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Abstract—By applying rotor angle sensorless control methods,
the costs of the electrical drive can be decreased while its reliabil-
ity is increased. Traditionally, the design of both the rotor angle
estimator and the drive controller require a detailed motor model
and manual tuning leading to significant effort by human experts.
In this article, a rotor anisotropy-based sensorless control scheme
for interior permanent-magnet synchronous motors is proposed
that enables sensorless control with minimum tuning effort and a
priori motor knowledge. Due to these characteristics, the scheme
is particularly suitable for self-commissioning or low-cost drive
applications. The scheme contains a finite control set model predic-
tive current controller (FCS-MPCC) with an additional inequality
constraint that enables the identification of the motor model in the
stator-fixed coordinate system by using the last three measurement
samples. Utilizing an automatic system identification procedure,
the motor model is determined online in a data-driven fashion.
The identified motor model serves both as prediction model of
the FCS-MPCC and as baseline for the rotor angle estimation via
an eigenvalue decomposition approach. Challenging experimental
investigations at standstill up to the medium speed range prove the
applicability of the proposed approach. Here, highly dynamic speed
and current transients can be handled by the proposed method.

Index Terms—Finite control set (FCS), identification, interior
permanent magnet synchronous motor (IPMSM), low-speed
operation, model predictive control, sensorless control, standstill.

I. INTRODUCTION

LECTRICAL drives are deployed in nearly every auto-
mated production line, in power plants, in various electrical
devices, as well as in automotive applications. In many cases,
interior permanent-magnet synchronous motors (IPMSM) are
applied due to their high dynamics, efficiency, power, and torque
density. By applying sensorless methods for the control of
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IPMSMs, the costs can be decreased while the reliability of
the drive system is increased. Therefore, sensorless control is an
important, ongoing research topic in academia and industry [1],

[2].

A. State-of-the-Art Techniques

Sensorless control methods for [IPMSMs can be classified into
fundamental frequency-based methods for medium- and high-
speed operation and rotor saliency-based methods for standstill
and low-speed operation.

Fundamental frequency-based methods enable the observa-
tion of the rotor angle by incorporating the electromotive force
(EMF) or the fundamental flux linkage with the help of a
motor model of the electrical drive. The methods [3], [4],
[5], and [6] are using both a rotor-angle-independent and a
rotor-angle-dependent estimate of the EMF or flux linkage by
incorporating model parameters, i.e., stator resistance, current-
to-flux linkage look-up tables (LUT) or absolute inductances and
permanent-magnet flux linkage. Here, the rotor angle is observed
by adjusting its estimate in such a way that the rotor-angle-
dependent estimate of the flux linkage or EMF is equal to the
rotor-angle-independent estimate. Furthermore, the difference
of predicted and measured current can be used to adjust angle and
speed estimations with the help of classical feedback observers,
e.g., extended Kalman filters [7], nonlinear Luenberger-inspired
observers [8], and sliding-mode observers [9]. Since all funda-
mental frequency-based methods rely on the information that is
provided via the EMF, a rotor angle estimation at or close to
standstill fails because the EMF is too small. Therefore, these
methods are not suitable for low-speed operation but only for
medium- to high-speed operation.

Conversely, saliency-based methods are perfectly suited for
standstill and low-speed operation. A necessary condition is a
significant angle-dependent magnetic anisotropy of the rotor,
which is identified with a high-frequency excitation voltage and
the resulting response of the motor current. Here, sinusoidal
voltages with frequency above the fundamental frequency are
injected [10], [11], [12], [13]. With the help of filters, e.g.,
high- and low-pass filters [2] or least-squares (LS) estima-
tors [13], the high-frequency currents and voltages are pro-
cessed to estimate the rotor angle. Instead of sinusoidal voltages,
rectangular-shaped voltage signals can be applied to identify the
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rotor anisotropy [14]. These rectangular signals can be injected
additionally to the voltages of the drive controller [14], [15].
This approach is independent of the applied control scheme and
can therefore be incorporated into, e.g., proportional-integral
field-oriented control (PI-FOC), finite control set model predic-
tive control (FCS-MPCC), etc. Alternatively, the voltage pulses
produced by the applied control scheme in conjunction with the
utilized inverter can be used for rotor angle estimation to allow
drive operation without additional excitation [16], [17], [18],
[19].

With the help of online identification schemes, the motor
parameters for fundamental frequency-based and saliency-based
methods can be adapted, and therefore, the control performance
further increased [20], [21].

Although several of the referenced angle estimators do not
require motor parameters to estimate the rotor angle, (e.g., [13]),
a rough parameter estimate is usually necessary to setup the uti-
lized control scheme, e.g., PI-FOC. Consequently, all previously
mentioned methods require motor parameters, except the rotor
anisotropy-based sensorless control schemes proposed in [11]
and [17].

In [17], arecursive least-squares (RLS) estimator in the rotor-
fixed dq coordinate system combined with a phase-locked loop
(PLL) is proposed. With the help of the RLS and the inherently
persistent current ripple excitation of the applied FCS-MPCC,
the coefficients of the matrices of the discrete-time state-space
representation of the motor in the dq coordinate system are
identified. By utilizing a PLL, the rotor angle and speed are
estimated. Although the simulative results seem promising, an
experimental proof of the algorithm’s effectiveness was not
provided.

Similar to the formerly mentioned sensorless MPC scheme
[17], the sensorless MPC scheme proposed in [11] is us-
ing an RLS estimator in the dq coordinate system for motor
identification combined with a high-frequency signal injection
method [10] for rotor angle estimation. However, the MPC
method proposed in [11]is using a continuous-control-set (CCS)
instead of an FCS. Due to the missing excitation of the CCS-
MPCC during steady-state operation for regular sampling with-
out additional current measurement, additional high-frequency
signal injection is required for the motor model and rotor angle
identification.

B. Contribution

In this article, a rotor saliency-based sensorless control
scheme is proposed that does not require a priori motor parame-
ters knowledge and need not be tuned. Due to these features, the
scheme is ideally suited for self-commissioning and low-cost
drive applications. Obviously, highest control performance in
terms of either current distortion or control accuracy compared
to fine-tuned sensorless control schemes that have full motor
model information, e.g., differential inductance and flux linkage
maps, cannot be expected. In addition to low-cost applications,
the proposed approach can be used as part of an initial drive
commissioning sequence followed by more accurate sensorloss
control schemes, e.g., which require certain minimum speeds

12509

Control
performance @ Pareto front
low
® Proposed method
L. © @ State-of-the-art
high A priori © @ methods
knowledge
o
low
high
Tuning effort
Fig. 1. Classification of the proposed method within a qualitative Pareto front

of sensorless control methods regarding tuning effort of the control method,
control performance, and a priori knowledge, e.g., motor parameters.
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Fig. 2. Proposed sensorless control scheme that contains an FCS-MPCC and

an estimation of the motor model, rotor angle, and speed (gray shaded part).

to allow evaluating the induced voltage information. Based
on the authors’ experience, a qualitative classification of the
proposed method within a Pareto front of sensorless control
methods regarding tuning effort, control performance, and a
priori knowledge is shown in Fig. 1.

Compared to [11] and [17], which also do not require a priori
motor parameter knowledge, the following advantages arise.

1) No additional harmonic signal injection with correspond-
ing signal processing (demodulation, low-pass filtering,
etc.) that is utilized in [11] is required.

2) The proposed technique does not require additional pa-
rameters to be tuned. Only for applications with highly
dynamic speed transients, the characteristic frequency of
a PLL should be adapted.

Furthermore, the applicability of the proposed method is
experimentally proven under real-world conditions compared
to the method investigated in [17], which was only evaluated
based on idealized simulations.

The previously mentioned contributions are achieved by ap-
plying an FCS-MPCC with an additional inequality constraint
to enable the identification of motor parameters and rotor angle;
see Fig. 2. Herein, the last three state transitions are considered
within a standard LS estimation procedure, which does not need
a forgetting factor. On the basis of an admittance matrix B g
that is part of the identified motor model, an unfiltered rotor
angle is extracted by solving an eigenvalue problem. To filter the
identified rotor angle and to estimate the rotor speed, a standard
PLL is applied.

C. Article Structure

The rest of this article is organized as follows. Section II
describes the mathematical models of the inverter and IPMSM.
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In Section III, the proposed sensorless control is presented.
Extensive experimental steady-state and transient investigations
of the proposed method are discussed in Section IV. Finally,
Section V concludes this article.

1. MATHEMATICAL MODEL

In the following the mathematical models of the inverter and
the IPMSM are provided within the rotor-fixed dq and the stator-
fixed «f3 reference frames. The motor model of the IPMSM in
the &3 coordinate system represents the basis for identifying the
motor model parameters and the rotor angle.

A. Coordinate Systems

A physical vector quantity @ can be represented in the stator-
fixed three-phase abc, in the stator-fixed «[3, or in the rotor-fixed
dq coordinate system. Assuming a vanishing zero-sequence
component (x, + xp, + . = 0), the required transformations
can be formulated as

Labe

T «pabe —
Ta| _ cos(e(t)) sin(e(t))| 2 |1 -1 ia
Zq —sin(e(t)) cos(e(t))| 3 |0 ? _§ b
—— v

Ldq quvt B (E(t)):quﬁdq(E(t)) T
T x IEB]

8
R
>
Il
—

ey

wherein ¢ denotes the electrical rotor angle of the PMSM.

B. Voltage Inverter Equations

The finite number of possible switching states are translated
to a finite set of voltages in the xf3 frame. For a three-phase,
two-level inverter, these voltages are given by

U S {u(xﬁ S R2|uoc[5 = UDCTocBabcsabc} (2)

with upc as the dc-link voltage and s, as the switching state
of the inverter defined by

Sabc = [Sa Sb SC]T € {0, 1}3 : (3

With the aforementioned equations, the stator voltage ugq is
given by

Udq = quocB (E)U(XB = UDCquabc (E)Sabc- 4)
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C. Discrete-Time IPMSM White-Box Model

The discrete-time current difference equation of an IPMSM
considering (cross-)saturation effects in the dq coordinate sys-
tem can be described as follows [22]:

taq[k + 1] = t4q[k] + Buq(taq[k], w[k])waq[k]
+ Eaq(igq K], w[k])
with:
Bug(iaq[k] w[k]) = L3 A (iaa K) T paa(~T[K]) T,
Baqiaulk], w[k]) = Ll a (iaq[k])
[T apaq(~Tew k) = 1] 9y (iaq[K))

~ R.Tiaq[k]). 5)

Here, 744 represents the stator current, 144 (2qq) the flux linkage,
uqq the stator voltage, w the electrical angular velocity, s the
ohmic stator resistance, T the sampling time, I the identity
matrix, and Lqq A the differential inductance matrix, which is

defined by
. . ) )

Laa(%aq)  Laq(taq) _ aalzbj ﬁ (6)

Lyiliag) Laglias)] |5 T
The term T wpaq(—7Tsw) in (5) considers the rotation of the
dq against the xf3 coordinate system during one sampling pe-
riod [23], [24]. For compactness, the parameter-varying ma-
trices Bq(%dqlk], w([k]), Faq(taq[k], w[k]) are abbreviated with
By k], Eqgqk] in the following.

By applying coordinate transformations (1), the IPMSM mo-

tor model in the dq coordinates can be transformed to the of3
coordinate system

top(k + 1] = iap[k] + Bap[kluap (k] + Exp[k]
with

= T «pdq(elk + 1]) Bag[k] T aqup (€[k])
_ [bu[k] bu[k]]

Lag,a(iaq) = [

Bap k]

bor[k]  baalk]
Exp[k] = Tapaq(elk + 1]) Egq[K]

+ [T apaq(Tsw[k]) — I iap k] = [el[k]] .

e (k]
(7)

Here, the term [T ypaq(Tsw) — I]iqp in Eyp considers the
rotation of the current ¢ in the dq against the x3 frame.

III. SENSORLESS CONTROL

In this section, the proposed rotor saliency-based sensorless
current control without the knowledge of any motor parameters
is presented. This makes the scheme particular interesting for
automated (low-cost) drive commissioning procedures as it does
not require any prior human work contribution. The sensorless
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Fig. 4. Two exemplary feasible control sets for the input voltage w g [k] to
ensure a nonsingular regressor matrix =.

control contains an estimation of the motor model, rotor angle,
and rotor speed as well as an FCS-MPCC. A block diagram out-
lining the motor model identification, angle and speed estimation
is shown in Fig. 3.

A. Motor Model Identification

Instead of estimating the motor model in the dq frame, identi-
fication is performed in &3 coordinates. In this way, no feedback
paths from the estimated angle € for rotor transformations are
required in the position estimation algorithm. These feedback
paths would lead to additional time delays due to the low-pass
filter characteristic of the PLL, which would negatively affect
the achievable dynamics and stability of the overall sensorless
control.

The matrices Byq and Eyq that describe the dynamics of 244
are constant for steady-state operation points defined by 244 and
w. However, in the xf3 coordinate system, the corresponding
matrices B and E «p are a function of the rotor angle ¢, even
for constant %4q and w. In order to prevent a large variation of
the rotor angle ¢ in the data that is used for the motor model
identification, B g and E g must be identified with the lowest
feasible number of consecutive state transitions. This is achieved
by rearranging the motor model (7) and identifying the entries
of Byp and Ep with two separate LS problems, one for each
of the - and f3-axes

ia[k] - ioc[k - 1]
iolk = 1] — ik — 2]
iolk =2 —ialk — 3]

Frx[k]
Uoc[k‘ -1 UB[k/’ — 1] 1 bll
= u“[k -2 UB[IC — 2] 1 b12 (8)
uglk —3] uglk—3] 1| |es
——
E[k] 04 [k]
Zﬁ[k] *iﬁ[k* 1} bo1
iﬁ[k—l] —iﬁ[k—2] :E[k}] boo 9
’LB[/{Z—Q]—’L'B[/C—?)] €9
N——
Tp [k 0k
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Fig. 5. Convex hulls of the elementary vectors up and the mean voltages
Uyp (12) by applying the inequality condition (11).

with the measurement vectors I o /B> the regressor matrix =, and

the parameter vectors 6. The entries of Bypg and Eyp can
be calculated by solving (8) and (9) for 9“ /B

B/ (k] = (Z[]) Ty lK]. (10)
To ensure an invertible regressor matrix =, the last three applied
voltages 1 must not lie on a straight line in the o3 coordinate
system. This constraint is formulated as an inequality condition
that must be satisfied by the FCS-MPCC

0 # (tap [k — 2] —waplk — 1]) (ol — 1] — uap[k])
1D
A graphical representation of the remaining feasible control
actions ug [k] for given exemplary past voltages wqp [k — 1],
uqp [k — 2]is depicted in Fig. 4. With regard to the identification
of the motor model, the inequality condition (11) is advanta-
geous, since it provides additional excitation thatis required such
that three state transitions are sufficient for the identification.
However, this constraint also leads to two disadvantages.
First, some possible optimal control actions with respect to the
FCS-MPCC cost function (24a) cannot be chosen due to the
inequality condition (11). Instead, suboptimal voltage vectors
must be chosen. This leads to an increased distortion of the phase
currents, as investigated experimentally in Section IV. Second,
the available average voltage is decreased by a factor of 1/3.
The reason can be analyzed by averaging the allowed voltage
vectors over the last three sampling instants

i Uap (Suvc[k—1i])

12)
In Fig. 5, the convex hull of the elementary voltage vectors
Uxp, Which corresponds to the voltage hexagon as well as the
convex hull of possible mean voltages &g defined in (12) by
applying the inequality condition (11) are depicted. The latter
corresponds to the voltage hexagon with a reduction of size
by a factor of 1/3. Due to the effect of the reduced applicable
average voltages, the proposed sensorless control is not suited
for high-speed operation in the constant power region at the
voltage limit.

ﬁocB (sabc[k]a Sabc [k_ 1]7 Sabc [k_2]) =
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Fig. 6. Graphical illustration of the rotor angle estimation by solving an
eigenvalue problem and the resulting systematic estimation error Ae due to
neglected cross-saturation effects.

B. Rotor Angle Estimation

The rotor angle is estimated via the angle-dependent magnetic
reluctance of IPMSM rotors. This rotor anisotropy information
is contained in the identified matrix B «p- Here, B «p can be
interpreted as the admittance matrix for the harmonic content
of currents 245 and voltages u g . For IPMSMs without cross-
saturation effects, the direction in which most amplification ap-
plies to normalized voltage excitation corresponds to the d-axis
and the direction in which it is amplified the least corresponds to
the g-axis since Lgq < Lqg; cf., Fig. 6. Therefore, the rotor angle
can be estimated by solving the following eigenvalue problem:

Baﬁ[k]va/q[k] :)‘&/q[k]'“&/q[k]' (13)

Due to Lgg < Ly, resulting current amplitudes for unit volt-
age excitations are amplified the most in the d-axis direction,
and therefore, the eigenvector vy 4 with the greater eigenvalue
Ag corresponds to the d-axis direction. The angle Zv; of the
eigenvector v that is aligned with the d-axis is calculated by

Zv[k] = atan2 (vag[k], 1;371[1@])

and can be interpreted as an unfiltered estimate of the rotor angle
. Here, the function atan2 is the two-argument arctangent that
returns angle values from the interval [—, 7]. Moreover, to re-
duce the high-frequency noise content of the rotor angle estimate
Zwvg, astandard PLL is applied that is described in Section ITI-C.
The high-frequency content of Zv is mainly induced by par-
asitic effects, e.g., measurement noise and position-dependent
estimation errors due to a nonsinusoidal flux distribution in the
air gap. The filtered rotor angle estimate of the PLL is denoted
as € and the rotor angle estimation error is defined as

Ae=¢—¢. (15)

(14)

Here, a portion

2hati ) g

Ao = Sat (
Ecross — Zalan p -
2 Lgq(%aq) — Laa(aq)

of the estimation error Ae is introduced by cross-saturation
effects [25]. For model-based schemes with the knowledge of the
magnetization (differential inductances LUTS), this systematic
error can be easily compensated by adding the right-hand side
of (16) to the rotor angle estimate €. Instead, for the pro-
posed scheme, the information of the cross saturation is not
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available, and therefore, the systematic estimation error (16) is
inevitable [26].

In general, rotor anisotropy-based schemes are not able to
identify the correct polarity (sign) of the d- and g-axes. Either
an angle ¢ that is inline with the actual rotor angle ¢ (or slightly
shifted due to systematic estimation errors) or a rotor angle &
that points into the opposite direction, since it is shifted by an
angle of 7, is estimated. This shift must be prevented for the
sensorless control of IPMSMs.

To determine the polarity of the d- and g-axes, two short
voltage pulses in both directions of the d-axis can be injected
since a certain current magnitude is reached with the sensorless
control at the startup of the drive system. The current transient
that requires less voltage over time is in deeper saturation, and
therefore, aligned with the d-axis due to the permanent-magnet
flux [27].

In order to prevent the estimated angle € from shifting by 7
during online operation, the following condition is applied:

if [mod (&[k — 1] — Zvy[k] + 7,27) — 7| > gthen

Z’Ua[k] < Z’Ua[k] + 7
end if.

Here, the momentary unfiltered rotor angle estimate Zv[k] is
compared to the filtered rotor angle estimate £[k — 1] of the pre-
vious time step. If the absolute value of the difference of Zv;[k]
and £[k — 1], mapped to the interval [—7, 7| with the help of
the modulo function, is greater than 7/2, the unfiltered rotor
angle estimate Zv4[k] was shifted by an angle of 7. This shift
can occur during the solution of the eigenvalue problem, since
the polarity of the dq reference frame cannot be determined. To
stay with the correct polarity that is determined at the startup of
the drive, these shifts must be compensated. This is achieved by
shifting Zv4[k] additionally with an angle of 7.

C. Phase-Locked Loop (PLL)

As mentioned previously, a standard PLL is applied to reduce
the high-frequency noise content of the estimated rotor angle.
Additionally, the PLL provides a smoothed estimate of the rotor
speed w.

Assuming /v, and ¢ are available in continuous time, the PLL
operation can be described by means of a transfer function with
the Laplace transform variable £. Furthermore, for the analysis of
the PLL, itis assumed that the angles Zv qand € are not restricted
to the interval [—, 7] by modulo functions or the arctangent in
(14) but are continuously continued without restriction so that
step-like changes are avoided. A block diagram of the PLL with
the damping D and the characteristic frequency wg as tuning
parameters that define the proportional and integral gains of the
PI controller is depicted in Fig. 7. In the actual implementation
of the PLL, however, modulo functions are included that are
omitted in the simplified diagram of Fig. 7.

The portion of the angle estimation error that is introduced by
the PLL during transient processes is denoted as

AEPLL = Z’Ua —E. (17)
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The transfer function from the unfiltered rotor angle estimate
Zv4(&) to the rotor angle observation error Aeprr (§) induced
by the PLL evaluates to

1
_ AeprL(§) w2

o= Zva(§)  EHE+2Re+1

(18)

For the following analysis of the PLL, it is assumed that
w(§) =E&Zv4(¢) holds. Hence, the transfer function of
the rotor speed w(€) to the rotor speed observation error
Awpry, = w(&) — w(&) results in

CAwna(e) w25
“O="u@ e r2let 1

19)

Both transfer functions (18) and (19) are shown in Figs. 8 and 9
for different damping ratios D. In order to ensure a suppression
of the rotor angle and speed observation errors up to wy without
amplifications of the observation errors near wg, a damping ratio
of D = 1is recommended; cf., Figs. 8 and 9.

A tradeoff between fast estimation dynamics and satisfactory
noise suppression must be found by selecting wy. A procedure
to calculate a suitable characteristic frequency is described in
the following.
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The transfer function from the rotor acceleration
a(§) = &w(§) to the rotor angle observation error of the
PLL is given by

1

Gule) = ) - 8 0)

Le2p2ley 1

wq wo
With the help of this transfer function, the steady-state angle
estimation error of the PLL during speed ramps (§ = 0) with the
slope a for a given characteristic frequency can be calculated

Aeprr = 2D

—.
wo
The aforementioned equation yields the minimum required
characteristic frequency in order not to exceed a max error

A€pL1,,max at an acceleration amyy as follows:

oo — Amax
0 — .
AEPLL, max

Here, a characteristic frequency of wgy = 27 - 50 Hz repre-
sents a suitable compromise between fast estimation dynam-
ics and satisfactory noise suppression. Therefore, D = 1 and
wo = 27 - 50 Hz are chosen for the remainder of this article. In
addition, it can be assumed that this parametrization is useful for
the majority of sensorless drive applications (especially in the
area of low-cost drives or for initial commissioning), and can
therefore, be stored as a constant configuration in the control
software. Manual retuning of the characteristic frequency wy
is only necessary for applications with highly dynamic speed
changes. Here, wg can be adapted using (22) for specified speed
ramps and angle observation error.

For the digital implementation of the PLL, however, it must be
considered that Zv 4 [k|, £[k], and w[k] are sampled signals, and
therefore, also the PLL must be implemented in a discrete-time
fashion, e.g., by mapping the block diagram of the PLL in Fig. 7
to its discrete-time equivalent.

Since the rotor angle is estimated within the last three state
transitions, an additional prerotation by 1.5 sampling periods 7§
of the estimated rotor angle must be conducted (see Fig. 3)

(22)

E[k] « £[k] + 1.5Tw[k]. (23)

D. Finite-Control-Set Model Predictive Current Control
(FCS-MPCC)

An established FCS-MPCC is applied to steer the current in
the estimated dq frame ¢ g, to its reference 44, as

min lig[k + 1] — gy [+ 113 (24a)
st. uup[k] = upcT apabeSabe K] (24b)
u g, [k] = Taqap (E[k])uap k] (24¢)
0 # (uaplk — 2] — uap[k — 1))

X (uaplk — 1] — uap[k]) (24d)
igglk + 1] = gy [k] + By [Flug, K] + Eg [k]. (24
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Fig. 10.  Test bench. (a) Power electronic devices and dSPACE rapid-control-
prototyping system. (b) Load motor and test IPMSM.

Here, the required estimated system matrices B dq and E dq in
the estimated dq frame are given by

B g [K] = Taqap Elk + 1)) Bagp [T «paq (E[K]) 25

E g [k] = Taqup (ék + 1])

[Bap k]~ Tapao(TlH]) ~ DiaplH)] 26)

with By and E,p estimated by the motor model identifica-
tion described in Section III-A and é[k + 1] approximated via
E[k] + Tywlk]; cf., (7).

Instead (24), any FCS-related control approach can be com-
bined with the proposed sensorless control as long as the inequal-
ity condition (24d) is satisfied. To compensate for the control
delay of one sampling period induced by the digital implemen-
tation, a one-step prediction as in [28] is applied. Furthermore,
the current prediction error arising from the inverter interlocking
time to prevent hard short circuits in each inverter half bridge is
compensated [29].

IV. EXPERIMENTAL INVESTIGATION

A. Test Setup

All following experimental results have been obtained on a
laboratory test bench, which is depicted in Fig. 10. The electrical
drive system under test consists of an IPMSM for industrial
applications with a two-level IGBT inverter. The datasheet pa-
rameters of the test motor are provided in Table I. Flux linkage
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TABLE I
IPMSM, INVERTER, AND CONTROL PARAMETERS

IPMSM
Nominal speed TNme,nom 3000 min—?!
Nominal torque Thom 7 Nm
Nominal current Thom 4.2 A
Pole pair number P 2
Stator resistance R 2.7Q
Permanent magnet flux Vp 0.22Vs
Inductances Lq 0.02H
Lq 0.11H
Inverter
Typology Voltage source inverter
2-level, IGBT
DC-link voltage UpC 540V
Inverter interlocking time T 2us
Sensorless control settings
Controller cycle time Ty | 62.5 us
Controller hardware dSPACE MicroLabBox
Processor NXP QorlQ P5020, 2 cores, 2 GHz

2l w2 0‘5
> 02 >
8 £ 0
o 0 o
S0.1 B 05
5 5
0 s 0 s
i inA” zdlnA i inA zdmA
q q
Fig. 11.  Flux linkage maps of the considered test IPMSM.

TABLE II
REQUIRED EXECUTION TIMES OF THE PROPOSED SCHEME IMPLEMENTED IN C
RUNNING ON A LENOVO T14 s WITH AN AMD RYZEN 7 1.9-GHz PROCESSOR

AND 32 GB OF RAM
Execution time in
microseconds
Motor model estimation (see Section I1I-A) 0.29
Rotor angle estimation (see Section I1I-B) 0.56
PLL (see Section III-C) 0.32
FCS-MPCC (see Section I1I-D) 0.72
Overall control scheme 1.89

maps tPaq(taq) Of the test motor were obtained via an offline,
fundamental frequency-based characterization scheme [30], and
are depicted in Fig. 11. The corresponding differential induc-
tances Lqq(%4q) are calculated by partially differentiating the flux
linkage maps [cf., (6)] and can be seen in Fig. 12. Asload motor, a
speed-controlled SPMSM is mechanically coupled with the test
motor. Furthermore, the test bench is equipped with a dASPACE
MicroLabBox rapid-control-prototyping system. All measure-
ments have been obtained by the dSPACE analog—digital con-
verters, which have been synchronized with the control task.
The sensorless control and most important inverter parameters
are listed in Table I. In Table I1, the required execution time of the
proposed sensorless control scheme, implemented in C running
on a Lenovo T14 s with an AMD Ryzen 7 1.9 GHz processor
and 32 GB of RAM, is listed. It is worth to note that only one pro-
cessor core was used. Since the execution time of motor model
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Fig. 12. Differential inductance maps of the considered test IPMSM.

identification and rotor angle estimation is of similar magnitude
than those of PLL and FCS-MPCC, the additional computational
load compared to a sensored model-based FCS-MPCC can be
considered as minor.

In order to prove the effectiveness and performance of the
sensorless control, several representative experiments that were
carried out are shown in the following.

B. Steady-State Investigation

Important performance criteria during steady-state operation
for drive controllers are the current distortion that causes ad-
ditional copper losses induced by the harmonic phase currents
Iy, and the steady-state control error. Both metrics for the total
demand distortion (TDD) [31]

27)

as well as the norm of the normalized steady-state control error
vector

[1+(4aq) — 24l

IHOIII

leaqll = (28)
with the mean stator current f4(%qq) are normalized with respect
to the nominal current I,on. The control error eyq is calculated
with the mean current f4(%4q) in the actual and not the estimated
dq reference frame.

In order to compare the control performance in terms of TDD
and control accuracy of the proposed method with a standard
rotor angle-sensored FCS-MPCC as benchmark in steady-state
operation, 80 equidistant operating points were recorded in
the left iq—iq half-plane with a maximum length ||3qq|| of
6 A ~ \/2I,om. Each dataset of one operating point contains
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Fig. 13. Steady-state control performance investigation of the proposed
method at nye = 750 min~ 1. (a) Steady-state control error. (b) Phase current
distortion.

32 000 samples, which corresponds to a measuring time of 2's
for different speeds of 7,6 = {0;30; 750; 1500} min~*.

The optimization problem of the benchmark FCS-MPCC is
the same as for the proposed sensorless control, but without the
additional inequality condition (24d) because neither the rotor
angle nor the system matrices By and E4q must be identified.
In contrast to the proposed method, the system matrices Bgyq
and E 4 are calculated with the help of the motor model (5) and
LUTs of flux linkages and differential inductances; cf., Figs. 11
and 12.

Therefore, it is worth highlighting that the implemented
benchmark FCS-MPCC represents an upper bound for the
achievable performance of the proposed sensorless control
scheme. Compared to the benchmark FCS-MPCC, the proposed
sensorless control scheme does have access to the rotor angle
measurement and motor model parameters, e.g., differential
inductances and flux linkage LUTs. Consequently, the control
performance of the proposed sensorless control method is de-
creased compared to the benchmark FCS-MPCC. In Fig. 13(b),
the TDD of the phase current Itpp (Z4q) of the IPMSM controlled
by the proposed method at a speed of ny,e = 750min~! in
the left 7q—iy half plane is depicted. Here, an increased TDD
can be observed for increased g-currents because of the strong
saturation for high g-currents; cf., Lyq in Fig. 12.

The steady-state control error |eqq(%dq)|| can be seen in
Fig. 13(a). Reason for the significant steady-state control error
is the angle estimation error shown in Fig. 14(a). This angle
estimation error is mainly induced by the systematic angle
estimation error caused by cross saturation; cf., Fig. 14(b). Since
the information about the cross saturation cannot be identified
with the sensorless scheme, a systematic angle estimation error,
and therefore, a steady-state current control error is inevitable.
However, the reference currents cover the complete left half
plane, the resulting actual currents do not cover it since current
operating points with increased g-current amplitudes are rotated
to negative d-current because of cross saturation effects and the
resulting angle estimation error; cf. Fig. 14.
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TABLE III
PERFORMANCE COMPARISON OF THE PROPOSED SENSORLESS CONTROL SCHEME AND A BENCHMARK FCS-MPCC AT STEADY STATE IN THE ENTIRE LEFT iq—iq
HALF PLANE
Method Motor parameter-free | Sensorless | Inequality cond. (24d) | Nme in min—! | lleaqll | Itpp in % | w(Ag) in °© | |1 (Ag)] in ©
0 0.015 - - -
Benchmark X X X 30 0.015 - - -
FCS-MPCC 750 0.009 4.07 - -
1500 0.009 4.27 - -
0 0.031 - -0.9 14
Proposed v v v 30 0.031 - -0.3 1.3
sensorless control 750 0.031 7.4 -0.1 1.3
1500 0.036 6.91 0.0 1.4
. Aa/
p(Ae) in ° ':“( /)
6
15 15
4 -
10 10
3t
5 5 2t
< <t
A0 0 0 A0
~ 5 -5 =4
2
3t -10 -10
15 15 -4r
-6 -6
-6 -3 0 -6 -3 0
iq in A iq in A S 0
d d iq in A
@ (b)

Fig. 14. Mean angle estimation error Ae and systematic estimation error due
to cross saturation. (a) Mean angle estimation error Ae of the proposed method
at e = 750 min~ 1. (b) Systematic estimation error calculated with (16) and
the differential inductances; cf., Fig. 12.

To obtain scalar values of the performance criteria of
z € {||edq(Zaq)|ls ITpD(%4q)} for the proposed sensorless con-
trol and benchmark FCS-MPCC in the left iq—i half plane, these
are averaged over all 80 operating points

1 80
x:%;xl

In addition, the performance criteria p(Ae) and |u(Ae)| are
averaged for the proposed method, which corresponds to the
mean error (ME) and the mean absolute error (MAE) of the
angle estimation. Table III contains the resulting averaged per-
formance criteria. For a speed of 1, = 30 min~?, the speed-
controlled load motor is not able to ensure a constant speed
because of a low rotor inertia and cogging torque. Therefore,
the distortion of the phase currents ITpp (idq) is only evaluated
for speeds of nuye = {750; 1500} min~'. As a result of the
inequality condition (24d) of the proposed method, the TDD
is increased in comparison to the benchmark FCS-MPCC. The
steady-state control error ||eqq(2qq)|| is greater for the proposed
method, too. This is due to the systematic angle estimation error
because of the cross-saturation effects.

The ME pi(Ace) for all speeds except standstill is close to zero.
The reason for this increased ME at standstill are rotor-angle-
dependent effects, e.g., slot harmonics. For all other speeds,

(29)

Fig. 15.  Rotor saliency ratio of the test IPMSM identified by the proposed
method at e = 750 min~ L.

rotor angle-dependent effects vanish by averaging per operating
point. An ME u(Acg) that is close to zero does not necessarily
indicate mean angle estimation errors ;(Ag) per operating
point that are close to zero since positive and negative mean
angle estimation errors ;(A¢) are compensating each other; see
Fig. 14(a). Therefore, the ME pi(Ac) can be only interpreted as
constant bias of the angle estimation error that can be considered
as negligible for the proposed sensorless control. In addition to
the ME p(Aeg), the MAE |u(Aeg)] is provided as performance
criterion that handles positive and negative angle estimation
errors equivalently. Although significant cross-saturation exists
at some locations in the left ¢q—iq half plane [high-magnitude
g-currents, zero d-current; cf., Fig. 14(b)], and therefore, a lo-
cally increased angle estimation error occurs, the MAE | (Aeg)]
can be considered small for the test IPMSM. As additional
functionality, the proposed scheme can be used to estimate
the rotor saliency ratio, which corresponds to the ratio of the
estimated eigenvalues A 5 /1. The estimated mean saliency ratio
p(rq/Aqg) in the left iq-iq half plane is shown in Fig. 15. Here,
the saliency ratio decreases from approx. 4 to approx. 1.6 due to
heavy saturation in the g-axis of the test IPMSM.

C. Transient Current Investigation

To investigate the angle estimation and control performance
of the proposed scheme during current transients, an operating
point change from the origin to a guess of the rated operation
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Fig. 17. Current step response to the rated operating point i3, = [—3 5.2]"

A at standstill and 50% rated speed. (a) nme = Omin_l(clamped rotor).
() e = 1500 min~*.

point (intersection between the maximum torque per current
(MTPC) locus and the maximum current I,,) is performed.
Since the MTPC locus is not known a priori, it must be approxi-
mated for control schemes without motor parameter knowledge
to compute the rated operating point. As an initial guess, straight
lines with an angle of 30 ° to the g-axis are chosen as an a priori
MTPC locus (cf., Fig. 16), which results in a rated operating
point of 43, = [-3 5.2]" A.

In Fig. 17, the current transients and angle as well as speed
estimations of the proposed scheme from ijq =0 A to the
rated operating point for standstill operation (clamped rotor)
and nye = 1500 min~"' can be seen. Additionally, in Fig. 18,
a sequence of current step responses at standstill with clamped
rotor are shown. In both figures, fast current control performance
can be observed due to the high control dynamic of the applied
FCS-MPCC. The angle estimation error resulting from cross
saturation leads to minor steady-state control. A reason for the
increased variance of the angle, and therefore, also of the speed
estimation at the rated operating point compared to the origin
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clamped rotor.

could be the decreased saliency ratio at the rated operating point
of approx. 1.6 compared to the saliency ratio of approx. 3.9 at the
origin; cf., Fig. 15. For a decreasing rotor saliency, the sensitivity
of the angle estimation to parasitic effects, e.g., measurement
noise or nonsinusoidal flux linkage distribution in the air gap due
to the winding scheme or other harmonic effects is increased,
which increases the variance of the angle estimate.

D. Transient Speed Investigation

Since the applied PLL contains two integrators, a zero steady-
state observation error of the angle can only be achieved by
the PLL for constant speeds. Therefore, a transient observation
error during speed transients occurs. The magnitude of this
estimated angle error depends on the speed dynamics and the
choice of the characteristic frequency of the PLL. In partic-
ular, a high-speed dynamic combined with a small character-
istic frequency results in a large estimation error; cf. (21). In

Fig. 19, a speed transient from —nme nom /2 = —1500 min~! to
Nme,nom /2 = 1500 min ! is conducted by the speed-controlled
load machine during rated operation i3, = [—3 5.2]" A of the

IPMSM in approx. 100 ms. This dynamic speed change corre-
sponds to an acceleration of 30000 min~! /s. During the speed
transient, an angle estimation error Ae of up to 15° results.
Because of the angle estimation error during the speed ramp,
an increased current control error occurs. The angle estimation
error induced by the PLL calculated using (21) for this scenario
with a slope of the speed ramp of 30000 min~! /s and the PLL
tuning parameters (D = 1, wy = 27 - 50 Hz) corresponds to
Acpr1, &~ 3.6 °. This seems to be inline with the increased mean
of the angle estimation error during the speed ramp compared
to constant speed operation (¢t < 0); see Fig. 19.

It is worth to note that the increase of the angle estimation
error during speed transients due to the limited bandwidth of
the PLL occurs for all other PLL-based rotor angle sensorless
schemes in the same way. Even for schemes with measured rotor
angles that utilize a PLL to observe the speed and smoothen the
angle measurement, e.g., due to the application of a low-cost
angle sensor, the same increase in the angle estimation error
occurs.
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Fig. 19. Speed change from —nme nom/2 = —1500 min~!  to
Nme,nom/2 = 1500 min~! conducted by the load machine during rated
operation at 4, = [-3 5.2]T A in approx. 100 ms.

V. CONCLUSION

In this article, a rotor anisotropy-based sensorless control
scheme with minimum a priori motor knowledge and tun-
ing effort for the current control of IPMSMs for slow to
medium speeds including standstill was presented and exper-
imentally investigated. The motor model is identified with
the help of an additional excitation inequality constraint in
the cost function of the applied FCS-MPCC. The disadvan-
tages and advantages of this method can be summarized
as follows.

Disadvantages:

1) Current distortion is increased compared to FCS-MPCC
with full motor parameters knowledge and with measured
rotor angle due to the additional excitation.

2) Average maximum applicable voltages are decreased by a
factor of 1/3 compared to model-based FCS-MPCC with
measured rotor angle due to the additional excitation.

3) Systematic angle estimation errors due to cross-saturation
effects occur.

Advantages:

1) A priori motor parameter knowledge is not required.

2) No parameters must be tuned, except for special applica-
tions with highly dynamic speed transients. Here, an au-
tomatic tuning procedure for the characteristic frequency
of the PLL is proposed.

3) Highly dynamic step-like current and speed transients can
be handled.

These advantages allow rotor angle-sensorless control of
IPMSM drives without any prior human work contribution,
which is especially interesting for automated IPMSM drive
commissioning procedures and low-cost applications.
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In the future, the required additional excitation that increases
harmonic current distortion and reduces the maximum available
mean voltage should be decreased. This could be achieved
by applying inverter switching schemes with lower harmonic
content, e.g., discrete space vector modulation. Furthermore,
it should be investigated whether physical motor parameters
(differential inductances and flux linkages) can be extracted from
the identified motor model to store them in LUTs as proposed
in [32] for a rotor angle sensored scheme, enabling the selection
of loss-optimal reference currents for a given torque reference
with the help of a higher level open-loop torque controller [33].
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