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Abstract

Several techniques exploiting machines anisotropies have been proposed in literature for
sensortless control of synchronous machines. Among them, the direct flux control (DFC)
technique allows estimating the electrical rotor position by exploiting the zero-sequence
voltage of the machine. This work aims at analysing the effects of magnetic saturation on
the application of the DFC technique to permanent magnet synchronous machines. This
effectis present when stator flux is controlled during machine operation, leading to an error
in the estimation of the electrical rotor position. Starting from an analytical model of the
machine phase inductances, a complete mathematical description of the DFC technique
is derived and presented. The proposed mathematical model shows how the estimated
electrical rotor position is biased when operating under load conditions. Moreover, the
result of the analysis of the DFC technique allows to refine the obtained estimate and
to reduce the electrical rotor estimation error. Experimental results on a test motor are
provided in order to verify and support the proposed mathematical model and technique.

1 | INTRODUCTION

Synchronous machines (SMs) have found wide application in
several fields, such as industrial, automotive, domestic. In par-
ticular, permanent magnet synchronous motors (PMSMs) rep-
resent an always more adopted solution given their high torque
density and enhanced dynamic performance [1]. Nevertheless,
such machines require the electrical rotor position information
in order to be operative, differently from DC machines. More-
ovet, in order to provide high control system performance, a
high resolution position sensor is necessaty, as discussed in [2].
The need for a position sensor is, especially for small machines,
demanding, as it increases the size and the cost of the driv-
ing solution. For this reason, several sensotless techniques have
been proposed and developed in the last decades that can over-
come the need of external sensing devices. In particular, sen-
sotless techniques for PMSMs can be classified based on the
effect that they rely on for operation. The main two cate-
gories are those based on the induced back electromotive force
(BEMF) and those that exploit the machine anisotropies. As it
is well known, the BEMF voltage is dependent on the speed

of electrical machine. Thus, it can only operate from middle
to high speeds. Differently, techniques based on the machine
anisotropies have the advantage of operating also at standstill
and low-speed ranges.

The first contribution to machine anisotropy based sensot-
less techniques was made by Schrédl in [3]. The proposed tech-
nique goes under the name of INFORM and, by injecting pulse
voltages relying on a modified PWM pattern, it allows to esti-
mate the motor reactances by measuring the current signals that
are dependent on the rotor position [4]. Afterwards, Lorenz
proposed a novel method based on the injection of a high-
frequency rotating carries in [5]. Such carrier would induce cur-
rents whose amplitude is modulated by the rotor position. Thus,
a demodulation stage that can provide the rotor position estima-
tion based on the observed signals is necessary. In order to over-
come the need for demodulation and, consequently, to reduce
the required computational effort, a new technique based on
the injection of an alternating carrier in the estimated rotor ref-
erence frame was proposed in [6]. In this case, a pulsating volt-
age vector is injected along the machine g-axis. Nevertheless, an
observer is still required in order to successfully estimate the
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rotor position. Alternating current injection methods proved
to provide more precision and robustness compared to rotat-
ing carrier. For this reason, many works focused on alternating
injection, such as [7], or on arbitrary injection schemes, such as
[8—11]. All the anisotropy current based sensotless techniques
present the advantage that they do not require any additional
hardware to perform sensotless operation since the current sen-
sors are usually needed to achieve a high-performance machine
current control. However, in order to acquire the anisotropy sig-
nals needed for the electrical rotor position estimation, the cur-
rent detivative must be evaluated. Therefore, a big problem in
this class of techniques is related to the low signal-to-noise ratio
especially in low-power electrical machines. In order to over-
come this issue, state observation techniques [4] or extensive
over-sampling [12] must be adopted leading to an increase of
the computational efforts in the implementation on the micro-
controller.

The techniques mentioned until now are all based on the
measurement of rotor position modulated currents. Neverthe-
less, also voltage measurements can be adopted for sensorless
operation. In fact, whenever current information is not nec-
essaty for performing torque control, a voltage-based sensor-
less technique can contribute to diminish the cost of the sys-
tem by avoiding the usage of current sensors. This is particularly
relevant in embedded drive systems applications, where minia-
turization of the electronics has a very important role. More-
over, the exploitation of voltage measurements presents the
advantage of an higher signal-to-noise ratio and a larger band-
width compared to current measurements. Therefore, these
techniques do not require any knowledge of the machine param-
eters and thus state observation techniques are not necessary
in the estimation of the electrical rotor position. This leads
consequently in a reduction of computational efforts in the
implementation on the microcontroller. Thus, these techniques
are suitable for the implementation also on low performance
microcontrollers. In particular, the neutral-point or star-point
voltage of a star-connected machine can be exploited to esti-
mate the electrical rotor position. From this consideration, sev-
eral techniques have been proposed. One first work was pro-
posed in [13], where the neutral voltage is used for sensorless
operation of induction machines. Moreover, an interesting con-
tribution was provided in [14], where the authors extend the
application of this technique to machines that do not have an
accessible star-point. Still on induction motors, other sensorless
techniques were proposed by [15], where a filter has been tuned
for distinguishing between the rotor bar and the magnetic satu-
ration effects and by [16], where the noise introduced by motor
cables has been considered and reduced. In [17] a thorough
comparison of sensotless techniques for induction machines
is presented, that includes those techniques relying on the
exploitation of the neutral point voltage. Neutral voltage based
sensotless techniques have then also been proposed for syn-
chronous machines. As an extension to the work [13], the same
author proposed a first technique for permanent magnet syn-
chronous machines (PMSMs) in [18]. Also, a different approach
still based on the machine neutral voltage was published in [19]
that allowed the development of a technique named direct flux

control (DFC). This method obtains the anisotropy signals by
evaluating the inductance variations of a star-connected PMSM
by measuring the transients of the neutral-point voltage when
the machine is excited by a particular PWM-pattern. First pub-
lished works about the DFC technique are [20] and [21]. Here,
a practical approach to the implementation of the technique has
been provided together with first results concerning the esti-
mation of the electrical rotor position. As shown in [22, 23],
the anisotropy information from which the electrical rotor posi-
tion is estimated using the DFC technique is dependent on the
machine design. In particular, these scientific works point out
that each PMSM presents different anisotropy signals in depen-
dence of the geometry and the arrangement of the permanent
magnets, the windings configuration and the pole-slot setup.
Therefore, the machine design influences directly the estimated
sensorless electrical position. Nevertheless, in [24, 25] it has
been proved that high-efficiency performance can be obtained
in driving low-power PMSMs using the aforementioned tech-
nique. In addition, these works highlight also limitations and
issues in the field of applicability of the technique. Firstly, the
technique is applicable only to star-connected PMSMs which
present an accessible neutral-point. Consequently, an additional
measurement path is necessaty to perform sensotless operation.
However, this restriction does not constitute a considerable lim-
itation since in many motors the star-point is easily accessible.
Moreover, the extracted anisotropy signals can be noisy due to
the presence of switching electronics. To overcome this issue,
low-noise electronics must be used in the measurement pro-
cess of the anisotropy information. Therefore, a fast resettable
integrator circuit (FRIC) capable of improving the signal-to-
noise ratio of the measurements needed for the execution of
the DFC technique was proposed in [26-28]. Also, the usage of
a FRIC in DFC sensotless operation reduces the ringing gener-
ated by the three-phase inverter and extends the application of
the technique to high-load conditions. In addition, the FRIC can
be tuned in order to adapt the sensitivity of the measurements
for those motors that present a weak anisotropy. The issue of
noisy anisotropy signals has been also addressed in [29]. In this
work a sliding mode differentiator (SMD) has been applied suc-
cessfully to reduce the noise and thus to improve the electrical
rotor position and speed estimation. The analyses performed
on the DFC have also shown that the technique works better
in the low speed range. To overcome this limitation in [30],
the technique has been combined with BEMF information in
order to extend the speed range also to high speed using an
extended Kalman filter (EKF). Moreover, the DFC technique
has been successfully used in several practical applications such
as the identification of electrical and mechanical parameters of
PMSMs [31] and the observation of the external load torque
using state observation techniques in [32]. Besides this tech-
nique, another interesting approach was proposed by [33] that
goes under the name of IVMS (induced voltage caused by mag-
netic saturation), that is capable of estimating the electrical rotor
position by exciting two machine phases at a time and measut-
ing the neutral point voltage. This first version of the technique
was designed for brushless DC machines (BLDC), that are typ-
ically driven by means of block commutation (while Brushless
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AC Machines, BLAC, rely on sinusoidal commutation). Thus, a
modified version of this technique for BLAC was later on pro-
posed in [34]. The authors show that this technique can oper-
ate also with magnetically saturated machines and, although it
resembles closely the DFC technique, the utilised PWM pat-
terns differ significantly. Both IVMS and DFC techniques tely
on a measurement electronics that can be adjusted according
to the electrical properties of the machine. This allows to opti-
mise the application of the sensorless approach according to
the particular machine and, therefore, also for those machines
that exhibit reduced saliency variation. The modelling of the
neutral point voltage is clearly fundamental for the successful
development of this class of sensotless techniques. In [35], the
neutral point voltage has been modelled in order to allow a pre-
diction of its fluctuation, showing how the neutral point volt-
age depends on both the self and mutual inductances of the
machine. Another interesting analysis of the dynamic behaviour
of the neutral point voltage was provided in [28], whete a full
dynamic model is provided and that leads to similar conclusions
to [35]. Moreover, in [36, 37] the idea of high-frequency car-
tier injection has been introduced also for neutral point voltage
based sensotless techniques, in order, according to the authors,
to increase the accuracy and the robustness of the sensorless
operation for PMSMs. In both these works, an estimated refer-
ence frame rotating counterclockwise with twice the estimated
electrical speed is considered and a simple demodulation algo-
rithm is proposed. Both current and voltage based anisotropy
sensotless techniques present an uncertainty of 180° on the esti-
mated rotor position. In fact, it is only possible to obtain the
absolute electrical rotor position for half of an electrical period.
However, this issue can be overcome by means of an initializa-
tion procedure applied before starting the drive. As shown in [4,
38], this can be done by strengthening or weakening the mag-
netic field along the estimated d-axis revealing the actual polar-
ity. In [39], the application of the DFC technique to PMSMs has
been presented, leading to a formulation of the obtained mea-
surements and of the estimated electrical rotor position. More-
ovet, it has been shown that the estimated position using this
technique usually presents an error with respect to the real elec-
trical rotor position which is related to the machine inductances
matrix. Therefore, in [38] several approaches which compen-
sate for this position estimation error have been analysed and
compared. Nevertheless, an analysis of the effects of magnetic
saturation has not been considered in all the aforementioned
works concerning the DFC technique. This effect arises when a
g-axis component of the current is commanded, leading to a fur-
ther error on the estimation of the electrical rotor position. The
aim of this work is to extend the mathematical description of
the DFC technique including load conditions to achieve a mote
comprehensive description of the estimation of the electrical
rotor position in the full motor operating range in the case of
low-power concentrated windings PMSMs. This new formula-
tion provides directly an approach for compensating the effects
of magnetic saturation that leads to a reduction of the mean
error of the estimate. After a brief recall of the DFC technique,
a mathematical analysis of the quantities measured by DFC is
derived by considering the machine phase inductance matrix as a

FIGURE 1 Machine excitation states 0 (left) and I (right), where
{X,Y, Z} represent generic phases belonging to the set {4, B, C}

function of the stator flux. Thus, a new formulation of the DFC
technique is provided as well as an extended model of the esti-
mated electrical rotor position and its dependence on the mag-
netic saturation effect. The analysis leads to a compensation
approach of the error introduced in the estimated electrical posi-
tion. In order to validate the proposed model, experimental
investigations have been carried out on a test PMSM and the
obtained results are presented and discussed.

2 | THEORY OF THE DIRECT FLUX
CONTROL

The aim of this section is to describe how the DFC technique
is able to estimate the electrical rotor position starting from
star-point voltage measurements and its conditions of applica-
bility in relation with other injection methods. Also, in this sec-
tion a recall of the mathematical description of the star-point
voltage dynamic is reported. The DFC is an anisotropy based
sensorless technique that estimates the electrical rotor position
by relying on voltage measurements of the machine star-point.
In particular, this technique exploits the dependence of the
machine inductances on the rotor position to perform sensot-
less operation. This information can be obtained by measuring
the zero-sequence voltage. In the case of SMs driven by a power
inverter, this quantity can be obtained by measuring the diffet-
ence between the star-point voltage of the machine #y and the
voltage of a virtual star-point »y during the transition between
the excitation states 0 to I. In particular, the virtual star-point
is obtained by connecting the machine terminals to three resis-
tors that are star-connected. As shown in Figure 1, during the
excitation state 0 all machine terminals are grounded, while in
the excitation state /, a generic phase X, belonging to the set
{4, B, C}, switches to the inverter bus voltage pc. As presented
in [28], a modified edge-aligned PWM can be used to drive the
machine between the excitation states 0 and 7 at the beginning
of each PWM period in order to allow the measurement of the
differential voltage »\y necessary to obtain the anisotropy sig-
nals from which the rotor position can be extracted, as shown in
Figure 2. The applied PWM sequence has a time period 7pyy
which starts in 4. At the time instant #, one phase is switched
to the bus voltage and then in # the driving edge-aligned PWM
excitation is applied. In order to calculate the anisotropy sig-
nals, two measurements are performed, one per each excitation
state, at the time instants 7, and 7,1, as shown in Figure 3. It
is preferable to choose 7, and 7,; close to the switching time
instant #. Nevertheless, it is important especially for 7, to wait
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for the oscillations to decay in order to reduce the disturbances
on the measurements. By calculating the difference between the
two measured values, a new measurement of the anisotropy sig-
nals is obtained each three PWM petiods. The aforementioned
measutements can be performed using voltage dividers and
operational amplifiers-based voltage followers. In Figure 3, the
simulated behaviour of the star-point voltages during the transi-
tion between the machine excitation states 0 and /is presented.
The simulation has been performed considering the mathemat-
ical model of the star-point voltage in a star-connected PMSM
with a connected measurement impedance proposed in [28].

A deeper mathematical description of the star-point voltage
dynamics has been presented in [28], leading to the definition
of the anisotropy signals from which the electrical rotor posi-
tion can be estimated. Here in this section, a recall of this anal-
ysis is reported. Let us consider the machine electrical equation
expressed in the phase reference frame:

d.d ic
vl = Riy () + L, 720, 0
where v (1) = [ran®) mn @) 1ex @) and g, () =

a
[Z'A(Z) ip(?) z((f)] are, respectively, the phase voltage and

current vectors, R is the phase resistance matrix and L, is the
inductances matrix defined as:

Lﬂ(l Lﬂlf qu
Lﬂ/ﬂ (6 > id!ﬂ 4 ) = Lba Lbb L!J¢' . (2)
1 “ca yA “ch 1z “ec

It has to be remarked that the machine inductance matrix in
the phase-reference frame is assumed to be non-singular, to be
a function of the electtical rotor position 8 and invertible per
each value of 6. In addition, this matrix is a function of the sta-
tor currents because of the magnetic saturation effect. In fact,
when the machine is loaded, the magnetization status of the sta-
tor material changes leading to a variation of the phase induc-
tances. However, since the DFC measurements are performed
within three PWM cycles, this matrix can be considered con-
stant in the following analysis. Also, as explained in [28], within
this time period the effects of the rotor speed and of the BEMF
can be neglected in the machine electrical equations (1). These
equations can be expressed in the Laplace domain leading to:

A\ (‘f) = R, (‘f) + Lo Lape (J) (3)
The (3) can be written as:

5L.(5) = L7 [V, (5) = RI, ()] “

%
abe

L]
of L, and |L,,| its determinant, one can write:

Since the matrix Ld_li = , where Lj/” is the adjoint matrix

*

L
Eﬁﬂwmo—mm@} ®)

‘dubf(f) =
Considering a generic measurement impedance g connected
between the machine neutral-point and ground, the following
impedance transfer function can be defined:

©)

where 7, (7) is the current which flows through the measurement
impedance g considered positive in the direction from neutral-
point to ground. In addition, the measurement impedance  is
supposed to be constant. Let us consider the currents Kirchhoff
law applied to the machine star-point in the Laplace domain:

Y h©=L©, Y, sk =sL6). O

k=A,B,C k=A,B,C
Multiplying (5) on the left by the row vector T =1 1 1] and
considering equations (0) and (7) one obtains:
I_4>‘< %8 (J')
§STL,,(5) =T abe V,..(5) —RI,,.(s =00 8
o) = T [V ~RL, @ = 75 @)
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Multiplying the (8) by |L,,,| one gets:

| L/I/M | V’\’O (”()

Ly, [Vl ~ Rl @] = =75, O)
where the following row vector has been defined:
LZ/I/J[ = TL:/% = [LZ(I LZ/I LZL] ° (10)

Each element of Ly , represents the sum of the elements of
cach column of the adjoint of the inductances matrix L .
Let us express the phase voltages as the difference between
the terminal voltages and the neutral-point voltage v, (#) =
Vo) = o @), whete vxo () = [ra0®) 750 (?) ”co(f)]r
are the terminal voltages. Therefore, in the Laplace domain one
can write V., (5) = Vxo (s) — Tao ()T . Consequently, the (9)
can be written as follows:

|Lakc|
Z()

o) [ + LZ{,,,[TT] =Ly, [Vxo() = R, (5)].

abe
1)

From (3) the phase currents vector I
ing to:

() can be obtained lead-

abe

Z :ba‘ (J)

|Za/7€ (5) |

I(/l/ﬂ (5) = Z;blf (I)Va/if = Vazlﬂ[’ (1 2)

abe

where Z,,, = R+ sL,,, Z:/”(x) is the adjoint matrix of Z . (s)
and |Z,;, (5| its determinant. Substituting the (12) into (11) one
obtains the relation between the neutral-point voltage and the
applied terminal voltages:

_ NGO _
o) = D_®VX(,) ) =G Vxo (), 13)
where:
M(s) = |Z,,(s)|T = RZ?, (s), (14

|Zd/i[<‘r)| |La/1[|

D@s) =+ 70

+ Ly M(5)T, (15)

N(s) = Ly, M(s) = [N,(5) N(s) N.(5)] - (16)

abe
As shown in [28], in case of a balanced three-phase machine
the transfer functions G(s) = [Gd(y) G, (5) G[(x)] are proper
second-order transfer functions whose ratio between the maxi-
mum order coefficients of the polynomials are the elements of
the vector:

1
Li,=v—Ls,- 17
: Z/v=dﬂb"‘ LZ/ /

The elements of L, represent the ratio between the sum of the
elements of the i column of the matrix L’ and the sum of all
its elements. Moreover, in [28] it has been shown that the pres-
ence of a measurement impedance connected to the machine
neutral-point introduces a fast dynamic which does not affect
the steady-state value in the neutral-point voltage dynamic. Also,
this steady-state value results to be proportional to the elements
of Ly,. Therefore, since the matrix L, is a function of the
electrical rotor position 8, it is possible to estimate this posi-
tion by measuring the elements of L, . These quantities can
be obtained by measuring the zero-sequence voltage during the
machine transitions between the excitation states 0 and I obtain-
ing the anisotropy signals I" ;.. In [28] it has been proved that
these I, signals present the following expression:

A

1
Ly = (Lo = 3T) e (18)

As one can see, I' ), contains the information related to the

abe
machine inductances from which the electrical rotor position
can be extracted. As stated in [28], in order to estimate the rotor
position it is convenient to transform this vector into the stator-
reference frame by applying the Clarke transformation obtain-

ing Iy
ra,@y = T[ra/if’ (1 9)

whete T is the Clarke transformation matrix:

, 11
2 2
2
T.=Z|o ﬁ _ﬁ : (20)
2 2
11 1
2 2 2

Finally, the DFC angle )y can be obtained by applying the arct-
angent function as follows:

Te
X = arctan <F_> 21)
a

A deeper analysis of the extraction of the rotor position start-
ing from the DFC angle y in presence of magnetic satura-
tion effects will be discussed in Section 3. In the following,
the necessary step needed to implement the DFC technique are
reported:

1. Apply a modified edge-alignhed PWM excitation as shown
in Figure 2 in order to let the motor switch between the
machine excitation states 0 and 1.

2. Measure the differential voltage »yy between the machine
star-point and the virtual star-point very close to the phase
switching time instant # in /. and 7, as shown in Figure 3.

3. Calculate the difference between #yy evaluated in 7,4 and
t,1 in order to obtain the anisotropy signal I related to one
phase.
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4. Repeat the previous steps in order to calculate the anisotropy
signals for each phase. An updated measurement of I, will
be obtained after three PWM petiods.

5. Transform the obtained anisotropy signals I' ;. in the sta-
tor reference frame by applying the Clarke transformation
obtaining the I'qg, signals.

6. Calculate the DFC angle y applying (21).

7. Estimate the electrical rotor position 6 starting from the
DFC angle .

Let us now discuss the conditions of applicability of the DFC
technique. As shown in [39], the DFC is based on zero-sequence
voltage measurements 2. It is easy to show that », = —ugy.
This quantity must be not null at all time instants in order to
measure the I, signals. From this consideration, two equiva-
lent applicability conditions have been obtained. The first con-
dition relates to the machine inductances matrix expressed in
the stator-reference frame afy. In particular, the conditions
Ly # 0 and Lyg # 0 have to be satisfied per each electrical
rotor position. The second condition, instead, is that the sums
of the elements of the columns of the machine inductances
matrix must be not equal to each other per each electrical rotor
position.

Since the DFC technique requires a modified PWM excita-
tion, it can be considered as an injection method such as the
high frequency injection (HFI) techniques. Nevertheless,
the DFC exploits a different information in order to estimate
the electrical rotor position compared to the quantities that
are exploited by HFI methods, as stated in [40]. In fact, while
the DFC technique exploits the mutual inductances Z,, and
Lyg in order to estimate the electrical rotor position, the HFI
techniques extract information from the self-inductances L,
and /L gg. Moreover, the DFC technique is based on measur-
ing the zero-sequence voltage while HFI techniques inject car-
tiers along the o — 8 axis. Thus, although DFC is an injection
technique, its conditions of applicability are strongly different
from the ones of HFI methods since the zero-sequence volt-
age is modulated differently with respect to the electrical rotor
position than the stator reference currents that are exploited by
HFI techniques.

3 | EFFECTS OF MAGNETIC
SATURATION IN DFC SENSORLESS
OPERATION

In this section the effects of cross coupling magnetic satura-
tion on star-point voltage based sensotless operation applied to
low power concentrated windings PMSMs are analysed. Starting
from a formulation of the machine inductances matrix which
includes these effects [41], their influence on the expression of
the I'y ) signals and therefore on the rotor position estimation
has been evaluated. Let us consider firstly a generic expression

of the machine inductance matrix in the phase-reference frame
which considers infinite harmonic components:

[Se]
k=1

where L;; is the generic element of the L, mattix with 7 and

abe
7 belonging to the set {4, b, ¢}, 6 is the electrical rotor position,
£ is the order of the harmonic component, /., is the amplitude
of the £th-harmonic and ¢, is the corresponding phase shift.
However, in some kind of machines, some harmonic compo-
nents can be neglected and this expression can be simplified.
According to [36, 42-48], in low power concentrated windings
PMSMs, this expression can be simplified considering only the
continuous component and the even harmonics of each phase
inductance. In particular, the harmonics higher than the second
one can be neglected since their amplitude is typically not com-
parable with the one of the continuous component and of the
second harmonic. Thus, the following stands:

L;=Lo—L,c08220 + @)
i €{a,b,c}
Lijliz; = My — M, cos(26 + @,)), @3)

where 7;; is the generic self inductance, Z;; is the generic mutual
inductance, @;; is the proper phase shift of the individual phase
and L, I,, My and M, are the amplitudes of the continu-
ous and second harmonic components of the self and mutual
inductances. However, the proposed model is valid only under
restrictive assumptions. In fact, (23) neglects magnetic satura-
tion effects which generate a phase shift on the inductances, as
reported in [39]. Therefore, in order to take into account these
effects, as proposed in [36], the following formulation of L,
has been considered:

L, =1Ly—1,cos(20)— L sin(20)
27 , 27
Ly, =1Lg—1,cos (29 + ?) — L, sin <29 + ?>

27 27

L,=1y—1,cos (29 - ?) — L sin <29 - ?>
2 2
L, = Ly, = My— M, cos (29 - %) — M, sin (29 — ?ﬂ)
Ly, = Ly = My— M,cos (20) — M, sin (26)
2 2
L, =1, =M, —M,cos (26 + %) — M_sin (ze + ?ﬂ)
(24)

where L, and M, are respectively the amplitude of the self and
mutual inductances components due to magnetic saturation.
Defining the following quantities:
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L,

1L,

M
0, = —arctan <A7;>, (25)
the inductances can be written as:

L, =1y—Licos (20 +6,)

2
Lh/;:LU—LScos<26+T7T+@1>

L”=L0—Lscos(29—27n+91>

2
L, =1,,=M,— M cos <29— ?T[ +62>
Ly, = Ly, = My — M cos (20 + 0,)
2
L, =1,=M,—Mcos (29 + ?ﬂ + 92>. (26)

Starting from (26) and using (18) the T’
lated. Applying the Clarke transformation (19), these signals can

e Signals can be calcu-

be expressed in the afy reference frame leading to:

[y = —[21.2 cos (40 + 26,) — 4M? cos (46 + 20,)
+ 2L M, cos (40 + 0, + 6,) + 4141 cos (26 + 0;)
— 4L M, cos 26 + 6,) — 4LyM, cos (26 + 0,)
+ 4MyM, cos (20 + 6,)]/ D, (27)

Tg = —[2L7 sin (46 + 20,) — 4M sin (40 + 26,)
+ 2L M sin (46 + 0, + 6,) — 41y sin (26 + 6;)
+ 4L M sin 20 + 0,) + 4Ly M, sin (26 + 0,)
— 4MyM sin (20 + 6,)]/ D, (28)

I,=0, (29)
where:

D =3[ —4L2 +8LoM, + L2 + AL, cos (6, — 65)
— 4M? + 4M7]. (30)

After some algebraic operations the following quantities can be

defined:

K, = 212 cos (20,) — 4M? cos (26,) + 2L M, cos (6, + 6,)
K, = 2.2 sin (26,) — 4M? sin (20,) + 2L M, sin (0, + 6,)
Ks = 4L(Ly — My) cos (61) + 4M(My — L) cos (65)

Ky = 4L(Ly — My)sin 8y) + 4M;(My — Lo)sin (6;)  (31)

and then,

a= KK
— 2 2
b=1/K +K
_ Ky
p, = arctan( K3>
= & 32
@, = arctan z ) (32)

Thus, (27) and (28) can be written as follows:

Iy =—acos (26 + ¢,) — bcos (40 + @)

['g = asin (260 + ¢,) — bsin (46 + @)). (33)
As shown in [28] and [39], starting from (33), since 'y and I'g

are position dependent, the rotor position can be estimated. Let
us define the complex number:

['=Ty+ T, (34)
whose phase ) is expressed by (21). In order to extract the elec-
trical rotor position, the DFC angle y of I' can be evaluated.

Considering (33) and (34), one can write:

' = —u/@0+0,) _ }/46+0,) (35)

Collecting in (35) the term —ae™/ 29 leads to:

P = —a /2y, (36)
where:

7=, 37

=1+ é /6040, +0) (38)

Let us consider the angle £7:
27 ==, + (), (39)
whetre:
f sin (660 + @, + ¢,)

f(©) = £y, = arctan p . (40
14 -cos (660 +¢,+ ;)

Thus, y = £I' can be written as:

20+ 7 —@,+ f6), Re(f;)>0
%= T W
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It is worth noticing that Re(y;) =1+ écos(69 +¢,+@,).

Therefore, y is twice the electrical rotor position 8 in the oppo-
site direction plus a phase shift ¢, and a superimposed oscilla-
tion f(B), which is a nonlinear function of the 6th harmonic
component of the rotor position and depends on the phase
shifts ¢, and ¢, caused by the magnetic saturation effects. Com-
pared to the results presented in [28, 39], the magnetic satura-
tion effects introduce an offset ¢, and a different expression of
/(©) which depends on the phase shift caused by these effects
on the harmonics of the I'yg,, signals. It is important to remark
that the angle Y can be subject to variation of 77 in the case

b . . .
[-] > 1 due to the conditions on Re(¥}). Whereas in the case
a

|é| <1 no switching between the two conditions is required.
I\?evertheless, in low power concentrated windings PMSMs, the
amplitude of & is typically much smaller than the one of a.
Thus, in standard applications, the evaluation of the DFC angle
X does not require a switching between the two conditions.
Starting from (41), the electrical rotor angle can be obtained as
follows:

~X—9.+ /@ )
ToXZAHIO Regr) 20

6= ’ . (42)
w, Re(7,) < 0

Nevertheless, since the effects of magnetic saturation ¢, and of
the nonlinear superimposed oscillation /() are not known, the

estimated electtical rotor position 8 is:

T—x

3 RC(J/Al) Z 0
6= . 43
X 43)

_E’ Re(}il) <0

Finally, one can define the position estimation etror O as:

6=0-0= >

(4
It has to be remarked that the estimated position given by
(43) is the position estimated using the DFC technique when
the effects of cross-coupling magnetic saturation are neglected.
Therefore, identifying ¢, and compensating for it in (43) is nec-
essary in order to obtain a more reliable estimation of the elec-
trical rotor position in loaded machines. The compensation of
this offset with the objective of improving the electrical rotor
position estimation is called stator flux compensation. Thus, the
expression of the estimated rotor position after this compensa-

tion 6* results to be:

TL % Rep) 20
6* = Y o . (45)
5 T Re(#1) <0

TABLE 1
the phase inductances

Expression of ¢, related to the amplitude of the harmonics of

®a Ly <M, Ly =2 M,
1, <M, o o+
Ly, > M, o+ e}

Despite this operation, the presence of the nonlinear oscillation
L. . b . .
f(©) limited in the range +arctan(-) will affect the estimated
a

position. Therefore, after compensating for the offset ¢, the
position error will be equal to:

é*:e-é*:ﬂ. (46)
2
In the following, a more accurate analysis on the offset ¢,
on the estimated position introduced by the magnetic saturation
effects is reported. From (32) and (31), the following expression
can be derived:

9, = £[4(Lg — M) (L™ — M%), (47)

where:

4([485/61 - Me"jez) = arctan ( Lysin (6,) — M sin (05) >

]‘S Cos (61) - Ms Cos (62>

= Lol 48
= arctan i)~ . (48)

Therefore, the expression of ¢, in relation to the amplitude of
the harmonic components of the phase inductances has been
summarised in Table 1. As one can see, the phase shift depends
not only on the magnetic saturation but also on the relation-
ship between the amplitude of the continuous component and
of the second harmonic of the self and mutual inductances
which might add a phase shift of 7 that must be accounted
for.

This mathematical model exhibits differences with respect to
the model proposed in [39]. On the one hand, the amplitudes «
and b of the two harmonic components of the vector I'qg, are
current dependent and can change according to the machine
stator flux. Moreover, the two harmonic components exhibit
phase shift for the second and fourth harmonic of ¢, and ¢,,
respectively. Such phase shifts are also stator flux dependent and
null at zero stator flux. It is worth noticing that, at zero stator
flux, the derived mathematical model of this work is the same as
the one previously proposed. Phase shifting of the harmonics
has a direct influence on the estimated rotor position. On the
one hand, the estimated angle presents an offset due only to the
angle @,. This angle needs to be compensated for in order to
maintain the mean error of the estimated quantity to zero. On
the other hand, one can observer that the tipple f(6) affect-
ing the estimated electrical angle undergoes a phase shift of

Put Py
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TABLE 2 Parameters of the custom PMSM

Motor parameters Values
Phase resistance 1.1Q
d-axis inductance 394 uH
g-axis inductance 475 uH
Pole pairs 8

Torque constant 0.1186 —
Nominal voltage 24V
Nominal current 1.5A
Nominal speed 500 RPM
Nominal torque 200 mNm

4 | EXPERIMENTAL VALIDATION

In the previous sections, an analysis of the DFC technique
applied to PMSMs experiencing magnetic saturation has been
proposed. As it has been observed, the estimated electrical rotor
position is affected by an offset plus a nonlinear oscillation.
In this section, the proposed theory has been verified through
experimental investigations. In order to verify its validity and the
driving capabilities of the DFC technique under different load
conditions for low power concentrated windings PMSMs, the
following experiments have been conducted. Firstly, the posi-
tion estimation error caused by the influence of the stator cur-
rents has been evaluated in locked rotor conditions. After that,
the amplitudes and the phase shifts of the signals I'y and I'g
together with the corresponding average rotor position esti-
mation error have been evaluated at different speed and cur-
rent levels. Finally, the DFC driving capabilites in presence of
magnetic saturation have been tested in several dynamic and
load conditions.

4.1 |
bench

Description of the experimental test

The motor used for the experimental investigations is a low-
power outer rotor PMSMs, whose main parameters are listed in
Table 2. The machine has an outer diameter of 42 mm, a stack-
length of 30 mm and an airgap of 0.4 mm. Moreovet, it is made
of 18 stator slots and 16 poles and is equipped with three-phase
single layer concentrated windings in star configuration. Also,
it presents neodymium (NdFeB) permanent magnets which are
90% embedded into the laminated rotor core. The test bench
used for the experimental validations is composed of the cus-
tom PMSM coupled to a servo-motor that is used to apply load
torques and to a high-precision 18-bit encoder, as shown in Fig-
ure 4. In order to drive the motor and perform the necessary
measurements, an electronic board featuring a 32-bit microcon-
troller, a three-phase inverter and the sensing circuitry has been
developed. Moreover, in order to measute the star-point volt-
age of the electrical machine accurately, a dedicated electronics
implementing direct voltage measurement (DVM) shown in [28]
has been used.

FIGURE 4  Test bench used for experimental validation

Error in degree

1 1 1 1 1 )
-1.5 -1 -0.5 0 0.5 1 1.5
Current in Ampere

FIGURE 5
current under locked rotor conditions

Measured position estimation error as a function of the g-axis

4.2 | Evaluation of the error due to magnetic
saturation under locked rotor conditions

In the first experiment, the error on the rotor position esti-
mation introduced by magnetic saturation effects under locked
rotor conditions at different current levels has been analysed.
The motor has been locked to zero degrees and controlled in
current using a standard field otiented control (FOC) technique
based on the encoder mounted in the test bench. In particu-
lar, the g-axis current has been driven within its nominal range
+1.54 and the resulting error in the DFC estimated position
has been reported in Figure 5. From (44), the resulting position
error in locked rotor condition is equal to:

A —¥a + (O)
Bloy = %’ (49)
where:
“sin (@, +9))
£(0) = arctan | —= (50)

1+ écos (o, + @)
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FIGURE 6 Coefficient « at different current and speed levels
From equation (49) and (50), one can observe that the posi- 200
. i . ~ . . A —-300 RPM
tion estimation error O in locked rotor conditions is related to " *-fgg gl&
sH—
the saturation level of the machine since it depends on the values —-10RPM
. . ——10RPM
of a, b, ¢, and ¢,. It can be easily observed that in absence of sta- 10— 100 RPM
5 : . - —200 RPM
tor currents B|g—y = 0 since ¢, = ¢, = 0. From Figure 5, one 300 RPM

can observe that the position estimation error 8 under locked
rotot conditions is limited in the range +3° and its dependence
on the g-axis current is almost linear. Also, it can be observed
that the position error results to be equal to zero in absence of
stator currents.

4.3 | Evaluation of the error due to magnetic
saturation under dynamic conditions

In order to validate the proposed mathematical model, a fre-
quency analysis of the signals I'; and I'g together with the eval-
uation of the average rotor position estimation error at different
current and speed levels has been carried out. The motor under
test has been driven at different speeds within its nominal range
(£300 RPM) via the coupled servo-motor and the g-axis current
has been controlled with a standard FOC within +1.5 A using
the position information given by the high-resolution encoder.
Considering (33), the amplitudes (2 and /) and the phase shifts
(@, and ¢,) of the main harmonic components of I'y and
I's have been calculated by means of a fast Fourier transform
(FFT). In Figure 6, the values of the amplitude of the 2nd har-
monics « at different currents and speeds are reported. In Fig-
ure 7, the profile of the amplitude of the 4th harmonics 4 at
different currents and speeds is shown. As one can notice, for
both coefficients the percentage variation with respect to cur-
rents and speeds is small. In fact, the maximum variation for
the coefficient « is 1.13%, while for the coefficient 4 is 2.33%.
In addition, their mean values are respectively « = —17568 and
b= —2207.4 expressed in ADC ticks. Figures 8 and 9 report
the profile of the phase shifts of the 2nd and 4th harmonics ¢,
and @), respectively at different current and speed levels. One
can notice that both the phase shifts vary almost linearly with

Sk

Angle ¢, in degrees
o

20 . . L )
-1.5 -1 -0.5 0 0.5 1 L5

Current in Ampere

FIGURE 8

Phase shift ¢, at different current and speed levels

respect to current and speed variations. Also, from this analy-
sis it results that the maximum range of variation of the coef-
ficients @, and @, is respectively @, € [—13.64°;13.02°] and
@), € [—26.83°;29.05°]. Moreovet, it can be seen that the coef-
ficients present a variability at the same stator current level due
to the effects of the rotor speed. In particular, the maximum
variation range over the mean value at the same current level of
the coefficients ¢, and ¢, is respectively +3.35° and +5.6°. In
Figure 10, the average rotor position estimation error at differ-
ent current and speed levels has been reported. Under dynamic
conditions the instantaneous position estimation error is given
by (44). It has to be remarked that thete is an additional position
error caused by the effects of rotor speed due to the sequential
acquisition of the I'yg, signals. Since in absence of stator cur-
rents @, = @, = 0, the expression of the position error under
dynamic and no load conditions is:

S©li,=o

> 61

elid/:[:O =
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where:

L sin 66

SO)l; (52)

—o = arctan

abe

1+ écosé@

Nevertheless, it has to be remarked that the average value of
the position error has been calculated considering an integer
number of periods of the I'yg, signals. Therefore, under these
hypotheses the effect of f(0) on the average positon error is
negligible, since its average value is zero. Thus, at zero current
the only effect which affects the average position estimation
error is the error caused by the rotor speed during the acqui-
sition of the anisotropy signals. The maximum average position
error at zero current due to the effects of the rotor speed is equal
to 1.09° at 300 RPM. As it can be observed this error increases
with the rotor speed. Moreover, one can notice that the average
position error increases with the stator current level. In particu-

lar, this average position error © results to be:

=0+ fO) _ o,
- 2 -2

(oYY}

(53)

One can conclude that the average position error under dynamic
conditions is described by (53) when the effects of the rotor
speed are neglected, since the average value of the nonlinear

oscillation 7(6) is equal to zero. It can be observed that under

dynamic conditions, the average position error 0 is limited in
the range [—6.41°;6.68°]. This range results to be bigger than
the one obtained in locked rotor condition due to the different
expression of (49) and (53) and to the effects of rotor speed.
Moreover, at a fixed current level the maximum range of vati-
ability over the mean value of the average position estimation
error is +1.19°. This vatiability represents the error introduced
by the rotor speed at a fixed stator current.

The conducted identification procedure validates the pro-
posed model, showing that the parameters characterizing the
vector Iggy, namely 4, b, ¢, and @, are current dependent.
Also, the angles ¢, and ¢, are null at zero current when the
effects of rotor speed are negligible. The identified parameters
can then be used to perform stator flux compensation and to
adjust the mean error of the estimated electrical rotor position.

4.4 | Evaluation of motor driving capabilities
using the DFC technique

The identification of the parameters of the DFC signals I'gg,
of the electrical machine under test not only validates the pro-
posed mathematical model but can be used for performing sta-
tor flux compensation when driving the machine under loaded
conditions. As shown by the mathematical model, the angle
@, is responsible of a position error in the electrical position
estimation and it is a function of g-axis current. By consid-
ering the acquired data in the previous experiment, a simple
polynomial model has been identified and used for correct-
ing the DFC angle. Two different tests have been conducted.
In the first experiment, the PMSM under test has been con-
trolled up to its nominal speed of 300 RPM in both directions by
means of FOC at two different load conditions. Figure 11 shows
the results obtained when the machine is unloaded, while in
Figure 12 the performance obtained with a fully loaded machine
is presented, with the load being 200 mNm. In both experi-
ments, stator flux compensation has been applied to the esti-
mated electrical rotor angle and this quantity has been used
for controlling the machine. In both figures, the speed profile
is shown and compared to the speed measured by means of
DFC and by means of the encoder. As one can observe, the
DFC speed exhibits oscillations. This is due to the presence of
the DFC ripple (f(8)). Nevertheless, the presence of oscilla-
tions does not affect the performance of the speed controller,
as confirmed by the encoder speed that provides the real speed
of the machine and that does not exhibit oscillations. This is
coherent with low-pass filter behaviour of the chosen speed
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controller. Moreover, the stator currents controlled along the
d— and the ¢g— axis are shown, where the /—axis current is con-
trolled to zero to avoid defluxing the rotor. Finally, the posi-
tion error obtained by the DFC technique is shown before and
after applying stator flux compensation. The position error is
oscillating due to the DFC ripple f(6) that is a harmonic sig-
nal with zero mean value. As one can notice, the amplitude of
the DFC ripple stays constant since it depends on the coeffi-
cients « and 4 that do not vary significantly over current and
speed as shown in the previous section. Nevertheless, the mean
value of the position error shows dependency on the current,
as expected by the model. By performing stator flux compensa-
tion, the mean value can be minimised as much as the precision
provided by the identified model of the quantity ¢,. In partic-
ular, in Figure 11 the maximum average position error in the
speed control is equal to —1.5% at 0.3 A, whereas in Figure 12
the maximum average position error in the speed control results
—6.1° at 1.5 A. These results agree with the ones obtained in
Figure 10. After the stator flux compensation, the maximum
average position error in the speed control at the same current
levels is respectively —0.9° in absence (Figure 11) and —1.2°
in presence (Figure 12) of an applied load. One can conclude
that the stator-flux compensation improves the position estima-
tion since the average position error is significantly reduced and
close to zero. In fact, the reduction of the average position error
is respectively about 43% in absence and 82% in presence of an
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applied load. The remaining average position error is due to the
effects of the rotor speed.

In the second experiment, the motor has been controlled at
its nominal speed of 300 RPM by using again an FOC controller
based on the DFC angle after stator flux compensation has been
applied. Once the rotor has achieved nominal speed, several
increasing load torques have been progressively applied in order
to highlight the disturbance rejection capabilities when control-
ling the machine with star-point voltage based sensorless tech-
niques. In Figure 13, one can observe the increasing load on the
machine by observing the demanded ¢-axis current of the con-
troller, that reaches its nominal value of 1.5 A. Also in this case,
one can observe how the position error increases consistently
with the stator current. In particular, the average position error
at 1.5 A is equal to —6° in accordance with the results shown
in Figure 10. By applying stator flux compensation, instead, the
mean value of the estimated electrical rotor angle is 0.3° at 1.5
A. Also in this experiment, one can observe that the stator flux
compensation reduces the average position estimation error and
the remaining error is related to the effects of the rotor speed.
In this case, the reduction of the average position error after the
stator flux compensation is about 95%.

5 | CONCLUSIONS AND OUTLOOKS

In this work the effects of magnetic saturation on star-point
voltage exploiting techniques have been analysed and evaluated
leading to a method for performing stator flux compensation.
In particular, the influence of stator currents on the estimated
rotor position obtained with the DFC technique has been anal-
ysed. This technique is an anisotropy based technique which
estimates the rotor position starting from zero-sequence volt-
age measurements. While for several common HFI techniques,
which rely on current measurements, the effects of magnetic
saturation on the estimated position are well known in liter-
ature, the possibility of driving heavy loaded machines which
exploit the star-point voltage information has been analysed in
this work. Considering a symmetric inductances matrix which
takes into account the presence of magnetic saturation effects, a
new expression of the I'y g, has been derived. This analysis has
shown that the magnetic saturation determines a phase shift of
the DFC signals on all their harmonic components and there-
fore an offset on the estimated rotor position plus a nonlinear
oscillation which is a function of the rotor position and of the
stator currents. Thus, for machines operating under load, a com-
pensation of this offset is mandatory to obtain a more reliable
position information. The obtained mathematical results have
been then validated through experimental tests using a custom
PMSM. Firstly, the position error has been evaluated in locked
rotor conditions. The experiment has confirmed that the sta-
tor currents introduce an offset on the estimated position. After
that, the effects of magnetic saturation have been evaluated. By
means of frequency analysis, the coefficients of the vector I'qg,
have been evaluated showing an almost lineatr dependence of
the phase shifts on the stator currents level. Under these con-
ditions, the average estimated position error has been analysed

showing its dependence on both current and speed. Finally, the
driving capabilities of the DFC technique in trajectory tracking
and disturbance rejection applications in presence of magnetic
saturation effects have been tested by performing stator flux
compensation. The results of this work show that reliable sen-
sotless operation can be obtained using star-point voltage based
sensotless techniques also in presence of magnetic saturation.
Nevertheless, a nonlinear oscillation on the estimated position
is still present. Therefore, in future works, in order to reduce
this effect, techniques capable of compensating for the position
error will be investigated. In addition, the effects of asymme-
tries and of higher harmonics on the inductances matrix will be
analysed and validated through field distribution simulations in
order to increase the accuracy of the proposed model.
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