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Abstract—At low speed, the traditional high frequency signal
injection (HFSI) control strategy will lead to large torque ripple,
and affect the estimation accuracy of the position/speed related
to sensorless control algorithm, and finally lead to the problem
of the system stability. Based on the characteristics of seven-
phase Permanent Magnet Synchronous Machine (PMSM), this
paper proposes a new sensorless control strategy in full speed
range. In the zero/low speed range, HFSI method is applied to
the Sth harmonic subspace, which reduce the torque ripple of
the machine.. In the medium/high speed range, the sliding mode
observer (SMO) is used in the 1 harmonic subspace to estimate
the speed and position of the machine. The influences between
the two methods are effectively reduced when exchanging from
zero/low speed to medium/high speed range. Moreover, the
estimated position and speed is more accurate and the torque
ripple is smaller with the proposed sensorless control strategy.
Finally, the effectiveness of the proposed strategy is verified by
simulation results.

Keywords—Seven-phase Machine, Sliding Mode Observer,
High-Frequency Signal Injection, Full Speed Range

I. INTRODUCTION

In recent years, PMSM have been widely used due to
simple structure, high power density, high efficiency and high
reliability[1]. The high-performance drive control system of
PMSM usually needs to install a position sensor on the rotor
shaft to obtain accurate position and speed information to
achieve high quality control. However, in practical
applications, the use of position sensors will lead to the
following problems: the installation is difficult, the system
cost increases, the system volume increases and the complex
environment limites [2]. Therefore, in order to resolve these
problems caused by position sensors, the research of
sensorless control has attracted more and more attention.

At present, the sensorless control method of PMSM is
mainly divided into two types: The first method is to inject the
high-frequency voltage signal into the PMSM, and estimate
the position and speed by analyzing the high-frequency
current signal obtained by the current sensor. This method is
suitable for zero/low speed range, i.e. the back EMF of the
machine is small[3]. The second method is to estimate the
back EMF of the machine, and then analyze the position and
speed signals. This method is suitable for medium/high speed
range, including Extended Kalman Filter (EKF)[4][5], Model
Reference Adaptive (MRA)[6] and SMOJ[7]. Compared with

National Natural Science Foundation of China 52177052

Lille, France
ngacky.nguyen@ensam.eu

Wuhan, China
pengling.2001 @tsinghua.org.cn

other observer algorithms, SMO has the advantages of
simple parameter design and strong robustness, and is widely
used in sensorless control systems[8].

Compared with the traditional three-phase PMSM, multi-
phase PMSM has the advantages of high fault tolerance
and low torque ripple[9]. The sensorless control
methods of multiphase pmsm are similar to that of three-
phase machine, but the algorithm itself has particularity.
According to the characteristics of five-phase PMSM,
HFSI is applied to the third harmonic subspace, which
reduces the torque ripple of the machine[10]. For the third
harmonic current in the five-phase PMSM, the SMO
considering the third harmonic current is designed in the
middle and high speed operation stage[11]. The SMO is
combined with an adaptive band-pass filter to estimate the
position and velocity signals[12].

Based on the characteristics of seven-phase PMSM,
this paper proposes a new sensorless control strategy in full
speed range, ti.e., HFSI is applied to the 5th harmonic
subspace in the =zero/low speed range, and SMO is
used in the medium/high speed domain. Compared to
the traditional sensorless  control  strategy, the
proposed strategy can effectively reduce the torque
ripples of the machine in the zero-low speed domain and
improve the estimation accuracy of the position/speed, and
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The salient pole effects of the used machine in this paper
is very small, which can be approximated as a non-salient pole
machine. In the stationary coordinate system, the voltage
equation of the seven-phase PMSM in the fundamental space
is as follows :
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where uq1, up; are stator voltage, iq1, ipi are stator current, Ej,
Epiare emfs, R is stator resistance, L, is stator inductance.

The above variables and parameters are in the fundamental
space. And, the expression of E,, Ep; is:
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where o is the electrical angular velocity of rotor, wr is

permanent magnet flux linkage, 0 is position of rotor.

B. Voltage equation in d-q coordinate system

In synchronous rotating coordinate system, the voltage
equations of the seven-phase PMSM in the fundamental space
and the 5th harmonic subspace are as follows:
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where uai, uqi, Uds, Ugs are stator voltage, iai, iq, ids, igs are
stator current, ¥m1, ms are permanent magnet flux amplitude,
Lq1, Lgs is direct axis inductance, Lqi, Lqs is quadrature axis
inductance. Here, wuai, uqi, ia1, iqi, Wmi, Lai, Lq1 are in the
fundamental space, uas, Ugs, ids, iqs, Yms, Las, Lqs are in the Sth
harmonic subspace.

III. SENSORLESS CONTROL IN ZERO-LOW SPEED RANGE

In the zero/low speed range, this paper uses HFSI to
estimate the speed and position of the rotor. The HFSI
proposed in this paper injects a high-frequency sinusoidal
voltage signal in the direct axis, which can make the machine
produce a saturated salient pole effect, so this method can be
applied to the non-salient pole machine.

In the synchronous rotating coordinate system, the high-
frequency voltage equations of the seven-phase permanent
magnet synchronous machinein the fundamental space and the
fifth harmonic subspace are as follows :
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where udn1, Ughi, Udns, Ughs are high-frequency voltage, iani, iqni,
idns, Iqns are high-frequency current. Here, uani, tqni, dni, iqghi
are in the fundamental space, udns, Ughs, idns, ighs are in the Sth
harmonic subspace.

In (5) and (6), the voltage equation can be divided into
three parts from left to right: resistance voltage term,
inductance voltage term and back EMF term. When injecting
HF signal, the inductance voltage is much larger than the
resistance voltage. And because the o is small, the back EMF
term is much smaller than the inductance voltage. Therefore,
the resistance voltage term and the back EMF term can be
ignored. The simplified high frequency voltage equation is as
follows :
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A. HFSI in Fundamental Space
Fig. 1

coordinate system( a?l - g, ) and actual coordinate system(di-q1)

in fundamental space. Here, O is the error of the estimated
position.

shows the relationship between estimated
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Fig. 1. The coordinate system in the fundamental space

Firstly, a high-frequency voltage signal is injected into the
d, axis of the estimated coordinate system:

|:1:l’:dhl:| _ |:uinj cos whl} )
U ght 0

where uinj is the amplitude of the injected high-frequency
voltage, wn is the angular frequency of the injected high-
frequency voltage.

According to the positional relationship between
estimated and actual coordinate systems, the high frequency
voltage signal in the di-q coordinate system can be expressed

as:
u 7 dn1 X COS Blerr
dnl | _ Li dhl ) (10)
Ugpy 11 g X S1N Gerr
According to (7) (9) (10), the high-frequency current on
the g, axis can be expressed as :
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The current is then demodulated, i.e., multiplied by sin(wn
). By using A low-pass filter (LPF) the error signal &
containing the rotor position angle information can be
obtained as follows:

Ui (qu - Ldl)

Sin 28er (12)
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Fig. 2 shows the control block diagram of HFSI in the
fundamental space. When 8 is zero, ¢; is also zero, so the

position and speed of the rotor can be obtained through the
phase-locked loop (PLL).
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Fig. 2. HFSI in the fundamental space

B. HFSI in 5th Harmonic Subspace

Fig. 3
coordinate system( a75 - g5 ) and actual coordinate system(ds-gs)
in the 5th harmonic subspace.
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Fig. 3. The coordinate system in the 5th harmonic subspace

Firstly, a high-frequency voltage signal is injected into the
0?5 axis of the estimated coordinate system:

Uans | {umj oS a)ht}
Ughs 0

The derivation process of 7, is the same as that of 7.

(13)

The expression of current 7, is as follows :
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After demodulation and filtering, the error signal es
containing the rotor position angle information can be
obtained as follows:

Ui (qu - LdS )
4thd5Lq5

Fig. 4 shows the control block diagram of HFSI in the 5th
harmonic subspace. When 0. is zero, ¢s is also zero, so the
position and speed of the rotor can be obtained through the

&s=LPF (i, sinayt) = sin106ex (15)
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Fig. 4. HFSIin the 5th harmonic subspace

C. Advantages of HFSI in 5" harmonic subspace

The flux linkage and the back-EMF waveforms and the
Fourier decompositions of the seven-phase PMSM are shown
in Fig. 5 and Fig. 6, respectively [13].

Since the flux linkage and back EMF of the 5th harmonic
subspace are of very small value,. i.e. close to be zero, the
amplitude of the high-frequency torque ripples generated by
injecting high-frequency voltage signals into the 5th harmonic
subspace will be much smaller than the one in the fundamental
subspace.
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Fig. 6. Back-EMF waveform

IV. SENSORLESS CONTROL IN FULL SPEED RANGE

A. Sensorless control in medium-high speed range

In the medium/high speed range, SMO is used to estimate
the speed and position of the rotor. Substituting (1) to the
current state equation as follows :

i R, 1|y, 11| E,
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In order to estimate the position and speed of the machine,
the SMO is constructed as follows:

l’: R lA 1|uU, 1| Usmoa
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where i,,,i5 are the estimated currents, tsmoal, Usmop1 are the
sliding mode control functions.

The current error equation is obtained by ( 16 ) and ( 17).
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The sliding mode surface and sliding mode control
function are designed in (19) (20).
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where s, and sp are the sliding mode surfaces, k4 is the gain
coefficient.

(20)

When the state variables are on the sliding surface, the s
and the derivation of s are zero, and Eui=tsmoa1, Ep1= Usmop!-

Finally, the speed and position of the machine can be
obtained by PLL. Fig. 7 shows the control block diagram of
SMO in the fundamental space.
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Fig. 7. SMO in the fundamental space

B. Control Strategy in Full Speed Range

Fig. 8 shows the two control strategies in full speed range,
which are compared in this paper. At zero/low speed range,
strategy 1 employs the HFSI in the fundamental space (HFSI-
1), and strategy 2 employs the HFSI in the 5th harmonic
subspaces (HFSI-5). At medium/high speed range, the SMO
is both used in the two strategies. This paper adopts the
hysteresis switching algorithm, in order to avoid the problem
of repeated switching when the speed variate form low to
high or inverse versa. When the machine accelerates, the
switching speed is set to nu,. When the machine decelerates,
the switching speed is set to 72down.

0

Fig. 8. control strategy in full speed range

In the [#down, 7up] speed range, the HFSI and the SMO
algorithms are used simultaneously. In strategy 1, HFSI-1 will
affect the estimation of SMO, because HFSI-1 injects high-
frequency voltage into the fundamental space and generates
high-frequency current. Strategy 2 can avoid this problem,
thanks to the injection of the high-frequency voltage is done
in the 5th harmonic space, which will not affect the use of
SMO. Moreover, according to the previous analysis, in the
zero-low speed range, the high-frequency torque ripple
generated by strategy 2 will be much smaller than that
generated by strategy 1. The advantages of the strategy 2
shown above are furtherly studied and validated through the
simulations in the following part.

V. SIMULATION RESULTS

In order to verify the effectiveness of the proposed strategy,
the estimated speed, the estimated position and
electromagnetic torque under different sensorless control
strategies are compared and analyzed through the simulation
by using MATLAB/SIMULINK Fig. 9 shows the block
diagram of seven-phase PMSM sensorless control in the full
speed range. The parameters of the seven-phase PMSM used
in the simulation are show in TABLE L.

The reference speed of the seven-phase PMSM is set as
follows : In 0-1.5s, the speed is increased from Orpm to
200rpm. In 1.5-3s, the speed is maintained at 200 rpm. In 3-
4.5 s, the speed is reduced from 200 rpm to 50 rpm. In 4.5-6s,
the speed is maintained at 50 rpm. The parameters of
hysteresis switching algorithm : ny, is set to 100rpm, and #down
is set to 80rpm. The load of the machine is set to 1.5 Nm.
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Fig. 9. The block diagram of seven-phase PMSM sensorless control in full speed range
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Fig. 10. (a) Actual and estimated speed of strategyl (b) Actual and
estimated speed of strategyl (c) Speed estimation error

Fig. 10 shows the tracking of machine speed under
different control strategies. From Fig. 10 (a) (b), it can be seen
that the estimated speed of strategy 1 and strategy 2 can both
well track the actual speed. According to Fig. 10 (c), the
maximum speed estimation error of strategy 1 is 9rpm, and
that of strategy 2 is 3rpm, which is decreased more than 60%.

Position (°)

Fig. 11 shows the position tracking of the rotor under
different control strategies. From Fig. 11 (a) (b)), it can be
seen that the estimated position of strategy 1 and strategy 2
can both well track the rotor position. It can be seen from Fig.
11 ( ¢ ) that the estimated position error of strategy 2 is
decreased about 50%.
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Fig. 12. Electromagnetic torque of seven-phase PMSM

Fig. 12 shows the electromagnetic torque of seven-phase
PMSM with different control strategies. In the intervals I and
III, high-frequency voltage signals are injected into the
machine. In interval II, there is no high-frequency voltage
signal injected into the machine. It can be seen that when a
high-frequency voltage signal is injected into the machine, the
torque ripple can be effectively reduced by using the strategy
2.

Through the above simulation results, it can be concluded
that both strategy 1 and strategy 2 can achieve sensorless
control of seven-phase PMSM in the full speed range.
However, compared to the strategy 1, the strategy 2 performs
better in terms of the estimation accuracy of speed and
position, and the reduction of the torque ripples.
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Fig. 11. (a) Actual and estimated position of strategyl (b) Actual and
estimated position of strategy! (c) Position estimation error

TABLE L PARAMETERS OF THE SEVEN-PHASE PMSM
Parameter Value Unit

R (stator resistance) 0.67 Q
— Actual Position 1 L (stator inductance) 3.27 mH
— Estimated Position 1 P (pole-pairs) 6

J (moment of inertia) 0.1 kg m?

Wy (flux linkage in fundamental space) 0.068 Wb

W5 (flux linkage in 3" harmonic subspace) 0.026 Wb

VI. CONCLUSION

In this paper, based on the particularity of seven-phase
PMSM machine, a new sensorless control strategy in full
speed range is proposed. Compared to the traditional
sensorless control strategy, the new strategy injects the high-
frequency voltage signal in the 5" harmonic subspace instead
of the fundamental one. Using the new sensorless control
strategy, the high-frequency torque ripples can be reduced to
almost zero. The accuracy of the speed and the position
estimation can be improved by 150% and 100%, respectively.
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