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In this study, a sliding mode observer (SMO) based on high-frequency (HF) voltage signal injection and a
phase-locked loop (PLL) is proposed for estimating the extended electromotive force (EEMF), rotor position,
and rotor velocity of an interior permanent magnet synchronous machine (IPMSM). This approach addresses
real-time estimation challenges associated with standard SMO and PLL at very low speeds and standstill. A
reliable and accurate sensorless speed control system for IPMSM is then developed and implemented in real

time using the proposed SMO and PLL, covering a wide range of speeds, including low-speed and standstill
conditions. The SMO effectively estimates the EEMF, while the PLL extracts the rotor velocity and position
based on these estimates. Compared to conventional SMO and PLL methods, real-time results from an 8-pole,
0.4 kW IPMSM demonstrate the superior efficiency of the proposed system.

1. Introduction

Interior permanent magnet synchronous machines (IPMSM) are
utilized in industry thanks to the features of high power factor, high
efficiency, good dynamic performance, and high power density [1,2].
Today, the most advanced alternative current (AC) machines are con-
trolled with the vector (field-oriented) control scheme for high dynamic
performances. In this method, the rotor angle and stator excitation
should be in sync, and thus a rotor position measurement is needed.
To reduce the cost, maintenance, and reliability constraints of the
mechanical position sensors, the position sensorless control method
with a position/speed estimation algorithm is preferred to eliminate
the mechanical detectors.

In the literature, the rotor speed/position estimation of IPMSM is
currently performed by using both:

(i) the model based methods of either open loop estimators with the
back electromotive force (back EMF)/the extended EMF (EEMF)/the
active flux (AF) estimations [3-9] or closed loop state observers — with
deterministic models of model reference adaptive system (MRAS) [10],
the disturbance observer [11], flux observer [12], sliding-mode ob-
server (SMO) [4] -with stochastic models of extended Kalman Fil-
ters [13-16], adaptive extended Kalman filter [17].

Those can be satisfactorily used at only medium- or high-speed
sensorless operation of IPMSMs but their real time performances dete-
riorate at very low speeds (usually below 10% of the rated speed [4])
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and fail at zero speed since the back EMF/EEMF becomes too small
and/or the signal-to-noise-ratio caused by uncertainties and measure-
ment noises increases. However, the rotor position of IPMSMs is de-
tectable at standstill if stator current components (i, and iq) are not
linearly dependent and are changing both magnitude and direction [8],
which directly calls for or suggests the utilization of HF signal injection
based approaches at zero speed (or nearly at zero speed).

(ii) the saliency tracking-based method of rotating (at stator station-
ary af-axes)/pulsating (at synchronous dg-axes) signal injection and fun-
damental pulse width modulation (PWM) excitation [7], which provide
stable estimation performances at very low speed and standstill, but
have to be utilized along with the model based observers/estimators
for a full speed range sensorless operation of IPMSM as stated in [18]
introducing a smooth transition between the saliency tracking-based
method (starting algorithm) and the back-EMF based sensorless algo-
rithm above a particular threshold speed. Thus, it can be concluded
that the model based estimators or observers [7] are also needed
for a sensorless control of IPMSMs in a vast range of speeds. Model-
based approaches, such as the Luenberger observer, are known for
their simplicity in design. However, they may struggle to accurately
represent the behavior of IPMSM due to its nonlinear and strongly
coupled nature, potentially leading to poor performance and instability
in sensorless control systems [4]. On the other hand, Kalman filter
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methods adjust the observer gain matrix during each control cycle
to strike a balance between model accuracy and sensor data. Despite
their robustness, these methods are hindered by high computational
complexity and difficulties in configuring the covariance matrices in
real-world applications [17]. Among them, the SMO is one of the
most useful closed loop observer for the position sensorless control
of IPMSMs owing to its resilience against variations in machine pa-
rameters and disturbances together with its simple realizations [4].
In [19], the estimated EEMF terms (¢, and és) and stator currents in
the ap-axes are firstly obtained by the traditional sign-function-based
full order SMO and then the estimations of rotor position and velocity
are reached by the conventional PLL instead of using the arctangent
function (¢, / éﬁ) which is sensitive to noise and harmonics and results
in significant estimation errors as é; passes zero when the EMF changes
its polarity; Later, those estimations are performed by the improved full
order SMO utilizing a piecewise power function in place of the sign-
function as well as a novel PLL based on the complex band pass filter.
There is a common practice in position sensorless control of IPMSMs
to use the PLL method together with the EMF, but the PLL method
also fails the EMF cannot be accurately estimated at very low or zero
speed. In [20], an enhanced SMO including the hyperbolic tangent
function with the fuzzy adaptive shape coefficient and estimating rotor
speed and position is realized to resolve the chattering and current
measurement errors. To improve its ability to predict position and
speed more accurately and to increase the rotor’s robustness against
system uncertainty, it is suggested to use an adaptive filter in an
accurate discrete-time SMO in [20]. Moreover, while [21] proposes
a frequency-adaptive notch filter utilizing delay signal cancellation
to reduce the back EMF harmonics in SMO and the rotor position
prediction error, [22] introduces a novel SMO based on a complex-
coefficient synchronous frequency filter combined with a quadrature
PLL for improving the observation performance till 5% rated speed
(75 r/min). However, none of these studies [19-23] based on SMO
have been able to provide the prediction results of the rotor position at
standstill or very low speed for IPMSMs, since they need an additional
signal injection-based position prediction algorithms.

The primary purpose of this study is to introduce an HF voltage
injection based SMO and PLL estimator in order to accurately estimate
the EEMF, rotor velocity, and rotor position of an IPMSM in a vast range
of speeds comprising very low speed and standstill and to perform a
reliable and accurate position sensorless speed control of IPMSM with
the utilization of the proposed SMO and PLL working under the HF
voltage injection. Thus, in the scope of this paper, it is the first time:

- a model-based observer such as SMO and PLL is developed, operated,
and tested in real time under the HF voltage injection which does
not require an additional signal injection based position estimating
algorithm.

- the HF voltage injection method is developed without the use of any
other signal processing algorithms, which streamline the design stages
and lessen the workload in computing of the sensorless control system.
-the experimental results conducted on an IPMSM of 0.4 kW and 8-pole
under no-load and loaded conditions in this paper are unique and su-
perior than those of the real-time based studies using the conventional
SMO and PLL in the literature.

- the previous study in [24] is extended with developments of the HF
voltage injection based SMO and PLL estimator; stability analysis; real-
time implementations and experimental outcomes of the proposed HF
voltage injection based SMO and PLL and the position sensorless control
system; and performance comparison of the proposed voltage injection-
based SMO and PLL and the conventional SMO and PLL for very low
and zero speed reversals.

This paper is organized as follows: First of all, Section 1 summarizes
the past studies related to position sensorless control literature of
IPMSMs. Next, Section 2 explains the dynamic model of the IPMSM,
the position sensorless VC system of IPMSM, conventional SMO design,
and developments of the proposed voltage injection based SMO and PLL
type estimator for estimations of EEMF, rotor speed, and rotor position,
respectively. Later, the Experimental setup and results are presented in
Section 3. Finally, Section 4 gives the conclusions.
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Fig. 1. The reference frame definitions of the IPMSM.

2. Position sensorless control of IPMSM

Position sensorless control method utilizing the dynamic models of
IPMSMs is preferable for electric drives due to its cost-effectiveness,
mechanical robustness, reduced hardware complexity, and reliability of
overall drive system; However, its performance depends on how accu-
rately the speed and/or position is predicted by the proposed sensorless
method together with the developed dynamic model of IPMSMs.

2.1. Dynamic model of the IPMISM

A diagram showing a simple magnet and winding orientations for
an IPMSM is provided in Fig. 1. Here, the af frame symbolizes the
stator stationary reference axis, whereas the dg-frame is rotating at the
synchronous speed. Notably, the d-axis aligns with the rotor’s flux. 6,
and o, are the rotor electrical position and velocity, respectively.

According to Fig. 1, the dynamic model [25] of an IPMSM can be
given in the ¢f-frame as

Ua| _ p iy XL+ ALcos20, AL sin 26, » iy
ug “ig ALsin26, XL —ALcos20,|" |ig
—sin26, cos26,| |i
2AL ¢ ‘. 1
+edlo. [cos 20, sin26'e] [iﬂ] )

—sin6,

F0edpm [ cosf, ]
where i, and i; and u, and u; are the stator currents and stator voltages
in the af-axis, respectively; R; is the stator resistance; L, and L,
are the dg-frame inductances; XL = (L,+L,)/2; and AL = (L,-L,)/2
are the average and differential inductances respectively and p is the

differential operator.

In order to directly estimate 6,, the EEMF based model [26] of
IPMSM can be obtained by rewriting Eq. (1) including both 26, and

0, as below:

u R, +pL, (L, — Lq)] [i ] [e ]

a = S e '(1 + a (2)
[uﬂ] [_we([‘d - Ly R, +pL, lp p

In Eq. (2), the EEMF components (e, and ej) consisting of only 6,
are as follows:
e —sin 6, o di,
L:] -r [ cos 9:] = g = L)@cdy = 500 + 0y 3
where 4, is the PM flux linkage; I is the speed dependent EEMF gain;
and i, and i, are stator currents in the dq-frame, respectively. Please
note that the derivative term in the EEMF (Eq. (3)) is effective even at
the very low and zero speed ranges; Hence, it is useful for estimating
the speed and position with signal injection.
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Fig. 2. The sensorless IPMSM vector control block diagram.

Finally, the state model [26] of the IPMSM can be obtained by

Rs . we(Ld - Lq)4 Uy €y
fg=——iy— ———— i+ — — —

“ L;* Ly PTL Ly )
, Ry wlLy—Ly up ¢
A T S
d d d d

Here, when L, = L, Eq. (4) reduces into the equation of surface
mounted PMSM (SPMSM) or when Apm = 0, Eq. (4) becomes the
equation of synchronous reluctance machine (SynRM).

2.2. Position sensorless VC system of the IPMSM

In vector control (VC) of SPMSM, i, = 0 control approach is used
for maximum torque per ampere (MTPA) operation [27]. However, the
sensorless VC of IPMSM in this paper requires a non-zero i,; for MTPA,
as shown in Fig. 2. In Fig. 2,

- the MTPA strategy adjusts the reference values (i, , and i, ) of iy
and i, in order to enable the attainment of the MTPA operating point of
the IPMSM aligning with the torque requirements set by the VC system.
- there are the cascaded inner current regulation loops and the outer
speed control loop. The PI-speed controller output is the phase current
amplitude (|i,|) which then goes into the MTPA block that calculates
igrer and igy,r.
- the rotor speed and flux position together with the current sensor sig-
nals are required. In this work, an observer that combines SMO and PLL
with a high-frequency voltage injection is proposed to provide accurate
speed and position estimation in a vast range of speeds including the
very low speed and standstill for high-performance control of IPMSMs.

2.3. Conventional SMO design

The conventional SMO structure by utilizing the state model in
(4) [26,28] can be given as

s Ry, O(Lg=Ly). u, pFQ,)
lg=—7"lg - ——F— g+ — - ———
Ld Ld Ld Ld (5)
A R,, @(Lsz—L,, ug lle(;ﬂ)
T

==l ——— L
’ Ld ’ Ld ¢ Ld Ld

where (i,) and (fﬂ) are the estimated current value; y; and u, are
the observer gains; F(s,) is the signum function but in order to over-
come the chattering, the signum function is changed with the sigmoid
function in the SMO, which is defined as

1= e o

F(s,) = Treon (6)

where ¢ is a positive parameter; and s, represents the sliding surface
selected on the stator current’s prediction error and is defined as

Sy =1y =1, — i, (7)

sp=1lg iﬁ—iﬁ

The estimation error dynamics can be written by taking the differ-
ence between Egs. (5) and (4).

AL ek P Nl LA )
« Ld “ Ld r <’ Ld ®
B R,. (Ly—-L) . o ep—mFp)
1ﬁ=—L—dlﬂ+L—d(wela—weza) L—d

For analyzing the stability of the error dynamics in (8), a Lyapunov
function is defined by

T 2,7
S8 i+
plap_ taTlp
Vi=—L =2 7 9
! 2 2 ©
where s,; = [z"] The stability condition for the SMO can be obtained
B
from the time-derivative of (9) as
Vi = Tyiy +1i5i5 <0 (10)

Substituting (8) into (10) and taking ¢ > 1, (10) is rewritten as
below [26,28]:
. R, , . i s iy
Vi= —L—;(fi +ip+ Tale —mFA) + 75

(e — uF(ig) <0 an

For verification of the stability of the conventional SMO, the ob-
server gains p; and u, should be selected large enough to satisfy
12):

H F (i) > max(ley|), uy F(ig) > max(leg)) 12)

When (12) is satisfied by selecting appropriate x; and u,, the system
will reach the sliding surface (s, = 0 and 55 = 0) and then the following
criteria are derived by using (4) and (5):

8y = 11 F(s,),85 = i F(sp) 13)

2.4. The proposed voltage injection based SMO and PLL for EEMF, speed,
and position estimation

Conventionally, the SMO estimating the EEMF terms and then PLL
uses these estimated EEMF terms to perform the simultaneous estima-
tions of rotor velocity and position; Thus, the conventional SMO with
PLL needs reasonably accurate stator voltages u, and u; for a desirable
estimation performance. However, at very low speeds, u, and uj; are
extremely small, making the strong effect of inverter nonlinearities on
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Fig. 3. Sliding mode observer with PLL structure.

system behavior inevitable, which can lead to instability in both the
observer and the drive system. To address this issue, the HF injection
method is employed to improve the estimation of EEMF as well as
position estimation. In this paper, for the first time, an HF voltage
injection-based SMO is developed and combined with a PLL for the
online estimation of rotor speed and position. In the proposed SMO, the
high-frequency voltage is inserted only on d- axis in order to prevent
torque ripple due to the HF current in g-axis; The purpose of the voltage
injection is to strengthen the attenuated EEMF signal by providing
phase alignment at standstill and low speed and to improve the very
low/zero speed estimation performance of the conventional SMO with
PLL. For this aim, firstly the cosinusoidal HF voltage in (14) is inserted
into dg-frame, as shown in Fig. 2:

[udh] _ [Uh coswht] a4

Ugp 0

where u,, and u,, are the injected signals to the reference voltages;
U, and w, are the magnitude and the inserted voltage’s frequency,
respectively.

Next, (14) are transformed into the af-frame as

[uah] _ [udh cosé’e] as)

Ugh Ugp $in 0,

Then, differently from [29] using dg-model of IPMSM, signal pro-
cessing algorithms, and not depending on EEMF, this paper proposes to
utilize the af model with the EEMF term of [IPMSM in (2). As seen in
Fig. 2, since (15) is added to the main driving voltages (u, and uy), the
af model in (2) becomes as below:

[ua + uah] _ [ R, +pL, wo(Ly — Lq)]
ug+ug,| |- Ly -L)  Ri+pL,

% [ia + iah:| + [ea + eah]
ig+igy eg+ep
where iy, igp, Uy, Ugps eqns epp are the HF terms of currents, voltages,
and the EEMF values in the af axis, respectively. Later, the counterpart

of (3), which is the components of EEMF with the HF terms in (16), can
be derived by considering (1) with the HF terms as below:

(16)

egtegn| _ 24 —sin’ 0, sin @, cos 6, iy +ign
e +egy, B sin 6, cos 6, —cos? 0, ip+ipy
ho AL [— sin 6, cos 6, — sin? 0, ] [i,z + iah] a7
¢ cos? 8, sinf, cos 8, | |ig+ig,
—sin6
+w, A [ e]
¢7Pm cosb,

Thus, considering the injected voltage vector in the af frame sep-
arately and neglecting the w,-dependent terms in (17) since the HF
voltage injection will be used at the very low and zero speeds, the HF
voltage part of (16) becomes

[uah] - |:Rx +pLd 0 ] I:l:ah:| + Cah (18)
Ugh 0 Ry +pLy] lign epn

where,

[eah] — AL [ —sin®9,  sind,cos 92} ’ [iah}

e sin @, cos 6, —cos? 6, i
ph P .e e. e ‘ ph (19)
~ —2AL lgh |—sinf, =y | siné,
~ dt | cos@, "1 cos 0,

The main driving voltage part (without the HF terms) of (16)
is exactly as in (2) and (3). Finally, the EEMF components in (17)
including the effects of both HF voltage injection and main driving
voltage can be written as

[ea + ey —sin ‘98]

e+ eﬂh] =+ [ cos 6 20

e
where, I, is defined as in (19) and represents the HF term of EEMF
because of the injected HF voltage.

Now, it is time to design a suitable SMO estimator in order to
estimate the EEMF components in (20) and a PLL for the estimations of
the rotor velocity and position. For this aim, (16) can be given in state
space form as in (21):

: : Rs . . we(Ld _Lq) . A
igtigy, = —L—d(za +ign) — L—d(lﬁ + lﬂh)
+ua TUan  egtea
L, L,
L —L 21
. R, 0 (Ly—Ly
lﬂ+lﬂh=—L—d(lﬁ+lﬂh)+ (ig +ign)
Lot et em
L, L,

The proposed SMO structure by using the state model in (21) can
be given as

A A Rs 2 2 we(Ld _LLI) . .
igtign = —L—d(la +in) — L—d(lﬂ + lﬂh)
+“a+”ah i F Gy +iy,)
L, L, 22)
4 A RS A s we(Ld _Lq) . .
Ip+ipgy, = —L—d(lﬁ + lﬂh) - L—d(la +iyp)

+uﬂ +ugn My F(ig +1gp)
L, L,

Again, considering the HF part of (22) separately and neglecting the
w,-dependent terms, (22) becomes

léah = _&fah Zah _ —MIFGM)
L La Ly (23)

N R, , ug, M Flig)

L PR A VA

Then, the error dynamics can be expressed as:

an = _ﬁfah + ek )
La La La 24)
Ry, e HaF(py)

g = —=2T5 +
o L, "L, Ly
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For analyzing the stability of the error dynamics in (24), a Lyapunov
function is defined by

T 2 2
S o Suph [P
v, = a/ih2 ap _ ah , Ph (25)

where s,;, = [;"h] . The stability condition for the SMO can be obtained
ph

from the time-derivative of (25) as

Vy = Topign + gnign <0 (26)

(24) is substituted into (26), and (26) becomes
. R i .
Vo= =y + Do) + = 1y Fli)
d . (27

Lot F(igy)) <
+L_d(eﬁh_/42 () <0

To determine the stability of the proposed SMO, the observer gains
u; and u, should be selected large enough to satisfy following both
conditions at the same time:

i F ) > max(lea,,l),ﬂzF(fﬁh) > max(leg])
for the HF part

uy F(iy) > max(le,|), uy F(i) > max(leg))

for the main part

(28)

When (28) is satisfied by selecting appropriate y; and u,, the system
will reach the sliding surface and then the following criteria providing
the estimated EEMF terms are valid by using (21) and (22):
b+ 8o = F(i,+1iy)

N h = H o h (29)
e+ épn = mFs+ig,)

Here, F is the sigmoid function as defined in (6).

Finally, the estimations of w, and 6, are performed by substituting
é,+8é,, and és+épp in (29), which can be also considered as (20), into
the angle tracking (PLL) algorithm as shown in Fig. 3, where (4,, &,)
are estimations of (0,, w,), respectively; K; and K, are positive constant

T N .
gains; @, = —=¢, and ¢(7) denotes estimation error for the rotor electrical

position and is defined as

1

\/(éa + ) + (85 + 62
1

V@ Ean)? + @+ 85

e(t) = —[(6, + éup)n 080, + (65 + é4p),, sin b, ]

(Cq +éan)n = &y +é41)

(30a)

g+ épp)n = (6 +épp)

(30b)

The estimated EEMF in (29) can be also given in terms of (20) as
below:

8y + 84y = —(I' + I)sin 6,

(€3]
ép+ép, =+ Iy)cosb,
Substituting (31) into (30) results in
e(r) = (sin 8, cos B, — cos B, sin 6,) (32)

=sin(9, —0,)~0,-0,

When e(f) goes to zero with the help of the implementation includ-
ing the integrator and the PI controller, which are connected in series
and enclosed within a unit feedback loop as seen in Fig. 3, §, converges
to 0,.

Now, the closed-loop PLL transfer function can be given as below:
0, (K, +KKys)

== 33
0, 2+ K Kys+K, @33
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Table 1

IPMSM parameters.
Parameters Values
R, 235 Q
L, 56 mH
L, 125 mH
Aom 0.165 Wb
Rated speed 3000 rpm
Rated load 1.4 Nm
P 8
J 0.03 kg m?

where, K| and K, are the coefficients that affect the dynamic perfor-
mance of the PLL estimator. For a stable operation with an acceptable
estimation error, these coefficients should be selected according to the
typical second order system as
@

o= 52+ 28w,s + o2 @4
where ¢ is the damping factor and w, is the natural frequency. After
determining the desired response characteristics for the general second
order system, the PLL coefficients K; and K, can be computed as
K, =? and K, = 2{/w,.

Thus, the complete diagram of the proposed voltage signal injection
based SMO and PLL to effectively estimate the EEMF, rotor speed and
rotor position is given in Fig. 3 for a reliable and accurate position
sensorless control of IPMSM.

3. The experimental setup and results

A comprehensive evaluation of the position sensorless IPMSM drive
using both proposed HF voltage signal injection based SMO&PLL and
conventional SMO are implemented in real time as shown in Figs. 4 and
5, respectively, for exhibiting the tracking performance of the proposed
SMO and PLL compared to the conventional SMO and PLL. In the
experimental setup,

- the parameters of the utilized IPMSM are given in Table 1.

- the proposed or conventional estimation method along with the vector
control algorithm is embedded in a Texas Instruments of
TMS320F28379D DSP that can process floating and fixed-point oper-
ations at a rate of 200 MHz.

- Texas Instruments TMDXIDDK379D Design Drive development kit is
used as the inverter.

- the inverter’s switching frequency is f, = 10 kHz and the control
period is 100 ps.

- a torque transducer of 20 N m is interposed between the IPMSM and
the dynamometer for load torque measurements.

- the actual speed and rotor position are measured with a resolver
integrated into the motor for validating the estimated rotor position
and velocity.

- the actual and predicted values of the speed and position are sent to
the oscilloscope with digital analog converter outputs of the DSP for
observing and data collecting.

For the initialization of the proposed and conventional estimation
algorithms,

- it is observed that the inserted HF voltage’s frequency lessens the
effect on the accurateness of the estimations because of the reduced
stator currents while the boosted amplitude of the injected HF voltage
causes the increased fluctuations in the stator current, which results in
the amplified noise of the operation. Consequently, the magnitude and
the angular frequency of the inserted voltage are selected as U, =25V
and o, = 1000z rad/s, respectively, considering these effects.

- the SMO parameters are selected so that the estimation output is
accurate and experiences as low chattering noise as possible; Thus, the
observer gains are determined as y; = u, = 31500 and the sigmoid
coefficient is taken as ¢ = 0.001.
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- the PLL gains are calculated using (27) for a non-overshoot response
and around 200 Hz bandwidth, and then { = 1 and w, = 500 are
determined; Therefore, the PLL coefficients are calculated as K, =
250000 and K, = 0.0016.

- the bus voltage is applied as V- = 250 V in order to operate the
experimental setup.

The current response when the proposed HF voltage injection based
SMO & PLL is applied is shown in Fig. 6.

The efficacy of the proposed voltage injection-based SMO and PLL
are tested by using different challenging scenarios in a wide speed
range including standstill and very low speed as follows:

Scenario 1 (Fig. 7): Performances for high speed reversal under step-like
variations in the load torque.

In this scenario, the estimation performance of the proposed voltage
injection-based SMO and PLL is checked under the step-like variable
load torque in a wide speed range including zero crossover in both
clockwise (CW) and counter clockwise (CCW) rotations, as illustrated
in Fig. 7 where the HF voltage of 25 cos(1000xt) is injected on d- axis
at 150 rpm in order to enhance the prediction performance at very
low speeds and zero crossover. Inspecting the estimation error given
in Fig. 7(c), it is clear that the estimated speed closely tracks the actual
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Fig. 8. Real-time speed prediction performance of the proposed voltage injection-based
SMO and PLL for Scenario 2. (a) variations of the actual and estimated speeds (b)
variation of the load torque, and (c) variation of the speed estimation error.

motor speed in all operating ranges of the IPMSMs for this scenario
even when the speed approaches and crosses zero.

Scenario 2 (Fig. 8): Performances for very low and zero speed reversal
under step-like variations in the load torque

This scenario aims to test the estimation performance of the pro-
posed voltage injection-based SMO and PLL under the instant load
torque variations at standstill and low speed which is the most chal-
lenging scenario for the observers using the fundamental model of
IPMSM in the literature. Therefore, the IPMSM is operated by injecting
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Fig. 9. EMF and position estimation performance of the proposed voltage injection-
based SMO and PLL for Scenario 3. (a) 300 rpm speed, and (b) 150 rpm speed.

the HF voltage of 25 cos(1000xt) on d- axis at zero and 100 rpm in
the directions of both CW and CCW under no-load and the instant
load torque variations, as demonstrated in Fig. 8. In spite of the most
difficult scenario, the proposed HF voltage injection based SMO and
PLL is able to satisfactorily estimate the actual rotor speed, as seen in
Fig. 7(c). It should be also noted that real-time experimental results in
Fig. 7, which are the first in the current literature related to the position
sensorless AC drive using only the fundamental model of IPMSMs, are
obtained due to the voltage injection based SMO proposed by this
paper.

Scenario 3 (Fig. 9): Performances in low speed region for Estimated
position and EMF under loaded condition

This scenario aims to show the estimation performance of the pro-
posed voltage injection-based SMO and PLL at low speeds illustrating
the impact of the proposed method on the estimation of electromotive
force (EMF) and position. It is important to note that direct measure-
ment of actual back EMF values in af frame is impractical, due to
their dependence on rotor speed and flux linkage. For this purpose, the
IPMSM is operated by inserting the HF voltage on d- axis at 300 rpm
and 150 rpm in the CW direction under loaded condition, as depicted in
Fig. 9. The obtained results indicate that the proposed voltage injection-
based SMO and PLL presented in this paper is capable of accurately
tracking the actual position, with acceptable estimation performance.

Scenario 4 (Fig. 10): Performance Comparison of the proposed voltage
injection-based SMO and PLL and the conventional SMO and PLL for very
low and zero speed reversals.

This scenario aims to compare through the estimated rotor positions
obtained by both proposed HF voltage injection based SMO&PLL and
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Fig. 10. The real-time comparison results of the rotor position estimations during low
and zero speed region for Scenario 3. (a) the conventional SMO and PLL (without
voltage signal injection) working in the open loop, (b) the proposed HF voltage injection
based SMO and PLL operated in the closed loop VC system as in Fig. 2.

conventional SMO and PLL specifically at very low and zero speed in
the CW and CCW directions in order to reveal the superiority of the
proposed method over the conventional one. Thus,
- while the IPMSM firstly runs with the utilization of the actual rotor
position under the VC system, the conventional SMO and PLL described
in paragraph 2.3 is operated by utilizing the measured stator currents
and voltages of the VC system in the open loop where the estimated
rotor position of the conventional SMO and PLL is not used as feed-
back to the VC system and is only monitored for a comparison purpose
since the conventional method is not able to be operated at standstill
and very low speeds.
-later, the IPMSM is operated by using the proposed HF voltage injec-
tion based SMO and PLL in the closed loop as shown in Fig. 2.
Finally, the real-time experimental results related to the estimated
and the actual rotor position of both conventional and proposed meth-
ods in this paper are obtained for the cases the rotor speed approaches
zero in the CW direction, stays at zero speed for a duration of time,
and accelerates in the CCW direction, as given in Fig. 10. Examining
the obtained results in Figs. 10(a) and 10(b), the following observations
can be made:
- The rotor position estimation error of the conventional SMO and
PLL increases and results in the loss of the phase alignment as the
rotor speed approaches zero; Thus, it cannot be utilized as feedback
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in the closed loop VC system, which is expected and common result as
reported by the literature.

- It is clear that the proposed HF voltage injection based SMO and PLL
is able to precisely estimate the actual rotor position at very low and
zero speeds due to the injected HF voltage on the d- axis amplifying
the attenuated EEMF signal, which is the first according to the literature
utilizing the fundamental model of IPMSMs. In conclusion, the obtained
comparison results verify the superior performance of the proposed HF
voltage injection based SMO and PLL over the conventional SMO and
PLL.

4. Conclusion

In this paper, it is the first time an SMO based on voltage signal
injection and PLL type estimator are presented to the literature for
the solution of the rotor position estimation problem associated with
the observers using the fundamental model of IPMSM owing to the
attenuated and deteriorated EEMF with noise at very low and zero
speed. The HF voltage injection method in this paper is established
without the use of any other signal processing algorithms, thus it
simplifies the design stages and reduces the computational load of the
position sensorless VC system. The obtained results from the real-time
experimental setup consisting of an 8-pole and 0.4 kW IPMSM under
no-load and step-like load torque variations verify that
- the designed closed loop VC system with the utilization of the pro-
posed voltage signal injection-based SMO and PLL is capable to be
operated at high, very low and zero speeds.

- the proposed SMO based on voltage signal injection and PLL intro-
duced by this paper has superiority over the conventional SMO and
PLL in the literature.

Our next study is going to focus on how to improve dynamic

performance of the position sensorless VC system of the [IPMSMs.
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