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Abstract: The use of the interior permanent magnet synchronous machine (IPMSM) drive
has profoundly increased in a large number of applications due to numerous advantages.
Owing to the disadvantages of mechanical sensors, sensorless control techniques are
employed to enhance the performance of the IPMSM drive by removing the effect of
noise and gain drift due to the sensor, increasing reliability, cost saving, and reducing
overall size. This article presents the comparative analysis between the adaptive observer
and non-adaptive extended electromotive force (EEMF) observer based on the active flux
concept in a stationary reference frame (@—(). Moreover, the effect of slot harmonics and
non-sinusoidal distribution of rotor flux is present in the three-phase IPMSM, this problem
is considered as the control system disturbances in this article. Due to the non-sinusoidal
distribution of flux and slot harmonics, the observer structure in the rotating reference frame
(d—q) fails to estimate at the low-speed operation range. Comparative analysis between
adaptive and non-adaptive observer structures is provided for a wide speed range. The
effectiveness of the observer structures is examined using the classical field-oriented control
scheme. In the end, simulation and experimental results are demonstrated to validate the
performance of the sensorless control scheme using the adaptive and non-adaptive observer
structures for the three-phase IPMSM drive setup.

Key words: field oriented control, interior permanent magnet synchronous machine, model-
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1. Introduction

The permanent magnet synchronous machine (PMSM) is widely used in industrial applications:
transportation, machine tools, robotics, and home appliances because of its key features such
as high torque density, rapid dynamic response, high reliability, and good power factor. When
permanent magnets are placed on the surface of the rotor, it is called a surface-mounted permanent
magnet synchronous machine (SPMSM). In contrast, permanent magnets are buried inside the
rotor in the interior permanent magnet synchronous machine IPMSM). This paper considers
the IPMSM throughout the discussion on sensorless control based on adaptive and non-adaptive
estimation of speed and position. Sensorless control, also known as a self-sensing unit, is primarily
used to lessen the cost and size of the system while improving its reliability compared to mechanical
sensors. Sensorless control has drawn significant attention from researchers across academia and
industries, which has helped to develop new sensorless control methods for a wide speed range of
the IPMSM drive [1-6].

Sensorless control techniques for the IPMSM drive can be classified based on the zero and
low-speed range as well as the medium and high-speed range. For zero and low-speed range
operation, saliency-based methods such as rotating signal injection, pulsating signal injection,
and arbitrary injection can be used [1,20,26]. In saliency-based methods, inductances play an
important role as inductances contain the information of rotor position, which is essential for
sensorless control. For medium and high-speed applications, model-based methods that involve an
extended EMF model or flux linkage model can be subcategorized into the open loop as well as
close loop control methods [1,20,26]. Recently, sensorless control techniques based on artificial
intelligence have also been introduced [5-7].

An internal model control observer using predictive current control was implemented, but
inaccuracy in estimation was observed due to disturbances. However, this method works well
considering the feasibility, robustness, and control point of view [8]. A sliding mode observer based
on Lyapunov stability criteria for estimation of speed and position was proposed, but the impact of
an observer during low or zero speed range was not covered [9]. A rotor flux-based observer was
proposed in [10] to estimate speed and position. A parameter estimator and flux observer-based
regression model was proposed by J. Choi et al. This observer has also faced the issue of inaccuracy
during zero or low speed [11]. An adaptive full-order observer based on a cascade design approach
for the IPMSM is proposed in [12]. This observer structure reduced the number of tuning gains,
but the proposed control scheme stagnated during the standstill position and failed to deliver the
desired results at the zero-low speed range. A third-order super-twisting observer, a non-linear
extended state observer, and a novel frequency adaptive second-order disturbance observer were
presented in [13—15], respectively. For medium and high speed, [13—15] works well but suffers
during zero-low speed. Other observer structures are also popular, such as Model reference
adaptive systems, adaptive filters, and extended state observers, which are close-loop observer
techniques [1, 20, 26]. Different observer structures for the IPMSM are mentioned in [16—18].
It is also possible that the implementation of the observer technique is not straightforward in
engineering practice due to the complex structure of the observer.

In this article, we propose an adaptive full-order observer and a non-adaptive EEMF observer
structure based on an active flux concept to estimate speed and position. The IPMSM used for
this reserach contains spatial harmonics and a non-sinusoidal distribution of EMF. Considering
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the above problem, an observer structure based on the (d—q) reference frame is not preferable
because the transformation of the estimated rotor position from the (d—g) reference frame will
suffer from disturbances. Hence, the observer structure based on the (a—8) reference frame is more
robust during the disturbances as it does not require transformation to estimate the rotor position.
This article presents an observer structure based on an adaptive full-order observer and an EEMF
observer using non-adaptive estimation based on the (a—f) reference frame. Conventional adaptive
laws are used to estimate rotor speed in the adaptive observer, which decreases the order of the
observer structure, and by integrating the rotor speed, the angular position is calculated. In EEMF,
observer speed is calculated using a non-adaptive approach. In non-adaptive estimation, speed is
calculated using the dependence of extended EMF and a permanent magnet flux component, and the
angular position is computed using the EEMF components. The main contributions of this paper are:
1. Provide a robust observer structure in the (@—f3) reference frame for all speed ranges,
considering the problem of spatial harmonics and the non-sinusoidal distribution of EMF in
the IPMSM motor. The control system in the article is also assumed not to compensate the
slot harmonics.
2. Deliver a comparative analysis between adaptive and non-adaptive observer structures for
a wide speed range.
The proposed concepts are verified by theoretical work, simulation, and experimental imple-
mentation. The experimental work is performed on a 3.5 kW IPMSM with slot harmonics.

2. Mathematical model of IPMSM

The mathematical model of the IPMSM considered in this paper is in the (@—f) reference
frame [19-22] and can be represented using the differential equation as given below.

disy _ 1 R+ 1 Wig + 1 1)
dr Lq slsa Lq wYp Lq Usa,
disﬁ 1 1 1
= —— R — — + — 2

dr Lq slsp Lq w‘//fa Lq Usp, 2
dw 1 . . 1

dTr = j(lﬁf(tlsﬁ - l//f/glsa) - }TL’ 3)
de,

. )

Similarly, by applying state space in the stationary reference frame dynamic model for EEMF
in the IPMSM, it can be modeled as [19-22].

di 1 X 1 1
dfl'a = _L_qulsa + L_qe'B + L_qusam )
=——Riipp — — o+ —UsB, 6
dr Lq slsp Lq (2% Lq Usp (6)
de, dw,
= e = wrep, )

dr dr
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deg  dw,
dr  dr
In the mathematical model, stator resistance is defined as R;; magnetic anisotropy can be
ignored by considering the rotor pole salient IPMSM into a fictitious rotor non-salient pole
IPMSM, which reduces the complexity in the estimation process of speed and position. The
inductance of the rotor of the IPMSM can be considered as L. Usq.8, isa,p and Yrq g are the
vector components of supplied voltage and current to stator terminals, and flux components of
a permanent magnet, respectively. J, Tz, and T, are known as the machine’s inertia, load torque,
and electromagnetic torque. Angular speed is w,, and angular position is 6,. In the extended
model, EMF is introduced. e, g is the vector component of EMF. The EMF e vector contains the
information of angular position, which will be useful in the EEMF model. It is considered that
the parameters of the IPMSM machine are unchanging with time. It is assumed that the machine
operates in the operation domain D where i, €™, WM, TZW are considered as the maximum
value of the stator current vector, EMF vector, rotor speed and load torque such that |is| < T,
le] < ™, wy| < W™, |Tp| < T;"*. Itis assumed that 7" = T, and &y ~ 1 p.u.
As discussed earlier, the IPMSM contains the non-sinusoidal distribution of EMF with the
additional problem of spatial harmonics. This paper will consider the above problems as control
system disturbances. In the IPMSM, the 18"-order harmonic is dominant as can be seen in Fig. 1.
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Fig. 1. Steady state of the machine, measured phase “A” EMF voltage and phase to phase A-B EMF voltage

The total number of slots is 36 in the IPMSM. In this article, 18"-order harmonics are not
compensated by implementing the extended control system. In the next section, an observer
structure based on a mathematical model is prepared and discussed in detail.

3. Adaptive speed and position observer structure

Firstly, an observer structure based on adaptive mechanism will be discussed, and then an
EEMF-based observer structure using non-adaptive estimation law will be covered. This paper
implements an observer structure based on the (a—f) reference frame for an adaptive observer
structure and EEMF-based non-adaptive structure. In the observer structure, “A” is used to define
the estimated state variable and “~” is defined as the error. considering the mathematical model,
the observer structure has the following form:

disg _ 1

A T |
dr = _L_Rslsrt + L_wrl//fﬁ + L_usa/ + Va, &)
q q q
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df—sﬁ——lRf —l@.j/ PRI (10)
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Ve are vg are the stabilizing functions added to the observer structure (9) and (10). The
Lyapunov theorem finalizes the form of defined stabilizing functions. It can be seen in the observer
model that u, g represents the input state voltage vector components. I sa,p and z/;faﬁ are defined
as the vector components of the estimated currents, and the estimated components of permanent
magnet flux in the (e—f) reference frame are calculated using the estimated angular position.

l/?f(, = cos ér, (12)
lﬁﬂngﬁfSil‘lér. (13)

Implementing stability analysis using the Lyapunov stability theorem can obtain the form
of the stabilizing functions, v, are vg, to stabilize the observer structure. The error between the
estimated state variable and measured value can be obtained from (14).

~ ~

lsa = lsa — lsas»

isg = iyp — s
(;r = (Dr — Wy,
0,=0,-96,, (14)
1 (- .
V=3 (230 +?§ﬁ) . (15)

Based on an estimation error, a positively determined function for the Lyapunov stability
theorem is defined in (15), and then the function’s derivative must be negatively determined, V <0.
Substituting (14) to (15) gives the following equation:

. -~ R'j* 1 N ~ _~yn ~
V=T (— L0 Gy — ) — 3l — b)) + ) +

L, "1,
- R~ | P 7 ~ (2 7
isg _L_qlsﬁ - L_q (@ (pa —Vra) =@ (Fra —Yra)) +vp| <O0. (16)

By introducing ¢, > 0 in the stabilizing functions v, are vg, the proposed observer structure
becomes asymptotically stable, and the stabilizing functions have the following form:

Ry~

Va = Ca/L_qlsm (17)
Ry~

vg = —CQL—thﬁ. (18)

To obtain an estimated speed, a positively defined Lyapunov function can be extended as

1_
Vi =~k (19)
Y
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The derivative of the positively defined function in (19) should be negatively determined as
per the Lyapunov stability theorem as given in (20). With the help of adaptive mechanism, the
value of the estimated speed can be calculated from (20) and expressed in (21) by assuming that
oy ~ & andy > 0.

. 1. n o~ N o~
V=o|-w+ .sa_ a/.s s 20
® (yw (l//fﬁl gy 13)) (20)

w=-y (ﬁfﬁ?m - ll?f‘aTsﬁ) : 2

4. Non-adaptive speed and position observer structure

The EEMF-based observer structure for the estimation of speed and position considering the
non-adaptive is prepared based on the dynamic model, (5)—(8), and given as

d(;% = _L—lqufm + Liqéﬁ + Liqum +Vas 22
% _ d(;i’ Jfa — Orés + Vear @9
ciiif - d(;u;r Ugp + Dréa + vep. =

It can be seen that stabilizing functions v, vg,Veq, and v.g are introduced in the observer
structure (22)—(25). Without stabilizing functions, the observer can’t converge to the real value of the
machine, so this stabilizing function has significant importance. By considering d®, /dt ~ A®, /AT,
the derivative of the speed given in (24) and (25) can be approximated, however this term does
not affect the accuracy of the observer for the estimation of angular speed and position. The final
form of the stabilizing function can be achieved using the Lyapunov stabilizing function. The error
between estimation and measured value can be defined as (26). A positively determined Lyapunov
function and its derivative, which is negatively determined V < 0are given (27) and (28).

lsa,p = lsa,p ~— lsa,B»

€ap = Cap — €ap

. (26)
Wy = Wy — Wy,
51” = é\r - Or,
1 -
V=3 (’{5(, +’{fﬁ), 7)
.o~ R~ 1 _ ~ R~ 1 _
V=isq|——lsa + =€+ Vo | +isg|——isp — —ea +vg|. (28)
Ly Ly Ly Ly
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The proposed observer structure is asymptotic stable if v, Vg, Veq, and v.g have the following
form given in (29) to (32). Gains cq, Ceq» and c.g are > 0.

Ry~
@ = —Ca—lsa 29
v c qu 29)
Ry~
= - a_'x‘ ) 30
VB C, Lq lsp ( )
-
Vea = CeaL_qls,Ba 31
1~
Veg = —ceﬁL—zm. (32)
q

The estimation of angular speed using the non-adaptive approach defined in (33) can be
computed using dependencies of EEMF and components of permanent magnet flux [23]. Similarly,
the angular position can be estimated using the angle observer between the EEMF defined in (34).
Flux components tend to have real value in finite time as well and the speed will also reach their
real value exponentially.

éa/‘[’fa/ + éﬁ‘j;fﬁ

Oy = ——, (33)
Vo + V55
0, = atan(égé,). (34)

5. Sensorless control scheme of IPMSM drive

The classical field-oriented control (FOC) is implemented as shown in Fig. 2. In this article, the
classical FOC scheme considering i} , = 0 is implemented. The classical control scheme transforms
stator phase currents from (abc) to the (a—f) reference frame using the Clarke transformation for
observer structure implementation. The observer structure estimates the state variables such as
speed, position, and currents in the (o—f) reference frame. The estimated currents in the (a—f3)
reference frame are the transformed (d—¢) reference frame using the Park transformation for control

- Vdc
o |—“—|

> VSl

i
€ of ‘_im
sa b
€/ abelg i, y

Fig. 2. Block diagram of sensorless field-oriented control scheme
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™
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structure implementation. Three controllers are used in the control structure: a speed controller and
two for the turrent controller. The speed controller compares the reference value of speed (w;) and
estimated speed (&, ), and generates the error signal. Based on the error signal the reference value
of torque is generated, represented by i, . The current controller, which compares the reference
currents with estimated currents and is based on the error signal, as well as the reference voltage
command is provided to the inverter. The observer gains for adaptive structures for simulation and
experimental purposes are ¢, = 0.7 and ¢, = 2.5, respectively. For the non-adaptive structure,
Ca = 3.5, Cea = 0.9 and c.g = 0.9 are used for simulation and experimental work.

In Figure 3, the simulation result of the three-phase IPMSM drive starting up to nominal speed is shown.

1500 7 1500
©,,6 ] R
(tpm) 750 (rpm)

0 T T T T T T T T T T T 1 0T T T T T T T T T T T T 1
150 7 150 7

75 » 7&
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Fig. 3. Simulation results of IPMSM drive starting up to nominal speed: (a) adaptive observer structure; (b)
non-adaptive observer structure

The performance of the sensorless control system using the adaptive observer structure and
non-adaptive observer structure is shown in Fig. 3(a) and Fig. 3(b), respectively. Measured speed
(wy), estimated speed (&, ), speed estimation error (@, ), measured flux controlling (i54) and
torque controlling (is,) components, and estimated flux controlling (isq) and torque controlling
components (fsq) in dq coordinate systems are shown in Fig. 3(a) and Fig. 3(b). It can be observed
that the speed estimation error was high around 140 rpm in Fig. 3(b), while the speed error was
less than 35 rpm in Fig. 3(a) during the dynamic state.

The reversal of the three-phase IPMSM drive from 1500 rpm to —1500 rpm using adaptive and
non-adaptive observer structures is depicted in Fig. 4(a) and Fig. 4(b), respectively. In Fig. 4(a), the
IPMSM drive can cross zero speed and reaches —1500 rpm using an adaptive observer structure.
In Fig. 4(b), when the IPMSM drive reverses from 1500 rpm, it struggles at zero speed. Near zero
speed, the value of back EMF is very small, and the estimated speed depends on the EMF; hence,
the IPMSM drive struggles at zero speed. Parameters such as measured speed (w, ), estimated
speed (@), speed estimation error (@, ), measured angular position (6,.), estimated angular position
), position estimation error (@), measured g-axis current (is,) and estimated g-axis components
(fxq) are shown in Fig. 4.
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Fig. 4. Simulation results of IPMSM drive reversing up from 1500 rpm to —1500 rpm: (a) adaptive observer
structure; (b) non-adaptive observer structure

In Fig. 5 and Fig. 6, sensorless control scheme using adaptive and non-adaptive observer
structures was tested against load injection and load removal, respectively. In Fig. 5, the speed of
the three-phase IPMSM was set at 750 rpm, and after 0.1 s, the load was applied up to 0.5 p.u.
as shown. Parameters of the sensorless control system using the adaptive observer structure and
non-adaptive observer structure are shown in Fig. 5(a) and Fig. 5(b), respectively. In Fig. 6. the
IPMSM drive was rotating at 750 rpm, and the load was disconnected after 0.1 s, as shown. Speed
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o,,0, ,,0
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0 0
1507 1507
@, 757 e 15
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Fig. 5. Simulation results of IPMSM drive, when speed is set at 750 rpm and load is injected up to 0.5 p.u.:
(a) adaptive observer structure; (b) non-adaptive observer structure
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estimation error and position estimation error in the adaptive observer structure and non-adaptive
observer structure were also in the acceptable range, as shown in Fig. 5 and Fig. 6. Both the
observer structures work well in the case of load injection and load removal.

1500 7 1500 7
®,,0, 7”5+ ,,o, 750
(rpm) (rpm)
0 0
150 7 1507
@, 75 é, 75 7
pm) () - o ©
275 75 7
-150 T T T T T -1507T
0.57 0.57
’hni 7
4 i, 0
(pu.) o)
0.5 -0.5
17 1
0.5 2 0.57
iy 0 Isq 0
®u) 057 ®) 5
-1 T T T T T T T T T 1 -1 T T T T T T T T T 1
0 100 200 300 400 500 0 100 200 300 400 500
Time [ms) Time [ms)
(@) (W)

Fig. 6. Simulation results of IPMSM drive, when speed is set 750 rpm and load is disconnected: (a) adaptive
observer structure; (b) non-adaptive observer structure

6. Experimental results and discussion

The performance of the sensorless control system using the adaptive observer structure and
non-adaptive observer structure is evaluated in real-time operating conditions using the set of
laboratory equipment. The experimental test was carried out on a 3.5 kW IPMSM drive system. As
shown in Fig. 1, the non-sinusoidal distribution of back-EMF is present in the IPMSM. A voltage
source converter supplies the drive system. All the nominal parameters of the IPMSM drive are
given in Table 1. The control system was interfaced with a DSP Sharc ADSP21363 floating-point
signal processor and Altera Cyclone 2 FPGA with a sampling time of 150 us (6.6 kHz). The
switching frequency of the transistor was 3.3 kHz.

The control system structure can be seen in Fig. 2. To measure the current in natural reference
frame, an LA 25-NP transducer was used. To implement the observer structure in the stationary
reference frame, the measured current was transformed to the (¢—f3) coordinate system using the
Clarke transformation. The computation time of the control system is 49 us without applying code
optimization. The incremental encoder of 11 bits was used to measure the speed of the three-phase
IPMSM drive. The only purpose of using the encoder was to confirm the estimation accuracy of the
observer structures. Tuning gains of the PI controllers for field-oriented control are given in Table 2.

The observer structure is based on a sinusoidal machine model. Considering Fig. 1, slot
harmonics are treated as disturbances for observer systems that have bounded values and frequencies.
These disturbances significantly affect the low-speed operation of the IPMSM drive, as shown
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Table 1. Parameters of the IPMSM

Parameter name Symbol | Value | Unit
Stator resistance RN 0.035 | p.u.
d-axis inductances Lan 0.28 | p.u.
g-axis inductances Lyn 0.82 | p.u.
Permanent magnet flux linkage Y 0.89 | p.u.
Nominal value of electromagnetic torque TeN 0.81 | p.u.
Nominal power Pn 35 | kW
Nominal stator current (y) In 7.5 A
Nominal stator voltage (y) Un 285 | V
Nominal rotor speed n 1500 | rpm
Nominal frequency F 50 | Hz
Reference voltage Ub=Un | 285 | V
Reference current Iy = V3L, | 1297 | A

Table 2. Tuning gains of the field-oriented control system

Parameter name Symbol | Gains
Proportional gain for speed controller Kpw 5
Integral gain for speed controller K; 0.02
Proportional gain for d-axis current controller | Kp;q 3.5
Integral gain for d-axis current controller Kiia 0.1
Proportional gain for g-axis current controller | K4 2
Integral gain for g(»)-axis current controller Kiig 0.1

in Fig 7. In Fig. 7(a), the IPMSM drive successfully reverses from —150 rpm to 150 rpm using the
estimated rotor position, but in Fig. 7(b), the IPMSM drive struggles during reversing at zero speed.
However, due to disturbances, oscillations are present at the estimated speed. Extending the control
system to the damping structure presented in [24,25] can compensate for this oscillation. However,
this article only focuses on speed observer structure; the problem of non-sinusoidal EMF is treated
as a disturbance. A low-pass filter (LPF) can be implemented to minimize the disturbances.

In Fig. 8, the IPMSM is starting up from 150 rpm to 1500 rpm. It can be seen that the estimated
variables using both types of observer structures work at medium and high speed but struggle at
low speed. Speed error was less than 50 rpm for both observer structures. When speed changes
from 150 rpm to 1500 rpm, the estimated g-axis current, which is known as torque representing
a component, increases from 0 and reaches 0.5 p.u. and during a steady state when speed reaches
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1500 rpm again, it becomes zero as no-load is connected. Parameters of the adaptive observer
structure and non-adaptive observer structure such as measured speed (w, ), estimated speed (@),
speed estimation error (w, ), angular position error (6, ), estimated angular position @,), and
estimated g-axis components (fsq) are shown in Fig. 8.

1507 A

<

-1 T T T T T T T 1 -1 T T T T T T T 1
0 500 1000 1500 2000 0 500 1000 1500 2000

Time [ms] Time [ms]

(@ (b)

Fig. 7. Experimental results of IPMSM drive reversing up from —150 rpm to 150 rpm: (a) adaptive observer
structure; (b) non-adaptive observer structure
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Fig. 8. Experimental results of IPMSM drive starting up to 1500 rpm: (a) adaptive observer structure; (b)
non-adaptive observer structure
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Figure 9 presents the workings of the adaptive observer structure during IPMSM reversal from
1500 rpm to —1500 rpm. The result shows that the estimated speed crosses the zero speed range
without any problem. The error between the estimated angular position and measured position
(5,) is also shown. The estimated stator current components in the d—g coordinate system are also
shown as (iy4) and (fsq).
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Fig. 9. Experimental results of IPMSM drive reversing from 1500 rpm to —1500 rpm using adaptive observer
structure

Figure 10(a) and Fig. 10(b) show non-adaptive estimation using an EEMF-based observer
structure for the IPMSM drive reversing from 1500 rpm to —1500 rpm and —1500 rpm to 1500 rpm,
respectively. During zero crossing, non-adaptive speed estimation struggles in both cases; however,
it reaches the maximum value again, but at zero speed, it does not provide a satisfactory results.
Speed error and position error are high compared to the adaptive structure. In Fig. 10, the EEMF
observer structure struggles at zero speed because at zero speed, the value of back EMF is very
small, which is not enough to estimate speed; hence, the observer structure fails to estimate during
extremely low speed of the IPMSM.

In Fig. 11, the rotor speed was set at 750 rpm, and load torque = 0.75 p.u. was injected at
0.1 s. In Fig. 11(a), the performance of the adaptive observer structure can be visualized. Speed
estimation error was less than 30 rpm, electromagnetic torque increases from zero and reaches
~ 0.75 p.u. Figure 11(b) shows the non-adaptive observer structure’s performance in the load
injection case. When the load was injected after 0.1 s, the error in speed estimation was increased
up to 140 rpm. It can be seen that the adaptive observer structure is more reliable and provides
satisfactory results than the non-adaptive observer structure. A comparative analysis between the
two observer structures is provided in Table 3 for a wide speed range.

The effect of the non-sinusoidal distribution of EMF is visible at the low-speed operation range
for adaptive and non-adaptive observer structures. The adaptive observer structure can cross at
zero speed, while the performance of the non-adaptive EEMF observer is acceptable for medium
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Fig. 10. Experimental results of IPMSM drive reversing from 1500 rpm to —1500 rpm using non-adaptive
observer structure
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Fig. 11. Experimental results of [IPMSM drive, when speed is set at 750 rpm and load is injected up to
0.5 p.u.: (a) adaptive observer structure: (b) non-adaptive observer structure

and high-speed operations. However, at zero-speed or very low speed, the amplitude of back EMF
is very small. Hence, the signal used for estimation is very weak and can be easily contaminated
by the measurement noises or nonlinear effect of the PWM inverter. In addition, parameters such
as resistance and inductance have a very significant impact at low speed where the voltage drop is
large compared to EMF voltage. Moreover, the signal can be lost in heavy-load conditions due to
magnetic saturation; this problem is still open for research [26].
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Table 3. Comparison of observer structures at a wide speed range

Name Zero speed | Low speed | Medium speed | High speed
Adaptive observer structure Stable Stable Stable Stable
Non-adaptive EEMF based | Unstable | Unstable Stable Stable

Fig. 12. Photo of experimental stand with the IPMSM clutched to DC machine

7. Conclusion

This article presented rotor speed and position estimation using adaptive observer and non-
adaptive observer structures based on an EEMF model for the sensorless IPMSM drive in the (a—23)
reference frame. Adaptive laws are implemented to estimate rotor speed in the case of the adaptive
observer structure, and in the non-adaptive EEMF observer structure, the rotor speed is calculated
using dependences EMF and flux components. The final form of the stabilizing function can be
derived with the help of Lyapunov’s stability theorem. Considering the disturbances such as the
non-sinusoidal distribution of EMF and slot harmonics, observer structures work well, specifically
adaptive observer structures. The non-adaptive EEMF-based observer structure struggles during
zero crossing. Both the observer structures presented in the articles are tested in simulation as well
as on an experimental stand, and confirm the behavior of the observer structure at a wide speed
range. Moreover, the proposed work can be extended to compensate for the slot harmonics and
non-sinusoidal distribution of EMF.
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