Article

Designing Ultrahigh Frequency Motor Rotor Position Search
Coils for Electric Propulsion in Drones

Xinmin Li *©, Huan Wang, Huimin Wang, Liyan Guo and Wei Chen

check for
updates

Citation: Li, X.; Wang, H.; Wang, H.;
Guo, L.; Chen, W. Designing
Ultrahigh Frequency Motor Rotor
Position Search Coils for Electric
Propulsion in Drones. Drones 2023, 7,
181. https://doi.org/10.3390/
drones7030181

Academic Editors: Giovanni
Muscato, Jamshed Igbal, Dario
Guastella and Moussa Labbadi

Received: 16 January 2023
Revised: 27 February 2023
Accepted: 27 February 2023
Published: 7 March 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Electrical Engineering, Tiangong University, Tianjin 300387, China
* Correspondence: lixinmin@tju.edu.cn

Abstract: As the core of electric propulsion in drones, the motor has higher requirements for its
reliability and fault tolerance. Accurate acquisition of rotor position information is a prerequisite for
a motor-driven drone’s system to operate stably. Traditional search coils can provide fault tolerance
for position detection, but they cannot detect rotor position in the full speed range (stationary to
rated speed). In order to make the search coils provide rotor position in the full speed range, this
study proposes to inject an ultrahigh frequency (UHF) signal (50-100 kHz) into the search coils. By
optimizing the self-inductance of the search coil, the mutual inductance between the search coil
and the armature winding, the back electromotive force (BEMF) of the search coil, and the mutual
inductance between the search coils, the structure of the UHF search coil designed in this paper is
helpful to extract the UHF feedback signal. Finally, based on the mapping relationship between
the self-inductance of the search coil and the rotor position, the rotor position of the motor can be
detected in the full speed range. The novelty of the proposed work lies in the UHF search coil with
zero mutual inductance coupling to the armature winding, small BEMF, and low interphase mutual
inductance that can detect the rotor position in the full speed domain. Maxwell software is used
to optimize the structure of the UHF search coil, and the feasibility of the design results is verified
by co-simulation.

Keywords: optimization for design; rotor position detection; search coil; ultrahigh frequency (UHF)
signal injection

1. Introduction

As the motor is the workhorse of the electric propulsion system of drones, which are
used in an increasing proportion of civilian and military applications, its reliable operation
is crucial [1]. The permanent magnet synchronous motor (PMSM) has been widely used in
electric vehicles, drones, and household appliances because of its simple structure, high
power density, good reliability, small size, and low moment of inertia [2—4]. Real-time and
accurate acquisition of rotor position information is important in realizing a stable control
system for the PMSM [5]. The traditional position estimation method is obtained by hall
element, encoder, and other position sensors, but it is vulnerable to high temperature, dust,
and other harsh environments, which will affect the detection accuracy of the position [6-8].
Therefore, sensorless control methods of detecting rotor position have been developed
rapidly. The most common methods are the back electromotive force (BEMF) method,
inductance method, and signal injection method [9-12]. Although these methods can
obtain the rotor position by measuring the stator voltage or current, the technology will
be affected by magnetic saturation, cross-coupling, and inverter nonlinearity, resulting in
excessive calculation [13-15].

Aimed at the disadvantages of rotor position detection using position sensors and
sensorless control methods, some scholars proposed to use search coils to detect rotor
position [16,17]. The search coil and armature winding are located in the stator slot of the
motor. The rotor position is estimated by using the BEMF method, the inductance method,
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and the signal injection method for the search coil wound in the stator slot to improve the
reliability of the motor operation. At the same time, when the position sensor fails, the
search coil can also be used as a backup option, which improves the fault-tolerance ability
of detecting the rotor position in the drone’s electric propulsion system.

When the PMSM is running at high speed, rotor position can be detected by searching
the coil’'s BEMEF. Based on the mathematical model, estimating the rotor position of a PMSM
by using the mutual inductance voltage generated by the search coil in the slot on the
armature winding and the BEMF of the search coil was proposed in [18]. A system for
monitoring the temperature of the motor and estimating the rotor position was presented
in [19]. The principle is that the search coil is connected in series with the thermistor.
During operation of the motor, BEMF is generated by the search coil, and the rotor position
is obtained by measuring the induced voltage of the thermistor on the search coil. The
interior permanent magnet synchronous motor (IPMSM) design for estimating the absolute
position of the rotor was proposed in [20]. The proposed motor uses an asymmetric rotor,
so that the induced voltage of the search coil is asymmetric with the sector divided by the
number of poles, thereby obtaining the absolute position of the rotor. Although this method
can obtain the mechanical angle of the rotor, it is necessary to design an asymmetric rotor
to divide the position interval, which is not widely applicable.

When the motor is running at low speed, due to the BEMF value being small, the
rotor position can be obtained by searching the waveform characteristics of the search coil
inductance and injecting the detection signal. It was proposed in [21] that a high-frequency
voltage signal should be passed to the search coil, and the rotor position information can
then be judged by detecting the induced current in the search coil. However, the induced
current gradually decreases with the increase in frequency, which is not easy to detect
when the motor is running at high speed. RLC series resonance technology was used to
solve the rotor position in [22]: by applying sinusoidal excitation to the resonant circuit, the
modulation voltage of the search coil inductance is obtained on the sampling resistor, then
the inductance waveform is obtained through the detection circuit, and finally the rotor
position is obtained. However, this method is only effective when the motor is stationary.
When the armature winding is connected to the current, due to the mutual inductance
between the phases, the search coil is greatly impeded, and the position signal is difficult to
extract. The active band-pass filter needs to be further introduced, resulting in complex
system hardware. On the basis of [22], another method in [23] did not use resonance
technology but instead adjusted the parameters of the detection circuit to obtain the rotor
position. However, at the same time, in order to reduce the mutual inductance between the
armature winding and the search coil phase, this method reduces the maximum value of
the self-inductance of the search coil and the sensitivity of rotor position detection.

In summary, the traditional rotor position search coil cannot detect the rotor position of
the motor in the full speed range of the motor. When the ultrahigh frequency (UHF) signal
is injected into armature windings to detect the rotor position, as in [24], the estimated rotor
position is a good way to track the actual position, but this method is only applicable to the
IPMSM is in a state of power off or low speed. In order for the rotor position to be provided
by the search coil under the full speed domain of the motor, without affecting motor
operation, an UHF search coil is proposed in this paper. In this method, the UHF signal is
injected into the search coil, and then by reducing the mutual inductance between the search
coil and the armature winding, the BEMF of the search coil, and the mutual inductance
between the search coils, the structure of the UHF search coil helps to extract the UHF
feedback signal. Finally, based on the mapping relationship between the self-inductance of
the search coil and the rotor position, and the wide-range detection bandwidth provided
by the UHF signal, the rotor position of the IPMSM can be detected in the full speed range.
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2. Ultrahigh Frequency (UHF) Search Coils—Rotor Position Detection Principle
2.1. Inductance Change Due to Salient Pole Effect

The actual position of the rotor is included during the operation of a motor whose
armature winding self-inductance changes periodically. In the sensorless method, the UHF
signal injection into the armature winding is only applicable to the power-off situation or
to detect the initial position of the rotor. In order to make it possible to detect the rotor
position using the UHF signal injection method, even during the operation of the motor,
this paper proposes to detect the rotor position by using search coils.

The IPMSM has the salient pole effect, so the search coil self-inductance is related
to the rotor position and varies periodically with rotor rotation. In a motor with three
symmetrical distributions of search coils, the self-inductance of each phase is related to the
rotor position as the function of

Laa = Lo — Ly cos(20)

Lbb = LO — Ll COS(26 + 2;[)

Lee = Lo — Ly cos(26 — T) 1)
Mpe = —My — M cos(26)

M = —My — My cos(26 + 27"

Map = —My — M cos(20 — 2f)

where Laa, Lpp, and L are the self-inductance of the three-phase search coil varying with
rotor position; Maa, Mpp, and M. are the mutual inductance between the search coils; Ly
and M are the DC components of self-inductance and mutual inductance, respectively;
L1 and M; are the second harmonic amplitudes of self-inductance and mutual inductance,
respectively; and 6 is the rotor position electrical angle.

Therefore, the correspondence between search coil inductance and rotor position dur-
ing rotor movement is shown in Figure 1, and the specific rotor position can be determined
according to the difference in self-inductance of the three-phase search coil.

LA Lbb Ln Lcc

» 0

0 120° 180 240 3000 360 >0

Figure 1. Diagram of the correspondence between search coil inductance and rotor position.

2.2. UHF Signal Injection Topology

Since the inductance component is not easy to directly observe and detect, this paper
proposes to inject the UHF signal alternately into phase “a, b” and phase “b, ¢” of the search
coil. When the rotor rotates, because the self-inductance of the three-phase search coil
changes with the rotor position, the root mean square (RMS) of the partial voltage of phase
“a” and “b” or phase “b” and “c” inductance also changes with the rotor position in the
UHF circuit. By detecting the partlal voltage, the rotor position is obtained by comparison
and calculation. The motor system topology of the proposed method is shown in Figure 2.
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Figure 2. The motor system topology of the proposed method.

In Figure 2, Lwa, Lwp, and Lyc are the equivalent inductance of the three-phase
armature winding, respectively, which includes self-inductance, mutual inductance, and
mutual inductance with search coils; e4, eg, and ec are the BEMF of the three-phase armature
winding, respectively; Lsa, Lgp, and Lg. are the equivalent inductance of the three-phase
search coil, respectively, which includes self-inductance, mutual inductance, and mutual
inductance with armature windings; and e,, e, and e. are the BEMF of the three-phase
search coil, respectively.

The DC voltage Uy, injects drive current into the armature windings through the
inverter and the UHF sinusoidal voltage signal through SW; and SW;, channel signal
selection, which injects respectively into the phase “a, b” or phase “b, ¢” search coil; the
UHEF signal injection circuit and the three-phase search coil are connected by the isolation
transformers L and L,. At the same time, the excitation phase of the search coil and the
non-excitation phase UHF line voltage are detected, and the detection circuit and the three-
phase search coil are connected by the isolation transformer L3—-Ls. After the RMS of the
line voltage is calculated, the rotor position is calculated, and the calculated rotor position
signal is transmitted to the motor controller, the obtained drive signal is transmitted to the
inverter T;—Tg power device to control the continuous operation of the motor.

In order to obtain a large inductive reactance value to benefit the detection of the
partial voltage signal and provide a wide range of detection bandwidth for inductance
detection, sinusoidal voltage with a frequency of 100 kHz for the UHF signal was selected.
At the same time, in order to reduce the current on the search coil and avoid excessive
additional torque, the UHF signal amplitude was selected as 5 V to realize the normal
operation of the motor controlled by the driving current of the armature windings and
detect the position of the rotor using the UHF search coils.

2.3. Rotor Position Detection Method

The resistance value of the search coil under the UHF signal is far less than the
inductive reactance value, which can be ignored. The armature winding and search coil
have the maximum mutual inductance at the same phase, and the three-phase search
coil has phase mutual inductance. Therefore, the equivalent circuit of injecting the UHF
voltage signal into phase “a, b” of the search coil is shown in Figure 3, where M,z My,
and Mc are the mutual inductance of the search coil and armature winding in the same
phase, respectively.
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Figure 3. Equivalent circuit of phase “a, b” search coil injecting ultrahigh frequency (UHF) signal.

In Figure 3, U, rus is the RMS of line voltage of the phase “c” and “a” search coil;
and Uy, rms is the RMS of line voltage of the phase “b” and “c” search coil. Figure 3 above
shows that when phase “a, b” search coils are injected, phase “c” is open and no UHF
current passes through, I, = —I}, = Iygr. If the motor is running at this time, the current
of the armature winding is I, I, and Ic, respectively, and w is motor frequency, then the

partial voltage is

Uarvs = (U — Uan)|rRMs
= wynr * lubr - |(Mca - Mcb) - (Laa - Mab)‘
w - (Ic - [Mcc| = Ia - |[Maal)
+(3c - ea)|RMS (2)
Upc rms = (Upn — UeN) [RMS
= wunr - Iunr - [(Mpa — Lup) — (Mca — Map)|
+w - (I - |[Mpg| — Ic - |[Mcc|)
+(ep — ec)|Rms

It can be determined from Equation (2) that the line voltage RMS of search coils not
only contains the self-inductance voltage of each phase, but it also includes the mutual
inductance voltage generated by the search coil due to the armature winding, the mutual
inductance voltage between the phases of the search coil, and the line BEME, resulting in a
complex equivalent circuit model, increasing the difficulty of calculation.

Therefore, in order to detect the rotor position during motor operation and simplify the
calculation, the ideal search coil should meet the following conditions: (1) the peak value
of the self-inductance of the search coil is large to benefit signal detection and reflect the
rotor position sensitively; (2) the mutual inductance coupling between the search coil and
the armature winding is small to reduce the mutual influence between the high-frequency
signals of the search coil and the low-frequency signals of the armature winding; (3) the
BEMF of the three-phase search coil is small, so it is easy to extract the UHF feedback
signal; and (4) the search coil phase mutual inductance is small, the open side potential is
approximately equal to the neutral potential, and line voltage is approximately equal to
phase voltage.

If the search coil meets the above ideal conditions, the initial position 8, of the rotor is
determined by the method of forced positioning of a specific vector through the inverter, as
shown in Figure 4. From 0 s, the UHF sinusoidal voltage is output by sequentially selecting
the SW; and SW, channels, and the UHF sinusoidal voltage signal is injected into phases “a,
b”, “b, c”, and “a, b” in turn during control periods T, 1, T 2, and T, 3. Because the UHF
voltage signal is injected into different phases during every interval of a control period,
Tc, T¢ 2, and T, 1 have a control period difference in the acquisition time. At this time, the
rotor position has been updated to Af. If the rotor position at the last time of T 5 is 6, then
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the rotor position at the last time of T, ; is (6 Af). The equivalent circuit of the UHF voltage

signal injected into phase “a, b” is shown in Figure 5a. The phase “c” search coil is open,
and no UHF current passes through.

&
Inject  sw, .
5 - Sampling
Uab_unr
B Uca_RMS
Upe rMS
ab >
Inject SW, ngpling
Ube_unr ab_RMS
h \‘ o UcaiRMS
be >
Oe—T  ——T T 53— T1 4,—>
Figure 4. UHF sinusoidal voltage injection sequence.
L L
a aa b bb
7y 7'y
i _____ D _>_ - _I — = — — 7 7 r — _4_ - = - - ql
| |
Ugh UHF | ! l '
o | Uca RMS | | Uab_rMs !
VW || . .| | !
{ cy WL“ | | Laq '
L 1 i ON § L, aY 2228 ; oN
| | [ |
| VW I
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b F - ——— ! L _ ] _ e __J
Ly +L
2228
b C
(a) (b)

Figure 5. UHF signal simplified circuit: (a) injecting phase “a” and “b” search coil; (b) injecting phase
“b” and “c” search coil.

So, the partial voltage of the two search coils can be calculated as

uca_RMS = - aN_RMS(9 - AG)
= —wunr - [unr(0 — AD) - Laa (6 — AF) 3)
Upc rvs =  Upn rms(6 — AB)
= —wuynr - [unr(0 — A0) - Ly, (6 — AD)
The ratio of the two voltages is calculated in Equation (3), that is,
kl _ uca_RMS(9 B Ae) _ Laa(9 - AG) (4)

 Upc rms(0 — A8) Ly (0 — A6)

Therefore, the RMS of line voltage of phase “c” and “a” and the RMS of line voltage of
phase “b” and “c” reflect the relationship between Ly, and Lyy,.
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Similarly, the UHF signal is injected into phase “b, c”, the equivalent circuit when the
phase “a” search coil is open, as shown in Figure 5b. At this time, the partial voltage of the
two search coils can be calculated as

Usp rvs = —Upn_rws(0)
= —wuynr - lurr(0) - Lo (0) ®)
uca_RMS = ucN_RMS ( 6 )

= —wunr - lune(0) - Lec(0)
The ratio of the two voltages is calculated in Equation (5), that is,

b — Uab_rms(0) _ Lib(6)
uchRMS (9) Lcc (9)

Therefore, the RMS of line voltage of phase “a” and “b” and the RMS of line voltage
of phase “c” and “a” reflect the relationship between Ly}, and L.

Since Af takes a small value in a control period, in the process of obtaining the self-
inductance ratio, Taylor series expansion is carried out for cos(2A0) and sin(2A6), and the
second order truncation error is taken, that is

(6)

A8 = wTc
cos(2A0) ~ 1 @)
sin(2A0) ~ 2A0

Combining Equations (4), (6) and (7), the relationship between rotor position and the
ratio of inductance ki and k; at this moment is

_ 1 (ky—1)(3—21/3k1 A6)
fr., = jarctan [Ae(zh —4ky—2ky ky+4)+/3(ky—2k1 ko +1) (8)
+585(1=0,1,2,3)

Since the range of the arctangent angle is [-71/2, 71/2], and the range of the motor rotor
position 6 is [0, 27]. Equation (8) will have four different solutions, so the angle solution
that closest to the initial position 6 is the rotor position 6.

The UHF signal is injected into phase “a, b” in control period T, 3, and at the last time
of T 3, the rotor position is updated to 6, and k; and k; values are updated to

ky — Uab Rms(0-46) _ Ly, (0-46)

2 7 Ug rms(0—A8) Lec(6—A0) )
k — uca_RMS(g) — Laa(e)

L™ Ty rus(®) — L (0)

The relationship between rotor position and the ratio of inductance at this moment is

3(ko—1)—2v/3(k1—1) (ky+1)A8 }
2A8(ky—1) (k1 —1)++/3(ka—2k1 kp+1)
+”T7r(u =0,1,2,3)

0r., = %arctan (10)

Similarly, the above Equation (10) has four different solutions, where the result closest
to 01¢ 2 solved in the previous control period is the final result.

The UHF sinusoidal voltage is injected into phase “a, b” and phase “b, ¢” in turn, to
update the rotor position in each subsequent control period by analogy.

3. Search Coils—Design and Optimization
3.1. Search Coils—Design

The requirements of the ideal search coil that can simplify the calculation are analyzed
in the previous section. Therefore, this section proposes an optimal design method for
the search coil. By changing the search coils’ internal connection structure, the mutual
inductance with the armature winding, the mutual inductance between the phases, and the
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BEMEF can all be reduced, thereby simplifying the UHF signal injection into the search coil
equivalent circuit model and facilitating the calculation of the motor rotor position in the
drone’s electric propulsion system.

The placement of the search coils is shown in Figure 6. The search coil axis is aligned
with the three-phase axis of the armature winding to make the inductance change rule
consistent with the armature winding inductance change rule, and the actual position
information of the rotor can be directly obtained by using the search coil.

Phase A

Search coil % E—P Search coil

v> Armature winding

Phase C~ Search coil& Phase B

Figure 6. Diagram of search coil placement.

In order for the motor to have a higher power density in the drone’s electric propulsion
system, in this paper, a 48-slot 8-pole IPMSM is taken as an example for analysis. Figure 7
is a simplified schematic diagram of the motor structure with search coils. The armature
winding is located on the inner side of the stator slot, the number of parallel branches of each
phase is four, and the star connection is adopted. The search coil is located outside the stator
slot, and each phase is connected in series with four coils under the same magnetic pole.
The number of parallel branches is one, and the star connection is adopted. The neutral
point of the search coil and the neutral point of the armature winding exist independently.

Figure 7. Search coil structure diagram.
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3.2. The Search Coils and Armature Winding—Mutual Inductance Optimization

The premise that the search coil can be independent of the armature winding is that
the coupling relationship is small, that is, the induction voltage generated by the search
coil due to the armature winding is zero. Taking phase “a” as an example, the influence of
search coil connection structure on mutual inductance is analyzed. Figure 8 is a schematic
diagram of search coils with different connection structures. “A-X" represents a-phase
armature winding, and “a—x” represents an a-phase search coil, which is composed of four
coils, aj—ay, arranged in counterclockwise order in series inside the motor. “*” indicates
the dotted terminal direction of the armature winding and the search coil; if the armature
winding and search coil dotted terminals are on the same side, this is recorded as “S”, and
if they are not, it is recorded as “N”. Therefore, according to the different dotted terminal
positions, a phase search coil can include four structures, including “SSSS”, “SSNN”,
“SNSN”, and “NNNN”".

@) (b)

(c) (d)
Figure 8. Search coil different connections diagram: (a) SSSS; (b) SSNN; (c) SNSN; (d) NNNN.

The arrow indicates the current direction of the A-phase armature winding in Figure 8a.
According to the incoming current, the induced voltage of the four coils of the SSSS
structure is )

di

uAal = MAaz = uAa3 = uAa4 = Ma (11)

where M is the mutual inductance coefficient between the armature winding and the
search coil, and 1,1, Uaa2, Uaa3, and 1,4 are the induced voltages generated by aj—ay,
respectively, so the induced voltage of the phase-a search coil is
di
UAa = UAa + UAa, + UAag + Upaa, = 4Ma (12)
Therefore, depending on the connection structure, the induced voltage can be denoted
as Equation (13).
4 0y, di
Upaa =y (—1) Md— (13)
i=1 t
When the dotted terminals are on the same side, a = 2; when the dotted terminal is on
a different side, a = 1. Therefore, the relation of absolute value of the mutual inductance
coefficient between search coils of different structures and the armature winding is

|Maalssss = [Maalannn > [Maalssay = [Maalsnsy = 0 (14)

So, the SSNN and SNSN structure on the search coil induction electromotive force can
offset each other, and result in the minimum coupling relationship between the armature
winding and search coil. The amplitude of induced electromotive force on SSSS-structure
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and NNNN-structure search coils is the maximum value, which is not conducive to the
decoupling of the two signals. It can be concluded that in order to obtain the minimum
induced electromotive force, the search coil structure should have two “S” and two “N”
coils, so the search coil structure can be selected as the SSNN structure or SNSN structure.

Search coils with the two “S” and two “N” structure can also simultaneously cancel the
opposite electromotive forces of each phase. Taking the a-phase search coil as an example,
the SSNN structure and SSSS structure are analyzed and compared. If the BEMF of each “S”
coil is positive, and the BEMF of the “N” coil is negative, the above eight kinds of BEMF are
ela; = elay = —elag = —elay = v/2E cos(wt) 15
{ e?a; = e%ay = e%a3 = e?ay = V/2E cos(wt) (15)

where el ,1, el 5, el 43, and el 4 are the fundamental wave BEMF generated by coils ay, ap,
as, and a4 in the magnetic field of the SSNN structure; and €21, €200, €243, and e2,4 are the
fundamental wave BEMF generated by coils aj, ay, a3, and a4 in the magnetic field of the
SSSS structure, respectively. E is the effective value of fundamental BEMF generated by the
magnetic field on coils ajy, ap, a3, and ay.

As can be seen from Figure 8, the a-phase search coil is composed of coils a1, ap, a3, and
a4 in series. Therefore, the BEMF ¢!, and €2, of the a-phase search coil with the structures
of SSNN and SSSS are

{ ela =ela; +elay +elag +elay =0 16)

e?a = e%ay + e%ay + e?a3 + e?ay = 4v/2E cos(wt)

The algebraic sum of the electromotive force of the a-phase search coil in the SSNN
structure is zero, and the algebraic sum of the electromotive force of the a-phase search
coil in the SSSS structure is the largest, according to Equation (16). Therefore, choosing
a search coil with the two “S” and two “N” structure can not only eliminate the mutual
inductance coupling with the armature winding but can also cancel electromotive force,
which is helpful to extract the UHF feedback signal.

3.3. The Search Coils—Mutual Inductance Optimization

According to the above analysis, the UHF voltage is extracted from the three-phase
search coil, and the potential of the non-excited phase is equal to the potential of the neutral
point of the search coil under ideal conditions. Therefore, the mutual inductance voltage
generated by the non-excited phase relative to the excited phase should be zero, that is, the
phase mutual inductance coupling of the three-phase search coil is minimal. The number
of turns and pitches of coils in the motor are the same, and only the spatial position is
different, as shown in Figure 7. Mutual inductance of search coils only decreases with the
increase in distance. Therefore, mutual inductance between each phase and its adjacent
phase coils (such as Ma1p1, Mpic1, Mc1a2) only needs to be studied, and the absolute value
of mutual inductance is the maximum. Figure 9 are three-phase search coil connection
diagrams. The arrows indicate the current direction of the three-phase search coil. In the
connection diagram of the SNSN-structure three-phase search coil shown in Figure 9a, each
phase enters current respectively, and the three-phase mutual inductance coefficient is

Mab = Ma1b1 + Ma2b2 + Ma3b3 + Ma4b4 = 4M
My = Mb1c1 + szcz + Mb3C3 =+ Mb4(:4 =4M (17)
Mea = _Mclaz - MC2a3 - MC3a4 - MC4a1 = —4M
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(a) (b)

(c) (d)
Figure 9. Three-phase search coil connection diagram: (a) SNSN; (b) SSNN; (¢) SNSN_1; (d) SSNN_1.

That is, when the a-phase search coil is energized, the absolute values of the induced
electromotive force of phases “b” and “c” are both the maximum values. Therefore, this
connection structure cannot reduce the mutual inductance of any two phases of search coils.

In the connection diagram of the SSNN-structure three-phase search coil shown in
Figure 9b, each phase enters current respectively, and the three-phase mutual inductance
coefficient is

Mg, = Ma1b1 + Ma2b2 + Ma3b3 + Ma4b4 =4M
My = Mb1c1 + Mb2c2 + Mb3C3 =+ Mb4C4 =4M (18)
Mca = Mc1a2 - Mcza3 + MC3a4 - MC4a1 =0

That is, when the a-phase search coil is energized, the absolute value of induced
electromotive force in phase “b” is the largest, and the induced electromotive force in phase
“c” can cancel each other out. Therefore, this connection structure can only reduce the
mutual inductance of the phase “c” and phase “a” search coils.

The above phase “b” and phase “c” search coil connection structures move 360° and
720° of electrical angle, respectively, to obtain new phase “b” and phase “c” connection
structures, namely the structures of SNSN_1 and SSNN_1. As shown in Figure 9c¢,d,
the current is passed into each phase respectively, so the three-phase mutual inductance

coefficients of the two structures are, respectively,

{ M;gSN_l _ Mgglsnu — MSNSNLL gy 19)
NN_1 _ NN_1 _ »rSSNN_1 _
Mab - Mbc - Mca =0

For the SNSN_1 structure, when any phase search coil is energized, the absolute
values of induced electromotive forces of the other two phases are at the maximum, and
the three-phase search coil has the largest phase mutual inductance coupling relationship;
for the SSNIN_1 structure, when any phase search coil is energized, the other two phases’
induced electromotive forces can cancel each other, which is conducive to reducing the
phase mutual inductance coupling of the three-phase search coil. Therefore, the search coil
structure was finally selected as the SSNN_1 structure.

4. Simulation Results and Analysis

After obtaining the idealized structure of the search coil, the UHF signal can be injected
into the optimized search coil. Firstly, the finite element analysis (FEA) model of the UHF
search coil is established. The search coil structure is the optimized SSNN_1 structure,
which reduces mutual inductance coupling between the coils. Secondly, the drive circuit
model of Simplorer and the control circuit model of Simulink are established according
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to the UHF injection and detection method. Finally, with the help of Matlab and Ansoft
simulation software, the two are combined to verify the feasibility of the proposed method.

4.1. FEA Verification

Figure 10 shows the initial FEA motor model and the FEA motor model with the
addition of the search coils. The stator slot contains the armature winding and search coil,
the number of parallel branches of armature winding is four, and the number of parallel
branches of search coils is one. The parameters of the motor are shown in Table 1.

' Phase a
W Phase b
R Phase ¢

Search coil

Armature winding

Figure 10. Diagram of experimental system.

Table 1. The parameters of the IPMSM.

Parameters Symbol Value Unit
Pole pairs p 4 -
Slots s 48 -

Rated power P 18 kW

Rated speed n 3000 r/min

Rated torque Te 58 N-m

Stator inner radius Dy 130 mm

Rotor outer radius Dy 128 mm
Turns of search coils Ngc 4 -

The mutual inductance waveforms between the a-phase search coil of four different
structures and the corresponding armature winding are shown in Figure 11. It can be
seen that the coupling relationship between the search coils of SSSS and NNNN structures
and the armature winding reaches the maximum, and the mutual inductance between the
search coils of SSNN and SNSN structures and the armature winding is almost 0, which
can reduce the coupling with the armature winding and effectively isolate their signals.

Figure 12 shows the BEMF waveforms of search coils with four different structures,
which are consistent with the previous analysis. The BEMF amplitudes of the search coils
with SSSS and NNNN structures are the maximum value, and the search coils with SSNN
and SNSN structures can offset their BEMF and facilitate the extraction of UHF signals.
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Figure 11. Search coil and armature winding mutual inductance.
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Figure 12. BEMF waveform of different structures of search coil.

The mutual inductance waveform of search coils with SNSN, SSNN, SNSN_1, and
SSNN_1 structures are shown in Figure 13. The maximum mutual inductance coupling of
any two phases of SNSN structure is obtained. Although the structure of SSNN can reduce
the mutual inductance coupling of phase “c” and “a”, the mutual inductance coupling
between phase “a” and “b” and phase “b” and “c” reaches the maximum. The mutual
inductance of the SNSN_1-structure search coil accounts for 25.8% of its self-inductance,
and the mutual inductance of the SSNN_1-structure search coil accounts for 1.3% of its
self-inductance. Therefore, it is verified that the structure of the SSNN_1 search coil can
reduce the mutual coupling of search coils. The self-inductance corresponding relationship
between the final SSNN_1 structure of the search coils and armature winding is shown in
Figure 14.
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Figure 13. Search coil mutual inductance waveform: (a) SNSN; (b) SSNN; (c¢) SNSN_1; (d) SSNN_1.
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Figure 14. Correspondence of self-inductance between search coils and armature windings.

As can be seen from the simulation waveform in Figure 14, the self-inductance La,,
Lpp, and L of the three-phase search coil change under the same law as self-inductance
Laa, L, and Lcc of the armature winding, which can replace the armature winding to
extract the rotor position information and estimate the rotor position. At the same time, the
search coil self-induction peak-to-peak value is 540 uH at 200 Hz, with a large difference,
which can be beneficial to extract the UHF signals.

4.2. Co-Simulation Analysis and Verification
In order to verify the rationality of the method of detecting rotor position with the
UHEF search coil, Simulink and Simplorer were used to build a co-simulation model to

verify the above theory.

Compared with the ideal motor model in Simulink, the FEA model of the motor is used
in the co-simulation, which can take into account the influence of the actual electromagnetic
parameters on motor control when the motor is running. Moreover, compared with the
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finite element excitation mode in Maxwell, the power supply of the motor is no longer a
sine wave in Simulink, but is the pulse-width modulation wave obtained by the inverter.
The effect of the PWM wave on motor operation can be taken into account in the actual
control system. Therefore, the results of co-simulation are closer to the actual situation, and
the simulation results are more accurate.

The structure diagram of co-simulation is shown in Figure 15. In this paper, the FEA
software Maxwell was used to establish the motor model, Simplorer was used to establish
the driving circuit, and Simulink was used to establish the control circuit. At this point,
Simplorer is equivalent to a bridge between Simulink and Maxwell, and it can connect the
three circuits. The control circuit transmits the drive signal to the drive circuit, controls the
on-off of the power switch device, and then generates the current excitation to the motor
body. At the same time, the UHF signal in the drive circuit injects UHF voltage to the search
coil and transmits the feedback signal to the control circuit, and the FEA model transmits
the actual rotor position, torque, and speed signals to the control circuit. However, when
the FEA model provided by Maxwell was connected with Simplorer, the co-simulation
speed was too slow due to the small magnetic field division and control circuit step size.
Therefore, the FEA model of the motor in the co-simulation was replaced by the equivalent
circuit extraction (ECE) scanning method.

imulink . Simplorer Maxwell
Simulin PWM signal P iav Ipv i
Control Circuit — Drive Circuit FEA model
Voltage Detection UHF Injection

6. T o

Figure 15. Co-simulation structure diagram.

When ECE is used to extract the equivalent circuit model, ECE3 and ECER modules
are mainly used for extraction because the motor is a nonlinear model. From the above
analysis, it can be seen that the mutual inductance between the armature winding and
search coil is zero, and the two exist independently. In addition, since the ECE3 module
can only scan three-phase motors, two ECE3 modules were selected in this section to scan
the armature winding and search coil, respectively.

In the previous analysis, Maxwell software was used to build the FEA model of PMSM
and select the appropriate connection mode of the search coils. Now, taking the motor rated
speed of 7 = 3000 r/min and rated load of T1, = 58 N-m as an example, the equivalent circuit
model of armature winding and search coils is extracted, and the proposed rotor position
detection method is simulated and verified. The driving circuit is shown in Figure 16.

AT T T T T T T TG tor Measunng madel)
Equivalent circuit model! Motor Measuring model |

of armature winding |

)
. i
8 : I |
[ | ol
= = = B @;%Qi
:,:( @ :
] i

Signal exchange
F= / with Simulink
Equivalent = -

circuit model

O

of search coil

)

Figure 16. Co-simulation circuit.
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The UHF line voltage signal waveform extracted when the UHF sinusoidal voltage is
injected into the search coil in the sequence of phase “a” and “b”, phase “b” and “c”, and
phase “a” and “b” is shown in Figure 17.

Injecting ttay yurl , ] | Injecting ty, ugr |
41 I Sampling Sampling
Uab_RMS \ u
2 " ab RMS
O |
_2 L
4 | | !
S | Injecting up, vl ‘ I Tnjecting o, onr
3 4t Sampling ! | Sampling |
% 2+ Ubc_RMS Upe RMS \
= 0
2 oHf
E I | I |
-y Sampling | Sampling | Sampling | Sampling
5 Uca RMS | Uy RMS I Ucy RMS | lea RN g
0
— 7., —be— T, ——— T. 5  e—— Tos —

Time(S)
Figure 17. UHF signal injection and detection waveform.
When the motor runs within the control cycle T 1, uap_ynr is injected into phase “a”

and “b” of the search coil, and the RMS voltage of phase “c, a” u., rvs and phase “b, ¢”
Upe rRMs are sampled at the end of T 3, that is

uca_RMS(G - AQ): 2144V (20)
Upe rMs (0 — A8)= 1397 V
Substituting Equation (20) into Equation (4), k; is
ki = Uca ruis (0 = A6) = 1.535 (21)

"~ Upe rvs(8 — AB)

When the motor runs within the control cycle T 7, up. yyr is injected into phase “b”
and “c” of the search coil, and the RMS voltage of phase “a, b” u,, rms and phase “c, a”
Uca RMS are sampled at the end of T , that is

uab_RMS(G): 1.750 V (22)
ucafRMS(e): 1.786 V

Substituting Equation (22) into Equation (6), k; is

Uap_rms (0)
ky = 222220 2 — (0.980 23
2 uca_RMS(B) ( )

Therefore, according to Equation (8), it can be seen that combining (21) and (23), the
rotor position at the end of T, » can be calculated as 1.583 rad (90.71°); at the same time,
the actual rotor position is 1.571 rad (90.01°), the position electrical angle error for these
two control cycles is 0.7 degrees, and the position error is small.

When the motor runs within the control cycle T 3, #ap_unyr is injected into phase “a”
and “b” of the search coil, and the RMS voltage of phase “c, a” 1, rvs and phase “b, ¢”
Upe rRMs are sampled at the end of T, 3, that is

ucafRMS(G): 2172V (24)
ubC_RMs(G): 1.363 V
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According to Equation (9), kj and k; are

— Uy | (Gon) —
K2 = Ut sossto—a0) — 0980 25)
ki = Uca rMs(6) = 1.594
I T rms®) —

Substituting Equation (25) into Equation (10), the rotor position at the end of T, 3 can
be calculated as 1.740 rad (99.69°); at the same time, the actual rotor position is 1.729 rad
(99.06°). The position electrical angle error for these two control cycles is 0.63 degrees. This
proves that the error between the estimated angle and the actual angle is small.

According to the above calculation method, Figure 18 shows the actual rotor posi-
tion 6 st and the UHF-search coil-estimation rotor position 0 ¢st. At the rated speed of
n = 3000 r/min and rated load of T = 58 N-m, the angle error 6 error is less than 8°; there-
fore, the UHF search coil can accurately track the rotor position. Meanwhile, in order to
prove that the UHF search coil can be applied to the motor drive system, Figure 18 further
shows the stator currents ia, ip, and ic generated when the estimated rotor position is
fed back to the drive circuit. It can be seen that the three-phase stator currents all have
sinusoidal periodic changes, so the UHF search coil can detect the rotor position and control
the drive circuit to generate stator current simultaneously.

- 0'\0 —‘ges
360+ - -

240r
120

0
- gerror
10} -

710_

Error angle(°) Rotor position (°)

iA jB i(j

150

Current (A)
(=)

_150 ! 1
0 0.01 0.02 0.03

Time (s)

Figure 18. Simulation waveform of rotor position comparison, error angle, and stator current.

In order to verify that the UHF search coil can detect the rotor position in the full
speed domain, Figure 19 shows the comparison between the actual rotor position and the
estimated rotor position of the UHF search coil when rotor speeds are n = 1000 r/min,
n =500 r/min, and n = 100 r/min, respectively, and the motor is at full load. Although
the inductance signal of the search coil is not affected by rotational speed, the inductance
frequency is twice that of motor frequency, and the change speed is fast, while the frequency
of the UHF voltage signal is 100 kHz, providing a wide range of detection bandwidth. As
can be seen from Figure 19, the search coil can track the rotor position well when the motor
is at different rotational speeds. Moreover, the maximum error electrical angles are 3.2°,
2.1°, and 1.9°, respectively, which are relatively small. Therefore, this method can realize
the rotor position detection in the full speed domain.
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Figure 19. Rotor position comparison at different speeds: (a) n = 1000 r/min; (b) n = 500 r/min;
(c) n =100 r/min.

Figure 20 shows the comparison between the actual rotor position and the estimated
rotor position of the UHF search coil, and the corresponding stator currents in, ig, and
ic under light load and half load in turn, and the motor is at rated speed. It can be seen
from Figure 20 that the three-phase stator currents are also sinusoidal periodic changes,
so different loads applied to the motor will not affect the detection of the rotor position of
the motor.
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8
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<
0 5
=
O
-40 , , . .
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(a) (b)
Figure 20. Rotor position comparison at different loads: (a) Ty, = 14 N-m; (b) T, =29 N-m.

At the same time, in order to verify that the detected position by injecting UHF signals
is applicable in the full speed range, we conducted the following experiments for the rotor
speeds at n = 3000 r/min, #n = 2000 r/min, n = 1000 r/min, and n = 500 r/min, respectively,
by injecting UHF signals into the armature winding when the motor was powered off.
The photo of the experimental prototype is presented in Figure 21. The control frequency
of the controller was T, = 8 kHz. To simulate the load, an induction motor driven by an
ABB inverter was used as a dynamometer. The experimental results were acquired by a
Yokogawa DLM4058 digital oscilloscope.
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Figure 21. The photo of the experimental prototype.

When the motor is at the rated speed (n = 3000 r/min), the UHF component of any
two-phase line voltage and the RMS value of the UHF component for four control periods
are shown in Figure 22a.
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Figure 22. Experimental results at n = 3000 r/min: (a) actual position, line voltage and RMS value;
(b) speed, rotor position comparison and position angle error.

As shown in Figure 22a, by sampling the RMS value of the UHF sinusoidal voltage
at the end moments of the two control periods T, ; and T, », we can obtain the following
ratio according to Equations (4) and (6):

k1 =761/958 = 0.794 (26)
ky =1094/352 = 3.108

Substituting Equation (26) into Equation (8), the rotor position at the end of T » can
be calculated as 1.0583 rad (60.64°); at the same time, the actual rotor position is 1.1033 rad
(63.21°), the position electrical angle error is 2.57 degrees, and the position error is small.

By sampling the RMS value of the UHF sinusoidal voltage at the end moments of
control period T 3, k1 is updated, and according to Equation (9), k; and k, are

{ k; =1023/680 = 1.504 27)
ky =1094/352 = 3.108
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Substituting Equation (27) into Equation (10), the rotor position at the end of T, 3 can
be calculated as 1.3028 rad (74.64°); at the same time, the actual rotor position is 1.2508 rad
(71.67°), and the position electrical angle error is 2.97 degrees.

Figure 22b is the waveform diagram of motor speed, the comparison between the
actual and estimated position of the rotor, and the position angle error when the motor is at
rated speed. It follows that the estimated position is a good way to track the actual position.

When n = 2000 r/min, the UHF component of any two-phase line voltage and the
RMS value of the UHF component for four control periods are shown in Figure 23a.
Correspondingly, Figure 23b is the waveform diagram of the motor speed, the comparison
between the actual and estimated position of the rotor, and the position angle error.
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Figure 23. Experimental results at n = 2000 r/min: (a) actual position, line voltage and RMS value;
(b) speed, rotor position comparison and position angle error.

When n = 1000 r/min, the UHF component of any two-phase line voltage and the
RMS value of the UHF component for four control periods are shown in Figure 24a.
Correspondingly, Figure 24b is the waveform diagram of the motor speed, the comparison
between the actual and estimated position of the rotor, and the position angle error.
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Figure 24. Experimental results at n = 1000 r/min: (a) actual position, line voltage and RMS value;
(b) speed, rotor position comparison and position angle error.

When n = 500 r/min, the UHF component of any two-phase line voltage and the
RMS value of the UHF component for four control periods are shown in Figure 25a.
Correspondingly, Figure 25b is the waveform diagram of the motor speed, the comparison
between the actual and estimated position of the rotor, and the position angle error.
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Figure 25. Experimental results at n = 500 r/min: (a) actual position, line voltage and RMS value;
(b) speed, rotor position comparison and position angle error.

The above experimental waveform verifies that when the motor is powered off, the
armature winding can detect the rotor position in the full speed domain when the UHF
signal is injected into the armature winding.

The search coil is similar to the power-off armature winding and does not participate
in the operation of the driving motor. When the inductance of the search coil changes with
the rotor in the same way as the armature winding, the rotor position information will be
detected by injecting the UHF signal into the search coil, so the search coil can detect the
rotor position instead of the armature winding. Although the current conditions do not
support experimental verification of the search coil, a prototype will be manufactured in
the future to verify the feasibility of the proposed method.

5. Conclusions

In order to improve the reliability of drones’ electric propulsion system operation,
IPMSM with high reliability is studied in this paper. This paper proposes to inject a
UHEF signal into the search coil to detect the rotor position at the full speed domain
because the traditional position sensor of the IPMSM is affected by the environment,
and the traditional search coil has a small application range. The proposed method has the
following advantages:

1.  The search coil self-inductance is large and can sensitively reflect the rotor position;

2. Mutual inductance between the search coil and armature winding is small, and the
coupling relationship between the two coils reaches the minimum, which does not
affect the normal operation of the motor drive system;

3. The equivalent circuit model with the calculation of UHF signal injection into the search
coil is simplified because the search coil has less mutual inductance between phases;

4. By searching the mapping relationship between search coil self-inductance and rotor
position, as well as the wide detection bandwidth provided by the UHF signal, the
rotor position can be detected in the full speed domain and under different loads.
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