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technique is used to detect the rotor initial position. In this first
step study, the position estimation is derived from a HF current
injection by using only one filter. When the rotor speed goes up to
a certain value where back-EMF can provide adequate
information, a back-EMF observer will dominate. Thanks to this
structure, the mechanical sensor can be engaged using the best
estimates and the developed control method is fast, simple, and
flexible. The effectiveness, superiority, and performance of the
proposed control method and extensive simulation results are
provided on a 1 kW permanent magnet synchronous motor drive,
demonstrating the expected performances.
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1 Introduction

Over the past decades, numerous control strategies have been developed for electric drives control to ensure
high precision and less complexity [1]. A novel concept for multi-motor drive systems, based on utilisation of
multi-phase machines and inverters, has been proposed recently in [2]. Currently, permanent magnet
synchronous motor (PMSM) drives are replacing classic dc and induction machine drives in a variety of
industrial applications. Due to the advantages in efficiency, power density, reliability and so on, permanent
magnet synchronous motor (PMSM) has been considered to have great potential to compete with the
asynchronous motor in electric drive system and other application areas.

The sensorless concept has been well researched in the literature for the past four decades. Many
advantages of sensorless AC drives such as reduced size, reduced hardware complexity, low cost, increased
noise immunity, cable elimination, increased reliability and decreased maintenance. These approaches can be
classified into two categories: the fundamental model-based methods for high-speed range and the high
frequency injection (HFI) method based on the saliency for low-speed range.

The fundamental-model-based methods are available in the medium- and high speed ranges, while the
saliency-based methods are able to track the position at standstill and low-speed ranges [3]. Based on when
the high frequency carrier signal is injected, the HFI schemes can be further divided into two approaches,
which are; stationary reference frame injection and synchronous reference frame injection.

These schemes are more suitable for the zero and low speed regions as the techniques used are independent of
motor parameters. Herein, we address both existing problematic:
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=  Ensure stable and robust motor operation in the low speed area without a mechanical sensor;
= Reach comparable level of performance between operation with sensor and without sensor at low and
zero speed.

There are several works and methods to implement the speed sensorless controller in the literature, these
include; adaptive fuzzy robust control [4]; model reference adaptive system (MRAS) [5]; sliding mode
observer [6], extended kalman filter [7]; direct torque control [8]; HFI methods [9], etc. Due to the problem at
zero speed estimation for these methods which is based on the model-based techniques of the machine, the
fundamental component model technique relies on the position and velocity dependency of the back-
electromotive-force (back-EMF) [10] of the motor. These techniques present a general problem at standstill,
the back electromotive force [10-11], is zero amplitude when the machine rotates at low speed, so we cannot
distinguish between the real component of the back-EMF and noise signal.

The back-EMF based sensorless algorithm is mature enough and has already been combined with vector
control strategy in industrial applications. The performance of the back-EMF based sensorless vector control
is mainly determined by the sensorless algorithms with respect to the position and speed estimation. Recently,
the back-EMF based methods are only intended to be operated in medium to high speed range [11]. In the low
speed region as the back-EMF is reduced, the influence of parameter variations and measurement noise become
more important. These effects can cause the performance of the model based schemes to degrade and at zero
speed even become completely instable. To addresses the aforesaid problems, a hybrid sensorless control
algorithm is proposed in this paper to control in full speed rang of PMSM drives. The main contribution of this
work are to prevent speed overshot in start-up time of the motor and provides a better dynamic response in
transient states. In addition, this study, in order to eliminate distortions caused by hybrid sensorless control
method, due to its simplicity and good stability has been preferred for the estimation of the speed and position.
In this paper, an improved (HFI - back-EMF) based hybrid sensorless control strategy is proposed, which
overcomes the limitations of the conventional Back-EMF based algorithm at low and zero speeds ranges.
Thanks to the usage of a HFI approach, the computational burden of the whole hybrid sensorless algorithm is
reduced.

The proposed method is to show the strategy hybrid speed sensorless control (HSSC) for PMSM drives
combining HFI [12-15] and Back-EMF [16-17] techniques over the full speed range. In this work, the transient
and steady state performances of the proposed HSS control algorithm with the combination of a vector
controller, two different virtual sensors: HFI estimator and and back-EMF observer, shows satisfactory results
for all the previous performance indicators, which demonstrates the superiority and effectiveness of the
proposed control method. This paper is organized as follows: Section 2 describes the control model and
algorithms of PMSM drives using two different estimators: HFI estimator and back-electromotive-force
observer and also employed hybrid speed sensorless control for PMSM. Section 3 gives a detailed description
of the proposed scheme of the hybrid sensorless control algorithm. Section 4 shows the simulation results of
the proposed hybrid sensorless scheme, and finally, some conclusions on this study are drawn in Section 5.

2 Model-based estimation and proposed hybrid sensorless combined HFI-BACK-EMF
2.1 The mathematical model of PMSM

The part describing the electrical dynamics can be expressed as [16]:

MR i R

Rs and L are stator resistance and inductance,

p is the differential operator

i and vare stator currents and voltages inaf3 ,

e, , e :back-EMF and are given by.
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{ea =-y ,w,sinb, o

ey =—y w,cosb,

w, = pw, the electrical rotor angular velocity,
¥ , : the flux linkage of permanent magnet and

6, : the electrical rotor position. Assume that the rotor speed changes slowly during the sample period, the

back-EMF components:

e, =—wey,
{ . (©)
ey =-we,
The equation of electromagnetic torque is:
T, =w+B w+T, 4)

J': the moment of inertia, B, : the coefficient of friction
The T, can be simplified as follows with magnetic orientation control strategyi, =0:

T, and T, are electromagnetic torque and load tor

em

J J ®)
C,, : the torque coefficient at rated flux.

2.2. HFI-Estimator

If L, differs from Lq , it is possible to estimate the rotor position by superimposing to the low frequency
excitation of the PMSM [18]. The stator voltage model in the dq is:

Va R, 01, P —W |V,
= +
v 1Tlo R i | lw p |, (6)
74 L 0 |: "
d|_|"a .d + 4 R
v, 0 L, |i, 0
Transforming (6) into the stationary reference frame (wr=0):

i el e L]

The magnetic flux is:
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This voltage injection technique is often called "o, B" injection because the rotating voltage signal is applied
in the stationary frame "a, B". Figure 1 shows the rotating voltage vector that is applied in the stator reference
frame.

Figure 1. Rotating HFVI in the stationary reference frame.

The effects of the permanent magnet flux linkages and the stator resistance can be neglected for high frequency
signals. The equations high frequency currents are [9]:

I | |1 cos(w,t)+1,, cos(26, — w,t)
iy | I, sin(w,2)+ 1, sin(26, — w;t) ©

With:

Vvi

L +L,) e, -1,)
Y 2eLL, " 20LlL,

Equation (9) proportional to the saliency (Lg-Ld) and contains on the rotor position information 26r [9]. The

6 can be obtained by:

l

0 = larctg(l‘ij (10)

2 a
When a HF voltage is applied to the machine windings, the resulting HF current signal contains the rotor
position information. By demodulating those currents, the rotor position can therefore be estimated [9]. In
addition, electric power quality phenomenon basically incorporate unbalanced voltage and current flickers,
harmonics, voltage sag, swell, and power interruptions [19]. In order to reduce the computational burden of
the estimation, a simplified version is displayed in Figure 2. It consists of using only one fourth-order low-
pass filter (LPF) and one rotation. The low-pass-filter is used to attenuate the low frequency excitation
component.
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Figure 2. Simplified method for rotor position and speed estimations.

2.3. Back-EMF Observer
For purpose of a back-EMF observer, the salient PMSM is modelled as [19]:

d isa 1 - Rs - W(Ld - Lq ) isa 1 -1 0 esa 1 vsa
atli 1T A R +— (11)
dt|iy | L, W(Ld -L, ) - R, ig| L, 0 —ljeg| L,| vy

R AR 2

e cosd

With

Where (e) is the extended EMF.

dli 1[-r -17; kyle 11
_ sa - A sa + (24 -' +_ ' _ ~ L —L .' 13
dt |:ésa} Ld |: 0 _0:||:éxa:| |:k0!2:|lm Ld |:0:|(v““ W( ‘ q)l“ﬁ) ( )

Figure 3 shows the relative positions of flux and back-EMF vectors in the aff reference.

B

<1

Figure 3. Flux and back-EMF vectors.

i -R 171 k, 1o 1
d jﬂ :L{ s } jﬂ + 7 isﬂ+L{ }(vsﬂ—v”v(Ld—Lq 'm) (14)
dt € L,[ O -0 € kﬁz L,|0
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Where
iia :isa_%sa (15)
lsﬂ = lsﬁ’ - lsﬂ
In case of no salient L, = L, = L, the estimation errors is written as [20]:
d Za _ al & l ta
mEe L L~ (16)
L%sed |k, 0 |L%al
d lvﬂ k - —— ls‘ﬂ
2l 7 SR A (17)
L sp L kﬂZ 0 __esﬂ_
Where
,é; = AY - eY
{;“ e (18)
esﬂ - esﬂ - evﬂ
Koiskyrskg s kg, are the observer gains.
Using the Eq.(17), the estimated EEMF can be expressed as follows:
e, =—we
.sa sp (19)
ey=0e,
From Eq.(17), the adaptive EMF-observer is:
ésa = _é)és‘ﬁ L(ésa - és‘a)
. (20)
ey =—0e, —L(esﬁ —eéﬁ)
Where L is a positive observer gain. The error dynamics are:
bu=-B0,~ L8,
a 74 a (21)

2.4. Design of the hybrid sensorless controller combined HFI-BACK-EMF

The hybrid controller design for PMSM model plays a very important role in the operating system
performance. This will guarantee complementary of operation in case of mechanical sensor loss or fault. The
selection mechanism can be based on selection algorithms as shown in the block diagram below of Figure 4.
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Figure 4. Block diagram of the Hybrid speed controller.

The hybrid sensorless will be based on the appropriate selection of estimators depending on the speed region
as displayed in the following diagram. The operating point of the HFI estimator is set when (Q <109 Qn).
Above 10% Qn (Q)IO% Qn), only the back-EMF observer is used. The hybrid sensorless control model of
PMSM is shown in Figure 5.

BACK-EMF HFI BACK-EMF

»
»

-Q, -10% Q, 10% Q, Q (rad/s)

Figure 5. Combination of virtual sensors on the whole speed range.

3 Simulation results

The proposed hybrid sensorless vector control of PMSM by using HFI and back-EMF methods was
simulated in Matlab/Simulink software. The PMSM is controlled by a PWM voltage source inverter using
vector control strategy. The current control algorithm is carried out every 100 ps, and the speed control loop is
carried out every Ims. Tests are carried out under a load torque of 3.2 N.m. The parameters of the PMSM are

listed in Table 1.

Table 1. PMSM Characteristics.

Symbol Definition Value
P Nominal power 1.1 kW
Qn Nominal speed 356 rad/s
Ty Load torque 3.2 Nm
P Pole pairs 3
I Nominal current 59A
Rs Stator resistance 1.65 Q
Ld d axis inductance 3.510-3H
Lq q axis inductance 4.510-3H
Y Magnetic flux 154 10-3Wb
f Viscous friction 509 10 -3 Nm/rad
J Moment of inertia 6.4 10-3 kg/m?
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The results of these tests are shown in Figure 6 for the HFI sensorless at 30rad/s. Figure 7 shows the speed and
position wave forms of the proposed back-electromotive-force sensorless method at 157rad/s. Solid lines
represent the actual rotor speed/position, and dashed lines represent the estimation. We can also notice the
rapid convergence of the two estimations under load torque.
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Figure 6. HFI sensorless simulation results at 30[rad/s] under load torque.
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Figure 7. Back-EMF sensorless simulation results at 157[rad/s] under load torque.

To evaluate this hybrid sensorless control, from 0 to 10 at 157 rad/s and a nominal torque of 3.2 Nm is applied
in this test. Figure 8 show the hybrid sensorless simulation results at full speed for PMSM under nominal
torque (3.2 N.m) of measured speed, estimated speed and its errors, measured, estimated rotor electric position
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and its errors, stator current components respectively. As seen from the Figure 8, the hybrid sensorless control
is assumed from zero to 10 rad/s (corresponding from Os to 1s), with high frequency voltage signal injection
method; when exceeding 10% of the nominal speed (corresponding from 1s to 2s), only the back electromotive
is lower than 0.15rad. These results show the
performances of the mechanical rotor speed and rotor electric position tracking capabilities of the hybrid

force observer works. The rotor electric position error

sensorless.
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Figure 8. Hybrid sensorless results at full speed for PMSM under nominal torque of the proposed

control met

For comparative analysis, every aspect of the simulation results is analyzed and visualized graphically. In order
to cope with such challenges, a novel hybrid strategy of (HFI-EMF) is proposed that provides advantages over
peak time, improved settling time, controlled

used in literature algorithms: fewer current ripples, short

hod.

overshoot regarding speed variations, and an overall improved estimation.
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Simulation tests are performed to evaluate the robustness of the hybrid sensorless to the stator resistance Rs
and inductance Lq variations on the whole operating range. An analytical study is derived to support the
robustness assessment. Figure.9 we display the results of the hybrid sensorles robustness in case of permanent
magnet synchronous motor drive parameter variations under load torque (2 Nm).
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a) Speed and Position estimation under Rs variation (+50 %)
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Figure 9. Hybrid sensorless robustness to parameter variations of PMSM under torque of the
proposed control method.

As a conclusion, very acceptable results are obtained in simulation tests at different speed/torque ranges despite
the variations of inductances and resistances, which confirms the machine parameters insensitivity of the
procedure estimation strategy proposed. In general the overall estimate by the proposed method is simple,
flexible and improved.

4 Conclusion

In this paper, we have investigated the possibility to implement a mechanical hybrid speed sensorless
control for a PMSM drive system in full speed range. The proposed hybrid sensorless algorithm estimates the
rotor position and speed are primarily divided into two categories: from a back-electromotive-force for medium
and high speeds, together with a high frequency injection technique, which only works at zero or standstill and
low speeds. The combining function provides a seamless transition between the HFI and the back-EMF
schemes. This method is well-suited for startup processes at low speed and the transition to high speed of the
sensorless control, which ensures a good robustness and adaptability of the whole control system. Simulation
results show the feasibility of the proposed strategy, and confirm that the method is efficient at in full speed
range and at standstill. In addition, hybrid sensorless control algorithm shows greater robustness to parameter
variations than the traditional controller.
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