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Abstract: Interior Permanent Magnet Synchronous Motor (IPMSM) motion-sensorless speed control
necessitates precise knowledge of rotor flux, speed, and position. Due to numerous non-ideal aspects,
such as converter nonlinearities, detection errors, integral initial value, and parameter mismatches,
the conventional first-order integrator’s estimated rotor flux experiences a DC offset (Doff). Low-pass
filters (LPF) with a constant cut-off frequency yield accurate estimates only in the medium- and high-
speed range; however, at the low-speed area, both magnitude and phase estimates are inaccurate. The
presented technique resolves the aforementioned issue for a broad speed range. In order to achieve
precise flux estimation, this article presents an improved technique of flux estimator with two distinct
drift mitigation strategies for the motion-sensorless field-oriented control (FOC) system of IPMSM.
Using the orthogonality of the - and 3-axes, the proposed drift elimination system can estimate drift
in different situations while maintaining a high level of dynamic performance. The stator flux linkage
(SFL) computation in the synchronous coordinate is established from the estimation of the rotating
shaft’s permanent magnetic flux linkage orientation and the statistical equations model of the SFL. By
comparing the calculated SFL vector to the SFL vector derived from the stator winding voltage and
currents integral model with a drift PI compensation loop, a feedback loop is formed to neutralize
integral drift, and the rotational speed and position of an IPMSM is estimated utilizing the vector
product of the two flux linkages in a phase-locked loop. Theoretical interpretation is presented, and
Matlab Simulink simulations, as well as experimental outcomes, consistently demonstrate that the
suggested estimation techniques can eliminate the phenomenon of flux drift.

Keywords: flux observers; integrators; position sensorless control; phase-locked loop; stator flux
linkage; low-pass filter; vector control

1. Introduction

IPMSMs (Interior Permanent Magnet Synchronous Motors) are applicable to a broad
range of industrial applications and are extensively employed [1]. Measuring the motor’s
speed is necessary to acquire high precision and dynamic performance control for an
AC motor with a broad speed range. Conventionally, PMSM is equipped with position
sensors in order to achieve digital commutation and closed-loop control. However, the
configuration of a position sensor is not always practicable due to space limitations, extreme
environments, or other exceptional circumstances. In addition, implementing position
sensors will increase manufacturing costs and complexity. Sensorless control does not
directly measure speed and has emerged as the standard solution for controlling PMSM
and IPMSM drives.

Sensorless control’s essential aspect is position estimation, which replaces conven-
tional position sensors. Position-sensorless control mechanisms are classified into two
main categories based on their control structures: non-feedback motion-sensorless control
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strategies and feedback loop motion-sensorless control strategies. The voltage/frequency
(V/1) control methodology, as a typical non-feedback motion-sensorless control strategy;,
is extensively used in engineering domains due to its affordable expenses for installation,
practicality, and insensibility to the application atmosphere [2,3]. Nonetheless, if the ratio
between voltage and frequency is not appropriately chosen, the V/f control approach
fails to maintain synchronization readily and can even cause damage to electronic devices
under conditions of initial substantial load or instantaneous load changes. In order to
enhance the stability of the traditional V/f control technique [3], stabilization loops need
to be implemented. Contrary to the V/f control method, I/f control generates the desired
voltage using a current closed-loop regulator that ensures stable start-up, self-stabilization
of torque and power angle, preventing overshoot, and anti-disturbance capability [4,5].

In motion-sensorless feedback-loop control approaches, rotor position knowledge is
crucial. Feedback-loop motion-sensorless control mechanisms are additionally categorized
into two subcategories based on the distinct assessment principles for rotor-position in-
formation: injection of a high-frequency carrier signal method (IHFCSM) [6-8] as well
as model-based techniques [9-17]. The IHFCSM offers a promising solution by utilizing
magnetic saliency identification and introducing a signal with an HF to interact with
rotor-orientation-dependent saliencies. Such approaches can perform well at zero to low
speeds and are irrespective of the back electromotive force (EMF) and machine parameters.
Still, as the machine speed increases, they encounter issues such as additional losses, rip-
ples in the torque, high-frequency noise, and power losses, which can only be applied to
saliency motors and constrained control performance brought on by the additional filter [8].
Model-based solutions, comprising flux linkage estimation methods [13-17] and back-EMF
estimation strategies [9-12], are passive techniques that do not rely on signal injection. In
the preceding, numerous EMF observers have been established and utilized in industrial
and commercial environments. These techniques have demonstrated satisfactory perfor-
mance in regions of moderate and high speed. However, as the motor RPM goes down,
the rotor orientation may be imprecisely acquired since the EMF gradually decreases, and
disappearance is insufficient to provide accurate knowledge about the rotor orientation at
minimal or zero velocities. To accomplish sensorless position control of the PMSM through-
out the entire speed domain, hybrid position estimation solutions [9-11] that combine the
aforementioned two approaches are commonly employed. The SFL estimation technique
is anticipated to facilitate broader speed domain sensorless operations compared to the
EMF estimation strategy because of the proven fact that the rotor flux linkage remains
unchanged and is practically constant regardless of speed; however, since sensors always
have a Doff, a pure integrator has drift issues.

A precise flux linkage acquisition mechanism with an online compensation strategy
for drift and residual drive system errors is described by Kyung-Rae Cho and Jul-Ki [13].
Advocating a simple integration approach using a simple resonant-type observer design
produced exceptional flux linkage estimation fulfilment down to 1.3 Hz stator frequency. In
reference to stator flux linkage estimation, an integration scheme based on a fifth-order filter
is discussed by [14], along with a high-pass filter (HPF) and a logical calculation element;
this scheme achieves identical phase and amplitude-frequency characteristics as a simple
integrator at any synchronous rotational frequency. A novel approach for estimating flux
linkage, utilizing the dual (SOGI-FLL), is introduced by [15]. This method can mitigate the
effects of Doff and high-order harmful harmonics while enhancing the system’s dynamic
response. A linear regression-based nonlinear observer has been designed for motion-
sensorless control of IPMSMs, and a pseudo-high-pass filter is employed to remove the
impacts of Doff [16]. The problems of DC saturation and Doff are solved by the Gopinath
model SFL observer, which integrates the currents and voltage models [17]. In the majority
of such flux linkage-based estimator approaches, the LPF is typically used in combination
with angle adaptation techniques or a feedback-loop flux linkage observing system. This
is performed to eliminate issues related to DC saturation and Doff while simultaneously
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increasing the speed of iterative operation. However, system stability must be carefully
considered alongside these measures.

In the scientific literature, two well-established techniques have been proposed for
flux estimation in PMSMs. The preliminary approach is based on the PMSM voltage-flux
principle. Back EMF is calculated using known voltage and current information in a
stationary reference frame (SRF). Subsequently, fluxes are determined by integrating the
electromagnetic field [18]. However, this approach has a number of disadvantages; the
main issue is associated with using the open-loop integrator, which includes the saturation
difficulties induced by the Doff in currents or, commonly in EMF, the Doff caused by an
unknown initial state in EMF. Other problems are the same phenomenon of saturation
and Doff problems for high-order harmonics and slow-speed analysis challenges [19].
Since actual voltages and currents in the SRF are determined using a method commonly
referred to as Clark transformation, the key benefit of the method is that fluxes can be
estimated without knowing the rotor position. One common approach to improving the
efficacy of flux estimation using a voltage model is to use a low-pass filter (LPF) instead of a
pure integrator.

The LPF can address the saturation difficulties, and the Doff is drastically reduced
because it is inversely proportional to the LPF frequency [20,21]. However, the LPF induces
a phase transition and a reduction in flux magnitude, and this approach malfunctions
whenever the motor rpm is equal to or slightly lower than the filter’s cut-off frequency.
To resolve this issue, a compensation term is added to account for the phase delay and
amplitude decreases. The LPF can adequately enhance the accuracy of a flux estimation
technique that employs a voltage equation with a compensator [22-24]. Nonetheless,
the presence of an EMF signal introduces disturbances into the system and degrades
its significance. Furthermore, harmonics also cause challenges, such as saturation state
and Doff for other harmonics, which cannot be resolved using the LPF and compensator
developed for the fundamental harmonic. Considering the potential benefits of no model
limitations along with a low noise level, a flux estimator emerges as an appealing approach
for motion-sensorless control.

In contrast, the drift induced by a simple integrator has limited use in precise motor
control. Similar to the EMF, the stator flux linkage (SFL) contains information about
the rotor’s position. However, unlike back EMF, the magnitude of the SFL amplitude
waveform remains constant regardless of the speed. Another technique for improving
the flux estimator’s performance is employing the closed-loop method by adjusting the
based on approximate frequency [25]. An important example of this is the second-order
generalized integrator-frequency-locked loop (SOGI-FLL) proposed in [26], demonstrating
an exhibiting excellent efficiency under constant-speed conditions. Meanwhile, these
techniques are inapplicable in situations involving variable speeds, including trajectory
tracking, because filters generally compromise static and dynamic performance.

Recently, the fundamental frequency of an EMF has been extracted using a Second-
Order Generalized Integrator (SOGI) before integration [27-29]. However, the SOGI tech-
nique has limitations in suppressing the DC component. To address this issue, a third-order
generalized integrator has been proposed [30]. Despite these improvements, the voltage
model is unable to correctly handle transient machine performances, such as accelerating,
decelerating, crossing zero speed, and low speeds, due to a negative correlation between
flux amplitude and rotation rate. The second approach depends on the stator current flux
model of a PMSM, which approximates fluxes directly by utilizing inductances, rotor per-
manent magnet flux, and monitored currents [31,32]. This method overcomes most of the
flux estimation shortcomings associated with the voltage model technique by eliminating
the need for an open-loop integrator. The current model is particularly efficient at low
speeds and during speed reversal procedures, such as stand-still speed crossings.

In this article, the authors propose two compensation techniques to determine and
eliminate the drift error generated by the voltage transducer during rotor position estima-
tion. The aim is to achieve precise rotor position estimation without any phase error. The
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compensator employs a PI controller to remove the undesired signal and ensure that the
flux magnitude matches the actual value. Typically, adaptive observers estimate the flux
using the time-variable, full-order PMSM model. At least one of the model’s equations
must contain a speed-dependent element, while the observer should be constantly speed-
adaptive. Obtaining rotor speed is typically the final phase of the assessment procedure.
Consequently, cumulative errors, time delays, and system noises always have an impact
on the speed estimation. This erroneous speed assessment is feedback to the adaptive
flux estimator, causing the precision of both the flux and speed estimator to deteriorate
gradually. Undesirable outcomes, such as limit cycles, increased delays, or noise sensitivity,
can degrade the system’s overall performance, especially at very low stator frequencies
with low fundamental excitation. Fortunately, the proposed method includes two Doff
compensators and non-adaptive observers that utilize a PI controller to eliminate the error
signal. It ensures that the flux magnitude matches the actual value. Furthermore, since
they do not rely on rotor speed adaptation, both Doff compensation algorithms are essen-
tially sensorless and thus not affected by speed estimation errors. Moreover, an integral
part of a particular PI correction system at the voltage model level makes both observers
robust against measurement drift and Doff. From a structural perspective, each estimator is
summarized. The rotational speed and position of an IPMSM can be estimated in a phase-
locked loop (PLL) utilizing the SFL’s cross-product derived from the integral model of
stator voltage and currents, as well as the estimated SFL. To validate the proposed method,
the two compensation algorithms were employed to eliminate the drift error component.
These algorithms underwent theoretical investigation, and the validity of the method was
verified through simulations and laboratory experiments using Matlab Simulink as well as
7.5 kW IPMSM.

2. Traditional IPMSM Flux Estimator

The most straightforward flux estimator is based on the voltage model with a simple
integrator [32]. The rotor’s speed and orientation can be computed using the accurate model
of an IPMSM via the integration of «-p-axis flux linkage, which is commonly achieved
using EMF.

2.1. PLL/ArcTan Based Voltage Model Flux Estimator for Motion-Sensorless Control

Figure 1 depicts the space vector representation of an IPMSM. The a—f3 frame repre-
sents the SRF, while the d—q frame represents the synchronous coordinate system. The d — 4
frame is utilized in vector control without sensors with a rotor reference frame. Moreover,
0, and @, represent the real and estimated position of the rotor, respectively.

Figure 1. IPMSM sensorless control using rotor flux estimation.

The computational model that describes the relationship between voltage and sinu-
soidal flux distribution of IPMSM in a « — 3 frame can be expressed as follows:

Ua| _ |[R+0dLy  dLup o —sinf

L;ﬁ] B { dLas R+oLg)lig] V| cose @
where vy and vg are the «- and B-axes stator coil voltage, i and ig are «- and (-axes
armature current, R indicates a stator coil resistance, 6 is rotor electrical angular position,
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¢ indicates flux linkage, 0 = % is the differential’s function, and w; denotes rotor speed.
Ly, L B and L «p are transitory variables with the following values:

L,+ Lq + (Ld — Lq) cos 26

L(X
Lg | =05|L;+L,— (L;—Ly)(1-sin?0) @)
ofp (Ld — Lq>25in9cosl9

Substituting (2) into (1) yields the following;:

O | R‘l‘aL ioc labcx
o =1 L] ol ®

where iy, and iy are the o- axis and B-axis equivalent rotor flux linkage. In [12], stator
voltage and current integration are used to obtain stator flux linkage ¢s« and g as well
as rotor flux linkage ¢, and 1¢g. The system then utilizes a conventional PLL or ArcTan
function to estimate the rotor position (RP) § and speed @, as depicted in Figure 2.

Pso = fesocdt = f(voc — Riy)dt

¥sp = [espdt = [(vp — Rip)dt

4
Pt = [ (0o — Rsio)dt — Lyin 4)

lpfﬁ = f(?)[_), — Rsiﬁ)di’ — Lqi[g

A
PLL [—
or ArcTan
Function A
()
—

Figure 2. Diagram of IPMSM voltage model for rotor speed and position estimation.

The voltage-type rotor flux estimation model of (3) can determine the rotor flux solely
based on the stator voltage and currents of the motor. While flux estimation is related to
stator resistance, which is easy to detect and relatively stable, it is important to note that
this estimation model has a simple structure and provides accurate results. In Figure 2, the
structure of the voltage model is demonstrated. In this situation, the SFL is also applicable
to the motor position, satisfying the following equations:

Ps = Pgcosd
1,[]5[3 = ¥ sin 6

From (4) and Figure 2, it is evident that the voltage model contains a pure integration
loop. The pole of the integral is located at the origin point in the s-plane. As a result, the
simple integration is highly sensitive to DC drift and variations in stator resistance in the
EMEF signals, particularly when the motor operates at slow speeds. In theory, the gain of
the integrator is infinite when the input signal frequency is zero, indicating that even a
minimal Doff input can lead to a large DC output, generating a significant Doff component
in the output signal until saturation. In addition, pure integrators also have an initial value
problem. Incorrect initial value selection can lead to a constant DC bias in the integration
operational results.

©)
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y(t)

Vw? + w?e

The input signals x(t) = Ay, sin(wit + 6p) + D (D represents Doff) are used for inte-
gration operation [20], and the output of the pure integration link can be obtained through
Laplace transform and inverse transform, as follows:

y(s) =7 (X()1) ©

y(t) = 127’]" sin(wit+6p— F) + fj—q’ cos f + Dt

From (6), it can be seen that if there is a Doff, the third term in the equation indicates

that this offset will eventually lead to integrator saturation as the integration time increases.

From the second item in the equation, it can be seen that there is also a Doff ‘2}—';’ cos Oy in
the output signal, which is related to the initial phase (i.e., the initial time of integration).

2.2. Low-Pass Filter

The voltage model uses a pure integration link, where the pole of the pure integration
link is located at the origin, and the system is in marginal stability. Any small Doff input
will ultimately lead to integration saturation and incorrect magnetic flux estimation. In the
voltage model, this issue is typically resolved by passing the output of the pure integrator
through a high-pass filter ;;°--, where w is the corner frequency.

Based on comprehens1ve con51derat10n Equation (7) is obtained by:

X S X
g = (7)

Y= S sFwe st

According to (7), after adding a high-pass filter, the original simple integrator is
transformed into an LPF [20,33]. The model is asymptotically stable, and the LPF has a
pole in the left half of the plane.

The input signals x(t) = Ay sin(wit + 6p) + D transform the output signal through a
first-order LPF in order to obtain the following:

Y(s) = ﬁ (Am <52(+07(L21 cos by + ﬁ sin 90> + g)

1 wWe o s
Y(s) = —,Au Wilsta: T en ~ ey ) cos 90 ®)
T W tw?, wes w1 we
+ 524wy + s24w?;  stwe sin o + we s(s+we)

where w; is the corner frequency of the first-order LPF. Taking the Laplace inverse transfor-
mation of (8) yields:

An A sin(6 — 6p)e ! + D (1—e @) )

Joh a2 @

In Equation (9), 6 = arctan_}t “1 the last term of (9) is generated by the Doff of the
input signal, which is dlfferent from the pure integration stage; this quantity gradually
approaches a stable value 2 . exponentially. Moreover, the larger w. is, the smaller the final
stable value. This is the 1r1h1b1tory effect of the first-order LPF on integral saturation. The
second term of (9) is caused by different initial moments of calculation, and this quantity
will decay exponentially to zero with the passage of calculation time t. The more extensive
the w, is, the faster the decay. Therefore, the first-order LPF eliminates the problem of
non-zero initial values for pure integrators. However, at the same time, amplitude error
and phase error are inevitably introduced.

sin(wit + 6y — 6) +

3. The Proposed Techniques of the Flux Estimator for IPMSM Sensorless Control

The presence of a Doff component in the stator voltage significantly impacts the
evaluation of flux linkage. In order to compensate for integration errors, it is essential to
incorporate feedback along with the integrator structure. The stator flux linkage, like the
back EMF, contains knowledge about the rotor position (RP). However, unlike back EMEF,
the magnitude of the flux linkage’s amplitude waveform remains constant regardless of
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[1/’56]

where T~! =

speed. This property makes the flux linkage a more reliable state to estimate, particularly
at low speeds. This characteristic becomes very crucial at slow speeds and during rapid
transients when the speed estimation is often imprecise. In addition, the proposed flux
observer technique improves overall robustness. The proposed flux estimator consists of
a pure integrator, a drift eliminator, and a flux linkage observer with a PLL/arctangent
function. The voltage-based model in stator reference (10) is a highly desirable approach for
sensorless stator—flux estimation in all sinusoidal flux distribution AC machines. However,
a pure integrator is sensitive to drift because sensors always include a Doff. It integrates
the calculated EMF as follows:

d . . A A N
ﬁll«’s = o5t = U5 — isRs, 1705(0) = IPSO (10)

Transforming the stator currents i, and i}, into a «f3-coordinate system, then, i, and ig
can be written as:
T -1/3 -1/3 {ia]
= . 11
LB] l SRS S o

The stator current in the dg frame can be expressed as follows:
[1'(1 _ {C?SQ —sin 9] [za} (12)
ig sinf cos0 | |ip

The accumulative flux-linkage vectors can be defined as a function of the two-phase
rotating frame (the d-q frame), which is written as Equation (13), also known as the current

model: R R .
= fin) = )+ 9]
— ~ — a e + 13
4 [‘Psq Lq} liq 0 -
where §q, fsq is the estimated flux; Ly and Lq are the estimated inductances on the d- and

g-axis, respectively; and ¢ is a permanent magnet flux linkage.
The transformation from the d — g to the o — 3 frame is stated below:

[ lE’scx ] _ { COSéest Sinéest ][ l/:Jsd ] _ T{ lg’sd }

Psp —sinf, oS Ot Psq Psq (14)
where T — Cos GesAt sin GAest
—sinBest COS Ot

The following results can be established by substituting Equation (13) with
Equation (14) and transferring the currents from the d — g frame to the & — 3 frame:

Ld Q :|‘T_1|: l;d :|+T l/Jf
0 Lg iq 0
CQS?est — sin Oest }; [ ig } _ e [ foc ]and T [ CQSL% — sin Oest
SinBest  COS Best iq (6est) | 1p SinBest  COS Best

Since the stator coil currents are used directly to estimate the flux, and no integral
operation and stator resistance are required, Equation (15) is more precise than the voltage
model (4) in the slow-speed domain. Specifically, the current sensor provides information
about the stator current, thus enabling excellent estimation performance, particularly at low
speeds. Due to this advantage, the suggested approach is efficient and capable of accurately
estimating position in the slow-speed domain. For the PLL design in Figure 3, when the
angle of intersection concerning s and s is minimal, it results in $s x s/ (| s ||4ps]) =
sin(f — 0) ~ 6 — 0, and the feedback-loop transfer function of PLL near the equilibrium point
is given as follows:

(15)

kpS + k;

Gls) = s2 + kps + k; (16)
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Figure 3. Design of flux estimator combined with PLL for the motion-sensorless system of IPMSM:
(a) drift elimination strategy 1; (b) drift elimination strategy 2.

This is a typical second-order system with a pole and zero. The proportion and
integration coefficients designed in this paper are given as follows:

ky = 2¢wn
kl’ = (AJIZ1 (17)

In Equation (17), ¢ represents the system-damping coefficient, whose assigned value
¢ = 0.7, whereas the variable wy, denotes the undamped oscillations frequency of the
system, which is based on the motor’s RPM operating range. For this calculation, we
assume wp to be 1000 rad/s. Since PLL’s open-loop transfer function has a couple of
integration links, for the step input of speed, 6 is a ramp input, which can achieve no static
error; i.e., @ —f — 0 in a steadystate, 6 is a parabolic input with static error for the speed
ramp input, and the magnitude of the static error is in reciprocal proportion to k;.

3.1. Drift Elimination Strategy 1

Figure 3a depicts a drift elimination technique established on the orthogonality of
the a- and (3-axes that is assured by the physical structure of the motor and a three-phase
balance.
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A physically perceptive method is devised below. In the most common scenario of
accurate amplitude flux control, the optimal stator—flux trajectory 1,;, with respect to the
stator reference, is a symmetrical circle centered on the origin. If a flux Doff of W, ¢t
appears, the rotation of a resultant stator flux 1 is also a circular shape; however, its origin
is shifted by Vst Consequently, the estimated flux offset P, ffset can be determined
using Equation (18), which provides knowledge about circular eccentricity.

1j)offset = II)S - 1j)si

* A
A RN * ) (18)
s = lbseles}lbsi s = Ibseles
The back EMF and stator flux are defined as:
€xp T Coffset = (ﬁs + usoffset) - Z.sf{s 19

Vop +Worfset = [ exp + eoffset

where €yffser and Pyrrs represent the Doff signal, which is fundamentally a time-
proportional signal. Based on Figure 4, the Doff error signal can be calculated by:

1l’offset _ % a
Coffset o 1+kl’s+ki 15
s s
ll’offset — s a
Coffset  S2tkps+k; s (20)

lim = lim >—*—
S_>oo¢offset s— 002 +kps+k;
lim =0

s 11’c7ffsei!

+ "
Cap + Coffiet l o Vap t+ Yoffser
N
dc
k . A
(kp‘f':ljlzxz WO‘B

Figure 4. Schematic diagram of the PI controller’s estimation error for é;,.

The flux DC drift ), is caused by an input voltage Doff iIs or by an inaccuracy in
the initial state of the stator flux { . A PI feedback correction employing ;. (18) is used
to eliminate 1, ffset- The design determines é;., which compensates for the disturbances
ils, especially forcing 1ps onto a circular path centered on the origin. The disturbance

compensation employs a PI compensator with the parameters k, and k; to estimate the

DC-drift input vector é;, = (k,, jki

elimination strategy 1, during a feedback loop, the PI controllers k, and k; coefficients are
modified to 103 and 205, respectively. In addition, the PI controller eliminates steady-state
inaccuracy. The feedback loop PI parameters compensator affects the sensorless control
performance. Increasing the k, and k; values increase the overshoot and settling time
while decreasing the steady-state error. Therefore, the control system needs more time
to eliminate the Doff in real time; selecting k, and k; lower leads to degraded controller
performance.

Moreover, the inaccurate selection of feedback PI controller parameters (k, and k;)
results in overall system performance instability. Therefore, these parameters need to be
accurately selected. Thus, drift elimination strategy 2 is proposed, which is more accurate,
simple, and robust.

)11)0 ffset» which is depicted in Figure 4. In the drift
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3.2. Drift Elimination Strategy 2

M with the Doff component eliminated by
((ba) +(Pp)°)

the Doff compensation. The drift elimination strategy 2 response to removing the Doff error
component from the system is faster than that of drift elimination strategy 1, as shown
in Figure 5. Therefore, this approach is more efficient compared to drift elimination drift
elimination strategy 1.

\ljs > kp |
g ; A
— ® Va0 ki +Y
ol s

Figure 5. Schematic diagram of the PI controller’s estimation for é,,.

This algorithm utilizes Pao =

\

The transfer function equivalent of a feedback-loop simple integrator with PI compen-
sation is obtained by:

e be b
H(s) = é _52+(kp‘s+ki)'zlz_< s ) v

The weighted variable z, which is defined by the magnitude of the stator—flux error,
accentuates a frequency-adaptive performance of the estimator; a minimal z results in wide
bandwidths. If z — 0, the analogous structure is a high-bandwidth simple integrator with
no phase delay.

Therefore, the estimation error due to drift is given by:

e = _(Wotda)— Vo _ (W cosf+do)—scosf
T () (ba)T) (b cosd)+ (ibysind)’
((wm ) ?p ) ) ((wffsm9+dﬁ)f¢fsin2 (22)
° ((ﬁ" ) ( ﬁ)) ((&f’COSé)Z-&-(IT)f'siné)z)
o = ot (23)

eg =dpg —dp

where d and d g represent the PI controller’s estimated drift signal. Taking the derivation
of (23), one can derive:

o = %o — i = 8o~ kbt — ki [ adt (24)
(ll)fcose—i—d ) 11)

where p, = ( b (b

S assuming that:

Ho = € (25)

By substituting (25) into (24) and computing the derivation, the second-order differen-
tial function can be determined as:

e = —kpe® o —kiew (26)

which is the standard dynamic equation of the PI controller; e, will exponentially converge
to zero. Similarly, it has been deduced that if e, ~ 0, it is assumed that eg will converge
exponentially to zero because drift is proportionate to the time e« and eg, to which both
are equivalent to 0. To obtain a rapid asymptotic estimate, free of oscillations for il,, the
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following PI controller parameters can be determined: k; = wg, wy = wg‘i“, d € [3,9],and
kp = 2¢wo, ¢ € [0.5,1], where wpn represents the minimal stator frequency.
The integral component of PI retains the input Doff computation 4 _,r. If the

EMF ¢ (10) is assessed precisely by s, then {, = s = J)s and z = 0; subsequently,
z — 0 and a simple integrator has been obtained. In drift elimination Drift Elimination
Strategy 2, the derivative estimation provides rapid estimation and improved computation
in the presence of the same Doff.

The flux estimator functions as an integrator with no delay and high dynamics. The
designed flux estimation method is capable of being utilized for the sensorless control of
AC motors with sinusoidal flux distribution, such as PMSM, 1M, etc., over a broad speed
range. Consequently, drift elimination scheme 2 ensures faster Doff rejection.

4. Comparative Simulations
4.1. Simulation Setup

This section presents a series of MATLAB/Simulink-based simulations, which evaluate
the efficacy of the proposed drift elimination techniques in mitigating integration drift.
Simulink is used to create a model of the proposed flux estimator. The Field-Oriented
Control (FOC) scheme serves as the fundamental control scheme. Figure 6 illustrates the
schematic structure of the sensorless IPMSMs control structure designed for the nonlinear
flux estimator. It incorporates speed PI regulators and a pair of current PI controllers.
The RP and speed are determined using a nonlinear flux observer, except during the
start-up phase, where an open-loop motion-sensorless starter technique is employed. The
algorithms proposed for estimating stator flux and rotor speed are simple yet highly
effective across a range of operating speeds. Table 1 presents the key parameters of IPMSM.

4.2. Simulation Results

This section presents the comparison of two proposed techniques for drift elimination
in motion-sensorless control techniques. The performance of the Doff ripples and serious
distortions of stator flux and speed suppressed by the proposed drive and control scheme
are verified by Matlab Simulink. The investigation is conducted on a salient pole PMSM
operating at 300 rpm while subjected to x-axis and «f3-axis voltage disturbance at the
no-load condition. To demonstrate the efficiency of the drift elimination strategy 2(DM2),
Figure 7 displays comparison results using integrated drift correction methods (DM1). Both
strategies work effectively for both uniform and variable speed trajectories.

l.*
‘ ®
- 2r/2s PWM L

PI > control

S5

H

2s/2r 3s/2s

0 : Position and

ol speed.

[OX] estimation
T system

PMS

! Proposed Position |

Figure 6. Schematic representation of overall motion-sensorless control system.
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Table 1. The specifications for the 7.5 kW IPMSM drive system.

Parameters Values
Rated power 7.5 KW
Rated current 34 A
Rated speed 3000 (r/min)

Poles 3
Stator phase resistance 010
Flux linkage 0.10 Wb
d/g-axis inductance 0.348/0.558 mH
Moment of inertia 0.35 k-g-m?

Additionally, the proposed drift elimination schemes can successfully eliminate drift
from the flux and do not induce any steady-state error. The drift elimination response under
the drift elimination scheme 1 (DM1) control is slower compared to the drift elimination
scheme 2 (DM2) control. The drift elimination under DM2 is smoother and more stable,
resulting in a faster response. Figure 7 demonstrates that DM2 exhibits higher accuracy in
estimating the drift amplitude and removing drift more rapidly (i.e., it has a smaller setting
time) than DM1. DM2 significantly enhances the dynamic performance and estimation
accuracy of sensorless control.

In summary, this paper demonstrates that DM2 exhibits better dynamic characteristics.
To quantitatively evaluate both methods, the steady state position estimation error (SSPEE)
is defined as the deviation between the position generated by the flux estimator after drift
elimination and the actual position of IPMSM. A similar definition applies to speed error in
estimation (SSSEE). The time required for drift compensation, represented by TSSPEE, is
highlighted in Table 2, and the results validate the preliminary simulation.

The observed speed and position estimation error, a Doff error component, varying
between 0 V and 0.6 V, is artificially injected into the stator voltage x-axis at the no-load
condition. The observed speed, estimated RP and speed errors, artificially injected Doff
and DC-drift estimation error, estimated fluxes, and the errors of estimated fluxes based on
the DM1 and the DM2 with PLL are shown in Figure 7a—d, respectively. Although both
estimators perform well, the DM2-based estimators perform better than the DM1-based
one.

Table 2. DM2, with constant speed trajectory.

Artificially added Doff 0.6 Vat2s Strategy 1 Strategy 2
SSPEE (degree) 0 0
SSSEE (r/min) 0 0
TSSPEE (s) 2.0 0.3
Artificially decrease the Doff from 0.6 to 0 V Strategy 1 Strategy 2
at4s
SSPEE (degree) 0
SSSEE (r/min) 0 0

TSSPEE (s) 2.0 0.3
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Figure 7. Matlab Simulation results with constant speed (300 r/min) under the «-axis voltage
disturbance (0 V and 0.6 V). (a) Artificially injected Doff and DC-drift estimation error, DM1, and
DM2. (b) Speed and position estimation error, DM1, and DM2. (c) Observed speed estimation, DM1,
and DM2. (d) Estimation fluxes and the errors of estimated fluxes, DM1, and DM2.

Figure 8 depicts the dynamic characteristics of the proposed algorithm when the DC
offset error component (Dec) is adjusted. When a 1 V DC drift error is intentionally intro-
duced to the stator voltage v at 2 s, significant fluctuations are observed and maintained in
the estimated speed as well as RP angle. The proposed drift elimination schemes initiated
the real-time DC offset error component. At 4 s, even with the addition of Dec, when set
to 1.5V, the compensation successfully eliminates the flux, speed, and position estimation
pulsation, which results in a stable value. Despite the variation in the magnitude of the
Dec, it can be demonstrated that the real-time compensating characteristic is exhibited
effectively. The drift elimination response under DM1 control is slower, whereas the drift
elimination under DM2 is smoother, more stable, and faster in response. To quantitatively
evaluate both methods, Table 3 validates the preliminary simulation.
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Figure 8. Simulation results with constant speed (300 r/min) under the a-axis voltage distur-
bance (1 V and 1.5 V). (a) Artificially injected Doff and DC-drift estimation error, DM1, and DM2.

(b) Speed and position estimation error, DM1, and DM2. (c) Observed speed estimation, DM1, and
DM2. (d) Estimation fluxes and the errors of estimated fluxes, DM1, and DM2.
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Table 3. Steady state errors of DM1 and DM2, with variable DC-drift error (1 V and 1.5 V) and
constant speed trajectory.

Artificially added Doff 1 V at2s Strategy 1 Strategy 2
SSPEE (degree) 0 0
SSSEE (r/min) 0 0
TSSPEE (s) 2.0 0.3
Artificially added Doff 1.5 V at4 s Strategy 1 Strategy 2
SSPEE (degree) 0 0
SSSEE (r/min) 0 0
TSSPEE (s) 2.0 0.3

Figure 9 depicts the dynamic features of the two proposed algorithms with a constant
speed of 300 r/min under af-axis voltage disturbance. First, when a 1 V DC drift error
is artificially applied to stator voltage v at 2 s, a severe pulsation is maintained in the
estimated flux, speed, and RP angle. Both proposed drift elimination schemes effectively
address the real-time DC offset error component. Figure 9 demonstrates that the estimated
fluxes closely match the actual ones. The PLL-based drift elimination strategy 2 successfully
overcomes the speed, flux, and rotor position angle transient at 0.5 s, with the estimated
flux waveforms accurately tracking the actual fluxes of the motor. Secondly, at 4 s, the
Dec is increased by 1.5 V. The compensation eliminates the speed and position estimation
pulsations despite the additional disturbance, ensuring a stable value. Even though the
magnitude of the Dec varies under aB-axis, it can be demonstrated that the real-time
compensating characteristic is exhibited well. The response for drift elimination under
DML1 control is slower.

On the other hand, drift elimination under DM2 is smoother and more stable, with a
faster response. It indicates that DM2 is more accurate for estimating the drift amplitude
and removing drift than DM1. Table 4 validates the preliminary simulation.

Table 4. Steady state errors of DM1 and DM2, with variable DC-drift error component and constant
speed trajectory.

Artificially added Doff 1 V under stator voltage af-axis at 2 s Strategy 1 Strategy 2
SSPEE (degree) 0 0
SSSEE (r/min) 0 0
TSSPEE (s) 2.0 0.3
Artificially added Doff 1.5 V under stator voltage a-axis at 4 s Strategy 1 Strategy 2
SSPEE (degree) 0 0
SSSEE (r/min) 0 0

TSSPEE (s) 2.0 03
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Figure 9. Simulation results with constant speed (300 r/min) under the af-axis voltage disturbance.
(a) Artificially injected Doff and DC-drift estimation error, DM1, and DM2. (b) Speed and position
estimation error, DM1, and DM2. (c) Observed speed estimation, DM1, and DM2. (d) Estimation
fluxes and the errors of estimated fluxes, DM1, and DM2.
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5. IPMSM Motor Experimental System Based on dSPACE

The structural diagram of the real-time simulation experimental system for IPMSM
based on dSPACE is shown in Figure 10. The system consists of a computer, dSPACE single-
board DS1103, transfer circuit, inverter, current and voltage detection link, and IPMSM.
The voltage and current signals of the IPMSM are detected by Hall sensors and sent to the
transfer circuit for conditioning. The IPMSM experimental platform, depicted in Figure 11,
is constructed in the laboratory. It mainly consists of IPMSM, DC Cabinet, an inverter, and
control methods using the dSPACE equipment in the loop system. Matlab software is used
for simulation modeling with a real-time interface that compiles and uploads seamlessly to
dSPACE 1103. The position of the rotor is detected by a transducer. However, this position
is only used for comparison with the estimated position and is not utilized for IPMSM
speed control. An LPF is used to filter speed assessment obtained from the differential of
the observed rotor position.

[
T

dSPACE Signal detection PWM output Source

A and cqndmonmg Function Block Function Block
Function Block
A 4
Switching circuit
PWMl T

dSPACE signal Fault signal Fault signal latch

Invert Detection exchange generation report
nverter Process Function Block Function Block Function Block

Figure 10. Structure diagram of real-time simulation experimental system for IPMSM based on
dSPACE.

It is well known that the Doff is a severe issue in estimation schemes, as even a small
Doff can result in significant oscillations in the estimated quantities. In order to evaluate
the efficacy of the DM1 and DM2 drift elimination strategies with Doff, the experimental
investigation is conducted with a Doff error component ranging between 0 V and 0.6 V,
which is artificially injected into the stator voltage a-axis during the no-load condition.
Figure 12 shows the artificially injected Doff error component, rotor speed, flux estimation,
rotor position estimation, and position and speed estimation error results using the DM1
method. On the other hand, Figure 13 shows the results with the DM2 method. The
experimental outcomes depicted in Figures 12 and 13 indicate that both DM1 and DM2
exhibit good robustness against Doff. In other words, the proposed DM1 and DM2 methods
demonstrate that the real-time correction characteristic remains effective even when the
Doff error value changes. However, it should be noted that the drift elimination response
under DM1 control is slower compared to DM2. On the other hand, DM2 provides a
smoother, faster drift elimination response and more stable speed and position estimation.

Figures 14 and 15 illustrate the experimental results of sensorless control using the
DM1 and DM2 techniques at 300 rpm. In these experiments, a Doff error component
ranging from 1.0 V to 1.5 V is artificially injected into the stator voltage x-axis. The
experimental results shown in Figures 14 and 15 indicate that both DM1 and DM2 exhibit
strong robustness against the Doff. Due to the ability of DM1 and DM2 to effectively
eliminate the DC disturbance, the estimated stator flux experiences almost no Doff.
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Figure 11. IPMSM experimental platform based on dSPACE.
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Figure 12. Experimental results of drift elimination strategy 1 with 300 RPM speed under the a-axis
voltage disturbance (0 V and 0.6 V). (a) Artificially injected Doff and speed estimation; (b) flux
estimation and its enlarged view; (c) angle estimation and its enlarger view; (d) angle and speed
estimation errors.
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Figure 13. Experimental results of drift elimination strategy 2 with 300 RPM speed under the a-axis
voltage disturbance (0.6 V and 0 V). (a) Artificially injected Doff and speed estimation; (b) flux
estimation and its enlarged view; (c) angle estimation and its enlarger view; (d) angle and speed
estimation errors.
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Figure 14. Experimental results of drift elimination strategy 1 with 300 RPM speed under the a-axis
voltage disturbance (1.0 V to 1.5 V). (a) Artificially injected Doff and speed estimation; (b) flux
estimation and its enlarged view; (c) angle estimation and its enlarger view; (d) angle and speed
estimation errors.
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Figure 15. Experimental results of drift elimination strategy 2 with 300 RPM speed under the a-axis
voltage disturbance. (a) Artificially injected Doff and speed estimation; (b) flux estimation and its
enlarged view; (c) angle estimation and its enlarger view; (d) angle and speed estimation errors.

In the experiment, artificially injected DC disturbance signals with amplitudes of 1.5 V
and 1 V were injected into the stator voltage o3-axis to evaluate the DC disturbance rejection
capabilities of the DM1 and DM2 drift elimination strategies. Figure 16 illustrates the results
obtained with the DM1 method, including artificially injected Doff error component, rotor
speed, flux estimation, rotor position estimation, and position and speed estimation errors.
Figure 17 illustrates the results obtained with the DM2 method. The experimental outcomes
depicted in Figures 16 and 17 indicate that both DM1 and DM2 exhibit good robustness
against the Doff. Both algorithms were able to eliminate the DC disturbance, resulting in
nearly zero Doff in the estimated stator flux. Based on the experimental tests, it can be
concluded that both proposed drift elimination algorithms provide accurate correction
performance in the presence of a Doff error component.

Based on the simulation and experimental results presented, the proposed model
effectively achieved a good dynamic performance of the IPMSM. The DM2 estimator
was more robust than the DM1 estimator. The results show that the system has excellent
estimation accuracy under a broad range of situations. An evaluation Table 5 is presented
to compare simulation results and experimental results considering Figures 8, 14 and 15,
respectively, in order to clarify the enhancements obtained with the proposed strategy.

Table 5. Comparison of steady-state errors for DM1 and DM2, with constant speed trajectory.

Method Simulation Experiment Average Error (%)
SSSEE SSPEE SSSEE SSPEE SSSEE SSPEE
(r/min) (Degree) (r/min) (Degree) (r/min) (Degree)
DM1 0 0 1.5 7.3 0.5% 2%

DM2 0 0 1.4 4.5 0.4% 1.2%
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Figure 16. Experimental results of drift elimination strategy 1 with 300 RPM speed under the a3-axis
voltage disturbance. (a) Artificially injected Doff and speed estimation; (b) flux estimation and its
enlarged view; (c) angle estimation and its enlarger view; (d) angle and speed estimation errors.

By comparing the simulation results in Figures 7-9 with the experimental results in
Figures 12-17, it can be noticed that when the computer-based Matlab simulation conditions
match the laboratory test conditions, the conclusions drawn from the Matlab simulation
and laboratory experiment are identical. However, the waveforms show slight differences,
which is attributed to the ideal voltage and current sampling employed in the simulation,
which eliminates disturbances from external variables. On the other hand, in the laboratory
experiment, the voltage and current are obtained using electrical sensors, which can lead to
slightly less accurate measurements due to various sources of interference. As a result, the
observed control effects of each variable in the experimental findings may differ partially
from those observed in the Matlab simulation. Nevertheless, the validated conclusions
remain consistent between the two methods.
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Figure 17. Experimental results of drift elimination strategy 2 with 300 RPM speed under the a3-axis
voltage disturbance. (a) Artificially injected Doff and speed estimation; (b) flux estimation and its
enlarged view; (c) angle estimation and its enlarger view; (d) angle and speed estimation errors.

6. Conclusions

This paper analyzes and investigates the effects of the DC offset voltage on the perfor-
mance of a voltage model flux estimation integrated PLL speed-controlled IPMSM drive
system:

I Two drift elimination strategies, DM1 and DM2, have been devised to tackle the
challenges associated with the basic integrators used for motor flux estimations.

II.  Both strategies aim to eliminate the Doff and drift from acquisition channels; as well,
the initial flux-vector errors are eliminated. However, DM2 utilizes a self-adapting
controller, leading to superior steady-state and dynamic performance compared to
DM1.

The following major findings are highlighted as follows:
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(1) This algorithm is highly efficient in sensorless IPMSM drive systems when the IPMSM
flux fluctuates during operation.

(2) Both observers mentioned in this paper are sensorless as they do not rely on the
rotor’s speed measurement.

(38) They are unaffected by speed inaccuracies during estimation and are exceptionally
resistant to drift and Doff in the measurement process.

(4) The presented simulations and experimental findings demonstrate that the proposed
flux linkage observer with Doff compensator feedback loop is suitable for achieving
high-accuracy sensorless control of both fixed and dynamic speed trajectories.

(5) This robust solution is applicable to all AC motors with sinusoidal flux distribution
across a wide speed range, making it suitable for sensorless control applications as
well.
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