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Abstract: The new topology of the dual-armature flux-switching permanent magnet machine (DA-
FSPM) leads to new characteristics and issues in the control of the machine, of which the mutual
inductance of the two sets of armature windings is the most important one. This paper proposes a
novel position—sensorless control method based on high-frequency injection (HFI) for DA-FSPM. The
high-frequency model of the machine is derived, and the theory of the position estimation method
is proposed. Different from the conventional HFI-based position estimation method, the proposed
method utilizes the mutual inductance of the DA-FSPM rather than the machine saliency. Meanwhile,
because the extracted position information based on the mutual inductance is more obvious, the
proposed method also has better steady and dynamic performance. Then, the position observer based
on the phase lock loop and the initial position detection method for the DA-FSPM is proposed. The
experiments are executed on a DA-FSPM prototype with three-phase stator windings and five-phase
rotor windings to prove the effectiveness and superiority of the proposed method.

Keywords: dual-armature flux-switching permanent magnet machine (DA-FSPM); high-frequency
injection (HFI); mutual inductance; position estimation; sensorless control

1. Introduction

Due to the high power density and efficiency, the FSPM machine is becoming a
greater point of concern in industrial applications, such as aerospace and electric vehicle
industries [1,2]. The DA-FSPM shown in Figure 1 is proposed in [3,4], which furthermore
improved the torque density and fault-tolerant capability of the FSPM machine by adding
a set of armature windings on the rotor teeth. With the improved power density and
fault-tolerant capability, the application prospect of the DA-FSPM is widened.

Permanent magnet

Stator core

Stator
armature

Figure 1. Topology of the DA-FSPM.
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Although the machine design theory was researched and proposed in [1,2], the control
method of the DA-FSPM is rarely discussed. The decoupled vector control for the DA-
FSPM is proposed in [5], which considered and solved the cross-coupling of the stator
windings and rotor windings by matrix transformation. In [5], an encoder was used to
acquire the position of the machine, which increases the complexity and cost of the machine
drive system [6,7]. Thus, to simplify the implementation of the drive system, the sensorless
vector control for the DA-FSPM is researched in this paper.

The traditional sensorless vector control methods can be roughly divided into two
categories, the first is the model-based methods, and the second is the saliency-based
methods [8]. The former methods can be further divided into open-loop methods and
closed-loop methods. The open loop method is based on the mathematical model of the
machine, which has a high dynamic response speed [9], but it is also highly dependent
on the parameters [10]. Thus, for higher robustness and accuracy, closed-loop back-EMF
estimation methods were preferred [11,12]. Moreover, the position observers are based
on PLL [13], Luenberger observer [14], linear state observers [15], SMO [16], EKF [17],
and so on, and they were developed for higher estimation accuracy and better dynamic
performance. However, the above model-based methods are normally applied in the
medium- and high-speed range, while the saliency-based methods are adopted more for
the zero- and low-speed region. HFI methods are widely utilized to track saliency [10].
The basic thought of the HFI method is to inject a high-frequency voltage (current) signal
into the machine to excite a high-frequency current (voltage) signal, which can be used to
extract the rotor position by appropriate procession [18]. The HFI can be subdivided into
the rotating signal injection [19] and pulsating signal injection [20]. The former is easier to
implement, and the latter has several advantages, such as less dependent on saliency, better
performance in coping with dead time, better dynamic performance, and less torque ripple
and additional loss [21]. Two major issues regarding HFI methods have recently been
widely researched: high-frequency noise and filter abuse. As for the noise issue, several
research works have been carried out over the decades. In [22], the frequency of the injected
voltage was increased to the PWM frequency that is near the audible range to eliminate the
noise. The noise reduction method based on pseudo-random HFI was proposed in [23,24].
Multi methods were proposed to deal with problems such as a decrease in bandwidth
and estimation accuracy. The dual quasi-resonate controller was used in [25] to substitute
the traditional Butterworth filter, which reduced the estimation error. Additionally, [26]
proposed a novel heterodyne method to extract the position error, which removed the filters
in the HFI method, while [27] utilized the neural network adaptive filter to avoid the usage
of the bandpass filter in the signal demodulation. As mentioned above, a single sensorless
method cannot cope with the full speed range, which leads to the research of the hybrid
method. The HFI was combined with the voltage model-based position estimator in [28],
while in [29], the EMF was used to combine with the HFI. Moreover, the transition methods
from low speed to high speed were also important for full-speed sensorless control. The
weighting factors were used for the transition from low-speed methods to high-speed
methods; in [30], the speed weighting factor was used, and the position weighting factor
was adopted in [31].

As discussed, the conventional HFI-based sensorless vector control methods have
poor performance on surface-mounted or low-salience machines. As shown in [3], the
differential inductance of the DA-FSPM is not obvious; thus, the conventional methods
need modification for better performance. The HFI based on magnetic saliency for the
surface-mounted machines by injecting fluctuating high-frequency voltage signals on the
d-axis was proposed in [32]. However, the magnetic saliency is not obvious; thus, the
position estimation was more difficult. Another HFI-based sensorless vector control for
the dual-three PMSM, which used the zero-sequence voltage, was proposed in [33,34]. The
method utilized the resistor networks and neutral points of the machine to acquire the
zero-sequence voltage and then extract the position information. However, the introduction
of the resistor networks increases the cost and decreases the efficiency of the drive system.
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In conclusion, the existing HFI-based sensorless control method is either based on saliency
or introduced additional components.

Thanks to the mutual inductance of the DA-FSPM, which is much larger than the
differential inductance, the HFI-based sensorless control is modified for the machine in
this paper. The conventional HFI sensorless vector control methods are extended to the
DA-FSPM, and a position estimation method based on the mutual inductance of the stator
windings and rotor windings rather than the machine saliency is proposed, which is the
main contribution of the work. Additionally, the high-frequency model of the DA-FSPM
and the high-frequency current responses under the high-frequency pulsating voltage
injection are derived considering the mutual inductance of the stator windings and rotor
windings. Then, the feasibility of estimating position through the current response of the
same side windings and opposite side windings is discussed, and their performances are
compared. Moreover, the position observer and the initial position detection method for
the DA-FSPM are proposed. In conclusion, a novel HFI-based sensorless vector control
method based on the mutual inductance of the DA-FSPM is proposed, which has better
steady and dynamic performance compared to the traditional saliency-dependent methods.

This paper is organized as follows. In Section 2, the fundamental mathematical
model of the DA-FSPM is derived, and the high-frequency model considering the mutual
inductance of the machine is further established. Based on the high-frequency model, the
current responses with the high-frequency pulsating voltage injection are calculated in
Section 3. Then, the feasibility of extracting position information from both windings is
discussed in Section 4, which also proposes the position observer and the initial position
detection method for both stator windings and rotor windings positions. The experiments
are carried out on a DA-FSPM prototype with three-phase stator windings and five-phase
rotor windings to verify the superiority of the proposed method.

2. Modelling of the Machine
2.1. The Fundamental Frequency Model of the Machine

The DA-FSPM prototype studied in this paper is with star-connected three-phase
stator windings and five-phase rotor windings. Neglecting the non-ideal factors, such
as the saturation effect, eddy current loss, and hysteresis loss, the mathematical model
of the DA-FSPM in the stationary coordinate system is constructed. The vector control
is normally used for obtaining decoupled currents in the machine control field, which is
also used in this paper. For the DA-FSPM, the three-phase Park transformation matrix
and the five-phase vector space decomposition transformation matrix are respectively
applied on the three-phase stator windings and five-phase rotor windings. Thus, the
fundamental-frequency mathematical model of which is derived as (1) and (2) [4].

[ Us_dq :|: l:Rs 0 is_dq 1I’S_dq
Uy d1q1d3q3

W 0 1I)s_dq
: + +
0 Ry] |ir diq1d3q3 WP;_d1q1d3q3 0

1
WJ [ll’rd1q1d3q3]

[ 1I)s_dq :|= Ls_d (5/2)Msrdq [ is_dq ]+[ 1pfs_dq :l (2)
Yr d1q1dsq3] | (312)Mggq  Lr d1q1dsqs | [ir diquasqs] (Wi diqidsqs
The inductance and the cross-coupling coefficient matrices are shown as follows.
[ Lsd 0 %Msrdl 0 %Msrd?) 0
0 qu 0 %Msrql 0 %Msrq?)
(5/2)Miraq | _ 3 Man 0 L1 0 M3 0 3)
erq 0 %Msrql 0 qul 0 qu13
%MsrdB 0 MrdlS 0 er3 0
L 0 %MsrqS 0 qulS 0 qu3 1
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However, the coupling still exists between the stator windings and rotor windings as
(3) still contains the non-diagonal element. Thus, for the vector control of the DA-FSPM,
the further decoupling method proposed in [5] is adopted in this paper. The diagonalized
voltage equation (5) can be obtained through the transformation matrix in (6).

) I Rs O I u
:| = dlag(LSd/ LSQ/ erl/ qull er3/ Lﬂ]3) p |:I 57dq :| + |: 05 Rr:| |:I 57dq :| + |: S_feedforword] (5)

r_d1q1d3q3 r_d1q1d3q3 Uy feedforword

where I 4q is the decoupled currents as in (7); the us_teedforward and Uy feedforward are
shown in (8).

r 5Mgra1 5Mga3 9
1 0 Bpa o o
5Msrq1 5Msrq3
0 1 0 Lt 0
SZI\fsrdl 0 1 0 AgrdB 0
_ dl dl
T= (3 3Msrq1 0 1 E) qu]S (6)
2qu1 qul
3Msrd3 0 MrdlS 0 1 0
2er3 3M er3 M
srq3 rq13
[0 o0 T 0 1]
I i
|: S_dq :| =T |:‘ S_dq :| (7)
I} d1q1d3q3 iy d1q1d3q3
5 .
|:us_feedforword:| - [Ws 0 ] 3 Lschq strdq |: 1s dq :|
Uy feedforword 0 W; 2 Msrdq erq 1y _d1q1d3q3

(8)
Ws 0 ] [ 1I’fs dq :| |:Rs 0:| { is d :|
+ - + L—T]|. 9
|: 0 W lI"frfdlqldSq?, 0 R [ ¥ ] Ir_d1q1d3q3
From (5), the coefficient matrix of the current differential term is a diagonal matrix;

thus, the currents can be controlled individually. Based on the decoupled model in (5) to
(8), the vector control scheme for the DA-FSPM can be further constructed.

2.2. The High-Frequency Model of the Machine

For further analysis of HFI, the high-frequency model of the DA-FSPM is constructed
in this section. Based on the fundamental frequency model, the high-frequency model of
the DA-FSPM can be represented as in (9).

195 2l oo, 1 Sl
0 R || irh diq1dsgs Y, d1q1d3q3 0 Wi || ¥ q1qudsgs 9
:| _ I-'shfd (5/2)Msrhdq [ ishﬁdq ] + [ 1pfsqu ]
| (3/2)Mgypgqq  Lin_diqiasgs irh_d1q1d3q3 WPt d1q1d3g3

where ugp_gq and um_dq1q1dsq3 are the injected high-frequency voltages in the rotational
coordinate system; ish_daq and im_diq1dsqs are the high-frequency response currents in the
rotational coordinate system; Lgh_dq, Lth_d1q1d3q3, and Mgrnaq are the high-frequency in-
ductance matrices which are same as the fundamental frequency inductances, respectively.

The high-frequency voltage injection method is normally applied in working con-
ditions of low speed or zero speed. Thus, to simplify the high-frequency model, the
back-EMF item and the voltage drop on the resistance in the voltage equation are omitted,
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which are far less than the voltage drops on the high-frequency resistance. The simplified
high-frequency voltage equation is shown in (10).
{ Ush_dgq Len g (5/ Z)Msrhdq‘| { (10)

:l = ish_dq ]
Uh_d1q1dsqs] | (3/2)Mgpgq  Lrn_d1q1dsgs

irh_d1q1d3q3

As demonstrated in (10), due to the mutual inductance, if the high-frequency voltage
is injected in the stator windings or the windings, not only does the same side generate the
high-frequency currents but also the opposite side. Thus, the position estimation can be
through both the same side and the opposite side, which is analyzed in the next section.

3. High-Frequency Injection

Compared to the conventional FSPM machine, the DA-FSPM has two sets of armature
windings, which means that the high-frequency voltage can be injected through the stator
windings or the rotor windings. In addition, as shown in (10), the machine has differential
inductance and unneglectable mutual inductance simultaneously. Thus, both injection
conditions are discussed in this section, as well as the high-frequency current responses.
Moreover, in this paper, the pulsating high-frequency voltage injection is adopted due to
the advantages discussed before.

3.1. The High-Frequency Current Response

The closed-loop position estimating is based on extracting the position error informa-
tion from the currents; thus, the high-frequency current responses relating to the position
error are derived in this section. The estimated stator windings’ electrical angle is de-
noted as 6s, and the real stator windings electrical angle is 65, and the same is true for the
rotor windings.

Therefore, the transformation matrix from the estimated rotational coordinate system
to the real rotational coordinate system can be obtained as follows

fsdn } C T s;dh _ { cos(dse)  sin(dse) ] s;dh
L foqn ) fsqh —sin(dse)  cos(dse) fsqh
[ fram fr:dhl cos(bre)  sin(dre) 0 0 f;f/dhl 11)
frth — T, frth _ — Sil’l((Sre) COS<(Sre) 0 0 frth
fran3 S I 0 0 cos(36re)  sin(36y,) .
L frons frans 0 0 —sin(36re) cos(3dr) froms
As aforementioned, the high-frequency currents in the real rotational coordinate
system can be obtained by (10), which is combined with (11) to calculate the high-frequency
currents in the estimated rotational coordinate system can be derived as
lédh Lsdh u;dh u%dh
lsqh isqh usqh usqh
by Tg 0 ||iam| _ [Tes O oot Tss O [ | _ Uydin
il L0 T 1o TG Lo / u' - A/ u' (12)
rqhl rs rqhl ré rd rqhl rqhl
i s Irdn3 0 0
_i;th_ irqh3 L 0 ] L 0

where A is the coefficient matrix that relates to the position error and inductances of the
DA-FSPM, which is given in detail in Appendix A. The injection in the third harmonic
plane of the five-phase rotor windings is not considered in this paper.

As matrix A contains Jg and d,,, some conclusions can be drawn from (12). When
a high-frequency voltage signal is injected into the stator or the rotor side, the position
angle signal will be carried in the current response of the two-sided winding. The current
response on the same side of the injected high-frequency voltage side only carries the
position information of that side, while the current response on the opposite side carries
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the position information of both sides. However, as the initial position of both windings are
identified, the position of the stator windings and rotor winding has a certain relationship.
Thus, the position can be estimated through both sides regardless of which side the high-
frequency voltage is injected.

3.2. Injected through the Stator Side

The high-frequency pulsating voltage is injected in the d-axis of the stator windings
in this paper. The high-frequency currents omitting the third harmonic component of the
five-phase rotor windings can be calculated from (12) as:

i Lga c08?(ése) + Lsg sin®(Jse)

- _ Ve gne @ sin(25s) (13)
;dhl Wi " %(M;rdl + M;rql) cos(Jse — Ore) + 2 (M;rdl M;rql) cos(Jse + Jre)

f’th %(M;rdl + M;rql) Sin((sre Jse) (Msrdl M;rql) Sin(dse + (Sre)

where L;, L;q, M, 41, and M;,ql are the parameters related to the inductances of the DA-
FSPM, which are given in Appendix A.

As shown in (13), the amplitude of the response currents in the stator windings and
rotor windings both contain information on the position angle error, which agrees with
the analysis before. However, there are differences between them. The amplitude of the
current response of the stator windings varies at the frequency of twice the stator electrical
angle frequency; meanwhile, the varied frequency of the rotor windings’ current response
amplitude is related to the number of the pole and slot of the stator and rotor. The frequency
of the stator winding’s current response is related to the differential inductance, while it of
the rotor windings is related to the mutual inductance. Thus, it is difficult to estimate the
position from the same side of the saliency of the machine is not obvious, the same as the
surface-mounted PMSM. However, the estimation from the opposite side is not affected by
the saliency.

3.3. Injected through the Rotor Side

Similarly, the high-frequency voltage is injected in the d;-axis of the rotor side, and the
current response can be calculated as in (14).

i;dh %(Msrdl + Msrql) cos(Jse — Ore) %( srdl — srql) cos(8se + Jre)

igqh _ E sin @ %(Msrdl + Msrql) sm((55e 5re %g srdl srql) Sin(&se + (5,,@) (14)
;dhl wy " Lyg1 cos?(3re) + Lyg1 sin 2(8re)

rth M sin (2576)

Similar conclusions can be drawn from (14); when the high-frequency pulsating
voltage is injected in the rotor windings, the high-frequency currents related to the position
information generate on both sides. Moreover, the amplitude of the high-frequency currents
is related to the phase numbers of the windings, as shown in (13) and (14).

4. Position Estimation

As analyzed before, the current responses of both sides contain the position informa-
tion no matter which side the high-frequency voltage is injected into. Thus, the position can
be estimated through the same side or the opposite side, which is analyzed in this section.

4.1. Estimate from the Same Side

As shown in the current responses, (13) and (14), the d-q axes currents corresponding
to the high-frequency voltage injection side both contain the position error information.
However, the d-axis current also contains a dc component; thus, it is more convenient
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to extract the position information from the g-axis current, which can be represented

as follows: v
lign = ﬁk sin(26;,) sin 6y, (15)
where
Lyy— Ly, i=s
k= jsd s 16
{ Ly — qu1/ 1=r (16)

where i = s denotes that the high-frequency voltage is injected through the stator windings
and i = r denotes that the high-frequency voltage is injected through the rotor windings.

To extract the position information through (15), the high-frequency reference signal
is used to demodulate the current response, and a low-pass filter is used to obtain the dc
component which contains the position error, which can be represented as

f(d,) = LPF(i] hsm6h>
= LPF( gk ksin(20;) (1 sin(29h))) (17)

= 41/5]1 k sin(26;,)

When the position error is small enough, (17) can be rewritten as

V,
f (%) ~ ﬁkéie (18)

Therefore, the approximate linear function of the position error can be obtained by
demodulation and filtering, and the position can be estimated by the position observer.

4.2. Estimate from the Opposite Side

As shown in (13) and (14), the d-axis current responses of the opposite side are cosine,
while the g-axis current responses are sine. Thus, the g-axis current responses in (19) are
used to extract the position information for the convenience of approximation.

rghl| _ sm9 [3 (Msrdl + Msrql) Sln(5r€ - 556) 3 (M;rdl M;rql) Sin(fsse + 576)
i;qh Wy 5 (Msrdl + Msrql) SIH((SSE 5re) (Msrdl Msrql) Sin(fsse + 5re)

where i, is the high-frequency current response of the rotor windings when the high-
frequency voltage is injected through the stator windings, and i’y is the high-frequency
current response of the stator windings when the high-frequency voltage is injected through
the rotor windings.

Then, the high-frequency reference signal and low-pass filter are used to demodulate
and obtain the dc component with the position error, as follows:

f(ie) = LPP( [ ”7’“] -sin 9h>
‘sqh ~ L (20)
_ W {3(Msrd1 + Msrql) (5re - 5se) + 3(Msrd1 - Msrql) Sln(ése + 5re)}

- A S(Msrdl + Msrql) in(dse — dre) + 5(M;rd1 - M;rql) sin(dse + dre)

(19)

The (20) can be furthermore written as (24) when the position error is small enough.

f(é’ ) _ VY |:3 (M;rdl + Mszrql) (5re - 556) + 3(]\/Is:rdl srql) (556 + fsre)
* 4o |5 (Msrdl + Msrql) ((Sse 5re) + 5(Msrd1 Msrql) (556 + 5re)

[3Msrd1 Ore — 3Msrq1f5se

5Msy4105e — 5Msrq15re

] (21)

th

As discussed before, the actual position can be obtained through the position observer.



World Electr. Veh. ]. 2023, 14, 85

8 of 24

Of note, both the stator and rotor positions are needed for the vector control of the
DAFSPM. When the initial position of the stator windings and rotor windings are detected,
the actual positions of the two sets of windings can be obtained by transferring (18) and
(21) into the estimate of the mechanical position of the DA-FSPM.

4.3. The Position Observer
4.3.1. The Position Error Function

As aforementioned, the position error function f(d) that has a linear relationship with
the electrical angle error can be extracted through the high-frequency current response on
the same and opposite sides after the demodulation and filtering. The estimated position
can be obtained by the f(J) and the position observer, which is discussed in this section.

As for the position error function extracted through the same side, considering that
the initial position is detected, (18) can be rewritten as

Ve
2w, h

f(ém) ~ kpzém = kerroém (22)

Meanwhile, the position error function extracted through the opposite side can also be
represented as

. R V.

f(‘sm) = _3(Msrd1pr + Msrql Ps) mém = Kepr16m (23)
. . V.

f(‘sm) = S(Msrdl Ps + Msrql Pr) mém = kerr25m (24)

(23) is the position error function under the stator windings injection and (24) is under
the rotor windings injection. As shown in (22) to (24), whether it is a stator windings
injection or a rotor windings injection and whether the position error function is extracted
from the same side or the response from a opposite side, when the position error is small,
the position error function can be transformed into a linear function related to the position
error. Therefore, the position observer can be designed.

4.3.2. The Phase-Locked Loop

In this paper, the PLL with PI controller, as shown in Figure 2, is used, where ke
represents the slope of the position error function.

Figure 2. Position observer.
Thus, the transfer function of the position observer can be derived as

Om 3 + wes? + kerrwckps + kerrewck;

where w is the cut-off frequency of the low-pass filter, k, is the proportional coefficient,
and k; is the integral coefficient of the PI controller.
To keep the closed-loop system stable, k, and k; are calculated as

k, = £

P 3kerr

{ o af 26)
LT 27kerr
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Therefore, the transfer function of the system can be rewritten as

A

1.2., 1.3

Om FWeS + 5 W7
T3 2, 1,2 1.3
Om 3+ wes? + 3W32s + 7 w?

(27)

4.3.3. The Effect of Current Sample Error on Position Observation

The extract of the position error function is based on the current response; thus, the
current sample error can affect the position observation. The error caused by the current
sample can be treated as a disturbance, then the closed-loop system can be represented as

in Figure 3.
+e = —~
), 6,
Q (s}

Figure 3. The closed-loop system, considering the current sampling error.

Combining the PI parameters in Section 4.3.2, the transfer function of estimated speed,
estimated position, and current sampling disturbance input can be derived as

WGy Ywes + w?
Dm o e T e 28
e 27k orrs (28)

% _ 9(4]c5+60§ (29)
e 27k orr52

The relationship between the error of the speed estimation and the current sampling
disturbance is proportional integral. The proportional coefficient and integral coefficient
are consistent with the parameter design in the PI-type LLP, and they are all inversely
proportional to the position error function coefficient k. Based on the above analysis, the
relationship between the error of the speed estimation and the position estimation, and the
current sampling disturbance is affected by the error function coefficient k,,. The smaller
the k. is, the error generated in the estimated value is larger. Thus, when the current
sampling accuracy is the same, and the PI controller parameters of the position observer are
the same, the position estimation method with a smaller k. should be adopted to improve

the accuracy of the estimation.

4.4. The Initial Position Detection

As aforementioned, the detection of the initial position is important in the sensorless
control, which can affect the startup of the machine. For the DA-FSPM, the initial position
of the stator windings and the rotor windings both need to be detected. Similar to position
estimation, the detection of the initial position can also be achieved by injecting high-
frequency voltage into one side. In this paper, the high-frequency voltage is injected into
the stator windings, and the initial positions of the stator windings and rotor windings are
detected through the corresponding current responses. The detection can also be achieved
by injecting high-frequency voltage into rotor windings, which is not repeated in this paper.

4.4.1. The Initial Position of the Stator Windings

The initial position of the stator windings can be detected by (18), and the designed
position observer as the machine is static. When (18) equals zero, the initial position of the
stator windings is obtained. However, there exist four possible solutions when (18) equals
zero, which should be corrected for detection. When the estimated angle 65, = 0, the error
function of the stator windings position can be drawn as Figure 4.
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Figure 4. Error function of the stator windings position.

Thus, the detected initial position may have an error of 7t when the actual position is
at the interval of (7t/2, 37t/2), which means the polarity judgment is wrong. In order to
compensate for the error, the saturation characteristics of the magnetic field are used in this
paper to make the polarity judgment.

As shown in Figure 5, considering the saturation effect, when the positive voltage is
applied on the stator d-axis, the d-axis inductance will decrease as the current increases.
When the negative voltage is applied on the stator d-axis, the d-axis inductance will increase
as the current decreases. Therefore, according to the saturation characteristics, a polarity
judgment can be made.

» i
0

Figure 5. The relationship between ¥; and i;.

4.4.2. The Initial Position of the Rotor Windings

When the initial position of the stator windings is detected, (21) can be rewritten as

R A
f(fsre‘) = 3Msrd127C Sln(ére) (30)
Wy

Similarly, the error function of the rotor position can be drawn as Figure 6.

A

e)

(3
\

0 90 180 270 350

e ()

Figure 6. Error function of the rotor windings position.
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Polarity
judgement

-

Initial position detection !

As shown in Figure 6, no matter which interval is in the real position, the estimated
position error can converge to 0 by the adjustment of the PI controller, which means that
there is no need for the polarity judgment for the detection of the initial position of the
rotor windings.

4.4.3. The Control Scheme of the Initial Position Detection

Above all, the control scheme of the initial position detection can be concluded in
Figure 7. The high-frequency voltage is injected into the stator windings, and then the initial
positions of the stator windings and rotor windings are detected through the corresponding
currents and position observers. The initial position of the stator windings obtained
through the position observer is then compensated by the polarity judgment, and the initial
position of the rotor windings does not need compensation. The control scheme of the
initial position detection based on the rotor side high-frequency voltage injection has the
same principle as the stator side injection; thus, it is not repeated here.

V.cos @, W—,f ML RN |+ i ‘
0 o T! Ug | Three Phase il Inverter
~ s | 4. ] SVPWM i
05 D_b_/ u,, : |J
00— U, H—
8 ——— 3 11 [ %) Five Phase | '—|
0——— 7 Uq > SVPWM
| u, ”~
5, O— .y 7

1/s Je{ PI )Je{ LPF —
|
|
|

3 sty Ny
r 1.
O 1s ]-—(PIHLPF)«ékﬂ'r

Figure 7. The initial position detection scheme based on the stator side high-frequency voltage injection.

4.5. The Overall Control Scheme

The overall control scheme of the sensorless vector control for DA-FSPM based on HFI
can be concluded in Figure 8, which shows the situation of injecting to the stator windings.
As shown in the scheme, the stator and rotor positions can be estimated through the current
response of the same side or the opposite side with the same position observer designed
before. The speed loop with PI controller is omitted in the scheme, and the id = 0 strategy
is adopted in this paper. The control scheme of signal injection into the rotor windings is
similar to Figure 8 and is not repeated here.
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Figure 8. The sensorless vector control for DA-FSPM based on high-frequency voltage injection.

5. Experiment Results
5.1. The Experiment Platform

The experiment is carried out on a DA-FAPM prototype with the parameters in Table 1,
and the experiment platform is shown in Figure 9. The dynamometer that connects to the
DA-FSPM provides the load torque, and the 4096PR encoder provides the actual position
for comparing the accuracy of the position estimation. The algorithm is implemented on
the control suit, which is composed of a DC voltage source, a multi-phase inverter (8-phases
are used in the experiment), and a controller with Texas Instruments TMS320F28346 DSP.
In this paper, the voltage with a frequency of 1 kHz and amplitude of 10 V is injected into
the stator windings.

Table 1. Parameters of the DA-FSPM prototype.

Parameter Value Parameter Value
Mps 10 Ty 6
R (Q) 0.7 R, (Q) 0.66
Lsz (mH) 4.9605 L,s1 (mH) 6.3961
Lsg (mH) 5.4473 Lyg1 (mH) 7.1630
Mq1 (mH) 1.7208 L,43 (mH) 3.6681
Mgy (mH) 1.6906 Lygs (mH) 3.6974
M43 (mH) 0.4332 Mirg3 (mH) 0.4768
Ysd (Wb) 0.058 lpfrdl (Wb) 0.0923

Ypa3 (Wb) —0.0065
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Figure 9. The test platform of the DA-FSPM prototype.

5.2. Initial Position Detection Results

The experiment results of the initial position detection with the initial position set as

0.4 rad, 0.8 rad, 1.2 rad, and 1.5 rad are shown in Figure 10.
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Figure 10. Cont.
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Figure 10. The initial position detection results. (a) The actual initial is 0.4 rad. (b) The actual initial
is 0.8 rad. (c) The actual initial is 1.2 rad. (d) The actual initial is 1.5 rad.

The high-frequency pulsating voltage is injected into the stator windings, and both
the initial positions of the stator winding and rotor windings are detected. As shown
in Figure 10, under different actual initial position situations, the stator and rotor initial
positions can both be detected. With the increase of the actual initial position, the detection
results of the rotor windings are approximately the same, while that for the stator windings
differs, which is mainly reflected in the response time increases slightly.

5.3. The Position Estimation Results

The position estimation results are given in this section. The startup experiments,
speed step experiments, and load step experiments are carried out to validate the proposed
sensorless vector control method. The estimation results from the same side are based on
the differential inductance of the machine, and the results from the opposite side are based
on the mutual inductance, as analyzed before.

5.3.1. Startup Results

The startup experiment results with the reference speed set as 100 rpm are given
in Figures 11 and 12, where the load torque is 3 Nm. The former estimation results are
based on differential inductance, and the latter is based on mutual inductance, and their
performances are compared in Table 2.
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Figure 11. The startup results of estimating from the same side. (a) Speed. (b) Stator position.
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Figure 12. The startup results of estimating from the opposite side. (a) Speed. (b) Stator position.

(c) Rotor position.

Table 2. Comparison of two estimating methods.

Estimating from the Same Side

Estimating from the Opposite side

Stator Windings Rotor Windings Stator Windings Rotor Windings
Response time (s) 0.5 0.5
Steady speed ripple (rpm) +3.4 +1.8
Steady position ripple (rad) +0.03 +0.02 +0.01 +0.008
Maximum speed error (rpm) 10.54 12.16
Maximum position error (rad) 0.39 0.23 0.52 0.31
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As shown in the results in Figures 11 and 12, both methods can successfully estimate
the positions of the machine. However, the performances of estimating from the opposite
side are better than estimating from the same side, both in a steady performance and
dynamic performance, which can be proved by the comparison based on several indicators
given in Table 2. By estimating from the opposite side, the steady ripples of the speed and
position are both reduced. Although the maximum speed and position errors increased,
the speed fluctuation during the transition decreased.

5.3.2. Speed Step Results

The speed regulation performance of the algorithm is validated by the experiment
results demonstrated in Figures 13 and 14. The speed reference value is changed from
100 rpm to 150 rpm in the experiment, and the load torque is kept at 3 Nm.
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Figure 13. The speed step results of estimating from the same side. (a) Speed. (b) Stator position.
(c) Rotor position.
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Figure 14. The speed step results of estimating from the opposite side. (a) Speed. (b) Stator position.
(c) Rotor position.

The experiment results exhibited in Figures 13 and 14 are concluded and compared in
Table 3, which demonstrates the superiority of the proposed position estimation method
based on mutual inductance for the speed step condition. The response time of the system
based on estimation from the opposite side is much shorter than estimation from the same
side. Meanwhile, the steady speed and position ripples are also smaller, as well as the
oscillation during dynamic response.
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Table 3. Comparison of two estimating methods.

Estimating from the Same Side Estimating from the Opposite side
Stator Windings Rotor Windings Stator Windings Rotor Windings
Response time (s) 0.5 0.2
Steady speed ripple (rpm) +4 +2
Steady position ripple (rad) +0.11 +0.3 +0.01 +0.006
Maximum speed error (rpm) 20.8 10.75
Maximum position error (rad) 1.23 0.74 0.31 0.18

5.3.3. Load Step Results

The loading performances are shown and compared in this section by the results in
Figures 15 and 16. The load torque is changed from 3 Nm to 5 Nm at 0.2 s, and the speed
reference is kept at 100 rpm.
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Figure 15. The load step results of estimating from the same side. (a) Speed. (b) Stator position.
(c) Rotor position.
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Figure 16. The load step results of estimating from the opposite side. (a) Speed. (b) Stator position.
(c) Rotor position.

As shown in the figures and Table 4, when the load torque changes, the performance of
estimating from the opposite side is also better than estimating from the same side. When
estimated from the same side, the speed ripple during the transition is up to £6.6 rpm,
while that of estimating from the opposite side is £4.1 rpm. Moreover, the transition time
of the former is also longer by 0.25 s. The proposed method also behaves better in the
steady speed and position ripple.
In conclusion, whether estimating from the same side or the opposite side, the sensor-
less vector control for the DA-FSPM based on HFI is effective. However, when estimating
from a opposite side, i.e., extracting the position based on the mutual inductance, the
performance is better, either on the steady or dynamic performance.
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Table 4. Comparison of two estimating methods.

Estimating from the Same Side

Estimating from the Opposite side

Stator Windings Rotor Windings Stator Windings Rotor Windings
Response time (s) 0.95 0.7
Steady speed ripple (rpm) 2 +1.5
Steady position ripple (rad) +0.05 +0.03 +0.01 +0.01
Maximum speed error (rpm) 6.6 41
Maximum position error (rad) 0.12 0.07 0.1 0.06

6. Conclusions

In this paper, a novel HFI-based sensorless control method is proposed and imple-
mented on the DA-FSPM prototype, which achieves better performance by extracting the
position through the mutual inductance rather than the differential inductance of the ma-
chine. The high-frequency pulsating voltage is injected into one of the windings, and based
on the high-frequency model derived in this paper, the initial positions detection method
and position observer for both armature windings are further constructed. Both positions
estimating approaches from the same side and opposite side are analyzed and implemented.
As demonstrated in the experiment results, with the proposed mutual inductance-based
position estimation method, the steady speed and position ripple is reduced. Moreover,
the speed and load step experiments prove that the speed and position fluctuation and
the response time during the transition are also reduced. In addition, the method has the
potential to be extended to other machines with obvious mutual inductance, such as dual
three-phase PMSMs.
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Nomenclature

back-EMF Back-electromagnet force.

DA-FSPM Dual-armature flux-switching permanent magnet machine.
EKF Extended Kalman Filter.

FSPM Flux switching permanent magnet.

HFI High-frequency injection.

PLL Phase lock loop.

PMSM Permanent magnet synchronize machine.

PI Proportional-integral.

SMO Sliding mode observer.

u,i, P Matrixes of voltages, currents, and flux linkages.

R,L, M Matrixes of resistances, self-inductances, and mutual inductances.
W Matrixes of cross-coupling coefficients.

7 Parameters of the stator windings and rotor windings.

s-dq r_dlqld3q3 Parameters of the d-q axes of the stator windings and d1-q1-d3-43 axes of the

rotor windings.

srdq Coupling component of the stator windings and rotor windings.
p Differential operator

Wge, Wre Stator and rotor electrical angular velocities.

Lsa, Lsq Self-inductances of the stator windings.

Lya1, Lrg1, Lygs, Lrgz  Self-inductances of the rotor windings.
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Appendix A

Mutual inductances between the stator d-axis windings and the rotor
dl-axis windings.

Mutual inductances between the stator g-axis windings and the rotor
gl-axis windings.

Mutual inductances between the stator d-axis windings and the rotor
d3-axis windings.

Mutual inductances between the stator g-axis windings and the rotor
g3-axis windings.

Mutual inductances between the rotor d1-axis windings and d3-axis windings.
Mutual inductances between the rotor d1-axis windings and d3-axis windings.
Variable in the real and estimated rotational coordinate system.

Errors of the estimated angle and the real angle of the stator windings and
rotor windings.

Electrical angular speed, electrical angle, and amplitude of the injected voltage.

The coefficient matrix A in this paper is

where

Apn App Az A 000

Ay Ap Axp Ay 00

Az Az Az Az 0 0
A= Al
Apn Agp Ay Ay 00 4D

0 0 0 0 0 0

0 0 0 0O 0 O
Ay = Ly cos?(8se) + L;q sin? (s, ) (A2)
A1 = (Lsg — L) cos(dse) sin(6se) (A3)
A1z = 5Mgy41 c08(re) €08 (Jse) + 5Merg1 sin(Sye ) sin(Jse) (A4)
A1y = 5M,41 cos(se) sin(Jre) — 5M;,q1 cos(dye ) sin(dse) (A5)
Ay = (Lyg — L) cos(dse) sin(6se) (A6)
Agy = Ly cos?(Jse) + Ly sin®(Jse) (A7)
Azz = 5Mg cos(6re) sin(dse) — 5M;rql cos(Jse ) sin(dre ) (A8)
Ay = 5Mgrg1 c08(0re) c08(8se) + 5Mgyar sin (e ) sin(Jse) (A9)
Az = 3Mgp cos(Jre) cos(dse) + 3M;rq1 sin(dye) sin(Jse) (A10)
Azp = 3M_,41 cos () sin(Jse) — 3M;rq1 cos(Jse ) sin(dye) (A11)
Azz = Lyg c0s?(8re) + Lrg1 sin® (re) (A12)

Azy = (Lyg1 — Leg1) cos(Sre) sin(6y) (A13)
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Ag = 3Mgyq1 08(8se ) sin(bre) — 3Marg c0s(re ) sin(6se ) (A14)
Agp = 3Mgrg1 c08(3re) c08(8se) + 3Mgya1 Sin (e ) sin(Jse) (A15)
Agz = (L1 — Leg1) cos(8re) sin(6y) (A16)
Ays = Lyg1 c05? (8re) + Lyg sin? (re) (A17)
LAd _ 4(M%d13 - erlerS) (A18)
ol =
4Lde,%d13 - 30Mrd13Msrd1 Msrd3 + 15L”d3M§rd1 +15L,4 M?,dg —4Lg er3Lsd
2
I 4 (qu13 o L”'ilL"‘ﬁ) (A19)
s =
1 4LsgM2 15 — 30M 13 Myt Morgs + 15Lrg3 M2,y + 15151 M2 3 — 4Lyt Ligs Lsg
. 15M2, 3 — 4L, 43 Ly
erl = 2 2 2 (AZO)
4LSerd13 - 30Mrdl3Msrdl Msrd3 + 15L7d3Msrd1 + 15er1 MsrdS - 4er1 er3Lsd
2
. . 15MS”73 — 4L,q3qu (A21)
il =
1 4quM$q13 — 30Myq13 M1 Margs + 15Lm3M§rql + 15L,q1M§rq3 — 4Lyg1 Lyg3Lsg
MA = Z(erBMsrdl — MrdlBMsrd?)) (A22)
ST -
4Lde3d13 — 30M,413Mspa1 Msyas + 15er3Mszrd1 +15L,4 Mszrdg, — 4Lyg1 LyasLsa
~ Z(qu?)Msrql - qulBMsrqB) (A23)
srqgl =
1 ALsgMZ 15 — 30Myg13 Moyt Mgz + 15L5g3 M2, + 15,1 M2, 13 — 4Lyg1 LigsLsg
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