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ABSTRACT

Switched reluctance motor (SRM) is an attractive candidate for many industrial and
domestic applications such as electric vehicles and home appliances. Rotor position
detection is of significant importance for SRM control. However, external position
sensors like absolute encoders and magnetic sensors reduce the reliability of SRM drive
system in hash environments and increase the cost. Therefore, position sensorless control

becomes a promising technique for SRM.

In this thesis, a new position sensorless control method for SRM is proposed to estimate
rotor position and speed. Sliding mode observer is adopted at high speed and pulse
injection method is adopted at low speed. Both of the two methods are adopted with a
motion model based on the third order phase locked loop to improve the dynamic
tracking performance. The analysis method of the proposed position sensorless method is

also presented.

Both simulation and experiment results are presented to verify the proposed sensorless
control method. The simulation results show that the proposed method can precisely
estimate rotor position and speed with short response time. Experimental results further
demonstrate the reliability and effectiveness of the proposed positon sensorless control

method.
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Chapter 1

INTRODUCTION

1.1. THE FEATURES OF SRM DRIVE

Switched reluctance motor (SRM) is an electrical motor with simple and robust structure
[1]. Its stator and rotor are made of laminated steel with high magnetic permeability. The

stators are wound with coils while the rotor has no magnet or coil attached.

SRM runs by reluctance torque. When the current is applied on a stator winding, the
corresponding rotor magnetic tries to minimize reluctance path by aligning the rotor pole
with the nearest stator pole. To maintain this rotation, an electronic control system is
needed to switch on the successive stator poles. Besides, SRM usually uses an electronic
position sensor or resolver to determine the rotor shifting angle to turn on and switch off

the stator windings.
1.1.1. THE BASIC STRUCTURE OF SRM

As shown in Fig. 1.1, a switched reluctance machine system consists of four main parts:
the switched reluctance motor, power converter, controller, and sensors. The controller
generates the gate signal to the power converter. Power converter provides energy to

SRM. Current and position sensors are used to provide feedback signals to the controller.
1
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***********************************

Converter SR Motor

Power Supply ——> Power ' 3'

I
|
I
Current Sensor !
I
l | Position Sensor
I
I
I
I
I
I
I

Speed —+—>  Controller F

Fig. 1.1 Basic configuration of SRM drive.

The structure of SR machine depends on the number of stator poles and rotor poles. As
shown in Fig. 1.2 [2], the SRM has salient poles on both stator and rotor and adopts
multiphase concentrated windings on the stator. However, there is no copper winding or

permanent magnet (PM) piece on the rotor.

There are two basic SR machine topologies: three phase 6/4-topology and four phase 8/6-
topology. The former topology has advantages of low cost and better performance at high
speed while the latter topology has lower torque ripple and acoustic noise than the former
one [3] [4]. TABLE 1.1 describes some topologies design of SR machine, including the
stator number Ns, the rotor number N,, the step angle O, and the phase number of

operation q [5] [6] [7].
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Stator

Winding

Rotor

Shaft

Fig. 1.2 SR machine structure.

TABLE 1.1 SRM structure topology design

m 3 4 5) 6

Ns 6 6 12 18 24 8 16 10 10 10 12

Nr 4 8 8 12 16 6 12 4 6 8 10

Ostep/(°) | 30 15 15 10 7.5 15 7.5 20 12 9 6

q 1 1 2 3 4 1 2 1 1 1 1

1.1.2. CONVERTER TOPOLOGY

The torque production of the SRM is independent of the direction of current. Therefore,

the power converter of SRM only needs to provide unidirectional current.

3
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The converter is a critical part of the SRM drive system [8]. Generally, an ideal converter
topology has to have features such as higher efficiency, faster excitation time, fast

demagnetization, high power, and fault tolerance.

There are several converter topology types with different number of switches. For
example, full bridge converter topology has four switches for each phase. Asymmetric
bridge converter topology has two switches for each phase. R-dump converter topology
has one switch for each phase. C-dump converter has one switch for each phase plus an
additional switch for all phases [9]. Although the mentioned topologies are commonly
applied to different applications, the asymmetric bridge topology is the most popular one
and is widely used. Therefore, in this thesis, researches are based on the asymmetric

bridge topology.

U a U b U c
Y YO 7YY Y 7YY YO
E— E— _—

Fig. 1.3 Asymmetric converter topology.

As shown in Fig. 1.3, asymmetric converter topology uses two switches and two diodes
per phase. Short-through problem is eliminated by using this converter. And each phase is

independent from other phases.
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There are three operation modes of this converter topology, which are defined as
magnetization mode, freewheeling mode, and demagnetization mode [10]. As shown in
Fig. 1.4, the current direction of three modes is marked by the red arrow. By turning on
switches S; and S, phase A is energized by the voltage source, and the phase current
starts to increase. This process is called magnetization. By only turning off S; while
holding on S,, the diode D, is conducted, and the voltage supply is cut off. This process is
called freewheeling, and current will slowly decrease during this period. When both
switches S; and S; are turned off, the diodes D; and D, are conducted, and the negative
voltage is applied on the phase winding. This process is called demagnetization. Phase
current will dramatically drop under the demagnetization voltage. The current waveform

is shown in Fig. 1.5.

- Ua — - Ua — - Ua —
U, — A Ue Y U, OO
| | | I 7777777777
J D, & S,| l D, N S,II l D, & S,|
\ | M
(a) Magnetization (b) Freewheeling (c) Demagnetization

Fig. 1.4 Operation modes of asymmetric converter topology.
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A PWM register Timer/counter

\ V
s

S,

-

|
Magrietizatio
|

phase |

|
|
|
V % | . .
bC Ly ’7“ | Demagnetization
|
|

Y

=
B

Fig. 1.5 Current waveform of three operation modes.

According to what is mentioned above, this topology has a dominant advantage of the
control flexibility over others, and is more suitable for SRM drive system with high

power, high voltage, and fewer phases.

1.1.3. ADVANTAGES AND DISADVANTAGES OF SRM

To apply the SRM drive to the industry field, the advantage and limits of switched
reluctance motors have to be figured out. The benefits of switched reluctance motors can

be summarized as following [11] [12].
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a. The structure is simple, rugged, and low-cost. There is no magnet or coils
attached on the rotor, making it suitable to operate at high or ultra-high speed.
And the whole system has fast dynamic response due to the low inertia. The
windings of stators are concentrated coils, which makes assembling and repairing

easier than other type of machines.

b. The direction of current doesn’t affect the direction of torque.

c. Asymmetric half bridge converter eliminates the short-through problem.

d. The flux-linkage of the phases are independent, which improves the reliability and

fault-tolerant of the whole system.

However, the limitations of the applications of SRM cannot be ignored.

a. Higher current rating for power converter.

b. Instant torque ripple is significant, along with the problem of acoustic noise and

vibration.

¢c. More terminals than conventional machine.

d. Converter is needed to drive.

e. An external position sensor is required for commutation and current control,

which increases cost and reduces reliability.
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The last disadvantage of SRM contributes to the development of position sensorless

control of SRM [13].

1.2. OPERATION PRINCIPLE OF SRM

According to the principle of electromechanical energy conversion, SRM can be regarded
as the system with electric input and mechanical output, and magnetic field connects the
input and output. Neglecting the mutual inductance and iron loss, the electromechanical

energy conversion of m phases SR machine is shown in Fig. 1.6.

U, el 6.9 B —

Uy, €, 0, (i, 0)

O—»’\/%/i
Umi emi ¢m (Imie)

Fig. 1.6 Electromechanical energy conversion.

Where T, T., B, and J are electromagnetic torque, load torque, combined friction
coefficient of motor and load, and combined moment of inertia of the motor respectively.
Ui, ik, Rk and ex are phase voltage, phase current, phase resistance and phase induced

electromotive force respectively. ¢, is the flux-linkage which is related to phase current

and rotor position.
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According to Faraday's electromagnetic induction law,

ek:—dd%, k=a,b,...,m (1.2)

Based on the principle of energy conversion, three basic equations to describe the system

dynamic, including voltage, torque and mechanical, are introduced [2][14].
1.2.1. VOLTAGE EQUATION

According to the basic elementary equivalent circuit for SRM system, the voltage

equation can be derived by neglecting the mutual inductance between phases.

U, =R, —& =R, +dd% (1.2)

Where phase flux-linkage can be denoted as the product of phase inductance and phase

current.
o (i, 0) = L(i,, 9)i, (1.3)

Due to the inherent nonlinearity of flux-linkage, phase inductance is a function of phase

current. And the phase inductance varies with rotor position.

9o dic 099 _p; (1 +i, By 00k (1.4)
o, dt 06 dt o, dt

U, =Ri +
k k 'k 60

Where @ is the angular speed.
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In (1.4), the first item of the right equation is the resistance voltage drop of the kth phase;
the second item is the voltage drop on the phase winding; the third item is back EMF of

the SR machine. The equivalent circuit model is shown in Fig. 1.7 [15].

L(i,.0)

[

R

Y
¢ N

00

Fig. 1.7 Equivalent circuit model of SR machine.
1.2.2. TORQUE EQUATION

The flux-current curves for the unaligned and aligned position are plotted as shown in Fig.
1.8. 8 = 6, represents the unaligned position, and 6 = 6, represents the aligned position.
Due to the magnetic saturation property at aligned position, the curve for 6, is nonlinear.

While the characteristic for the unaligned position is almost linear [16].

The energy of windings can be denoted as

W = j:’i(go, 0)de (1.5)

Then the co-energy can be written as

10
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W' = pdi = [ L(0,i)ic

A
0, (D/V'S” /_0:62
=0,
(%]
i/A

Fig. 1.8 Flux-current characristics.

(1.6)

The torque produced by SRM is incremental change of co-energy with the rotor position

[17].

T- oW (6,1)
00

By combining (1.6) and (1.7) , the torque can be rewritten as

T.G,0) = J‘ ago(l (9) _[ 8L(I 0) . idi

1.2.3. MECHANICAL EQUATION

11

.7

(1.8)
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According to Newton” mechanics laws, the mechanical equation for modeling consists of

inertia, friction, and load torque. The mechanical equation determines the speed equation

as following.
T.-Bo+332.1 (1.9)
dt
do
= 1.10
0= (1.10)

Where T, is the torque of each phase, T, is the load torque, B is viscous damping

coefficient, and J is the combined rotor and load inertia.

1.2.4. ROTATION PRINCIPLE

As defined in [18], the torque of reluctance machine is produced by the tendency of its
movement from current position to the position where the inductance of the excited
winding is maximized. A three-phase 6/4 SRM is regarded as an example in this case. As
shown in Fig. 1.9, rotor pole 1 is aligned with phase C at this moment. Then by exciting
the phase A windings, the rotor tends to rotate clockwise to minimize the reluctance of
flux-linkage path. When rotor 2 and 2’ are aligned with stator pole A and A’, the flux-
linkage and inductance reach to the maximum value. And then, by turning off the
switches of phase A and turning on the switches of phase B, the phase B is excited and

rotor 2 starts to be aligned with phase B. In the same way, when rotor 2 and 2’ are

12
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aligned with the phase B, by switching off the phase B and switching on the phase C, the
phase C is excited and rotor continues to rotate to align with the phase C. In this way, the
rotor would rotate clockwise continuously. On the contrary, by conducting the phase

windings in the sequence of A-C-B, the rotor rotates anticlockwise [2].

Fig. 1.9 Rotation principle of SRM.

1.2.5. SPEED CONTROL

Generally, there are two main control schemes for speed control of SR machines: the
current chopping control (CCC) / voltage pulse-width modulation (PWM) and the
angular position control (APC) [2]. The CCC/PWM is suitable for low speed or medium
speed operation and APC usually be used for high-speed operation. The speed boundary
between these two schemes is called the base speed @,. The back EMF is equal to the

DC source voltage at this speed.
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Fig. 1.10 Torque-speed capability of SR motor.

As shown in Fig. 1.10, this figure depicts the torque-speed capability of the SR motor
covering all operation regions [2]. When the motor operates at low speed, namely, below
the base speed, the back EMF is lower than DC source voltage, so that the torque keeps
constant in this region. Once the speed exceeds the base speed, the back EMF is higher
than the DC source voltage. The torque will decrease monotonously with the increase of

speed until the speed reaches the critical speed of SR machine @, . The power maintains

constant in this region. Beyond the critical speed of the motor, the torque drops

dramatically, and the motor offers natural operation mode then.

The so-called CCC/PWM is kind of hysteresis control to control these switches. The
phase currents or voltages have to be regulated at a particular value with predetermined
upper and lower boundaries in the constant-torque operation region. For example, the
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control scheme of CCC is shown in Fig. 1.11. Since the rise time or fall time is inevitable
when building up the current or demagnetization, it is necessary to turn on and turn off
the switches in advance for a certain angle. And when the phase shall be turned on or

turned off is determined by phase current and rotor speed.

Current

Inductance

o 0, O 0, Rotor position

Fig. 1.11 Current chopping control for constant-torque operation.

Both CCC and PWM can be used to control the excited voltage on the windings to obtain
the constant torque operation characteristics. In CCC mode, the current on the phases can
be limited in a hysteresis band to control the conduction time of the DC source voltage on
the phases. Then, the output torque can be controlled by changing the value of hysteresis

band.

The advantage of this technique is inherent over-current protection feature [19]. This

method can also be called Current PWM. In Voltage PWM mode, although the current on
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each phase cannot be controlled directly, the output torque can be controlled by
modulating the width of conducting time on each phase to change the average value of

excited voltage.

Current

Inductance

On 6 Or 6, Rotor position

on

Fig. 1.12 Angular position control for constant-power operation.

In the constant-power operation region, since the back EMF is high than the DC-source
voltage, the phase current is limited by the back EMF, operating at single pulse mode and
never reaching the rated current. As shown in Fig. 1.12, in order to impulse the current
into the phase winding, the turn-on angle of the switches needs to be well in advance of

6,. When increasing the rotor speed, the back EMF will also increase, thus leads to the

decrease of phase current as well as the torque. So the larger advancing of turn-on angle
is required at high rotor speed, which ensures the level of current before turning off the

switches. And such advancing turn-on angle can also offer the capability of constant-
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power operation since the torque drops inversely with the rotor speed. However, this
advancing turn-on angle can no longer be ahead of &, in Fig. 1.12, limited by the position
of negative slope region of phase inductance. At the same time, the turn-off angle has to
be advanced enough too, making sure that phase current will decay to zero before the

following negative slope region of the phase inductance.

1.3. LINEAR AND NONLINEAR MODEL OF SRM

1.3.1. LINEAR MODEL OF SRM

As shown in Fig. 1.13, neglecting the magnetic saturation, the variation of phase
inductance is described when rotor move from unaligned position to aligned position[2].
The relevant rotor position and operation regions can be characterized in the following

groups.
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7‘ P, ,7 Stator
—_—
« B > ! Rotor
L(H)“ .
Lmax D i
I‘min
6, 0,) 6, 6, 6, 6, 6, 0,

Fig. 1.13 Variation of phase inductance with rotor position.

B, - stator pole arc;

p, - rotor pole arc;

7, - rotor pole pitch, 7, =2z /N, , where N, is the number of rotor poles.

Region1(6,—> 6,): 6,=(r,— B, - pB.)/2

In this region, the stator and rotor are not overlapped, termed the unaligned position, so

the inductance maintains at the minimum value L_,,. There is no torque production in

this region.
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Region2 (6, > 6,): 6,=60,+ ., =(r,+ B, - B,) 12

In this region, the stator and rotor start to overlap, so the phase inductance linearly
increases with rotor position. The incremental inductance on the rotor position is positive
in this region, so a positive torque can be produced when applying a current to the
windings. It should be noted that the polarity of the current has no influence on the

polarity of the torque.

Region3(6,—>6,): 0,=0,+B.—B.=(r,+ B, —B.)]2

In this region, the stator and rotor are entirely overlapped, termed aligned position, so the

phase inductance keeps at the maximum value L, . Since there is no change of phase

inductance, the torque cannot be produced.

Region4 (6, > 6,): 6,=0,+ . =(r,+ B+ B.) 12

In contrast to the region 2, the stator and rotor start to reduce the overlapping region from

6,, so the phase inductance linearly decreases with the rotor position. The incremental

inductance on the rotor position is negative, so produced torque is also negative when

applying a current into windings.

Then the relationship between rotor position and phase inductance start to repeat the

above regions.
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For SR machine, the linear model of phase self-inductance can be described by the

following equations

Loin 0,<0<0,
L(6) = K(@-6,)+L,, 6,<6<6, (111)
- L, 0,<0<80, '

L. —K(-6,) 6,<0<6,
Where K = (Lmax - I-min) / (93 _62) = (Lmax - Lmin)/ﬁs :

According to the Fourier series transformation, the self-inductance of the active stator can

be represented by three terms whose coefficients depend on the current given as [20][21],
L(i,0) = L, (i) + L (i)cos(N,0) + L,(i)cos(2N,0) (1.12)

Where N, is the number of rotor poles,

1.1
LO =E[E(La + Lu)+ Lm]
1

L:L =E(La B Lu)

1.1
L =>[=(L +L)-L
2 2[2(a u) m]

Where L,, L, and L, are the inductance at aligned position, unaligned position and

midway between aligned and unaligned position, respectively.

These three inductances can be expressed as a function of phase current at follows.
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T n
L, = L(Q:W) =Y b (1.13)

Where j is the degree of approximation, and coefficients a, and b, are determined by
the curve fitting method. The inductance at unaligned position is assumed to be
independent of current. To develop the self-inductance model, the measurements of
inductance of L,, L, and L, are required. Therefore, by obtaining the finite element

analysis data at three different rotor positions, the self-inductance model of SRM is

derived.

1.3.2. NONLINEAR MODEL OF SRM

Considering nonlinearity caused by the high saturation of flux-linkage, a more accurate
model has to be set up to achieve higher control accuracy. Therefore, nonlinear model
have to be studied [22]. There are several ways to set up the nonlinear model, including

finite element method, artificial neural network, and analytical method.

The state-space differential equations of the SRM are presented in the following

equations.
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do, .
T =V (t) I (t) I (114)
do
o = o(t) (1.15)
do B 1 & 1
a0y O AT (119

Where € and o are the rotor position and speed respectively, T, is torque of each phase,
T, is the load torque, N, is the number of stator phase. Without loss of generality, [23]

proposed a flux-linkage model,
—i:f:(0) .
P, =Pu(1-€77"7) ,j=1,2,3.m (1.17)
Where ¢, is the saturated flux linkage, i; is the position current of the phase j , and the

f,(6) can be expressed by a positive Fourier series expansion.

f,(0)=a+ i[bn cos(nN,.&—(j—D2z/m)+c,sin(nN.&—(j—-D2z/m)] (1.18)

n=1

From (1.7) and (1.8), the instantaneous torque of the phase j can be expressed as

. Dsat dfj(g) . -ijfi(0
Tj(e,nj)=WW{1—[1+|jfj(e)]e ”} (1.19)
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Since the value of bracket {+} in (1.19) is between 0 and 1, the sign of {«} is positive.
Then the sign of torque is determined by the sign of df;;(6)/dé . Except the load torque,
all the nonlinear terms can be accurately modeled with equations (1.17) to (1.19), and this

model has merits like low computational efforts and fast operation speed.

Establishing a 3D look-up table is another effective way to set up a nonlinear model.
Since the flux-linkage and torque are all related to the phase current and rotor position,

the data of ¢(i,8) and T(i,0) characteristic can be obtained from FEA and experiment,

and then stored in tabular forms. The nonlinear modeling of SRM can be described by
@ =o(i,0) (1.20)
T=T(,0) (1.21)

This modeling is very popular among the SRM control systems due to its simplicity. The

more data preserved in the look-up table, the more accurate model will be.
1.4. MOTIVATION

As is known, SRM drive system relies on position feedback. However, the existence of
position sensors will weaken the advantages of SRM like robustness and fault-tolerant
ability, and the reliability of high-speed operation will also be reduced. So, rotor position

sensorless detection methods have to be applied to improve the performance of SRM.
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In this thesis, the pulse injection method and sliding-mode observer method are applied at
low-speed and high-speed operation, respectively. As for the pulse-injection method, the
phase inductance saturation region is considered. The slope of inductance saturation
region and linear decreasing region are respectively calculated to estimate rotor position
in @ more precise way. Based on the previous SMO sensorless control method, a new
position sensorless control method with the estimation of speed acceleration is proposed.
This third order observer is aimed at reducing the dynamic error and improving the
estimation accuracy. A method to design the SMO gains is also introduced, and the

stability of the system is verified with the design of these SMO gains.

1.5. OUTLINE OF THIS THESIS

The rest of this thesis is organized as follows:

Chapter 2 briefly introduces state-of-the-art position sensorless methods which can be
applied to SRM drive system. In chapter 3, high-frequency pulse injection method is
presented in detail, including the initial position detection and sensorless control at low-
speed operation. Sliding mode observer, which is suitable for high-speed operation, is
introduced in Chapter 4. And in this chapter, the sliding mode control, and sliding mode

observer are respectively discussed.
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Simulation verification and experiments results are presented in Chapter 5 and Chapter 6,
respectively. These results demonstrate that the proposed method can be applied for SRM

sensorless control with desirable accuracy.

Finally, Chapter 7 draws the conclusions from the work done in this thesis and discusses

further research possibilities in the future.
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Chapter 2
POSITION SENSORLESS CONTROL

METHODS

2.1. INTRODUCTION

Rotor position detection is of significant importance for SRM control. In general, external
position sensors are mounted on the shaft, like absolute encoders and magnetic sensors,
and they are used to detect the rotor position and give feedback information to the
controller [24]. However, these position sensors not only reduce the reliability of SRM
drive system in harsh environments but also increase the cost. Besides, they will
significantly affect the reliability and robustness of the operation of SRM. Therefore, in
order to achieve efficient control and operation, position sensorless control becomes a

promising technique for SRM drives.

In the past thirty years, various sensorless control methods for SRM drives have been
reported. In general, the classification of these sensorless control methods can be divided
into three categories: hardware-intensive methods, data-intensive methods and model-
based methods [25]. Different methods have different requirements. Hardware intensive

methods need an external circuit to generate signal injection. Data intensive methods
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require a large amount of memory space to store look-up table which contains the
information of the magnetic characteristic of SRM. Model-based methods call for a

microprocessor with high operation speed.

A diagram of three categories and corresponding example methods are given in Fig. 2.1.
The ideal sensorless method is detecting the rotor position by only using the terminal
measurements without any additional hardware or memory space and is suitable for entire

speed range from standstill to ultra-high speed with high operation accuracy [25].

For the SRM drive system, it is clear that the mechanical time constant is much larger
than its electrical time constant, which is the main idea of all the sensorless techniques.
Therefore, by solving the voltage equation (1.2) and (1.4), the rotor position can be
decoded from the information which is stored in the form of flux-linkage, inductance, and

back-EMF [26].

Due to the fast development of DSP technology, several sensorless techniques can be
realized by using DSP controllers. Furthermore, the high operation speed capability and
computational power also contribute to developing new sensorless method without
requirements of external hardware or memory. As the result, the model-based sensorless
methods like sliding-mode observer are effectively and efficiently implemented and

fulfilled by utilizing the DSP controller.
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Modulation techniques:
Hardware
- intensive > Resonant method
Signal injection method
Sensorless , Data »  Flux integration techniques:
Techniques intensive Flux/current method
Model Inductance-based model
based Sliding-mode observer model
Neural network

Fig. 2.1 Classification of various sensorless control schemes for SRM.

2.2. REVIEW OF SEVERAL BASIC METHODS

2.2.1. FLUX/CURRENT METHOD

The flux-current method was firstly proposed by Lyons in [27]. The main idea of this
approach is to utilize the measurements of phase flux-linkage and phase current to
determine the rotor position. To realize such commutation control without any shaft
position sensor, the 3-D look-up table which stores the relationship of flux-linkage, phase
current, and rotor position is demanded. However, the phase flux-linkage cannot be
measured directly, (1.2) has to be reversed to get the flux-linkage by measuring the phase

voltage and phase current.

() = [ (U, —i,R)dt (2.1)
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Where U,, and i, are measured voltage and current respectively, and R is the phase

resistance. By neglecting the mutual flux-linkage, the flux-linkage can be obtained by
integrating the voltage applied on the phase windings. To realize this position sensorless
technique, a family of flux-linkage and current characteristics at various rotor positions

from unaligned position 6, to aligned position €, has to be obtained in advance by finite

element analysis or experiments. The expression of these characteristics can be written as

follows,

»=p(0,1) (2.2)

60 =0(p,i) (2.3)

Since the 3-D look-up table contains the relationship of flux-linkage, phase current and
rotor position, the rotor position can be acquired given the other two conditions. More
rotor positions need to be tested in advance to depict the specified curves to get more

accurate position sensorless detecting results.

However, there are lots of data need to be stored, which requires a significant amount of
memory space. Besides, the above method also demands high computational speed which
will increase the burden of the microcontroller. Based on the flux/current approach, an

improved algorithm has been developed in [28]. Predefining the control signal rising

edge of one phase as 0°, the corresponding degree of control signal rising and falling

edges of all phases can be defined. Only the flux-current characteristics at these specific
29
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commutation positions are needed in this sensorless method. By comparing the measured
flux-linkage with the flux-linkage obtained at these particular positions, the rotor position
can be obtained. The advantage of this approach is that only several rotor positions need
to be detected which significantly reduce memory space and computational power. The

schematic of this method is shown in Fig. 2.2.

I Computation of flux |

No
——»
- (0>(pedge Yes »0=0

edge

\ 4

Find the reference Dedge
flux at &,

edge

Fig. 2.2 Schematic of improved flux-current method.

Besides, a high-resolution position estimator was proposed in [29]. This method adds a
corrector variable to the primary flux-current sensorless control system, and the corrector
variable can be chosen as either flux-linkage or current, which respectively comprise the
flux observer or current observer, and efficiently contributes to reducing the loss in
accuracy and real-time computation. The main improvement of this method compared
with the above two methods is that the most accurate phase to estimate the rotor position
can be chosen. Moreover, it is suitable for a wide speed range application in four
quadrants, and the load torque transients are also permitted. However, since the real-time

application of this method is based on DSP platform, the real-time calculation is also
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limited by the operation speed of DSP. Therefore, the development of more powerful and

cheaper DSP is also critical to realize the implementation of this method.
2.2.2. INDUCTANCE BASED METHOD

The inductance-based methods mainly rely on a dynamic model of the SRM drive system
to determine the rotor position by utilizing the relationship of the phase inductance, phase
current and rotor position [30]. Similar to the flux/current method, this method only
needs to measure the real-time current and voltage of active phase. By solving the
dynamic equation of the active phase, the rotor position information can be obtained.
This dynamic model doesn’t need large memory space to store experimental data, and
can be easily updated when the magnetic characteristics have changed. However, this
method is only suitable for high-speed operation. New analytical model based on this
inductance model is proposed in [31]. Combining the other model or method proposed in
[27] and [32], the new model can run the SRM from standstill state. The succinct

introduction of the new analytic model is as follows.

Based on the voltage equation (1.4), the phase voltage can be simplified by neglecting the

term including @ at standstill or low speed [31].

oL, (i, 0)

U, =R, +[L (i, 0) +i, ]di

) ) di
=R +I(i,,0)— 2.4

where 1(i,, &) represents the phase incremental inductance.
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Then the phase incremental inductance can be denoted as.

oL (i,,0) U, —Ri,
i di
dt

(i, 0) = L, (i, 0) +i, (2.5)

k

The phase incremental inductance model can be developed based on the self-inductance
model (1.12). So the functional relationship of incremental inductance, phase current, and

rotor position can be expressed below.

1(1,6) = 1,(i) + 1,(i) cos(N, 8) + 1, (i) cos(2N. ) (2.6)
Where
l, =%B|p+|q}+ L,(0)
L=+ L)
L :%B%—lq} L)
Where

| =1(0=-") b i | 1(0=2) " nai”
=l(@==—)=)> nbi",l =1(@=—)=) na,i
“ 2N, Z;‘ e N, Zo

Then substituting (2.6) into (2.5), the voltage equation can be rewritten as,
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U;—iRi =1,(i) + 1, (i) cos(N, 8) + 1, (i) cos(2N..6) 2.7)

dt

: . di .
U, R and i can be measured in advance or by sensors, and m can be calculated using

phase current data. Therefore, the rotor position & can be obtained once the phase
current is sampled. So the key point of this sensorless method is that rotor position must
have one-to-one relationship with the phase incremental inductance at a given phase
current. However, sometimes, the one-to-one relationship will lose its unique property
when increasing the phase current for a single phase. Then, the solution to this situation is
changing the detecting phase for different rotor position region. Besides, finding a proper

startup method at standstill position is also very important.
2.2.3. SIGNAL INJECTION METHOD

When the SRM operates at low speed, the rotor position is estimated by injecting small
current detection signals. These signals are inserted into idle phases to sense the rotor

position. However, this method isn’t suitable for high-speed operation [33].

There are two primary signal injection methods to detect the rotor position. One is high-
frequency pulse injection method, and the other one is low-amplitude sinusoidal voltage

method.
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The high-frequency pulse injection methods inject several short-period diagnostic voltage
pulse signals to an idle phase to obtain the rate of change of the phase current. Then the
phase inductance can be obtained. The rotor position can be obtained by the pre-stored
phase inductance vs. rotor position characteristics [34] [35]. However, since the
diagnostic pulse is generated from main converter, the current may produce the negative
torque which will affect the operation of the SRM. Besides, the injected current takes
time to decay to zero, and the next sensing pulse cannot be injected to the phase before
the previous one falling to a negligible level. This situation severely affects the frequency
of diagnostic pulse as well as the sampling, resulting in unsuitable for detecting rotor
position when SRM is operating at high-speed level. Considering this main drawback,
[36] makes some improvements, proposing a new approach by applying a single high-
frequency pulse instead of the conventional one, which allows the application to detect
the rotor position at high-speed. The duration of the diagnostic pulse is chosen and fixed
at which the amplitude of the current is too small to generate the undesired negative
torque. By integrating the current through the integrator, the output of integrator can be
used to estimate the rotor position by comparing the results with the predefined look-up

table.

Applying a small amplitude sinusoidal voltage to an inactive phase is also used as rotor
position sensorless control method. Based on the phase and amplitude variation, the

phase modulation (PM) and the amplitude modulation (AM) techniques are proposed in
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[37]. When a sinusoidal voltage is applied to an idle phase, the current in the phase coil
will change with the phase inductance which varies with the rotor position. Since the
phase coil is in series with phase resistance and phase inductance varies with rotor
position periodically, the angle between applied voltage and corresponding current
changes periodically. The PM encoder technique and AM encoder techniques require the
measurements of instantaneous phase angle and peak amplitude respectively. And then
the instantaneous measurements pass to a demodulator to extract phase inductance
information. The demodulator generates a signal of phase inductance which is a function
of rotor position and then provides the signal to a converter where the rotor position can
be obtained by inverting the function or a conversion table. Meanwhile, as for the
demodulator part, PM encode technique uses zero crossing detectors for voltage and
current to decode inductance information, and AM encodes technology to detect the
envelope of modulated current signal which contains the phase inductance information.
However, both of these two techniques need addition voltage source to supply the low-
amplitude sinusoidal voltage. But this method has robust to switching noise and keep

excellent track and accurate detection of rotor position.

2.2.4. Fuzzy LoGic AND NEURAL NETWORK

Since previous sensorless methods have limitations on operation conditions, such as
ineffectiveness as high speed or standstill, and extra hardware or memory space, fuzzy

logic based sensorless method can be used under all operating speeds and conditions.
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There is no requirement of a mathematical model of the SR motor in this sensorless
position scheme. The main idea of fuzzy logic is utilizing the self-learning system to
learn the real-time motor characteristics. In this way, all the real-time issues can be
considered to make the rotor position estimation more accurate, including saturation
effects, mutual inductance, eddy currents and temperature variation [38]. The self-
learning system mainly includes two parts, the static motor characteristics, and real-time
operating conditions. And the study of latter is used to modify the static model with real-
time issues. Besides, expert knowledge can be implemented to choose the best phase to
estimate the rotor position when more than one phase is conducting. Consequently, the
reliability of the scheme can be improved, and some measurements error can be

overcome.

Acrtificial neural network (ANN) is another ideal candidate for position sensorless control
considering the high nonlinear characteristics of SRM system. This method tries to
simulate human brain to construct the model structures, including single neuron structure
and multi-layer structure. These models can learn from experimental data or simulation to
obtain the essential characteristics of the real system. The superior advantage of this
learning ability is that it can generalize and induce characteristics to inputs containing
irrelative data from previous examples or experience [39]. Proper training is necessary to
obtain a model with high accuracy. The neural networks are feedforward networks,

allowing signals are flowing from input to output in one direction. In order to improve the
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dynamic stability, the output is connected to input by a delay line. Usually, the inputs of
ANN training data are current and flux while the outputs are corresponding rotor position

and speed [40]. The close-loop ANN system can successfully estimate rotor position.

Moreover, [41] proposed a novel approach of single neural PID control for sensorless
rotor position estimation based on the radial basis function (RBF) neural network. RBF
network is a three-layer feedforward neural network with linear neuron from the input
layer to output layer. With the single neuron which has the ability of self-training and
self-adaptive, the whole system has the advantage of structure simplicity, adaptability,
and robustness. Training sample can be obtained from off-line training, and then on-line
training can be used to adjust network connect weights according to the recursive least
square. The on-line identification of system and on-line regulation of controller can

improve the reliability and accuracy with excellent dynamic characteristics.

2.2.5. SLIDING MODE OBSERVER METHOD

Sliding mode observer is a novel method to detect rotor position and speed without using
any position sensors. This method attracts people’s attention due to its robustness and
high reliability, especially for high-speed operation [42] [43]. The system characteristics,
such as convergence speed and chattering, are controlled by observer gains. So
appropriately selecting and designing the observer gains is a primary task when applying

sliding-mode observer on rotor position sensorless control.
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A novel sliding-mode observer was introduced in [44] with considering the influence of
magnetic saturation, load disturbance, parameter variation and model errors. The sliding
mode surface was selected as the difference between the estimated and measured phase
currents in [44]. And switching gains, like flux-linkage gain, speed gain, and position
gain, were determined to keep the system sliding on the sliding surface. In order to satisfy
the sliding mode condition, the selection of the value of these gains was quantitatively
analyzed and optimized to compensate the system disturbance and parameter variations.
Finally, the accuracy of position estimation and the robustness of proposed method were

successfully verified.

Different from the sliding mode surface selection in [44], the sliding mode surface was
selected as the difference between measured flux-linkage and estimated flux-linkage in
[1], [45], [46]. Based on the rotor position estimated from the sliding-mode observer, the
method was further evaluated by considering the discrete-time formulation of the
observer and analyzing the advantages and limitations of fixed-point and floating points
computations in [1]. Besides, the speed feedback was used to modify the conduction

angles during transient condition with considering the error of real-time implementation.

Since torque-ripple occurs in the simple control technique, a torque-ripple-minimization
controller which suitable for a wide-speed-operation is added on the sliding-mode
sensorless method in [45]. The guideline of designing the sliding-mode observer was
proposed in [46]. To improve the robustness of the sliding-mode observer, the saturation
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function is recommended to replace the sign function. The performance of the well-
designed observer was evaluated concerning resolution of position estimation and errors

in flux calculation.

Moreover, hybrid observer of CSMO (current sliding mode observer) and FSMO (flux-
linkage sliding mode observer) is proposed in [47]. The results show that CSMO is
suitable for low speed while FSMO works well for high speed, and hybrid observer
shows better performance over wide speed range with high accuracy in rotor position and
speed estimation. Furthermore, a four-quadrant sensorless scheme based on sliding-mode
observer is considered as practical implementation issues [48] [49] [50]. This method can
be used to estimate rotor position when speed command is toggled from one rotational

direction to another through zero speed.
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Chapter 3
PULSE INJECTION BASED

SENSORELESS CONTROL METHOD

3.1. INTRODUCTION

As introduced in the Chapter 2, the signal injection sensorless method is suitable for low-
speed operation. High-frequency voltage pulses are periodically injected into three phases
in sequence to obtain the information of phase inductance. And then, the rotor position
can be calculated based on the value of phase inductance [51]. Voltage pulses are applied
to the phases with short duration At, and the corresponding current Ai is really small.

Then the voltage equation can be simplified as
Ai
U, ~L(O)— 3.1
<LOL (3.)

Where U, is the voltage drop on the phase inductance, L(&) is the phase inductance, Ai

is the current difference before and after the injection, At is the injected pulse width, and

6 is the rotor position. Then the phase inductance can be calculated by inverting (3.1) as
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At
L©O)=U, (3.2)

By measuring the instantaneous phase current, the phase inductance can be calculated.
And then phase inductance can be used for obtaining the real rotor position as well as
detecting the initial rotor position. In order to clarify the correct sequence and position to

inject the pulses, it is important to divide three phases inductance into different sectors.

For a three-phase SRM, the rotor position of 0° (electrical) is synchronized with aligned
position of phase A (maximum inductance), and 180° (electrical) is synchronized with
unaligned position of phase A (minimum inductance). Then the inductance profile of
phase B and phase C are offset from phase A by 240° (electrical) and 120° (electrical),
respectively. Then the inductance variation cycles repeat after 360° (electrical). When one
phase is under conduction, one of the other two phases is used to detecting the rotor
position. In section 1.3.1, the phase inductance is divided into 4 regions with the variation
of rotor position. Among these regions, phase inductance increases in region 2 and
decrease in region 4. Normally, the phase is used for sensing in region 4, and the phase is
used for motoring in region 2. For the three phases SRM system, one electrical period can
be divided into 6 sectors, and each sector has specific sensing and motoring phases, as

shown in Fig. 3.1.

41



Master Thesis — Xiao Wang; McMaster University — Electrical & Computer Engineering

aligned —
L(O)
A
Unaligned . .
30 60 90 120 150 180 210 240 270 300 330 360
aligned 4 ]
L(0)
B
Unaligned 8 >
0 30 60 90 120 150 180 210 240 270 300 330 360
aligned 4 —
L(6)
C
Unaligned
0 30 60 90 120 150 180 210 240 270 300 330 360
Motoring B C C A A B
Sensing A A B B C C
Sector 1 2 3 4 5 6

Fig. 3.1 Sectors definition in relation to phase inductance.

In sector 1, the inductance of phase A is decreasing from aligned position. In order to
avoid the regenerating torque, phase A cannot be used for producing torque. However,

this phase is best for sensing in this section. The inductance of phase B is increasing to
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aligned position, while the inductance of phase C remains at the unaligned position. So
phase B is used as active phase. In section 2, the inductance of phase C starts to increase
from the unaligned position, and the inductance of phase B remain aligned position. In
this section, the active phase changes from phase B to C. The inductance of phase A is
still decreasing, and this phase is still used for sensing. The analysis of other sections is

similar to section 1 and section 2.

The distribution of these sectors not only can be used to determine the initial rotor
position, but also is a basic concept for estimating rotor position at low-speed operation

using pulse injection method.

3.2. SENSORLESS TECHNIQUE AT STANDSTILL

Since rotor position has to be estimated from zero speed, the initial rotor position has to
be estimated for a smooth and reliable startup [52]. Two methods of estimating initial

rotor position are reviewed in this section.

3.2.1. REVIEW OF INITIAL POSITION ESTIMATION

A. Two current thresholds method

The two-threshold method is widely used to determine the initial position. The

inductance of three phases has to be divided into different sectors by two thresholds of
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each phase [33]. The low threshold determines when to change the active phase, and the

high threshold determines when to change the sensing phase.

Voltage pulses are injected to the three phases simultaneously on all three phases of SRM.
Since the current amplitude is inversely proportional to the phase inductance, rotor
position sector can be detected by comparing the current amplitude of three phases,

which can be obtained from current sensors and the two thresholds.

As we can see from the Fig. 3.1, pulses are injected to the phase A to detect the rotor
position and phase B is used for conduction. Since the value of inductance of phase A is
high, the corresponding current amplitude is small. The inductance of phase C is
minimum and the corresponding current is maximum. And the phase inductance of phase
B is between the maximum value and minimum value. Therefore, if the current amplitude
of phase A is below the low threshold and the current amplitude of phase C is above the
high threshold and the current amplitude of phase B is between the two thresholds, it
means that the initial rotor position is located at sector 1. In this way, the corresponding
sensing and motoring phase can be found. Similarly, if the current amplitude of phase A
is between the two thresholds and the current amplitude of phase B is below the low
threshold and the current amplitude of phase C is above the high threshold, it means that
the phase inductance of phase A is between the maximum and minimum value, phase B
is the maximum value, and phase C is the minimum value. In this situation, the rotor
position is located at sector 2. In the similar analysis, the sector division scheme by
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inductance profiles and initial current pulse amplitude are shown in TABLE 3.1. With
this scheme, the initial position can be detected. Besides, when detecting the initial

position, the speed of SRM should be zero.

TABLE 3.1 Sector Initialization in Relation to the Current Pulse Amplitude

Sector Phase A Phase B Phase C
1 |, < Low Threshold LOVHV_TEr_T_;hOI(:] <Ic|iB < I. > High Threshold
igh Thresho
2 LOVHV_TEr_T_;hOIf] <Ic;A< I, < Low Threshold I. > High Threshold
igh Thresho
3 |,>High Threshold | I, <Low Threshold | -OW Threshold<lc<
High Threshold
4 I ,> High Threshold LOVHV_TEr_T_;hOI(:] <Ic|iB < | < Low Threshold
igh Thresho
5 Loﬁ_TEr_T_;hOI(:] <Ic:A < I, > High Threshold | < Low Threshold
igh Thresho
6 |, <Low Threshold I, > High Threshold Low.ThreshoId <le<
High Threshold

B. One current threshold method

One current threshold method is proposed in [52]. This method utilizes the time required
for current to reach the threshold and phase inductance profile to determine the initial

rotor position region.

45



Master Thesis — Xiao Wang; McMaster University — Electrical & Computer Engineering

As is known, the inductance profile of the stator phases in an SRM is periodic functions
of the rotor position, and inductance profile exhibits its maximum and minimum at the
aligned position and unaligned position respectively. Besides, the nonlinear region exists
in the vicinity of the aligned and unaligned position. As shown in Fig. 3.2, the inductance
profile of three-phase 6/4 machine in one electrical period can be divided into six regions
by comparing the magnitude of inductances. The position information needs to be
extracted in a target region. Each phase of stator needs to be excited with a voltage pulse.
When the phase is excited with voltage pulse, the value of current is increased. And once
the current reaches a threshold, the voltage needs to be reversed to remove the current and
the time required reaching the threshold are recorded. And the comparison method and

region division are shown in TABLE 3.2.

——— Phase A ———- PhaseB ------ Phase C

Fig. 3.2 Inductance profile of an 6/4 SRM along with the linear region
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TABLE 3.2 Summary of rotor position region vs. inductance relationship

Order qf time _ Order of Roto.r position Region Ph.ase linear
magnitude inductances (electrical degree) region chosen
01> 03> 92 La>Lc>Lg 0° to 60° 6 C
03> 01> 02 Lc>La> L 60° to 120° 1 A
03> 02> 01 Lc> Lg> La 120° to 180° 2 B
02> 03> 01 Lg> Lc> La 180° to 240° 3 C
02> 01> I3 Lg>La> Lc 240° to 300° 4 A
01> 02> I3 La>Lg>Lc 300° to 360° 5 B

3.2.2. APPLIED INITIAL POSITION ESTIMATION METHOD

The disadvantage of current threshold method is that it requires much effort to
judiciously select the value of threshold. However, the basic idea of current threshold
method can still be used. Instead of comparing the phase current with the current
threshold, the phase inductance magnitude of three-phases can be directly compared to

locate the initial rotor position in specific region.

As shown in Fig. 3.1, the inductance profiles have been divided into six regions. In each
region, the magnitudes of inductances can be calculated by (3.2) when injecting the same
pulses into three phases simultaneously. By comparing the magnitude of the inductance

three phases, the region with a length of 60° can be uniquely detected within which the
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rotor position is located. And then the corresponding sensing phase and active phase can
be chosen.

TABLE 3.3 shows the relationship of inductance comparison and sensing phases. The
inductance of each phase is calculated by injecting current pulses to three phases

simultaneously.

TABLE 3.3 Initial position detection by comparing phase inductance.

Inductances comparison | Rotor position (electrical degree) Sensing phase
L>L>=L, 0° =< O, < 60° A
L>L>= L, 60° =<0, < 120° A
L>L>=L, 120° =< 6,4 < 180°° B
L>L>=L, 180° =< G, < 240° B
L>L>=L 240° =< 6,y < 300° C
L>L>=L, 300° =<6, <360° C

Compared with current threshold method, the advantage of this method is that there is no
need to select the value of threshold. Besides, there is no need to know the exact initial
rotor position, either. With the information of initial position region, the sensing phase is

selected. Then, position estimation technique is applied to estimate the rotor position.

48



Master Thesis — Xiao Wang; McMaster University — Electrical & Computer Engineering

Pulse injection sensorless
position initialization

Y

1. Injecting pulses to three phases simultaneously;
2.Measuring the corresponding current amplitude;
3. Calculating the three phases inductance.

Sector =1

Sector = 2

If Lg>Lc

Sector =3

Sector =4

Sector =5

If La>Lc
And Lc >=Lg

Sector = 6

Fig. 3.3 Pulse injection initial position sensorless technique flowchart.

The flowchart of this initial position detecting method is shown in Fig. 3.3. This

flowchart gives the idea of how to apply this sensorless method to the software. Fig. 3.3
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describes the logic of the application to position initialization, and it is suitable for any
repetition of three-phase machines. Furthermore, for machines with a high number of
phases, such as 8/6 four-phase machine, the sector arrangement has to be changed to
match the phase detection requirement. However, the sector arrangement will still be

similar to the three-phase implementation.

3.3.  SENSORLESS TECHNIQUE AT LOW SPEED OPERATION

3.3.1. ROTORPOSITION ESTIMATION TECHNIQUE

Assuming that the phase inductance is unsaturated, Fig. 3.4 shows the linearized
relationship of phase inductance and rotor position. For each phase, the phase inductance
decreasing region is between 0° and 120° (electrical degree), and the high-frequency

pulses should be injected to this region to sense the rotor position.

L(t9)“
L

max

0O 1200 e(aeg)
Fig. 3.4 Phase Inductance vs. rotor position.
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As presented in Fig. 3.1, with the data of phase inductance obtained from experiment and
phase current detected by current sensors, the slope of phase inductance decreasing
region K is calculated. Since instant phase inductance is calculated from (3.2), the
instantaneous rotor position for phase A is calculated by the following equation.

L =LO)

erA = K 1

3.3)

Where K is defined in (1.11), and K =(L,,, —L.,) /120 in this case. g, is an initial

max

position for sensing phase.

Therefore, since phase A is sensed between 0° and 120°, the initial position for sensing is
0°, and then ¢, is equal to 0°. Similarly, phase B is sensed between 120° and 240°, and 6,
is equal to 120°; phase C is sensed between 240° and 360°, and 6, is equal to 240°. Then

the rotor position for phase A is estimated by sequentially injecting the high-frequency
pulses to idle phases. Once the rotor position for phase A is determined precisely, the

rotor position for phase B and C can be calculated by the following expressions.

0, =0,+240°
{ rB rA (3.4)

0. =0, +120°

Fig. 3.5 describes the control scheme for one electrical cycle. The current for active phase

and idle (sensing) phase are given, and corresponding estimated positions are depicted. It
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is evident to see how the algorithm (3.3) and (3.4) work to determine rotor position for

three phases SRM.

~— Phase A ——— Phase B —— Phase C

PhaseB , PhaseC ,  Phase A
_ Motoring ~ Motoring | Motoring
N J N\ /\\ /\/KN/ “‘V \ /’A V A y/~\//\/ﬁ\v’,/‘\ A V A ' A y A

Active
phase ||| | \|
current | ||

»Time
Idle

phase
current

. Phase A >Time

Estimated | . S€™SING
position |

Estimated [~ ——_—_— e

position 360°
during one

electrical cyclet - —— — v

»Time
Estimated

wrapped
position

»Time

A A

One electrical cycle

Fig. 3.5 Active and sensing currents, and estimated position during one electrical cycle

for 3 phases SRM.

In conclusion, the mathematic model of pulse-injection method can be listed in the

following expressions.
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Lmax_La(e),La(e):UaT—_s 0<6<120
K Al,
HrA — LmaX _KLb (_0) +120, Lb(H) = Ub Ts 120< 6 < 240 (35)
b
Lmax — Lc (9) + 240, Lc(e) = UC l—s 240< 0 < 360
I

Where U, , U, , U_ are phase voltages; Ai,, Ai,, Ai, are current variations; T, is the

sample time. By combining (3.5) and (3.4) together, the rotor position of three phases at

low speed can be precisely detected.

3.3.2. PROPOSED PULSE INJECTION METHOD FOR SRM

The pulse injection method to estimated rotor position is introduced in the previous
section. However, the drawback is that the saturation of phase inductance hasn’t been
considered. So considering the saturation region of phase inductance, a new algorithm is

proposed as follows.

As shown in Fig. 3.6 (a), the profile of phase inductance varies with rotor position under
different currents is presented. From this figure, it is obvious that the phase inductance
has saturation region no matter what the value of phase current is. In this case, the value
of slope K in (3.3) cannot be used to precisely calculate the rotor position. To solve the

saturation problem of phase inductance, the phase inductance decreasing region can be
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divided into two parts, and the slopes of these two parts are K; and K5, as shown in Fig.

3.6 (b). Assuming that the saturation region is before 6., (3.5) can be improved as

L,..(1)—L.(6)

K, T 0<6<0,
. L,(@)=U,—=
L.()-L.(0) Al 0. <6 <120
—asrZl ar 74 05 a S
K2
Lmax (I) B Lb(e) +120
K, T 120<0<6,+120
0, - L,(6)=U, (36)

L. -L6) 5 . 190 Ai, 6, +120< 6 <240

2
M+240 T 240<6<6. +240
<6<0,+

o L.(0)=U, —
LCS(I)—LC(0)+9+240 Ai, 6, +240<6 <360

2

Where Las, Lps, and Lcs are phase inductance at position &, . Lmax(i), Las(i), Los(i), and Les(i)

vary with the phase current. K; and K; can be defined as

. = LoD - L)

17
L (3.7)
K. = Ls(l)_Lmin

2 120-0,

For different phase current values, the inductance waveforms are different. So in order to
precisely detect the rotor position, it is important to locate the corresponding inductance
waveform according to simultaneous phase current. As shown in Fig. 3.6 (c), several

phase inductance profiles of various current values are depicted. Assuming that 6, is
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selected as shown in the figure, it is obvious that the phase inductance at &, ranges from

Ls min 10 Ls max. Besides, the Liyax also ranges from 8x10°H and 11x10°H . To obtain the
correct value of K; and Kj, the look-up tables with phase current and corresponding phase

inductance at 0° and 6, have to be respectively constructed. By measuring the

instantaneous phase current, Lmax(i), Las(i), Los(i), and Les(i) can be obtained by searching
the look-up table. From the Fig. 3.6 (c), it can be seen that the phase inductance for all
current values are the same at 120°. So there is no need to construct the look-up table for
Lmin. Then the slope K; and K, can be correctly calculated, and the rotor position can also

be precisely estimated.

Moreover, it is clearly that the phase inductance is flat at aligned position when the phase
current is high, which makes it more difficult to correctly calculate K;. So the injected
current should be small. In this way, the operation of the system would not be affected,

and the rotor position can be calculated with high accuracy.
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(a) Phase inductance vs. rotor position under different currents.
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(b) The division of phase inductance region.
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(c) Application of division of phase inductance.

Fig. 3.6 The profile of phase inductance.
3.3.3. ROTOR SPEED ESTIMATION TECHNIQUE

Then, it is possible to estimate the rotor speed every rotor step (120° electrical degree or
30° mechanical degree for 12/8 SRM). During every 30° movement, the rotor positions at
two specific points are sampled. And then, it is important to measure the time difference

between these two points. The rotor position can be calculated by the following equation.

w=A01At (3.8)
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The flowchart of algorithm to estimate the rotor speed is shown in Fig.3.7. This speed
estimation method may lose accuracy during high-speed operation. However, the

advantage is that the noise can be overcome and the impact of time delay is insignificant.

Input: rotor position signal

\i
Measure the rotor position at specific
position for every 30 degree movement

\J
Record and calculate the time difference at
these two rotor positions

Use the present speed value until the new
speed calculation

End

Fig. 3.7 Flowchart of speed estimation.

However, another problem of this speed estimation method is that estimated speed cannot

track the actual speed precisely during acceleration period. To solve this problem, three-
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order phase locked loop (PLL) is used to calculate the rotor speed. A third-order PLL is

designed as follows.

Op = wp 1+ Ky 8 (3.9)
wp =8 1+K, e (3.10)
ay, =K, e (3.11)

Where K, , K, , and K, are the PLL gains. And e is the error between the estimated
rotor position and the output rotor position of PLL. The definition of e is presented as

follow.

e=0, - O, (3.12)
To minimize the error e, the accuracy of estimated rotor position can be greatly
improved. And the estimated rotor speed can track the actual speed during acceleration

period.
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Chapter 4
SLIDING-MODE-OBSERVER BASED

SENSORLESS CONTROL METHOD

4.1. INTRODUCTION

The observer-based method, which is another effective way to detect rotor position,
makes use of state-space equations to derive an observer with the measurements of phase
voltage and current. Generally, the variables of an observer are flux-linkage, rotor

position, and rotor speed.

Sliding mode controllers have excellent robustness and performance for specific
nonlinear systems tracking problems [53]. The basic idea of sliding mode control
algorithm is to drive the state variables sliding on the given sliding surface [54]. Based on
sliding-mode controllers, the sliding-mode observers were proposed to estimate the rotor

position and speed of switched reluctance motor.
4.1.1. SLIDING-MODE CONTROL

The sliding-mode control (SMC) can also be defined as variable structure control (VSCS).

Sliding mode theory is developing fast recently. The applications of SMC receive
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practical success in many control systems, such as SISO system, MIMO system, and
nonlinear system [55] [56] [57]. As for the design of SMC, there are two points need to
be considered. The first point is the design of a stable sliding mode surface, and the other
point is the design of control law to force the system states reaching the designed surface
with finite time [58] [59]. The design of sliding mode surface has to meet all the

requirements optimally with considering all the constraints and specifications.
4.1.2. SLIDING MODE SURFACE

The control problem is to get the state x of the plant track a specific desired time varying

state x, in the presence of model impression and parameter variation [54]. Both

. . - T . .o - T
x=[x % % .. x®V)andx, =[x X ¥ .. x| arevectors
The tracking error vector X can be defined as
~ . &z ~(n-1) T
R=x-X=[% % X .. 8"V] (4.1)

And then the time-varying surface S(t) in the state-space R™ can be defined by the

scalar equation s(X;t) =0 with

s(X;t) :(%mjﬂ % (4.2)

Where A is a constant.
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S(t)

Y
T

Fig. 4.1 The sliding condition.

For the tracking problem x=x,, it mains that the state remains on the sliding surface
S(t) for all t>0, indicating that X=0 and s(X;t) =0. However, when s(X;t) >0, the

control law need to manipulate the state x to drive the system back to the sliding surface,

and the oppose occurs when s(X;t) <0. Given these conditions, the control law outside

of S(t) can be chosen as [54]

1d ,,.
——s°(X;t) < -n|s 4.3
S (Kt 19| (4.3)

Where 7 is a strictly positive constant. According to the control law (4.3), the sliding

condition can be described in Fig. 4.1. The control law constrains all the trajectories to

point towards the surface.

4.1.3. CHATTERING PHENOMENON
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The perfect sliding mode is hard to realize in practice because of the fast commute
frequency. Since there are also some switching imperfections, such as switching time
delays, the discontinuity in the feedback control will produce chattering, which is a
particular dynamic behavior in the vicinity of the sliding surface [60], as shown in Fig.

4.2.

Reaching phase

\

Chattering

Sliding surface

Fig. 4.2 Chattering phenomenon.

Chattering is undesirable in the sliding mode control since it may excite un-modeled
high-frequency dynamics [61]. The consequence is that the performance of the system
may be degraded and even be unstable. Chattering may also lead to high wear of moving
mechanical structure and high heat losses in electrical power system [60]. Many solutions
were proposed to eliminate the chattering phenomenon, and one of them is replacing the
signum function in the control scheme by saturation function with appropriate boundary

layer, as shown in Fig. 4.3. This improvement will help smooth out the control
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discontinuity. As for how to use this replacement, it will be mentioned in the following
sections.
sgn sat

A
Boundary layer

(a) sgn function (b) sat function

Fig. 4.3 sgn function vs. sat function.

4.1.4. BASIC CONTROL ISSUES

Considering linear system firstly, the linear system with multi-input is defined as follow

[60].
X = AX + Bu (4.4)
Where x e R", ueR" and rank B =m. Then the sliding surface can be defined as

S={xeR":5(x)=Cx =0} (4.5)

64



Master Thesis — Xiao Wang; McMaster University — Electrical & Computer Engineering

Where C is a full rank matrix. Assuming that CB is invertible, the equivalent control

which will affect the sliding motion is defined as
= —(CB)'CAX (4.6)
Consequently, the equivalent dynamics is defined by
%, =[ I -B(CB)™C | Ax, = AX, (4.7)
The model and m switching surface for the nonlinear systems is defined as follows,
x=f(x)+g(x)u(t) (4.8)
S ={xER“ 15(X) =[8,(X), 8, (0] =o} (4.9)

And associated equivalent control and resulting dynamics are as follows.

u, :-[— (x )} —f(x) (4.10)

[|9(X){ g(x )} ]f( ) (4.11)

Either linear system or nonlinear system, the control function can be expressed as follows.

u(x,t):{w(x’t) s(x)>0 (4.12)

u(x,t) s(x)<0
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Where u™(x,t) #u (x,t). The diagram is shown in Fig. 4.4.

h J

T(x,t —T
o s(x,t)
u (x,t) —J

Linear or
nonlinear system

h J

Control |_
law

Fig. 4.4 Sliding Mode control law.

To realize the sliding mode control, several basic issues have to be ensured, including
existence, reachability and stability. To ensure the existence of sliding mode control, the

sign of s(x) and $(x) should be opposite.

lims <0 (4.13)
lims >0 (4.14)

s—0_

At an arbitrary initial condition, to ensure the state reaching the sliding surface within

finite time, the following condition has to be satisfied.

s$<0 (4.15)
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The above condition is also called reachability condition. And this condition is one of the
design considerations when to apply the sliding mode control to the system. Besides, as
for the control system, the sliding motion has to be asymmetry stable, and the sliding

surface has to pass the balance point.

Alternatively, a control law can be obtained by a reaching law. There are three reaching

law which can be considered to be used to get control law[58].

a. The constant rate reaching law:
§=—-Qsgn(s) (4.16)
b. The constant plus proportional rate reaching law:
§=—Ks—-Qsgn(s) (4.17)
c. The power rate reaching law:

$ =-Q|s;[*son(s;),i=12,3..m (4.18)

Where Q and K are diagonal matrices with positive elements, Q is a positive scalar and

a,<€(01) .

4.2. SLIDING-MODE OBSERVER

67



Master Thesis — Xiao Wang; McMaster University — Electrical & Computer Engineering

Based on the technique of sliding-mode control, the sliding-mode observer was
developed to control nonlinear systems due to its computational simplicity and robust
properties. Fox example, the technology of sliding mode observer can be used to detect
the SRM position. There are several advantages of developing the sliding-mode observer
for sensorless control [60]. Firstly, it has excellent robustness under parameter variation
and model uncertainty, and the observation error dynamics can be significantly reduced.
Secondly, all the observer states could converge to the steady-state with finite time.

Thirdly, as for design, the observer can be designed for the non-smooth system.

Several sensorless control for SRM based on sliding mode observer is introduced in
Chapter 2. Based on the fundamental principle of these methods, a new sensorless control
method to detect rotor position using sliding-mode observer is proposed. An estimation
of speed acceleration is introduced to reduce the dynamic error. Combining with the
nonlinear model (1.14), the movement equations for the new sensorless method can be

expressed as follows by modifying (1.15) and (1.16).

dog)
do(t)

where 6 and o are the rotor position and angular speed, respectively. « is the angular
speed acceleration. The flux-current-position characteristic of SRM is shown in Fig. 4.5.
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Fig. 4.5 Flux-current-position characteristic of SRM.

By neglecting the variation of the value of phase resistance, the measured flux-linkage
can be obtained by integrating the voltage drop on the phase winding. The predetermined
tabular form, which includes the characteristics of phase flux-linkage, phase current, and

rotor position, is required to get the estimated flux linkage.
t -
2,0 = | (v (&) =i, (&)r)d& (4.21)
4,0 = i, (1), 6() (4.22)

Where 4, and /{n are measured flux-linkage and estimated flux-linkage, respectively.
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4.2.1. PROPOSED SMO POSITION DETECTION FOR SRM

In order to build a sliding-mode observer, an appropriate sliding-mode surface should be

designed first as shown in the following equation [62].
s=0 (4.23)

The difference between measured flux-linkage and estimated flux-linkage is selected as

the error correction term. The flux-linkage estimation error of each phase e, is defined as,
e =A()—A(t)n=12...m (4.24)

As shown in Fig. 4.5, for a particular current, when the rotor position moves from
unaligned position 0° to aligned position 180°, the flux-linkage is monotonically
increasing with 6, and when the rotor position moves from aligned position 180° to
unaligned position 360°, the flux-linkage is monotonically decreasing with 6. The
sliding-mode surface, which will vary with the rotor position, is related to the total

estimation error. In this case, the sliding-mode surface should be adjusted as
1 n
s==> p-e.t) (4.25)
n 5:1

where p is a factor that keeps s being monotonically increasing with @ for certain current.

p is defined as
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1,6 (180,360] (4.26)
~1,6(0,180] |

From (4.25) and (4.26), it is clear that sliding-mode surface is defined as total error
function of active phases. And for each active phases, the estimation error is multiplied
by 1 when rotor position belonged to (0,180], and is multiplied by -1 when rotor position
belongs to (180,360]. Then equation (4.23) needs to be satisfied to design the sliding-

mode observer.

As introduced in section 1.3.1, during the region 2 (phase inductance increasing region),
when measured flux-linkage is larger than estimated flux-linkage (e;>0), it indicate that
estimated rotor position is lag behind actual position, so positive correction item need to
be added up to observer to increase the estimated value, and vice versa. During the region
4 (phase inductance decreasing region), when measured flux-linkage is larger than
estimated flux-linkage (e,>0), it indicate that estimated rotor position is leading the actual
position, so negative correction item need to be added to observer to decrease the
estimated value, and vice versa. It demonstrates that the design of sliding-mode surface
can be appropriately applied to the proposed model. Then the observer can be designed as

follows by using the constant reaching law (4.16).
O(t) = éx(t) +k, sgn(s) (4.27)

a(t) = &(t) +k, sgn(s) (4.28)
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a(t) =k_sgn(s) (4.29)

Where 6 and & are the estimated rotor position and speed, respectively. k,, k,,and k,

are SMO gains and have to be chosen appropriately for accurate estimation. The block

diagram of the SMO is shown in Fig.4.6.

U,

L

A 85 |[s=¢,(t).d<(0,180]

By R0 Y [ Al iy sgn
R - -[ ¥ s:—e)'(t),ée(180,360]_> J e

i f — k)
——> 1=4(i.9) Vo

A J’

w

S}
—

)

\ 4
Y

Fig. 4.6 Block diagram of the sliding-mode observer.

Since the chattering is unavoidable when SMO is applied, as introduced in section 4.1.3,
the saturation function is used to replace the signum function in the observer to decrease
the chattering. Assuming the boundary layer of the linear region is p, a modified observer

can be expressed by modifying (4.27) -(4.29) as
O(t) = é(t) + k,sat(s) (4.30)

at) = a(t) +k sat(s) (4.31)
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a(t) =k _sat(s) (4.32)
Where “sat” function is defined as

sgn(s), |s|> u

4.33
slu, |s|<u (4.33)

sat(s):{
Since the flux-linkage estimation error is small in the linear region, the value of
correction item is greatly reduced. Thus, the amplitude of chattering can be minimized.
However, when the states don’t enter the linear region, the correct items are large enough
to ensure the convergence speed. Hence, not only the stability and robustness of observer
is greatly improved, but also the convergence speed is maintained. Besides, by adjusting

the boundary layer, the accuracy and robustness of SMO method is enhanced.
4.2.2. DESIGN GAINS FOR SMO

Given that the SRM system is a nonlinear system, the stability of system under the
selection of observer gains can be analyzed by describing function. The basic block

structure of describing function is shown in Fig. 4.7.

R(s) E(s) U (sl

N(A) Yo,

G(s)

Fig. 4.7 Nonlinear block structure of describing function.
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The characteristics of the nonlinear part can be expressed by describing function N(A).
And the transfer function G(s) represents the linear parts of the system. R(s), Y(s), E(s),

and U(s) respectively denote the input, output, error, and the output of nonlinear parts.

The nonlinearity of sliding mode observer is clearly shown in Fig. 4.8 (a). The nonlinear
system is divided into three parts in this structure, including two nonlinear systems and a
linear system. The first nonlinear system is the saturation function, and the second
nonlinear system is the relationship between flux-linkage, phase current, and rotor
position. And the linear system is the process of calculating the rotor position. The block

diagram of SMO nonlinear structure can be transformed into Fig. 4.8 (b).

\

[ F=o=0p(0,)

y

E (s 2 @(S)
L(S) +W» N (A)—*>G(s) = ks vk tk, +:3HS L N, 0.y (A) >

(b)

Fig. 4.8 Nonlinear block structure of sliding mode observer.
74



Master Thesis — Xiao Wang; McMaster University — Electrical & Computer Engineering

The transfer function of linear system can be expressed by the following equation.

k,s? +k,s+k,

G (s)= < (4.34)
And the open-loop transfer function for the whole system can be expressed as,
G(s) = K, K,G, (4.35)

Where K, isthe gain of N (A), and K isthe gainof N_,; .

sat sat

According to the frequency characteristic analysis method of linear system, the analysis
method can also be applied to the nonlinear system. Therefore, the close-loop frequency

characteristics of the system can be denoted as,

o(jo) _ Nsat(A)N(p(B,i)(A)GL(ja))

: - (4.36)
p(jo) 1+Ng(A) N(p(&,i)(A)GL( jo)
The characteristics function of system is,
1+ Nsat(A)N(p(H,i)(A)GL(ja)) =0 (4.37)

So the major task is determining the expression and value range of two nonlinear systems.

Firstly, for the saturation characteristics, the describing function can be expressed as,
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S arcsin 2> + 2 1—(3)2 A>a
N (A) =17 A AV YA (4.38)

Where a is the layer boundary for the linear region, k is the slope of the linear region, and
A is the amplitude of input waveform. As determined before, k = 400 and a = 0.0025. So

substitute these values into (4.38), the saturation function characteristics can be revised as,

254.77| arcsin 2 1—( L )| A>0.0025
N, (A) = 400A 400A 400A (4.39)
400 A<0.0025
If A — oo, Ngat(A) —0. Then the gain range of saturation function is
N, (A) = (0,400] (4.40)

Secondly, the nonlinear part of flux-linkage, rotor position, and phase current has to be
expressed by describing function. The characteristics of rotor position with the variation
of flux-linkage at different currents are given in Fig. 4.9. It is obvious that 180° is

unaligned position and 360° is aligned position. In order to calculate N,,; (A), the

gradient of flux-linkage with the variation of rotor position at different currents is found
first. Fig. 4.10 shows the maximum values and minimum values of gradients at each

value of phase currents. By measuring the maximum value of the curve of the maximum
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gains and minimum value of the curve of minimum gains, the value range of N_ ., (A)

can be found, and value range is

N, ;) (A) =[0.0012,1.8022] x10° (4.41)

Then, substituting the maximum value of N (A) and N_,; (A) into (4.35), the transfer

function can be expressed as,

0.72(k,s* +k,s +k_)

G(s)= %

(4.42)

Next, after properly estimating and selecting three SMO gains, the stability of the system
is analyzed by plotting the bode diagram of the transfer function (4.42). By calculating
the magnitude margin and phase margin of different groups of SMO gains, the most

suitable range of SMO gains can be determined.
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Fig. 4.9 The characteristics of flux-linkage-position-currents.
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Fig. 4.10 The variation of N, (A) with phase current.
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Several groups of SMO gains are listed in TABLE 4.1, and the Bode Diagram for each

group of gains is given in Fig. 4.11.

TABLE 4.1 Comparison of stability of four groups of SMO gains

SMO Gains Selection Stability of the system
K, k, k, Gain Margin | Phase Margin Stability
1 | 1000 | 100000 | 10000000 | -17.2dB 81.9° Stable
2 | 10000 | 100000 | 10000000 | -37.2dB 89.9° Stable
3 | 1000 | 1000000 | 10000000 | -37.1dB 45 Stable
4 | 1000 | 100000 | 100000000 | 2.58 dB -28.2° Unstable

First of all, by observing and comparing the Bode magnitude plot in Fig. 4.11, it can be

seen that each gain is related to a specific range of frequency characteristics. If only

modify the value of k,, comparing the Bode magnitude plot of groupl (blue line) with

group 2 (orange line), the high-frequency characteristics are different (start from around

20 rad/s) while other ranges of frequency characteristics keep the same. Similarly, if only

modify the value of k,, comparing the Bode magnitude plot of group 1 with group 3

(yellow line), the characteristics of middle-frequency range (from around 20 rad/s to 700

rad/s) have changed, and others stay the same. And if only change the value of k_,

comparing the Bode magnitude plot of group 1 with group 4 (purple line), the low-
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frequency characteristics (from initial frequency to about 700 rad/s) are different and
other ranges of characteristics will not change. Although the value of three SMO gains
are in charge of different ranges of frequency characteristics, they have some common

points, that is, the response will be faster when increasing the gains’ value, and vice versa.

Bode Diagram
300 T T T T
Ktheta=1000,Kw=100000,Ka=10000000
Ktheta=10000,Kw=100000,Ka=10000000
Ktheta=1000,Kw=1000000,Ka=10000000
Ktheta=1000,Kw=100000,Ka=100000000

[3=]
=
(=
Py

Magnitude (dB)

-180 - B

Phase (deg)

2708 1 | 1
107! 10° 10! 10 10° 10* 10°

Frequency (rad/s)

Fig. 4.11 Bode Diagram of the comparison of four groups SMO gains.
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Fig. 4.12 Bode Diagram of the initial magnitude and phase plot.

Secondly, it is important to demonstrate that the system is stable. According to the

Nyquist stability criterion and logarithmic Nyquist plots, the logarithmic phase frequency

characteristics have to cross the —180" after the point where gain margin equals to 0, or
the times of positive crossing need to equal to the times of negative crossing. Fig. 4.11
doesn’t indicate the initial situation of phase frequency characteristics, so the magnitude

and phase plot of the initial frequency are given in Fig. 4.12 @ 1)

nitial ? c?

and w, are

defined as follows.

a)origin
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£G(jo,) =-180° (4.44)
—2019|G(je,)|=0 (4.45)

The blue line indicates that phase frequency characteristics positively cross —180" when
the frequency equals to zero. For the same phase frequency characteristic, if the

magnitude frequency characteristic is shown as L (@), the phase frequency crosses
—180" before magnitude frequency reaching 0 dB. So the phase frequency crosses —180°
twice, the system is stable. Otherwise, if the magnitude frequency characteristic is shown
as L,(w), the magnitude frequency reaches 0 before the phase frequency crossing —180°.

In this situation, the phase frequency only crosses —180° once before magnitude

frequency characteristic equals to 0 dB, so the system is unstable.

For a minimum-phase system, we can determine the stability by calculating the gain
margin (GM) and phase margin (PM). If GM<0 and PM>0, the close-loop system is

stable; if not, the close-loop system is unstable.

It is clearly shown in Fig. 4.11 that the phase frequency characteristics of group 1, group

2 and group 3 cross the —180° before the corresponding magnitude frequency reaching 0
dB. And from TABLE 4.1, we can observe that all of the GMs of these three groups are
smaller than zero, and the PMs are bigger than zero. It means that the systems with these

three groups of SMO gains are stable. However, it is hard to compare the value of o, and
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o, of the fourth group. By calculating the GM (GM>0) and PM (PM<0) of the fourth

group, it shows that system with these three SMO gains cannot be stable. So when

selecting the value of k_, the designed value cannot be too large. Otherwise, the stability

of the system will be affected.

In a word, by properly estimating and selecting the SMO gains, the sensorless control of

detecting the rotor position can be realized with high accuracy and satisfying robustness.
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Chapter 5

SIMULATION VERIFICATION

5.1. SIMULATION SETUP

In this chapter, the position sensorless control methods proposed in Chapter 3 and
Chapter 4 are verified by simulation. Simulations are performed in MATLAB/Simulink
environment. And simulation results of pulse injection method, sliding-mode observer

method, and the combination of these two methods are presented.

The proposed position sensorless methods to estimate rotor position is applied on a 12/8
three-phase SRM. The combination of pulse injection method and SMO method is
simulated for the entire speed range. At low speed, the pulse injection method is tested,
while the SMO was verified at high speed. In the simulations, the load is adjusted to

control the speed of the tested SRM.

The characteristics of the SRM are given in TABLE 5.1, and the parameters of controller

are given in TABLE 5.2.
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TABLE 5.1 System parameters of SRM drive

Power 2 kw
Rated speed 2,000 RPM
Stator resistance 0.05Q
Stator poles 12
Rotor poles 8
Friction 0.002N-m:-s
Inertia 0.005kgm?

TABLE 5.2 Controller parameters

Turn-on angle 208°
Turn-off angle 340°
Proportional gain 0.03
Integral gain 0.1
Reference phase current 10A
DC-link voltage 150V
PWM switching frequency 10 kHz

5.2.  SIMULATION RESULTS

5.2.1. LOW-SPEED OPERATION WITH PULSE INJECTION METHOD
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At low speed operation, the rotor position and speed estimation is realized by pulse
injection method. Fig. 5.1 shows the control structure of SRM based on pulse injection
method. In order to determine the initial rotor position, pulses have to be injected to three
phases simultaneously to calculate the inductance amplitude. According to TABLE 3.3,
the initial position can be found by comparing the values of inductance of the three
phases. And as introduced in section 3.3.2, pulses are injected to three phases in sequence
at low-speed operation, and the rotor position can be calculated by (3.6). The parameters

of pulse injection module are listed in TABLE 5.3. And the sample time of the position

calculation module is 1x10™s.

TABLE 5.3 Parameters of pulse injection module

Pulse frequency 1 kHz
Initial position - "5 e amplitude 150V
detection
Pulse width 5x10™*s
Turn-on angle 0°
Turn-off angle 120°
6s 40°
Pulse frequency 5 kHz
Low-speed
position Pulse amplitude 150V
detection :
Pulse width 45%x107°s

86



Master Thesis — Xiao Wang; McMaster University — Electrical & Computer Engineering

Rgtjerrree?l(t:e DC-link Voltage
+
| X > PI T T
> ! ! |
L—»
OR » PWM » Converter I
> P
Pulse- [€
Injection Ton_p
Angle T ~
Calculation [ "off _p @ Position |« *?
Calcula_tion Initial
R Equation | Position |«
< o~ 1(3.6) & (3.8) ¢ Detection
Switching | T
Angle |e—===
Calculation| T .
¢ _

Fig. 5.1 Control structure of SRM based on pulse injection method.

Fig. 5.2 shows current waveforms of three phases with pulse injection. As shown in Fig.
3.1 and Fig. 3.5, for each position region, it has specific sensing phase and active phase.
So from Fig. 5.2 (a), when the pulses are injected into phase A to detect the rotor position,
phase B is under conduction firstly, and the active phase is switched to phase C. There are
two reasons to explain why the turn-off angle for active phase has to be ahead of turn-on
angle of sensing phase. Firstly, before the pulses injecting to one phase, the phase current
has to be zero. Secondly, it takes time for phase current dropping to zero, so certain time
has to be kept put to ensure that the phase current drops to zero before injecting the

current. When the current of phase B drops to zero, the pulses are injected into phase B to
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sense the rotor position. The phase C is still used as active phase in the first half part, and
then the active phase is switched to phase A. And conditions of the phase C can be
deducted with the same analysis. It is shown that the current of active phases is regulated
at 10A when SRM operates at the low speed of 275 RPM. The magnitude of pulse
injection current varies from 0.5A to 3.5A, and it is relatively small compared to active
phase current. However, the disadvantage of injected pulse current is that this current

produces a negative torque.

The amplitude of the injected pulse current represents the variation of phase inductance,
and the position information can be detected by phase inductance. Equation (3.6) is used
to calculate the relative phase inductance and rotor position by the measurement of
injected pulse current. Fig. 5.2 (b) shows the current waveform of phase A with the
variation of phase A rotor position. As designed previously, the normal conduction angle

is from 208° to 340°, and the pulse injected angle is from 0° and 120°.

Fig. 5.3 (a) shows the comparison of actual position and estimated position without
considering the saturation region of phase inductance (the algorithm is equation (3.5)). It
is shown that there is mismatching between actual and estimated position. The position
error is shown in Fig. 5.3 (b), and the average error is around 6°. Comparatively, Fig. 5.4
shows the comparison of actual position and estimated position under consideration of the
saturation region of phase inductance. It is shown that the position error is reduced by
using the algorithm that considers the saturation region.
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Fig. 5.2 (a) Three phases current profiles of pulse injection method at steady-state; (b)

Phase A current profiles versa Phase A rotor position.
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Fig. 5.3 Simulation results at 275 RPM without considering saturation.
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Fig. 5.4 Simulation results of the rotor position estimation at 275 RPM.

400 T T

——Phase A
350 ——Phase B| |
Phase C

300 y

250 - 1

Position (deg)
[
(=
(=]
T
1

—_
h
(=]
T
I

100 / il

50F

0 Il
3.93 3.94 3.95 3.96 3.97 3.98 3.99 4
Time (s)

Fig. 5.5 Three phases estimated rotor position profiles at 275 RPM.
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Fig. 5.6 Simulation results of the rotor speed estimation at 275 RPM.
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Fig. 5.7 Simulation results of the estimation error of the position and speed at 275 RPM

(a) position error; (b) speed error.

Fig. 5.5 shows the estimated rotor position information of three phases, which verifies the
control scheme in Fig. 3.5. Fig. 5.6 shows the simulation results of speed estimation. Fig.
5.6 (a) shows the rotor speed estimation results using equation (3.8) while Fig. 5.6 (b)
shows the results from PLL. Since the speed is estimated by a step of 30° mechanical
degree from Fig. 5.6 (a), the estimated speed did not track actual speed well during
accelerating region. When the SRM operates at 275 RPM, the estimated speed can
perfectly match the actual speed. However, the result from PLL can almost exactly track
actual speed except overshoots. The overshoots occur when the system operates from the

standstill and reaches 275 RPM. However, the overshoot has little effect on the stability
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of the whole system. The disadvantage of PLL method is that the chartering is higher
compared with the speed estimation method using (3.8). By examining the merits and
shortages of these two approaches, speed estimation using PLL is more suitable to be

applied to this system.

Fig. 5.7 describes the estimation error of position and speed obtained from PLL. Both the
position error and speed error are comparatively small at steady-state. The position error
varies between -4° to 2° except some spikes to around 3.5°. The speed error ranges from -

5 RPM to 3 RPM at steady state, and the maximum overshoot reaches 26 RPM.

There are some spikes appearing in the position error. The reason for this phenomenon is
that the algorithm needs response time when switches from one active phase to another.
However, the response time is short, and the position error is not significant. In this case,
the accuracy of pulse injection method to detect rotor position is acceptable, and it is

desired to be applied to the low-speed operation.

5.2.2. HIGH-SPEED OPERATION WITH SLIDING MODE OBSERVER METHOD

At high-speed operation, the sensorless position detection is realized by sliding mode
observer. The control structure block diagram of the whole system is shown in Fig. 5.8.
The selection of observer gains is listed in TABLE 5.4, and the Bode diagram of the
system with these gains is presented in Fig. 5.9. Since the GM<0 and PM>0, it means

that the system is stable. So the selection of SMO gains is reasonable.
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Fig. 5.8 Control structure of SRM based on SMO.

TABLE 5.4 Design of observer gains

Parameter Value Unit
Koy 3600 Deg/s
K, 2.7x10° Deg/s*
K, 1.35x10’ Deg/s®
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Bode Diagram
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Fig. 5.9 Bode diagram of the system with the selection of SMO gains in TABLE 5.4.

The simulations are performed at a mechanical speed of 2,000 RPM to verify the
effectiveness and accuracy of the proposed SMO method. Since it is a 12/8 SRM, the
electric speed reference is set to 16,000 RPM and the SRM is driven from 0 RPM to an

electric speed of 16,000 RPM with the acceleration of 19,200 Deg/s?.

The actual flux-linkage can be calculated by inverting (1.14). And the estimated flux
linkage can be obtained from 3D look-up table. This 3D look-up table needs information
of phase currents and rotor position to search the corresponding phase flux-linkages.
Phase currents are measured by current sensors, and the current rotor position estimated
from former moment is the input of the look-up table. In this way, the flux-linkage can be
obtained. Fig. 5.10 shows the comparison of estimated flux-linkage and actual flux-

linkage at steady state. It is shown that the estimated and actual flux-linkage are almost
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overlapped. Although there are some errors between estimated flux-linkage and actual
flux-linkage, these errors will be minimized by SMO algorithm, and flux-linkage errors
are important items to calculate the estimated rotor position and speed. Fig. 5.11 depicts
the current profiles of three phases. The current reference is set to 10A, and it is clear that

the current is regulated around 10A at steady state.

Fig. 5.12 shows the estimated position and actual position at steady state and Fig. 5.13
shows the comparison of estimated speed and actual speed. Fig. 5.14 shows the position
error and speed error during the whole executing period. Although both the position error
and speed error oscillate during acceleration period, the maximum errors are acceptable,
and they are about 20° and 40 RPM, respectively. Both the speed error and position error
occurs at the beginning of acceleration. The estimated position and actual position are
overlapped well when the system operates at high-speed steady state. The average
position error at steady state is around 1° with chattering from 0° to 2°. When the speed
reaches 2,000 RPM, the average speed error is 0 RPM with chattering between -1 RPM

to 1 RPM.

Simulation results demonstrate the effectiveness of SMO method to estimate the position
and speed at high-speed operation. When the system operates at steady state, the position
error and speed errors are 0.56% and 0.05%, respectively. The estimated results can
precisely track the actual value with short response time. Therefore, the SMO estimation
is achieved with high accuracy and fast convergence. The chattering of estimated position
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and speed are comparatively insignificant, and they do not have much influence on the

performance of the whole system.
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Fig. 5.10 The comprison of actual flux-linkage and estimated flux-linkage at steady-state.
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Fig. 5.11 The mesurements of three phases currents at steady-state.
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Fig. 5.12 Simulation results of the rotor position estimation at 2,000 RPM.
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Fig. 5.13 Simulation results of the rotor speed estimation at 2,000 RPM.
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Fig. 5.14 Simulation results of the estimation error of the position and speed at 2,000

RPM (a) position error; (b) speed error.
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Fig. 5.15 Position and speed error of 2-order sliding-mode observer.
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Fig. 5.16 Position and speed error of 3-order sliding-mode observer.
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A sliding-mode observer with second order PLL is tested to show the improvement of the
proposed third order sliding-mode observer. The position errors and speed errors are
shown in Fig. 5.15 and Fig. 5.16, respectively. It is shown that during acceleration period,
and the speed error keeps around 40 RPM. However, when the third order SMO is
applied, the estimated speed can well track the actual speed during acceleration period.
The accuracy of the third order SMO also shows a little improvement over the second

order SMO.

5.2.3. THE COMBINATION OF THE TWO ESTIMATION METHOD FOR ENTIRE

SPEED RANGE

Both pulse injection method and sliding-mode observer have their advantages at
particular speed range. Therefore, it is reasonable to combine these two methods together
to detect rotor position of the entire speed range. Pulses are injected to idle phases to get
the rotor position information when SRM operate at low speed, and the control method
switches to sliding-mode observer when the speed exceeds a certain speed. In this way,

the rotor position and speed are precisely estimated.
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Fig. 5.17 control structure of hybrid sensorless control method.

Fig. 5.17 shows the control structure of the whole system by combining the two
sensorless control methods together. Where wy, is the preset speed. When rotor speed is
below wy, pulse injection method is applied to detect the rotor position and speed. When
rotor speed exceeds wy, sliding mode observer is utilized. The speed threshold wy, is set to

500 RPM.

Fig. 5.18 (a) illustrates the comparison of estimated and actual position during
acceleration period. It is shown that the estimated and actual positions are almost
overlapped. Pulse injection method can precisely estimate the rotor position during low-
speed operation. And Fig. 5.18 (b) shows the simulation results at 1000 RPM. Since the
estimated and actual positions are overlapped well, the SMO method is proved to be able

to estimate rotor position with high accuracy at high-speed operation.
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(a) Simulation results of the rotor position estimation by pulse injection method.
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(b) Simulation results of the rotor position estimation by sliding mode method.

Fig. 5.18 Simulation results of rotor position estimation.
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Fig. 5.19 shows the simulation results of estimated and actual speed. As is shown,
estimated speed precisely tracks the actual speed except a slight overshot when the speed
reaches the steady-state speed. Since the estimated and actual speeds are almost
overlapped during the whole period, high speed accuracy of both the pulse injection

method and the SMO method is indicated.
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Fig. 5.19 Simulation results of the rotor speed estimation from 0 RPM to 1000 RPM.

Fig. 5.20 shows the position error and speed error. It is shown that both the position error
and speed error are insignificant. For every electrical cycle (360°), the average position
error at acceleration period with pulse injection method is about -0.3°. When switching
the pulse injection method to SMO method, the position error reaches its maximum value

about -9.5°. After convergence, the average position error using SMO method is about -
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1.2° with chattering from -0.5° to -3.5°. The speed error of pulse injection method
oscillates between 4 RPM and -6 RPM except the overshot to 28 RPM at startup point.
When the speed reaches the steady state speed, the overshot of speed error reaches -28
RPM. And then the speed error of SMO method is about 0.5 RMP with chattering from

1.5 RPM to -2 RPM.
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Fig. 5.20 Simulation results of the estimation error of the position and speed from 0 RPM

to 1000 RPM (a) position error; (b) speed error.

In order to verify the effectiveness of proposed combination method, simulation results at
different speeds are given. The simulation results at the speed of 2000 RPM are shown in
Fig. 5.21 to Fig. 5.23 and the simulation results at the speed of 4000 RPM are shown in

Fig. 5.24 to Fig. 5.26.
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Fig. 5.21 and Fig. 5.24 show the comparison of actual and estimated rotor position at the
speed of 2000 RPM and 4000 RPM respectively. No matter at what speed the system
operates, the estimated position and actual position are overlapped well. High accuracy of

rotor position estimation is indicated.

Fig. 5.22 and Fig. 5.25show the comparison of estimated and actual speed at 2000 RPM
and 4000 RPM respectively. It is shown that estimated speed can track actual speed

precisely when the steady-state speed is either at 2000 RPM or 4000 RPM.

Fig. 5.23shows the position error and speed error when the steady-state speed of the
system is 2000 RPM. The average position error at 2000 RPM is about -0.6° with
chattering from -1.4° to — -0.2°. And the speed error is about 0.1 RPM with chattering

from 1 RPM and -1 RPM at steady state.

Fig. 5.26 shows the position and speed errors at 4000 RPM. The average position error at
4000 RPM is about -0.1° with chattering from -0.4° to -0.2°. And the speed error is about

0.05 RPM with chattering from 0.6 RPM and -0.6 RPM at steady state.

So the simulation results verify that the combined sensorless control method, namely
pulse-injection for low speed and SMO for high speed, have the capability to estimate

rotor position and speed with high reliability.
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Fig. 5.21 Simulation results of rotor position estimation at the speed of 2000 RPM.
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Fig. 5.22 Simulation results of the rotor speed estimation from 0 RPM to 2000 RPM.
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Fig. 5.23 Simulation results of the estimation error of the position and speed from 0 RPM

to 2000 RPM (a) position error; (b) speed error.
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Fig. 5.24 Simulation results of rotor position estimation at the speed of 4000 RPM.
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Fig. 5.25 Simulation results of the rotor speed estimation from 0 RPM to 4000 RPM.
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Fig. 5.26 Simulation results of the estimation error of the position and speed from 0 RPM

to 4000 RPM (a) position error; (b) speed error.
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In order to test the transient response of the proposed combination sensorless control
method, simulation results of changing the speed during operation period are given. As
shown in Fig. 5.27, the speed changes several times during operation period. In the
beginning, the speed accelerates to 300 RPM, and after a short time operation, it
continues to accelerate to 2000 RPM. The system operates at 2000 RPM for a few
seconds, and then the rotor starts to slow down. The speed decreases back to 300 RPM.
In the whole process, the estimation method switches from pulse injection to SMO (or

from SMO to pulse injection) at 500 RPM.

A group of figures in Fig. 5.28 show the comparison of estimated and actual positions,
including the whole operation period and the points starting to accelerate and decelerate.
Fig. 5.28 (a) shows the comparison of estimated and actual positions for the whole
operation period. It is shown that the actual and estimated positions are almost
overlapped both at low-speed and high-speed operation. Fig. 5.28 (b) shows the rotor
position estimation results when the speed starts to accelerate from 300 RPM. It also
includes the moment when the sensorless control method is switching from pulse-
injection to SMO. Furthermore, Fig. 5.28 (c) presents the comparison of estimated and
actual rotor positions when the speed starts to decelerate from 2000 RPM. And Fig. 5.28
(d) describes the simulation results when the speed stabilizes at 300 RPM. It is evident to
observe that the estimated and actual positions are always almost overlapped no matter

what state of the system it is.
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Fig. 5.29 describes the estimation errors during the whole process. The rotor position
error is shown in Fig. 5.29 (a). The rotor position errors oscillate from -4° to 2° when the
pulse injection method is applied. And when the SMO method is used to detect rotor
position and speed, the position error is minimized when increasing the rotor speed and
the position error is enlarged when decreasing the rotor speed. It is shown in this figure
that the position error of high-speed operation is smaller than that of low-speed operation.
It further demonstrates the previous comments that the position error is reduced when
increasing the rotor speed. The speed error is shown in Fig. 5.29 (b). It is shown that the
overshoots occur when the rotor starts to accelerate and reach the setting speed. The
absolute value of overshoots is about 27 RPM. Besides, the speed error at different
speeds can be explicitly compared when the SMO is applied. And it is shown that the

speed error at high-speed operation is smaller than that at low-speed operation.

112



Master Thesis — Xiao Wang; McMaster University — Electrical & Computer Engineering

2 500 T T T T T T
= Actual speed
—Estimated speed

2000 - 1
1500

1000 [- 1

Speed (r/m)

wn
)
(=]

_500 1 1 1 1 1 L 1
0 0.5 1 1.5 2 2.5 3 3.5 4

Time (s)

Fig. 5.27 Simulation results of rotor speed estimation at various speeds.
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(a) Rotor position estimation for the whole operation period.
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(b) Rotor position estimation when accelerating form 300 RPM.
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(c) Rotor position estimation when decelerating from 2000 RPM.
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(d) Rotor position estimation at the speed of 300 RPM.
Fig. 5.28 Simulation results of rotor position estimation.
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Fig. 5.29 Simulation results of the estimation error of the position and speed (a) position

error; (b) speed error.
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Chapter 6

EXPERIMENTS RESULTS

6.1. EXPERIMENTS SETUP

The effectiveness and robustness of proposed methods are verified by experiments in this

chapter, including pulse injection method, SMO method, and the combination method.

The diagram of the experimental setup is shown in Fig. 6.1. The system setup consists of
a controller, a DC-DC converter, a rectifier, the tested SRM, and the load BLDC. The
control algorithm of pulse-injection and SMO are implemented by the controller board
with TI’s DSP TMS320F28335 on it. The switching signals are generated by the current
controller and PWM modulator programmed in the DSP. These switching signals are sent
to an asymmetric half-bridge converter to control the tested SRM. The tested SRM and
the load brush-less DC (BLDC) machine are connected by shaft. The output of the BLDC
is successively connected to the passive rectifier, DC/DC converter, and load resistor. Fig.
6.2 shows the experimental setup. In the experiments, the duty ratio of the DC/DC
converter is adjusted to change the load torque on the tested SRM. As shown in Fig. 6.2

(b), the duty ratio is adjusted by tuning the variable resistor.

116



Master Thesis — Xiao Wang; McMaster University — Electrical & Computer Engineering

The value of the observer gains and reference parameters are the same as that of the

simulation, and they are listed in TABLE 6.1.

TABLE 6.1 Experimental parameters

Parameters Value
Reference current 10A
Rated DC power-supply 150V
Position gain kg 4500
Speed gain k,, 2.7x10°
Acceleration gain k,, 1.35%x10’
Sample frequency 10KHz
DSP frequency 150MHz
+
Power
Supply  |— Tested BLDC
SRM load

— ! Controller | —$*% » Tx 4@:& AH}X AH} N — ?:

A t Duty ratio

Fig. 6.1 Diagram of the experimental setup.
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Fig. 6.2 Experimental setup.

6.2. EXPERIMENTAL RESULTS

6.2.1. EXPERIMENTAL RESULTS AT LOW-SPEED OPERATION

In this section, the effectiveness and reliability of pulse injection method at low-speed
operation is verified, and the experiment is performed at 275 RPM. The actual position
and speed measured by the resolver are recorded for comparison. In order to easily
observe and analyze, the waveform of rotor position and corresponding error are enlarged

by zooming in several electrical periods. The rotor position estimation results are shown
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in Fig. 6.3, including the comparison of actual and estimated position and the position

error. Fig. 6.4 shows the experimental results of rotor speed estimation.

Two electrical circles are selected to show the comparison between the actual position
and estimated position clearly. It is shown that the estimated position and actual position
are almost overlapped at steady state. From the position error, we can see that the average
position error is around 5°, and the maximum position error is about 30°. The percentages
of position error in an electrical cycle are 1.38% and 8.33% respectively. Although
sometimes the absolute value of position error is kind of high, the stability of the whole
system will not be affected. And from the experimental results of speed estimation, it is
clearly that the estimated speed can correctly track the actual speed. Overall, the pulse
injection method is suitable for detecting rotor position and speed at low-speed operation

with desirable accuracy.
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Fig. 6.3 Experimental results of rotor position estimation at 275 RPM.
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Fig. 6.4 Experimental results of rotor speed estimation at 275 RPM.

6.2.2. EXPERIMENTAL RESULTS AT HIGH-SPEED OPERATION

The SMO method is verified by experiments in this section. The actual position and
speed are measured from the encoder and are recorded and compared with the estimation
results. Fig. 6.5 (a) shows the comparison of actual and estimated position at 1000 RPM,
and Fig. 6.5 (b) shows the corresponding position error. The rotor speed estimation result
at 1000 RPM is shown in Fig. 6.6. Similarly, the experimental results of rotor position
estimation and corresponding position error at 2000 RPM and 4000 RPM are shown in
Fig. 6.7 and Fig. 6.9, respectively. And the comparison of actual and estimated speeds of

2000 RPM and 4000 RPM are respectively presented in Fig. 6.8 and Fig. 6.10.
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Although there is a little shift between estimated position and actual position at 1000
RPM in Fig. 6.5 (a), the average position error is only about -9° with chattering from -6°
to -14°. As we can see from Fig. 6.7, when increasing the rotor speed to 2000 RPM, the
average position is about -7° with chattering from -5° to -10°. It is clearly shown in Fig.
6.9 (a) that estimated position ideally matches the actual position, and they are almost
overlapped at 4000 RPM. The corresponding position error shown in Fig. 6.9 (b) is
around -1°. The percentages of position error at three speeds are 2.5% (1000 RPM), 1.9%
(2000 RPM), and 0.3% (4000 RPM). From the figures and data, it is shown that both the
average position error and chattering of position error decreases with the increase of rotor
speed. From Fig. 6.6, Fig. 6.8, and Fig. 6.10, it is shown that the estimated speed can

perfectly track the actual speed.

From these experimental results, the rotor position and speed can be precisely estimated
with an acceptable error. Besides, since the position error and chattering are smaller at
high-speed operation, it demonstrates that the proposed SMO method is more suitable to

be applied for detecting rotor position at high-speed operation with desirable accuracy.
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Fig. 6.5 Experimental results of rotor position estimation at 1000 RPM.
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Fig. 6.6 Experimental results of rotor speed estimation at 1000 RPM.
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Fig. 6.7 Experimental results of rotor position estimation at 2000 RPM.
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Fig. 6.8 Experimental results of rotor speed estimation at 2000 RPM.
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Fig. 6.9 Experimental results of rotor position estimation at 4000 RPM.
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Fig. 6.10 Experimental results of rotor speed estimation at 4000 RPM.

6.2.3. EXPERIMENTAL RESULTS OF THE ENTIRE SPEED RANGE

The combination sensorless control method with pulse injection and SMO method is
tested by changing the speeds during the whole executing period. The profile of actual
and estimated speed is shown in Fig. 6.11. It indicates that the system operates around
300 RPM between 2s to 8s, and the rotor starts to accelerate from 7.8s; and then, the rotor
speed reaches 2000 RPM at 15s; after that, the rotor starts to decelerate and stabilizes at
300 RPM at around 16s. And the comparison of actual and estimated position and its
corresponding error at acceleration and deceleration points are described in Fig. 6.12 to

Fig. 6.14.
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Fig. 6.12 depicts the comparison results when rotor starts to accelerate from 300 RPM to
2000 RPM. The estimation method switches from pulse injection to SMO at 500 RPM.
So the estimation method of the selected period is pulse injection method. The average
position error is around 5° to 10° with maximum error to 20° or 35°. The estimated rotor
position and actual rotor position are almost overlapped, and this shows the accuracy of

pulse injection method when changing the value of speed during operation.

Fig. 6.13 describes the comparison results when rotor starts to decelerate from 2000 RPM
to 300 RPM. And Fig. 6.14 shows the comparison of measured and actual rotor position
when the speed reaches to 300 RPM. From these figures, it is obvious that the estimated
position and actual position are almost overlapped, and the rotor position errors are

insignificant.

From the experiments, when changing the rotor speed, namely acceleration or
deceleration, the estimated rotor speed can smoothly track the actual speed, and the rotor
position can still be detected with high accuracy by estimation methods. It demonstrates
that proposed position sensorless methods can efficiently estimate rotor position and
speed when changing the rotor speed during operation. Besides, the sensorless control
method can smoothly switch between pulse injection method and SMO method without

significant transit transient process.
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Fig. 6.11 Experimental results of speed with variation of speed.
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Fig. 6.12 Experimental results of rotor position when rotor accelerates from 300 RPM.
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Fig. 6.13 Experimental results of rotor position when rotor decelerates from 2000 RPM.
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Fig. 6.14 Experimental results of rotor position estimation when rotor reaches 300 RPM.
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Chapter 7

CONCLUSION AND FUTURE WORK

In this thesis, a position sensorless control method for SRM drives based on the pulse
injection and SMO with third order PLL is proposed. The pulse injection method requires
less memory space and has merits of high reliability and accuracy. And the sliding mode
observer has advantages of simple, fast, precise tracking, and high robustness. Besides,
the costs can be reduced since no position sensor is needed and only current sensors are

required in the system.

By injecting current pulses to idle phases, the phase inductance is calculated, which is
used to determine the initial rotor position and to detect the rotor position and speed at
low-speed operation. When the system operates at high-speed, the sliding mode observer
is used to estimate the rotor position and speed with the measurement of three-phase
currents. By combining these two methods together, the proposed position sensorless
control can detect rotor position and speed with high accuracy and efficiency in the entire

speed range. The third order PLL improves the dynamic response of the system.

The implementation of the proposed method is firstly studied by MATLAB/SIMULINK
simulations. From the standstill position to the low-speed operation, simulation results

show that position and speed can be precisely estimated by pulse injection method. And
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SMO method shows its robustness and accuracy to estimate rotor position and speed at
high-speed operation. The response is fast during acceleration period, and the error is

comparably small at both steady state and transient state.

Experimental tests implemented on a three-phase 12/8 SRM prototype verify the high
resolution of the position and speed estimation. Motor drive performance demonstrates

the effectiveness of the proposed sensorless control method.

Recently, this position sensorless control method may be applied to pump system or
home appliances like wash-machine. These motors do not require the four-quadrant
operation and extreme high accuracy. So in order to apply sensorless control to an
electrical vehicle, the accuracy and robustness need to be further improved, and the
operation has to be able to switch arbitrarily among four quadrants. So the future work
could concentrate on improving the accuracy, efficiency, and robustness. Besides,
additional techniques can be integrated into the proposed sensorless control method to

make it possible for the whole system to operate under four quadrants smoothly.
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