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Abstract Traditional sensorless control has the problem that the accuracy of rotor 
position estimation depends heavily on the precise motor parameters. In this paper, a 
sensorless control method based on search coils are proposed for six-phase permanent 
magnet synchronous motor to eliminate the interference of motor parameters on rotor 
position estimation. Firstly, the mathematical model of the search coils is described, 
and the key inductance parameters of the search coils are deduced. Secondly, on the 
basis of analyzing the induced potential of the search coils, a potential compensation 
term was introduced to eliminate the potential interference of the transformer under 
different load conditions, and the rotor position angle was calculated based on the 
phase-locked loop (PLL). Finally, the effectiveness and feasibility of the control 
algorithm are verified by simulation and experiment. 
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1 Introduction 

1.1 A Subsection Sample 

High power density, high adaptability, high reliability, high precision, low emis-
sion and multi-functional composite are the target requirements of motor system 
performance for the development of energy power and transportation [1]. Multi-
phase permanent magnet synchronous motor (PMSM) not only has the advantages 
of high power density, fast dynamic response, high efficiency and large torque inertia 
ratio, but also can increase the output power of the motor and have the ability of 
fault-tolerant operation without increasing the power level of the power device. It 
has broad application prospects in ship electric propulsion, multi-electric/all-electric 
aircraft and rail transit [2]. 

Accurate rotor position information is the key to achieve high performance control 
of PMSM. Position sensors are often installed on the motor shaft to detect the rotor 
position of the motor in real time, such as photoelectric encoder, resolver and Hall 
sensor. The use of position sensors not only increases the cost and volume of the 
system, but also reduces the immunity and reliability of the system. More impor-
tantly, some special applications cannot install position sensors, such as shaftless 
propulsion systems. Therefore, the sensorless control of PMSM is widely used in 
various industrial occasions [3], 

The position sensorless control based on the search coils has attracted attention 
due to its low cost, strong immunity and independence of motor parameters. The 
search coil is a group of windings laid in the stator slot of the motor. It was first 
used to obtain the distribution of the air gap magnetic field [4, 5], and then extended 
to fault diagnosis [6, 7] and sensorless control [8–10]. Classical sensorless control 
includes high frequency injection method [11], back electromotive force method 
[12], model reference adaptive observer method [13, 14] and so on. Because the 
observation accuracy of these algorithms depends heavily on the accuracy of the 
motor parameters, it is difficult to guarantee the control effect in the case of complex 
working conditions and high reliability requirements. Since the search coil does not 
participate in energy conversion, the parameters are not easy to change. Therefore, 
the position estimation accuracy based on the search coil is not sensitive to the change 
of motor parameters. Consistent with the classical sensorless control, the sensorless 
control based on the search coils can calculate the position information of the motor 
at zero low speed and medium high speed respectively through the salient pole model 
and fundamental wave model of the motor. The method based on the salient pole 
model obtains the position signal by injecting high frequency voltage signal into the 
search coils. Reference [15] injected high-frequency square wave pulse signals into 
three search coils on the stator slot of the switched reluctance motor, and estimated 
the rotor position by using the mutual inductance characteristics between the main 
winding and the search coils generated by the convex polarity of the rotor. The method 
based on the fundamental wave model is to obtain the rotor position of the motor by 
solving the air gap magnetic field induced by the search coils. In Reference [16], a
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direct rotor position calculation method based on the back electromotive force (EMF) 
of the search coils are proposed for the permanent magnet synchronous motor, which 
eliminates the error caused by the change of parameters such as stator resistance. 
At present, the search coils are mainly used for fault analysis, and the research on 
position sensorless is rarely involved. In view of its application advantages in high 
reliability occasions, it is worth further study. 

In this paper, a position estimation algorithm based on search coils and phase-
locked loop is proposed for six-phase PMSM, so as to realize sensorless control. 
On the basis of expounding the mathematical model of search coils and deducing 
the key inductance parameters, the compensation term is introduced to eliminate 
the interference of transformer electromotive force, and the rotor position angle is 
calculated based on phase-locked loop. Simulation and experimental results verify 
the feasibility and effectiveness of the control algorithm. 

2 Mathematical Model of Six-Phase PMSM 

The driving circuit of the six-phase PMSM is shown in Fig. 1.The six-phase winding 
consists of two sets of three-phase windings with a phase shift of 30°. 

Six-phase PMSM can be equivalent to two three-phase PMSM decoupling control 
by double dq coordinate transformation, which has a clear physical concept. With 
the application of the constant amplitude transformation matrix, the mathematical 
motor model of the ABCXYZ coordinate is transformed into the α1β1 and α2β2 

coordinate systems, and then transformed into the d1q1 and d2q2 coordinate systems 
with the application of the rotating coordinate transformation matrix. The relationship 
between the various coordinate systems is shown in Fig. 2. 

In the double dq coordinate system, the voltage equation of the six-phase PMSM 
can be expressed as: 
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Fig. 1 Driving circuit 
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where ud1,uq1, ud2,uq2 are the DC voltage components in two sets of synchronous 
rotating coordinate system respectively. ψd1, ψq1,ψd2,ψq2 are the corresponding 
flux components; id1,iq1,id2,iq2 are the corresponding current components; ωe is the 
electric angular velocity; p is a differential operator. 

The flux linkage equation is expressed as: 
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where ψ f is the flux linkage of permanent magnet; Ld is a direct axis synchronous 
inductance; Ldd is the mutual inductance between two sets of d-axis windings; Lq is 
quadrature axis synchronous inductance; Lqq is the mutual inductance between two 
sets of q-axis windings. 

The torque equation is expressed as: 

Te = 1.5pn(iq1ψd1 − id1ψq1 + iq2ψd2 − id2ψq2) (3) 

3 Search Coil Principle 

3.1 Search Coils Mathematical Model 

The search coils proposed in this paper is two windings with orthogonal electrical 
angles. The rotor position estimation can be realized by its induced potential in the 
open circuit. The potential is composed of the transformer potential generated by 
the alternating magnetic field of each phase stator winding and the rotating potential 
generated by the rotation of the permanent magnet. It can be expressed as:

[
uw1 
uw2

]
= M2×6pi6×1 + ψfωe

[
k cos(θe + pnΔθ ) 

k cos
(
θe + pnΔθ + π 

2

)
]

(4) 

where uw1 and uw2 represent the induced electromotive force of the search coil w1 and 
w2 respectively; the coefficient k depends on the amplitude of the induced potential 
of the search coil under no-load condition. Δθ is the mechanical angle between the 
search coil w1 and the A-phase winding of the six-phase PMSM, which is determined 
by the position of the search coils added to the stator.
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i6×1 =
[
iA iB iC iX iY iZ

]T 

M2×6 =
[
MAw1 MBw1 MCw1 MXw1 MYw1 MZw1 

MAw2 MBw2 MCw2 MXw2 MYw2 MZw2

]
=

[
M1 

M2

]

where Miwj is the mutual inductance parameter value between the i-phase winding 
of the stator and the search coil wj. i represents each phase winding of the stator, 
and wj represents the search coil w1 and w2. M1 is the row vector composed of the 
mutual inductance parameters between the search coil w1 and the stator windings; 
M2 is the row vector composed of the mutual inductance parameters between the 
search coil w2 and the stator windings. 

Due to the large difference between the number of turns of the search coil and 
the number of turns of the stator winding, usually up to dozens of times, the mutual 
inductance value is not equal to the simple product of the stator self-inductance 
and the angle cosine value, which needs to be re-derived. At the same time, special 
attention should be paid to the influence of pitch factor and turns. 

The space fundamental magnetic potential Fag1 in the two-pole motor is: 

Fag1 = 
4 

π 
Ni  

2 
cos θa (5) 

where N is the number of turns of the stator winding; θ a is the distribution angle 
with the stator coil magnetic pole axis as the reference zero point. 

The corresponding air gap flux density Bag1 is: 

Bag1 = μ0 
Fag1 
g 

= 
2μ0 Ni  

πg 
cos θa (6) 

where μ0 is the air permeability; g is the air gap length. 
The fundamental air gap flux ϕp per pole is: 

φp = l
∫ π/2 

−π/2 
Bag1rdθa (7) 

where r is the radius of the rotor; l is the axial length of air gap.
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The air gap inductance L of the coil is: 

L = 
ψ 
i 

= 
N φp 

i
= 

4μ0 N 2lr 

πg 
(8) 

For the multi-pole distribution winding with the pole pair of pn and the number of 
turns in series of N1 and the winding coefficient of kw1, N is replaced by the effective 
number of turns per pole (kw1N1/pn) in Formula  (8), and the air gap inductance can 
be obtained as: 

L = 
4μ0lr 

πg

(
kw1 N1 

pn

)2 

(9) 

Therefore, for the two sets of windings with winding distribution factors of kw1 and 
kw2 and turns of N1 and N2 respectively in the same motor when the magnetic pole 
axis insulation angle is α, the mutual inductance of the two sets of windings is: 

M12 = 
4μ0 

π

(
kw1 N1 

pn

)(
kw2 N2 

pn

)
lr 

g 
cos α (10) 

The general ratio between mutual inductance M12 and air gap inductance L is: 

M12 

L 
= 

kw2 N2 

kw1 N1 
cos α (11) 

According to Eq. (11), the mutual inductance parameter value between the stator 
winding and the search coil can be calculated by the air gap inductance of each stator 
winding. 

3.2 Rotor Position Estimation Based on Search Coils 

The induced potential of the search coils consists of two parts, which are the trans-
former potential of the first term and the moving potential of the second term in 
Eq. (4). The information of the rotor position estimation only exists in the moving 
potential, and as the load increases, the amplitude of the transformer potential will 
also increase, and the proportion of the moving potential will decrease, so the inter-
ference to the rotor position estimation will also increase. Therefore, it is necessary 
to compensate the induced potential of the search coils to eliminate the transformer 
potential.

[
uc_ T1 
us_ T1

]
=

[
uw1 
uw2

]
− M2×6pi6×1 = ψfωe

[
k cos(θe + pnΔθ ) 

k cos
(
θe + pnΔθ + π 

2

)
]

(12)
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Fig. 2 Double dq coordinate 
transformation of six-phase 
PMSM 
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Fig. 3 Control block 
diagram of rotor position 
estimation based on search 
coils 

sin 

The rotor position angle can be obtained by inputting the induced potential after 
potential compensation into the phase-locked loop. In the induced electromotive 
force, the sine and cosine functions of θ̂e are multiplied by the cosine and sine of the 
estimated value of the rotor position, and the error ε between the actual value and 
the estimated value is: 

ε = sin θe cos θ̂e − cos θe sin θ̂e = sin(θe − θ̂e) (13) 

Finally, ε can output the estimated rotor position through the PI regulator. The rotor 
position estimation control block diagram based on the search coils is shown in Fig. 3. 

The six-phase PMSM sensorless vector control block diagram based on the search 
coils are shown in Fig. 4. The rotor position estimation and speed estimation are 
obtained by processing the search coils voltage u and the motor phase current i 
obtained by sampling. The rotor position estimation is used to realize the coordinate 
transformation, which is used to realize the double closed-loop vector control of the 
motor speed and current based on i∗d1 = 0, i∗d2 = 0. 

4 Simulation and Experimental Verification 

In order to verify the effectiveness and feasibility of the proposed control strategy, a 
model is built for simulation verification, and compared with the experimental results 
of the actual six-phase permanent magnet synchronous motor. The six-phase PMSM 
parameters used are shown in Table 1.
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Table 1 Parameters of 
six-phase PMSM Parameter Value 

Phase number m 6 

Polar logarithm pn 12 

Rated speed n (r/min) 500 

Direct axis inductance Ld (mH) 0.985 

Quadrature axis inductance Lq(mH) 0.985 

Winding leakage inductance L0(mH) 0.039 

Stator winding resistance Rs(Ω) 0.07 

Permanent magnet flux linkage ψ f(Wb) 0.2235 

4.1 Simulation of No-Load Condition 

In order to verify the feasibility and effectiveness of the control strategy under no-
load, the simulation experiment is carried out under the condition of no-load and 
speed of 300 r/min. The steady-state simulation and experimental results are shown 
in Fig. 5. In order to verify the dynamic performance, the speed dynamic acceleration 
simulation is carried out. The speed gradually increases from 100 r/min to 300 r/min 
at 13.5 s, and gradually decreases from 300 r/min to 100 r/min at 108 s. The simulation 
results are shown in Fig. 6. 

Fig. 4 PMSM sensorless 
vector control block diagram

PWM inverter 
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Fig. 5 Simulation and experiment results in steady state process

4.2 Comparative Analysis 

The position tracking error based on the search coils is further extracted from the 
experimental waveform. As shown in Table 2, the position error is 0.15 rad. For the 
static and dynamic position tracking error performance of multi-phase permanent 
magnet motor sensorless control, Table 2 shows that the maximum steady-state posi-
tion error is 2.39%, the steady-state speed error is less than 1 rpm, and the dynamic 
speed error is less than 2 rpm, which more effectively verifies the feasibility of rotor 
position estimation of permanent magnet motor based on search coils.
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Fig. 6 Simulation and experiment results of dynamic speed up and down process

Table 2 Position tracking 
error analysis based on search 
coils 

Project Experimental analysis results of 
position tracking error 

Experimental steady-state 
speed error 

0–1 rpm 

Experimental dynamic speed 
error 

0–2 rpm 

Experimental position error 0.15 rad 

5 Conclusion 

The sensorless control of six-phase PMSM can be realized based on the search coils. 
And the rotor position obtained based on the search coils is independent of parameters 
such as stator resistance. Therefore, the temperature rise of the motor and the change 
of the environment will not affect the accuracy of position estimation. This provides 
a new idea for rotor position estimation of multiphase permanent magnet motors 
applied to shaftless propulsion systems.
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