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ABSTRACT

This thesis is focused on the sensorless control of surface-mounted permanent magnet
synchronous machines (SPMSM) at zero and low speed, with due account for rotor eccentricity.

Based on magnetic saturation effect, short pulse injection based initial position estimation
methods are systematically investigated. To obtain a reliable estimation, a voltage pulse
selection strategy is presented by considering the measurement noise, torque production and
rotor movement. A reliable selection area (RSA) is obtained which defines a selecting area for
reliable estimation result. Two novel initial position estimation methods are proposed. The first
one utilizes three-phase current responses so that only 3 pulses are required while maintaining
30 degrees resolution as conventional methods which requires 4-6 pulses. Moreover, a
boundary detection strategy (BDS) is presented which enhances the estimation against the
measurement noise and further improves the resolution to 15 degrees. The second method
utilizes the DC-link voltage response instead of the current response, which shows a better
performance. Furthermore, initial position estimation under parameter asymmetry is considered.
The influences of resistance and inductance asymmetries are illustrated and compensation
strategies are proposed.

A sensorless control method is proposed for start-up operation of SPMSMs which is always
a challenge. By using a simplified fundamental model, only stator current information is
required for position estimation without the need of parameters and voltage information. With
rotor initial position information, a stable start-up performance is achieved even under load.
When the initial position is unavailable, a reverse rotation compensation method is developed
which guarantees the correct rotation direction during starting.

Finally, conventional sensorless control methods are based on a healthy and ideal condition
of PMSMs. However, PMSMs are often non-ideal and the rotor eccentricity which is a common
issue is considered in this thesis. The rotor eccentricity effect on PMSM characteristics is
illustrated and its influence on fundamental model based sensorless position estimation is
investigated. A modified back-EMF observer is proposed by adopting an adaptive notch filter

which eliminates the harmonics in the position error caused by the rotor eccentricity.
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CHAPTER 1
GENERAL INTRODUCTION

1.1 Introduction

In the last decades, permanent magnet (PM) synchronous machine (PMSM) drives have
become increasingly attractive in both industrial and domestic applications. Especially
accompanied by the development of PM materials, power electronics devices and
microcontroller, PM synchronous machine drives nowadays have many advantages including
high efficiency, high torque and power density, and good control performance. A general

PMSM drive system is shown in Fig. 1.1.

+Vdc- +Vdc- |_|

Inverter S Inverter o | | | | |
/9\ PMSM n | PMSM |
] N m N =
) I - ) I g vl
A A A Position A A A
PWM sensor PWM|

) L iabc ia],c
I Controller | pygiion Controller

(a) (b)
Fig. 1.1. Schematic of PM synchronous machine drive system. (a) Sensored. (b) Sensorless.

As shown in Fig. 1.1, the drive system consists of a controller, a voltage source inverter
(VSI) and a PMSM. In order to achieve a desirable torque and speed control performance of
PMSM, accurate rotor position information is necessary. In general, physical position sensors,
such as encoder and resolver, are often mounted on the shaft of the machine to measure the
rotor position as shown in Fig. 1.1(a). However, the utilization of position sensors will increase
the cost and system complexity and decrease the system reliability. Hence, sensorless control
techniques are developed so that the physical position sensors can be eliminated as shown in
Fig. 1.1(b). For the sensorless control techniques, the rotor position is estimated based on the

current and voltage information of PMSM.



This chapter firstly introduces the main PMSM topologies as well as basic control strategies
of PMSM, i.e. field-oriented control (FOC) and direct torque control (DTC). Then, sensorless
control techniques are introduced. At the end of this chapter, the research scope and the

contributions of this thesis are highlighted.
1.1.1 PMSM Topologies

PMSMs are characterized by using PMs to produce magnetic field. According to [CHU13],
there are various topologies of PMSMs and they can be briefly classified as Fig. 1.2.

> Axial

—>[ Flux path

Radial

e/
\ 4

A 4

Transverse
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Flux-reversal
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e/
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Flux switching
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—>[ PM on rotor ]——P[ Inset

»

[ PMSM topologies ]—

Interior

Sinusoidal

A

—>[ Back-EMF ]—

A 4

Trapezoidal

Fig. 1.2. Classification of PMSM topologies [CHU13].

Three different flux-path PM machines are shown in Fig. 1.3 as radial-field, axial-field
[AYDO06] [RAHO06] [AYDO07][DON12] and transverse-flux PM machines [WEH86], [ZHAO05].
Among them, the most popular one is the radial-field PM machines since they are simple, low

cost and robust [CHU13].
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(a) (b) (c)
Fig. 1.3. Flux path types of PM Machines. (a) Radial-field. (b) Axial-field. (c) Transverse-flux
[CHU13].

In case of the locations of PMs, there are mainly two groups: PMs on the stator and PMs on
the rotor. Considering PMs on the stator, doubly-salient PM machines, flux-reversal PM

machines and flux switching PM machines are mainly investigated, as depicted in Fig. 1.4.

(a) (b) (c)
Fig. 1.4. PM Machine topologies with PMs on the stator. (a) Doubly-salient. (b) Flux-reversal. (c)
Flux switching [CHU13].

For PMs on the rotor, in general there are three types, namely surface-mounted, inset and

interior PM machines, as shown in Fig. 1.5.

-
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A ) J
(a) (b) (c)
Fig. 1.5. PM Machine topologies with PMs on the rotor. (a) Surface-mounted. (b) Inset. (c) Interior

[CHU13].



Compared with stator PM type, the rotor PM type is simpler and more robust. For the same
torque density, the rotor PM type requires less volumes of PM which reduces the cost. Therefore,
rotor PM type machines are more popular in majority of various applications. Moreover, since
the PM materials have the permeability close to that of the air. Consequently, among the rotor
PM type machines, the surface-mounted PM machines have negligible geometric saliency
while the other two have significant saliency effect due to the geometric anisotropy [LIU13].

According to the back-EMF waveforms, PMSMs can be categorized as brushless DC
(BLDC) machines and brushless AC (BLAC) machines, as shown in Fig. 1.6(a). Moreover, in
case of the current excitation, it can be divided into square wave current excitation and
sinusoidal current excitation, as shown in Fig. 1.6(b). Normally, in order to obtain a better
torque performance, BLAC machine is driven by sinusoidal wave current and BLDC is driven
by square wave current.

For this thesis, the main focus is on the surface-mounted BLAC machines with sinusoidal

current excitation.

A e A l
........... Square wave
P . . ..
\\ " BLDC machine 2 excitation
> ‘ >
N P ’
BLAC machine\, Sinwave N =
"""""" excitation

(a) (b)

Fig. 1.6. BLDC and BLAC machines. (a) Back-EMF. (b) Current excitation.

1.1.2 Control Strategy of PMSMs

Field-oriented control (FOC), or vector control, was initially developed in early 1970s. By
adopting the FOC, the three-phase alternative current (AC) motor can be controlled as a
separately excited direct current (DC) motor. Based on the reference frame transformation, the
three-phase sinusoidal stator currents are transformed into two orthogonal DC components: one
defines the magnetic flux and the other defines the torque. With FOC, an excellent performance
of PMSM drive is achieved. The PMSMs can operate over the full speed range and provide
desirable torque at even zero speed. Besides, FOC shows a good dynamic performance and

more control accuracy. The block diagram of a typical FOC used for PMSM speed control is



shown in Fig. 1.7. The stator g-axis current is related to the torque and d-axis current is related

to the flux, and they can be regulated separately.

+ Vg =

i ?
‘KSVPWM\ T ( Inverter

T,
Tc; —|

& J \\

A
B
y

A 4

iabc

Fig. 1.7. Block diagram of field-oriented control (FOC).

Another well-known control strategy for PMSMs is called “Direct Torque Control (DTC)”.
DTC control scheme is initially proposed for induction machines (IM) [TAKS86] and is further
extended to PMSMs [ZHO97] [PACO05] [FOO09] [ZHAI11]. Different from FOC control
scheme, DTC control scheme controls the flux directly. DTC offers a simple control structure,
fast response and robust operation against machine parameters. The block diagram of a

conventional switching table based DTC control scheme is given in Fig. 1.8.

+ Vg =
> 8W N S, Inverter
Switching S,
ﬁ & Table S, —|
_‘ra L
9”'
Flux &

labe

Torque [«
Estimator |

Fig. 1.8. Block of direct torque control (DTC).

For a conventional DTC, the electromagnetic torque and stator flux are regulated using
hysteresis controllers. A switching table is used to select the optimal voltage vector of VSI.
Different from FOC, coordinate transformation and specific modulation techniques are

5



eliminated. Hence, the dynamic performance is significantly improved. However, inherent
torque and flux ripples will lead to acoustic noise and deteriorate the control performance,

especially in the low speed range.

The overall comparison between FOC and DTC control schemes is summarized in TABLE

1.1.

TABLE 1.1
OVERALL COMPARISON BETWEEN FOC AND DTC
Method FOC DTC
Parameter dependency Dependent Independent
Switching frequency Constant Variable
Sampling frequency Low High
Switching loss Low High
Computation burden High Low
Modulation Yes No
Implementation complexity Complex Easy
Requirement of Rotor position Yes No
Torque response Slower Faster




1.1.3 Sensorless Control Techniques

There are various sensorless control methods proposed in the past. They can be categorized
into fundamental model based methods and saliency based methods. A brief classification of

sensorless control techniques for BLAC machines is shown in Fig. 1.9.

Middle and high speed —>[ Voltage model

—D[ Back-EMF ]——’[ Current model

Fundamental
model based

—>[ Flux-linkage ]——»[ Open/closed-loop

Sensorless
control of
BLAC
PMSM

Persistent signal N
injection

Saliency
based

Transient pulse —D[ Arbitrary signal

injection
Zero and low speed _’[ Zero-sequence signal

1
1
1
1
1
1
1
1
1
PWM excitation !
y, Square wave signal | !
1
1
1
1
1
1
1
1
1
1

Fig. 1.9. Classification of sensorless control techniques for BLAC machines.

For fundamental model based methods, since they are based on the back-EMF or flux-
linkage, accurate parameters and observable machine model are necessary. Therefore, they are
more preferred in middle and high speed ranges. For saliency based methods, the PM machine
saliency is independent of the rotor speed. This type of method can be used in zero and low
speed range. However, as speed increases, the injected signal frequency will approach the
fundamental current frequency, which will reduce the signal to noise ratio (SNR) of position
dependent current responses. The detailed introduction of these two types of methods is

illustrated in the following sections.

1.2 Fundamental Model Based Sensorless Control Methods

For fundamental model based sensorless control methods, the basic idea of is to estimate

the back-EMF or flux-linkage based on the fundamental model of PM machines. Most of them
7



can fit into the frame as shown in Fig. 1.10. For each part of the frame, different types of method

are shown in Fig. 1.11.

A B n C
edq ’eaﬂ
VoA | Machine v, v, | EMEFlux, 4y, p | Speed& 9 4
— > model —~ »1 Position error — »  Position [—»
coordinate | i, ,i,, estimator (A6, observer

Fig. 1.10. General frame of fundamental model based sensorless control techniques.
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Fig. 1.11. Classification of fundamental model based sensorless control techniques.

For different methods, they can be characterised in terms of parts A, B and C in Fig. 1.11.
In part A, the machine model coordinate based on which the sensorless control techniques is
established is classified. Then, majority of the research focuses on part B. Different techniques
are developed to estimate the back-EMF, flux-linkage or position error as shown in Fig. 1.11.
For part C, after back-EMF, flux-linkage or position error is estimated, a position and speed
observer is applied to generate the speed and position information. All three parts will be

introduced in detail in this section.



1.2.1 Machine Model Coordinate

For the 3-phase PMSM, it can be modelled in different reference frames including ABC
reference frame [ERT94], stationary reference frame (af0) [HU98] and synchronous reference
frame (dq0) [CHEO3]. Most of sensorless control methods are established based on stationary

and synchronous reference frames which are transformed from ABC reference frame.
A. Model in ABC reference frame

In the ABC reference frame, the voltage equation is given by:

Vg R, 0 07 rig Yq
[Ub =10 Ry O0]-|ip +p l/Jb] (1.1)
Ve 0 0 R Ic lpc

where v,, vy, V., iy, Ip, e, Yq, Yp and P, are the 3 phase voltages, currents and flux-linkages,
respectively. R is the phase resistance, and p is the derivative operator, i.e. p = d/dt.

The 3-phase flux-linkages can be written as:

cos 0,
lpa Laa Mab Mac ia cos (9 _2_7T>
Yol =|Mpa Lpp Mpc|:|ip|+ Y, 3 (1.2)
l/)c Mca Mcb Lcc le

(0:+5)
cos (- + =

where L,,, Lyp, Lees Moy, Mo, Myg, My, M., and M, are the 3-phase self- and mutual-

inductances, respectively. 1, is the PM flux-linkage. For the inductance matrix, it is given by:

Lyq = Lso — Ls, cos 260
Lyp = Lgo — Lsy c0s2(6 — 120°) (1.3)
Lec = Lgg — Lgp cos 2(6 + 1207)

where Lg, and Lg, are the amplitudes of dc and the 2" order harmonic component of self-
inductances, respectively.
Mgy, = My, = Mgy — M, cos 2(6 +120°)
My, = M., = Mgy — M, cos 20 (1.4)
M., = My, = Mgy — Mg, cos 2(8 — 120"
where M, and M, are the amplitudes of dc and the 2" order harmonic component of mutual-
inductances, respectively. Furthermore, there is no 2" order harmonic component in the non-

salient machines, i.e. Ly, = Mg, = 0.



From (1.1) to (1.4), it can be seen that the PMSM machine model in ABC reference frame
is very complicated from the control aspect. Therefore, the machine model is normally

transformed into the stationary reference frame and the synchronous reference frame.

B. Model in stationary reference frame

The machine model can be transformed from ABC reference frame to stationary reference

frame by using the transformation matrix in equation (1.5) and (1.6).

_ 1 1 1
=72 72
Cabc—a =§ 0 ? —? (1.5)
1 1 1
2 2 2
1 0 1
Lo
Caﬂo—abc 2 2 (1-6)
1 43
7 71

Besides, the relationship between ABC reference frame and stationary reference frame is shown
in Fig. 1.12.

B

A(ax)

C

Fig. 1.12. Relationship between ABC reference frame and stationary reference frame.

After transformation, by neglecting the zero sequence component, the voltage and flux-linkage

equations in the stationary reference frame are given by:

[EZ]:[% I(?)S] [EZ]JFP m (1.7)
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l/Ja] _ [Laa Maﬁ] [ia] . [cos 0, (1.8)

l/)ﬁ M Ba LB B lﬁ sin 9r
where vy, Vg, lg, ig, Yo and YPp are the stator voltages, currents and flux-linkages in the

stationary reference frame, respectively, w,, 8, are the electrical rotor speed and the electrical
rotor position. Ly, Lgg, Mg and Mg, are the self- and mutual- inductances in the stationary

reference frame, respectively. Furthermore, the inductances can be represented as:

Lo+Ly Lg—L

="+ 2 cos 26, (1.9)
Ly+L, Ly—1L
Lgp = dz 1_ dz 1 cos 26, (1.10)
L —
Mgy = Mg, = dz 9 sin 26, (1.11)

where Ly and L, are the d- and g-axis inductances. If the machine is non-salient, i.e. SPMSM,

the relationship of the inductances is then given by:

Lg=Lg =Ly (1.12)
Laa = Lﬁ'ﬁ (1.14)

Hence, the voltage and flux-linkage equations for SPMSM are given by:

[EZ] = [RS T)pLS R, prs] [ZZ] + WP [—Csol:::] (1.15)
I | 2 e (1.16)

C. Model in synchronous reference frame

The machine model can be transformed from the ABC reference frame to the synchronous

reference frame by using the transformation matrix as given by:

11



cosf,  cos(8 —120°)  cos(6 + 120°)
2[—sinh, —sin(f —120°) —sin(@ + 120°)

Cabc-daqo = 3 1 1 1 (1.17)
> = =
cos 0, —sin 6, 1
Cago—a = |c0s(6 —120") —sin(d —1207) 1 (1.18)

cos(f +120°) —sin(6 +1207) 1

Besides, the relationship between ABC reference frame and synchronous reference frame is

shown in Fig. 1.13.

C

Fig. 1.13. Relationship between ABC reference frame and synchronous reference frame.

After transformation, by neglecting zero sequence component, the voltage and flux-linkage

equations in the synchronous reference frame are given by:
Va1 _[Rs O01]Jia Yy —Yq
[ =[o mJli] 2Ll =] .19

Yal _[La O07Jia 1
¢q] =[5 1Jlis] #onlo] (120)
where vy, Vg, I, lq, Pq and P, are the stator voltages, currents and flux-linkages in the

synchronous reference frame, respectively. If the machine is non-salient, i.e. SPMSM, then,

Ly = L4 = Ls. Hence, the voltage and flux-linkage equations for SPMSM are given by:

Va1 _[Rs +plsy —w,Lg 1[la 0
[vq]‘[ wrLs Ry +pl [iq]“’””mu (1.21)

12



vl =[5 L[]+ enli] 1.2

Moreover, for a sensorless control system, the actual rotor position is unknown. Therefore, the
voltage equation should be transformed into the estimated synchronous reference frame with

the transformation matrix given by:

__[cos (AB,) sin (AB,)
r(46r) = [—sin (AB,) cos (Aer)] (1.23)
1 __[cos (A8,) —sin (A,)
=46, = [sin (AB,) cos (AB,) ] (1.24)

where A6, is the rotor position error between the estimation and actual values. Besides, the
relationship between the synchronous reference frame and the estimated synchronous reference

frame is shown in Fig. 1.14.

C

Fig. 1.14. Relationship between ABC reference frame and synchronous reference frame.

Then, the voltage equation in the estimated synchronous reference frame is given by:

Da] _ [Rs tPla  —wrlq |[ia —sinAg,
[ﬁq] a [ wrlg  Rs+ qu] i T O [ cosAB, (1.25)

The superscript sign ‘A’ indicates the variables are in the estimated synchronous reference
frame. Aw, is the rotor speed error between estimation and actual values, respectively.
Overall, it can be seen that the machine models in stationary reference frame and
synchronous reference frame are simpler than in the ABC reference frame. Therefore,
conventional back-EMF and flux-linkage sensorless control methods are mainly proposed

based on these two reference frames.
13



1.2.2 Back-EMF Based Methods

When there is a relative motion between the PMSM winding and PM magnetic field in the
airgap, a voltage occurs in electrical machines, viz. back-EMF, and hence, back-EMF is directly
proportional to the rotor speed. However, back-EMF is difficult to directly measure during
machine operation. Instead, based on the fundamental model, back-EMF can be estimated from

the stator voltage and current. Then, the back-EMF in the stationary reference frame can be

calculated by:
dl
€ap = VO_'B - RSIO_'B - Laﬁd_atﬁ (126)
€a] —sin 6,
[eﬁ] = Wrm [ cos 6, ] (1.27)

Different methods are developed to estimate the back-EMF, [MAT96] proposed two
methods, the rotor position and speed are estimated from a voltage model and a current model,
respectively. [MORO02] and [CHEO3] developed a concept of extended
EMF (EEMF). Using EEMF, salient motors such as interior PMSM (IPMSM) can be

considered as a non-salient machine. Three classical methods are introduced in this section.
A. Voltage model based method

[MAT96] proposed a position estimation algorithm based on the voltage model. The rotor
position is estimated by minimizing the reference voltage and the estimated voltage.
Assuming the estimated voltage model is identical with the real one, the estimated voltage

and speed of voltage model are given by:
D Rs+pLly —w.lg 1[0 0
[Ad,VM] :[ s T PLg rlg ] ¢d +[A A ] (1.28)
vq'VM (UrLd RS + qu lq (I)rlpm

D, — (R, + L,pi
&, = 2o~ Rela + Lapla) (1.29)
' Lalg + Y

Then, the back-EMF can be estimated from the voltage difference by:

>

Aﬁd =UVg — ﬁd,VM = —(J)lpm sin AHT (130)
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The overall sensorless control scheme is demonstrated in Fig. 1.15.

@, .
. A6, 0
Av, PI 1/S ——»
, @

r
Fig. 1.15. Position and speed observer of voltage model based method. [MAT96]

B. Current model based method

In [MAT96], a current model based method is introduced. Similar to voltage model one, the
difference between the actual current and the calculated current from current model is regarded
as the position error.

The calculated current and back-EMF in the current model are expressed as:

did,CM 1 2 ~ 2
dt = Z(Ud Rsld + (,L)qulq) (131)

di 1
q,CM . s ~ 2 ~
T = — (’[Jq —_ Rslq - erdld - wrlpm)

an

é. = Y,

The actual motor currents in the estimated reference frame are given by:

diyz, 1 . .

d_: = —(Dg — Rslg + wyLyly + 0P, sin AB,) (1.32)
Lq

diq 1 A~ 2 *

T L—(vq — Rgiy — wyLgiy — w Py, cos AG,)
q

The difference between (1.31) and (1.32) is used to produce the estimated rotor position and

speed as given by:
A6
. w, sin A, / Ld 2
Aig| la,cum T ~ T Ly (133)
Alg| quM ms | —w, cos AG, +L— mis| - Aw, '
Lq

The control scheme of the current model based method is illustrated in Fig. 1.16.
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Fig. 1.16. Position and speed observer of current model based method. [MAT96]

C. Extended back-EMF method

[MORO02] and [CHEO3] introduced the Extended back-EMF based method. By using EEMF,
salient machines (IPMSM) can be treated as a non-salient machine which simplifies the control

algorithm in the implementation. The voltage equation is given as:

ol =["y ot ]+ 2] .39
where v, and v, are the d- and g-axis stator voltages, iz and i, are the d- and g-axis stator
currents, Ly and L, are the d- and g-axis inductances respectively. The EEMF, i.e. Egy =
W Pm + (Lg — Lg)(wrig — pig). It is worth noting that for SPMSM, L; = Ly = L,. Then,
(1.34) is modified as:

Va1 [Rs+plLs —w.Lg g 0
[Uq] - [ a)TLS RS + pLS] [lQ] + [wrwm] (135)

For a sensorless control system, the actual rotor position is unknown. Therefore, the above
equations should be transformed into the estimated synchronous reference frame. Then, the

voltage equation in the estimated synchronous reference frame is given by:

ﬁd:l [RS + pLd _(Uqu ] id Ed

~ | = |+ | A 1.36

[vq wrLgq Rs +pLg Ig E, ( )
Ed _ —SinAHT Zq 1.37
lﬁql =E,, [ coshd, | Aw, L, l—idl (1.37)

The superscript sign ‘A’ indicates the variables are in the estimated synchronous reference
frame. Aw, is the rotor speed error between estimation and actual values, respectively. For

SPMSM, (1.36) and (1.37) are modified as:

16



1/J\d Rs + pLs _ers ] id Ed
~ | = ~ |+ 1A 1.38
[vq] Bol” 4o, AN (1.38)

Ed _ —sinAb, iq 1.39
[qu = OrPm [ cosAB, ] Ayl [—idl (139

Then, the position error can be expressed in the following equations:

-1 Ed
AG, = tan™ (— =) (1.40)
Eq
Subsequently, as shown in Fig. 1.17, a position observer is applied to adjust the estimation
position to minimize the position estimation error A@, to make the estimated reference frame
align with actual one. It is worth noting that in the implementation, since voltage information

is not available, the reference voltage value v; and v, are used instead.

—

V,—>lo 70

N

>

0
»% > LPF—~»{PLLI—¢—"»

jo.L R + pL,

r q ~
¢’dq—f

I A

Fig. 1.17. Extended back-EMF based position observer. [CHE03]

1.2.3 Flux-linkage Based Methods

Flux-linkage estimation based sensorless control is also widely used and its basic idea is
simple. Flux-linkage based method can be realized in both stationary reference frame [WU91]

[HU98] [YOOO09a] and the estimated synchronous reference [BOLOS].
A. Open-loop estimation

In the stationary reference frame, the stator flux-linkage can be calculated by integration of

stator voltage as expressed by:
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waﬂ = _[(Vaﬂ - Rslaﬂ) dt (141)

wma _ wa Laia _ CoS Hr

[wmﬁ] B [l/’ﬁ] B [Lﬁiﬁ] = ¥m [sin 0, (1.42)
The flux-linkage is illustrated by the phasor diagram as shown in Fig. 1.18 which corresponds
to (1.41) and (1.42).

0, Vo Ve

> O

Fig. 1.18. Phasor diagram of flux-linkage of a PMSM.

For the conventional flux-linkage calculation, it is worth noting that as expressed in (1.41),
the pure integration process will cause drift and offset issues [CHE19]. For the offset issue, it

can be solved by giving a known initial flux value 1,5(0) as expressed by:

Vs = | (Ve = Roleg) de + s 0) (1.43)

For the drift issue, since there are a small amount of DC offset and errors exist during the
current measurement, these dc offsets will be continuously accumulated by the integration and
the drift on flux estimation will cause a divergence of integration process [HOL03] [CHE19].
In [TAJ93], a high-pass filter (HPF) is applied after the integration. Hence, after applying an
HPF, the pure integration is equivalently replaced by a Low-pass filter (HPF) with cut-off

frequency w,, of which the transfer function is 1/(s + w,).
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B. Closed-loop estimation

Introduction of LPF will cause inevitable phase delay during position estimation. In [HU9§]
[WIP09], a closed-loop flux-linkage estimator with a saturable feedback is presented as shown

in Fig. 1.19.

\ 4

e

Fig. 1.19. Phasor diagram of flux-linkage of a PMSM.

The output of the integrator is modified and can be expressed as:

_ ! 42 1.44
y_s+wcx s+wcz (1.44)

With the compensation, the modified integrator can achieve a better performance than LPF

while the issues associated with the pure integrator can also be avoided.
C. Hybrid model method

In [YOOO09a], a hybrid model based flux estimator is proposed. Different from conventional
methods which only use the voltage model in (1.41) to estimate the flux, the current model is
also involved. The voltage model dominates at higher speed and the current model dominates
at lower speed so that speed range can be extended. The block diagram of the hybrid flux

observer is shown in Fig. 1.20.

Y

: Voltage Model la Current Model ['i,-

| _i:f‘ 0

| ‘ +

| - : i

I I;‘ :; } - —JO | [LU‘ fu } n e-/ 6,

: - s g +
|

|

|

|

R e N
]

(]
Uy
k=

+

|

Fig. 1.20. Block diagram of the hybrid flux observer. [YOO09a]
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By involving current model, this method is equivalently utilizing the nominal PM flux-linkage
value to compare with the estimated flux value by voltage model and the difference is used to
correct the integration drift issue [YOOO09a] and voltage error due to inverter nonlinearity
[BOLO08] by the closed-loop feedback. Hence, it can have a better performance at lower speed

than the individual voltage model based flux-linkage estimation method.
D. Active flux method

Moreover, [BOLOS8] proposed a so-called ‘Active Flux’ concept. Similar to extended back-
EMF based method, the proposed method in [BOLO8] unifies all the salient machines into

fictitious non-salient machines and hence simplified the position estimation. The active flux

(AF) is defined as:
Yap =P + (Lg — Lq)id (1.45)
For SPMSM, since Ly = Ly, the active flux is modified to:

Yar = ¥, (1.46)

With the active flux, the flux equation can be generalized as:

[ll/l)fj] - [Lq Loq] [tz] + [ng] (1.47)

Since the rotor position is unknown in the practical sensorless control system, the flux-linkage

should be transformed into the estimated reference frame:

el [l ][] B i
L6 all) <[ .

where [&Am P AFq]T is the projected AF defined as [lﬁAFd &AFQ]T =
Yarp[cosAB,  sinAB,]T. Based on (1.48), the rotor speed and position can be estimated by an

observer. The overall control scheme is shown in Fig. 1.21.
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Fig. 1.21. Active flux based position observer. [BOLOS]
The estimated d-axis flux-linkage is expressed by:
l/;d = f(Vs — Rl + Vcomp) dt — Lqu (1.49)

As illustrated in Fig. 1.21, the same as method in [YOOO09a], this algorithm [BOLO08] also
involves the nominal value of PM flux-linkage y,,, and compare it with the estimated flux by
voltage model, the difference is regarded as an input of a PI controller. The output Vo,

compensates the error caused by inverter non-linearity and integration issues.

1.2.4 Modern Control Theory Based Methods

Many position estimation methods are proposed based on modern control theories,
including sliding mode observer (SMO), Kalman filter (EKF) and model reference adaptive
system (MRAS). This type of methods becomes increasingly popular due to their robustness,

good dynamic performance and insensitivity to parameter variations.
A. Sliding mode observer

For the sliding mode observer [BEN99] [TURO00] [ZHAO02], the error between the measured
currents and the estimated current is used to re-construct the back-EMF [ZHAO02]. For the
sliding mode control system, the state variables are restricted on the sliding surface by changing
the system structure dynamically [WAN13] [WAN14a]. As demonstrated in Fig. 1.22, a typical

sliding mode control system includes two stages. The first stage is the path “4B” where the
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state starts to converge and arrives at the sliding surface. Then, the second stage is the path “BC”

where the state arrives at sliding surface and moves around it.

A

=0
B

Fig. 1.22. Demonstration of the sliding mode control system.

Sliding mode observer (SMO) is well-known for its robustness, simplicity and good
dynamic performance. Thus, SMO is widely adopted in sensorless control in middle and high
speed ranges.

The SMO is designed using the extended EMF model of PMSMs as expressed by:

[va] Rs+plg (Lg-— Lq)wrl [ivf] - [—sin@r] (1.50)

vg| = (Lg—Lg)w, Rs+pLg |lig cos0,

where Eoy = Wy + (Lg — Lg) (wrig — pig). It is worth noting that for a SPMSM, EMF
model in (1.50) can be simplified by applying (Ld —Lq) = 0. The state equation of a

conventional SMO can be expressed as follows:

i, = A, + B(u, + 1Zeq + 2) (1.51)
where
_Rs/Ld _(Ld - Lq)&)\r/Ldl
A= ~ 1.52
l(Lq — L)@ /La  —R/Lg (1.52)
C[/Lg O
B = [ 0 1/Ld] (1.53)
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i, = mus = [Z;‘] (1.54)

The symbol “A” denotes the estimated value, 1 is the feedback gain, Z.4 is the equivalent

control function, and z is the sliding-mode control function defined as follows:

koo .
N CL A (1.55)
k-sign(is—is) |is—is|>5

3

where k is the sliding mode gain, and 6 is the boundary layer. From (1.51), the difference
between the estimated stator current and the actual one is used to construct the sliding mode
control function z. The sliding mode surface is defined as § = i — i,. During the operation of
SMO controller, the current difference will be controlled to zero and then the estimated position
error is reduced to zero too. Hence, the state of SMO is then converged to § = 0 and the back-

EMF is equivalently expressed as:
es = —(1+ 1Dz (1.56)

Therefore, the rotor position can be calculated from (1.56) by:

Zeq,a
_')

0, = tan"1(—
" Zeq,B

(1.57)

Due to the existence of noisy signal, the arc-tangent function will have a large estimation error
when EMF crossing zero. Normally, (1.57) can be replaced by a phase-locked loop (PLL)
[WAN13] [WANI14a]. Then, the overall block diagram of SMO is shown in Fig. 1.23.
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Fig. 1.23. Position and speed observer of SMO sensorless control method. [WAN13]

Sliding mode observer has the advantages of robustness and simplicity. However, the

conventional SMO methods has inherent chattering problems [JINOS] [FAN15] [LU18]. Hence,
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a low-pass filter is applied as shown in Fig. 1.23. The LPF will bring calculation delay causing
position errors [GON20]. Many papers [ZHA13a] [SAG15] [LU18][GON20] have been done
by modifying the switching function so that the chattering effect is reduced and the influence

of LPF is decreased correspondingly.
B. Kalman filter

Kalman filter is an optimal estimation algorithm based on the least-square variance
estimation for linear systems. It can estimate some unknown variables by given the
measurements observed over time, containing noises and other inaccuracies. Extended Kalman
filter (EKF) is a nonlinear version for the Kalman filter [BOL99]. EKF based sensorless
algorithm is less influenced by measurement noises and shows less affected by parameter
inaccuracy than conventional fundamental model based methods [BOL99] [TERO1] [RIV13].
However, EKF requires a heavy online calculation, and hence, it may be difficult to implement
EKF based sensorless algorithms in some machine drive applications. In order to reduce the
computation resources, the reduced order EKF is proposed providing some of the states are
immune to noises [FUE11] [QUA14]. By using the reduced order EKF, the system order is
reduced and the iteration process can be significantly simplified leading to savings of resource
utility while high estimation performance is still maintained [QUA14].

However, the determination of noise covariance matrix and robustness of model
uncertainties are still open issues in practice [YIN19]. In real applications, the random
disturbance and measurement noise are unknown. Hence, the determinations of system noise
and measurement noise are realized by experience or simulation. The convergence and

estimation performance of EKF can be greatly influenced by tuning the covariance matrices.
C. Model reference adaptive system

Model reference adaptive system (MRAS) technique is another option for adaptive rotor
position and speed estimation [FAN94] [PII08] [ORL10] [ZHA14a] [ZHA20]. MRAS has
advantages of simple concept and lower computation requirement. The basic structure of a

MRAS observer is shown in Fig. 1.24.
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Fig. 1.24. MRAS block diagram. [ZHA13b]

A MRAS consists of a reference model, an adjustable model and a correction controller
based on adaption laws. The reference model represents the real plant model of which the
parameters are all known. The adjustable model is established based on a fictitious
mathematical model which contains uncertain parameters. Both two models have the same
physical outputs. The error e is the difference between the outputs of two models and is the
input to the correction controller. Based on Adaption laws, the correction controller can adjust
the adaptive model to minimize the error e so that the adaptive model behaves the same as the
reference model. For the correction controller of MRAS, it can be realized by conventional PI-
type controller, sliding mode controller (SMC) or fuzzy logic controller. Moreover, in order to
achieve a satisfied performance of MRAS, determination of adaptive law is a key issue. The
adaptive law can be determined in two mains ways, one is based on a gradient method and

another is using the stability theories [COM13].
1.2.5 Speed and Position Observer

Since the back-EMF, flux-linkage or position estimation are obtained, a position and speed

observer is required to estimate the rotor position from them.
A. Direct calculation
The simplest way is the direct calculation using arc-tangent function [MORO2] as expressed

by:

e
0, = tan™! (——a> & 6, =tan! <M> (1.58)
ep Yma
However, due to the existence of noisy signal, the arc-tangent function will have a large

estimation error when back-EMF or flux-linkage crossing zero. An LPF should be applied

which however adds phase lag to the estimate [KIMO03].
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B. Phase-locked Loop

Normally, (1.57) can be replaced by a phase-locked loop (PLL) [WANI13] [WAN14b] as
shown in Fig. 1.25. The back-EMF and flux-linkage in stationary reference frame are the input

of the PLL.

€up & @ 0
ar o[ PT [ TS F+—2>
l//maﬂ —
sin
COS

Fig. 1.25. PLL block diagram.

Take the back-EMF based sensorless control as an example, the error input of PLL € can be

expressed as:
€= —e,cos0, — ep sin 0, ~ k(6, —0,) (1.59)
According to (1.59), the equivalent block diagram of PLL is shown in Fig.1.26.

0, 6
Kk PI 1/S —>

Fig. 1.26. Equivalent PLL block diagram.
Therefore, the closed loop transfer function of the PLL can be given by:

28w, s + w?
s% 4+ 28wys + w3

H(s) = (1.60)

where & = \/kK;, w, = % \/%, wy, 1s the natural frequency and can be used as the bandwidth

of PLL. ¢ is the damping factor [GAROS5]. A higher damping factor can reduce the overshoot
but also sacrifice the dynamic performance. Then, the parameters of PLL can be initially

designed based on classical control theory.
C. Pl-type position observer

For sensorless control in the estimated synchronous reference frame, the estimated position

error as expressed by
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. E ~
7D, ~ (— #) & AD, ~ <&) (1.61)

Then, a PI-type position observer can be used to estimate the rotor speed and position [LEE10]

as shown in Fig. 1.27.

AG. ) 6.
—» PI — IS |—>

Fig. 1.27. PI-type observer block diagram.

D. Simplified EKF position observer

In [HAR96], a simplified EKF algorithm is proposed to extract the position information
from the noisy output of a resolver. It is further extended to sensorless control to estimate the
rotor position [LIU04] [LIU06] [ALM14] [LIU15]. For the simplified EKF, the Kalman filter

gain matrix of the conventional EKF is greatly simplified as follows:

0 K ~ oA
v=lo Kl | cosB, sind, (1.62)
0 K, L—sin 6, cosO, '

where K, K,, K3 are tuning parameters. The basic block diagram of the simplified EKF is
shown in Fig. 1.28.
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Fig. 1.28. Simplified EKF block diagram. [ALM14]

Compared to conventional arc-tangent method, the simplified EKF shows a smaller position
error and its estimation accuracy is less affected by the back-EMF harmonics since it is less

sensitive to such noises [ALM14].
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E. Mechanical model based position observer

In [KIMO3], a position observer is realized by involving mechanical model with zero-phase
lag under the assumption of precise mechanical parameters by feed-forwarding the torque

command T, to the observer. The block diagram is shown in Fig. 1.29.

F Y

sign(Opy )ej(er“m

Saliency - based EMF Model
(unit vector)

Fig. 1.29. Block diagram of position observer with zero phase lag. [KIM03]

Compared with conventional methods, such as direct arc-tangent calculation and PLL, the
position observer in [KIMO03] has zero-phase lag and also enhances the dynamic performance

of sensorless control.
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1.3 Saliency Based Sensorless Control Methods

Due to the anisotropy property of PMSMs, there is geometric or magnetic saliency, which
is a function of rotor position. Since the machine saliency is independent of the rotor speed, it
can be exploited for sensorless position estimation at zero and low speed. Considering a salient

machine (IPMSM), the inductance variation against rotor position is illustrated in Fig. 1.30.

Inductance

0 90 180 270 360

Fig. 1.30. Inductance variation against rotor position without considering armature reaction

[KAN10].

In order to explicit the saliency to estimate the rotor position, various methods have been

developed and the majority of saliency based methods can fit into the frame in Fig. 1.31.
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Fig. 1.31. General frame of saliency based sensorless control techniques.

As shown in Fig. 1.31, there are 5 main parts of a saliency based method. For each part, the

relevant main methods are also demonstrated in Fig. 1.32.

29



Saliency based

sensorless
control

-P[ PWM excitation ]

Stationary reference frame

HF machine

Estimated synchronous reference frame

model

Zero-sequence

Pulsating

_.[

Persistent carrier

Rotating

signal injection

Square wave

Transient pulse ]
injection

Random

Heterodyning

SRFF

]

.,[
-’[

->[ Amplitude demodulation ]

Arctangent calculation

Speed &

PLL

position

observer

PI-type observer

Mechanical model

Short pulse injection

Polarity

Secondary harmonic

detection

D-axis current injection

Offline

Cross-coupling
compensation

Online

Fig. 1.32. Classification of saliency based sensorless control techniques.

Part A represents the high-frequency (HF) machine model when a high frequency signal is
injected. HF signals can be injected in the stationary reference frame and the estimated
synchronous reference frame. For the injected high frequency signal in Part B, persistent carrier
signal injection, transient pulse injection or PWM excitation are mainly utilized. For Part C,
after injecting HF signals, the current response should be demodulated to remove the high
frequency component and obtain the position dependent signal. In the following sections, the
demodulation process is illustrated combining with corresponding injection methods. In Part D,
the demodulated position dependent signal is used as an input of a speed and position observer
to generate the rotor speed and position information. For saliency based method, the position
observer is basically the same as introduced in Section 1.2.5 and hence not illustrated in this

section. Next, for Part E, as indicated in Fig. 1.30, the inductance varies twice in one electrical
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period and hence an extra polarity detection is necessary. At last, Part F compensates the
position estimation error caused by cross-coupling inductance which will be illustrated

afterwards.
1.3.2 HF Machine Model

In the synchronous reference frame, the voltage equation of PMSM is given by:

bl =[5 Rl +o o]+ or [ (1.63)

ARER I

When a high frequency signal is injected at zero or low speed, if the injection frequency is
sufficiently higher than the fundamental excitation frequency, then a high frequency voltage

model can be expressed by:

th Lan lan
ol =[5 L lelie] (165)

where Ly, and Lgy, are the high frequency incremental dg-axis inductances. vgp, Vgp, ign and
iqn are the high frequency voltage and current terms in d-q axes. It is worth noting that in (1.65),
the back-EMF and the resistance voltage drop are neglectable and the PMSM can be regarded
as a pure inductive load [RACO08]. When considering the cross-saturation effect [LI09], (1.65)

is modified as expressed by:

-l el

1.66
Uqh Lgan th (1.66)

where Lgqpn and Lggp are the high frequency incremental mutual inductances due to cross-
saturation effect.

Generally, saliency tracking based method can be realized in either stationary reference
frame or estimated synchronous reference frame. The relationship between different reference

frames is shown in Fig. 1.33.
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Fig. 1.33. Relationship between three reference frames.

A. Stationary reference frame

The voltage model in (1.66) can be transformed into the stationary reference frame by the

transformation matrix given as:

__[cos B, —sin@,
) = [sin 0, cosb, (1.67)
Then, the high frequency voltage model of PMSMs in the stationary reference frame is
expressed by:
Vg quh 1
[vﬁh] G [L an  Lqn ] r)- [lﬁh] (1.68)
_ [Lsqa = Lsq €05 26, — Lgqp Sin 26, —Lgq Sin 20, + Lgyqp cos 26, ian
B [ —Lsqsin26, — Lggp c0s26,  Lgq + Lgq €0S 20, + Lggp sin ZGT] P [iﬁh]
@ = Tq (1.69)
Lagn — L
Ly = ———5—= (1.70)

Then, by solving the voltage equation (1.68), the differential terms of high frequency current

response in the stationary reference frame can be given by:

1
— + —cos(29 + 6,,) —sin(26, + 6,,)
l L v
ah n ah
: (1.71)
lﬁh 1 1 Vgh
51n(29 +6,,) —— L—cos(ZGr +6,,)

L, Ly
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(1.72)

— _J2
Lp = y Ly =
L (1.73)
sa / 124 + LonLsa

From (1.71), it can be seen that the current response contains the rotor position information.
Moreover, it is worth noting that there is a constant position error 8, in (1.71) which is caused

by cross-saturation effect.
B. Estimated synchronous reference frame

In a sensorless control system, the real position is unknown. Hence, the voltage model in
(1.66) can be transformed into the estimated synchronous reference frame by the transformation
matrix given as:

T(46,) =

cosAf, —sin Aer] (1.74)

sinAf, cosA#,

where A8, is the position error between real and estimated positions. Then, the high frequency

voltage model of PMSMs in the stationary reference frame can be derived as:

L l
o] = e [, e [f”l] (1.75)
qdh qh lqh
_ [Lsa = Lsq cos 246, — Lgqp sin 246, —Lgq Sin 240, + Lgqp, cos 206, ldh
- [ —Lgq sin 2A6,. — Lgqp cos 246, Lgq + Lgq cos 2A6, + Lggqp sin 2A9 lqh

Further, the differential terms of high frequency current response in the estimated synchronous

reference frame can be given by:

1
cos(ZAH +6,) L—sin(ZAHr + 6,,)
n

l 1%
[ s ] o
ah sm(ZAG +0m) 77 CoS(2A0; + Oy,) 1
p n

Similar to the stationary model, the carrier current responses in the estimated synchronous
reference frame also have rotor position information and a position error 8,, caused by cross-

saturation effect.
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C. Zero-sequence based method

Apart from the aforementioned two models, the zero-sequence response can also be used
for position estimation [CONOO] [BRIO5] [CONO5] [XU16a]. Zero-sequence carrier voltage
can be measured as shown in Fig. 1.34 [BRIO5] [XU16a].
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Fig. 1.34. Zero-sequence carrier voltage measurement [XU16a].

According to [ XU15], the zero-sequence carrier voltage can be derived as:

LoL,Uns -
Urn = —1cos(whft +6,) (1.77)
2L% — §L§

where wpf and Uy are the frequency and amplitude of the injected high-frequency voltage.
Compared with conventional current response based methods, the zero-sequence model
based method requires extra voltage measurement which makes it less attractive than utilizing
present current sensors based methods [BRIOS]. Nevertheless, zero-sequence based method has
two main benefits [BRIO5][XU16a]. Firstly, the magnitude of the zero-sequence carrier-signal
voltage is independent on the frequency of the injected carrier-signal [BRI04]. Hence a larger
frequency signal can be injected leading to an increased system bandwidths and stability of the
system [GARO7]. Moreover, the associated torque ripple and acoustic noise can be reduced
[BRIOS]. Secondly, it is easier to decouple the harmonics introduced in the carrier-signal
voltage due to inverter nonlinearity [TESO3][GUEO5][GON11] from the zero-sequence carrier-

signal voltage and hence, improving the position estimation performance.
1.3.3 HF Signal Injection Methods

For saliency based methods, in order to obtain the rotor position information from the
saliency, an extra excitation signal is normally required to inject to the stator winding to
modulate the saliency information. Then, a rotor position dependent response is demodulated
to estimate the rotor speed and position. In the past, various methods have been proposed

depending on different types of injection signals.
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According to the injected signals, saliency based method can be divided into persistent
carrier signal injection, transient pulse injection [SCH96] and PWM excitation [HOLOS]
[GAOO7] [RAUO08] [BOL11] [HUAI11]. Moreoever, the persistent carrier signal injection
method includes pulsating signal injection [COR98] [LINO02] [JANO3a] [LIU14] [XUl6a],
rotating signal injection [JAN95] [DEG98] [RAC10], square wave injection [HAM10] [YOO11]
and random injection [WAN16] [WAN17a].

A. Pulsating signal injection

For the pulsating signal injection based method [COR98] [LINO2] [JANO3a] [LIU14]
[XU16], an additional high frequency sinusoidal voltage signal is injected to the stator windings

as expressed by:
Van] _ cos(wprt)
[vqh] = Uhf[ o ] (1.78)

where Uy and wpy are the amplitude and frequency of the injected pulsating voltage,

respectively. The injection is depicted in Fig. 1.35.
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Fig. 1.35. Conventional pulsting signal injection in the estimated d-axis.

It 1s worth noting that, the pulsating signal can be injected in the estimated d-axis [LINO2]
[JANO3a], the estimated g-axis [COR98] [LINO3] [YAN11] and the stationary reference frame
[LIU14]. Injection in the estimated d-axis is normally used which however is sensitive to the
inverter nonlinearity effect [LINO3] [GONI11] and the g-axis injection is less sensitive but
generates more torque ripples. Injection in the stationary reference frame [LIU14] offers a
medium performance between these two methods, which however requires knowledge of
parameters. Take the commonly used d-axis injection as an example and the injection is
illustrated in Fig. 1.35.

After injection, the carrier current responses in the estimated synchronous reference frame

can be expressed by:
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U U
2 My N cos(248, + 6,,)
Lan| _ wprly  wprly inCond) .
Lan M Gin (206, + 6,) Y '
wWprLly rooom
Lan _ [fp + L cos(2A6, + 6,)] .
lith_[ L, sin(2A6, + 6,,) sin(wnst) (1.80)
U U
b= = o (1.81)

P Cl)hpr’ no (l)han

Clearly, as shown in (1.80), the carrier current response, i.e. iqh has the rotor position
information. In order to extract the rotor position information, a demodulation process is
required, as shown in Fig. 1.36, so that the high frequency component is filtered and the rotor

position information is extracted.

ldq

T abc-dq

Fig. 1.36. Demodulation of pulsating signal injection based method.
The demodulation process can be expressed by:

llidhl

|iqh|

fan : L, + I,, cos(2A6, + 6,,)
= LPF(|.%" -2 £) = |
(quhl sin{ant) [ I, sin(246, + 6,,) (1.82)

Next, the magnitude of the g-axis carrier current is the input of a position observer.
f(86,) = |ign| = I, sin(246, + 6,,) (1.83)

After the estimated g-axis current is minimized, the estimated position aligns with the actual

position.
f(86,) = |ign| = I sin(246, + 6,,) = 0 (1.84)
In (1.84), an error angle 8, is introduced by cross-coupling effect, the amplitude of this error

mainly depends on the load, i.e. g-axis current. Several methods have been proposed to

compensate for it and they will be introduced in Section 1.3.5.
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B. Rotating signal injection based method

For the rotating signal injection based method [JAN95] [DEG98] [RAC10], a balanced high

frequency sinusoidal voltage vector is injected into the stationary reference as expressed by:

[vah] — Uy, lCOS(whft) (1.85)

UBh sin(wpyt)

where Ups and wpy are the amplitude and frequency of the injected rotating voltage,

respectively. The injection is depicted in Fig. 1.37.

B

Fig. 1.37. Conventional rotating signal injection injection in statinoary reference frame.

After injection, the carrier current responses in the stationary reference frame can be expressed

by:

1 1 1
. —+ —cos(26,- + 6 —sin(26, + 6
Plignl | 1 . 1 1 Vgh '
—sin(26, + 6,,) — ——cos(26, + 6,,)
L, L, Ly
1+1 (26, + 6,,) 1'(219+6)
— 4+ —cos —sin
[iah] Ly Ln oo Ly oo _ [vah] (1.87)
ignl T 1 11 Upn '
—sin(26, + 6,,) — ——cos(26, + 6,,)
L, L, Ly

il T
[iah] _ L, cos(wpst — E) N I, cos(—wprt + 26, + 6, + E)

T - (1.88)
Ip sin(wp st — E) I, sin(wpst + 260, + 6, + E)

ign

The carrier current responses in stationary reference frame can be expressed by using complex

vector as:
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Iy = Ipej(a)hft—%) N Inej(whft+zer+9m+§) (1.89)

Clearly, as shown in (1.89), there are two main components in the carrier current response. The
first component is a positive sequence which has the same frequency as the injected voltage
signal. The second component is a negative sequence which has the rotor position information.
Therefore, rotor position can be estimated by the negative sequence curent.

In order to estimate the rotor position from the negative sequence carrier current response,
a demodulation process is required. There are two typical demodulation methods, one is so-
called “Heterodyning method” shown in Fig. 1.38(a), the positive sequence component in the
carrier current is shifted to the high frequency domain and easily filtered by an LPF and the
negative sequence is obtained for position estimation [JAN95]. Another demodulation method
is called “SRFF (synchronous reference frame filter) [DEG98] [GAR07] [RACI10] shown in
Fig. 1.38(b). The basic idea of the SRFF is to transform the fundamental current component to
a dc value and an LPF is applied to filter out the high frequency components, and thus, the

fundamental current can be easily obtained by transforming inversely finally.

l p
7 BPF -2 o' (@wi=26) LPF }—

I .
pl e.f(fUh/ -7/2) H LPF He/(_wh/ ‘*‘77/2)]‘_

Ei’f
iy

n

(b)

Fig. 1.38. Demodulation of rotating signal injection based method. (a) Heterodyning method
[JANOS]. (b) SRFF method [GON12].

After demodulation process, the negative sequence current i,, can be expressed in the estimated

reference frame by:
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iy, = I,e/(280r+0m) (1.90)

. [inal _ [Incos(246, + 6,,)
bn = [inq] = [In Sin(246, + 6,,) (191
Then, the magnitude of g-axis carrier current is the input of a position observer.
f(AB,) = ing = I, sin(206, + 6,,) (1.92)

After the estimated g-axis current is minimized, the estimated position aligns with the actual

position.

f(86,) = ing = I sin(2A6, + 6,,) = 0 (1.93)

In (1.84), the same as the pulsating signal injection method, an error angle 8,, exists in the

estimated rotor position.
C. Square wave signal injection based method

Similar to conventional pulsating signal injection scheme, in [YOO11], a pulsating square
wave signal is injected into the stator windings [HAMI0] [YOOI11] [KIM12] [KIM16]
[WAN20a]. The injected frequency can be much higher than rotating and pulsating injection
schemes [WAN20a], and hence, the LPFs during demodulation process are eliminated, the
bandwidth of position estimation is improved and the dynamic performance is greatly enhanced
[HAM10]. Square wave signal can be injected into the estimated synchronous reference frame
[KIM12][WAN20a] and the stationary reference frame [YOOI11]. Take the estimated
synchronous injection as an example, the square wave signal injected into the estimated d-axis

is shown in Fig. 1.39.
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Fig. 1.39. Conventional square signal injection in estimated d-axis.
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The injected square wave signal is expressed by:

Uy, halfdu
D = { M v (1.94)

dt 7 |-Up; otherwise

where Uy > 0 and Dyp,—¢. After injection, the differential carrier current responses in the

estimated reference frame can be expressed by:

1 1
T +—-cos(2A6, + 6,,)
UnsAT| P 1 " Dgp, >0
2 —sin(2A0, + 6
Pl 1 1 '
Algn T+ 7 c0s(206, + 6,,)
—UpsAT|? 1 " Dgn, <0
—sin(2A6, + 6,,)
\ L,

where AT is half period of the injected square wave voltage signal. The current response by

normalizing the polarity is expressed by:

1 1
— + —cos(2A0, + 6,,)

L
P 1 " (1.96)
L—sin(ZAHr + 6,,)

n

where Alg, and Aigp, are the polarity normalized current responses. The signal process is

described Fig. 1.40.
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Fig. 1.40. Signal processing of square wave signal injection based method.

Similar to conventional methods, the current response Ai&h is regarded as the input of position

observer as:

. UyAT
£(26,) = Ay, = sin (246, + 6,,) (1.97)

In (1.97), the same as the pulsating signal injection method, an error angle 6,, exists in the

estimated rotor position.
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D. Random signal injection based method

For conventional high frequency signal injection methods, the injected high frequency
voltage signal has fixed frequency and amplitude. However, these methods with fixed signals
suffer from acoustic noise [WAN16] and EMI issues [WAN17a]. Hence, methods by injecting
non-fixed frequency or amplitude high frequency signals are proposed [JIA11] [TANI14]
[WAN16] [WAN17a]. By injecting random voltage signals, the spectra of the induced currents
can be extended, which will reduce the noises. In [JIA11], [TAN14], a high frequency pulsating
voltage signal is injected but the frequency of the signal is changed randomly, the acoustic noise
is reduced in sensorless control at low speed [JIA11]. Moreover, in [WAN16], a pseudo-random
high frequency square wave voltage injection method is proposed. The high frequency signal

is injected into the estimated synchronous reference frame as shown in Fig. 1.41.
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Fig. 1.41. Random injection in the estimated synchronous reference frame.

The generating mechanism of the pseudo-random signal in [WAN16] is shown in Fig. 1.42.

random
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Fig. 1.42. Random signal generating mechanism [WAN16].

As shown in Fig. 1.42, two different voltage signals are selected randomly and hence outputs
pseudo-random voltage signal. By injecting the pseudo-random signal, the distribution of
injected high frequency and the induced current response in frequency domain is extended. As

a consequence, the audible noise is reduced.

41



The comparison between different persistent signal injection methods are shown in TABLE

1.2.

TABLE 1.2
COMPARISON OF PERSISTENT SIGNAL INJECTION BASED METHODS
Rotating Pulsating Square wave Random
) ) Estimated ) Estimated Estimated
Coordinate Stationary Stationary
synchronous synchronous synchronous

Signal injection

Injected signal Rotating Pulsating Pulsating Square wave Square wave
Amplitude- Amplitude- Amplitude- Amplitude-
Current response | Phase-modulated
modulated modulated modulated modulated
Cross-saturation
.. _Hm/2 - m/2 - m/2 - m/2 _em/2
position error
Demodulation Complex Medium Medium Simple Medium
Bandwidth Low Medium Medium High High
Torque ripple Large Medium Medium Small Small
Audible noise Large Large Medium Medium Small
Requirement of
No No Yes No No

Parameter
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E. Transient pulse injection based method

The rotor position can also be obtained from the current responses by injecting short period
voltage vectors. A typical method is the so-called “INFORM (Indirect flux detection by online
reactance measurement)” method [SCH96].

The main principle is to measure the current responses induced by the voltage vectors
applied in different directions. During the null part of one PWM cycle, two opposite voltage
vectors are injected. Three successive PWM cycles with one current response measurement per
cycle are required to estimate the position. However, a major issue of INFORM method is the

induced current disturbance due to extra injected voltage vectors.
F. PWM excitation based method

It is known that the voltage vectors used in transient voltage vector injection methods also
exist in normal operations with standard PWM [LIU13]. Hence, it is possible to extract the rotor
position information by measuring the current response introduced by the inherent PWM
operations. Based on this, several methods without additional injection signals are proposed
[HOLO5] [GAOO07] [RAUO08] [BOL11] [HUAT11]. By eliminating the requirement of additional
voltage signal injection, the current or torque ripple and switching loss can be reduced. [HOLO5]
presented an extended modulation (EM) scheme to obtain the rotor position information by
modifying the PWM excitation. Besides, [GAO07] [RAU08] [BOL11] [HUA11] estimate the
position with the standard PWM. A typical and simple method called “ZVCD (zero vector
current derivative)” is proposed in [RAUO8], the current during zero voltage vector dwelling

time is used to estimate the rotor position as expressed by:

diy, R{1 1Y\, . WP
E:E<Z—Z>lqsm2A9r— L, sin A6, (1.98)

. . . di
In (1.98), i, 1s assuming to be zero. If the Af,. is zero then f goes to zero as well and hence

di . o .
ﬁ can be regarded as the input of position observer. However, the method has to be applied

when i; = 0. Besides, a long duration of zero voltage vector is necessary for measuring the d-

axis current derivative response.
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Overall, the comparison between persistent signal injection, transient pulse injection, and

PWM excitation is given in TABLE 1.3.

TABLE 1.3
COMPARISON OF PERSISTENT INJECTION BASED METHODS
Persistent signal Transient pulse PWM excitation
Additional signal Yes Yes No
Current measurement cost Low Medium High
Torque ripple Large Medium Low
Noise Large Medium Low
Speed operation range Narrow Medium Wide
Bandwidth of position estimation| Low Medium High
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1.3.4 Polarity Detection

For saliency based sensorless control methods, the polarity of magnet should be identified
since the inductance varies twice in one electrical period causing an angle ambiguity of 180
degrees. Otherwise, the starting torque cannot be guaranteed [JANO6]. The basic principle of
detecting polarity is based on the magnetic saturation effect [SCH97][NAKO0O]. A positive d-
axis current will increase the saturation of stator iron core and therefore decrease the d-axis
inductance, whereas a negative d-axis current decreases the saturation and increases the d-axis
inductance. Basically, the magnetic polarity can be identified by short pulse injection [NOG98]
[AIH99] [HAQO3] [HOLO8] [WAN12a], secondary harmonics of carrier current response due
to magnetic saturation [KIMO04] [JEOO5] [RAC10] [XUIl6b], or d-axis current injection
[GON13].

For short pulse injection based method, two opposite pulses are injected and the difference
indicates the magnetic polarity. Short pulse injection based method is simple, robust and
reliable. However, it is executed as a separate process, the position estimation should be stopped
when identifying the polarity [HOLOS8]. The secondary harmonics based methods is integrated
with the position estimation [KIMO04], but the SNR is limited due to small value of the
secondary harmonics of carrier currents [ XU16b]. In [GON13], a polarity detection method is
proposed which can be seamlessly integrated with conventional carrier signal injection based
method. A constant current is injected at the estimated d-axis, and then, the changes of high
frequency current in the estimated d-axis is used to obtain the polarity information. The overall

comparison between three types of method is shown Fig. 1.43

Convergency speed Conceptual simplicity

Reliability < > SNR
Computational lightweight/ \ Integration availability
------- Short pulses D-axis current injection — — Secondary harmonics

Fig. 1.43. Comparison between different types of polarity detection methods [GON13].
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1.3.5 Cross-coupling Effect and Compensation

In [COR98], it was found experimentally that the position estimation error increases with
load current. [BIA05] and [GUGO06] states that it is the cross-coupling saturation between the d
and q axes that caused the position error in carrier signal injection based methods. By

considering the cross-saturation effect [LI09], the high frequency voltage model is expressed

by:

Van] _ [Lan  Lagn] _[ian
[Uqh] B [quh Lgn ]p [iqh] (1.99)

where Lgqn and Ly are the high frequency incremental mutual inductances due to cross-
saturation effect and they are normally regarded as the same[LINO2] [LIO7] [REIOS], i.e.
Lagn = Lgan- As illustrated in Section 1.3.3, for conventional carrier signal injection based
methods, due to the cross-coupling effect, a position estimation error appears and can be
expressed by:

)
A6, =8,/2,0, =tan! (L—d;") (1.100)
S

This position error can be a critical issue which reduces the torque capability and reliability of
the sensorless control. Hence, several methods are proposed to compensate for the cross-
coupling effect including offline based compensation method [ZHUO7] [LI09] [GON11] and
online based compensation method [WAN20b].

For the offline based compensation methods, the compensation coefficient or factors are
measured or simulated offline. In [ZHUO07], a straightforward method is proposed by simply
compensating the position error refers to the load current. The compensation angle is expressed

by:
Ocomp = Kcig (1.101)

where K, is the compensation factor. The parameter K. should be measured in the offline test.
Another offline compensation method for pulsating signal injection method is proposed in

[LIO9] by introducing a coupling factor between d- and g-axis currents as expressed by:

L i
A=t _ah (1.102)
Lgn lan

By introducing the coupling factor A, the signal input of the position observer is modified as:

46



£(86,) = |ign| + Alian| = 21, cos 6y, A6, (1.103)

In the steady state, f(A8,) will be controlled to zero and hence the error introduced by cross-
coupling is eliminated.
[GON11] proposed a compensation method for rotating signal injection method. Without

compensation, the negative sequence current is expressed by:
. s
in — Inef(whft+29r+9m+§) (1104)

In [GON11], the injected carrier voltage is phase shifted by 6,,. Consequently, in the negative

sequence the phase shift of 8,, is eliminated, as expressed by:
i = Inej(whft+26r+%) (1.105)

Although offline measurement or FE simulation is required, both offline methods work
effectively and show a satisfied compensation performance.

Instead of offline based compensation method, an online compensation method is proposed
in [WAN20b]. The load-dependent position error can be identified by simply varying the
direction of the current vector based on the torque equation. However, this method has some

limitations, it requires the knowledge of machine parameters, i.e. Lq, Ly and ¥,,,. Besides, the

online identification requires steady state operation with a constant load torque.

1.4 Sensorless Control of Surface-mounted PMSMs

As introduced in previous sections, the sensorless control techniques can be divided into
fundamental model based method and saliency based method. Specifically, considering the zero
and low speed sensorless control of SPMSMs, it is still a challenge. For fundamental model
based methods, they normally cannot be used in zero and low speed due to unobservable
machine model. Besides, the lack of saliency of SPMSM increases the difficulty of using
saliency based sensorless control methods.

In order to realize sensorless control of SPMSM in zero and low speed, several potential

methods are proposed based on fundamental model, magnetic saliency and resistive saliency.
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1.4.1 Fundamental Model Based Method

For fundamental model based method, mainly back-EMF or flux-linkage is used for position
estimation. It is known that back-EMF is proportional to speed, the SNR of EMF voltage
decreases as the speed decreases [HANOO]. Apparently, back-EMF estimation cannot be used
in zero speed. At the low speed, the back-EMF estimation is affected by resistance variation
[FOO10] and voltage errors due to inverter nonlinearity [PEL10] [RAU10]. Different from
back-EMF, flux-linkage is not related with rotor speed ideally. Potentially, it can provide a
better estimation performance at low speed [WAN14b]. However, since the flux cannot be
directly measured and has to be calculated from stator voltage and current, which is equivalently
integration of back-EMF. Therefore, at low speed, it is still difficult to estimate the position
using flux-linkage based methods. For the integration of back-EMF, dc-offset will be produced
and normally an LPF is necessary to eliminate the dc-offset. However, introducing LPF will
degrade the dynamic performance [CHE20]. Moreover, the same as back-EMF estimation,
resistance deviation and inverter related voltage errors also induce errors in estimation of flux-
linkage.

As stated in [PEL10] and [RAU10], the voltage errors due to inverter nonlinearity primarily
affect the low speed estimation. Therefore, some work have been done to compensate the
voltage errors due to inverter nonlinearity [HEJ11] [PAR12] [WAN14a]. After compensation,
the low speed estimation performance can be improved. However, it is not easy to realize an
accurate compensation due to strong nonlinearities and junction temperature variation
[WANI18]. Moreover, using measured voltage [CHE15] [WAN17b] [SCH18] [CHE20] [WU20]
can provide a better performance at lower speed rather than reference voltage. In [CHE20], an
instantaneous voltage sensing method is proposed, after applying the measured voltage instead
of command value, a lowest speed at 30rpm of sensorless operation is achieved. Besides, it is
reported in [CHE20] that a closed-loop start-up and speed reverse under full load are realized
by EMF estimation using measured voltage. However, the test is done only with a small position
error before start. Furthermore, extra voltage sensing signal processing circuit is required which
increases the cost and complexity and reduces the system reliability.

As stated in [CHE20], although the fundamental model based sensorless control cannot
estimate the rotor position at zero speed, it is still possible to converge the estimated position
to the real one quickly once the rotor starts to rotate. Hence, fundamental model based
sensorless control methods can be assumed as a possible solution to realize the startup and low

speed sensorless control of SPMSM.
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1.4.2 Magnetic Saliency Based Method

Due to the symmetrical structure of rotor, there is not enough geometric saliency in
SPMSMs. Nevertheless, zero and low speed sensorless control of SPMSMs can be realized by
the magnetic saliency due to the magnetic saturation effect [JANO3a] [SIL06] [HAOS].
Magnetic saturation is introduced by two parts, one is PM flux and the other is coil flux. The
PM flux creates an inductance variation against rotor position at twice frequency of electrical
frequency of rotor. The coil flux produces an inductance variation against rotor position at same
frequency as electrical frequency of rotor [LAIO3]. The total flux depends on the directions
between the PM flux and the coil flux.

Based on magnetic saturation effect, initial position estimation of SPMSMs can be realized
by short pulse injection based methods [MAT96] [SCH97] [NAKO0O] [LAIO3] [TURO3]
[LEEO6] [CHAO09]. Although estimation resolution may be lower than carrier signal injection
based methods, short pulse injection based methods can still provide a reliable estimation with
a satisfying signal-to-noise ratio (SNR) [GON13]. Since filters and signal demodulation
processes are not necessary, short pulse injection based methods are more robust and simpler
for implementation. Besides, there is no issue of audible noise. Moreover, compared with
carrier signal injection based methods, injection of voltage pulses can enhance the saturation
effect which can be beneficial to utilization of magnetic saliency. Therefore, they can be a
desirable option for some applications using SPMSM.

It is worth noting that a combination of an initial position estimation using short pulse
injection and a proper fundamental model based method, the zero and low speed sensorless of

SPMSMs can be possibly realized.

1.4.3 Resistive Saliency Based Method

An alternative position estimation method for SPMSM at low speed by injecting high
frequency voltage signals is proposed by [YAN12]. The method tracks the high frequency eddy
current loss reflected resistive saliency to estimate the rotor position.

In [YANI12], it is approved that the eddy current loss P,4q4, varies against the rotor position
and its spatial variation can be enhanced by superimposing a high frequency voltage as shown

in Fig. 1.44.
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HF loss [p.u.]

Rotor position [Elec. deg]
Legend: -o- PM loss, -x- Stator eddy current loss,
-#- Stator hysteresis loss and -A- Total HF loss

Fig. 1.44. HF losses versus position in the SPM machine [YAN12].

Hence, if there is some differences between d- and g-axis eddy current losses, the resistance in
the stationary reference frame can be expressed by:

+ cos(260;) +sin(26R)

+sin(260z) £ cos(26R) (1.106)

Raﬁzm[(l) (1)]+AR[

where ZR and AR are the average and differential values of the asymmetric resistance and 65
is the spatial information in the asymmetric resistance which is related to rotor position. The

variation of asymmetric resistance against rotor position is shown in Fig. 1.45.

ARy

Position

Fig. 1.45. Spatial variation of asymmetric resistance R, [YAN12].

Although this method provides an alternative for SPM to estimate the position at low speed,
several limitations exists. In [YANI12], the switching frequency is 25kHz and the injected
voltage frequency is 2.5kHz, which are much higher compared to conventional carrier based
methods, and hence increases the requirement of system cost. The feasibility of resistive
saliency method also highly depends on the machine topology, especially eddy-current loss is

often greatly minimized by laminations.
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1.5 Sensorless Control Considering Rotor Eccentricity

For most of the sensorless control techniques, they are normally developed under a healthy
condition of PMSMs. However, in practice, the PMSMs are normally unideal due to
manufacture imperfection. Rotor eccentricity is a common issue that exists in PMSMs. The
effect of rotor eccentricity on the PMSM characteristics has been widely investigated in the past
[HWAO1] [EBRO9] [DOR10] [WU10] [HON12] [ZHU13] [FIS17]. However, its relationship
between sensorless control is discussed by only a few research.

[FAIO6] and [YAG14] discussed the rotor eccentricity effect on SRM sensorless control by
FE simulation. However, only a few simple FE simulation results of flux-linkage or inductance
change under rotor eccentricity are given, the relationship between sensorless control and rotor
eccentricity is not explained mathematically or systematically. [HUR94] and [SON15] utilize
the eccentricity induced current harmonics for speed estimation of an induction motor. However,
the signal process and control strategy are very complex and the SNR of utilized harmonics
may not be guaranteed. In [KWO15] and [KWO16], an IPMSM with eccentric rotor is designed
for absolute position sensorless drive. The eccentric rotor creates a mechanical frequency

component in the inductance so that can be utilized for absolute position estimation.

1.6 Outline and Contributions of the Thesis

Sensorless control methods for PM machines are extensively reviewed in this chapter. The

major objective of the thesis includes:

e Sensorless control of SPMSMs at zero speed and startup operation.

e Investigation of conventional sensorless control under rotor eccentricity.

The research structure is illustrated in Fig. 1.46.
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Fig. 1.46. Research structure.

The thesis is organized as follows:

Chapter 2 introduces conventional short-pulse-injection based rotor initial position
estimation techniques in details, and a comparative study is given. Besides, a voltage selection

strategy is developed for a reliable rotor initial position estimation.

Chapter 3 proposes a short-pulse-injection-based rotor initial position estimation technique
using three-phase current for SPMSMs. Novel strategies are applied, and therefore, the
efficiency of the method is improved in terms of reducing the pulse injection number and

increasing the estimation resolution.
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Chapter 4 proposes a novel short-pulse-injection-based rotor initial position estimation
method utilizing DC-link voltage. By using the DC-link voltage variation as a rotor position
dependent response, the estimation performance can be enhanced compared to conventional

current response based methods.

Chapter S investigates the influence of parameter asymmetry, including resistance and
inductance asymmetries, on rotor initial position estimation by using short-pulse-injection-

based techniques, and proposes two compensation strategies for parameter asymmetry.

Chapter 6 proposes a simplified fundamental model based sensorless control method for
SPMSM. By simplifying the model, only stator current is required for sensorless control
without any knowledge of parameters. By applying the proposed method, a satisfied low speed
sensorless control performance is obtained and the machine is able to start up even under load.
Moreover, the proposed method is extended to Siemens Wind Power Turbine for sensorless

starting by hardware-in-loop (HIL) simulation.

Chapter 7 investigates the conventional fundamental model based sensorless control under
rotor eccentricity. The rotor eccentricity effect on PM machine is discussed. It is approved that
mainly harmonics are introduced in position estimation errors. A modified back-EMF based
position estimator incorporating with an adaptive notch filter is developed to eliminate the

undesired harmonics.

Chapter 8 summarizes the research work and discusses about some future

work

The major contributions of this thesis are:

e Based on the magnetic saturation effect, conventional short-pulse-injection-based methods
are comparatively studied, which has not been done in the past.

e A voltage pulse selection strategy for short-pulse-injection-based rotor initial position
estimation techniques is developed. Based on the proposed selection rules, a Reliable
Selection Area (RSA) is introduced so that the reliable estimation performance is guaranteed.

¢ A new short-pulse-injection-based rotor initial position estimation method using three-phase

current is proposed. Compared with conventional methods which normally require 4-6
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pulses for injection, the proposed method simplifies the injection procedure so that the total
number of pulses is reduced to only 3 while achieving the same estimation resolution of 30
degrees at least. Moreover, a “boundary detection strategy (BDS)” is introduced and the
estimation performance can be enhanced against measurement noises. Furthermore, with
BDS, the estimation resolution can be further improved to 15 degrees.

¢ A novel short-pulse-injection-based rotor initial position estimation method using DC-link
voltage is proposed. Different from conventional methods using current response. The
proposed method uses the DC-link voltage response which is also rotor position dependent.
By using the DC-link voltage response, the estimation performance can be improved
compared with initial position estimation using current response.

e Short-pulse-injection-based rotor initial position estimation under parameter asymmetries
including both resistance and inductance asymmetries is investigated which has not been
done in literature. Two compensation strategies are developed which effectively eliminate
the influence from parameter asymmetry.

e Sensorless control of PMSMs under rotor eccentricity is investigated which has not been
done in the past. The rotor eccentricity effect on PMSM characteristics and sensorless
control are discussed. It is shown that mainly the mechanical frequency and the 2™ order
frequency harmonics are introduced in the position estimation error. An adaptive notch filter

is introduced to eliminate the harmonics effectively.

The publications originating from this PhD research work are listed in Appendix B.
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CHAPTER 2

VOLTAGE PULSE SELECTION STRATEGY FOR
ROTOR INITIAL POSITION ESTIMATION

2.1 Introduction

For a SPM machine or an IPM machine, knowledge of rotor initial position at standstill is
required, otherwise the starting performance is un-reliable. The rotor initial position may be
obtained from magnetic saturation effect since the stator iron core will be saturated by the
permanent magnet and the armature reaction together. Due to non-linear characteristics, the
stator iron core under saturation will have smaller inductance than that of the linear case. One
of the common approaches is to inject voltage pulses for estimating the rotor initial position
from the current responses, which is called “Short-pulse-injection-based” method.

Short-pulse-injection-based methods are a type of simple, robust and low cost approach to
obtain rotor initial position information by utilizing magnetic saturation effect. For short-pulse-
injection-based methods, several short voltage pulses are injected into stator windings and rotor
initial position can be obtained from the rotor position dependant current responses.
Alternatively, it is possible to inject voltage pulses and extract rotor position from voltage
responses.  Although many techniques have been presented in the past
[MAT96][SCH97][NAKOO][LAIO3][LEEO6], few of them discuss the selection of voltage
pulses including duration and magnitude when they are used for both brushless ac (BLAC) and
dc (BLDC) drives. Therefore, it is worth investigating and developing a selection strategy of
voltage pulses so that the estimation performance could be improved considering reliability and
effectiveness.

This chapter firstly explains the magnetic saturation effect and demonstrate the basic
procedure of rotor initial position estimation based on the magnetic saturation effect.
Introduction and validation of conventional methods are provided afterwards. Then, based on
these conventional methods, a simple voltage pulse selection strategy is presented and a reliable
selection area (RSA) is derived. Selecting voltage pulse within this RSA, reliable and effective
rotor initial position estimation is guaranteed. Moreover, it is found out that outside the RSA,
reliable results may also be obtained. In order to fully utilize the selection area, an extended

reliable selection area (ERSA) is developed. Both RSA and ESRA are examined by experiments.
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Furthermore, the selection strategy is extended to Siemens 3MW Wind Power PM generators
and validated by FE based co-simulation.

This chapter is based on the papers:

[WU20a] X. M. Wu, and Z.Q. Zhu, “A simple voltage pulse selection strategy for rotor
initial position estimation,” /0th IET International Conference on Power Electronics, Machines
and Drives (PEMDZ2020), Nottingham, 2020, Accepted.

[WU20b] X. M. Wu, and Z.Q. Zhu, “Comparative study of rotor initial position estimation,”
10th IET International Conference on Power Electronics, Machines and Drives (PEMD2020),
Nottingham, 2020, Accepted.

2.2 Magnetic Saturation Effect

The stator iron core is a non-ideal magnetic material, as the magnetic flux which carries

increases, it begins to saturate resulting in the decrease of inductance as shown in Fig. 2.1.

LSClt

L linear
> |

Lsat < Llinear

Fig. 2.1. Nonlinear magnetization characteristic and variation of inductance with saturation.

[WU20a]

In Fig. 2.2, a simplified schematic of a surface mounted permanent magnet synchronous

machine is shown.

AI/Jcoil

(a) (b)
Fig. 2.2. Simplified SPM schematic for polarity identification. (a) Alignment with north pole. (b)

Alignment with south pole. [WU20a]

56



From Fig. 2.2, it can be seen that the magnetic flux that saturates stator iron core consists of

two sources: PM and coil current. The total flux 1/7t0ml is given by:
Yiotar = Yem + Yeour (2.1)

where 1/7PM is the flux produced by PM and 1/76011 is the flux produced by coil current, i.e.
armature reaction. Firstly, for the PM part, the stator iron core becomes strongly magnetized
when it is close to rotor magnetic poles of PM causing inductance to decrease. As the rotor
magnetic poles move away, the inductance will increase. Therefore, inductance will vary

against rotor position as shown in Fig. 2.3.

Inductance

360

Rotor position (degree)
N

Fig. 2.3. Inductance variation against rotor position without considering armature reaction.
However, PM has north pole and south pole which introduce same saturation level, and
inductance will vary twice over one electrical period which can cause an ambiguity of  in the
rotor initial position estimation. As illustrated in Figs. 1(a) and 1(b), depending on the polarity
of magnet, the flux in the coil can increase or decrease the total saturation level, resulting in

different inductances as shown in Fig. 2.4.

Inductance

0 90 180 270 360

Fig. 2.4. Inductance variation against rotor position with armature reaction.

2.3 Rotor Initial Position Estimation

As described in the previous section, inductance varies against rotor position due to

magnetic saturation effect. From this phenomenon, several voltage pulses are injected and the
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current responses can be used for rotor initial position estimation. The basic estimation
approach based on [SCH97] is introduced in this section to demonstrate the rotor initial position
estimation procedure.

Firstly, voltage pulses can be injected into 6 positions, with the same duration and
magnitude, at selected 6 voltage vectors of a 3-phase inverter (V1~V6), as shown in Fig. 2.5.
B
A
I
I
I
I

V,(010) V,(110)

Va(011) u V1(100)

Vs(001) Ve(101)

Fig. 2.5. Voltage vectors. [WU20a]

In this case, these 6 injection positions are 0, 60, 120, 180, 240, 300 degrees, respectively.

For different voltage vectors, the excitation configuration is shown below:
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Vae | | . Ve | . 5
= Le Lg — L¢ Lg
a0 | 4, } B, } a } ¢ B ol P } B, } a } ¢ B
N N
(a) (b)
P P

Ay } By } Cu } A L Ay } By } Cu }
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Vac | } 3 } La Vae | } } } Ly
. ‘ L Ls = ] Le Ly
(0o1) AL } B, G } c B aon AL } B, C ? C B
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Fig. 2.6. Excitation configuration associated with voltage vectors. (a) V1. (b) V2. (c) V3. (d) V4. (e)
V5. (f) V6.
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Then, after excitation, the current response can be regarded as a step response:

V __t
1(t) = =2 (1 — e Lea/Reaq) (2.2)
Req

where [ is the current response, t is the time, Vp is the voltage magnitude, R,  and L., are the
equivalent resistance and inductance in the excitation circuit. Since inductance varies against
rotor position, current responses are rotor position dependent. A larger peak value of the current
response indicates the voltage pulse injection position is closer to the rotor magnetic poles.
Therefore, after injecting several voltage pulses at different positions, rotor initial position can
be determined by comparing the peak values of current responses. Besides, as illustrated in Fig.
2.2(a) and (b), depending on the polarity of magnet, the flux in the coil can increase or decrease
the total saturation level, resulting in different inductances. Thus, a current difference associated
with the south pole and the north pole will be introduced. Based on this, the polarity can be
identified.

It is known that the current response is related with inductance and thereby rotor position
dependent. Hence, by injecting voltage pulses at different rotor positions, the three-phase

current responses can be modelled as a function of rotor position:
Iy = Iy + I, cos(6,) + I, cos(26,)

_ p 21 p 21
Ig=1,+1 cos( r—?>+12 cos<2( r—?)) 2.3)

21 21
I = Iy + I cos (Hr + ?> + I, cos (2(9r + ?))

where [ is the DC-offset of current response, I; is current change caused by armature reaction,
I, is the current change due to PM and 6, is the rotor position. Normally, /; is much smaller

than I,. Therefore, according to [MAT96] and [SCH97], the model can be simplified as:
Iy = Iy + I, cos(26,)
2m
Iz =1y + I, cos (Z(Hr — ?)) 2.4)
21
IC = IO + 12 CoS (Z(H-r + ?))
Then, the measured three-phase current responses against rotor position are shown in Fig.
2.7. The measurement is taken from the prototype 3kW SPM motor, whose parameters are listed

in the Appendix, by injecting three positive voltage pulses into three-phase windings. It can be

seen from Fig. 2.7(a) that the measured current responses vary with rotor positions. Besides, in
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Fig. 2.7(b), it is clear that there is a 0.5A difference between the north and the south poles of

the rotor, which is large enough for polarity identification.

Current (A)

0 60 120 180 240 300 360
Electrical rotor position (degree)

Current (A)

0 60 120 180 240 300 360
Electrical rotor position (degree)

(b)

Fig. 2.7. Measured current responses against rotor position. (a) Three-phase current responses. (b)

Phase A current responses.

2.4 Conventional Rotor Initial Position Estimation [WU20b]

Based on the magnetic saturation effect, several rotor initial position estimation techniques
have been proposed in the past [SCH97][NAKOO][LEEO6][LAIO3]. Based on different
measurement or component that are used for rotor initial position estimation, 4 classical

conventional methods are introduced in this part.
2.4.1 Three-phase Current Based Method

In [SCH97] [MAT96], the peak values of three-phase current responses are used to calculate
the rotor initial position. At first, three negative voltage pulses and three positive voltage pulses
are applied to the stator windings, i.e. a positive and a negative pulse are applied to each phase.

After injection, the three-phase currents are modelled as:

Iy = Iy + Al cos(26,.)

Iz = Iy + Al cos(26, — 21 /3) (2.5)
I = Iy + Al cos(20, + 2m/3)
AIA = IA - IO
Al = I — I, (2.6)
AIC = IC - 10
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where [ is the average value, Al is the offset and the actual rotor position is 6. Al,, Al and
Al are the differences between the three-phase currents and their average value. The phase
current with the largest difference determines which region the rotor north pole is the closest
to. The remaining two phase current differences are used to calculate the estimated rotor initial
position. For example, if phase A current has the maximum difference, currents of phase B and
phase C are used for rotor initial position estimation. The estimated rotor initial position  is
given by:

_ Al — Al

0 = Km (28)

where k = cos(2m/3) /sin (2m/3). In all, according to the method in [SCH97], after injection
of 6 voltage pulses into three-phase windings, a 24 degree resolution is obtained with 12

degrees error.

2.4.2 DQ Reference Frame Current Based Method

Method in [NAKO0O] uses the current in the estimated D-Q reference frame. The basic idea
is that the estimated d-axis current increases as the injection position approaches the north pole
of the rotor. The estimation method is divided into two steps. In the first step, 12 voltage vectors
are applied to stator windings as shown in Fig. 2.8(a). The maximum d-axis current is recorded.

In this step, a 30-degree resolution is obtained with £15 degrees error.

A
15%, 15° ~
P R (7] R
) / —17.5° °
0-15 14 0+7.5
13 5
(a) (b)
0 —3.75° 17 0+43.75° 0 — 1.875° 20 0+1.875°
16 8 19 21
(© (d)

Fig. 2.8. Estimation process. (a) Step I with 30-degree resolution, (b) Step II with 15-degree
resolution, (¢) Step II with 7.5-degree resolution, (b) Step II with 3.85-degree resolution. [WU20b]
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In the second step, more vectors which are adjacent to the selected vector in step I are
applied as shown in Fig. 2.8(b)-(d). At last, a 3.85-degree resolution is obtained. Overall,
referring to [NAKOO], this method estimates rotor initial position with +3.8 degrees average

estimation error and 18.75 degrees maximum estimation error.
2.4.3 DC-link Current Based Method

Method in [LEE06] proposed a low cost method using only dc-link current to estimate the

rotor initial position. The total estimation process has three steps shown below.

B B B
V1, VI,
\6 Ve \6 Ve
C C
(a) (b) (©)

Fig. 2.9. Estimation process (a) Step I, (b) Step II, (¢) Step III. [WU20b]

In step I, two opposite voltage vectors (V1 and V4) are applied to gain a 180-degree
estimation resolution at first as shown in Fig. 2.9(a). In step II, the two adjacent voltage vectors
(V2 and V6) are applied and the current responses are utilized to obtain a 60-degree estimation
resolution as shown in Fig. 2.9(b). Step III is shown in Fig. 2.9(c), after locating the north pole
of rotor in a 60-degree sector, comparing the current responses of two adjacent voltage vectors
(V2 and V6) can further improve the estimation resolution to 30 degrees. Ideally, only 4 voltage
pulses are required. However, due to existing of sample noises, the results of first step can be
distorted, another set of voltage pulses (V2 and V5) should be applied in step I as well. Hence,
at least one more pulse is required in practical drive systems. In all, with 5 pulses injected, this

method has a 30-degree estimation resolution with +15 degrees estimation error.
2.4.4 Three-Phase Terminal Voltage Based Method

Apart from utilizing current information, voltage information can also be measured and
utilized for rotor initial position estimation. In [LAI03], a technique is proposed by measuring
terminal three-phase voltages. This technique is based on freewheeling time. It is introduced in
Section 2.2 that inductance varies against rotor position due to magnetic saturation. As indicated
in Fig. 2.10, the greater inductance stores more electric energy and therefore increases the

falling time of discharge after the voltage pulse is removed.
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Fig. 2.10. Falling time comparison. [WU20b]
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Fig. 2.11. Illustration of terminal voltage detection. [WU20b]

As indicated in Fig. 2.11, the terminal voltage across one phase during freewheeling stage
is equal to (V. + 0.7)V. After the freewheeling stage, the terminal voltage goes down and is
approximately equal to 0.5V;.. The terminal voltage level is used for the detection of rotor
initial position. In this chapter, three voltage pulses are applied to three-phase windings and the
freewheeling times are measured to offer a 60-degree estimation resolution. It is worth
mentioning that the method in [LAIO3] only considered the saturation caused by armature
reaction and there is no need of polarity identification. However, as discussed in Section 2.2, in
this thesis, the magnetic saturation caused by PM flux is considered as the main source.
Therefore, the method in [LAIO3] should be modified with one more pulse injection in order to

identify the polarity. In total, at least 4 pulses are required.
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2.4.5 Simulation Validation

In this section, both 4 conventional methods are validated by simulations based on
Matlab/Simulink. The specifications of the prototype SPM-I are given in Appendix A. The real
electrical rotor position is 120 degrees. Magnitude and duration of voltage pulses are 60V and

Sms, respectively.

A. Three-phase currents based method

8 Ia —1Ib Ie
~ 6 -~
$ Imax
g 47
=
22 -
=
o —
Z a2
=
g 4
1=
= -6

-8 T T T T T

0 0.1 0.2 0.3 0.4 0.5 0.6
Time (s)

Fig. 2.12. Simulation results of three-phase current responses based on the method in [SCH97].

The method in [SCH97] is simulated and the results of three-phase currents are shown in
Fig. 2.12. It is found that current response of phase B has the largest magnitude. Then the
estimated rotor initial position 8, is calculated as 119.2 degrees and the estimation error is 0.8
degrees.

B. DQ reference frame current based method

Simulation results of [NAKO0O] are given in Fig. 2.13, 18 voltage vectors are injected in total

and the largest current response is found as the 13" one, and therefore, 8, is estimated as 127.5

degrees and the estimation error is 7.5 degrees.
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Fig. 2.13. Simulation results of recorded d-axis current based on the method in [NAKO00].
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C. DC-link current based method

Simulation results of the method in [LEE0O6] are given in Fig. 2.14. In total, 4 voltage vectors
are injected. It is found that the fourth dc-link current response is the largest and thus 8, is

estimated at 120 degrees and the estimation error is 0 degree.
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Fig. 2.14. Simulation results of dc-link current responses based on the method in [LEE06].

D. Three-phase terminal voltage based method

Fourthly, the method of [LAIO3] is simulated and the results are shown in Fig. 2.15. In total,
4 pulses are injected and the corresponding voltage levels during freewheeling stage are
recorded and compared. After comparison, 8, is estimated at 90 degrees and the estimation

error is 30 degrees.
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Fig. 2.15. Simulation results of terminal three-phase voltages based on the method in [LAIO3].
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2.4.6 Experimental Validation

In this section, 4 methods are tested by experiments. Same as simulation, each method is
tested by one example with real rotor position at 120 degrees and the corresponding current and

voltage responses are given.
A. Three-phase currents based method

Firstly, the method in [SCH97] is tested by injecting 6 voltage pulses and the current
responses are shown in Fig. 2.16. The peak values of the current responses are recorded and for
position estimation. According to Section 2.4.1, the estimated rotor initial position 8, is
calculated as 123.23 degrees, the estimation error is 3.23 degrees. The experimental estimation
performance is not as good as simulation. This is because the method [SCH97] is based on an
ideal sinusoidal current response model. However, in the real drive system, the current response
waveform against rotor position is not ideally sinusoidal containing harmonics and noises.

Therefore, the experimental results could be affected.

8
p Ia Ib Ic
< 1,2
- 4 max
=
)
L]
S o
]
s 2
=
g 41
S
=
-8 T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6
Time (s)

Fig. 2.16. Experiment results of three-phase current responses based on the method in [SCH97].

B. DQ reference frame current based method

The method in [NAKO0O] is tested. 18 voltage pulses are injected and the peak values of each
current response are recorded and shown in Fig. 2.17. The estimated position is 112.5 degrees
with 7.5 degrees error. In practical system, due to existence of noise, although many voltage
pulses are injected, the estimated position may not be as accurate as expected. Besides, pulse
width modulation (PWM) strategies such as sinusoidal PWM (SPWM) and space vector PWM
(SVPWM) are necessary for this method to generate the required voltage vectors as depicted in

Fig. 2.8, which adds the control and implementation complexity in low cost applications.
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Fig. 2.17. Experiment results of recorded d-axis current based on the method in [NAKOO].

C. DC-link current based method

The method in [LEEO6] is tested and the measured dc-link currents are shown in Fig. 2.18.
In total, only 4 voltage pulses are injected and the dc-link current responses are recorded. Their
peak values are compared and the rotor initial position is estimated at 120 degrees. [LEE06]

selects voltage vectors based on results of former step so that only 4 pulses are required ideally.
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Fig. 2.18. Experiment results of recorded d-axis current based on the method in [LEEO6].

D. Three-phase terminal voltage based method

The method in [LAIO3] is tested by measuring terminal three-phase voltages. The measured
terminal three-phase voltages are shown in Fig. 2.19. After excitations, the terminal three-phase
voltages are measured and the freewheeling times are compared. The estimated rotor initial
position is 150 degrees with an estimation error of 30 degrees. After injecting in one phase, the
responses of other two phases are used for position estimation, and therefore, more information

can be obtained based on one injection so that only 4 pulses are required.
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Fig. 2.19. Experiment results of terminal three-phase voltages based on the method in [LAIO3].

2.4.7 Overall Comparison

In all, 4 conventional methods are implemented and validated through both simulation and
experiment. The simulation and experiment estimation results are summarized in Table 2.1. In
the tested case, both methods estimate rotor initial position correctly and are align with their

claimed estimation performance.

TABLE 2.1
ESTIMATION RESULTS

Method Simulation Experiment

NQ) Error(®) NQ) Error(®)
[SCH97] 119.2074 0.8 123.23 223
[NAKOO] 127.5 7.5 112.5 7.5
[LEEO6] 120 0 120 0
[LAIO3] 90 30 150 30

Furthermore, the overall estimation against rotor position is provided in Table 2.2. In Table
2.2, the overall estimation results at different rotor positions are given. Both estimation
resolutions and maximum estimation errors are shown. First of all, all 4 methods have achieved
their claimed estimation performance. Then, according to Table 2.2, it can be summarized that
[SCH97] has the best estimation performance with the least estimation error, so that the starting
torque can be maximized. [LEE06] requires the smallest number of pulses which minimize the
time consumption and losses. [LEE06] only need one sensor which can be a better option in

low cost applications. Only [NAKO00] requires PWM strategy to generate vectors adding control
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and implementation complexity. At last, in order to find out the most cost-effective method

considering the estimation performance and cost together, a cost-effective index S is defined as:
S = (AE + ME) = Np * Ng (2.9)

where AE and ME are the average error and the maximum error, respectively. Np is the
required pulse number and N is the required sensor number. Apparently, a smallest number of
S indicates the most cost-effective method. It is shown in Table 2.2 that the method in [LEE06]
is the most cost-effective selection, since only one dc-link current sensor is used and an
estimation resolution of 30 degrees can be achieved with 5 pulses. Moreover, this summarized
comparison could provide a comprehensive guideline in the selection of rotor initial position

estimation methods.

TABLE 2.2
OVERALL COMPARISON
Method [SCH97] [NAKO0O] [LEEO6] [LAIO3]
Estimation resolution

24 30 30 60

(degree)
Maximum estimation error
15 18 15 30
(degree)
Required pulses 6 18 5 4
Current sensor 3 3 1 0

Voltage sensor

=)
1<
=)

(98]

Requirement of PWM No Yes No No

Cost-effective index 392.4 1377 112.5 540
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2.5 Proposed Simple Voltage Pulse Selection Strategy [WU20a]

As introduced in Section 2.3, the current response after injecting voltage pulse is given as:

Vo —Tr
I(t) - — (1 —e Leq/Req) (210)
R

It is obvious that the magnitude and duration of the voltage pulse can affect the value of
current response and therefore the estimation performance. It is worth noting that in this chapter,
the DC-link voltage is assumed to be adjustable. Thus, in order to obtain a reliable estimation
performance, it is necessary to develop a strategy to effectively select the magnitude and
duration of voltage pulses, which has not been discussed in literature. In this part, the magnitude
and duration of the voltage pulse are defined as Vp and Tp. Besides, for some applications with
fixed DC-link voltage, only duration of voltage pulse is to be adjusted by following the
proposed method.

2.5.1 Magnitude and Duration Selection

A. Selection rules

In this section, a simple voltage pulse selection strategy including duration and magnitude
is presented. Initially, there are two design rules for selection:

The first rule is to limit the produced torque which may induce rotor movement and other
undesired results including damage to rotor shaft and noise issues. Hence, a limitation of g-axis
current, i.e. I; yax, should be given, depending on different applications. The first rule is
associated with upper limitation during selection of Vp and Tp.

The second one is to make sure the current responses against rotor position are observable.
The observable current responses guarantees a reliable estimation results and therefore a better
start-up capability. The second rule is associated with lower limitation during selection of Vp

and Tp.
B. Selection of duration T p

For the same voltage pulse magnitude, the current response will vary with duration. The
desirable duration of voltage pulses can be selected by considering the large differences
between the current responses associated with 6 vector positions (and also 6 rotor positions). It
is obvious that a larger difference can improve the performance and guarantee a reliable start-
up of the motor. Therefore, selection of duration is to find out Tp p4x Which generates the

maximum difference between current responses.
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First, considering two voltage pulses injected at two different positions, the corresponding

current responses I; and I, are given in (2.11) and the difference Al between two current

responses is calculated by (2.12).

% _Tp
L) =7~ (1 —e %)
eq
. S (2.11)
L) =2—(1—e ™)
Req
Vp _Te T
Al(t) =—(e Tez —e Te1) (2.12)
Req

where 7., and 7., are the electrical time constants of two injection cases. R, is the equivalent
resistance in the excitation circuit. The excitation configuration is referred to Fig. 2.6. The
injection positions are different so that the saturation levels are different leading to different
inductances and therefore electrical time constants. Then, by differential AI(t) by time Tp, the
theoretical duration that produces the maximum difference can be obtained by:

Te1Te200g ~e2

Te1 (2.13)

Tp max = —
Te2 = Tex

By way of example, Fig. 2.20 illustrates that the maximum difference of two current

responses occurs at Tp p4x according to (2.13).
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Fig. 2.20. Current responses and variation of current difference with duration. [WU20a]

However, Tp p4x 1n (2.13) is too complicated for practical use. Therefore, an approximation is
used instead. Define 7., = 7,4 + At, for a small At, Tp 45 can be approximated as Tp pax

which is given by:
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Tp max = Mzﬂ ~ Ten (2.14)
Fig. 2.21 demonstrates the relationship between At and the difference between the theoretical
duration Tp pax and the approximated duration Tp p4x. It is obvious that the difference
between Tp pax and Tp p4x is relatively small. Hence, the approximated duration Tp 545 can
be used for easier implementation. Based on the above analyses, the duration T can be selected
around the nominal electrical time constant 7,y in order to achieve the maximum current

difference.
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Fig. 2.21. Duration difference against At. [WU20a]

C. Selection of magnitude V p

For the magnitude of voltage pulses, there are two limitations, V), yax and Vj, pqy, which
should be determined for magnitude selection.

First, the upper limitation Vp p4x limits the torque produced by voltage injection. Since
there will be a g-axis current induced, which generates the impulse torque during injection and
may cause rotor rotating or shaft damage. Hence, the upper limitation of voltage pulse can be

calculated based on the torque/q-axis current limitation and the rotor movement limitation.
(1) Torque/q-axis current limitation

As some applications are restricted with the g-axis current or torque, it is necessary to limit

the maximum voltage pulse by:

Vp

=]/< Iq_MAX

eq
. (2.15)

Ve max 1 < Reqlq max

=
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In (2.15), a maximum g-axis current I, yax can be determined according to the requirement

of real application. Furthermore, based on the selection of duration Tp, which is chosen around

electrical time constant, a coefficient of 0.63 is applied to (2.16):

Vp

R (1 - e_l) =] < Iq_MAX

eq
(2.16)

Reqlq_MAX

. Reqlq MAX
Vb max1 < “aoen © Vb max1<————

0.63
(2) Rotor movement limitation

Apart from induced torque limitation, the rotor movement should also be limited. By

neglecting load torque and friction, the rotor movement can be calculated as:

3P2 Vo (Tp?  [Leg)’ -—12
9. =——— 2122 (281 Leq/Req 2.17

where | is the inertia, P is the number of pole pairs, 8, is the electrical rotor position, i, is the
permanent magnet flux-linkage. Furthermore, based on the selection of duration Tp, which is

chosen around electrical time constant, (2.17) can be updated as:

192 Vo (Leg\’
6, ~ _p_lpm_P(ﬂ> (2.18)
5 ] Req Req

The induced rotor movement is limited as:

1p?  Vp (Leq>2
g, ~ Py TP (Lea) g (2.19)
T 5 ] lpm Req Req max

Therefore, the maximum voltage pulse is:

JRoy [Rog\’
Vo maxz < 55; zpfn <]—:> Omax (2.20)

It is worth mentioning that in the derivation of rotor movement, the load torque and friction are
neglected, the induced rotor movement could be actually larger than calculated value.

At last, the upper limitation of voltage pulse magnitude is given as:
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Vb Max = min (VP_MAX_ll VP_MAX_z) (2.21)

Next, the lower limitation Vp p;y 1s defined to guarantee the rotor initial position estimation
reliable. According to the magnetic saturation effect, in order to identify the polarity, enough
voltage pulse should be given to produce sufficient armature reaction to produce an observable
difference between north and south poles during polarity identifications. Otherwise, a reverse
starting can happen with 180 degrees position error. Therefore, it is necessary to determine an
appropriate Vp p;y during the selection of voltage pulse magnitude. In real application, during
estimation, the current responses recorded in the controllers could be different from the actual

values as shown by (2.22). This current recording error can affect the estimation performance.

Irecord = Ireal + Ierror (2-22)

The current recording error I,,--o, consists of several components and can be represented as:
lepror = €k + &0+ €apc + &n + €q + &y, (2.23)

where ¢, is the measurement scaling error, &, is the measurement DC offset error and g4p 18
the error due to ADC quantization. &, and &, are errors caused by noise and disturbance,
respectively. gy, is the error caused by DC-link voltage variation. The value of Ioyyo, should
be determined based on the hardware. A simple way to determine the maximum value of I,
is introduced here. Several voltage pulses with same magnitude and duration are injected at the
same position, the difference between the maximum and average values of current responses

are recorded and /..., can be calculated by

lerror = 2(Iyax — Ivgan) (2.24)

Then, as shown in (2.25), two opposite voltage pulses are injected into one position, the

difference between two current responses is recorded and compared with I,

||I(VP_MIN)| - |1(_VP_MIN)|| = Al > Iopror (2.25)

According to (2.24) and (2.25), the minimum limitation of voltage pulse magnitude Vp p;;y

should be selected by ensuring Al > [0
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2.5.2 Reliable Selection Area (RSA)

From the determined duration and magnitude of the voltage pulse, a reliable selection area
(RSA) can be obtained as shown in Fig. 2.22. Selecting voltage pulse within this RSA, a more

reliable and effective estimation performance can be guaranteed.

VP_M AX

RSA
Ve mIN

Magnitude (V)

Te MIN Te_maAx
Duration (ms)

Fig. 2.22. Reliable selection area. [WU20a]

For pulse magnitude, it can be selected between V), yy and V) yax. It is suggested to select

the pulse duration around 7,y first. However, considering the variation of electrical time
constant against rotor position, i.e. inductance changes, rather than to select a single duration
value it is better to select a duration range between the maximum and minimum electrical time

constants given by (2.26):

_ Lyax
Te MAX = R

eq

. _ Lyv
e MIN =
Req

(2.26)

where Ly 4x and Ly are the maximum and minimum inductances respectively over all
rotor positions. These two time constants can be obtained easily based on FE analyses or

experiments according to current limitation.
2.5.3 Experimental Validation

Based on a SPM-I test platform, the experiments are carried out to validate the proposed

voltage pulse selection strategy and calculate the RSA region.
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A. Selection of magnitude V p

As aforementioned, for the magnitude of voltage pulses, there are two limitations, Vp pax
and Vp py, that need to be determined for selection. Firstly, the upper limitation Vp j4x can be
defined based on the machine parameters and the current limitation. At first, the current
limitation is set as 6A. Then, the calculated upper limitation of voltage pulse magnitude is

derived as:

Rquq MAX
_fqaarar 2.27
Vb max 1 < 0.63 60V (2.27)

The rotor movement limitation 8,,,, is set as 1 degree, then the calculated upper limitation

of voltage pulse magnitude is derived as:

2
Vb max 2 <5 Ifz;jn (lz_:> Omax = 130V (2.28)
Therefore, the finalised upper limitation of voltage pulse magnitude is selected as 60V.

For the lower limitation Vp yy, the current error I, needs to be determined firstly.
Several voltage pulses with the same magnitude and duration are injected into the same position
as shown in Fig. 2.23. In Fig. 2.23, the blue line indicates the average value of all the peak
values. The difference between the mean value and the maximum value gives the measurement

error lopror-
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Fig. 2.23. Determination of current error I.-o,-. [WU20a]

The current error can be determined from (2.24), as:

lerror = 2(IMAX - IMEAN) =0.14 (2.29)
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The measured current difference against voltage pulse magnitude is shown in Fig. 2.24.
According to I,,ror, the difference below 0.1A is unreliable. Thus, from (2.25), the lower

limitation Vp py;y can be determined as 30V.
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Fig. 2.24. Current difference against voltage pulse magnitude Vp. [WU20a]

B. Selection of duration Tp

Referring to analyses before, two opposite voltage pulses with the same magnitude are
injected at the same position. Fig. 2.25 illustrates the analytically calculated and measured
variations of current response difference against voltage pulse duration. The analytical results
are based on (2.11) and (2.12). It can be seen that the experimental results match well with
analytical results. For both analytical and experimental results, a larger current difference can
be obtained within the green dashed circle. Hence, according to experimental results, T, pax
and 7, p;y can be determined as 4ms and 6ms. It is worth noting that although selection of
duration outside the green dashed circle is also acceptable as long as the difference could be
larger than the current error, better and more reliable performance could be obtained by
choosing the duration Tp within the green dashed circle which has the largest current response
difference.
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Fig. 2.25. Current difference against voltage pulse duration Tp. [WU20a]
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C. Reliable selection area

From the results of previous sections, Vp yax, Vp mins Te max and Te ppy are obtained. By
utilizing these four parameters, a reliable selection area RSA can be depicted, as presented in
Fig. 2.26. Based on the estimation method described before, several tests are carried out to
investigate the rotor initial position estimation performance. Different voltage pulse magnitude
and duration combinations are considered, both inside and outside RSA. In Fig. 2.26, the blue
circles indicate the acceptable estimation performance with correct estimation result and
allowable g-axis current produced. Otherwise, the estimation performance is un-acceptable

marking with a red cross.
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Fig. 2.26. Reliable selection area. [WU20a]

Besides, from Fig. 2.26, four different cases are chosen to illustrate the measured results
when selected voltage pulse is inside and outside RSA, Fig. 2.27(a)-(d). In Fig. 2.27, according
to the real rotor initial position (117 electrical degrees), phase B current response of the 3™
pulse should be the largest, otherwise, the estimation will be incorrect. Besides, the produced
g-axis current should not exceed 6A.

Firstly, selected voltage pulses are outside RSA at a lower level which will result in a wrong
estimation. An example is given in Fig. 2.27(a), the current response of the 5" pulse is the
largest which is wrong. Then, selected voltage pulses are outside RSA at a higher level,
although the estimation could be correct, the produced g-axis current will exceed the limit. For
case II in Fig. 2.27(b), by calculation, the produced g-axis current (6.38A) is over the limit.
Next, from case III in Fig. 2.27(c), selected voltage pulses are inside RSA, estimation
performances are all acceptable. At last, it is worth mentioning that the proposed RSA is a

simple and approximate selection strategy. From case VI in Fig. 2.27(d), although voltage pulse
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is selected outside RSA, an acceptable estimation performance can also be obtained.
Nevertheless, it can be concluded that by selecting the voltage pulse within RSA, reliable

estimation performance is guaranteed.
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Fig. 2.27. Measured current responses of typical injections. (a) Case I with wrong estimation outside

RSA. (b) Case II with g-axis current over limit outside RSA. (c) Case III with acceptable estimation

inside RSA (d) Case IV with acceptable estimation outside RSA. [WU20a]
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2.5.4 Summary

For rotor initial position estimation, voltage pulse injection based methods are a popular
option. A simple voltage pulse selection strategy is proposed and introduced, besides a reliable
selection area (RSA) is obtained. The proposed RSA provides an effective and simple way to
select the duration and magnitude of voltage pulses for rotor initial position estimation. By
selecting voltage pulse within RSA, more reliable performance can be achieved, as validated
by experiments. It is worth mentioning that based on the experiment results, acceptable
estimation can also be obtained if voltage pulse is selected outside the RSA, and hence the
selection area may not be fully utilized. Therefore, the overall selection of voltage pulse with
all different combinations of magnitude and duration is investigated and a so-called “Extended

RSA” is further developed in the next section.

2.6 Overall Voltage Pulse Selection Investigation

As discussed in Section 2.5, a simple voltage pulse selection strategy is introduced.
However, it is found that reliable estimation results can also be obtained outside of the reliable
selection area (RSA). Therefore, in this section, outside the RSA, all the other combinations of
magnitude and duration are investigated by ways of simulation and experiment. In the
investigation, several constraints are considered and defined initially in order to fulfil the
requirement depends on the applications and obtain reliable results. In the investigation, all the
parameters are based on the prototype machine and the practical test platform given in

Appendix.
2.6.1 Constraints

A. Reliable estimation

A reliable estimation should be defined at first. By testing with different sets of magnitude
and duration of voltage pulse, the current differences are calculated and compared with
measurement noise. If the current difference is larger than the noise and gives the right result,
then it is regarded as correct and reliable.

B. Rotor movement constraints
In the selection, the maximum rotor movement is considered which happens when voltage

pulse is injected at g-axis. The rotor movement can be calculated as follows:
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2 T
3p Vo (Tp?  [Leg\ ——P—
0. =2 pyp P[P _[Z269) ,Leq/Req 2.30
T2 meeq<2 (Req ¢ (2.30)

C. Maximum q-axis current

As introduced in Section 2.5, the induced g-axis current should be limited depends on
applications. Hence, in the simulation, for each set of magnitude and duration, the induced g-
axis current is calculated by (2.31) and a maximum g-axis current limitation curve can be

obtained.
. Vp L T/iz
iq(t) =5—|1—e “ea/fea (2.31)
Req

2.6.2 Extended Reliable Selection Area (ESRA)

A. Simulation results

Based on the constraints introduced in previous section, simulation tests of different
combinations of magnitude and duration are carried out and a reliable estimation map against

voltage pulse magnitude and duration can be obtained as shown in Fig. 2.28.
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Fig. 2.28. Extended reliable selection area.

In Fig.2.28, the yellow part is the reliable estimation area where the estimation is correct.
The induced g-axis current curve is shown in the red dashed line and the rotor movement is
shown in the blue solid line which both limit the voltage pulse selection area. Then, an

intersection is shown in the shadow area indicating the reliable selection area. It can be seen
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that the Reliable Selection Area (RSA) shown in green block is included in this intersected area.

Hence, this intersected area is called “Extended Reliable Selection Area (ERSA)”.

B. Experimental results

Fig. 2.29 shows both the simulation and experiment results of voltage pulse selection results.
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Fig. 2.29. Voltage pulse selection area. (a) Simulation results. (b) Experimental results.

As shown in Fig. 2.29(a) and (b), the simulation and experiment results do not align

perfectly with each other. The main different case between the simulation and experiment

results is shown within the green circle. It is found out that unreliable results are obtained in the

experiment whereas reliable results are obtained in the simulation. This happens when the

duration is relatively small. There are two main reasons:
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(1) Limited sampling frequency: In the practical system, it is known that as duration
decreases, the sampled points become less which affect the estimation performance.

(2) Decayed current response: In the practical system, due to the existing DC-link
capacitance, the applied voltage pulse will be decayed and therefore the current response will
be influenced as well. Since the DC-link capacitance and resistance forms as low-pass filter,
current response with smaller duration will be more decayed.

Similar to simulation results, for the experiment results shown in Fig. 2.29(b), it is also
found that the proposed reliable selection area (RSA) is included in the extended reliable
selection area (ERSA), which aligns with the discussion in the previous section. Although some
areas are not utilized, the proposed RSA provides a simple and approximate strategy for voltage

pulse selection.
2.6.3 Application of ERSA in Siemens Wind Power PM Generators

In order to verify the effectiveness and capability of rotor initial position estimation, the
voltage pulse selection investigation is further extended to the Siemens 3MW wind power PM
generator. The parameters and FE simulation results of the tested 3MW PM generator are given
in Appendix. Due to limitation of practical test, the investigation is mainly focused on the

simulation by FEA and Matlab/Simulink software.
A. Co-simulation model

Initially, a FE based 3SMW PM generator model is built. In order to save the simulation time,
flux-linkage and inductance against current information are calculated by FE software at first

and are made as look-up table. Fig. 2.30 shows the flux variations against current in dq-axis.
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Fig. 2.30. Flux-linkages against current map. (a) D-axis flux-linkage. (b) Q-axis flux-linkage.
Furthermore, based on the relationship between flux and current, the inductances in dq-axis

can be calculated as well. The calculated inductances in dg-axis are shown in Fig. 2.31.
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Fig. 2.31. Inductance against current map. (a) D-axis inductance. (b) Q-axis inductance.
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Then, based on the FE results, the 3MW PM machine model is built in Matlab/Simulink

environment incorporating with the inverter and control circuit parts. The simulation model

block diagram is shown in Fig. 2.32.

Matlab/Simulink
PM machine
Electrical model e
I Mechanical
model
Control FE Inductance map
circuit

u

Fig. 2.32. FE based simulation model.

B. Voltage pulse selection area

Based on the built model of 3MW PM generator, voltage pulse selection area can be
investigated. For the 3MW PM generator, the induced g-axis current is limited by 100A and the

maximum measurement error of current is 1A. Then, the voltage pulse selection area is

calculated and depicted in Fig. 2.33.
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Fig. 2.33. Voltage pulse selection area for SMW PM generator. (a) Overall. (b) Zoom in.

For the 3SMW PM generators, due to very large inertia, rotor movement will only be induced
when duration goes beyond 50ms, and therefore, the rotor movement constraint is not included
in Fig. 2.33. It can be seen that the intersection between current limitation and correct estimation
results is quite small but still exists. Compared with 3kW PM generator, the much smaller

selection area of 3MW PM generator is caused by several reasons:

Large current measurement error (1A)
b. Small phase resistance (6mQ)
o A small resistance will cause large current induced including g-axis current so
that to be limited.
c. Small current limitation (100A)
o The current limitation is set as 2% of the rated current.
d. Small inductance variation against rotor position
o Due to large airgap and open slot, the magnetic saturation effect may be less on
the 3MW PM generator than 3kW PM generator.

o The limited current will restrict the armature reaction.

86



2.7 Conclusion

In this chapter, the short-pulse-injection-based rotor initial position estimation is introduced.
Based on the magnetic saturation effect, several conventional methods are illustrated and
validated. Since this type of methods relies on injecting voltage pulse to detect the rotor initial
position, the selection of voltage pulse should be considered which will influence the estimation
performance. Hence, a simple voltage pulse selection strategy is presented in this chapter and
a reliable selection area (RSA) is obtained. Selection voltage pulse within this area, reliable
estimation performance can be obtained. Furthermore, it is found out that outside the RSA,
there are also some areas that provide reliable estimation results. Thus, in order to fully utilize
the selection area, voltage pulse selection outside the RSA is also investigated and a so called
“extended reliable selection area (ERSA)” is obtained which actually contains the RSA. The
effectiveness of both RSA and ERSA is validated by experiment results. Moreover, the voltage
pulse selection is further extended to the Siemens 3MW Wind Power PM Generator. For 3MW
PM generators, it is found out that the available selection area is relatively small compared with

the 3kW PM generator.
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CHAPTER 3

ROTOR INITIAL POSITION ESTIMATION METHOD
BASED ON THREE PHASE CURRENT

3.1 Introduction

Based on the magnetic saturation effect, several short-pulse-injection-based methods
[SCH97][NAKOO][LAIO3][LEEO6][CHA09] are proposed for SPMs, which can be categorized
as current-response-based and voltage-response-based methods. For current-response-based
methods, in [SCH97], 6 voltage pulses are injected into stator windings, the current responses
in ABC reference frame is used to estimate the rotor initial position. This method offers a 30-
degree resolution but consumes longer execution time due to 6 pulses. For [NAKO00], the
estimated d-axis current is used to estimate the rotor initial position with a 7.5-degree resolution.
However, a large number of voltage pulses are necessary and the estimation resolution may not
be guaranteed. In [LEEO6], the rotor position is determined by utilizing dc-link current with a
30-degree resolution. For voltage-response-based methods, [LAIO3] estimates rotor initial
position by comparing freewheeling time using three voltage sensors with a 60-degree
resolution. [CHAQ09] utilizes both freewheeling period and dc-link current to determine the rotor
initial position. A 30-degree resolution is achieved at the cost of 2 voltage sensors and 1 dc-link
current sensor. For these conventional methods, in order to determine rotor initial position with
an acceptable estimation resolution, many pulses or extra sensors are necessary, which may
increase the cost and complexity to the sensorless drive system.

In this chapter, a new simplified short-pulse-injection-based rotor initial position estimation
method for SPMs is proposed. The proposed method shows more effective estimation
performance than conventional methods by adopting three novel strategies. The first one is the
utilization of three-phase current responses after one pulse while conventional methods only
use the injected phase current. For the second aspect, conventional methods inject voltage
pulses at some fixed positions, e.g. 0, 60, 120, 180, 240, 300 degrees, some of which are
redundant. The proposed method selects injection position based on previous injection results
in way of closed-loop selection. Based on first two strategies, the estimation process is
simplified with only three pulses while achieving the desired estimation performance with at

least 30-degree resolution at no cost of extra sensors.
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The third one is the proposed boundary detection strategy (BDS). A so-called ‘boundary
case’ is considered when the rotor magnetic pole locates around the boundary of two adjacent
sectors resulting in low SNR current responses for estimation. For conventional methods which
do not consider the boundary case, the estimation performance could be deteriorated. In order
to solve this, either high voltage pulse level or extra pulse injection are required leading to extra
complexity and loss to the system. In this chapter, a simple boundary detection strategy is
introduced to solve the issue which improves the estimation performance. Furthermore, the
concept of ‘boundary width’ is proposed and by selecting a proper boundary width during
boundary detection, the estimation resolution can be further improved to 15 degrees.

In this Chapter, firstly, the principle of the proposed method is illustrated in detail including
the utilization of three phase current responses and the proposed voltage pulse selection process.
Then, the proposed boundary detection strategy is presented. At last, experimental results are
given to verify the effectiveness of the proposed method and followed by the conclusion.

This chapter is based on the paper:

[WU20c] X. M. Wu, Z. Q. Zhu, and Z. Y. Wu, “A novel rotor initial position estimation
method for surface-mounted permanent magnet synchronous machine,” submitted to /EEE

Transactions on Energy Conversion.

3.2 Utilization of Three Phase Currents

The first major novel strategy of the proposed method is the utilization of three-phase
current responses after one voltage pulse is injected. The principle of three-phase current
utilization is illustrated in this section.

For a symmetrical three-phase PM machine, assuming one voltage pulse is injected in phase
A, the three-phase current responses can be represented as:

v, ot
lA(t) = R_ 1—e La/Ra
A

. Vp e
ig(t) = R_B<1 —e LB/RB> (3.1)

Ve ot
lc(t) = R_ 1—e Le/Rc
C

where V,, Vp and V. are the phase voltages across three-phase windings. Ly, Lg and L. are the
self-inductances of three-phase windings. R4, Rp and R, are the phase resistances of three-

phase windings.

89



For the three-phase current responses, the phase A current is called “Primary current
response” since the voltage pulse is injected in phase A with the largest amplitude of current
response. The phase B and C currents are called “Secondary current responses”. Then, (3.1) is

re-write as:

i5(t) = Vs <1 — e"LBt/R> (3.2)

Ve _t_
lg(t)zﬁ 1—e Lc/R

where the sign “P” indicates the primary current response and “S” indicates the secondary
current response.

For conventional methods, only the current of the injected phase, i.e. primary current
response, is recorded and used for estimation. Therefore, several voltage pulses are necessary
to be injected so that three-phase current responses can be obtained. However, as shown in (3.2)
currents of the other two phases, i.e. secondary current responses, also contain the rotor initial
position information which can be used for position estimation.

An experimental example is given in Fig. 3.1. The rotor initial position is at 41 degrees and
one voltage pulse is injected to phase A. The three phase current responses are shown in Fig.
3.1. Apart from phase A current (primary current response), the other two-phase currents
(secondary current responses) can be utilized as well. The peak value of the phase C current is
larger than that of the phase B current, which indicates the rotor magnetic pole is closer to phase

C than phase B which aligns with the real rotor position.
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Fig. 3.1. Experimental example of three-phase current utilization. [WU20c¢]
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Furthermore, the mathematic model of the three-phase current responses associated with
rotor position can be derived. Assuming one voltage pulse is injected to phase A, since the

duration is small, the three-phase current responses can be modelled as:

if;(t) = Im(LO + L2 COS(ZQ,-))

1
i5(0) = ~In (5 Lo + L, cos (2 (6 + 9)) (3.3)

i5(t) = —1I,, (% Lo + L, cos (2 (6. - %)))

Wact V4 1s amplitude of the DC-link voltage, t is the duration time, Ly and L,

9(LG-L3)

where [, =

are the amplitudes of the dc and 2" order harmonic components of three-phase self-inductances.

From (3.3), the amplitude of dc component of primary current response is twice of the
secondary current response one. Nevertheless, it is worth noting that the amplitude of the 2"
order harmonic component is the same for both primary and secondary current responses.

Fig. 3.2 shows the measured results of three-phase current responses. Voltage pulse is
injected at phase A and the three-phase current responses at different rotor position are
measured and given in Fig. 3.2. Furthermore, in Fig. 3.3 the harmonic spectra of three-phase
current responses is also given. Cleary, the measured results match well with (3.3), and apart
from primary current response (i} ), the two secondary current responses (iz and i2) both vary

with rotor position. The 2" order harmonic component is the same for each phase current

response.
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Fig. 3.2. Measured three-phase current responses against rotor position.

91



i mla ®m]lb mIc

Current (A)

S = N W A Ot &N O X O
1

0 1 2 3 4 5 6 7 8 9
Harmonic order

Fig. 3.3. Harmonic spectra of measured three-phase current response waveform.

Therefore, for the proposed method, by utilizing both three-phase current responses, more
information can be obtained within one pulse injection, which helps to reduce the number of

voltage pulses required.

3.3 Voltage Pulse Injection Process

Based on utilization of both primary and secondary current responses, a specific voltage
pulse injection process is proposed. During the injection process, the injection position is
selected based on the results from the previous pulse. Consequently, only three voltage pulses
in total are injected and a 30-degree estimation resolution can be achieved without extra cost of
Sensors.

After injection of voltage pulses, the current responses are recorded and the peak values of
current responses are used for rotor initial position estimation. For simplicity, |i4s], |igl, lic|
represent the absolute peak values of current responses in three phases. |iz| and |iy_| are the
absolute peak values of positive and negative current responses in phase A, and they are same
for phases B and C. Moreover, for the proposed method, the excitation configurations of all

injection positions are shown in Fig.3.4.
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Fig. 3.4. Excitation configurations associated with injection position. (a) A+. (b) C-. (¢) B+. (d) A-.
(e) C+. (f) B-.

The whole process can be divided into 5 steps. In the first step, a positive voltage pulse is
injected at phase A and the current responses in phase B and phase C are used to determine the
injection position of the second voltage pulse in the next step. In the second step, based on the
results of the first voltage pulse, a second voltage pulse will be injected at phase B or phase C.
According to the results of first and second pulses together, the phase where the rotor magnetic
pole is the closest to can be determined. Then, the third step is to identify the polarity. At this
stage, a 60-degree resolution can be achieved. Next, the fourth step is to improve the estimation
resolution from 60 degrees to 30 degrees by utilizing current responses from step 3. Meanwhile,
there are some cases that the rotor magnetic pole locates at the boundary between adjacent
sectors of which the estimation results are sensitive to noise, thus a boundary detection strategy
is introduced to enhance the estimation accuracy. The whole estimation process is demonstrated

by the flow chart in Fig. 3.6.
3.3.1 First Voltage Pulse Injection

In the first step, a positive voltage pulse is injected at phase A. After injection of the first
voltage pulse, three current responses of three phases, ig14,ip1—, Ic1—, are recorded. Then, ip_
and i-;_ are compared to determine whether the rotor magnetic pole is closer to phase B or
phase C. This is demonstrated by Fig. 3.5(a), where only the phases with the solid black line
are compared and the dashed grey lines are not. If |ig;_| > |ic1_|, the rotor magnetic pole is

closer to phase B, then a positive voltage pulse will be injected at phase B in the next step.
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Otherwise, |ig;_| < |ic1—|, the rotor magnetic pole is closer to phase C, a positive voltage pulse

will be injected at phase C in the next step.

3.3.2 Second Voltage Pulse Injection

For the second voltage pulse, the injection position is based on the results from step 1. For
example, if it is known that |ig;_| > |ic1—| from the first pulse results, then a positive pulse is
injected at phase B. After injection, there are three current responses, ig5_,ig24, ic2—. Then, as
shown in Fig. 3.5(b), current responses in phase A and phase C are compared which are
represented by solid black lines, i.e. iy,_ and i,_. An example is shown in Fig. 3.5(b). If
ligz—| < lico—|, it means that the rotor magnetic pole is closer to phase C than phase A.
Combining the results from step 1, i.e. |ig1—| > |i¢1-|, the rotor magnetic pole is closer to phase
B than phase C. It can be determined at last that the magnetic pole of rotor is the closest to
phase B, as shown in Fig. 3.5(c). Therefore, the phase where the rotor magnetic pole is the
closest to can be identified in this step. Then, a corresponding negative voltage pulse will be
injected at the selected phase in the next step to identify the polarity of rotor magnetic pole. The

total estimation cases and injection phase selections are listed in TABLE 3.1.
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Fig. 3.5. Illustration of current responses between different phases. (a) Comparing phase B and
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determined. [WU20c]
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Fig. 3.6. Flow chart of the whole estimation process. [WU20c]
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OVERALL ROTOR INITIAL POSITION DETERMINATION SCHEME

TABLE 3.1

Step 1 Inject Step 2 Estimated Injection Step 3 Sector: Step 4 Sector:
Case Phase Case Phase (Position Phase Case 60 degrees Case 30 degrees
. . ipz+ > g3+ la
lar+ > laz— 1 - -
g3+ < lc3+ 1b
la1+ > iy A A- - -
* * . . ip3+ > lea+ 4a
lar+ < lgz- 4 - -
g3+ < lca+ 4b
s ig2+ > iz 150°
iggm > gy | M BP0 150°,330° B- - - 5
A2 ¢z (*) ipay < lips_ 330
. . laz+ > lcay 3b
lp2+ > lp3— 3 - -
gz <lca+ 3a
ipi- > icy-| B Lar+ < lpa+ B B- iae > loar b
ipz+ <lp3- 6 - -
laz+ < lc3+ 6a
. . laz+ > lc3t 3b
lp2+ > lp3— 3 - -
B B fgz+ < lc3+ 3a
laz- <lca- - - -
. . laz+ > Lo+ 6b
lp2+ < lp3— 6 - -
laz+ < lc3+ 6a
laz- = lca- ip2+ > ip3- 120°
B B- i
(*) ipas < ips_ 300
. . ipz+ > lc3s la
lar+ > laz— 1 - -
. . g3+ < lc3+ 1b
lat+ > o2+ A A- - -
. . Ip3+ > Lea+ 4a
Lar+ < lgz— 4 - -
g3+ < lca+ 4b
. . s ~ leos o o lcat > lcs- 210°
Lo > gy 30°,210 c- : : i
() Loy < lc3- 30
) . i3+ > ip3s 5a
le2+ > Loz 5 - -
. . . . a3+ < ip3+ 5b
ip1- <lig-| CF Lo+ < lcz+ C C- - -
. . a3+ > Up3+ 2a
Loy < lc3- 2 - -
laz+ < lp3+ 2b
. . laz+ > gzt Sa
le2+ > Loz 5 - -
. . a3+ < ip3+ 5b
gy < lpy_ C C- - -
) . laz+ > lp3+ 2a
Loy < lc3- 2 - -
laz+ < lp3+ 2b
lgo- = gy ica+ > lea- 240°
C C- . . )
() Loy < lc3- 60
; . . . i1+ > laz- 0’
] ) g > icae 0,180 A- - - .
lp1- = lg1- Lar+ < laz— 180
B+ i
(@) . . ipz+ <lp3- 270
iy < g 90°,270 B- i
iga+ > g3 90

All current values are absolute value; (*): boundary cases
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3.3.3 Polarity Determination

After the identification of which phase the rotor magnetic pole is closest to in step 2, the
polarity will be determined in this step. For the proposed method, the north pole of the magnet
is to be identified. Based on the results from step 2, a corresponding negative voltage pulse is
injected at the selected phase in this step. If the rotor magnetic pole is the closest to phase B,
then a negative voltage pulse is injected at phase B in this step to determine the polarity. By
way of example, Fig. 3.5(d) shows that it is determined the rotor north magnetic pole locates at
the positive phase B, by only showing phase B with solid black lines. The other situations are
similar and summarized in TABLE 3.1. By this step, a 60-degree estimation resolution is

achieved, as shown in Fig. 3.7.

B+

C-
3| 2
A- A+
516
B-

C+

Fig. 3.7. Sector associated with 60 degree resolution estimation result. [WU20c]

Fig. 3.8. Sector associated with 30 degree resolution estimation result. [WU20c]

3.3.4 Improving Estimation Resolution

In this step, the estimation resolution is improved from 60 degrees to 30 degrees as shown
in Fig. 3.7 and Fig. 3.8. After injection of the third voltage pulse, there are three phase current
responses. One of them is used for polarity determination in the previous step and another two
will be subsequently used for improving estimation resolution in this step. By way of example,
if the rotor magnetic pole locates at phase B, after injecting a negative voltage pulse at phase B,
three current responses are recorded, i.€. iy34,ig3_, ic34. After determination of polarity in the
previous step, the rotor north magnetic pole is in sector 3 as shown in Fig. 3.7. If |ig34 | < |icz+],
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then the rotor north magnetic pole locates at sector 3a as depicted in Fig. 3.8. Hence, a 30-
degree resolution estimation is obtained in this step. The overall process of rotor initial position

estimation is demonstrated in TABLE 3.1.

3.4 Boundary Detection Strategy

In some cases, when the rotor magnetic pole locates at the boundary of two adjacent sectors
shown by pink shadow areas in Fig. 3.9. The difference between two current responses may not
be easily observed and become more sensitive to noise. Consequently, an estimation error will
be introduced and affect the estimation accuracy. In order to solve this problem, higher level of
voltage pulse or extra injections should be applied. However, these approaches consume more
time and losses. Moreover, a higher level of voltage pulse may lead to rotor movement.
Therefore, a simple boundary detection strategy (BDS) is proposed. With BDS, the estimation
performance can be enhanced in two aspects, one is the reduction of the impact from current
sampling noise to guarantee a reliable estimation. Another aspect is further improving the
estimation resolution. In all, there are 12 boundary cases in total shown in Fig. 3.9 and included

in TABLE 3.1 marked with a sign of star.

Boundary

Fig. 3.9. Overall boundary cases associated with estimation sector. [WU20c]
3.4.1 Noise Impact Reduction

The first merit by applying BDS is the reduction of impact from noise during current
sampling. In the real drive systems, due to existence of noises, the current recorded in controller
may not be the same as the real current. Therefore, the recorded current I,..0-q4 can be

represented as:

Irecord = Ireal i Ierror (3-4)

where [,..,; 1s the real current, I,,..,, is the error between real and recorded currents. The error
current I, can come from several sources, such as measurement error, ADC quantization

error and noises.
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Boull1dary
Fig. 3.10. Current responses at boundary. [WU20c¢]

Fig. 3.10 shows an example, at the boundary between sector 1b and sector 2a, the current
responses in phase B and phase C should be ideally equal. However, due to measurement error,
these two values may be different. Besides, if the rotor magnetic pole is close to the boundary,
the difference between two current responses can be very small and becomes more sensitive to
noise, the sign of the difference may be opposite from actual value, which affects the estimation
performance.

In order to solve this issue, a threshold value of the current response difference Al 1s set,
if the difference between two current responses is lower than the threshold value, the rotor
magnetic pole is judged to be located at the boundary and an exact initial position can be
estimated.

The threshold Al considering only noise impact is determined through pre-test. The error
Ioror 18 measured initially. A simple way of obtaining this value is introduced in Section 2.5.

After I,,,,, 1s obtained, the threshold considering noise impact is defined as:

Alino = lerror (3.5

3.4.2 Estimation Performance Improvement

The second merit by applying BDS is the improvement of estimation performance. A
definition called “boundary width” is introduced in this section. Furthermore, it is found out by
selecting a proper boundary width, the estimation performance can be improved from 30

degrees estimation resolution to 15 degrees estimation.
A. Primary and secondary three-phase current responses

Firstly, according to the proposed estimation method introduced before, there will be
primary current response in three-phase and secondary current response in three-phase as well.
Hence, the primary responses of three-phase currents against rotor position are shown in Fig.
3.11. Then, the absolute values of the difference between two secondary responses against the
rotor position are also shown in Fig. 3.11.
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Current (A)

\ 4

Electrical rotor position (degree)
Fig. 3.11. Three-phase primary current response and secondary current response difference against
rotor position.

Furthermore, according to TABLE 3.1, it is known that for each boundary case two
secondary current responses are compared and used to estimate the rotor position. Hence, Fig.
3.11 is modified to Fig. 3.12 by highlighting the difference used for each boundary cases. It can
be seen in Fig. 3.12 the highlighted difference is in black and defined as |Ai|. Then, based on
Fig. 3.12, the difference |Ai| can be approximately represented as:

1Al ~ { | ke, 150" >0, > 0"0
|Ailax — k(6 —15) 30 > 6, > 15 (3.6)
6, = mod(6,,30")
where k = |Ai|max/15, |Ai| ey is the maximum value of |Ai|. Clearly, at the boundary, the

current difference |Ai| is zero.
A

Sector 1b |, Sector 2a | Sector 2b |, &« Boundary
|

Current (A)

. '0'0'0' N

0 30 60 90
Electrical rotor position (degree)

Fig. 3.12. Highlighted secondary current response difference against rotor position.

B. Boundary width

A so called ‘boundary width’ i.e. 8,, is defined as the angle span of the boundary shown in

Fig. 3.13. As aforementioned, Al is determined from noise. Apart from that, Al;, can be
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further determined based on the boundary width 6,,. Besides, the 'boundary width’ 6,, can be

associated with the aforementioned current difference |Ai|, which is shown in Fig. 3.14.

Current (A)

18l |Ail

0 30 60 90
Electrical rotor position (degree)
Fig. 3.14. Three-phase current responses and difference against rotor position with boundary width.
Based on Fig. 3.14, the relationship between current difference threshold Al;;; and boundary

width 6,, can be derived as:

15 2

Al = 3.7

where the boundary width 6,, < 30°. Threshold can be set according to boundary width 6,,,.

C. Selection of boundary width

Furthermore, 6,, should be selected appropriately so that the estimation performance can be

optimized. In Fig. 3.15, different 6,, cases are illustrated with measured three-phase current

responses against rotor positions.
In the sector charts, the real position 6,,., shown with red arrow is 25 degrees. After

applying BDS with a 5-degree 6,, as depicted in Fig. 3.15(a), the estimated position & shown

with blue arrow is 15 degrees with 10 degrees error. Then, by using a 15-degree 6, shown in

Fig. 3.15(b), the estimated position 8 is now 30 degrees with only 5 degrees error. For another
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case with larger 8, shown in Fig. 3.15(c), the real position 6,..,; is 20 degrees. After applying

BDS with a 21-degree 6,,, the estimated position 8 is 30 degrees with 10 degrees error.

Current (A) Current (A)

Current (A)

15

12

15

12

15

12

=B=ja =0—ib =—4—ic 0. =5°
w

Alth
4¢— Boundary
e

0 15 30 45
Electrical rotor position (degree)

60

(a)

0,=15"

4 Boundary

0 15 30 45
Electrical rotor position (degree)

60

(b)

0,=21° \

=f=jq =@=ib =—#—ic

4¢—Boundary

0 15
Electrical rotor position (degree)

30 45 60

(©)

Fig. 3.15. Illustration of boundary width selection. (a) 5-degree boundary width. (b) 15-degree

boundary width. (c¢) 21-degree boundary width. [WU20c]

Therefore, by properly selecting 8,,, estimation performance can be optimized. Fig. 3.16

shows the relationship between the maximum estimation error and the boundary width 6,,,. It is

found out that with a 15 degrees boundary width, the estimation performance can be optimized

in result of a maximum of 7.5 degrees estimation error.
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Maximum error
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Boundary width (degree)

Fig. 3.16. Maximum estimation error against boundary width.
In all, theoretically, by applying the maximum 6,, of 15 degrees, the largest estimation error
can be reduced from 15 degrees to 7.5 degrees.
D. Determination of threshold

The threshold value is determined in the pre-test. After applying a boundary width of 15

degrees, the current difference threshold can be calculated by:

|Ai|max

- (3.8)

Al =

Therefore, the threshold value can be determined by measuring |Ai|,,4,- According to Fig.
3.12, |Ai|,pax can be obtained in this pre-test at certain rotor positions, e.g. 15°. For example,
at 15 degrees, voltage pulse is injected to phase A and the difference between phase B and phase
C currents is recorded and regarded as |Ai|,,4. In order to reduce the impact from noise Ioyror-

several voltage pulses are injected and the average value is used to calculate the Al .

n
LN
Al = %kzllm(k)lmax (39)

Therefore, the threshold value can be determined through pre-test by measuring the current

difference at certain rotor positions.

3.5 Experimental Validation

Experiments are carried out to validate the proposed method based on a dSPACE platform.
The parameters of the prototype SPM-I are shown in Appendix A. The duration time of voltage
pulse applied in this test is 2ms and the magnitude of the voltage pulse is 230V. The duration
time and voltage magnitude are chosen to avoid the rotor vibration and movement while the

current response is large enough for estimation. Moreover, a longer time interval between each
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pulse is used for a clear demonstration. In the experimental section, firstly, an example of rotor
initial position estimation is provided to demonstrate the whole estimation process. Then, the
overall estimation performance will be presented as well. Moreover, the investigation of the

proposed BDS is carried out at last.
3.5.1 An Example of Proposed Rotor Initial Position Estimation

At first, an estimation example is provided to validate the effectiveness of the proposed
method and for a better illustration of the whole estimation process. The actual electrical rotor
position is 41 degrees. The experimental results are demonstrated in Fig. 3.17 and Fig. 3.18. In

Fig. 3.17, there are total three current responses corresponding to three applied voltage pulses.
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Fig. 3.17. Overall current responses during estimation. [WU20c¢]
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Fig. 3.18. Current responses during estimation. (a) First pulse. (b) Second pulse. (¢) Third pulse.
[WU20c]

In Fig. 3.18(a)-(c), the voltage pulse and current responses of each pulse are shown. In
addition, each sample point is marked. In Fig. 3.18(a), the current responses of the first voltage
pulse show that |ig,_| < |i¢z1—]|, indicating the rotor magnetic pole is more closer to phase C
than phase B. Based on the proposed method, a positive voltage pulse will be injected at phase
C in step 2, the current responses are shown in Fig. 3.18(b). It can be seen that |ig,_| < |izz_]|
and |izq4] < |ic24|, and hence, the rotor magnetic pole is closest to phase C. In step 3, a
negative voltage pulse is injected at phase C to identify the polarity, as shown in Fig. 3.18(c).
The current responses in Fig. 3.18(c) show that |ic3_| < |ic24|, and therefore, the rotor north
pole is in sector 2. In the last step, the current responses from Fig. 3.18(c) are utilized to upgrade

estimation resolution from 60 degrees to 30 degrees. It is shown that |igs, | < |ig34|. Therefore,
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the rotor magnetic pole is closer to phase A, indicating the rotor north pole is in sector 2a, which

is the same as the actual rotor position.

3.5.2 Overall Rotor Initial Position Estimation Performance

For further illustration, the proposed method is tested over the whole range of rotor positions.

During the tests, some random initial positions within the whole rotor position range are

selected for estimation at standstill. The estimation results and estimation errors are shown in

Fig. 3.19. The rotor initial position can be detected over the whole range of rotor positions.

Majority of results are within 15 degrees. However, there are some cases that the errors are

larger than 15 degrees due to smaller difference of current responses. Subsequently, the

proposed boundary detection is applied and analysed in the next part.
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Fig. 3.19. Initial rotor position estimation results without applying BDS. (a) Estimated position

against actual rotor position. (b) Estimation error. [WU20c]
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3.5.3 Boundary Detection Performance

An example of the boundary case during estimation is shown in Fig. 3.20 and Fig. 3.21 for

a better illustration.

B+ ... C- B+ ... C-

,'I \“ ::' é \“
A-i TA+ A-i PA+
c+ T B- c+ B-

(@) (b)
B—i:,---"':-\c_ B+ ... C-

A-i TA+ A-i PA+
c+ 7 B. C+ B-

(c) (d)

Fig. 3.20. Illustration of boundary case during estimation. (a) Actual rotor initial position. (b)
Correct estimation without BDS under ideal condition. (c) Wrong estimation without BDS under

practical condition. (d) Enhanced estimation with BDS under practical condition. [WU20c]

In Fig. 3.20(a), the real rotor position is at 122 degrees. In this case, the magnitude of the
current in phase A should be larger than that of the current in phase C. Thus, under the ideal
condition without any noises, the north pole of rotor should be estimated at 135 degrees shown
in Fig. 3.20(b). However, since the rotor north pole is around the boundary between two
adjacent sectors, the two current responses have very similar magnitudes. Due to the existence
of measurement error and noise, the recorded phase A current has a smaller magnitude than that
of the current in phase C as shown in Fig. 3.21. In this case, the estimation is deteriorated as
shown in Fig. 3.20(c), the estimation resolution drops from 30 degrees to 60 degrees. Then,

estimation with BDS is shown in Fig. 3.20(d). Obviously, the estimation performance is

enhanced and the error is only 3 degrees.
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Fig. 3.21. Current responses during the boundary case. [WU20c]

For the overall range of rotor initial position estimation shown in Fig. 3.19(b), there are
some boundary cases that the estimation errors are larger than 15 degrees. After applying BDS

during estimation, the improved results are shown in Fig. 3.22(a) and (b).
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Fig. 3.22. Initial rotor position estimation results with BDS. (a) Al considering noise only. (b) Al

considering noise and maximum boundary width. [WU20c]

In Fig. 3.22(a), Al is determined as 0.1A considering only the noise in current sampling.

Then, in Fig. 3.22(b), by considering the maximum boundary width 6,,, of 15 degrees and noise
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together, according to (3.8), Al 1s determined as 0.7A in the pre-test. The maximum
estimation error is further reduced to around 7.5 degrees. It can be concluded that by using BDS
with a proper boundary width 6, and the associated threshold Al;,; , the estimation

performance can be enhanced.

3.6 Conclusion

In this chapter, a new short-pulse-injection-based rotor initial position estimation method
for SPMs is proposed. Different from conventional rotor initial position estimation methods,
the required voltage pulses for the proposed method are reduced to three pulses only, with a 30-
degree estimation resolution at no cost of extra voltage or current sensors. While for
conventional methods, either extra voltage and current sensors or more voltage pulses are
necessary to achieve at most 30-degree estimation resolution. The proposed method with fewer
pulses can save the execution time, reduce the induced losses and reduce the cost. Moreover, a
simple boundary detection strategy is proposed. The impact of current sampling noise on
position estimation is reduced. Meanwhile, by selecting a proper boundary width, the estimation
accuracy is improved from 30-degree to 15-degree estimation resolution. The proposed method
is verified by experimental results. Furthermore, the proposed method is compared with several
conventional methods. The overall comparison is shown in TABLE 3.2. The proposed method

shows a comparative performance compared with conventional methods.

TABLE 3.2
OVERALL COMPARISON
Method [SCH97] [NAKOO] [LAIO3] [LEEO6] [CHAO09] Proposed
Estimation resolution
24 30 60 30 30 15
(degree)
Maximum error (degree) 15 18 30 15 15 7.5
Required pulses 6 21 4 5 3 3
Current sensor 3 3 0 1 1 3
Voltage sensor 0 0 3 0 2 0
PWM Modulation No Yes No No No No
Cost-effective index 392.4 1377 540 112.5 202.5 101.25
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CHAPTER 4

ROTOR INITIAL POSITION ESTIMATION METHOD
BASED ON DC-LINK VOLTAGE

4.1 Introduction

For conventional methods, phase current [MAT96][SCH97][NAKO00], DC-link current
[LEEO06] or terminal phase voltage [LAIO3][CHAO9] are normally used for position estimation.
In this chapter, a new simple rotor initial position estimation method is presented. Different
from conventional methods, only one DC-link voltage sensor is utilized to estimate the rotor
initial position and a 30-degree estimation resolution can be achieved. Besides, practical issues
are considered including DC-link voltage measurement errors, DC-link resistance, DC-link
capacitance and DC-link voltage ripples. In order to obtain a more reliable estimation
performance, a guideline of voltage pulse selection is also presented based on practical
considerations.

In this chapter, firstly the basic principle of utilizing DC-link voltage is explained. Then, a
specific excitation configuration approach is presented and compared with conventional ones.
Furthermore, by using the specific excitation configuration, a so-called ‘equivalent injection
position’ is derived so that the estimation process could be simplified. Next, the overall injection
procedure and estimation process are illustrated. Moreover, the impact of practical issues on
rotor initial position estimation is analysed. Experimental results are provided to verify the
effectiveness of the proposed method. At last, the estimation performance comparison between

the proposed method and the conventional method is given and followed by the conclusion.

This chapter is based on the papers:

[WU19a] X. M. Wuand Z. Q. Zhu, “A novel rotor initial position detection method utilizing
dc-link voltage sensor,” 2019 IEEE International Electric Machines & Drives Conference
(IEMDC), San Diego, CA, USA, 2019, pp. 1093-1098.

[WU20d] X. M. Wu, Z. Q. Zhu, and Z. Y. Wu, “A novel rotor initial position detection
method utilizing DC-link voltage sensor,” submitted to /[EEE Transactions on Industry

Applications.
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4.2 Utilization of DC-link Voltage

Different from conventional methods by using measured current responses after applying
voltage pulses, the variation of DC-link voltage is measured and used to estimate the rotor initial
position for the proposed method. The principle of utilizing DC-link voltage variation is
demonstrated in this section.

Firstly, the DC-link voltage source can be approximately regarded as one internal DC-link
resistor Ry, and a controlled voltage source V. in series as shown in Fig. 4.1. Next, an

equivalent circuit during voltage pulse injection is also shown in Fig. 4.1, where R, and L.,

are the equivalent resistance and inductance in the circuit during excitation.

r===-=-- § gy I I
I | 1 DC-link | dc s PMSM
I | I T
I I I 1
I | IR 1 |
1 + | 1 Gl | I R
-1 I + eq
I — I
WVie=—1 m » I I Vac
I — I I 1
1 : 1V, : 1~ Leq
I ! : ! !
I ' I '
I T

Fig. 4.1. Illustration of DC-link voltage utilization. [WU20d]

Based on Fig. 4.1, after injection of voltage pulse, there is a current ;. flowing through the

circuit and the measured DC-link voltage V;. can be represented by:

Vac = Ve — lgcRac (4.1)

During the excitation, it can be seen that there is a voltage drop on the DC-link resistor, i.e.
I4.R 4. causing a variation on the DC-link voltage, i.e. AV,;.. As introduced in Section 2.2, the
induced current response I, reflects the rotor initial position, i.e. [;.(68), so that the DC-link
voltage variation also contains the rotor initial position information, i.e. AV;.(8). Therefore,
rotor initial position can be estimated by utilizing DC-link voltage. It is worth noting that the
value of DC-link resistance R;. can be regarded as the gain of DC-link voltage variation which
will influence the estimation performance. Therefore, the influence of this DC-link resistance

will be discussed in Section 4.5 and investigated by experiments in Section 4.6 as well.

111



4.3 Excitation Configuration Investigation

In this section, the excitation configuration of conventional methods is firstly investigated
and a specific excitation configuration for the developed method is then introduced and

compared with the conventional ones.
4.3.1 Three-phase Based Excitation Configuration

For conventional methods[SCH97][NAKOO][LAIO3][LEEO6], both three-phase windings

are connected and excited during excitation. An example is given in Fig. 4.2.

T wfinfield

Fig. 4.2. Conventional excitation configuration. [WU20d]
For the conventional excitation configuration shown in Fig. 4.2, the equivalent inductance

during injection is:

Lcly
Lc+ Lg

Leg=1Ly+ (4.2)

It is worth mentioning that the resistance part and mutual inductance part are relatively small
and thus neglected in the derivation of equivalent inductance. Besides, the three-phase self-

inductances are represented as:

Ly =Ly + Lycos (26,)
21
Lg = Lo + Lycos (2(6, — ?)) 4.3)

2T
Le = Lo+ Lycos (2(6, + ?))

where Lyp. is the three-phase self-inductance, L, and L, are the DC component and the 2"¢

order harmonic component of the self-inductance, respectively.
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4.3.2 Two-phase Based Excitation Configuration

For the proposed method, different from conventional methods shown in Fig. 4.2, only two
phases in series are excited during each voltage pulse injection, which means that only two legs
of inverter are operating during each voltage pulse injection. The upper and lower switches on
the other leg are both turned off, and thus, the two excited phases are in series. In case of Fig.
4.3, phases A and B are in series and excited at the same time. The upper and lower switches

on inverter leg of phase C are both turned off.

Fig. 4.3. Proposed excitation configuration. [WU20d]

For the proposed excitation configuration shown in Fig. 4.3, the equivalent inductance is:
Leg=1Ls+Lp (4.4)

4.3.3 Comparison Between Three-phase and Two-phase Excitation

It is known that due to magnetic saturation, a 2"¢ harmonic component appears in the
inductance. Clearly, a larger magnitude of L, makes the estimation performance better. Since
the equivalent inductances are different due to different excitation configurations as shown in
(4.2) and (4.4), a different value of the 2" harmonic component in the equivalent inductance is
also expected.

Based on (4.2) and (4.4), the per-unit values of the 2" order harmonic component in the
equivalent inductance with different excitation configurations are given in Fig. 4.4. The original
value of the 2" order harmonic component in phase A self-inductance is also given for
comparison. It can be seen that compared with conventional one, the proposed excitation
configuration has a larger magnitude of the 2" order harmonic component in the equivalent

inductance which can obviously result in a better performance.
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Fig. 4.4. Comparison of magnitude of 2nd order harmonic component in the inductance. [WU20d]

4.3.4 Equivalent Injection Position

In case of the proposed excitation configuration, two phases in series are excited together,
representing a sum of the two phase inductances, the rotor initial position information may not
be obtained directly by comparing the sums. Thus, an equivalent injection position is derived
based on the excited two phases, which simplifies the analysis process.

Fig. 4.6 shows an example when a voltage pulse is injected to A+ and C- phases which are
0 and 60 degrees respectively and the equivalent injection position can be obtained by sum of

these two vectors as shown in Fig. 4.6. Hence, the equivalent injection position is 30 degrees.

Fig. 4.5. An example of equivalent injection position. [WU20d]

Furthermore, the equivalent injection position can be explained mathematically. In this

injection case, the equivalent inductance is:

Leqg=1La+L¢ (4.5)

(4.5) can be modified by substituting (4.3) as:
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s
Leq = 2Ly — Lycos (2(6, — g)) (4.6)

Clearly, the equivalent inductance in (4.6) also aligns with the equivalent injection position of
30 degrees.
Moreover, all the 6 equivalent injection positions are shown in Fig. 4.6 marking with red

and described in TABLE 4.1 as well.

90°

150 30°

210° 330°

270°

Fig. 4.6. Overall equivalent injection positions. [WU20d]

TABLE 4.1
EQUIVALENT INJECTION POSITION OF EACH PULSE
Voltage pulse Excited Equivalent Equivalent injection
number phases Inductance L, position (degree)®
1 A+, C- Loy + Lo 30
2 B+, C- Lgy + Lo 90
3 A-, B+ Ly +Lg, 150
4 A-, C+ Lo+ Ley 210
5 B-, C+ Ly +Lcy 270
6 A+, B- Loy +Lg_ 330
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4.4 Voltage Pulse Injection Process

For the proposed method, 6 voltage pulses are injected to 6 equivalent positions in total.
Then, the DC-link voltage variations are recorded. Based on the principle described before, the
maximum DC-link voltage variation indicates where the north pole of rotor is closest to. Then,

the rotor can be located in sectors of 60-degree resolution shown in Fig. 4.7.

Fig. 4.7. 60 degrees resolution sector. [WU20d]

Up to now, a 60-degree estimation resolution can be acquired. Next, the estimation
resolution is improved to 30 degrees. An example is given here for a clear illustration which is

shown as green areas in Fig. 4.8.

Fig. 4.8. Sector demonstration. (a) 60-degree resolution estimation. (b) 30-degree resolution

estimation. [WU20d]

If the rotor position is estimated at 30 degrees, i.e. sector 1, then by comparing two adjacent
DC-link voltage variations of voltage pulses injected in 90 degrees and 330 degrees. Supposing
the variation of 90 degrees is larger than that of 330 degrees, rotor position is then estimated at
45 degrees (sector 1b), otherwise it is 15 degrees (sector 1a), and other cases are similar. By
doing this, a 30-degree estimation resolution can be obtained at last. The overall estimation

process flow chart is given in Fig. 4.9.
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Fig. 4.9. Overall estimation process flow chart. [WU20d]

As described in Section 4.4, 6 voltage pulses are injected and the corresponding 6 DC-link
voltage variations are recorded and compared to obtain the rotor initial position. Hence, the
differences between them are important to acquire the correct position information. However,
the analyses of the proposed method in Section 4.3 are based on a simplified and ideal model.
In practical applications, there are several factors including DC-link voltage measurement
errors, DC-link capacitance, DC-link resistance and DC-link voltage ripples which may have
impacts on DC-link voltage responses and the estimation results accordingly.

Therefore, in this section, the impacts of these factors are investigated. By considering these

factors, selection of voltage pulse is also discussed. For DC-link capacitance, due to the



limitation of hardware system, it is mainly demonstrated by simulation. For the influence of
DC-link resistance, both simulation and experiment results are provided. Both simulation and
experiment share the same parameters given in Appendix. In the tests, the proposed method is
executed. As described in Section 4.4, 6 voltage pulses are injected and 6 DC-link voltage

variations are recorded.
4.5.1 DC-link Measurement Errors

For both conventional and the proposed method, due to existing errors during measurement
including scaling error and offset error, the estimation performance may be deteriorated.

For the proposed method, an example is given here for illustration. Two measured DC-link
voltage variations AV, and AV, are shown in (4.7) and (4.8), their difference is given in

(4.9).

AVger = (1 + gscale)AVdcl_o + Eoffset 4.7)
AV, = (1 + gscale)AVdcz_o + Eoffset (4.8)
AVger = AV, = (1 + gscale)(AVdcl_o - AVdcz_o) (4.9)

where AVy. , and AV, , are the original values of DC-link voltage variation, &g¢q4, and
Eoffset are scaling and offset errors in the DC-link voltage measurement.

For the proposed method, since only one DC-link voltage sensor is used, each response after
excitation shares the same offset and scaling errors with each other. As shown in (4.9), the
difference between two voltage responses is not affected by measurement errors. However, for
conventional methods that using 2 or more sensors [SCH97][ANKOO][LAIO3][CHAO09], the
offsets and scaling errors can be different in different sensors, and therefore, the difference
between different responses will be affected, leading to a deteriorated estimation. It is obvious
that the proposed method shows the capability of being insensitive to DC-link voltage

measurement errors.
4.5.2 DC-link Capacitance

In Fig. 4.10(a), the basic principle of the proposed method is demonstrated. However, as

depicted in Fig. 4.10(b), in practical system, a DC-link capacitor is normally required in the DC
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power supply. The DC-link capacitor and the DC-link resistor together form a RC type low
pass filter (LPF). Therefore, the influence of this LPF is discussed in this section.

pC-link  lac Iy pmsm
I t
R |
| S Req
Vdc
vV, 1~ Leq

(a)
DC-link  lac ————— I pvsm
[
| )
Rdc : IC : |
R
i + : I+ eq
p—r | Vd
| (o
V. 1 I 1~ €q
I 1
.
l : !
| p—
(b)

Fig. 4.10. Equivalent circuit during excitation. (a) Without DC-link capacitor. (b) With DC-link
capacitor. [WU20d]

Firstly, as depicted in Fig. 4.10(a), without considering DC-link capacitor, the DC-link

voltage variation during excitation is given as:

AV, = LRy, (4.10)
where I = 1.
Then, by considering the DC-link capacitor as shown in Fig. 4.10(b), the DC-link voltage
variation given in (8) should be modified to:

1
AV, =—-] R 4.11
dc(s) 1 +Rchch s(s) dc ( )

where Iy = 1. + I, and Cy, is the DC-link capacitance.
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According to (4.11), after considering the DC-link capacitor, the induced DC-link voltage
response AV, is filtered by the RC LPF. Moreover, referring to (4.11), the cut-off frequency
of this RC LPF can be represented as:

1

__ 1 (4.12)
andCCdC

fe

Apparently, this cut-off frequency depends on the values of DC-link capacitance and DC-
link resistance together. It is worth noting that the magnitude of the DC-link voltage response
may be decayed after filtering, resulting in a deteriorated estimation.

Fig. 4.11 shows the simulation results of DC-link voltage variation by considering different
value of Cy, 1.e. cut-off frequency f.. The DC-link resistance is kept same as 0.50hm. Clearly,

the increase of Cy. results in a more decayed voltage response in magnitude.

10

g | Original
— 375pF
2 61 g
2 750pF

4 1 —mme
: 1500pF

2 -

0 T T —

0 0.005 0.01 0.015 0.02
Time (s)

Fig. 4.11. DC-link voltage variation against different DC-link capacitance. [WU20d]
Furthermore, considering two DC-link voltage variations and their differences that are
recorded, their filtered values and the original values are presented in Fig. 4.12. Apparently, as

C4. Increases, the responses and difference are reduced compared with original values.
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Fig. 4.12. DC-link voltage variations and the difference against different DC-link capacitance.
[WU20d]
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In other words, if f, is lower, the difference between two voltage variations becomes smaller,
which will become vulnerable to noises and disturbances. Under this circumstance, the

estimation may become unreliable.
4.5.3 DC-link Resistance

As mentioned in Section 4.2, the variation of DC-link voltage AV,;.(6) is proportional to
DC-link resistance R;. given in (4.10) without DC-link capacitance C,4.. In the simulation,
considering different DC-link resistance, the proposed method using AV, and the conventional
method using current response I;. [LEE06] are compared. The conventional method is
introduced in Chapter 2. For both methods, after injecting 6 pulses into six positions, the
differences between the maximum and minimum of DC-link voltage variations and current
responses are compared in Fig. 4.13. Obviously, a larger difference indicates a better estimation

performance.

2.5 2.5

—®—AVdc —— Idc

Difference (V)
Difference (A)

DC-link resistance (€2)
Fig. 4.13. Simulation results of DC-link resistance influence on response difference without DC-
link capacitor. [WU20d]

From Fig. 4.13, it is noticed that as DC-link resistance increases, the conventional method
utilizing current responses becomes worse due to the decreased current response difference. For
the proposed method utilizing DC-link voltage variations, the difference between two DC-link
voltage responses increases with DC-link resistance, and thus, a better estimation performance
is expected with a larger DC-link resistance. It is worth noting that for some applications, the
DC-link resistance is smaller than 1ohm. In this case, an external resistor can be added to the
circuit and be switched off after estimation.

However, as earlier mentioned, due to the existence of DC-link capacitance, the variation
of DC-link voltage should be modified to (4.11). According to (4.11) and (4.12), as DC-link

resistance increases, the cut-off frequency of the LPF decreases correspondingly. Fig. 4.14
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shows both the simulation and experiment results of the DC-link voltage variation differences

considering Cy .

——— Without Cdc (simulation)
2.5 1 —=— With Cdc (simulation)
- - %-- With Cdc (experiment)

Difference (V)
o
V)]

DC-link resistance (£2)
Fig. 4.14. Simulation and experiment results of DC-link resistance influence on response difference
with DC-link capacitor. [WU20d]

Obviously, with Cy., the induced voltage variation differences become smaller compared to
the results without C;.. Moreover, as R, increases, the difference of AV, firstly increases and
then starts to saturate, due to the reduction of cut-off frequency leading to a more decayed
magnitude of DC-link voltage response. Although after considering Cy, the difference of AV,
becomes smaller compared to that without considering Cy., generally, a larger DC-link

resistance still contributes to a larger difference and is beneficial to position estimation.
4.5.4 DC-link Voltage Ripple

In some applications, there are some ripples existing in the DC-link voltage
[LEE14][TAU17][ZHA17]. An example is given in Fig. 4.15, for a diode-based rectifier system,
there could be a fluctuation in the DC-link voltage.
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Fig. 4.15. Diode rectifier bridge with ripple in the DC-link voltage. [WU20d]
Meanwhile, some other noises may also cause ripples in the DC-link voltage. For the

experimental platform in this chapter, ripples also exist in the DC-link voltage, the measurement
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results are depicted in Fig. 4.16. After measurement, the peak-to-peak value of the DC-link

voltage ripple is approximately 75mV.
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Fig. 4.16. Experiment results of DC-link voltage ripple. [WU20d]
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Fig. 4.17. Analytical results of DC-link voltage responses against electricl rotor position. [WU20d]

Since DC-link voltage variation is utilized in this chapter, ripples and noises in DC-link
voltage may affect the estimation performance. Clearly, since DC-link voltage variation is
utilized, ripples and noises in DC-link voltage may affect the estimation performance. The peak
to peak value of the DC-link voltage ripple is defined by &g;ppie. Assuming the DC-link voltage
ripple exists, the analytical DC-link voltage responses against electrical rotor position can be
drawn as shown in Fig. 4.17. The red line shows the ideal DC-link voltage response without

any ripples. When considering ripples, the sampled DC-link voltage responses may vary within
(—%,Em’z’&). Hence, the blue lines are the upper and lower limits of the noisy DC-link
voltage responses. The width of upper and lower limits is eg;ppie-

Ideally, without considering the DC-link voltage ripple, in order to obtain a 30 degree

estimation resolution, the DC-link voltage response should meet two requirements as given by:

AVaclo,=0 — BVaclg,=r > 0 (4.13)
AVgclg,=0 — AVdc|9T=% >0 (4.14)
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(4.13) is used to guarantee that the coil excitation is enough so that the polarity identification
result is reliable, otherwise there will be a 180-degree estimation error leading to startup failure
or reversal. Furthermore, (4.14) guarantees the estimation resolution within 30 degrees.
However, due to the existence of voltage ripples, for each sampled DC-link voltage response,
it can vary within the blue lines as demonstrated in Fig. 17. Considering voltage ripples, the

requirements of (4.13) and (4.14) are now modified as:

AV |58y — AV g2, > 0 (4.15)
AVyclgizy — AVdclgiX% >0 (4.16)

Requirements of (14) and (15) can be fulfilled by selecting voltage pulses which will be
discussed in the following section. Moreover, it is worth mentioning that for some lower cost
applications using passive rectifier with small film DC-link capacitor, the DC-link voltage

ripples become significant. It becomes unfeasible to estimate the rotor initial position.
4.5.5 Duration and Magnitude Selection of Voltage Pulse

As discussed before, in practical applications, DC-link resistance, DC-link capacitance and
DC-link voltage ripple have influence on the measured DC-link voltage response, which may
affect the estimation performance. Therefore, in order to obtain reliable estimation results,
magnitude and duration of voltage pulse should be selected appropriately. The basic goal of
selection voltage pulse is to guarantee DC-link voltage responses are observable against rotor
position while minimizing the induced movement. Besides, enough coil excitation is necessary
to produce a difference between south and north poles for polarity identification.

Duration of voltage pulse can be selected according to [LEE(09]. In order to obtain a
maximum response difference after excitation, an optimal duration of voltage pulse is suggested

as around the electrical time constant of the machine as:

Leg
Tp ~ —L
P R (4.17)

Furthermore, in the off-line test, this duration should be shortened if the rotor rotates. In this
chapter, duration Tp is initially selected as electrical time constant of the prototype machine.

On the other hand, enough magnitude V, of the voltage pulse is necessary to obtain reliable
estimation results. As aforementioned, due to existence of DC-link capacitance, DC-link
resistance and DC-link voltage ripple, errors exhibit in the measured DC-link voltage. Hence,

the measured DC-link voltage variation can be modified as:
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AVye = Kipp * AVgeo + ERipple T ENoise (4.18)

where K pr 1s the decay ratio due to LPF filtering and K; pr < 1, AV, is the original DC-
link voltage variation, &;,pe 1s the error caused by DC-link voltage ripple, ey,se 1 the error
caused by noise during sampling.

Based on (4.15), (4.16) and (4.18), considering both noises and voltage ripples, two
modified requirements for selecting voltage pulse in the off-line test are given in (4.19) and
(4.20). In (4.19) and (4.20), due to the existence of noise, multiple injections are taken and the

average value of voltage responses are calculated.

AVq, Z‘é(::O - AVdch‘éizn > ERripple + Enoise (4.19)

AVdch‘éizo - AVdClZZi:% > ERipple + ENoise (4.20)

Firstly, the polarity identification is considered by (4.19) and sufficient coil excitation
should be guaranteed. As shown in (4.19), two opposite pulses with 180 degrees difference are
injected. The difference should be large enough to guarantee the polarity identification result
as given in (4.19). Secondly, in order to achieve a 30-degree resolution estimation, another
requirement should be met as expressed in (4.20). As illustrated by (4.20), two voltage pulses
with 30 degrees difference are injected and the difference should fulfill the requirement of
(4.20).

In all, in the off-line test, duration T, and magnitude Vp should be adjusted properly to
ensure that the difference between different DC-link voltage variations is large enough for

position estimation.

4.6 Experimental Validation

Experiments are carried out to verify the effectiveness of the proposed method. The
experiment is based on a dSPACE system. The parameters of prototype SPM-I are shown in
Appendix A. Besides, the parameters of experimental platform is also provided in Appendix.
In this section, firstly, based on the hardware system, magnitude and duration of voltage pulse
are selected. Then, the rotor initial position estimation process is demonstrated via one example,
followed by the overall estimation against different rotor positions. At last, estimation
performance against different DC-link resistance and comparison with conventional method
using current responses are investigated.
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4.6.1 Voltage Pulse Selection

As illustrated in Section 4.5, during the selection of voltage pulse, several practical issues
should be considered including the DC-link resistance, DC-link capacitance and the DC-link
voltage ripples. Therefore, magnitude and duration should be selected properly to make sure
the estimation reliable. Based on the experimental platform, the error in the sampled DC-link
voltage is measured as 37.5mV, then the difference between voltage variations should be at
least larger than 75mV. The cut-off frequency of RC LPF is calculated as 212.2Hz.

After testing, two different sets of the amplitude and duration of the voltage pulse are
selected as 100V, 5ms and 230V, 3ms. Hence, the rotor movement or vibration is minimized

and a large enough DC-link voltage response is also obtained for rotor initial position estimation.

4.6.2 An Estimation Example

An example of rotor initial position estimation with the proposed method is shown in Fig.

4.18.
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Fig. 4.18. Example of estimation. (a) 100V, 5ms. (b) 230V, 3ms. [WU20d]
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The actual rotor position is at 103 degrees. Six voltage pulses are injected at first, following
by injection sequence of 30, 90, 150, 210, 270 and 330 degrees. The DC-link voltage variations
are recorded and compared. For both Figs. 4.18(a) and (b), it is found that the largest one is the
2" pulse indicating the rotor locates at 90 degrees. By now, a 60-degree resolution is obtained
and the next step is to increase the estimation resolution by comparing the two neighbour
voltage variations, i.e. the 1* and 3™ pulses, it is obvious that the 3™ one is larger than the 1%
one, and therefore the rotor is closer to the position of the 3™ one. Hence, the new updated
estimation position is 105 degrees. Compared with the actual position, the error is smaller than

15 degrees, and therefore, a 30-degree resolution is obtained at last.
4.6.3 Overall Rotor Initial Position Estimation Performance

The overall estimation performance over different rotor positions of the developed method
is illustrated in Fig. 4.19(a) and (b). As can be seen, all the estimation errors of different

positions are within 15 degrees, and therefore, a 30-degree resolution is acquired.
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Fig. 4.19. Overall estimation performance. (a) Position. (b) Error. [WU20d]
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4.6.4 Comparison with Estimation Using Current Responses

In this part, conventional estimation method [LEE06] using current response and the
proposed estimation using DC-link voltage variation are compared considering different DC-
link resistance. 6 voltage pulses are injected to 6 positions, the peak values of phase current
responses and the DC-link voltage variations are both recorded. In the test, 100V and 5ms
voltage pulse is selected and the real rotor position is fixed at 90 degrees. The peak values of
each case are presented in TABLE 4.2, A represents the difference between maximum and
minimum values among the 6 responses in each case. A larger A indicates a better performance
in terms of measurement noises or sensor resolution. In other words, a smaller A is more
sensitive to measurement errors including noises and resolution.

From TABLE 4.2, it can be concluded that as DC-link resistance increases, a larger
difference is obtained with the proposed method and a better estimation performance is obtained

compared with conventional current response based methods.

TABLE 4.2
PEAK VALUE COMPARISON BETWEEN PHASE CURRENT AND DC-LINK VOLTAGE VARIATION

Injection position

(degree) 30 90 150 210 270 330 A
I(A) 8.027 8771  8.104  8.043 8464 8036  0.75
0.5Q
AVe(V) 3.58 3.94 3.6 3.59 3.81 3.58 0.36
I(A) 7895 8614  7.899 7906  8.291 7.9 0.72
10
AVo(V) 7.06 7.85 7.09 7.10 7.53 7.06 0.79
1(A) 7811 8509  7.887  7.841 8235  7.888  0.682
20
AVe(V) 9.49 1058  9.56 9.60 10.26 9.6 1.09
I(A) 7725 8381 7777  1.736 8152 7799  0.656
50
AVe(V) 12.2 1332 1225 1204 1312 1213 1.12

4.7 Conclusion

In this chapter, a new simple rotor initial position estimation method is presented, which
can be used for surface mounted PM machines including brushless dc machines and PMSMs.

Different from the conventional methods using phase current sensors or phase voltage sensors,
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only one DC-link voltage sensor is utilized. The method provides a 30-degree estimation
resolution with maximum error of +15°. For the proposed method, a specific excitation
approach is used to enhance the performance and a so-called ‘equivalent injection position’ is
developed to simplify the estimation. Practical issues in the real hardware system are analysed.
It is shown that the proposed method is insensitive to sensor measurement errors and shows a
better performance with a larger DC-link resistance compared with conventional methods.

Finally, the proposed method is verified by experimental results.
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CHAPTER §

ROTOR INITIAL POSITION ESTIMATION
CONSIDERING PARAMETER ASYMMETRY

5.1 Introduction

Based on the magnetic saturation effect, several short-pulse-injection-based rotor initial
position estimation methods [MAT96][SCH97][NAKOO][LAIO3][LEEO6] [CHAO09] are
proposed. However, most of the existing methods are based on the symmetrical machine
parameters including three-phase inductances and resistances. However, in practical, the three-
phase resistances or inductances can be asymmetric. Specifically, resistance asymmetry can be
caused by cabling, inverter, and stator windings [REI10][XU16c]. For inductance asymmetry,
it can be resulted from mechanical manufacturing tolerance, eccentricity, and winding fault
[DEGI98][XUl6c]. However, for the short-pulse-injection-based rotor initial position
estimation, the impact of machine parameter asymmetry is rarely investigated.

Therefore, in this chapter, the rotor initial position estimation under both resistance and
inductance asymmetries is investigated. Firstly, the mathematical model of current responses
under parameter asymmetries is derived. Then, based on the developed model, the impact of
parameter asymmetries on position estimation is discussed. Furthermore, an impact indicator
called ‘feasible estimation area ratio’ is defined to quantify the impact of parameter
asymmetries on position estimation. Moreover, two compensation methods are proposed
considering parameter asymmetries. The first method can be used to reduce the impact of
resistance asymmetry and the second one can be used for both inductance and resistance

asymmetries. The effectiveness of these two methods are examined by simulation results.

5.2 Current Response Model

In this section, the current response model with both symmetrical and asymmetric
parameters are derived. Based on the developed model, the impact of parameter asymmetry is

then analysed.
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5.2.1 Parameter Symmetry

For a symmetrical parameter system, the voltage model associating with arbitrary phase

current at standstill is given by:

. diy
VDC S Req,XlX + Leq'XE (51)

where X represent the arbitrary phase, L4 x and R4 x are equivalent resistance and inductance

of the arbitrary injected pulse. According to [MAT96], L., x and R, x of three-phase can be

derived as:
2 2
Lot Limlh (5.2)
€449 L, + Lycos (26,)

Loy = Lo — 1 (5.3)

€45 79 Ly + Lycos (26, + 2m/3)
.. Lo — L3 (5.4)

€4C " 9Ly 4 Lycos (26, — 2m/3)

3

Req,A = Req,B = Req,C = ER (5-5)

where Ly and L, are the amplitudes of DC and the 2™ order harmonic components of self-
inductance, respectively. R is the nominal value of phase resistance.

For voltage pulse injection based method, the injected voltage can be assumed as a step
input, then the phase current response is given by:

t
VDC (1 — e_Leq,X/Req,X) (56)

ix(t) =
eq.X

However, current response in this nonlinear form is difficult for analysis. In order to simplify
the analysis, according to [MAT96], three-phase current responses can be modelled as a
function of rotor position in (5.7). Furthermore, the current response model considering

parameter asymmetry will also be developed based on (5.7).
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IA = IO + 12 COS(297«~)

21
IB = IO + 12 COS (Z(Gr - ?)) (57)

21
I =1y + I, cos (Z(Hr + ?))

where I, and I, are the amplitudes of DC offset and the 2" order harmonic components of the

current response, respectively.

Then, the simulated three-phase current responses with symmetrical parameters are shown
in Fig. 5.1.
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Fig. 5.1. Current responses against electrical rotor position with symmetrical parameters.
Normally, parameters including three-phase resistances and three-phase self-inductances
are considered as balanced. Hence, the three-phase current responses are balanced as shown in
Fig. 5.1. However, practically, the resistance and inductance may be asymmetric. Hence, the

three-phase current responses under both resistance and inductance asymmetries are

investigated in the next section.

5.2.2 Resistance Asymmetry

Three-phase resistances can be asymmetric due to cabling, inverter, and stator windings.

Under asymmetry, the three-phase resistances are represented as:

RA =R + ARA
RC =R + ARC

where R,, Rg and R, are three-phase resistances, R is the nominal value of three-phase
resistances, AR4, ARz and AR are the unbalance terms in the three-phase resistances. Then,

under resistance asymmetry, the three-phase equivalent resistances in (5.5) are modified as:
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RgR. (R + ARg)(R + AR()

Rega =R =R+ AR 5.9
a4 A+RB+RC AR+ 2R + ARp + AR, (5:9)
R4Rc (R + AR,)(R + AR()
Regp = Rg +———=R+AR 5.10
eqn = N8 ¥ R4 + R, ARt R T AR, + AR, (5.10)
R4Rp (R + AR,)(R + ARp)
Regc =R +—"——=R+AR; + 5.11
€aC ™ ¢ T Ry + Ry €' 2R+ AR, + ARy (5-11)

Then, simulation considering three-phase resistance asymmetry is carried out. In the
simulation, both one-phase and two-phase resistance asymmetric cases are considered. For both
cases, different levels of asymmetry are also simulated.

Firstly, one-phase resistance asymmetry is considered. In this test, it is assumed that the
unbalance component only exists in phase A. Moreover, different values of AR, are simulated
(AR, = 1Q (25%R), 2Q (50%R), 4Q (100%R)). The simulation results of current responses
under one-phase resistance asymmetry are shown in Fig. 5.2.
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Fig. 5.2. Current responses against electrical rotor position with one-phase resistance asymmetry.

(a) AR, = 1Q (25%R). (b) AR, = 20 (50%R). (c) AR, = 4Q (100%R).

Then, the harmonic spectra of current responses with different AR, are shown in Fig. 5.3.
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Fig. 5.3. Harmonic spetra of current responses with one-phase resistance asymmetry. (a) DC offset.
(b) 2" order hamronic.

Based on the results in Fig. 5.2 and Fig. 5.3, it is found that for the phase A current response,
the amplitudes of DC offset and the 2" order harmonic decrease as AR, becomes larger.
Next, two-phase resistance asymmetry is considered. In the test, unbalance components

exist in both phase A and B. Different values of AR, and ARp are simulated (AR, =
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10 (25%R), AR = 0.5Q (12.5%R) , AR, = 2Q (50%R),AR; = 10 (25%R) , AR, =
4Q (100%R), ARy = 20 (50%R)). The simulation results of current responses under two-

phase resistance asymmetry are shown Fig. 5.4.
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Fig. 5.4. Current responses against electrical rotor position with two-phase resistance asymmetry.
(a) AR, = 1Q (25%R),ARg = 0.5Q (12.5%R). (b) AR, = 2Q (50%R), AR = 1Q (25%R). (¢)
AR, = 4Q (100%R), ARz = 2Q (50%R).
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Then, the harmonic spectra of current response with different AR, and ARy are shown in Fig.

5.5.
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Fig. 5.5. Harmonic spetra of current responses with two-phase resistance asymmetry. (a) DC offset.

(b) 2" order hamronic.
Based the results shown in Fig. 5.4 and Fig. 5.5, the conclusions are similar to the one phase
case. Higher unbalance level decreases the amplitudes of DC offset and the 2" order harmonic
in the unbalanced phase current response.
Based on the simulation results, the current response model in (5.7) is modified considering
resistance asymmetry. The equivalent mathematical model of the three-phase current responses

under resistance asymmetry is derived as:

IA = AIRA + IO + KARA " 12 COS(ZQT)

21
Iz = Al + Iy + Kpgy, * I cos (2(9r - ?)> (5.12)

21
IC =~ AIRC + IO + KARC - 12 coS (2(91- + ?))
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where Alg,, Alg, and Al . are DC offsets in the current responses due to resistance asymmetry.
Kar,» Kar, and Kpg, are the gains of current responses due to resistance asymmetry. Besides,

for Alg,, Alg,, Alg,, Kag,, Kary and Kpg,, their relationship with ARy, ARg and AR are
given by:

AIRA =~ kRO ' ARA (513)
AIRB = kRO - ARB
AIRC = kRO " ARC

Kar, = kgra/AR, (5.14)
Kprp = kgrz/ARg
Kar, = kry /AR

where kg is the equivalent gain of DC offset in current response due to resistance asymmetry

and kgy < 0. kg, is the equivalent gain of the 2" order harmonic in current response due to

resistance asymmetry.
5.2.3 Inductance Asymmetry

Apart from resistance, inductance can also be asymmetric due to mechanical manufacturing
tolerance, machine eccentricity and winding fault. Assuming that three-phase self-inductances

are asymmetric and the inductance matrix can be expressed as:

Laa Mpp My AL, 0 0 (5.15)
L(a, b, C) = [MBA LBB MBC + 0 ALB 0 ]
Mcy Mep  Lec 0 0 AL
1 2 (5.16)
Laa = Lo — Ly cos(26,) Mas = Mps =510 — L (2(9r + ?))
2n
=L,— - 1
Lpp = Lo = Ly cos (2(9r 3 )) Mpc = Mcy = 5 Lo — Ly cos(26,)

Lec =Lo—L (2(9 +2”)) 1 2n
cem o e "3 Mca = Mac =5Lo =Ly (2(9r —?))

where Ly 4, Lpp and L. are three-phase self-inductances. Myg, Mp4, Mg, Mcg, M4 and My
are the three-phase mutual inductances. ALy, ALg and AL, are the unbalanced terms in three-
phase self-inductances. Similar to the resistance case, simulation is firstly carried out by
considering different cases of inductance asymmetry. Based on the results, an equivalent

mathematical model of current response under inductance asymmetry is then summarized.
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Since the self-inductance is much larger than the mutual-inductance, the analysis is mainly
based on self-inductance. Hence, one-phase and two-phase self-inductance asymmetric cases
are considered.

Firstly, one-phase self-inductance asymmetry case is simulated. In this case, unbalance
component only exists in phase A. Different values of AL, are simulated ( ALy =

4mH (25%L,), ALy = 8mH(50%Ly)). The simulation results of current responses under

inductance asymmetry are shown in Fig. 5.6.
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Fig. 5.6. Current responses against electrical rotor position with one-phase self-inductance

asymmetry. (a) AL, = 4mH (25%L,). (b) AL, = 8mH (50%L,).

138



Then, the harmonic spectra of current responses with different AL, are shown in Fig. 5.7.
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Fig. 5.7. Harmonic spectra of current responses with one-phase self-inductance asymmetry. (a) DC
offset. (b) 2" order hamronic.

Based the results shown in Fig. 5.6 and Fig. 5.7, the conclusions are similar to the resistance
asymmetry case. A higher unbalance level decreases the DC offset and the 2™ order harmonic
of the unbalanced phase current response. Besides, as shown in Fig. 5.6, if AL, is large enough,
phase A current will be always smaller than the other two phase currents. Phase A current will
be completely masked by the other two phase current responses in the estimation. Consequently,
the estimation in the sectors related to phase A will be incorrect.

Next, two-phase self-inductance asymmetric case is considered. In this case, unbalance
components exist in both phase A and phase B. Different values of AL, and ALp are simulated
(AL, =4mH (25%L,),ALg = 2mH (12.5%L,) , AL, =8mH (50%L,), ALg =
4mH (25%L,), AL, = 16mH (100%L,), AL = 8mH(50%L,)). The simulation results of

current responses under two-phase self-inductance asymmetry are shown in Fig.5.8.
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Fig. 5.8. Current responses against electrical rotor position with two-phase self-inductance
asymmetry. (a) ALy, = 4mH (25%L,),ALg = 2mH (12.5%L,). (b) AL, = 8mH (50%L,),ALg =
4mH (25%Lg). (c) ALy = 16mH (100%L,), ALy = 8mH (50%L,).

Then, the harmonic spectra of current response with different AL, and ALy are shown in Fig.

5.7.
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Fig. 5.9. Harmonic spetra of current responses with two-phase self-inductance asymmetry. (a) DC

offset. (b) 2™ order hamronic.

For the two-phase inductance asymmetric case, higher unbalance component will make the DC
offset and the 2" order harmonic of the current response decrease in the unbalanced phase.
Same as the one-phase case, when AL, and ALy are large enough, phases A and B currents will
be always smaller than phase C current. The estimation in sectors related to phase A and B will
be incorrect.

Based on the phenomena of inductance asymmetry, the equivalent mathematical model of

three-phase current responses under inductance asymmetry can be derived as:

Iy = Al + Iy + Ky, 1, cos(26,)
21
I = Al + Iy + K1 cos <2(9r - g)) (5.17)
21
Ic = Al + Iy + Ky 15 cos (Z(Gr + ?)>

where Al ,, Al and Al are the DC offsets in the current responses due to inductance
asymmetry. Ku; ,, Kar, and K. are the gains of the current responses due to inductance

asymmetry. Besides, for Alg,, Alg,, Alg., Kap,, Kar, and Ky, they can be represented as:
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AILA = kLO " ALA
AILB =~ kLO ' ALB (518)
AILC =~ kLO ' ALC

Kpr, = ki/ALy
Kprp = kp2/ALg
Kare = kp2/AL¢

(5.19)

where k;q is the equivalent gain of DC offset in current response due to inductance asymmetry

and k;, < 0. k;, is the equivalent gain of the 2" order harmonic in current response due to

inductance asymmetry.

5.2.4 Summary

Based on the current responses under resistance and inductance asymmetries, the general
current response model under parameter asymmetry can be derived as:

Iy ~ (AL, + AL ) + 1o + (Kag, - Kar,) * I cos(26,)

2T
Iz =~ (Alg, + AlL,) + Ip + (Kagy, - Kary) - 12 cos (2 (er — —))

3 (5.20)
21
I = (AIRC + AILC) + Iy + (KARC . KALC) -1, cos <2 (GT + ?)>
Then, (5.20) can be simplified as:
Iy = I}y + I}, cos(26,.)
2m
Ig = 1§, + I, cos (Z(Hr -3 ) (5.21)

21
I = I}y + 1}, cos (2(0r + ?)>

IX0=IO+AIRA+AILA (5 22)
Igo =IO+AIRB+AILB )
Igo = IO + AIRC + AILC

IXZ = KARA ' KALA ' IZ

5.23
1% = Kap, - Kot -1 (5-23)

Igz = KARC ’ KALC -1
where 1}, I§, and I}, are the DC offsets in three-phase current responses under parameter

asymmetries, I},, I%, and I¥, are the amplitudes of the 2" order harmonic in three-phase

current responses under parameter asymmetries.

In summary, for both resistance and inductance asymmetries, the unbalanced phase will

have reduced amplitudes of DC and the 2™ order harmonic. As the unbalance level increases,
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there is more reduction. If the unbalanced level keeps increasing, the unbalanced phase current
will be always smaller than other phase currents. The estimation in the sectors related to

unbalanced phase will be incorrect in this case.

5.3 Position Estimation under Parameter Asymmetries

In this section, the impacts of parameter asymmetries on the rotor initial position estimation
are investigated. The investigation is firstly based on a conventional method presented in
[SCH97] by simulation.

Firstly, voltage pulses are injected into 6 positions by selecting 6 voltage vectors of a 3-
phase voltage inverter (V1~V6), as shown in Fig. 2.5. Then, the estimated sector is determined

by looking at the largest current response. For the conventional method, the estimation sectors

are shown in Fig. 5.11.
B pA

V5(010) V,(110)

V,(011) u V1(100)

Vs(001) Ve(101)

Fig. 5.10. Voltage vectors. Fig. 5.11. Estimation sectors.

Then, the current responses against rotor position associated with the estimation sectors are

shown in Fig. 5.12.
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Fig. 5.12. Current responses against electrical rotor position with symmetrical parameters.

In Fig. 5.12, the black dotted lines indicate the ideal evenly distributed boundaries between
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sectors. If the parameters are symmetrical, the estimation sectors are distributed evenly by 60
degrees for each sector. In each sector, only one phase current should be the largest so that the
rotor initial position can be determined at the correct sector.

Furthermore, the position estimation performance with symmetrical parameters is shown in

Fig. 5.13. Under ideal condition, the maximum position estimation error is 30 degrees.
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Fig. 5.13. Current responses against electrical rotor position with parameter symmetry.

However, under parameter asymmetries, as discussed in Section 5.2, the three-phase current
responses are unbalanced. Therefore, the estimation sectors become unevenly distributed and
the position estimation performance will be affected. In the following sections, the resistance
and inductance asymmetry impact on position estimation will be investigated based on the
simulation in this section. Moreover, an indicator called ‘feasible estimation area ratio’ is

defined and used to simply quantify the impact of parameter asymmetry on position estimation.
5.3.1 Resistance Asymmetry

Firstly, the impact of resistance asymmetry on position estimation is investigated. Both one-
phase and two-phase resistance asymmetric cases are considered. In Fig. 5.14, three-phase
current responses under one-phase resistance asymmetry are shown first. Besides, the
estimation performance is shown in Fig. 5.15. In Fig. 5.14, the pink dotted lines are the
boundaries between unevenly distributed sectors due to parameter asymmetries. The interaction
area between the black and pink lines is highlighted as pink blocks. If the rotor initial position
locates in these pink block areas, the estimation will go wrong. The total angle span of all these

pink block areas is defined as Ags; wrong (degree). Clearly, as Ags wrong increases, the

estimation performance will be more deteriorated, Fig. 5.15.
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Fig. 5.14. Current responses against electrical rotor position with one-phase resistance asymmetry.

(a) AR, = 1Q (25%R). (b) AR, = 2Q (50%R). (c) AR, = 4Q (100%R)
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Then, in Fig. 5.16, three-phase current responses under two-phase resistance asymmetry are

given. The estimation performance is shown in Fig. 5.17.
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Fig. 5.16. Current responses against electrical rotor position with two-phase resistance asymmetry.
(a) AR, = 1Q (25%R),ARp = 0.5Q (12.5%R). (b) AR, = 2Q (50%R), AR = 1Q (25%R). (¢)
AR, = 4Q (100%R), ARg = 20 (50%R).
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Fig. 5.17. Rotor position estimation with two-phase resistance asymmetry. (a) AR, =
1Q (25%R),ARg = 0.5Q (12.5%R). (b) AR, = 2Q (50%R),ARg = 1Q (25%R). (c) AR, =
40 (100%R),ARg = 20 (50%R).
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Clearly, for both one-phase and two-phase resistance asymmetric cases, as the resistance

unbalance level goes higher, Agg; yrong becomes larger and therefore the position estimation

performance is more affected.

5.3.2 Inductance Asymmetry

Similarly, the inductance asymmetry impact is also investigated. Both one-phase and two-
phase self-inductance asymmetric cases are considered. Firstly, in Fig. 5.18, three-phase current

responses under one-phase self-inductance asymmetry are shown. Besides, the estimation

performance is shown in Fig. 5.20.
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Fig. 5.18. Current responses against electrical rotor position with one-phase self-inductance

asymmetry. (a) AL, = 4mH (50%L,). (b) AL, = 8mH (50%L,).
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Then, in Fig. 5.20, three-phase current responses under two-phase self-inductance asymmetry

are given. The estimation performance is shown in Fig. 5.21.
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Fig. 5.21. Rotor position estimation with two-phase self-inductance asymmetry. (a) AL, =
4mH (25%Lo), ALy = 2mH (12.5%L,). (b) AL, = 8mH (50%Ly), ALy = 4mH (25%Ly). (c)
AL, = 16mH (100%L,), AL = 8mH (50%L).
Same as the resistance asymmetry, for both one-phase and two-phase self-inductance

asymmetric cases, as the inductance unbalance level goes higher, Ags; wrong becomes larger

and the position estimation performance is more deteriorated.
5.3.3 Feasible Estimation Area Ratio

Based on Aggst wrong, an indicator called ‘feasible estimation area ratio’, ie. ag, is

introduced and defined in (5.24). This ratio a is used to quantify the influence of parameter

asymmetry on position estimation performance.

3600 - AEst_wrong
360°

ap = x 100% (5.24)
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Clearly, for symmetrical case, the feasible estimation area ratio ag is 100%. Then, the feasible
estimation area ratio g considering different resistance and inductance asymmetric cases are

calculated and shown in Fig. 5.22 and Fig. 5.23, respectively.
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Fig. 5.22. Feasible estimation area ratio with resistance symmetry. (a) One-phase resistance

asymmetry. (b) Two-phase resistance asymmetry.
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asymmetry. (b) Two-phase self-inductance asymmetry.
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Clearly, for both resistance and inductance asymmetric cases, the feasible estimation area
ratio decreases as the unbalanced level becomes higher. If the unbalanced level keeps increasing,
the unbalanced phase current will be always smaller than the other phase currents. The
estimation in the sectors related to unbalanced phase will be incorrect. The least ay is 66.7%

for one-phase asymmetry and 33.3% for two-phase asymmetry.
5.3.4 Summary

Based on the results, several conclusions under parameter asymmetries can be drawn. Firstly,
in parameter symmetrical case, the estimation sectors should be evenly distributed by 60
degrees. However, in parameter asymmetric case, the estimation sectors are no longer evenly
distributed. These uneven distributed sectors will cause position estimation error. Moreover, a
higher level of asymmetry will decrease the feasible estimation area ratio ag. For one-phase
asymmetric case, the least ay is 66.7% and for two-phase asymmetry case, the least ay is

33.3%.

5.4 Compensation Methods for Parameter Asymmetries

Discussed in the previous sections, parameter asymmetries will cause position errors for
conventional methods. Hence, in this section, two compensation methods for rotor initial

position estimation are proposed considering parameter asymmetries.
5.4.1 Adjustment of Voltage Pulse Duration

According to the results in Section 5.3, it is found that the influence of inductance
asymmetry is more significant than the resistance asymmetry. This is due to the short duration
of voltage pulse leading to a large current change. Hence, the voltage drop on inductance is
much more than the resistance one as shown in (5.25).

diy

Vb = Reqxix + Leq,XE (5.25)

Therefore, the influence of resistance asymmetry on position estimation can be reduced by
simply adjusting the duration of voltage pulse. Simulation results are given to verify the
effectiveness of the proposed method.

Firstly, under resistance asymmetry, the estimation performances with different voltage
pulse durations are shown in Fig. 5.24. Then, the results for inductance asymmetric case are

also shown in Fig. 5.25 for comparison with resistance asymmetric case.
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Fig. 5.24. Rotor position estimation with one-phase resistance asymmetry (AR, = 4Q) with
different voltage pulse durations. (a) Tp = 0.25ms. (b) Tp = 1ms. (c) Tp = 3ms.

As shown in Fig. 5.24, as the duration increases, the impact of resistance asymmetry

becomes more significant. Then, the inductance asymmetric case is shown in Fig. 5.25.
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Fig. 5.25. Rotor position estimation with one-phase resistance asymmetry (AL, = 4mH) with
different voltage pulse durations. (a) Tp = 0.25ms. (b) Tp = 1ms. (¢) Tp = 3ms.
From the results shown in Fig. 5.25, it can be seen that the duration has negligible influence
on inductance asymmetry. Furthermore, the feasible estimation area ratio ay of both resistance

and inductance asymmetric cases with different durations are calculated and shown in Fig. 5.26.
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Compared with inductance asymmetry, the position estimation performance is less influenced
by resistance asymmetry. By reducing the duration, the influence of resistance asymmetry on
position estimation can be suppressed, while there is almost no effect on inductance asymmetry.
Hence, only the impact of resistance asymmetry can be reduced by adjusting voltage pulse

duration.
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Fig. 5.26. Feasible estimation area ratio with different voltage pulse duration.
Then, considering different resistance asymmetry cases, simulation results of ay with different
durations are shown in Fig. 5.27 and Fig. 5.28. Clearly, under resistance asymmetry, by

reducing the duration of voltage pulse, ay can be increased effectively.
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Fig. 5.27. Feasible estimation area ratio with different voltage pulse duration under one-phase

resistance asymmetry.
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In summary, adjustment of voltage pulse duration can be used to compensate for resistance
asymmetry. The impact of resistance asymmetry can be reduced by using a shorter duration
pulse. However, reducing the duration indicates a smaller number of sample points of the
current response. A higher sampling rate might be required. Thus, this compensation method

may become unfeasible in some applications due to the limited sampling rate.

5.4.2 Current Response Compensation Method

In Section 5.2, the current response models under resistance and inductance asymmetries
are derived. Based on these models, a general current response model considering both
resistance and inductance asymmetries can be given by:

Iy ~ (Alg, + AL + 1o + (Kag, - Ka,) - 12 cos(26,)

2T
Ig =~ (Alg, + AlL) + 1o + (Kagy - Kary) * I cos (2 <9r — —))

3 (5.26)
21
IC ~ (AIRC + AILC) + Io + (KARC . KALC) . 12 coS (2 (9,- + ?>>
Then, (5.26) can be simplified as:
Iy = I}y + I}, cos(26,.)
u u 21
IB =~ IBO + IBZ coS (2(9-,- - ? ) (5'27)
21
Ip ~ I% + 1% cos (2(9r + ?))
1}110 :IO+AIRA+AILA (528)
Ig() = IO + AIRB + AILB
Igo = IO + AIRC + AILC
Iiy = Kar, * Kap, " I (5.29)

Igy = Kppp * Knrp * I
Igz = KARC ’ KALC -1

where 1}, I§, and I}, are the DC offsets in three-phase current responses under parameter
asymmetries, 1%, I%, and I%, are the amplitudes of the 2" order harmonics in three-phase

current responses under parameter asymmetries.
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Based on (5.30), a current response compensation method is developed. Current responses
against rotor position are firstly measured in the pre-test. Then, the coefficients I3, I5,, 15,155,
I§, and I}, in (5.30) are calculated and used to compensate for the unbalanced three-phase

current responses. The compensated three-phase current responses are given by:

2_AVE
Ii = (Ia — Ly [ + Iy ave
A2
I; ave
Iz = (Ig — Ipyp) I_T + Iy ave (5.30)
B2
2_AVE
Ic = (Ic — Iy I + Iy ave
c2
Lo + Ig, + 15, (5.31)
Iy ave = 3
Iy + I, + 165
IZ_AVE = 3

After compensation, the three-phase current responses become symmetrical and given by:

I = I, + I, cos(26,)

c 21
Ig = Iy + I, cos (2(0r - ?)> (5.32)

21
I¢ =1y + I, cos (Z(Hr + ?)>

Then, the proposed compensation method is validated by simulation. The simulation results
are shown in Fig. 5.29. In Fig. 5.29, different asymmetry scenarios are considered. It can be
seen that for both asymmetry cases, the feasible estimation area ratios ag are largely increased

to 100% after compensation.
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Fig. 5.29. Feasible estimation area ratio with different voltage pulse duration. (a) One-phase
resistance asymmetry. (b) Two-phase resistance asymmetry. (¢) One-phase self-inductance

asymmetry. (d) Two-phase self-inductance asymmetry.
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Besides, different from the first compensation method, the second compensation method
can be used without the limitation of duration. As discussed before, the impact of resistance
asymmetry can be significantly influenced by voltage pulse durations. Therefore, an example
of compensation performance under one-phase resistance asymmetry (AR, = 4Q, 100%R) is
shown in Fig. 5.30. In the example, different voltage pulse durations are considered. Clearly,
the second method shows no change in compensation effects regarding different durations. For
the second current response compensation method, the three-phase current responses against
rotor position are measured in the pre-test by injecting voltage pulses. In order to guarantee the
compensation performance, in the position estimation, the magnitude and duration of the
injected voltage pulse should be identical to the one used in the pre-test.
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Fig. 5.30. Feasible estimation area ratio with different voltage pulse duration under one-phase

resistance asymmetry (AR, = 4(), 100%R).

In summary, by doing pre-test measurement of three-phase current responses against the
rotor position, the unbalanced three-phase current responses can be compensated to be balanced
again. The effectiveness of this compensation method is verified by simulation results. This
method can be used for both resistance and inductance asymmetric cases. However, the main
limitation of this method is the requirement of pre-test measurement of three-phase current

responsces.

5.5 Conclusion

In this chapter, rotor initial position estimation under both machine resistance and
inductance asymmetries is investigated. The model of current responses under parameter
asymmetries is developed and the impact of parameter asymmetries on position estimation is
investigated. It is found that the current response of the unbalanced phase will have decreased
amplitudes of both DC offset and the 2™ order harmonic component compared with the other

phases. For one-phase asymmetric case, the least feasible estimation area ratio ay is 66.7%. For
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two-phase asymmetric case, the least feasible estimation area ratio aj is only 33.3%. Moreover,
two compensation methods are proposed which effectively reduce the impact of parameter
asymmetries. Both methods are verified by simulation results. The first method relies on
reducing the duration of voltage pulse so that the resistance impact is suppressed. Thus, this
method is only suitable for compensating for the resistance asymmetry, not for the inductance
asymmetry. As shown by simulation results, a satisfied compensation performance can be
obtained with a very short duration of voltage pulse. However, shorter duration requires a higher
sampling frequency, which can be limited in some applications. For the second method, based
on the general model of current response under parameter asymmetry, a direct current response
compensation method is developed. The current responses are measured in the pre-test and the
asymmetry coefficients are obtained and used to compensate for the asymmetric three-phase
current responses. After compensation, the three-phase current responses become symmetrical
again. Therefore, the second method shows a satisfied compensation performance for both
inductance and resistance asymmetries. However, this method requires pre-test measurement

of the three-phase current responses.
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CHAPTER 6

A NEW SIMPLIFIED FUNDAMENTAL MODEL
BASED SENSORLESS CONTROL FOR SURFACE-
MOUNTED PERMANENT MAGNET SYNCHRONOUS
MACHINES

6.1 Introduction

Basically, sensorless techniques can be divided into fundamental model based techniques
and saliency tracking based techniques. Fundamental model based methods utilizing back-EMF
or flux-linkage have a good performance at middle and high speeds. Back-EMF and flux-
linkage can be estimated simply using phase-locked loop (PLL) or other observers including
adaptive observer [PII08][YOOO09a], sliding-mode observer (SMO) [CHI09] [KIM11], and
extended Kalman filter (EKF) [BOL99]. However, the magnitude of back-EMF is proportional
to the rotor speed, these methods present poor performance and cannot be employed in the zero
and low speed range. In terms of saliency tracking based methods, which are more suitable in
the zero and low speed range. Discrete voltage pulses [HOLO5], PWM excitation [KIM12], or
continuous carrier signal injection based methods [JAN95] [BRI04] are proposed and show
effectiveness in the zero and low speed range. However, in case of surface-mounted permanent
magnet synchronous machines, due to geometric characteristics, the inductance saliency is
insufficient or none. Hence, saliency tracking based methods may not be employed for the
SPMSM. Therefore, it is still a challenge for sensorless control of SPMSM at zero and low
speed.

Conventionally, in order to employ sensorless control techniques on SPMSM, an open-loop
start-up process [WU91][FATOS][IEP12] is adopted to help the machine firstly reaching at a
certain high speed so that the magnitude of back-EMF is large enough for position tracking.
However, with load or load variations, the operation may become unstable so that the machine
will lose its synchronism. A reverse rotation or oscillation can also happen during starting. In
addition, the starting torque is not guaranteed to be its maximum value, which will significantly
slow down the starting process. Moreover, extra control strategies are required to achieve a

smooth transition from open-loop control to closed-loop control.
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In this chapter, a solution is proposed for SPMSM sensorless control considering the starting
process and low speed operation. In this chapter, a simplified fundamental model based
sensorless control method for SPMSM is proposed. Based on the simplified model, the stator
currents in the stationary reference frame can be directly utilized for position estimation,
without the need of parameter and voltage information. Different from conventional
fundamental model based methods calculating back-EMF or flux-linkage, the proposed method
utilizes the rotor position information contained in the stator current. The stator currents are
directly measured from the current sensors, and in the low speed range, sensorless control
performance can be improved. For the starting part, obtaining the accurate rotor initial position
or sector information before starting is favourable in order to avoid the reverse rotation and
oscillation issues that could possibly happen during starting [BOL99][JANO06]. Methods based
on magnetic saturation effect could be used [MAT96] [SCH97] [TURO3] [WANI10]. In this
chapter, a rotor initial position detection method in [SCH97] is adopted, which guarantees a
satisfied estimation performance at standstill, especially for SPMSM. With the knowledge of
rotor initial position, the proposed method is able to start the machine from standstill against
different load conditions without reverse rotation. The influence of inverter nonlinearity on the
proposed rotor position estimation method is also discussed and the corresponding
compensation is considered.

This chapter is organized as follows: Firstly, the fundamental model of PMSM and
conventional sensorless control methods are introduced. Then, the proposed method is
illustrated including the mathematical model derivation, influence of inverter-nonlinearity and
starting procedure. The proposed method is implemented on the dSPACE platform and its
effectiveness is verified by the experiment results on two prototype SPMSMs. Moreover, the
proposed method is applied to the Siemens wind power system and is verified by hardware-in-

loop (HIL) simulation.

This chapter is based on the paper:
[WU20e] X. M. Wu, Z. Q. Zhu, and Z. Y. Wu, “A new simplified fundamental model-based
sensorless control method for surface-mounted permanent magnet synchronous machines,”

submitted to /IET Electric Power Applications.
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6.2 Conventional Fundamental Model Based Sensorless Control

Methods

It is known that saliency tracking based methods cannot be applied to SPMSM due to the
lack of rotor saliency, fundamental model based methods are the main way to realize sensorless
control of SPMSM. For the fundamental model based sensorless control methods, rotor position
estimation is based on calculating either back-EMF or flux-linkage. Hence, in this section, the
basic approaches of utilizing back-EMF and flux-linkage for position estimation are

demonstrated.

6.2.1 Back-EMF Based Sensorless Control Methods

For back-EMF based sensorless control methods, back-EMF can be calculated based on the
stationary reference frame or the estimated synchronous reference frame. Then, two different

reference frames based sensorless methods for SPMSM are introduced in this part.
A. Stationary reference frame

The voltage equation for SPMSM in the stationary reference frame is given as:

[Va] _ [Rs + pLg —siner] ©.1)

- Cpn | [i] + orim
Vg 0 Rs + pLg] |ip WP cos0,

The right hand side term represents the back-EMF that contains the rotor position and speed

information. Back-EMF terms can be calculated as:

A e ] 2
Then, the back-EMF terms are given as:
[Z;‘] = @ [‘C‘;‘?g"r r] (6.3)
The rotor position can be calculated by:
6, = arctan (— e_a) (6.4)
€p

It is worth noting that in the implementation, since voltage information is not available, the

reference voltage value v, and v[*; are used instead.
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B. Estimated synchronous reference frame

Rotor position can also be estimated based on calculating back-EMF in the estimated
synchronous reference frame. [MORO02] and [CHEO3] introduced the Extended Back-EMF

based method, i.e. E,,, by which the voltage equation is given as:

v Rs; +pL —wyL i 0

E e K
q wrLg Rs +pLglliq Eex

where vy and v, are the d-q axis stator voltages, i; and i, are the d-q axis stator currents, Lg

and L, are the d-q axis inductances respectively. Egy = @, P, + (Lg — Lg)(wyig — pig). It is

worth noting that for SPMSM, Ly = L; = L. Then, (1.34) is modified as:

Val _ [Rs + pLg —erSHid] [ 0 ]
R AT igl oy (6:6)

For a sensorless control system, the actual rotor position is unknown. Therefore, the above
equations should be transformed into the estimated synchronous reference frame with the

transformation matrix given by:

__[cos (AB,) sin (AB,)
r(46r) = [—sin (AB,) cos (AB,) 6.7)
_ __[cos (AB,) —sin (AB,)
T (26;) = [sin (AB,) cos (A6,) 6.8)

where A6, is the rotor position error between the estimation and actual values. Besides, the
relationship between the synchronous reference frame and the estimated synchronous reference

frame is shown in Fig. 6.1.

Fig. 6.1. Relationship between ABC reference frame and synchronous reference frame.
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Then, the voltage equation in the estimated synchronous reference frame is given by:

[ﬁd:I _ [RS + pLd —(l)qu ] fd + E‘d (6 9)

7, wrlg  Rs+plal|i, E, '
Ed _ —SinAHT Zq 6.10
qu =E,, [ coshd, | Aw, L, l—idl (6.10)

The superscript sign ‘A’ indicates the variables are in the estimated synchronous reference
frame. Aw, is the rotor speed error between estimation and actual values, respectively. For

SPMSM, (1.36) and (1.37) are modified as:

ﬁd] [Rs + pLs —wyLs ] id Ed
= jl I 6.11
[vq wrls Ry +pLsl i * [Eq 6.11)
Ed _, ¥ [_Sinwr] f o L,| (6.12)
E, r¥m | cosA®, i

Then, the position error can be expressed in the following equations:

-1 E‘d
AG, = tan™ (— =) (6.13)
Eq
Subsequently, as shown in Fig. 1.17, a position observer is applied to adjust the estimation
position to minimize the position estimation error A8, to make the estimated reference fame
align with actual one. It is worth noting that in the implementation, since voltage information

is not available, the reference voltage value v; and v, are used instead.
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Fig. 6.2. Extended Back-EMF based position observer. [CHE03]
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6.2.2 Flux-linkage Based Sensorless Control Methods

For flux-linkage based sensorless control methods, rotor position can also be estimated in
the stationary reference frame or the estimated synchronous reference frame. Therefore, two

different flux-linkage sensorless methods are introduced in this part.
A. Stationary reference frame

In the stationary reference frame, the flux-linkage can be calculated as follows,

lpm,aﬁ = ](vaﬂ - Rsiaﬁ) dt — LsiaB (6.14)

The flux-linkages are given as

WZZ] = ¥m [Z?r?g: (6.15)

Hence, the rotor position can be obtained as

0, = arctanM (6.16)

l/)ma

It is worth noting that in the implementation any dc offset or current measurement error will
be continuously amplified by the pure integration until saturation. Therefore, a high-pass filter
(HPF) is normally applied to the variables to be integrated. Since the transfer function of the
pure integration is 1/s, the equivalent replacement of pure integrator is same as a low-pass

filter (LPF).
B. Estimated synchronous reference frame

Besides, rotor position can be estimated based on the flux-linkage in the estimated
synchronous reference frame. [BOL08] proposed a so called ‘Active Flux’ concept. The active

flux (AF) is defined as:
Yar = Ym + (Lg — Lq)id (6.17)
For SPMSM, since Ly = Ly, the active flux is modified to:

Yar = ¥, (6.18)

With the active flux, the flux equation can be generalized as:
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Since the rotor position is unknown in the practical sensorless control system, the flux-linkage

should be transformed into the estimated reference frame:

b Ly 07]t b
[‘lidl _ [ @ Hidl + [‘/A’Wl (6.20)
l/)q ql|lg I/JAFq

where [lﬁAFd tﬁqu]T is the projected AF defined as [l/jAFd lﬁAFq]T—

YurlcosAB,  sinAb,]T Based on (1.48), the rotor speed and position can be estimated by an

observer. The overall control scheme is shown in Fig. 1.21.

4 [y, OF I

L E
e*jé’r > |: d:| ejé’

PLL——>

RS
5 ¥

Fig. 6.3. Active flux based position observer. [BOLOS]

6.2.3 Summary

It is known that the conventional methods based on the fundamental model offer good
performance in the middle and high-speed ranges. While in zero and low speed range, back-
EMF and flux-linkage are unobservable, besides there are also some other factors affecting the
sensorless control performance including the parameter mismatch, inverter non-linearity, etc.
Therefore, the conventional fundamental model based methods normally cannot be used in zero
and low speed range. In order to solve this issue, a new sensorless control method based on the

simplified fundamental model is proposed and introduced in the following section.
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6.3 Proposed Simplified Fundamental Model Based Method for
Starting and Low Speed Operation

Based on the fundamental model in Section 6.2, a new simplified fundamental model based
sensorless control method is introduced in this section. Instead of calculating back-EMF or flux-
linkage in conventional ways, only the measured stator currents are directly used to extract the
rotor position information in the proposed method. Since currents are measured from physical
sensors, comparing with conventional direct utilization of back-EMF or flux-linkage, the
sensorless control performance can be improved in starting and low speed range. In this section,
the mathematical model derivation of the proposed simplified fundamental model is provided
at first and including the demonstration of how to utilize stator current to estimate the rotor
position. Furthermore, the influence of inverter nonlinearity is discussed as well. The overall
sensorless control block diagram is illustrated in Fig. 6.4.

1+ Ve

§ 9

Inverter

w/ﬂka_ Position LUT

2 Estimator

1 1 lop

T, abc-ap)|

Fig. 6.4. Overall sensorless control block diagram. [WU20e]

6.3.1 Simplified Model

The proposed method is based on the fundamental model in the stationary reference frame.
Firstly, re-arranging the voltage equations by moving current terms to the left side and the

current terms are represented as:

Rs + pLy —siné, ]

0 la _ va
0 Rs + pLs] [iﬁ] B [UB] ~ Orfm [ cosé, (6.21)

Besides, the stator voltages in the stationary reference frame can be represented as:

170



[zg] _ [C?SQT —siner] ] [ msin (6, — 6,) 6.22)

sinf,  cos6, mcos (6, —6,)

where vy and v, are the d- and g-axis voltages in the synchronous reference frame, V7, is the
amplitude of stator voltage and 8, = arctan (v, /vy).

Substitute (6.22) into (6.21) and using Laplace transform to obtain the solution of stator

currents shown in (6.23).

[la _ sin(6, — —sin(0, — 6, — 6,)
fR 2422 | —COS(Or — Hp) Rz+w$Lz cos(0, — 6, — 6,)
wrLs (6.23)
_Rsy |Rz¥ w212 Vi _Rs¢ |sin (6, + 6,)
e st RO Y o7 A
R52+—j% /R52+w$L§ cos (6, + p)

From (6.23), it can be seen that the last two terms containing the transient part, i.e. e (—Rg/Lg -
t). In the steady-state, this term can be neglected. In the transient state, during low speed or
starting operation, there can be influenced only under the condition of Ly > R;. Hence, these

two terms are neglected in this section. Then (6.23) is simplified to (6.24).

[la _orPm sin(6, — 6, —sin(6, — 6, — 6,)

_ r 240212 —cos(6, — p)l R2+w72_L2 [ cos(6, — 6, — 6,)

(6.24)

where 6, = arctan (w,Lg/Rs), 6, = arctan (vq/v,).

Obviously, in (6.24), there are two angles 6, and 6, introducing errors in position
estimation when directly using stator currents to estimate the rotor position. As a consequence,
in order to utilize the stator currents to estimate the rotor position, these two angles are
necessary to be considered.

As seen from (6.24), each term on the right side has the error angel 6,,. Therefore, it is much

more convenient to use the transformation method to compensate for this error angle. The
transformation matrix and its inverse constituted by 6, are given in (6.25) and (6.26). The

transformation is illustrated in Fig. 6.5.
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----- -——-»>aq,

Fig. 6.5. Reference frame transformation. [WU20e]

By applying (6.25) to (6.24), the influence of 8,, can be easily eliminated.

(8 cost, sinb, 5

( p) [ smé?p cosep] (6.25)
-1 cosf, —sinf,

T(Hp) B [sinep cosB, (6.26)

After transformation, (6.24) becomes (6.27), and the stator currents are transformed from the

conventional af8 stationary reference frame to a new so-called a, 8, reference frame.

V, sin(0, — 6,)

—sin0,
\/Rz + a)rzL2 Vi cos(6, —6,) | ©rfm [ cosb, ] (6.27)

As shown in (6.27), in order to directly utilize stator currents to acquire rotor position
information, the left error angle 6, is to be compensated. According to (6.22), 8,, is directly
controlled to zero by controlling the d-axis voltage to zero, i.e. v; = 0. The control diagram of
this part is shown in Fig. 6.4, a zero command is given to the d-axis voltage. Initially, there may
be an error between the estimated and actual positions, and therefore, the following derivation
can be based on the estimated reference frame.

The d-axis voltage in the estimation reference frame can be represented as:

’.‘

Dy = Rylg + Lg— a)rLsfq — WY, SinAG, (6.28)

d
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In the control system, as illustrated by Fig. 6.4, the d-axis voltage in the estimation reference
frame, i.e. U4, is controlled to zero, neglecting the transient part which is relatively small. Then,

the equation in (6.28) becomes:
Rgig — wrLsly = wpY,sinAf, = EsinAf, (6.29)
With the definition of 8), in (6.24), the left side of (6.29) can be re-arranged as:
cosé?pid - sinepiq = AsinAf, (6.30)

E

where 4 = ———.
/R§+w,%L§

Utilizing the transformation matrix in (6.25), (6.30) can be transformed into (6.31).
L, cosf, + iﬁpsinér = AsinAf, (6.31)

In (6.31), B, is the estimated rotor position. Obviously, it can be seen that when iap and iﬁp

are the input of a phase-locked loop (PLL), the right side of (6.31) is equal to the error signal
epy; of the PLL whose block diagram is shown in Fig. 6.6.

lop + EpLL

Fig. 6.6. Block diagram of the Phase-locked Loop. [WU20e]

The PLL used here is a conventional and common way to extract phase and frequency

information from input signals. Now, (6.31) is represented as:
iapcosé} + iﬁpsinér = &p1L (6.32)

After the error ep;; converges to zero, the position will be correctly tracked and position
estimation error is zero, i.e. AG, = 0. Then, combining the model in (6.27), the inputs of the

PLL, iq, and ig, can be represented as:
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Iiapl _ V- WP [—sinb, (6.33)
lﬁp ’

JRZ + w212 L cosbr

Since only the low speed range is concerned in this section, then (6.33) can be finalized as a
simplified model in (6.34). Because when the rotor speed is low, it is assuming that Ry > w,-Ls.

According to (6.24), the influence of 8, can be ignored, i.e. 8, = 0.

[2;] _ Vin — wr P, [—siner]

JRZ + wilz L cosbr

The final simplified model in (6.34) states that the rotor position information can be directly

(6.34)

extracted from stator current at low speed through a PLL or other observers. Clearly, the current
information is provided by the current sensor. No parameters and voltage information is
required. Thus, a good estimation performance is expected, especially in the low speed range.
This benefit makes this proposed method effective and capable of position estimation in the

low speed range and even starting from the standstill.
6.3.2 Phase-locked Loop

As discussed in Section 6.3.1, a quadrature PLL is used to track the rotor position
information from the stator currents. Based on (6.34), the equivalent block diagram of PLL is

shown in Fig. 6.7.

D>
S

0,

H?—HL—N PI —{1/S }—+—>

Fig. 6.7. Equivalent block diagram of the phase-locked loop. [WU20e]

In Fig. 6.7, k = ’Lé + ié which varies with different conditions. In order to fix the poles of

the PLL transfer function at different conditions, it is necessary to normalize the input signals

by dividing k. Then the normalized input error signal of PLL can be expressed as:

1
EpLLN = 77—
/ig + i3

Therefore, the closed loop transfer function of the PLL can be given by:

(i cos0, + iﬁsiné}) (6.35)
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H(s) = 52— (6.36)

(6.37)

where w,, = \/E , €= % \/Kz wy, 1s the natural frequency and can be used as the bandwidth of

PLL. ¢ is the damping factor. A higher damping factor can reduce the overshoot but also
sacrifice the dynamic performance. Then, the parameters of PLL can be initially designed.
Furthermore, the stability of PLL should also be considered after determining the parameters
of PLL. Since the PLL used in the chapter is a typical second-order PLL, according to [GAROS5],

this type of PLL is unconditionally stable for all positive values of parameters.
6.3.3 Speed Estimator

Speed feedback is essential for the closed-loop speed control of PMSM drives. Normally,
rotor speed is calculated by differentiating the estimated rotor position. However, calculation
of speed from the differential of rotor position may be inappropriate for the feedback in the
closed-loop system. Since the noise will be amplified by the differential operation.

The rotor speed calculated from the differential of the estimated rotor position is given by:

~

_ 60 -6%-1

6.38
r AT, (6.38)

where 8, (k) and 8, (k — 1) are the instantaneous estimated rotor position at the starts of the
kth and (k — 1)th sample periods. AT is the duration of one sample period. However, this
estimated speed @, cannot be directly used in the speed feedback, since the noise w(k) in the

estimated rotor position will be amplified with a small AT as shown by (6.39).

~ ér(k) - ér(k - 1) n W(k)

6.39
©r AT, AT, (639)
Therefore, the estimated speed should be filtered by a low-pass filter (LPF) as:
A~ A~ 1 ~
wT‘_LPF = LPF((L)r) = (l)r (640)

Ts+1

175



where @, ;pr is the estimated speed after filtering and T is the time constant of the low-pass

filter. The block diagram of the speed estimator is shown in Fig. 6.8.

ér(k) ) + &)\r wT_LPF

0, (k— 1)

Fig. 6.8. Block diagram of speed estimator.

6.3.4 Inverter Nonlinearity Effect

As mentioned in Section 6.3.1, in order to make 6,, zero, a zero command is given to d-axis
voltage, which is shown in Fig. 6.4. However, it is worth noting that in practice, the output
voltage of the inverter may be different from the reference voltage due to inverter-nonlinearity,
of which the dead-time is the main contribution to the output voltage error. In this chapter, two
machines are tested and take SPM-I as the example, the influence of inverter-nonlinearity on
the proposed position estimation method is investigated.

According to [JEO91][RAU10][GON11], the relationship between phase voltage error and
phase current can be obtained due to inverter-nonlinearity. Then, the phase voltage error against
the phase current is measured and shown in Fig. 6.9. It can be seen that the voltage error is
relatively small compared to the rated terminal voltage of the tested SPMSM as shown in the
Appendix. This is due to that the dead-time effect is less with a lower switching frequency. The

sampling frequency and dead time settings of the test rig are 2.5 kHz and 2us, respectively.
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Fig. 6.9. Measured voltage error against phase current. [WU20e]
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Equation (6.41) illustrates that the actual d-axis voltage is different from the reference due

to inverter-nonlinearity.
vy =vg + Ay (6.41)

As mentioned in Part A before, 0,, is controlled to zero. Due to the existence of Av,, an error is
therefore introduced in the angle 6,,, which is shown in (6.42).

A'Ud
A@, = arctan— (6.42)

Vq

Based on the simplified mathematical model presented, a non-zero 6,, will cause a position
estimation error. However, it is obviously seen from (6.42) that a slight difference in v; can be
minimized by dividing v,. In all, as shown in Fig. 6.10, with the original settings of dead time
and switching frequency, position estimation error caused by this inverter nonlinearity can be
ignored. Therefore, the compensation of inverter-nonlinearity may be unnecessary.

However, if the inverter-nonlinearity effect becomes more significant, then the estimation
error will increase so that it cannot be ignored as before. Therefore, corresponding
compensations are necessary. In Fig. 6.10, the dead-time is intentionally increased to
investigate its influence on position estimation error. Clearly, it can be seen that position error
increases as the dead-time becomes larger.

There are many methods [JEO91] [RAUI10][GONI11][PARI2][WANI14a] to solve the
influence of inverter-nonlinearity effect, with which the influence can be solved properly. Based
on the relationship between the measured voltage errors against current shown in Fig. 6.9, a
compensation look-up table (LUT) is generated to solve the position estimation error due to
inverter nonlinearity. According to [WANI14a], the generated compensation LUT can be
represented as a nonlinear function between the output phase voltage error and the phase current,

viz.,

_ 1 1
Merror = (i) = 200 (= — 3) (643)

where Avg.0r—, and i, are the arbitrary phase distortion voltage and phase current,
respectively. AU and k are the distortion voltage model parameters. A larger dead-time

contributes to a larger AU. Then, the voltage command is modified to:
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v =v" 4+ f(iy) (6.44)

The block diagram of the compensation is shown in Fig. 6.4. Fig. 6.10 shows that after

compensation, the position error caused by inverter-nonlinearity is eliminated apparently.

8

—=— Without compensation
6 - ==& -/ With compensation
4 -

Initial setting

Position error (degree)

Dead time (ps)
Fig. 6.10. Position estimation error against dead-times. [WU20¢]

6.3.5 Starting Procedure

For conventional fundamental model based methods, zero and low speed sensorless control
performance is poor due to non-observable back-EMF. For the proposed method, the stator
currents are directly used to estimate the position, the low speed sensorless control performance
could be improved. Although for the proposed method, zero speed rotor position estimation is
unfeasible, it is still possible to start the machine as long as the observer can quickly converge
to the actual position after an initial rotation movement is produced. However, starting without
the knowledge of rotor initial position information, the starting performance may not be
satisfied and become even worse, e.g. reverse rotation issue [BOL99][JANO6], which is not
allowed by some applications. In [BOL99], a countermeasure to reverse rotation during starting
is proposed by looking at the estimated speed, a 180-degree compensation angle is compensated
during reverse rotation. However, a large g-axis current impulse will be produced during the
correction, producing harmful torque. Hence, before starting the rotor initial position
information is obtained to improve the starting performance and prevent the reverse rotation.
Rotor initial position estimation methods based on magnetic saturation effect
[MAT96][SCHI97][TURO3][WANI10][WU20c] are a satisfactory alternative and are employed

in the section.
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In this section, the method in [WU20c] is adopted to estimate the rotor initial sector. By
using [WU20c], initial rotor position can be estimated with a maximum error of 15 degrees.
With the knowledge of the rotor initial position sector, a more reliable starting performance can

be achieved without reverse rotation, which will be verified by experimental results.
6.3.6 Experimental Validation

The experiments are implemented on a dSPACE platform to validate the effectiveness of the
proposed method on two prototype SPMSMs, i.e. SPM-I and SPM-II (their parameters are
shown in Appendix A). Although SPM-I has a larger PM flux-linkage, the large inertia makes
it more difficult to start up. SPM-II has a much smaller inertia but its PM flux-linkage is also
much smaller than SPM-I. For SPM-I, a torque motor is connected to the test SPMSM through
the shaft. The torque motor is operated in torque control mode to provide the desired load to
the SPM-I. Both steady-state and dynamic performances are investigated. Moreover, the

starting performance test is carried out.
A. Steady-state Performance

The steady-state sensorless control performance with the proposed method is illustrated in
Fig. 6.11 and Fig. 6.12. The position estimation error is Af,.. In the test, SPM-I and SPM-II are
controlled at Srpm and 25rpm, respectively, which are approximately the minimum speeds that
give the reliable performance. Fig. 6.11 and Fig. 6.12 are the steady-state estimation
performance with no-load and Fig. 6.13 and Fig. 6.14 are the ones with the full-load. It can be
seen that the proposed method provides good performance with different load conditions at a
low speed. Besides, the steady-state position estimation performance against different load
conditions is also considered and illustrated in Fig. 6.15, together with the DC component of
the position estimation error. It can be seen that there is a small increase in the position error
with more load. This is due to the simplification of the model from (6.33) to (6.34). Besides,
SPM-II has slightly larger error than SPM-I. According to (6.24), this is due to a smaller
resistance of SPM-II. Besides, a slight larger inverter non-linearity effect of SPM-II platform

also increases the error. Nevertheless, the error is so small that can be ignored.
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Fig. 6.11. No load steady-state performance at 5 rpm. (SPM-I) (a) Rotor position estimation. (b)
Rotor speed and g-axis current. [WU20e]
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Fig. 6.12. No load steady-state performance at 25 rpm. (SPM-II) (a) Rotor position estimation. (b)
Rotor speed and g-axis current. [WU20¢e]
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Fig. 6.13. Full load steady-state performance at 5 rpm. (SPM-I) (a) Rotor position estimation. (b)
Rotor speed and g-axis current. [WU20e]
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Fig. 6.14. Full load steady-state performance at 25 rpm. (SPM-II) (a) Rotor position estimation. (b)
Rotor speed and g-axis current. [WU20e]
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Fig. 6.15. DC component of position error against different load conditions. [WU20e]

B. Dynamic-state performance

The dynamic performance of the proposed method is also presented in this part. For both
SPM-I and SPM-II, step speed and step load tests are carried out. For the step speed test on
SPM-I in Fig. 6.16, the speed reference is given as 0-10-20rpm. For the step speed test on SPM-
II in Fig. 6.17, the speed reference is given as 20-50-100-200rpm. From the result, it can be
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observed that the rotor is able to start from standstill well and then follow the given speed

reference properly with the proposed method.
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Fig. 6.16. Dynamic performance under step speed. (SPM-I) (a) Rotor position estimation. (b) Rotor
speed and speed reference. [WU20e]
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Fig. 6.17. Dynamic performance under step speed. (SPM-II) (a) Rotor position estimation. (b) Rotor
speed and speed reference. [WU20e]
The step load test of both SPM-I and SPM-II are shown in Fig. 6.18 and Fig. 6.19, it is
shown that the proposed method gives a good position tracking performance when g-axis

current changes rapidly from no-load to full-load.
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Fig. 6.18. Dynamic performance under step load. (SPM-I) (a) Rotor position estimation. (b) Rotor
speed and g-axis current. [WU20e]
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Fig. 6.19. Dynamic performance under step load. (SPM-II) (a) Rotor position estimation. (b) Rotor

speed and g-axis current. [WU20e]

Moreover, a variable load test at Srpm and 10rpm are considered in Fig. 6.20 and Fig. 6.21.
Due to hardware limitation, the variable load test is only carried out on SPM-I. A time-varying
load is applied to the SPM-I. The load changes from no-load to full-load. It can be seen that a
stable position tracking performance is achieved at both Srpm and 10rpm. Therefore, it can be

concluded that the proposed position estimation method presents a good dynamic performance.

Estimated @ --------- Actual
2n
0 /12
AG.(rad

Al )""M'Mﬂrr"MM"'“'""'"'O
T T T T -713/12

0 3 6 9 12 15

Time (s)

(a)

185



0

10
Speed (rpm)/' 0
0 3 6 9 12 15
Time (s)
(b)

Fig. 6.20. Dynamic performance under variable load at Srpm. (SPM-I) (a) Rotor position estimation.

(b) Rotor speed and g-axis current. [WU20e]
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Fig. 6.21. Dynamic performance under variable load at 10rpm. (SPM-I) (a) Rotor position
estimation. (b) Rotor speed and g-axis current. [WU20e]
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C. Starting Performance

In this part, starting performance is examined. Firstly, in Fig. 6.22, a starting failure using
the conventional back-EMF based method [CHEO03] is shown. Next, as discussed in Section
6.3.4, the rotor initial sector information can be favourable in a reliable starting performance.
Fig. 6.23 shows the starting performance without the knowledge of rotor initial sector

information, it can be seen that a reverse starting happens.
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Fig. 6.22. Starting failure with the conventional back-EMF method [CHE03]. [WU20e]
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Fig. 6.23. Reverse rotation during starting, without knowledge of rotor initial sector information.

[WU20e]

In contrast, with the knowledge of rotor initial sector, starting performance is tested. Rotor
initial sector is firstly estimated based on [WU20c]. The maximum initial position error is 15
degrees. Therefore, in this part, the machine starts from standstill with 15 degrees initial
position error. Fig. 6.24 and Fig. 6.26 show the starting performance with the proposed method
considering no-load and full-load conditions. For the no-load test, on both SPM-I and SPM-II,

it can be seen that the position can be tracked quickly and gives a satisfying starting
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performance. In case of starting with full-load, due to hardware limitation, the test is only
carried out on SPM-I. The torque motor is set as zero speed with a 91Nm torque limit which is
the rated torque of the prototype SPMSM. As long as the prototype SPMSM can provide a
proper torque that is larger than 91Nm during starting, the machine can start to accelerate to the
reference speed. As shown in Fig. 6.26 the proposed method is able to start the machine from

standstill with full-load.
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Fig. 6.24. Starting performance with no-load, with knowledge of rotor initial sector information.

(SPM-I) (a) Rotor position estimation. (b) Rotor speed and g-axis current.
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Fig. 6.25. Starting performance with no-load, with knowledge of rotor initial sector information.

(SPM-II )(a) Rotor position estimation. (b) Rotor speed and g-axis current.
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Fig. 6.26. Starting performance with the full-load, with knowledge of rotor initial sector

information. (a) Rotor position estimation. (b) Rotor speed and g-axis current. [WU20e]

6.4 Application of Proposed Simplified Fundamental Model Based
Method in Wind Power System

For wind power systems, both generating and motoring modes are necessary. In generating
mode, the zero and low speed region may not be operated. However, in the motoring mode,
starting operation is necessary. Especially, in the Siemens wind power system, a so-called
“motoring test mode” is required since the turbines need to be tested in the motoring mode
before installation. In the motoring test mode, the turbine is required to start from standstill to
the rated speed or the overspeed under no load but with a very large inertia. For turbines with
low or no saliency, high-frequency signal injection methods cannot be used to start the turbine.
Currently, open-loop control method, i.e. VVVF(variable voltage variable frequency), is used
but a large torque oscillation may occur during the starting. Hence, the proposed method is
applied to the wind turbine in the motoring test mode to achieve a closed-loop sensorless

starting operation.
6.4.1 Starting Performance

Due to the limitation of the practical test platform, only hardware-in-loop (HIL) simulation
test is carried out based on the Siemens 3MW SPMSM wind turbine system and the turbine is
operating in the motoring test mode. The turbine starts from 0 to 5 rpm under no load. Besides,
it is worth mentioning that the induced g-axis current should be limited within 100A (2% rated
current) by following the industrial requirements. Besides, in this part the starting performance

is investigated with and without applying the rotor initial position estimation.
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A. With rotor initial position estimation

Firstly, the rotor initial position estimation method based on magnetic saturation introduced
in Chapter 2 is applied at standstill. Then, the maximum rotor initial position error can be
limited within £15 degrees. In this case, the starting performance is shown in Fig. 6.27. It can
be seen that the turbine can start smoothly and there is no oscillation in the actual speed. Besides,

during starting the induced g-axis current is within SOA which is smaller than the limitation.
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Fig. 6.27. Starting performance with rotor initial position error of 15 degrees. (a) Rotor position. (b)

Position estimation error.
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Fig. 6.28. Starting performance with rotor initial position error of 15 degrees. (a) Rotor speed. (b)

Q-axis current.

Furthermore, the starting performance of the proposed method is compared with high
frequency injection method. The high-frequency injection method used here is the conventional
pulsating signal injection method. Both methods are tested with a 15-degree initial position
error. The estimated position comparison is firstly shown in Fig. 6.29 and the estimation errors
are given in Fig. 6.30. For both methods, the rotor position is estimated successfully and the

turbine starts from standstill smoothly.
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Fig. 6.30. Rotor position estimation error comparison. (a) Proposed method. (b) High frequency

injection method.

Then, the rotor speed comparison is shown in Fig. 6.31. Obviously, by applying both methods

the turbine is able to start successfully and rotate in the correct direction.
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Fig. 6.31. Rotor speed comparison. (a) Proposed method. (b) High frequency injection method.
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Fig. 6.32 shows the actual g-axis currents during the starting. It can be seen that for both
methods, the g-axis current impulses during starting are within the limitation.
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Fig. 6.32. Q-axis current comparison. (a) Proposed method. (b) High frequency injection method.
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In summary, with the knowledge of rotor initial position, the starting performance of the

proposed method is satisfied as the high frequency signal injection method.
B. Without rotor initial position estimation

As introduced in Chapter 2, in the rotor initial position estimation, voltage pulses are
required and a certain amount of current response is necessary to saturate the iron core and
therefore obtain reliable estimation performance. Inevitably, there will be current impulses in
g-axis causing torque and noise, which may be limited by industrial requirement. Hence, in this
part the proposed method is also tested without the rotor initial position estimation.

As shown in Fig. 6.33, by applying the proposed method the turbine is able to start with a
maximum of rotor initial position error of 90 degrees. It is worth noting that although estimated

speed goes negative at beginning, the actual speed is not and does not have any oscillation. This

will be further investigated in the next section.
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Fig. 6.33. Starting performance with rotor initial position error of 90 degrees. (a) Rotor position. (b)
Rotor speed.
However, if the rotor initial position error is larger than 90 degrees, reverse rotation happens
during starting. The reverse rotation can be explained in two aspects:
Firstly, as introduced in Section 6.3.1, a conventional quadrature PLL is used to estimate

the rotor position. The input error signal €p;; of PLL can be represented as:
epr, = K sin @, cos 8, — K,, cos 6, sin 8, = K,, sin(6, — 0,) = K,,A6, (6.45)

where K, is the amplitude of input error signal €p;;. According to [ZHA16], there are two
equilibrium points for the PLL, i.e. 0 and 180 degrees. When the initial position error is larger
than 90 degrees, the PLL input error signal will be converged to 180 degrees [OLI12].

Secondly, for SPMSMs, the output torque is only produced by g-axis current which is given
by:

3
T, =5 P¥miq (6.46)
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Currents in the estimated synchronous reference frame can be transformed into actual
synchronous reference frame as given by:

ia] _ [cosAf, —sinAHr]_ iy
[iq]_[sinAer cosA, | |i, (6.47)

Then, the actual g-axis current can be represented as:
g = igsinAf, + iq cos AB, (6.48)
Since i is close to zero and can be neglected, (6.48) can be simplified as:
g = iq cos AG, (6.49)

Then, the electromagnetic torque is also simplified as:
3 5
T, = EPL/Jqu cos AB, (6.50)

Considering different values of Af,., the output electromagnetic torque is given by:
+T —90° < Af, <90’
T, =4 0 AB, = +90° (6.51)
—-T 90’ <Af, <270°
Obviously, a negative torque is produced when the position error is larger than 90 degrees, i.e.
90" < A, < 270°, which also aligns with [BOL99].

In summary, if the rotor initial position error is larger than 90 degrees, after starting the PLL
will converge to its 180 degrees equilibrium point causing a 180 degrees position error. In this
case, a negative torque will be produced and the rotor rotates reversely.

As shown in Fig. 6.34, the turbine starts to rotate reversely when the rotor initial position
error is larger than 90 degrees. Both the actual speed and the g-axis current go negative. The
position estimation error is 180 degrees during the reverse rotation. In this case, a reverse
rotation compensation strategy should be developed to correct the rotation direction during the

reversal, as will be shown in the next section.
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Fig. 6.34. Starting performance with rotor initial position error larger than 90 degrees. (a) Rotor

position. (b) Estimation error. (¢) Rotor speed.
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6.4.2 Reverse Rotation Compensation Strategy

As described in the previous section, by applying the proposed method without the
knowledge of rotor initial position, reverse rotation happens when rotor initial position error is
large, i.e. 90° < Af, < 270°. Hence, a reverse rotation compensation strategy is developed in
this section.

A. Estimated speed detection

During the reverse rotation, the rotor speed is shown in Fig. 6.35.
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Fig. 6.35. Rotor speed during reverse rotation.

It can be seen that during the reverse rotation, the estimated speed is the same as the actual one.

Furthermore, according to Section 6.3, the estimated speed can be obtained by:

. = ér(k) - ér(k - 1)
r AT,

(6.52)

During the reverse rotation, the estimated position has a constant 180 degrees error. Hence, as

given by (6.53) the estimated speed is the same as the actual speed.

~ _ (ér(k) + 1) — (ér(k -1+ ) _ ér(k) - ér(k —1)

6.53
@r AT, AT, (6:53)

Based on this, reverse rotation can be detected by observing the sign of the estimated speed.
B. Observer convergence detection

The estimated speed is used for detection of reverse rotation. However, during starting, there

will be a dynamic stage for the observer to converge (Stage 1) as shown in Fig. 6.36. In this
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stage, the sign of the estimated speed can be negative even if the rotor rotates correctly

afterwards (Stage 2).

Estimated - - - Actual

Rotor speed (RPM)

Time (s)

Fig. 6.36. Rotor speed during reverse rotation.

Clearly, only after the convergence period of the observer (Stage 2), the sign of the estimated
speed can be used for detecting reverse rotation. Thus, an additional detection of the
convergence period is required.

For the proposed method, the Phase-locked Loop (PLL) is used as the observer to estimate
the rotor position and speed as shown in Fig. 6.6 and the input error signal of the PLL is &p;;.

During the starting, considering different rotor initial position error, there are 4 different

cases in total as given by:

(180o <A@, < 270°  Reversal case 1
90" < A, < 180° Reversal case 2
0° < Af, <90° Correct case 1
270° < AG, < 360° Correct case 2

(6.54)

The input error signals of PLL under different cases are shown in Fig. 6.37.
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Fig. 6.37. Error signals of Phase-locked Loop under different cases.
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Clearly, for both cases, after the convergence period the input error signal ep;; will be
minimized. Therefore, the input error signal of PLL €p;; can be used to detect the end of
convergence. As given by (6.55), a threshold value is set, if €p;; is smaller than the value then

the convergence is regarded as finished.
lep.| < Threshold (6.55)

After that, the sign of the estimated speed is then detected to justify the rotation direction.
If the estimated speed is negative, an angle of 180 degrees is compensated. The compensation

flow chart is shown in Fig. 6.38.
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Fig. 6.38. Flow chart of reverse rotation compensation strategy.

C. Compensation performance

Fig. 6.39 shows the compensation performance of the presented strategy. In the test, the
rotor rotates reversely at first with an error of 180 degrees. Then, the estimated position is

compensated with 180 degrees and the rotation direction is corrected afterwards.
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Fig. 6.39. Reverse rotation compensation performance (a) Rotor position. (b) Rotor speed.

D. Q-axis current step mitigation

Firstly, the compensation strategy is verified in Fig. 6.40.
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Fig. 6.40. Q-axis current step during reverse rotation compensation.

However, as shown in Fig. 6.40, during the correction of reverse rotation there will be a
large g-axis current step which should be limited according to industrial requirements. Hence a

g-axis current step mitigation strategy is further developed to avoid the large g-axis current step.
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Fig. 6.41 shows the original g-axis current reference change during the reverse rotation
compensation. Clearly, the step change of the g-axis current reference will cause a step in the

qg-axis current. Therefore, the g-axis current reference can be adjusted to avoid the g-axis current

step.

Fig. 6.41. Original g-axis current demain during reverse rotation compensation.

As shown in Fig. 6.42, a ramp demand of the g-axis current is applied instead of step change.

Hence, the step of g-axis current can be avoided.
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Fig. 6.42. Improved g-axis current demain during reverse rotation compensation.

By using the ramp demand of g-axis current, the g-axis current during the reverse rotation

compensation is shown in Fig. 6.43. It can be seen that the g-axis current step change is now

replaced by a ramp increase.
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Fig. 6.43. Q-axis current ramp during reverse rotation compensation.
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6.5 Conclusion

This chapter introduced a simplified fundamental model based sensorless control method
for SPMSM in low speed range and considering the starting process. Instead of calculating
back-EMF or flux-linkage as conventional methods, this proposed method directly uses stator
currents in the stationary reference frame for rotor position estimation, providing a more
effective way to estimation the rotor position. A good position estimation performance at low
speed is achieved since the current information is directly obtained from the current sensors.
Moreover, with the knowledge of the rotor initial position information before starting, the
proposed method is able to provide a satisfied starting performance even with the load. The
influence of inverter nonlinearity is also discussed and the corresponding compensation shows
a satisfied performance when the inverter nonlinearity effect gets larger. The proposed methods
are verified through experimental results, showing good position estimation performance under
different operations. Furthermore, the proposed method is applied to Siemens wind power
system to start the turbine from standstill. With the rotor initial position information, the
proposed method shows a satisfied performance as conventional high frequency signal injection
method. When rotor initial position information is not available, a reverse rotation
compensation strategy is developed to guarantee a reliable starting performance. The proposed

method is verified by hardware-in-loop (HIL) simulation of Siemens wind turbine.
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CHAPTER 7

SENSORLESS CONTROL OF PERMANENT MAGNET
SYNCHRONOUS MACHINES CONSIDERING ROTOR
ECCENTRICITY

7.1 Introduction

Basically, sensorless techniques can be divided into fundamental model based techniques
[MORO2][CHEO3][BOLO8][YOO09a] and saliency tracking based techniques
[JANOS][DEG98][BRI04][XU16a]. Fundamental model based methods utilizing back-EMF
have a good performance at middle and high speeds. However, the magnitude of back-EMF is
proportional to the rotor speed, these methods present poor performance and cannot be
employed in zero and low speed regions. In terms of saliency tracking based methods, they are
more suitable in zero and low speed ranges.

However, most of the researches are based on a healthy condition of PMSM. On the contrary,
in this chapter, sensorless control of PMSM under rotor eccentricity (RE) is considered. Caused
by many sources [KRAO4][RAJO7][ROUO7][EBRO9][DOR10] [HONI12a] including
manufacture tolerance, structure deformation and bearing wear, rotor eccentricity is an
unavoidable issue, especially in mass production and real operation. Besides, it is prone to exist
in large machines, such as wind turbine PM generators. The influence and principle of rotor
eccentricity are exploited by a lot of researches [HON12b] [HSI13] [ZHU13] [LI15] [LIU17]
[SON17]. Generally, PMSM characteristics including back-EMF, inductance, torque etc. can
be influenced by rotor eccentricity. Hence, under rotor eccentricity, there exhibit parameter
variation, unbalance and harmonics. For conventional fundamental model based sensorless
control methods under rotor eccentricity, these undesired changes could affect the position
estimation performance.

Hence, in this chapter, the effect of rotor eccentricity on PMSM characteristics and its
impacts on conventional fundamental model based sensorless control methods are investigated
firstly. Combined with the conclusion in [WU19b], under rotor eccentricity, there will be
mechanical frequency ripple in torque and power signals, unbalance in three-phase back-EMFs,
flux-linkages and inductances and variations in inductance value. Then, impacts of these
undesired phenomena on conventional fundamental model based sensorless control methods
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are investigated. It is found that there will be mechanical frequency and the 2" order harmonic
exist in the position estimation error due to rotor eccentricity. For conventional back-EMF
based sensorless control method, the phase-locked loop (PLL) technique is a suitable choice to
extract the position from input [WAN14a]. However, since the bandwidth of PLL is generally
designed widely in consideration of dynamic performance, it is difficult to effectively eliminate
these low order harmonics. Therefore, an adaptive notch filter introduced in [WANI14a] is
applied to a conventional back-EMF based sensorless control method [MORO02] [CHEO3] to
suppress these undesired harmonics.

In this chapter, the rotor eccentricity is firstly explained and the experimental setup of rotor
eccentricity is described. Then, the impacts of the rotor eccentricity on PMSM characteristics
are summarized and demonstrated. Moreover, the impact of these undesired changes on
sensorless control performance are analysed based on the conventional back-EMF based
sensorless control method. Then, the adaptive notch filter is introduced and the modified back-
EMF based position estimator is demonstrated. Finally, rotor eccentricity effects on PMSM
characteristics are examined by measurement results, and the modified back-EMF based
sensorless control method is implemented on a dSPACE platform and its effectiveness are
verified by experiments.

This chapter is based on the papers:

[WU19b] X. M. Wu, and Z. Q. Zhu, “A simple mechanical rotor position estimation method
based on rotor eccentricity,” 2019 I[EEE International Electric Machines and Drives
Conference (IEMDC), San diego, CA, 2019.

[WU20f] X. M. Wu, Z. Q. Zhu, and Z. Y. Wu, “Analysis and Suppression of Rotor
Eccentricity Effects on Fundamental Model Based Sensorless Control of Permanent Magnet

Synchronous Machine,” IEEE Transactions on Industry Applications, In press.
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7.2 Rotor Eccentricity

In this section, the rotor eccentricity is firstly defined. Then, the experimental setup of rotor

eccentricity is described including the modelling, measurement and tuning of the airgap length.
7.2.1 Definition

Rotor eccentricity is caused by many reasons, such as manufacture tolerance, structure
deformation and bearing wear which are unavoidable, especially in mass production and real
operation. The principle and impact of rotor eccentricity are already exploited by a lot of
researches. Basically, there are two types of eccentricity, static eccentricity (SE) and dynamic
eccentricity (DE), which are illustrated in Fig. 7.1. For a healthy motor, the geometric and
rotating centers of the rotor are aligned with the stator bores as illustrated in Fig. 7.1(a). For SE,
the rotor rotates around its own geometry center, O,., which is shifted in parallel to that of the
stator, i.e. O, as illustrated in Fig. 7.1(b). For DE shown in Fig. 7.1(c), the geometry center of
the rotor is also shifted but the rotor rotates around the geometry center of the stator, O;.
Commonly, in real applications, these two types of eccentricities both exist at the same time,
and both have impacts on machine characteristics leading to deteriorated sensorless control

performance.

Stator

-
@

(b)

Fig. 7.1. Illustration of rotor eccentricity. (a) Concentric. (b) Static eccentric. (¢) Dynamic eccentric.

[WU20f]
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7.2.2 Experimental Setup

The experimental setup of rotor eccentricity is then demonstrated in this part. A designated
test platform with adjustable rotor eccentricity is shown in Appendix A. The rotor SE level can
be adjusted and then fixed. However, during the operation, the prototype machine may also
exhibit DE and hence a mixed eccentricity. Therefore, a rotor air-gap model under rotor
eccentricity is defined firstly to quantify the level of SE and DE, independently.

Based on [SON17], the air gap mathematic model is given by:

g(0y,0m) = 8o + 8pg cos(6y — Oy + @pg) + gsg cos(Ox + @sg) (7.1)
eps = 22£ X 100% , £55 = S x 100% (7.2)
8o 8o

where g is the air gap with mixed rotor eccentricity, g, is the length of the air gap, gpy is the
magnitude of dynamic eccentricity, g is the magnitude of static eccentricity, 8, is the
geometric angle from x-axis, 8, is the rotating angle of the motor, ¢pg is the phase shift of
dynamic rotor eccentricity and ¢ is the phase shift of static rotor eccentricity, &5 and ep are
the relative magnitudes of static and dynamic eccentricities with respect to the length of air gap.

By measuring air-gap length at multiple positions against 8, and 8,,, all the coefficients in
(7.1) and (7.2) can be derived including the level of SE and DE. The coefficients are shown in
TABLE 7.1.

TABLE 7.1
AIRGAP MODEL COEFFICIENTS
Parameter Value

g, 1.557mm
€pE 0.1564mm
EpE 10%
8o 0.4486mm
& 28.81%
OpE 13.16°
Qs 177.6°

After measurement, the relative magnitude of dynamic eccentricity pg is 10%. The relative

magnitude of static eccentricity &g is tuned from 0% to 45% in the test afterwards.
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7.3 Rotor Eccentricity Effects on PMSMs

In this section, the influence of rotor eccentricity on PMSM characteristics are generally
discussed including three-phase back-EMF, flux-linkages, inductance and torque ripple.
Besides, the mathematic model of PMSM under rotor eccentricity is derived. These impacts of
rotor eccentricity on PMSM characteristics are demonstrated by examples of measurement

results. More detailed measurement results are given in the experimental section.

7.3.1 Back-EMF and Flux-linkages

Referring to [ZHU13] and [LI15], due to existence of rotor eccentricity including both static
and dynamic ones, there will be unbalance in the three-phase back-EMF. Moreover, the
unbalance level mainly depends on the machine configurations. Machines with rotating
asymmetric winding has larger unbalance level than that of rotating symmetrical one [ZHU13],
[LI15]. The rotating symmetry means that the machine configuration repeats every certain
amount of angle. Fig. 7.2(a) shows one example of the measured three phase back-EMF
waveforms of the prototype machine which is rotating symmetrical under a mixed rotor
eccentricity (20% SE, 10% DE). Fig. 7.2(b) shows its harmonic spectrum which proves that

there is unbalance in the three phase back-EMF waveforms under rotor eccentricity.
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Fig. 7.2. Three-phase back-EMFs with rotor eccentricity (20% SE, 10% DE). (a) Waveforms. (b)

Spectra. [WU20f]

The example in Fig. 7.2 demonstrates the existence of unbalance in the three-phase back-
EMF waveforms under rotor eccentricity. For unbalance case, the amplitudes of three-phase
back-EMFs can be different. Then, the three-phase back-EMFs in ABC reference frame are
given by:

Eq = —wr(Ym + 43P4) sin 6,
. 21
Ep = —w, (Y + Ap) sin(6, — ?) (7.3)

21
E.= _wr(lpm + Al/)c) sin(6, + ?)

where Ay ,, App and Ay, represent the undesired unbalance flux-linkage terms caused by
rotor eccentricity, w,- is the rotor speed, 8, is the rotor position, Y, is the PM flux-linkage.
Then, the unbalanced back-EMFs in the actual synchronous reference frame can be derived as:
E; _ E, Wr 0
E:;] - [Eq] +5 s + gy + a0,

DC

. ) s ) T
o, | Aasin(26,) = 4y sin (26, - §) — tipc sin (26, + §)

3 4w cos(26,) — Ay cos (26, - g) — & cos (26, + g)

2nd Harmonic

[5t] = v [} 39

where Ej and Ef are unbalanced back-EMFs in the synchronous reference frame, E; and E,

(7.4)

are the original components of back-EMFs in the synchronous reference frame. Besides, in
sensorless control system, the real rotor position is unknown, (7.4) should be transformed into

the estimated synchronous reference frame by using the matrix below:
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cosAf, sinA@,

T(46:) = —sinlAf@, cosA®f, (7.6)
where A8, is the position error. After transformation, (7.4) is modified to (7.7).
Ey
Eq
_ E] | o —sin A0,
= [Eq] + 20| @+ 2y + 290 | 0|
. (7.7)
V3 T
o, | AW sin(40, = 20,) + Ay sin (26, - 26, + §) + tp sin (46, — 260, — §)
T T
3 | 4y, cos(46, — 26,) — tpy cos (46, — 26, + §) — tp cos (46, — 26, — §)
2nd Harmonic
Ed _ —sin40,
[qu = 0 | coun, (78)

where E¥ and E ¢ are the unbalanced back-EMFs in the estimated synchronous reference frame.
E, and Eq are the original components of back-EMFs in the estimated synchronous reference

frame. It can be seen from (7.4) and (7.7) that there are extra DC and the 2™ order harmonic
components in the estimated back-EMFs.

Furthermore, according to [ZHU13], the ideal relationship between additional flux-linkages
AY,, AP and A caused by eccentricity can be derived as:

cos (6, — 120°)

AzpB] cos 0,

=AY, - o 7.9

2] =24 | cos (0, + 1207) (7:9)
cos 6,

From (7.9), it is also known that:

Then, by substituting (7.9) into (7.7), the back-EMFs under rotor eccentricity are now given by:

EY] _ [E4 WA, [—sin(46, — 26, — 6,)
E¥| " |E;| 2cosB,| cos(46, - 26, —6,) (7.11)

2nd Harmonic
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Apparently, according to (7.11), the additional DC component in back-EMF can be neglected
under rotor eccentricity. Therefore, it is mainly the 2" order harmonic that exists in the back-
EMF due to rotor eccentricity.

Clearly, for flux-linkages, they are the same as the back-EMFs. The unbalanced flux-

linkages in the estimated reference frame are given by:

Yima| _ [¥ma] , _A¥a [AlpAcos(Aer—zer—ex)
Vi, Vmql — 2cosO, LA, sin(46, — 26, — 6,) (7.12)

Original 2nd Harmonic

ﬁmd _ cosAfB,
Vg = ¥m [sinAHr (7.13)

where P¥, and 1/7#161 are the unbalanced PM flux-linkages in the estimated synchronous

reference, 1,4 and $mq are the original PM flux-linkages in the estimated synchronous

reference. Similar to unbalanced back-EMFs, it is mainly the 2™ order harmonic component

appear in the estimated PM flux-linkages.

7.3.2 Inductance

Under rotor eccentricity, unbalance also exists in three-phase inductances [DEG98], [XU16].
By way of example, Fig. 7.3(a) shows the measurement results of three-phase self-inductance
under rotor eccentricity. The three-phase self-inductances are measured by an LCR meter at
different electrical rotor positions. Clearly, there is an unbalance component in phase A which
has a dc-offset compared with other two phases. It is also confirmed by harmonic spectra in Fig.

7.3(b). It is clear that the average values of three-phase inductances are different.
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Fig. 7.3. Three-phase self-inductances under rotor eccentricity. (a) Waveforms. (b) Harmonic

spectra. [WU20f1]

Similar to back-EMFs, the unbalanced inductances in synchronous reference frame can be

simply modelled as:

Ly Lq ALg pc cos20,
[U;,] = Lq] + ALq_DC]+AL2h [—cosZGr (7.14)
Original DC 2nd Harmonic

where L} and LY are the unbalanced d-q inductances in the estimated synchronous reference,
L4 and L, are the original d-q inductances. ALy p¢ and AL, p¢ are the DC offsets caused by
unbalance. AL, is the amplitude of the 2" order harmonic due to unbalanced inductance. It is
worth mentioning that similar to back-EMFs, any change in one phase will often shift the other

two phases in reverse direction. Therefore, the DC offset in (7.14) can be neglected and the

unbalanced inductances are now given by:

Ly Lg c0s20,
L’;]~ Lq] + Alan [—coszer] (7.15)
Original 2nd Harmonic

Furthermore, under rotor eccentricity the value of inductance also varies [HON12a]
[HON12b] [LIU17] due to magnetic saturation. According to [HON12a], the d-axis inductance
will decrease as level of rotor eccentricity becomes higher while for g-axis inductance, its
change under rotor eccentricity will be much less than d-axis inductance. Experimental
measurement will be given in Section 7.5 to verify this phenomenon. In summary, the d-q axis

inductances under rotor eccentricity are given by:
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-
LE

where LRE and LRE are the d-q inductances under rotor eccentricity. Clearly, under rotor

eccentricity, there will be DC offset and 2" order harmonic differences between the nominal

Lq

ALy pc [ cos20,
Lq] +] ; | + ALy
—— —_—

Original

—co0s206,

DC 2nd Harmonic

value and the actual value of the inductance.

7.3.3 Mechanical Frequency Torque Ripple

According to [RAJO7] and [WU19b], due to the existence of dynamic eccentricity, there is
a mechanical frequency component ripple in the output electromagnetic torque, which is shown

in Fig. 7.4. As shown in Appendix A, the output torque is measured by a torque transducer

mounted on the shaft.
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30 1

Torque (Nm)

90

Torque (Nm)

3

In Fig. 7.4, with a 10% DE, the measured torque curves against mechanical rotor position

under no load and full load are provided. Furthermore, harmonic spectra of torque in Fig. 7.5

20 1

Torque = = =~ Theta_mech

Time (s)
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Fig. 7.4. Output torque against rotor mechanical position. (a) No load. (b) Full load. [WU19b]
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show the existence of torque component at rotor mechanical frequency f;,,. Moreover, it can be
seen from Fig. 7.4 and Fig. 7.5 that the load influence on mechanical frequency order

component of torque can be ignored.
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Fig. 7.5. Spectra of no load and full load output torques. [WU19b]
Besides, the torque ripple will also be reflected in the instantaneous power signal. The

instantaneous real power P; can be calculated from stator voltages and currents by:
3, . .
P, = E(vala + vﬁlﬁ) (7.17)

Then, P; can be approximately represented as:
P, =P, + P, (7.18)

where P, is the mechanical frequency order component and the left components are represented
asP,. By, is the required component that needs to be extracted from P;. The original real power
signal against rotor mechanical position is shown in Fig. 7.6. The harmonic spectra in Fig. 7.7

indicate the existence of mechanical frequency order component in the power signal.
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Fig. 7.6. Real power signal against rotor mechanical position. [WU19b]
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Fig. 7.7. Spectra of original and filtered real power signals. [WU19b]

In order to simplify the analysis, this mechanical frequency ripple in power signal is

assumed to be an equivalent harmonic in the back-EMF as given by:

P, = Ae,,I; (7.19)

P, = LE,, cos(0,, + ¢m) (7.20)

where Ae,, is the equivalent mechanical frequency order harmonic component in the back-
EMF, E,, is the amplitude, 6,, is the mechanical angular position and ¢,, is the phase angle.
Therefore, this mechanical frequency ripple is regarded as the back-EMF harmonics in this
chapter. Moreover, although this chapter focuses on the rotor eccentricity effects, it is still worth
mentioning that apart from DE, mechanical load imbalance may also cause the mechanical
frequency ripple in the torque and power signal [RAJO7]. Besides, according to [RAJO7],

mechanical load imbalance may also cause additional eccentricity effects.
7.3.4 Summary

In conclusion, under rotor eccentricity, unbalance appears in three phase back-EMFs, flux-
linkages and inductances. Besides, value of inductance changes as well. Besides, mechanical
frequency torque ripple exists. These undesired phenomena together will produce position
estimation errors for fundamental model based sensorless control methods. Therefore, in the
next section position estimation error associated with rotor eccentricity and corresponding

suppression strategy are shown.
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7.4 Rotor Eccentricity Effects on Fundamental Model Based

Sensorless Control

Considering conventional fundamental model based sensorless control methods, normally
flux-linkage [BOLO08], [YOO09a] and back-EMF are used for position estimation. Thus, in this
chapter, the analysis is based on the typical back-EMF based method [MORO02], [CHEO3].
According to [MORO02], [CHEO03], machine parameters are required by fundamental model
based sensorless control methods for rotor position estimation. Apparently, any parameter
mismatch will affect the sensorless control performance. Besides, any distortion in back-EMF
and flux-linkage will also affect the performance. Hence, based on the analysis of rotor
eccentricity effects on PMSM characteristics, the impacts on fundamental sensorless control

methods is derived in this section.

7.4.1 Conventional Back-EMF Sensorless Control

[MORO02] and [CHEO3] introduced the extended Back-EMF based method, i.e. E,,, by

which the voltage equation is given by:
v Rs + pL —w,L [ 0
=t i1
Vq erq Rs + pLd lq Eex
where v, and v, are the d-q axis stator voltages, i; and i, are the d-q axis stator currents, Lg
and L, are the d-q axis inductances, respectively. Eox = @iy + (Lg — Lg) (wrig — pig).

For a sensorless control system, the actual rotor position is unknown. Therefore, the above

equations should be transformed into the estimated synchronous reference frame:

ﬁd:l [RS + pLd —(l)qu ] fd E‘d
~ | = ~ |+ 1a 7.22
[vq (‘)qu Rs + pLd iq Eq ( )
Ed —sinA#b,
Iﬁql ~ Eex [ cosAB, ] (7.23)

where the superscript sign ‘A’ indicates the variables in the estimated synchronous reference

frame. Then, the estimated position error can be expressed in the following equations:
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R . Ey
AB, = tan 1 (— =) (7.24)
Eq
Subsequently, as shown in Fig. 7.8, a position observer, such as the phase-locked loop (PLL), is
normally applied to adjust the estimated position to minimize the estimated position error A8,

to make the estimated reference frame align with the actual one.

v Vig

Fig. 7.8. Real power signal against rotor mechanical position [MORO02], [CHE03].
7.4.2 Rotor Eccentricity Effects on Position Estimation

Clearly, any parameter mismatch or harmonics in back-EMF will cause errors in (7.24).
Based on the analysis in Section 7.3, under rotor eccentricity there will be errors in the estimated

position error as given by:

- . Eq+AE,
Af, =tan™ (———) (7.25)
Eq + AE,

where A, is the estimated position error, AE; and AE q are errors in the estimated back-EMFs.
According to [LEE15], regardless of the algorithms, the main goal of them is to nullify the
estimated position error A, in (7.25). Since (7.25) is an arctangent function, nullifying A, is
equal to ‘E; + AE; = 0°. Based on this conclusion, the steady-state position estimation error

AB,. caused by rotor eccentricity can be derived as:
—®;ALgoply + degy + dey,

AB, = sin~1(
Eex

(7.26)

Clearly, it is revealed that rotor eccentricity will cause mainly harmonics in the position
estimation. Although d-axis inductance will change under rotor eccentricity, it will not affect

the sensorless control position estimation in the steady-state.
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Furthermore, as mentioned earlier, a position observer such as the PLL is used to extract the
rotor position. PLL is a practical and simple phase and frequency estimation method due to its
insensitivity to noise and distortion [WAN14a]. However, in order to fulfil the dynamic
performance, the bandwidth of PLL is tuned relatively wide. Hence, the low-order harmonics
in (7.26) may be difficult to be eliminated effectively.

Therefore, in the next section, according to (7.26), an adaptive notch filter (ANF) is applied

to the typical back-EMF estimator to suppress these harmonic errors in the position estimation.

7.4.3 Suppression of Rotor Eccentricity Effects on Rotor Position

Estimation

In this section, an adaptive notch filter introduced in [WAN14a] is used to suppress the
undesired harmonics due to rotor eccentricity. The adaptive notch filter is an attractive choice
to detect harmonics in power quality mitigation. This adaptive notch filter can be used to
eliminate the specified harmonics by self-tuning of filter parameters. The overall control
diagram of ANF is given in Fig. 7.9. As described in Fig. 7.9, both the 2nd and mechanical

frequency order harmonics are eliminated. In Fig. 7.9, P is the number of pole pairs.

|
| 2" order harmonic

>

- Mech. frequency
. order harmonic

Fig. 7.9. Block diagram of ANF in the position observer. [WU20f]

The transfer function of this ANF is given by:

s+ w?

G(s) (7.27)

Cs24us + w

where wy, is the center frequency of the system, which specifies the order of harmonic to be

suppressed. The bandwidth of ANF is u, which is the only parameter to be tuned. This
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parameter should be selected carefully, since as u becomes larger, the dynamic response is
faster but the steady-state error becomes larger too. The frequency response of ANF is shown

in Fig. 7.11.
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Fig. 7.10. Frequency response of the ANF with different bandwidths [WU20f].

Then, the conventional back-EMF estimation method introduced in Section 7.4.1 is
modified by adding an ANF in the position estimation. The overall block diagram of the

modified back-EMF estimator is shown in Fig. 7.11.

i

V v
IR ANF
Back-EMF
1 ap Model
—

Fig. 7.11. . Block diagram of ANF based position estimator [WU20f].

7.5 Experimental Validation

In this experiment section based on SPM-I, the PMSM characteristic changes due to rotor
eccentricity are measured and shown at first. As a result of rotor eccentricity, position errors of
the conventional back-EMF method are shown. Next, the ANF based back-EMF estimator is

examined by eliminating the undesired harmonics in the position error.
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7.5.1 Machine Parameter Variation under Rotor Eccentricity

Before testing the proposed hybrid sensorless control method, it is worthy to investigate the
PMSM characteristic variations under different rotor eccentricity levels. In this part, the static
rotor eccentricity level is tuned from 0% to 45%. During the tuning, the eccentricity angle is
fixed at 0 degree, i.e. 8, = 0, which aligns with phase A. In this part, considering different
levels of SE, the inductance value variation is firstly measured by an LCR meter and then the
unbalance level of three-phase inductances and back-EMFs are measured and shown too.

Firstly, the average values and the 2" order harmonic of three-phase self-inductances
against SE level are measured and demonstrated in Figs. 12 and 13, respectively.
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Fig. 7.12. Average value of measured three-phase self-inductances against static eccentricity level.
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Fig. 7.13. Amplitude of 2" order harmonics of measured three-phase self-inductances against static

eccentricity level.

It can be seen that the average value of three-phase self-inductance decreases as the SE level
becomes higher, while the 2" order harmonic increases with the SE level. It is worth
mentioning here that if the motor operates in the linear magnetic region, the average value of

inductance should increase as airgap length decreases, i.e. phase A inductance. However, in
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fact, the open-circuit operating point is slightly below the knee of B-H curve. Due to rotor
eccentricity, the decreased airgap length will make the stator iron core more saturated so that

the inductance will decrease.

Furthermore. the inductances in d-q reference frame are shown in Fig. 7.14.
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Fig. 7.14. Measured d-q axis inductances against static eccentricity level [WU20f].

Clearly, the d-axis inductance decreases with the SE level and the g-axis inductance only

decreases slightly so that can be neglected. This can be explained by (7.28).

3
Ld = LO +M0 _ELZ

2 (7.28)
Ld :LO +M0 +_L2

2
where L, and M, are the average values of self- and mutual- inductances, L, is the amplitude
of the 2" order harmonic of self-inductance. According to Fig. 7.13, L, decreases with SE level
and L, increases with SE level, resulting in the decrease of L, and negligible change of L,. This
is aligned with the conclusion of inductance variation due to rotor eccentricity in Section 7.3.2.
Then, the unbalance level against SE level is investigated. Based on the rotor eccentricity
setting mentioned before, the unbalance level of three-phase inductances and back-EMFs are

defined as:

Xa - Mean(Xa) Xb)XC)
Mean(Xq, Xp, Xc)

x 100% (7.29)

where X can be inductance or back-EMF.
The experimental results of the unbalance level against different SE levels are given in Fig.

7.15. It is obvious that the unbalance levels of both inductance and back-EMF increase with SE
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level. Besides, as a result of the existing DE, there is still some unbalance in three-phase
inductances and back-EMFs even without SE. Overall, these unbalance levels are quite small

since the prototype machine is rotating symmetrical.

6

Inductance = = = = Back-EMF

Unbalance level (%)

Static eccentricity level (%)

Fig. 7.15. . Unbalance level against static eccentricity. [WU20f]

In conclusion, with higher SE level, the inductance average value decreases while the 2™
order harmonic increases. In case of d-q axis inductances, d-axis inductance decreases with SE
level and the change in g-axis inductance is negligible. Besides, the unbalance level also goes

up with higher SE level.
7.5.2 Position Estimation under Rotor Eccentricity

In this section, the compensation performance of the modified ANF based position
estimation method is shown firstly. Next, considering the different SE levels, position
estimation performance of both the conventional method and the modified method are shown.
In the test, SE level is tuned from 0% to 45% with a fixed 10% DE level.

An example is firstly given in Fig. 7.16 and Fig. 7.17. In this test, the rotor position is
estimated under a 30% SE level. The motor runs at 20rpm at full load condition. At 20rpm, the

back-EMF based method can provide a reliable estimation performance.
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Fig. 7.16. The 2" order harmonic errors in position estimation performance. (a) Conventional

method. (b) Modified method [WU20f1].
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Fig. 7.17. The 2nd order harmonic errors in position estimation performance. (a) Conventional

method. (b) Modified method [WU20f1].

Estimated results with conventional back-EMF based method are shown in Fig. 7.16(a) and
Fig. 7.17(a). Proved by Fig. 7.16(a) and Fig. 7.17(a), there are the 2" order and mechanical
frequency order harmonics in the position estimation error due to rotor eccentricity. Then, by
applying the modified ANF based position estimator introduced in Section 7.4.3, the estimation
performance is shown in Fig. 7.16(b) and Fig. 7.17(b). Clearly, both the 2" order and
mechanical frequency harmonics in the position estimation errors are eliminated effectively.

At last, the position errors caused by rotor eccentricity and the compensation performance
against different SE level are shown in Fig. 7.18. The mechanical frequency harmonic error is
shown in Fig. 7.18(a) and the 2" order harmonic error is shown in Fig. 7.18(b). The motor runs
at 20rpm with different load conditions. Clearly, compared with conventional back-EMF based
method, the harmonics are suppressed effectively by the modified ANF based position

estimator.
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Fig. 7.18. Position errors under different SE levels. (a) Mechanical frequency order harmonic errors.

(b) 2" order harmonic errors [WU20f].

In Fig. 7.18, it can be seen that there are mechanical frequency and 2™ order harmonics
exist in the position estimation errors. However, the amplitudes of harmonics in the position
error are not very significant. This is due to the prototype machine is rotating symmetrical and
the unbalanced level is relatively small as shown in Fig. 7.18. Thus, the induced harmonics in
the position error are relatively small for the prototype machine. Nevertheless, for other
machines, especially for rotating asymmetric ones, the unbalance level would become much

more significant due to rotor eccentricity [ZHU13], [LI15].

7.6 Conclusion

This chapter firstly summarized the PMSM characteristic changes due to rotor eccentricity,
including unbalanced back-EMFs, flux-linkages and inductances, variation of inductance value
and mechanical frequency torque ripple. The rotor eccentricity effect on PMSM characteristics
is verified by measurement results with different SE level. Then, mathematical derivation
reveals that these rotor eccentricity effect will affect conventional back-EMF based sensorless
control performance. It is found that mechanical frequency and the 2nd order harmonic errors
are introduced in the position estimation. Therefore, an adaptive notch filter is applied to the
conventional back-EMF based position estimator. Experiment results are provided showing the
existence of mechanical frequency and the 2nd order harmonic position errors and these errors
are effectively eliminated by the modified position estimator.

Although the main focus of this chapter is on the fundamental model based method, it is
worth mentioning that saliency tracking based method can also be affected by rotor eccentricity

in way of inductance unbalance induced 2" order harmonic error [XU16c].
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CHAPTER 8

GENERAL CONCLUSIONS AND FUTURE WORK

8.1 Introduction

First of all, the main contributions of this thesis can be grouped by three parts:

e Rotor initial position estimation of SPMSM
e Sensorless start-up operation of SPMSM

e Sensorless control under rotor eccentricity

The research structure linking these three parts is illustrated in Fig. 8.1.
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Fig. 8.1. Illustration of research structrue.

For the initial position estimation at zero speed, the short pulse injection based method
utilizing magnetic saturation effect is extensively investigated in this thesis. With the initial
position information, a satisfied sensorless startup operation of SPMSM is achieved by the
proposed simplified fundamental model based method in this thesis. Moreover, even without
initial position information, sensorless startup operation can be realized with the reverse
rotation compensation. Then, the rotor eccentricity effect on PMSMs and conventional
fundamental model based sensorless control is investigated. It is found out that the rotor
eccentricity can introduce harmonics in position estimation error, and meanwhile, rotor saliency
is enhanced under rotor eccentricity which is beneficial to initial position estimation.
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8.2 Rotor Initial Position Estimation

Based on the magnetic saturation effect, short pulse injection based rotor initial position
estimation is systematically investigated in this thesis. The overall structure of the short pulse

injection based method can be divided into 4 parts as depicted in Fig. 8.2.
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Fig. 8.2. Overall structure of short pulse injection based method.

(a) Voltage pulse selection

Firstly, in order to obtain reliable estimation results, the duration and amplitude of the
injected voltage pulse should be selected properly. A simple reliable selection area (RSA) is
presented in the thesis. Selection by RSA guarantees a reliable estimation results by considering
measurement noise, torque production and rotor movement. For the proposed method utilizing
DC-link voltage responses, as discussed in Chapter 4, the pulse selection is additionally
influenced by the DC-link capacitance and DC-link resistance which are related to the
amplitude of DC-link voltage response. Moreover, for rotor initial position under parameter
asymmetries, especially resistance asymmetry, the duration of pulse should be selected as short
as possible to minimize the effect of resistance asymmetry. Then, the voltage pulse can be
selected according to the proposed extended selection area (ESRA). Since ESRA has a wider
and extended selection area which can clearly show if the voltage pulse with shorter duration

and higher amplitude is available.
(b) Injection procedure

For the injection procedure, conventional methods inject voltage pulses into several fixed
positions and some of them are actually redundant. Hence, in Chapter 3, a novel injection
strategy is proposed by selecting injection position based on the previous injection results. The
injection strategy has advantages of reducing

e The required injected pulse number

e The total power consumption
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e The execution time
(c) Position dependent response

For the response part, different position dependent responses are utilized by conventional
methods which are shown in TABLE 8.1. For conventional methods utilizing three-phase
currents, only the injected phase current response is utilized after injection of voltage pulse.
However, the other two phase current responses also contain the position information, and this
phenomenon is utilized by the proposed method in Chapter 3, which helps simplify the
estimation procedure. Moreover, another novel method is proposed in Chapter 4 which utilizes
the DC-link voltage response for position estimation. It is found that the DC-link voltage
response is proportional to DC-link resistance. Hence, the estimation performance becomes

better as the DC-link resistance increases.
(d) Position estimation

Rotor initial position is estimated from the responses at the final step. For conventional
methods, peak values of responses are compared and the maximum value indicates where the
rotor north pole is. A so-called “boundary case” is introduced in Chapter 3, when the north pole
is near or at the boundary between two sectors, the peak values of two responses are very close
to each other and become sensitive to measurement noise. Hence, a boundary detection strategy

(BDS) is developed which shows the following advantages:

e The estimation error caused by the measurement noise is eliminated and the
estimation resolution can be guaranteed at least 30 degrees

e By proper selecting the boundary width, the estimation resolution can be further
enhanced from 30 degrees to 15 degrees at least

e The starting torque is increased to at most 99% of the rated value

e The BDS can be applied to all the other existing methods for enhancement

Moreover, considering the cases of parameter asymmetry described in Chapter 5, the three-
phase current responses are not symmetrical. Therefore, position estimation is deteriorated.
Hence, a compensation strategy by correcting the current responses is proposed in Chapter 5.
The three-phase current responses are measured in the offline test. Then, the asymmetric
coefficients of the three-phase current responses are measured and calculated. During the
estimation, the responses are corrected by these coefficients. Therefore, the influence of

parameter asymmetry is eliminated.
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For the two proposed methods in Chapters 3 & 4, i.e. [WU20c] and [WU20d], their

comparison with conventional methods is shown in TABLE 8.1.

TABLE 8.1
OVERALL COMPARISON
Method [SCH97] [NAKOO] [LEEO6] [LAIO3] [WU20c] [Wu20d]
Terminal
Response for position  Three-phase DQ-axis DC-link N Three-phase ~ DC-link
phase
estimation current current current current voltage
voltage
Consideration of
No No No No Yes No
Boundary case
Estimation resolution
24 30 30 60 15 30
(degree)
Maximum estimation
15 18 15 30 1.5 15
error (degree)
Maximum torque
] 341 4.89 3.41 13.4 0.86 3.41
reduction (%)

Required pulses number 6 18 5 4 3 6
Current sensor 3 3 1 0 3 0
Voltage sensor 0 0 0 3 0 1

Requirement of PWM No Yes No No No No

8.3 Sensorless Start-up Operation of SPMSM

Sensorless start-up operation is a challenge for SPMSMs. Due to negligible rotor saliency,
saliency based methods, e.g. carrier signal injection based methods, cannot be applied. Under
this circumstance, a fundamental model based method is a possible solution to realize the start-
up operation. In this thesis, a simplified fundamental model based sensorless control method is
presented and the start-up operation is achieved even under load. Compared with conventional

fundamental model based methods, the proposed method has the following advantages:

e Only the measured stator current is used for position estimation
e (apability of start-up operation under load

e Improved low speed sensorless performance

e Without the need of stator voltage information

e Without the need of machine parameters
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Due to simplification of the machine model at low speed, only stator current is used for
position estimation, voltage and parameter information are not required. Hence, the estimation
performance is enhanced for start-up and low speed operations. The comparison of the proposed

method and conventional fundamental model based methods is shown in TABLE 8.2.

TABLE 8.2
COMPARISON OF FUNDAMENTAL MODEL BASED METHODS
Back-EMF based Flux-linkage

Method Proposed method
method based method
SPMSM start-up capability Poor Poor Good
Low speed performance Poor Poor Good

Requirement of machine

) ) Yes Yes No
parameter information
Requirement of stator voltage
) ) Yes Yes No
information
Requirement of integration No Yes No
Sensitivity to machine parameter ) )
o High High Low
variations
Sensitivity to inverter nonlinearity High High Low

In the start-up operation, since the rotor initial position information is unknown, reverse
rotation may happen. Two solutions are proposed in this thesis, including rotor initial position

estimation and reverse rotation compensation.
(a) Rotor initial position estimation

Based on the magnetic saliency, rotor initial position can be estimated by using the methods
introduced in the thesis. Initial position estimation is executed before starting and therefore the
reverse rotation is avoided. Since the starting torque is maximized to at least 96% of the rated
value, a satisfied start-up even with load can be achieved. Since an extra estimation method is

required, overall system complexity is increased.
(b) Reverse rotation compensation

A reverse rotation compensation method is presented in the thesis. After rotor rotates
reversely, a 180-degree angle is compensated so that the rotation direction is corrected. Clearly,

this method is much simpler without the need of magnetic saliency and extra estimation
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approach. However, it is limited by some applications of which the reverse rotation is not
allowed. Since the starting torque is not guaranteed, the start-up performance under load is poor.

The comparison between these two solutions is given in TABLE 8.3.

TABLE 8.3
COMPARISON OF SOLUTIONS TO REVERSE ROTATION ISSUSE
Rotor initial position Reverse rotation
Method o .
estimation compensation
Execution timing Pre Post
Requirement of magnetic
] Yes No
saliency
Maximum starting torque 96% or above Not guaranteed
Reverse rotation No Yes
Complexity High Low
Application limitation Less More
Performance under load Good Poor

8.4 Sensorless Control under Rotor Eccentricity

Conventional sensorless control methods are mainly based on a healthy condition of
PMSMs. However, the machine is normally non-ideal in reality. Rotor eccentricity, which is a

common issue, is considered in the thesis. Under rotor eccentricity, changes in PMSM

characteristics are summarized as follows:

e Unbalanced three-phase back-EMF
e Unbalanced three-phase flux-linkage
e Unbalanced three-phase inductance
e Torque ripple

e (Change in d-axis inductance amplitude

These undesired effects are shown and discussed in this thesis and approved by experiment
measurements. Based on these effects, the influence of rotor eccentricity on sensorless control

is also summarized in TABLE 8.4.
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TABLE 8.4
ROTOR ECCENTRICITY EFFECTS ON POSITION ESTIMATION

Methods Influence on position estimation

Fundamental model based method e 2" grder harmonic

e Mechanical frequency order harmonic

Carrier signal injection based method e 2" order harmonic

e Increased SNR of current response

Short pulse injection based method e DCerror

e Increased SNR of current response

For fundamental model based method, mainly harmonics are induced in position estimation.
Hence, a modified back-EMF estimator by adopting an adaptive notch filter is proposed which
eliminates the harmonics effectively.

Besides, the rotor eccentricity effect on saliency based method is also discussed briefly. For
carrier signal injection based method, the 2" order harmonic will also appear in the position
estimation error due to inductance unbalance. Since only high frequency current response is
used and hence the mechanical frequency order harmonic is negligible. For short pulse injection
based method, rotor eccentricity will cause inductance asymmetry and hence affect the rotor
initial position estimation as demonstrated in Chapter 5. Meanwhile, it is approved that the d-
axis inductance is greatly decreased compared with g-axis inductance under rotor eccentricity,
which means the saliency is enhanced. Hence, it is potentially beneficial for saliency based

methods under the rotor eccentricity.

8.5 Future Work

A. Magnetic saturation with coil flux only

In Chapter 2, it is introduced that the magnetic saturation is caused by both PM flux and
coil flux. For magnetic saturation effect on SPMSMs, it is normally assumed that the saturation
is mainly caused by PM flux and the coil flux is only for polarity detection. However, for some
SPMSMs, the air-gap is large or PM flux is weak. Hence, there is negligible magnetic saliency
caused by the PM flux. In this situation, only coil flux can be utilized to provide an inductance
variation against rotor position. It is worth noting that different from the PM flux, the coli flux

will cause an inductance variation with same frequency as one electrical period. Investigation
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of this situation can be carried out and the corresponding estimation methods may be developed

in the future.
B. Rotor initial position estimation under parameter asymmetries

In Chapter 5, the short pulse injection based rotor initial position estimation is investigated
under resistance and inductance asymmetries. However, the investigation is only done by

simulation, experimental verification should be carried out in the future.
C. Consideration of transient part during starting

In Chapter 6, a simplified fundamental model based method is proposed. Before

simplification, the full model is derived as:

[la B [ sin(0, — l [—sin(@r —6,—6,)
fR 2422 | —COS(Or — Hp) /Rz+w$Lz cos(0, — 6, — 6,)
wrLs (81)
_Rsy |RZ¥ w212 Vi _Rs¢ |sin (6, + 6,)
e st [ Yo7 A
R52+—(ZEL,E /R52+w$L§ cos (6, + p)

wyLg
Rs¢|R2 + w212
wrlpme Lg RS r (82)

RZ + wZl2

R, [si
Vi —5 [sm (6, +6,) 83)

—— 1
[RZ + wZl2 cos (6, + 6,)

In the thesis, the transient parts, i.e. (8.2) and (8.3), are neglected. However, during the starting
operation, these parts may become large, especially (8.2). Hence, it is worthy to investigate the

transient parts as a future work.
D. Saliency tracking based method under rotor eccentricity

The saliency tracking based method under rotor eccentricity is only briefly discussed in this
thesis. Investigation of saliency tracking based method under rotor eccentricity should be done

experimentally in the future.
E. Zero vector current derivative based method

For SPMSMs, under the low speed, the fundamental model based methods are mainly

affected by the distorted voltage due to inverter nonlinearity. Since the zero vector current
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derivative (ZVCD) based method uses the current sampling during zero voltage vector dwelling,
stator voltage is not required to estimate the rotor position. Hence, it may be possible to improve

the estimation performance at low speed.
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APPENDIX A DESCRIPTION OF EXPERIMENTAL
PLATFORMS

In the thesis, two test rigs are used, namely Test Rig I and Test Rig I1. For both test rigs, the
experiment platforms are based on the dSPACE1006 control system. The schematic setup of
the overall experimental system is shown in Fig. A.1. It can be seen that the overall
experimental platform generally consists of the DC power supply, the 2-level voltage source
inverter, dSPACE control system, the test motor and load motor. For the test motor, three-phase
stator currents and the DC-link voltage are measured by hall effect sensors. The rotor position
and speed of the test motor are measured by an incremental encoder mounted on the shaft.

Optionally, the output torque of the test motor can be measured by a torque transducer on the
shaft.

p
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Fig. A.1. Schematic experimental platform setup.

For the dSPACE control system, the DS1006 processor board is based on a 2.4GHz multi-
core AMD Opteron CPU, which is the heart of the real-time control system. The analog outputs
of current and voltage sensors are converted to digital signals by DS2004 ADC board, and then
transferred to the DS1006 processor board. The output of the incremental encoder is sent to
DS3001 incremental encoder board and then transferred to DS1006 processor board. After
receiving the PWM duty cycle information from DS1006 processor board, DS5101 board will
output 6 channel PWM signals to the inverter module. At last, with the host interface board
DS817, the real-time data from the platform can be transmitted to the PC interface software,

the real-time data can be captured and monitored during the operation.
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For Test Rig I, the overall experiment platform is shown in Fig. A.2. As shown in Fig. A.2,
a load motor is connected to the test motor. The load motor is an induction motor driven by the
Siemens servo drive S120, which can be controlled in a constant torque mode so that a desired
load can be given. Moreover, the output torque of the test motor can be measured by a torque

transducer mounted on the shaft of test motor.

Fig. A.2. Overall experimental platform of Test Rig I.

The test motor is a modular dual three-phase surface-mounted PMSM with 42 slots/32 poles,
which is shown in Fig. A.2. The parameters of the test motor are given in TALBE A.1. Since

the main topic is focus on the single three-phase SPMSM, only one channel of the test motor is

used.
TABLE A.1
PARAMETERS OF THE TEST MOTOR |
Parameters Value
Pole pairs 16
Resistance (£2) 4.1
Rated RMS current (A) 2.83
Rated speed (rpm) 170
Rated torque (Nm) 171
No-load PM flux linkage (Wb) 0.98
Rated power (kW) 3
Synchronous Inductance (mH) 17.21
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For Test Rig 11, the overall experiment platform is shown in Fig. A.3. As shown in Fig. A.3,
a load motor is connected to the test motor. The load motor is a brush DC motor. A DC voltage

is applied to the load motor to provide a load torque.

RECLEELLE

DC power

Fig. A.3. Overall experimental platform of Test Rig II.

The test motor is a dual three-phase surface-mounted PMSM with 12 slots/10 poles, which
is shown in Fig. A.3. The parameters of the test motor are given in TALBE A.2. Since the main

topic is focus on the single three-phase SPMSM, only one channel of the test motor is used.

TABLE A.2

PARAMETERS OF THE TEST MOTOR II
Parameters Value
Pole pairs 5
Resistance (£1) 1.096
Rated RMS current (A) 4
Rated speed (rpm) 400
Rated torque (Nm) 5
No-load PM flux linkage (Wb) 0.0734
Rated power (kW) 0.24
Synchronous Inductance (mH) 2.142
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