negative
to positive nominal value is shown in Fig. 12. This test demon-
strates the full-speed range capability and dynamic performance
of the proposed algorithm. The position error 65 and the speed

error N&¥ = Nref — N, increased up to 15° and 70 r/min during
the acceleration phase, more specifically when the injection
started. The missing w. mechanical model in the system function
(17) also contributed to the estimated speed N lag, which can
also be seen in the detail of speed reversal in Fig. 12(a). To
achieve the full speed range, the hybrid algorithms are usually
employed. For example, a similar experiment was done in [21]
with the hybrid algorithm on 3-kW SynRM machine, showing
comparable performance. However, unlike the proposed algo-
rithm, it requires a fusion of position and speed estimates from
two separate algorithms.

The startup from stand-still under full nominal load 7; =
3.5N-m with the proposed algorithm is shown in Fig. 13
and the dynamic response to the full nominal load 7; step
at Ny,! = 5001/min is shown in Fig. 14. The position error
0™ reaching up to 17° is similar to the values obtained by
experiments with already proposed methods [18], [21], [32],
however, superior performance was demonstrated in [16] and
[33]. The position error 65" peaked during speed and torque
dynamic changes, which is also visible as Lgand ﬁq inductance
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estimation disturbances, however, the steady-state position error
6™ mostly stayed below 10°.

All the previous dynamic tests showed an average perfor-
mance during speed and load changes. As discussed in the
introductory section of this article, the SynRM is, however,
mostly utilized in less dynamic applications. Therefore, the
steady-state performance was investigated. Full nominal torque
range characteristics were acquired for direct and quadrature
inductances [results in Fig. 15(b) and (c)], and stator fluxes
\ild and \if [shown in Fig. 15(d)]. While direct axis inductance
Lq had generally a good match with reference value L', the
quadrature inductance showed an increasing error. This behavior
is believed to be a result of negligence of the stator resistance
in (6), which results in a small ’R’ph n deformation (can be
also seen in Fig. 7). The maximal actual value of the applied
phase duty cycles max(D ) is in Fig. 15(a). It can be seen
that the algorithm can operate close to the duty cycle limit
lim(D4pe) = 90%, where the stator voltage maximum is nearly
reached.

The speed characteristics of the core losses coefficient K m at
no load is shown in Fig. 16. For illustration, the formula

3A/ N ~ 2
(w34-w3)

RdR_mee 27)
was used to convert the estimated coefficient K, to core power
losses 15c [25]. It can be seen that Km shows a deformation at
low speed, however, due to the low value of overall core losses
in this speed region, the impact is considered to be negligible.
Overall, the experimental results demonstrate the viability and
performance of the proposed online adaptive observer algorithm.
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V. CONCLUSION

This article proposed a novel online adaptive observer al-
gorithm for the SynRM, which can provide the position and
speed information required for sensorless operation, as well
as the inductance and core loss estimations necessary for
power efficiency optimization. Experimental results showed
that the algorithm can operate from standstill to the available
voltage limit condition without the need of switching between
separate low- and high-speed algorithm. Future research will
focus on the compensation of stator resistance effect in the phase
reluctance measurement, stator resistance estimation, coopera-
tion with an efficiency optimization algorithm, improvement of
computational demands, and audible noise reduction.
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