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ABSTRACT

This thesis is focused on sensorless torque control of interior permanent magnet synchronous
machines at standstill and low speed. It can be divided into two closely related sub-topics, i.e.
sensorless rotor position estimation and torque control at standstill and low speed.

For sensorless rotor position estimation, a fast initial rotor position estimation method is
firstly proposed based on high frequency rotating voltage injection. Compared to conventional
methods, the proposed method can detect the initial rotor position faster by comparing the three
phase high frequency current amplitudes as a result of high frequency rotating voltage injection.
Secondly, a novel incremental inductance measuring method is proposed based on both high
frequency rotating and pulsating voltage injections. Different from conventional methods
which use either high frequency rotating or pulsating voltage injection for measuring the
incremental inductances, the proposed method is immune to the delay effects and does not
require a complicated closed-loop position observer. Thirdly, the cross-coupling effect can
result in position estimation error in high frequency signal injection based sensorless control
and deteriorates the torque control performance. A novel method is proposed for offline
measuring the cross-coupling effect induced position error by injecting high frequency
pulsating voltages in the dg-axes. The measured errors are then used for online compensating
the cross-coupling effect. Compared to conventional methods using the offline measured
relationship between incremental inductances for cross-coupling effect compensation, the
proposed method is simple to implement and has better dynamic performance.

For improving the torque control performance, a simultaneous sensorless rotor position and
torque estimation method is proposed for standstill and low speed operation. With the proposed
method, the rotor position is estimated by injecting high frequency square wave voltages to the
estimated dg-axes, which are simultaneously used for identifying the incremental inductances.
The identified incremental inductances are subsequently used to calculate the electromagnetic
torque by approximating the dg-axis flux linkages with curve-fitting technique. Besides, a
whole speed range sensorless operation method is proposed using a single closed-loop position
observer. Compared to conventional methods, unity-length position error signal can be
obtained from the saliency model based on high frequency rotating voltage injection without
using a scaling factor.

Various simulations and experiments have been carried out to verify the effectiveness of the

developed methods.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Introduction

Permanent magnet synchronous machines (PMSMs) have been widely used in both domestic
and industrial applications due to excellent features of high efficiency, high torque density and
high power density [JAH86], [ZHUQ7]. The commonly used control methods are direct torque
control (DTC) and field oriented control (FOC). For DTC, the torque is directly controlled by
regulating the stator flux linkages and the torque angle [TAK86], while FOC is based on
decoupling control of the dg-axis currents [BLA72]. For the control of PMSMs with either
DTC or FOC, the rotor position is essential. In FOC, the rotor position is needed to transform
the currents, voltages and flux linkages in the stationary reference frame to the synchronous
rotating frame, while in DTC, the rotor position is required to select the optimum voltage
vectors [BUJO04]. Generally, the rotor position can be obtained by hardware sensors, e.g., Hall-
effect sensors, encoders, and resolvers. These sensors would increase cost and decrease the
reliability of the system due to additional cables and circuits. Consequently, elimination of the
position sensors in PMSM drives has been the focus of intensive research for more than two
decades [WAN20].

The rotor position can be estimated from the measured terminal currents or voltages which
contain the position information. These methods are commonly referred to as sensorless
methods. According to the models that are employed for position estimation, these sensorless
methods can be classified into saliency model based methods [JAN95] and fundamental model
based methods [HEJ11]. The saliency model based methods make use of the saliency variation
of inductance or resistance with rotor position and are suitable for standstill and low speed
applications [RAC10], while the fundamental model based methods utilize back
electromagnetic force (EMF) or flux linkage signals and have better performance at medium
and high speeds. The main focus of this thesis is the sensorless control of PMSM at standstill

and low speed based on the saliency model.

An important premise for saliency model based sensorless methods is the existence of
saliency variation with rotor position, i.e. resistance saliency or inductance saliency. The

resistance saliency is usually caused by the different eddy current losses on dg-axes [YAN12a],



while the inductance saliency is caused by asymmetric structure on dg-axes or intentionally
magnetic saturation [BIAQO7]. The eddy currents caused by the injected HF currents can cause
Joule losses in the magnetic materials. The Joule loss can be modelled by resistances in the
equivalent HF circuit. If the dg-axis equivalent HF resistances are different, such saliency
variation of the equivalent HF resistances can be used for sensorless position estimation. The
surface-mounted permanent magnet machine (SPMSM) has normally negligible saliency ratio,
but saliency variation can also be created by magnetic saturation [LEE20]. Interior permanent
magnet synchronous machine (IPMSM) has high saliency ratio due to salient pole structure

and is the main focus of this thesis.

Saliency model based sensorless method is usually implemented by exploiting the saliency
variation through test signal injection. The injected signal can be continuous high frequency
(HF) voltage, current, discrete voltage, or the PWM waveforms [RAUOQ7]. The rotor position
can be extracted from the responses caused by the above injection signals with different
demodulation methods [JAN95], [YOO11]. The sensorless performance can be affected by
magnetic saturation, cross-coupling effect [LI09], multi-saliencies [REIO8], load transient
[BRI00], and delay effects [XU17a]. These factors are either due to the inherent properties of
the magnetic materials in the machine or caused by the signal processing process for extracting

the rotor position. In following sections, these factors will be introduced in detail.

As mentioned before, torque control can be achieved through FOC or DTC. No matter which
method is adopted, feedback of the electromagnetic torque is essential for monitoring or control
purpose [MAR20]. Hardware based torque sensors, such as strain gauges, torsional
displacement can be installed to measure the shaft torque, which are expensive and require
extra room and cables. Instead, the torque is usually estimated using the product of flux linkage
and current. The flux linkage observer is affected by resistance variation, magnetic saturation.
Various parameter identification schemes can be used to improve the estimation accuracy, such
as those based on the fundamental model [LIU11], [ICHO6] or those based on HF signal
injection techniques [MAR20], [XU14]. In position sensorless control, the torque estimation
becomes more challenging as the position estimation error can further deteriorate the
estimation accuracy. Besides, to improve the disturbance rejection ability, load torque
estimation based on the mechanical model is also desirable [WAN19a]. For many applications,
whole speed range sensorless operation is required. Hence, the switch between saliency model
based sensorless methods and fundamental model based sensorless methods should be

considered.



In the following section, various position sensorless methods and the switch between
different sensorless methods will be presented first. Then, different torque control and torque
estimation methods will be introduced. Finally, the scope and major contributions of the

research will be outlined.

1.2 Rotor position Sensorless Control Methods

There has been a large variety of researches on the sensorless control from standstill to high
speed over the past decades as shown in Fig. 1.1(a). In general, position sensorless control

methods can be classified as shown in Fig. 1.1(b).
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The fundamental model based methods exploit the back EMF or flux linkages induced by
permanent magnet (PM), while the saliency based methods detect the variation of inductance
or resistance caused by geometry structure or saturation. Methods that are based on
fundamental frequency model can be further divided into the back-EMF-based schemes
[MAT96], the flux-linkage-based schemes [HU98] and the 3™ harmonics based methods
[L1U14a]. These methods have satisfactory performance at medium and high speeds, but may
fail at standstill and low speed due to low signal to noise ratio of the back-EMF signals. The
saliency generally appears as spatial inductance variation caused by machine geometry and

magnetic saturation, or spatial resistance variation induced by eddy current.

Spatial saliency can be detected by additional excitation signal injection or just making use
of the PWM excitations. The injected signals can be continuous waveforms, such as sinusoidal
rotating, sinusoidal or square wave pulsating signals. Discrete signal injection based sensorless
methods inject voltage pulses or make use of the current variations during PWM voltage
vectors. The indirect flux detection by on-line reactance measurement (INFORM) method
measures the current responses induced by the vectors which are applied in different positions
[SCH96]. The pulse injection method injects two voltage pulses in opposite directions and
extracts the current variations for position estimation [WAN17a]. The zero voltage vector
current derivative (ZVCD) method calculates the rotor position by measuring the current
variations during zero voltage vectors. The arbitrary injection method estimates the position
from the differences between the measured currents and the calculated model currents.

In actual applications, the saliency model based methods and fundamental model based
methods are usually combined to provide whole speed range sensorless operation [YAN17],
[XIA20], [YOU18].

1.2.1 Fundamental model based sensorless methods

The back EMF and flux linkages induced by permanent magnet can be used to observe the

rotor position as shown in Fig. 1.2.
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1.21.1 Back EMF

(a) Machines with non-salient pole

The voltage equations of PMSM with non-salient pole are given by

|:ud}_|:Rs+Lsp —o,L }Fd}'a){ 0 } L.1)
U, .l R,+Lp]|l 1 Y om

where Rs is the phase resistance, Ls is the phase inductance, we is the rotor electrical angular
speed, p is the differential operator, ¥pm is the permanent magnet (PM) flux-linkage, uq, uq are
the dg-axis voltages, iq, iq are the dg-axis currents, respectively. The cross-coupling inductance

is not considered in this model.

For sensorless rotor position estimation based on this model, as the actual rotor position is
not known, the voltages and currents are expressed in the estimated synchronous rotating
reference frame dg as shown in Fig. 1.3.

AIB

4, |

sy
S

Fig. 1.3. Relationship between the actual dq and the estimated dg frame.
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0, is the position of the estimated d-axis and 8, is the error between the actual and estimated
rotor positions. Voltage equations in the estimated frame are obtained from (1.1) by coordinate

transformation as

ol TR+Lp -wL 1if] |~ovmsin(é)]| . A
{i}:{ als @zs}["}+ p (~)'@:4%—@- (1.2)
uq a)eLs Rs + Ls Pt a)el//pm COS(Hr)

A

where “‘#’> means the estimated reference frame. As can be seen from (1.2), the term

o -

o =

—wetppmsin(ér) is the back EMF on the estimated d-axis and is proportional to the position
error when 8, is very small [MAT96]. Based on this phenomenon, the rotor position can be

estimated by controlling welppmsin(ér) = 0 with the phase-locked-loop (PLL) observer
[YOO11] shown in Fig. 1.4.

7\_
D>
w |
D>

a)el//pm S'in(ér)%—> kp +_i :

6

r

<0 —» a)ez//pmsin(ér)<0 %c?)e ——0 ——0, 1450

Dynamic regulating process

Fig. 1.4. PLL observer for estimating rotor position and its dynamic regulating process.

With this type of observer, the estimated position 8, is dynamically adjusted until
wew,l)pmsin(é}) is controlled to zero. The ripples in the estimated position due to sampling noise

can also be suppressed due to the low pass nature of the observer.

(b) Machines with salient pole

The above sensorless position estimation method is only applicable to machines with non-

salient pole. For machines with salient pole, the voltage equations in the dg-axis frame are

U | |R+Lp -al, | 0
LJ:{ @, L Rs+LquJ+w{pr (1.3)

given by



where Lg, Lq are the dg-axis apparent inductances. Due to asymmetry of the dg-axis inductances,
the back EMF cannot be directly extracted in the estimated dg-axis frame. To solve this
problem, the extended back EMF concept was proposed for machines with salient pole
[MORO02] [CHEO3] as

ul] [R+Lp  -aol, i —sin(6,)
LJ _{ oL, R+l D}LS}L = cos( :) 9
Eex = wel//pm +we(|‘d - Lq)id +(Lq - Ld ) plq (15)

where E,, is amplitude of the extended back EMF. By controlling E,, sin(ér) = 0 with the

same PLL observer in Fig. 1.4, the rotor position can also be obtained.

In actual applications, accuracy of the estimation is affected by many other nonlinear factors,
such as inverter nonlinearity, back EMF harmonics and parameter variations. The voltages used
for calculating the back EMF are usually different from the actual measured terminal voltages
due to distortions caused by the inverter nonlinearities, including dead time, parasitic
capacitance and conduction voltage drop [MUN99] [LIU14b]. This can be mitigated by
applying various model based compensation strategies [ZHAOQ4] or terminal voltage sampling
technique [CHE20].

Due to spatial harmonics of the flux linkages, the back EMF contains (6k+1) harmonics
[JUN10], [PAR14], in which the 5" and 7" harmonics are dominant. It is difficult to suppress
the back EMF harmonic distortions without sacrificing the dynamic performance. In [ZHA16a],
adaptive vector filters are used to compensate the back EMF harmonics. In [LIN16], adaptive
notch filters are used to minimize the influence of asymmetric back EMF. As shown in (1.4),
calculation of the back EMF requires stator resistance and inductances. These parameters vary
with temperature, fundamental currents and manufacturing tolerance. The sliding mode
observer for position estimation was employed accounting for the parameter variations and
shows good performance [CHI09] [BER14]. Besides, the disturbance observer has been used
with good performance in disturbance rejection and dynamic operation [PAR14] [ XIA16]. The
problems and solutions for back EMF based sensorless control methods are summarized in Fig.
15.
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Fig. 1.5. Summary of back EMF based sensorless methods.

1.2.1.2 Flux linkages

The flux linkages induced by the permanent magnet can also be used for estimating the rotor
position [SHEQ2], [BOLO08].

(a) Machines with non-salient pole

The flux-linkages for machines with non-salient pole in the stationary reference frame are

I AER e b "

where ¥, and ¥, are the stator flux linkages and permanent flux linkage, 6 is the rotor

expressed as

position, i, iz are the two phase stationary stator currents, L, is the phase inductances. The

rotor position can be obtained as

L[ -Li
6, =tan™ u] 1.7
(l//a -L, 7
The stator flux linkages can be calculated by integrating the back EMF voltages as
v, = [(u, ~i,R, )t (1.8-a)
vy = [ (U, —i,R. )t (1.8-b)

where Rs is the phase resistance. Accuracy of the integration operation is affected by drift and
voltage distortions [HU98]. If there are offsets in the voltages, resistance or measured currents,

the calculated flux linkages would contain dc offset and become saturated due to integration.



To solve these problems, high pass filter (HPF) is used to filter out the dc component. However,

the HPF also brings the problem of delay.
(b) Machines with salient pole

However, for salient pole machine, the two phase stationary inductances on the of-axis
frame are coupled with rotor position which makes it difficult to separate the permanent flux

linkages. The stator flux linkages 14, for machines with salient pole are given by

{%}{LZJLMCOS(ZQ) Lasin(26,) }F&}WP{COS(Q)} (1.9)

vy L.sin(20,) L, -L,cos(26,)] i, sin(6,)

r

where Ly, =L"2;L‘1,LAa = L";Ld. The rotor position cannot be calculated with (1.7). To

simplify the position demodulation, the concept of active-flux 1/7a which is aligned with the

permanent flux vector 1/7pm as shown in Fig. 1.6 was introduced [BOLO8].

Fig. 1.6. Active flux in vector diagram.

The active flux 1/7(1 can be expressed as

l//a:‘//s_l‘qls:‘l//pm-’-(Ld_LQ)id‘ejer (1.10)
V.

Thus, the rotor position for salient pole can be calculated as

—Lj
0, =tan™ [%J (1.11)
a q o

The active flux concept can also be expressed in voltage form as



sl

E;
v,sin(6,) HE} (42
where EG = p[,cos(6,)], Eg = p[i,sin(6;)] are the back EMF induced by the active flux

linkage. The rotor position can be obtained from the voltages and currents in the two phase

stationary frame as

—L,i —(u, R, - L,pi, _g®
gr:tan_l£l//ﬂ—q.'gJ:tan_l[ (a - qp )J:tan_l( EaJ (113)

v, — L, u, —Ri, —L,pi, E;

As mentioned before, the voltage integrations for calculating the stator flux linkages suffer
from the dc offset and parameter variations, especially at standstill and low speed. Alternatively,
the flux linkages can be calculated with the current model as

Ve = V/pm + I—d id (114-8.)
v, = L, (1.14-b)

The current model based flux linkage observer requires permanent flux linkage ,,,,,, dg-axis
inductances Lg, L, which vary with iy, i,. Besides, a rotor position sensor (or sensorless

algorithm) is essential to obtain the dg-axis positions. The current model is not dependent on

the speed and thus is of better performance at low speed compared to the voltage model.
(c) Hybrid flux linkage observer

To improve the performance of flux linkage observer, a hybrid flux linkage observer
combing the voltage model and current model, which is similar to the closed-loop hybrid

[JAN94] flux observer for an induction machine is used as shown in Fig. 1.7(a).
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Fig. 1.7. Hybrid flux observer. (a) Existing flux observer. (b) Modified flux observer

accounting for the dg-axis flux variations.

where Yqpn,p, are the hybrid observed flux linkages. As can be seen that the hybrid flux can

be expressed from 1, obtained from current model and ¥ ,,, from voltage model as

SZ

s +2Ew,S +

2Em,S+af
s +2EwyS + @}

Vap (1.15)

l//a,b' hyb = ‘//aﬁv +

The feedback compensator damping ratio & and crossover frequency w, determine the time
domain characteristics of the observer. At standstill and low speed, the current model is
dominant, while at high speed the voltage model is dominant. As the current model is more
sensitive to parameter variations, the estimation accuracy may be deteriorated below the

crossover frequency due to flux linkage variations.
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In [YOOO09], a modified flux observer is proposed by calculating the flux variations with
the output voltages of the current regulators as shown in Fig. 1.7(b) where the flux errors

Ag, A, can be obtained from the current Pl output vgp;, v4p; as

A ~y,] 1[0 1]([v R, 0
W _ W l/fd z_{ } dpI _{ } & (1.16)
Ay | (We—V,| @|-1 0|V | |0 R |,
where ¥4, 1§, are the estimated dg-axis flux linkages. (1.16) can be derived from the steady

state voltage equations, neglecting the current derivatives as

Rs 0 id 0 —a)e l//d VdPI 0 _a)e l/;d
{O Rj{iq}{% O}{WJ:{VW}FL% O}Lﬁj (1.17)

— W, welﬁq are the feedforward decoupling voltages that are added to the PI outputs.

Similar to the back EMF, harmonics may also exist in the flux linkages and result in ripples
in the estimated results. The compensation methods for back EMF model are also applicable

for flux linkage model as shown in Fig. 1.8.

% Non salient pole H Active flux }
% Harmonics H Adaptive filter ] [ZHA16a]

[BOLOS]

[PAR14]

Flux linkage
sensorless _{ Inverter Model based compensation

nonlinearities Voltage sensing

L Sliding mode observer
Parameter variations

Hybrid observer (/1) [YO009]

Fig. 1.8 Summary of flux linkage based sensorless methods.

1.2.1.3 Comparison between back EMF and flux linkage methods

Back EMF and flux linkage methods for position estimation are all based on the fundamental
electrical machine model. They can both be expressed in the two phase stationary reference
frame, i.e. af frame, and the two phase synchronous rotating reference frame, i.e. dg frame.

Comparisons between the back EMF model and flux linkage model are made as follows.

(a2) Comparison between back EMF and flux linkage methods

12



In previous section, the back EMF and flux linkage based sensorless methods are introduced.

It is interesting and meaningful to compare these two methods as shown in Table 1.1.

Table 1.1 Comparison between back EMF and flux linkage based sensorless methods

Back EMF Flux linkage
. . di . .
General equations e, =u,—Ri -L, d_tx W, = j(ux —R,i, )dt — L,i,
Calculation Differential Integral
Parameters required Resistance, inductance Resistance, inductance
Robust to noise Low High
Dynamic High Low

where x,y refer to the corresponding reference frames, i.e., a, f, d, q. The flux linkage based
method calculation is more robust to noise compared to the back EMF based method as the
integration behaves as a low pass filter to the noise, while differential operation may introduce
noise for the back EMF based method. However, the integration for the flux linkage based

method also introduces delay and results in decreased dynamic performance.

(b) Comparison between extended back EMF and active flux

The extended back EMF [CHEOQ3] and active flux [BOLO08] are similar in that they transform
a machine with salient pole to a machine with non-salient pole as presented before. This largely
simplifies the position estimation for IPMSM and enables a unified sensorless theory in
medium and high speeds for ac machines. However, there are also differences between them.
The active flux concept refers to the torque-producing flux in the electromagnetic torque
formulas of ac machine [BOLO08], while the extended back EMF concept does not have clear

physical meaning. Detailed comparison is shown in Table 1.2.
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Table 1.2 Comparison between extended back EMF and active flux

Extended back EMF(ex) Active flux(a)
Definition | E, =@y, +o, (L~ L )ig +(L L) piy | v, =y, LT, =, +(Ly ~ L, )i, w83
Dq-frame —ex ¥ : = —ex —a ¥ : A =a
voltages Ug = (R, + Ly P) iy, + joo, Ly, + Eg ug = (RS +L, p) iy, + jo, L iy, + Eg
Dg-frame S =5 " C o
back Edq = JEeX Edq = pl//a = (Ld - Lq)pld + Ja)e |l//a|
EME (d-axis back EMF is zero) (d-axis back EMF is nonzero)

af-frame UZ; :(Rs +Ly p)rozﬂ + o, (Lq —L )i_;ﬂ

—a = —a
i Uz, =(R5+Lqp)|aﬂ+Eaﬁ
voltages +E§2

E2, =@, |,|[-sin(6, )+ jcos(8,) ]

— . . Jer 1
ap-frame EZy =E, [-sin(6,)+ jcos(6,)] ~(Ly Ly )&’ pi
back (aligned with g-axis/ (not aligned with g-axis
EMF no additional back EMF vector) additional back EMF vector

(L -1y )e % piy)

The main difference between the extended back EMF and active flux is that the extended

back EMF ng; is aligned with the g-axis as shown in Fig. 1.9(a), while the active flux model

based back EMF qu has an additional back EMF component (L — L,)pig On the d-axis as
shown in Fig. 1.9(b).
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o j(6. +x/2
* Ea/i = Eex ( )

\ Vd

(b)
Fig. 1.9 Vector diagram for extended back EMF and active flux in ap-frame. (a) Extended
back EMF. (b) Active flux.

In [X1A20], the extended back EMF is used for unified sensorless control over the whole
speed range. The presence of pi, in E,, extends the possibility of position estimation to the
low speed region with HF g-axis excitation. Similarly, the active flux concept is used for low
speed sensorless control in [PES19] due to the existence of pi, in the back EMF, which

guarantees sufficient amplitude of the active flux signal.
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1.2.1.4 Third harmonics

Conventionally, the back EMF harmonics are disturbances to the fundamental model based
sensorless methods. However, as the harmonic component also contains rotor information, it
can be utilized for sensorless control if the magnitude is high enough. The 3" harmonic back
EMF as shown in Fig. 1.10 is usually used in sensorless control in both brushless DC (BLDC)
[SHEO6] and brushless AC (BLAC) machine drives [LIU14a].

4 Fundamental back-EMF

3" harmonic back-EMF

Fig. 1.10. Third harmonic back EMF waveform.

The 3™ harmonic back EMF can be measured by detecting the voltage difference between
the neutral point of the stator windings and the central point of the Y-connected balanced
resistance network which is in parallel with the three phase terminals [SHEO06]. The detected
discrete zero crossings can be used for high speed BLDC control [SHE04] or for continuous
position output [LIU14a]. As the frequency of the PWM harmonics is much higher than the
fundamental frequency, the noise caused by common mode PWM harmonics can be filtered by
low pass filters or a band pass filters. Besides, as the full range of the voltage sensors and A/D
converters can be utilized for sampling the third harmonics, it has high signal to noise ratio.
The 3™ harmonic back EMF based method is less sensitive to pulse width modulation noise
and measurements of winding resistance. Although the 3 harmonic back EMF based
sensorless method can achieve good results in some applications, it is only applicable for
machines with the 3@ harmonics and requires additional wires and cost for accessing the neutral
point.

Instead of directly measuring the 3" harmonic back EMF using voltage sensor for position
detection, the 3" harmonic current (also called zero sequence current) induced by the 3™
harmonic back EMF can also be utilized. A premise for utilizing the zero sequence current is

that zero sequence current can flow in the windings. For a general three phase machine without
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neutral point connection, zero sequence current cannot circulate. Whereas in a machine with
three phase separate windings (open winding configuration) [ZHAL16b] [ZHA17], the zero

sequence current can be made use of.

As zero sequence current can circulate in the three phase open windings, the zero sequence
current can be sampled and used to reconstruct the 3 harmonic back EMF waveform as shown
in Fig. 1.11(a). Alternatively, the 3 harmonic back EMF can also be seen as equal to the
applied zero sequence voltage if the zero sequence current is regulated to zero by open-winding
controllers as demonstrated in Fig. 1.11(b). The two approaches detect the 3 harmonic back

EMF both by utilizing the zero sequence current, but are implemented in different ways.

f |
Pl |
—t e e — — — — — —_— :
L1 ! () i
(A io I |
N e / |
i i
L o =
Inverter Side Machine Side
€Y
ey
H
; . Lo Rs

(=)
N
r—>-
()
\Z/

Inverter Side Machine Side

(b)

Fig. 1.11 Two ways of utilizing 3 harmonic for position estimation in machines with open
winding configuration. (a) Zero sequence current circulating. (b) Zero sequence current not

circulating.

17



1.2.2 Saliency model based sensorless methods with continuous signal injection

Instead of using fundamental model for position estimation, the saliency variation caused by
structure and magnetic saturation can also be used for position estimation. The saliency
information can be detected by injecting various test signals, i.e. continuous high frequency

signal, discrete voltage signal as shown in Fig. 1.12.

{ Sinusoidal rotating

section 1.2.2

ﬂ Continuous signal }[Sinusoidal pulsating
{ Square wave
pulsating

{ INFORM

Saliency based section 1.2.3 [ Voltage pulse
sensorless %{ Discrete signal ]—
methods

{ Z\CD/PWM

|
|
|
|
|
|
| ity njsion |
|
|
|
|
|

Saturation/cross-
saturation

[ Multi-saliencies
section 1.2.4

Factors that affect o
performance {Inverter nonlinearity

{ Delay

Load transient and
sensorless fusion

Fig. 1.12. Category of saliency tracking based sensorless methods.

In this section, the continuous signal injection based sensorless control methods will be
introduced. The widely used signals are HF sinusoidal rotating signal [JAN95], sinusoidal
pulsating signal [HAOQ1] and pulsating square wave voltage signal [YOO11] as shown in Table
1.3. The rotating signal is injected to the stationary reference frame, while the pulsating signal

is injected to the estimated d-axis.
18



Table 1.3 Conventional HF continuous signal injection based sensorless control methods

Injection signal Injection frame Demodulation signal
Sinusoidal HF current
_ HF voltage HF voltage
Rotating
HF current Zero sequence voltage
[SEI15] [XU16]
. . HF current
Sinusoidal
HF voltage
HF voltage
Zero sequence voltage
HF current )
Flux linkage [GUGO06]
Pulsating
HF square
HF square wave current
wave voltage
Zero sequence voltage
[YOO11]
Novel injection frames
Others Novel injection signals
Novel demodulation strategies

As the synthesized injected HF voltage is a rotating space vector or a pulsating space vector
in the vector diagram, it is therefore called “rotating injection” or “pulsating injection”. The
waveform of the pulsating signal can be sinusoidal or square wave. The injected signal can be
high frequency voltage or current. The response signals used to demodulate the rotor position,
can be high frequency current, high frequency voltage, high frequency flux linkage [GUGO06]
or zero sequence voltage [XU16]. Voltage injection is easy to implement by adding the HF
voltage command to the reference, while injecting current requires closed-loop control of the
HF currents [BAS11]. The resulting HF currents or voltages are extracted for position
estimation if HF voltages or currents are injected. The zero sequence HF voltages which

contain position information can also be utilized for position estimation [ALM17], [XU16].

The techniques mentioned above measure responses of the injected signals and extract the
rotor position with various demodulation methods. Hence, the saliency tracking based
sensorless method can be seen as system with three stages as shown in Fig. 1.13. They are
injection signal, injection frame, and demodulation method. The first part specifies what
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types of signals are injected. The second part defines where the signals are injected and the last

part provides solutions of how to demodulate the rotor position from the responses.

1 2 3

Response&
demodulation

Injection signal » Injection frame

(What) (Where) (How)

Fig. 1.13. General structure of HF continuous signal injection based sensorless control

methods.

Except the three basic stages, there are many other factors that affect the estimation
performance, such as magnetic saturation, inverter nonlinearities and delay. They are also very
important for improving the sensorless performances, i.e. accuracy, convergence. These issues
will be introduced in detail later. In the next section, the basic principles for sensorless control

will be presented first.

1.2.2.1 HF sinusoidal rotating signal injection based sensorless control

The HF voltage equations of IPMSM in the synchronous rotating reference frame (SRRF) at

standstill and low speed are given by

uC:h th 0 It:h
= N 1.18
H {o LH} (19

where uy,, ug,, ig,, i, are the HF voltages and currents in the SRRF, Lgy, Ly, are the dg-axis
incremental inductances. Here, it is noted that the incremental inductance is different from the
apparent inductances used in fundamental model based sensorless control. The apparent
inductance at a specific working point is defined as the ratio between the flux linkage increment
from zero current to the specific working current point and the current, while the incremental
inductance is the slop of the tangent line at a specific working current point on the flux linkage-
current characteristic. In this model, the resistance is neglected due to low magnitude compared
to the HF reactance. At standstill and low speed, the back EMF is also not considered due to

low amplitude.
(a) Sensorless position estimation using negative sequence current

For analysing the rotating injection in the stationary reference frame, voltage equations in
the stationary synchronous reference frame (SSRF) are as
20



U%h _ L, - LA_COS(ZHr) -L, sin(26’r) p Iéh (1.19)
us, —L,sin(26,)  L,+L,cos(26,)| |i;,

By injecting HF voltages as (1.20), which are superimposed on the fundamental voltages,
the HF currents in the SSRF are calculated from (1.19), (1.20) as (1.21).

Wi |y, (€900 | o (1.20)
Uz, sin(4,)
i i o @ (G7/2) | m1(6,-20,-7/2) (1.21)
ah ph p n
:(th+th)uh | _(th_th)uh

p

' 'n T (122)
2, Ly, Lo 20, Ly, Lyn

where uy, 8, wy, are the amplitude, angle and frequency of the injected signal. The responses
are composed of positive sequence current (PSC) and negative sequence current (NSC). Only
NSC contains rotor position information. To extract position from the NSC, the demodulation
strategies as shown in Fig. 1.14 are usually used.

[ V4 /4
i “5 N ilnej(zer—i_g) 20r+5
“s BPF [ )0 = LPF | ~ tan~1 —
Synchronous shaft filter
(a)
s ~ f 9
R LPF £ o Pl | = 7%
A + : S :
i . . PLL observer ‘
ph g

sin(6, —26,)

—————— cos(g, - 20,)

Heterodyning method
(b)

Fig. 1.14. Methods for demodulating rotor position based on HF rotating injection. (a)
Synchronous shaft filter. (b) Heterodyning method.

The BPF is used to separate the fundamental currents and the HF currents. The synchronous
shaft filter (SSF) moves positive sequence current to HF domain and filters it out, leaving NSC.

However, direct inverse tangent calculation may introduce much noise. Thus, the heterodyning
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method as shown in Fig. 1.14(b) is used to get smooth position output. The LPF is used to
remove the HF component after the heterodyning operation. The rotor position can be obtained

by controlling =0 with a PLL observer, i.e.
Szlnﬁn[Z(Q:—é)] (1.23)

When the position error 8, = 6, — 8,. is small, ¢ is approximated as 2I,,(6, — 8,)). Then, the

transfer function of the position observer in Fig. 1.14(b) is given by

21k, 5+ 21,k
r8° +5° + 21 k s+ 21 k;
21k, 5+ 21,k
T r2lks+2lk

A
6,
(1.24)

(neglecting LPF )

The coefficients t,k,, k; are the time constants of the LPF, proportional and integral
parameters of the PI. The criteria for reliable convergence is that the error signal € should have
positive slop near the point 8, = 0 [YAN17]. The transfer function diagram of the position

observer is shown in Fig. 1.15(a). The error signal & with position error 8, is plotted in Fig.

1.15(b) with the highlighted stable regions.

p _ .
L 21, K. ! Hkp+£al o
R 1+zs S S
6 LPF T
@
£

" Stable Stable

regionl region2 |
-90 0 90 180 270
(Hr - ér ) (Deg)
(b)
ér >0, T*(@r - ér ) <0 —»&<0 —>Pl output —- >ér

A
‘ Negative fedback at point A

(©
Fig. 1.15. Closed-loop control block diagram of the heterodyning method. (a) Transfer

block. (b) Stable region for convergence. (c) Dynamic process for convergence.
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It is observed that A and B are stable convergence points due to positive slops of the error
signal. For instance, dynamic process of convergence at point A is shown in Fig. 1.15(c). In
one electrical period, there are two convergence points. The initial polarity can be detected by
making use of different magnetic saturation levels at the north pole and south pole, and
secondary saliencies, which will be introduced later. The dynamic performance of the position
estimation performance is dependent on I,, which varies with the working currents. Thus,

sufficient saliency level (or I,,) should be guaranteed for reliable convergence.
(b) Sensorless position estimation using zero sequence voltage

Except making use of the HF current response for position estimation, the zero sequence
voltage can be measured by the circuit in Fig. 1.16 and utilized for position estimation. It can

be seen that access to the neutral point is required.

R
uRn
N N N H] ‘
a
0 ‘ n
b b \
\ \

iy iy iy Balanced PMSM

resistor network

Fig. 1.16. Circuit for extracting the zero sequence HF voltage ug, for sensorless position

estimation.

The three phase voltage equations neglecting resistances and back EMF can are given by

uan Laa Mab Mac dla/dt
Uy |=| Mpy Ly My || di,/dt (1.25)
ucn M ca M cb Lcc dlc /dt

where Lgg, Lpp, Leey Mgy (Mpg), Mge(Meg), Mp(Mgy,) are the incremental self and mutual

inductances respectively as

L. =L —L,cos(26,)

Ly, = L, — L, cos(26, +2x/3)

L. =L, —L,cos(26, —27/3)

M, =M, =M, —M, cos(26, —27/3)
My, =M, =M, —M, cos(26,)

M, =M, =M, —M,cos(26, +27/3)

(1.26)
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where L4, L,, M;, M, are the amplitudes of dc and second harmonics of HF self and mutual

inductances. The three phase balanced voltages u,,, up,, U, are given by

uao uan + unR + uRo
ubo = ubn + unR + uRo (1'27)
uco l“Icn + l"InR + l"IRo

For HF rotating voltage injection to the stationary frame [XU16], the injected three phase
voltages are expressed in (1.28). The zero sequence voltage ug, can be obtained from (1.25)-
(1.27) as (1.29).

U, = U, COS(a,t)
Uy, = U, cos(a,t —27/3) (1.28)
Uy, = Uy, COS(ayt +27/3)

Ugy =V, COS(ant +26, ) —V,, cos(w,t —46, ) (1.29)

V. = uh(Lo_Mo)(Lz_Mz)
¢ 212 42M2 4L M, -2L,M, - 13/2]
v _ u, (L, —2M, ) (L, —M,)
2212 42MZ—4L M, —2LM, —2/2
0 0 2 2 2

(1.30-a)

(1.30-b)

The zero sequence voltage contains rotor position. Due to higher amplitude of V,; compared

to V,,, the first term in (1.29) is used for position estimation by controlling £=0, i.e.

¢=LPF [2uRn sin et +24, )} =V,,sin(26, - 26, (1.31)

As can be seen in (1.30-a), V,; is not dependent on the injection frequency, while the
amplitude of negative sequence current in (1.22) is inversely proportional to the injection
frequency. Thus, compared to the method utilising negative sequence current for position
estimation, higher injection frequency can be injected for the zero sequence voltage method.
For zero sequence voltage based method, it allows the full range of the sensors and A/D
converters to be used for sampling the zero sequence voltage and improves the signal to noise
ratio. However, for conventional HF currents based method, the current sensors and A/D
converters are scaled to measure the maximum fundamental currents magnitude. This means
the full range of the sensors and A/D converters cannot be fully utilized for measuring the HF
currents. Therefore, the zero sequence voltage method is less sensitive to noise compared to

the HF current based method.
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1.2.2.2 HF sinusoidal/square wave pulsating signal injection

For HF pulsating signal injection, the signal is usually injected to the estimated d-axis as
shown in Fig. 1.17. Injection in g-axis is not preferred as HF current on g-axis will produce HF
permanent magnet torque ripple. The voltage equations in the estimated synchronous rotating
reference frame (ESRRF) can be expressed as

ul ) Ly O Ay |
L:f:}w—m{ ; LJRw—Her:f:}

cos sin(x)
—sm cos(x)

(1.32)

O
¥

Fig. 1.17. Pulsating signal injection frame.

where ufy,, ulp, il if, are the HF voltages and currents in the ESRRF, 8,=6, — 0, is the
angle between the actual d-axis and the estimated d-axis, the superscript “#” means the

estimated reference frame. The injected signal is usually sinusoidal wave or square wave as
follows.

(a) Sinusoidal pulsating voltage waveform injection

By injecting pulsating HF voltage as (1.33) to the stator winding, the HF currents on the
ESRRF can be solved as (1.34).

U | [u,cos(ayt) (1.33)
ufy | 0

F“}: Il+|2COS[2(9r_ér)} sin(6,) (1.34)

Iy Izsin[z(a— ) )]

gh

=
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uh(th+th) uh(th_th)
I, = =—"T (1.35)
20, L, L 20, Ly Ly

dh =gh

As can be seen, the HF currents due to pulsating voltage injection are amplitude-modulation
waveforms. The g-axis HF current amplitude Igh can be extracted by synchronous

demodulation for position estimation as shown in Fig. 1.18. The rotor position is obtained by

controlling I, sin (Z(Hr - 9r)) = 0 with the PLL observer.

A

_ . T . B
i s i’ 3 I 1 |
4| BPF "~ 25/2r T LPF —"s Pl — % RS
; Synchronous 3 |
2sin( o, t)— ! ‘ ‘
(ext) demodulation/ | PLL observer

Fig. 1.18. Pulsating voltage injection based position demodulation method.

Similar to that of HF rotating voltage injection, the zero sequence voltage for pulsating
voltage injection can also be extracted with the same measuring circuit in Fig. 1.16 for position

estimation as

Uy, =V, cos(aoht)cos(26'r +67r) (1.36)

V. = uh(l—o_Mo)(Lz_Mz)
° 22 +2MZ-4L M, -2L,M,-L2/2

(1.37)

&=LPF (uRn *4cos(a)ht —30, )) =V, (sin (26, ) +sin (29r +40), )) (1.38)

As can be seen, by controlling the error signal ¢=0, there will exist significant six harmonic
in the estimated result. To reduce the ripple, a modified pulsating injection is proposed as
shown in Fig. 1.19 in which the pulsating voltage is injected to the g-axis of an estimated frame

which rotates anticlockwise at twice of the estimated angular speed.
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Fig. 1.19. Modified injection frame for zero sequence voltage method.

With this novel injection method, the zero sequence voltage due to pulsating voltage injection
can be expressed as (1.39). By controlling €=0 in (1.41) with PLL observer, the position can

be estimated and the six harmonic error is largely reduced as V,, is much bigger than V.
Ugy =V, €OS(t)sin (26, ) -V, cos (ayt)sin (46, +26, ) (1.39)

_ uh(l—o_Mo)(Lz_Mz)
212 42MZ 4L M, —2L,M, — 13 /2

(1.40)
050, (L, -2M,) (L, - M,)
2 212 42MZ 4L M, 2L M, —13/2
& = LPF (U, cos(@,t)) = 2V,,5in (26, ) (Vyy >V, ) (1.41)

As can be seen, both the sinusoidal rotating and pulsating voltage injection methods can be
used for sensorless position control and there is not a substantial difference between the two
techniques [BIAQ7]. They have some characteristics in common as

(D The signal processing is complicated with BPF and LPF.
@ The injection frequency cannot be too high due to limited sampling point during one

injection cycle. Generally, for switching frequency 10kHz, the injection sinusoidal frequency
is usually below 2kHz.

(b) Pulsating square waveform injection
Pulsating square wave injection [YOO11] was proposed as shown in Fig. 1.20. Instead of
injecting sinusoidal voltage, pulsating square wave voltage as (1.42) is injected to the estimated

d-axis.
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V,, 2KT, <t <(2k +1)T,

Ug = k=0,1,2..
TV, (k)T <t < 2(k+1)T, (1.42)
13 14 45
A v,
Ug, 10
_Vh
ufy ©
ir /AI(:h /\

(a)

D>

Al (k) (-1) K, 1

gh i
- k,+ > — . r,

(b)
Fig. 1.20. Pulsating square wave voltage injection. (a) Injection sequence. (b) Position

demodulation.

where Ty is the sampling period, V;, is the amplitude of the injection square wave voltage. By
substituting the injected voltages into the voltage equations (1.32) in the estimated reference

frame, the dg-axis currents can be solved as

o

{iﬂ: 951*952003[2(9'_&)} {Ugh}dt (1.43)

7 sin[Z(H, —érﬂ Ug

ah gh

_ th + Ly, _ th — Ly

= Ky = (1.44)
2Lyly 7 2Ly L,

X1

The current variations between adjacent sampling points can be solved from (1.43) as
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(1) k=12,3.. (1.45)

{Aidfh(k):|_ Ia+lbcos[2(6’r—ér)}
Aig, (k) ) Ibsin[2(6?r—l)}

3 (th + Ly, )VhTs |- (th - Ly, )VhTS

(1.46)

TN U T

dh =gh

By controlling € = Ai[;h(k)(—l)’“r1 with the PLL observer, the rotor position can be
estimated. The minimum sampling period can be half of the switching frequency if sampling
at both the bottom and peak of the PWM carrier waveform can be performed. In this case, the
injection frequency is the same as the switching frequency and the conventional BPF and LPF
can be eliminated. If the switching frequency exceeds the upper limit of hearing, the HF noise
problem is also mitigated. However, at the same time, with high injection frequency (small T),
the value of I, is also small which reduces the SNR of the error signal. Similar to pulsating
sinusoidal voltage injection, the HF zero sequence voltage can also be used for sensorless
position estimation. For improving the estimation accuracy, the method in Fig. 1.19 by
injecting the anticlockwise rotating frame can also be used.

According to previous presentation on continuous signal injection based sensorless control,

Table 1.4 shows the comprehensive comparison.

Table 1.4 Comparison between continuous signal injection based sensorless control methods

Injection Demodulation methods
frequency
(DNegative sequence current
Sinusoidal rotating Medium | @Zero sequence voltage(Insensitive to injection

frequency and noise)

@ Q-axis HF current amplitude
Sinusoidal pulsating Medium | (2 Zero sequence voltage(Insensitive to injection

frequency and noise)

(D Q-axis HF current variation
Square wave pulsating High (2) Zero sequence voltage(Insensitive to injection

frequency and noise)
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1.2.2.3 Other continuous signal injection methods

In this section, some other novel continuous injection methods will be introduced as

summarized in Table 1.5.

Table 1.5 Summary of other novel continuous signal injection based sensorless methods

Novel injection frame  Novel injection signals ~ Novel demodulation

References Injection strategy Novelties Benefits
p

[LIUL4c] Pulsating injection in the | g¢ability?
[LIU14d] anorl] stationary frame
[TAN17] Pulsating injection in the | Stability?

ABC frame (f1£f2#13) Compensate delay

Pulsating injection to | Stability?
[LUO16] estimated fixed rotating | No observer

o frame Compensate delay

Pulsating injection to | Harmonics|
[XU16] anticlockwise  rotating | Injection

frame frequency?
[L119] Pulsating injection to the | Compensate cross-

measured reference frame | coupling effect
[WAN17b] / Pseudo-random injection | Reduced noise

o Random wave
[CHE14] ) S Decoupling multi-
[SHU21] o )
\,,/ noise|

[BOL11] For pulsating injection DFT technique Delay immune
[L120] For pulsating injection Moving average filter No BPF filters
[SHU21] | For rotating injection HF current amplitudes No observer
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Their novelties are on the injection frame (where), injection signal type (what) and
demodulation strategy (how) which have been described as the three key components in the
HF signal injection based sensorless control in Fig. 1.13. Some benefits can be gained with
these methods as follows. No matter how novel these methods are, their basic principles are

still the saliency model of the machine.

(a) Novel injection frames
In [L1U14c], [LIU14d], the pulsating signals are injected in the stationary frame, while
conventionally the pulsating signal is injected to the estimated frame. As the injection is

performed in the stationary reference frame, the stability is improved.

In [TANL17], pulsating sinusoidal signals of different frequencies are injected to the three

phases which bring the benefits of increased stability and delay effect compensation.

In [LUOL16], pulsating voltage is injected to the d-axis of the estimated frame which is

rotating at fixed frequency. Good steady and dynamic performances can be achieved.

In [XU16], for making use of zero sequence voltage for position demodulation, pulsating
signal is injected to g-axis of an estimated frame which rotates anticlockwise at two times of
the estimated rotor speed.

In [L119], pulsating square wave is injected to the measured reference frame for the purposed

of compensating the cross-coupling effect.

(b) Novel injection signals
Instead of changing the injection frame, some novel methods modify the injection signals.

In [WAN17b], pseudo-random square voltage wave is injected to the estimated d-axis. As

the pseudo-random signal has a wider frequency spectrum, the sharp noise is largely reduced.

In [CHE14], signals of multiple frequencies are injection to the stationary reference frame.
The PSCs and NSCs for different frequencies are extracted to decouple the multi-saliencies.

In [SHU21], rotating signals with multiple frequencies are injected to the stationary frame

for reducing the noise level due to reduced peaks at the injection frequency.

(c) Novel demodulation strategies

Some novel methods use different signal processing techniques for position demodulation.

In [BOL11], the discrete Fourier transform (DFT) technique is introduced to extract the

amplitude of the HF carrier current, by which the uncertain delay effects can be mitigated.
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In [LI20], the BPFs and LPFs which are conventionally used in pulsating injection based

sensorless method are neglected by employing moving average filter.

In [SHU21], instead of using negative sequence current, the amplitudes of three phase HF
currents are extracted for fast initial position estimation. The conventional PLL observer is not

used.

The continuous signal injection methods mentioned above have largely enriched the ways
for sensorless position estimation. In the following section, saliency tracking based position
estimation methods by injecting discrete signals will be presented.

1.2.3 Saliency model based sensorless methods with discrete signal injection

In the previous section, the continuous signal injection sensorless methods are characterized
by the use of BPFs and LPFs for extracting the HF currents. The methods in this section do not
rely on digital filters and merely make use of the current variations during discrete voltage
vectors as shown in Table 1.6. They usually inject discrete signals to the machine or just make
use of the PWM waveforms in FOC. Hence, they are called discrete signal injection based
sensorless methods.

Table 1.6 Summary of the discrete signal injection based sensorless methods

Method Injection frame PWM sequence Characteristics
1.2.3.1 FOC!US 0! S, U5, FOC Current variations
INFORM I N N N » | 3 injection vectors
d | | | | ! ! .
1.2.3.2 Y U puise FOC UpFOC Upue FOC Current variations
Pulse injection / ', |1injection vector
Ugo O Uyy, 4 PWM waveform
1.2.3.3 B d Current variations
ZVCD/PWM Ry ue- | 1 injection vector
“ iy
1.2.34 Ty s s
_ g Uz (n) Uz, (n+1) . | Current variations
Arbitrary s L Y — | Arbi
o s s (N) i (n+1)is,(n+2 roitrary vector
injection a u; ﬁ( ) aﬂ( ) aﬂ( )
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INFORM method
(1.47)

1.23.1
real time inductance measurement by voltage pulse injection [SCH96]. It is based on the HF
~L,sin(26,) } {i;h}
Pl s
i
(1.48)

The indirect flux detection by online reactance measurement (INFORM) method is based on
L, + L, cos(26,)

L, —L, cos(26,)

model as
Uz,
3

Uon |

| | —L.sin(26,)
jz—ﬁk
,k=0,1,2

uaﬂk
When the voltage vectors uéﬁk shown in (1.48) are injected to the machine as shown in

Fig. 1.21.
=:Uaﬂ0

" FOC |
| >

- FOC |
oAy, At
(b)

Fig. 1.21. INFORM demonstration. (a) Injection frame. (b) Injection sequence.
(1.49)

The current variations due to different voltage vector injections can be expressed as
] 27
" j (26’ —— kj
Al r
aﬁk — 2U 3 ]’k=0’112
L
> A

At,
33
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where At; is the duration of the corresponding voltage vector. The rotor position can be

obtained by adding the current derivatives in the three injections cycles as

Al e;%’f _ 8L, ejzer (1.50)
k=0,1,2 Atk Lzz - LZA

In actual applications, injection in one direction is usually performed with two opposite
voltage pulses of the same magnitude to reduce the current distortions [SCH96]. The INFORM
process may increase the implementation complexity and current sampling requirements due
to very short injection time [XIE16]. The current distortions will also contribute to the torque
ripples, noises and vibrations. To lower current ripples and harmonics, the INFORM can also
be integrated in the PWM pattern [HOF17].

1.2.3.2 Voltage pulse injection method

In the INFORM method, at least three injection voltage vectors are injected along phase axes.
The method using at least two separate injection vectors is also reported in [FRE10], utilizing
the current variation behaviour under different injection voltage vectors. In this section, the
voltage pulse injection method can estimate the rotor position with a single injection voltage
vector. The current variation under the single testing voltage vector is directly related to the
position error as shown in Fig. 1.22.

(a)
FOC  Upe | Uy, | FOC
; >t
At At

Fig. 1.22. Pulse injection method. (a) Injection frame. (b) Injection sequence.
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When a voltage vector Uhefér is injected to the estimated d-axis, the resultant current

variation in the estimated frame are calculated as

Al AE, jo U, i(20,-20,)

=——e "=—"T—|L +L,e 151
At At o (1.51)
The imaginary part of the current variation can be expressed as
Ai UL . .
Im(—3) = —h—A_sin (26, - 26, 1.52
TRl (26, -26,) (1.52)

7
ldq

- : , A )
The rotor position can be obtained by controlling Im (A—t) = 0 with a PLL observer. BPFs

and LPFs are not used in the position demodulation. To reduce the current distortion and
compensating the inverter nonlinearities, a negative voltage pulse can be injected following the
positive pulse. The sharp noise caused by pulse current can be reduced by adopting a low

frequency pulse injection strategy [WAN17a].

1.2.3.3 ZVCD/PWM method

In the zero voltage vector current derivative (ZVCD) method, the current derivative on the
estimated d-axis during zero voltage vector is measured for position estimation [RAUO08].
Similar to the INFORM and pulse injection methods, digital filters are not required. If the zero
voltage vector in a PWM period is not long enough for reliable current sampling, additional

zero voltage vector can be inserted [XIE16].

Zero voltage vector in the pulse width modulation technique is shown by L_fooo, 17111 in Fig.
1.23(a). The vector Uyo, means all the lower power devices are switched on, while U,,; means

all the upper power devices are switched on. In actual applications, ﬁooo is usually used for
Z\VCD as phase current sampling can be performed at the low side with low cost sampling

hardware. A typical PWM sequence waveform is shown in Fig. 1.23(b).
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A
PWM waveform
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-

Ulll U 6Q U 0 U 000 U 000,
(111) (110) (100)

Fig. 1.23. ZVCD method. (a) Injection frame. (b) Injection sequence.

The general voltage equation for IPMSM are given by

R, L Ug
. -——  — @, | T
) Iy _ L, L, Iy s L, (153)
Iy —ia) R Iy U, — o
L Lq Lq _ L Lq |

In the zero voltage vector interval, the dg-axis voltages are all zero. By transforming the

voltage equations to the estimated reference frame, the voltages are derived as
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where 8, = 8, — 0, is the difference between the actual position and the estimated d-axis. By
setting the d-axis reference current to zero in the FOC, i, is regarded as zero. The speed
difference @, is very small and does not dominate in the equation. Then, the rotor position can

be obtained by using the d-axis current derivative as

pi, ~| | Rl Yo 1g
d I—d I—q q I—q e r (155)

As can be seen, the current derivative measured on the estimated d-axis is proportional to the

position error. By controlling pi;=0, the rotor position can be estimated.

To spare enough time for current samplings at the start and the end of the zero voltage vector,
the maximum FOC output voltage should be limited. This zero voltage vector can be extended
by inserting a separate zero voltage vector between adjacent FOC control cycles [XIE16] or
applying the zero voltage vector extension scheme [WAN18]. To reduce the error caused by
sampling noise, distortion and nonlinearity, a method by sampling the currents for several

consecutive times in each start and end of zero voltage vector is utilized [WAN18].

It is also noted that except for making use of the current derivative during zero voltage vector,
the current derivatives during active voltage vectors of the PWM waveform can also be used

for position estimation [GAOOQ7].

1.2.3.4 Arbitrary injection method

The arbitrary injection method is a novel sensorless position estimation method which also
relies on the current derivative [PAU11]. The voltage equations in the stationary frame is

expressed as

u R io | |L—L,cos(26,) -L,sin(26,) i —sin(6,) L5
us |l " -L,sin(26,) L, +L,cos(26,) P 5 i cos(6,) (1.56)

The current derivatives in the stationary reference frame are derived as
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uR uE;MF
is | u ¥ -sin(6,)
p{i;} =(Yz1+Y,5(6,)) L;} -R, L;} — O o [ cos(0),) } (1.57)

11, 1 _1f{1 1 _ [cos(26,) sin(26,)
where Y5 =3 (Ld + Lq) =3 (Lq Ld)'s(ef) = [sin(Z@r) —cos(26.)]

The current variation during one sampling period is expressed as
Ai, (n) = (Y, 1 +Y,5(6,))(us, (n) -0 (n)—G3yye (n)) At (1.58)
The difference between two adjacent current variations is then expressed as

A2, (N+1) = A, (n) = (o1 +Y,5(6,))*

us, (n+1)—u, (n)— (3 (n+2)— 05 (n)) — (Ue (1+1)— Gy () [AL (1.59)

0
Al Al, ~0 Al ~0

The resistive voltage drop i3 and back EMF voltage drop 4z, can be seen as constant
during two consecutive PWM cycles [LAN10]. Thus, Auj and A3, are nearly zero. The
rotor position can be calculated by (1.61). General signal processing flow for obtaining the

rotor position is shown in Fig. 1.24.

Y,S(6,)Al,,At =] Ail, (n+1) - Ail, (n) |- Y, AG, ,At

' ~ (1.60)
A€,
Au_A AU A
0, _ Liant| 2428 * AU,08, (1.61)
2 Au,Ae, —Au Ae,
u;ﬂ (n +1) ””””””””” iy ~
uz, () [ ) @ AU,
: 1 o
i, (n) i, (n+1) 5, (n+2)
- + \ g
o ®
Aisy(n) Aig, (n+1)
Ai%, (n+1)— AiE, (n) = Y,Al,, AL +Y,5 (6, ) AT, At

A&,
Fig. 1.24. Arbitrary injection method demonstration.
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This method does not require any predetermined injection waveform and has low

dependency on speed, resistance. However, there are still two drawbacks as
(D The measurement of current variations is sensitive to noise, sampling delay and distortion.
2 The value of Yy is required. To obtain the value of Yy, additional signal injection is

usually employed. In [BAR15], a square wave spatially rotating 120° in the stationary reference

frame every switching cycle is injected.

The above discrete signal excitation based sensorless methods are all independent of digital
filters. However, they are all sensitive to sampling noise and distortion due to the measurement
of current derivatives. General comparison of saliency model based sensorless methods
including continuous signal injection and discrete signal injection methods is shown in Table
1.7.

Table 1.7 General comparison of saliency model based sensorless methods

General Injection ) Sampling Parameter Noise
Bandwidth o o o
types methods sensitivity | sensitivity | emission
Sinusoidal ) _
_ Medium Low No High
rotating
Continuous Sinusoidal ) _
_ _ Medium Low No Medium
signal pulsating
Pulsating ) ) )
High High No Medium
square wave
INFORM Medium High No Medium
Discrete Pulse injection Medium High No Medium
Signal Z\/CD/PWM High High No Low
Inherent PWM High High Yes Low

1.2.4 Common issues for saliency model based sensorless methods

Ideally, with the above saliency model based sensorless methods, the position can be
estimated without error. However, in actual applications, there are usually steady state errors
and harmonics in the estimated results. In heavy load applications, the estimation may even
diverge [BIAO7]. In this section, the issues that affect the performance of saliency model based
sensorless methods are presented as shown in Fig. 1.25. Saturation, cross-coupling effect and

multi-saliencies are attributed to properties of the magnetic materials [REI08], while the delay
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and load transient are caused by signal processing. The estimation is also affected by inverter
nonlinearities, i.e. forward voltage drop, switching delay and parasitic capacitances which can

be classified as hardware issues.

‘Hardware 1.2.4.3
‘ ‘ Inverter ‘
nonlinearities

1.24.1 1.2.4.4
‘ Saturation and ‘
cross-coupling

‘ Delay effects ‘

Magnetic i Signal processing |

1.2.4.2 | 1.2.45
Multi-saliencies ‘ ‘ Load transient/
and polarity sensorless fusion

Fig. 1.25. Issues that affect performance of saliency model based sensorless methods.

1.2.4.1 Saturation and cross-coupling effect

The saliency model considering magnetic saturation and cross-coupling effect is given by

Ugh Lo Logn } Igh
C = p| ., 1.62
|:uqh } |:quh L lan ( )

where the mutual incremental inductances Lggp, Lgqn describe the cross-coupling effect

between d-axis and g-axis. Their values are equal due to reciprocity theorem [MIN17]. The
impacts of saturation and cross-coupling effect on the sensorless control of IPMSM are as

follows.

(a) Saturation

An important premise of saliency based position estimation is the existence of saliency
variation, i.e. Ly, # Lgp. However, with the increase of the load current, the magnetic material
is saturated which results in decreased inductance. The saliency variation may disappear due

to reduced difference between L,;, and Lyy,. For example, in HF rotating voltage injection

. Lgp—L .
based sensorless control, the error signal (LqnLan) ;o
2wpLlanlqn

(26,) may be zero when L, equals L p,.
This will result in zero input of the position observer and failure of the estimation.

For small saliency (Lq, = Lgp), higher injection voltage can be adopted for increasing the

amplitude of the error signal. Specifically, for SPMSM with normally negligible saliency ratio,
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saliency variation can be created by intentional magnetic saturation [KAN19] or modifying the

current trajectory on which optimal saliency level can be achieved [LEE20].

(b) Cross-coupling effect

The cross-coupling effect can result in offset in the estimated position. The sinusoidal
rotating voltage injection based sensorless method is analysed for example. When the cross-
coupling effect, i.e. Lygn, Lqan is considered, the HF currents induced by HF rotating voltage

injection are given by

i(6,-7/2) | ~1(6,-2(6,-10,)-7/2) (163)

n

ion + Ji5 =18
2L
A@, =05tan™| — (1.64)
gh — th

As can be seen, there is an offset angle A6,, caused by the cross-coupling incremental
inductances. By using the heterodyning method in section 1.2.1, the position error signal that
IS sent to the position observer is

e=1_sin(2(6. —A6,)-26,) (1.65)

where 8, is the estimated rotor position, which can be obtained by controlling ¢ =0 with the

PLL observer, i.e.
0,=6,-A9, (1.66)

As can be seen, there is a position estimation error A8, in HF rotating voltage injection
based sensorless control caused by the cross-coupling effect. It has been verified that the error
is inherent to the machine and not dependent on specific injection signals [GUGO06]. If such
error is not compensated, it will result in significant performance degradation especially at
heavy load conditions. However, the existence of cross-coupling effect also helps to extend the
feasible region for sensorless control [BIAQ7a]. For high performance sensorless control, the
cross-coupling effect induced error should be compensated. Several compensation methods are

presented in Fig. 1.26.
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Fig. 1.26. Category of cross-coupling effect compensation methods. (a) Calculation
approximation [REIO8], [MUR10]. (b) Flux modulation based on offline measured flux
linkage-current characteristics [GUGO06]. (c) Offline measured errors (angle compensation)
[FRE10]. (d) Offline measured ratio between incremental inductances (current compensation)
[L109].

As shown in Fig. 1.26, the compensation methods can be divided as online and offline
methods. The online methods obtain the cross-coupling information from the online measured
HF currents or voltages without any pre-measured-knowledge of the machine characteristics,
while the offline methods use the offline measured machine data to online compensate the
cross-coupling effect. The flux demodulation method extracts the HF flux linkage based on the
offline measured current-flux linkage characteristics which contain the cross-coupling effect
information [GUGO06]. The error caused by the cross-coupling effect can be offline measured

and used to online compensate the estimated position. The ratios between incremental
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inductances can also be utilized to compensate the cross-coupling by modifying the input

current signal of the position observer [L109].

The online method is based on the assumption of fixed d-axis incremental inductance. This
assumptions is only feasible for some specific machines as the d-axis incremental inductance
usually also varies with dg-axis currents due to magnetic saturation and cross-coupling effect.
The offline methods modify the input or output of the position observer to make it converge at
A6 = 0.

In highly saturation conditions, as I,, in the observer input signal ¢, i.e. I,,sin(2A68 — 2A6,,),
is very small, there is a possibility that the trace e-A8 will not have a convergence point during
AB € [-180°, 1807. In such situation, the angle compensation and current compensation can be

combined to guarantee reliable convergence at A@ = 0 [MAN20].
1.2.4.2 Secondary-saliencies and polarity

In previous HF model, the incremental inductances in the dg-frame are seen as only
dependent on the dg-axis currents. However, they are also varying with rotor position which is
caused by spatial inductance harmonics (also called secondary saliencies). The HF model in
the stationary frame considering spatial harmonics can be expressed as

L+ L, coszhg,) -3 L, sin(2hd,)
Laﬂ — OCh:l h:];( (167)
—> Lysin(2hg,) L, -> L, cos(2hs,)
h=1 h=1

where h is the harmonic order (h=1 represents the primary saliency), Ly, is the amplitude of
the spatial inductance. For rotating voltage injection [REI08], the HF currents will contain
current harmonics caused by the secondary saliencies as

i(G-7/2) & —J(6,—2h0, — /2 u, Ly,

iS,=1e +>'1 e A, =——hoah ,
aph p Z nh h Za)h(Lé—LzAh) (1 68)

h=1

For pulsating voltage injection, the estimated g-axis HF current is as
gy = [ I, sin (249r ~20, ) +> 1, sin (249r —2hé, )Jsin (opt) (1.69)
h=1

The HF current components with h>1 are called the secondary saliency currents. It is difficult
to separate the primary currents with the secondary saliency currents as their frequencies are

too close. Hence, there will be ripples in the estimated position. In [REI08], a neural network
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is introduced to decouple secondary saliencies. In [CHE16], the multi-saliencies are offline
measured with pulse voltage injection and used for online compensation. In [CHE14], with
multi-signal injection method, multi-saliencies can be removed with only the primary saliency
left. In many applications, due to relatively low magnitudes, multi-saliencies can be neglected
in machines with high primary saliency. Although, secondary saliencies can result in estimation

ripples, they can also be utilized for polarity detection as described below.

Polarity detection is an important topic in saliency tracking based sensorless control. In
section 1.2.21, it has been revealed that there is an ambiguity of @ in the estimated position as
convergence can be reached at both AB=0 and A6=n. This is due to that the saliency undergoes
two cycles in one electrical period. To distinguish the polarity, three kinds of methods can be

used as shown in Fig. 1.27.

| Double pulse Compare Vol ~
injeCtion Al posi Al nega 7 i
- d
[ Polarity } HF current [r—_Un Vol
detection amplitude "L, a8 :
- d

Secondary .
i Isi n
saliency 9

:kcos(er—ér)

Fig. 1.27. Polarity detection methods.

The double pulses injection method is performed with two opposite voltage pulses injected
to the estimated d-axis. The current variation caused by voltage injection on north-pole is
higher than that on south-pole due to different saturation levels [HOLO08]. In [GON11], polarity
is detected by the d-axis HF current amplitude variation under different d-axis fundamental
currents, while in [JEO05], [XU17b] [KIMO04], the secondary saliency is used to indicate the

polarity. General comparison between these methods are shown in Table 1.8.

44



Table 1.8 Comparison between different polarity detection methods

Double pulses | Amplitude variations | Secondary saliencies
Concept complexity Simple Simple Complex
S/N ratio High High Low
Robustness High High Low
Response Slow Slow Quick
Computation burden Low Low Medium
Integration with
sensorless algorithm No Yes Yes

1.2.4.3 Inverter nonlinearity

The saliency tracking based sensorless methods are usually carried out with a general
purpose three phase inverter. The voltage output is affected by nonlinear inverter characteristics
which include dead time, turn on/off times, parasitic capacitance and voltage drop [GUEO05].
The inverter nonlinearities can distort the HF voltage and result in current harmonics which
may induce ripples in the estimated position. Hence, the impacts of the inverter nonlinearities

should be analysed and compensated.

The conventional saturation model indicates that the voltage distortion caused by inverter
nonlinearities is determined by the current level and a curve describing the relationship between
current and voltage errors can be plotted by experiment [PAR12]. This model is capable of
analysing the voltage loss for fundamental current waveforms, but cannot be directly used for
analysing the HF voltage loss. For modelling the impact of inverter nonlinearities on HF
voltage injection, the HF equivalent resistance model was introduced in [GON11]. This model
employed small signal linearization of the current-voltage loss trace to simplify the analysis.
The HF voltage loss is modelled as the voltage drop on the equivalent HF resistance which is

modulated by the fundamental phase current.

The voltage error is described as
Au,, = f (i )+ T (iy )iy, =sign(iy )- AU + R, -i,, (1.70)

where iys,i., denote the fundamental current and the HF current of phase x, AU is the

saturation voltage error, and R,, is the HF equivalent resistance as shown in Fig. 1.28.
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Fig. 1.28. HF equivalent resistance model.

With the HF phase resistances, the equivalent dg-axis HF resistances can be model as

Rdh = §|:Rah C032 (Hr ) + Rbh C052 (9., _2?”)4_ Rch C032 (er +2?ﬂ-j:| (171)
Ry = %{Rah sin(26,)+R,, sin (er —4{)+ Ry, sin (6’, +4§ﬂ (1.72)

where Ry, Ryn, Re, are the equivalent phase HF resistances. The HF phase resistance can be

curve-fitted with analytical expressions as

_2AU *rg

——— —X=a,b,c
xh (1+ekle jz X (173)

where k is the parameter only determined by the dead time and switching devices, AU is the
saturation value of the voltage error. For bus voltage 150V and dead time 2us in the test rig,
k=0.5 and AU=2.6V are identified. Such model can be used to compensate the error caused by
inverter nonlinearities. However, accurate inverter parameters or offline measurements are
required for setting up this model [PAR12]. In actual applications, the effect of compensation
is sensitive to the sampling noise and distortions. In [GON11], the positive sequence current is
used to compensate the ripple caused by inverter nonlinearities without knowing inverter
parameters. In [CHOO08], the pulsating signal injection axis is switched for minimal zero current

clamping effects.
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1.2.4.4 Delay effects

In the position demodulation process, delay effects in current sampling and voltage synthesis
should be considered. There are two kinds of delays in HF voltage injection based sensorless

control, i.e. the voltage synthesis delay and the sampling, filtering delay.

(a) Voltage synthesis by PWM waveform

Firstly, the voltage synthesis delay in current is mainly caused by the way of PWM voltage
is generated [BAEO3] as shown in Fig. 1.29. At ¢t,, the voltage reference is transformed to the
three phase PWM register compare values. But at t,, the PWM registers are only calculated
and stored in the so called shadow registers, but not take effect. At t,, the comparison values
in the shadow registers are transferred to the actual compare registers and the PWM waveforms
will be generated during the period [¢t,, t,]. The voltage is approximately to be generated in the
middle of the PWM period [t;, t,]. Therefore, the delay between the voltage reference and the

actual output voltage is about 1.5Tpyy -

Delay = 1.5T,,,

Y

L

PWM registers PWM registers  PWM voltage
update effective generated

Fig. 1.29. Delay caused by PWM voltage synthesis.

(b) Delay caused by sampling and filtering

For HF voltage injection based sensorless control, the HF currents used for position
estimation are obtained by sampling circuit and digital filters which will introduce delay to the
actual currents. The accurate delay is difficult to determine as it is related to sampling hardware

and filter parameters.

The HF currents considering delay for rotating voltage injection is expressed as

. T i T
ijx/)’h = |peJ|:(9h +¢d9|a)’)_5:‘ + |ne_J ‘:(gh +¢delay)_ 2gr _E:‘ (174)
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where @ .14, I the phase delay caused by voltage synthesis and sampling, filtering. With the
position estimation methods in section 1.2.2.1, the delay effects will result in ¢ 4.4, /2 error

in the estimation result for rotating voltage injection based sensorless control as

1

er - ér = E @delay (175)

In [XU17a], a PI regulator is used to suppress the position errors by tracking the phase shift
caused by the delays. For pulsating voltage injection, the delay effect will result in HF current

amplitude decrease as
I’ = LPF [2|qh sin (26, )sin (ot + @y, ) *sin (a)ht)}

- (1.76)
= 14, COS(Pyaay )siN (26, )

As can be seen, the amplitude of the position error signal is reduced. This will impact the
bandwidth of the position observer, but not result in error in the estimated position. In [BOL11],
the discrete Fourier transform (DFT) technique is introduced to calculate the HF current

amplitude which is not affected by the delay effects.

1.2.4.5 Load transient and fusion of sensorless methods

For continuous HF signal injection based sensorless method, the load transient should also
be considered for improving the dynamic performance. At steady state, there are no
interferences between the HF and fundamental currents as the band pass filters can separate
them as there frequencies are far apart. However, under load transient, the step load currents
contain widespread frequency spectrum and are coincided with the frequency of the HF
currents. Therefore, there will be interference between the load current and the HF currents,

which will result in position estimation error.

There are typically three kinds of methods for eliminating the adverse impacts of load current
transient as shown in Fig. 1.30. The first method is to limit the slop of the load current for
reducing the harmonics in the transient currents. However, this will reduce the dynamic
performance of torque control [CONO09]. The second method is to predict the transient load
current from the machine parameters and voltage references. The predicted transient currents
are then subtracted from the sampled currents [BR100], [BUG18]. With this technique, the step
currents are removed before passing through the BPFs. The third method is to increase the

injection frequency for reducing interference between the HF and transient load currents.
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However, with higher injection frequency, higher injection voltage is also required for

guarantee the amplitude of the position error signal.

Limiting slop of the
torque reference

L ransien icti
oad transient }—— Load current prediction
compensation

Increasing injection
frequency

Fig. 1.30. Methods for compensation of load current transient.

Another important issue for applying the sensorless control methods is the switch between
different sensorless algorithms. At standstill and low speed, the saliency tracking based
sensorless methods have better performance, while at medium and high speeds, the
fundamental model based sensorless methods have superiority. Conventionally, according to
the number of the closed-loop observers that are used, there are typically two kinds of methods

as shown in Fig. 1.31, i.e. single observer and dual observers.

: & N &
Saliency model | Normalization — ™ »
Fusion | ¢ PLL 6,
—» —>
module observer @,
Fundamental | &2 . €2 pu
— Normalization >
model
(a)
. £ PLI 0, @
Saliency model |—%—» non,
observer 1 _
Fusion 0.
>
module ,
Fundamental &, PLL 6,, @,
model observer 2
(b)

Fig. 1.31. Switchover strategies between saliency and fundamental model based sensorless

methods. (a) Single observer. (b) Dual observers.

For dual-observer solution, the positions and speeds are estimated from separate observers

and are forged together by weighting functions [IDE06]. The Pl parameters for the two
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observers should be designed separately. For single observer solution, the position errors from
saliency model and fundamental model are normalized separately and then combined by a
fusion model to from a hybrid error signal [YAN17]. With single observer, only one set of Pl
parameters should be tuned. The fusion module is usually a linear weighting function according
to the speed, i.e. the saliency model is dominant below the low limit and the fundamental model

is dominant above the high limit.

Except the above methods using fusion module to combine different sensorless models,
some unified whole speed range sensorless methods are gaining popularity, which do not need
to consider the weighting functions and the low limit, high limit of the transition region. In
[X1A20], a whole speed sensorless operation method based on extended back EMF is proposed
as shown in Fig. 1.32. It makes use of the sufficient large extended back EMF signal at low
speed due to g-axis HF voltage injection.

u;ﬂ ea > Qa = 2efle/3
9.,
Extended back Orthogonal PLL observer —»
ap £ 2 2

Fig. 1.32. Whole speed range sensorless control based on extended back EMF model.

1.2.4.6 Incremental inductance measurement

According to the previous introduction on the saliency tracking based sensorless control, the
incremental inductance values, i.e. Lgp, Lgn, Laqn, are very important for evaluating the
sensorless performance. As these inductances are used in HF signal injection based sensorless
control, they are also referred to as HF inductances in the following sections.

There are many methods for obtaining these parameters as shown in Fig. 1.33. The FEA
technique can be employed to predict the incremental inductances. However, as the design data
are not always available, experimental methods by making use of general purpose inverter
drives are required. The HF inductances can be obtained from the flux linkage-current
characteristic by post-processing [LI19]. However, the measurement of flux linkages is
relatively complicated and requires back electromagnetic force integration operation for
standstill tests [HIN17] or spinning the rotor for rotating test [PEL15]. It is preferable if the HF
inductances can be measured directly at standstill. The HF inductances can be directly
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measured by employing HF signal injection techniques which have been widely used in
position sensorless control [XU14], [KUE14], [LI07].

Standstill test ]
From current-
flux linkage .
Rotating test }

Incremental
inductances

Experiments

Rotating voltage

Direct measuring E injection
by HF injection J| pylsating voltage]

injection

Fig. 1.33. Conventional methods for obtaining the incremental inductances.

In [XU14], the HF sinusoidal rotating voltage is injected to the stationary reference frame
for measuring the HF inductances, including the cross-coupling effect. The offset angle A6,,
caused by the cross-coupling effect is obtained from the difference between the actual rotor
position measured from an encoder and the estimated rotor position obtained from a position
estimator with the negative sequence current as the input. The dg-axis and cross-coupling HF
inductances are then calculated from the offset angle and amplitudes of the positive sequence
and negative sequence HF currents. The method in [XU14] requires a position estimator, the

design of which is dependent on inductance values and affected by the delay effects.

In [KUE14], the HF pulsating voltage injection technique is used for measuring the HF
inductances. The angle offset caused by the cross-coupling effect is also obtained from the
difference between the actual rotor position measured by an encoder and the estimated rotor
position obtained from a position estimator. The HF inductances are then calculated from the
observed angle offset and the measured HF current amplitudes due to pulsating voltage
injections. The position estimator is also required and the measured HF current amplitudes are
affected by the delay effects which will result in errors in the calculated HF inductances. To
overcome the drawbacks of using a position estimator, an open-loop type measuring method is
proposed in [L107] by injecting HF pulsating voltages in the d-axis and g-axis which are
obtained from an encoder. The HF inductances are then calculated with the measured HF
current amplitudes on the dg-axes. This method does not require a position estimator. However,

accuracies of the calculated inductances are also affected by the delay effects. The existing
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methods for obtained the HF inductances with HF voltage injection techniques are listed in
Table 1.9.

Table 1.9 Comparison of HF inductance measuring methods

Methods Implementation Drawbacks
By FEA Simulation Require design data
Flux linkage-current w 1) — )/ Low accuracy
n+1)—ym [
trace [LI119] Complicated
By HF rotating voltage Observer required
) . Ly = f(Ip'In'AHm) ..
experiments injection [XU14] Delay sensitive
HF pulsating voltage Observer required
L Ly = g(an, Iqn, A61) "
injection[CHE14] Delay sensitive

1.3 Sensorless Torque Control

Precise torque control of PMSM is required in many applications, such as robotics, elevators
and electric vehicles [ZHUQ7]. Accurate torque feedback of the machine is essential for both
control and monitoring purposes. The torque in IPMSM is composed of permanent magnet
torque, reluctance torque and cogging torque as shown in Fig. 1.34. The cogging torque is
caused by the interaction of permanent magnet magnetic motive force (MMF) and the air gap
permeance harmonics due to slotting [ZHUOQO]. The cogging torque is not investigated here

due to relatively low magnitude.

Permanent magnet
torque

Electromagnetic %~ Reluctant torque

torque

—  Cogging torque

Fig. 1.34. Composition of electromagnetic torque.

There are usually two ways to control torque, i.e. field oriented control (FOC) and direct
torque control (DTC). For FOC, the torque is indirectly controlled by controlling the dg-axis
currents, while for DTC, the torque is directly controlled by regulating the stator flux linkage

and the torque angle by selecting the optimal voltage vector according to the torque and flux
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linkage errors [TAK86]. Some general differences are summarised in Table 1.10 according to

existing literature.

Table 1.10 Comparison between FOC and DTC in PMSMs

DTC FOC
Original paper [TAKS6] [BLAT72]
Controlled objects Flux linkage Dg-axis currents
PWM frequency Variable Fixed

or fixed (DTVC)

Medium (depending on

Dynamics High )
bandwidth)

Flux linkage observer/
Core modules ) Current regulators
Vector selection

Position dependent Required Required

Torque ripple Medium Low

Theoretically, the DTC method can achieve faster response compared to the FOC method.
For position sensorless control at standstill and low speed, sensorless rotor position estimation
is the common requirement for either DTC or FOC. In the thesis, FOC is adopted as the way

for investigating the sensorless torque control topic.

Sensorless torque control means that both the rotor position and the torque are obtained
without hardware sensors. Hence, it is also essential to estimate the torque, including
electromagnetic torque and load torque. The electromagnetic torque is usually calculated using
general torque equation [YAM16], while the load torque is estimated with mechanical model

as shown in Fig. 1.35.

estimation

[E|eCtr°magnet'CHElectrical model}
torque

Mechanical ]

Load torque model

SR

Fig. 1.35. Torque estimation in torque control.
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1.3.1 Torque control methods

1.3.1.1 Field oriented control (FOC)

General torque equation in the synchronous rotating reference frame is given by

T, = %p[l//pmiq +(Ly - Lq)idiq] (1.77)

where 1,,,,, is the permanent magnet flux linkage, Ly, L, are the dg-axis inductances. The
torque is composed of permanent magnet torque and reluctance torque. The torque can be
controlled by controlling i,4, i, respectively, which is the core principle of FOC. The dg-axis
currents are then controlled by dg-axis voltages, which are output by closed-loop current

controllers as shown in Fig. 1.36.

T 2O P e 1
-1 u

“ee MTPA | . . da/a VAN M
it S a/ap P

i, \@pldq|_i, abc/ap

Fig. 1.36. FOC control structure.

To achieve minimum joule loss, i.e. fifi + i * R, the torque to current amplitude ratio as

shown in (1.78) should be maintain maximum under a given torque. The trace of the current
references which meet such requirement is called maximum torque per ampere (MTPA) trace

as shown in Fig. 1.37.

T 3p : .
NN [y (L =Lk (L.78)
q q

The current references can also be selected by producing the minimum stator flux linkage
for a given torque as expressed in (1.75). As the applied voltage is approximately proportional
to the flux linkage when resistance voltage drop is neglected, the current trace with maximum

torque flux ratio is called maximum torque per voltage (MTPV) as shown in Fig. 1.37.
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T 3p[l//pm- (L _Lq)idiq}

e

(1.79)
\/(me +L |d L, 2\/71//pm +L |d Lq q)

In actual applications, the available current and voltage are limited by the machine and

inverter capabilities expressed in (1.80), where Umax, Imax are the maximum available voltage

and current amplitudes.

\/(me + Lyl )2 +(Lqiq )2 =U, \/ Id + 'q < (1.80)

Fig. 1.37. Optimal operating ranges for FOC in the ig-iq plane.

For FOC, the torque is controlled in open-loop type according to the MTPA curve, torque
feedback is not required. However, the knowledge of the developed torque can be used for
improving performance in many applications, such as lift gates, test benches, electronic looms,
or simply for diagnostic purposes. The torque feedback can also be used for regulating the

torque reference in [CHE10].

The rotor position used in FOC can be obtained by position sensors or sensorless algorithms.
As described in the previous section, the saliency model and fundamental model based
sensorless methods can be used. For sensorless torque control at standstill and low speed, the

saliency model is desirable and has been widely used in industrial applications.

1.3.1.2 Direct torque control (DTC)

DTC technique which was originally designed for induction machines, was proposed in
[TAKS86]. It has now been widely employed in the control of PMSM due to its fast response
and simple structure [TANO04] [BUJ04] [SW102].
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The torque equation can be expressed as the cross-product of the stator flux linkage vector

and current vector as

1=, xi, =Ly sin| 1 25| =Ly, cos(5-) (181)

where ¢ is angle between the d-axis and the stator flux linkage vector, ¢ is the angle between

the g-axis and the stator current vector as shown in Fig. 1.38.

Aq

Al

[

W om + Lalg

\J

Fig. 1.38. Vector diagram of the PMSM in the synchronous rotating reference frame.

As can be seen, (¢ + g — &) is the angle between the stator flux linkage vector and the stator

current vector. The torque equation can further be expressed as

3p : T 3py : i
T, =7(,//slS Sln(¢+5_5j =rd|_q[21//pm|—q sin (&) +y, (Ly - Lq)SIn(25)] (1.82)

For the machine with non-salient pole, i.e. Ls=Lg, the torque is proportional to the stator flux
linkage s and sin(o). It means that the when the amplitude of stator flux linkage is fixed, the
torque can be controlled by increasing and decreasing the torque angle J. As the rotor position
changes slower than the stator flux linkage vector, the torque can be controlled by fast changing

the amplitude or phase of the flux linkage vector. The increment of stator flux linkage vector

Al/js during a control period At can be expressed as
A(/75 = (Us _TSRS)At (183)

where 1, is the applied stator voltage vector, I, is the stator current vector. When the voltage
drop on the resistance is neglected, the increment of stator flux linkage vector is along the
voltage vector and proportional to the magnitude of the voltage vector. For a three phase
inverter, the eight voltage vectors (including zero vectors) can be selected as shown in Fig.
1.39(a). Each voltage vector is corresponding to a combination of the three inverter bridges.
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Fig. 1.39. Space vectors in DTC. (a) 7 voltage vectors. (a) Stator flux linkage increment

caused by vector Us.

These voltage vectors can change the amplitude or direction of the stator flux linkage vector
according to the location of the flux linkage. Fig. 1.39(b) shows the flux linkage increment
caused by a voltage vector l73. Hence, a lookup table can be made to store the optimal voltage
vector for different positions of the flux linkage. However, with lookup table (hysteresis type),
the PWM switching frequency is not fixed and complexity of the drive circuit design is

increased.

Alternatively, the direct torque control with space vector modulation (DTC-SVM) with fixed
switching frequency was introduced [BUJO04]. In DTC-SVM, the voltage reference is generated
from closed-loop PI controllers [BUJO04] or predictive/dead-beat controllers [LEE11] as shown

in Fig. 1.40. The voltage vector is then synthesized by space vector modulation.
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Fig. 1.40. DTC control structure. (a) Lookup table based DTC with variable switching

frequency. (b) DTC-SVM-fixed switching frequency.
1.3.2 Torque estimation

1.3.2.1 Electromagnetic torque estimation

Conventionally, the machine torque can be estimated from the product of stator flux linkage
and current [BOLO08]. The stator flux linkage is usually observed from the terminal voltages
and phase currents. There are two kinds of flux linkage observers which are all based on the
fundamental electrical models, i.e. voltage and current models [CHEO3], [HEJ11], [CHEZ20].

T = 3_p(%iﬁ _l//ﬂia) Voltage model
(1.84)

w

2
Te = 7['/’pm'q +(Ld - Lq)'d 'QJ Current model

The voltage model calculates the stator flux linkage by integrating the back electromagnetic
force (EMF) which is the difference between the terminal voltage and resistance voltage drop
[CHEO3]. This method is effective at medium and high speed ranges and only requires the
resistance parameter, but has deteriorated performance at standstill and low speed due to

reduced amplitude of the EMF signal [HEJ11] and voltage distortions caused by the inverter
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nonlinearities [CHE20]. The current model based flux linkage observer calculates the flux
linkage from the summation of the permanent magnet flux and the stator current induced flux
in the synchronous rotating reference frame. It is not dependent on the back EMF signal and
thus has good performance at standstill and low speed. However, it requires dg-axis apparent
inductances [XU14] which vary with currents, and the rotor position which is used to identify

the dg-axes.

(a) Torque estimation at standstill and low speed

At standstill and low speed, the conventional parameter identification methods have
deteriorated performance due to low amplitude of the back EMF signal. To reduce the
dependency of torque estimation on the fundamental model at standstill and low speed, high
frequency (HF) signal injection which is superimposed on the fundamental excitations is
employed for online inductance parameter identification [KAN21], [MAR20]. However, the

identified incremental inductances cannot be directly used for torque estimation in (1.84).

In [MAR20], the dg-axis incremental inductances are online estimated by injecting the HF
pulsating current signal and then used to calculate the torque by the empirical equation between
torque and incremental inductances. This method can be used without interfering with the
normal operation of the machine. However, the injected HF signal in [MAR20] is merely used
for identifying the incremental inductances while the rotor position should also be provided by
a position sensor. For reducing the hardware cost, the injected HF signal can be used for both
sensorless rotor position estimation and online incremental inductance identification

simultaneously, which are further used to estimate the torque.

(b) Torque estimation at medium and high speed
As presented before, at medium and high speed, the fundamental model has good
performance due to high signal amplitude of the back EMF signal. Hence, the flux linkage

observer based on voltage model has high accuracy as

v, = j (u,y —i,,R, )dt (1.85)

Thus, only the resistance parameter which varies with temperature needs to be online
estimated. There are many methods for online resistance identification. In [MOBO04], a MARS-
based resistance identification method for sensorless control is proposed. In [ICH06], an RLS
method was employed for estimating the winding resistance and dg-axis inductances of
surface-mounted and interior PMSMs. In [LIU11], a novel method by injecting a short pulse
of negative d-axis current is proposed for parameter identification with the measured terminal
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currents, voltages and rotor speed. The torque estimation strategies at different speed ranges

are shown in Fig. 1.41.

At standstill/ Current model/
low speed Inductance variation
Electromagnetic
torgue estimation
Medium/ Voltage model/ ]
high speed Resistance variation

Fig. 1.41. Torque estimation strategies at different speed ranges.
1.3.2.2 Load torque estimation

For improving the control performance and monitoring the load condition, load torque
estimation is also very important. ldentification of the load torque has many benefits for
improving the performance of machine drive systems. In speed control mode, the speed ripple
caused by the load disturbance can be suppressed by employing load torque feedforward
control technique [RUD13], [KIM10].

Unlike the electromagnetic torque which is calculated based on electrical model, the load
torque is determined by the load characteristics. The load torque is usually estimated from the
speed response and mechanical parameters of the drive system. The motion equation of the

drive system is given by

ipddat)e . (1.86-a)
we(s):J—Z[Te(s)—TL(s)] (1.86-b)

where w, is the electrical speed, p is the pole-pair number, J is the moment of inertia of the
motor, T, is the electromagnetic torque, T, is the load torque which can be estimated with the

observer in Fig. 1.42.

L s @, S J ;’®—’Tmbs

©

Fig. 1.42. Load torque estimation with basic mechanical model.
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The load torque observer in Fig. 1.42 needs to differentiate the position to obtain the speed,
and differentiate the speed to obtain the acceleration. The differentiation operation may

introduce much noise to the estimation.

To avoid differentiation operation, a separate load torque [YAN12b] observer is used as

shown in Fig. 1.43.
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Fig. 1.43. Load torque estimation with basic mechanical model.

As can be seen, the transfer function between the actual speed w, and the observed speed

Weops 1S

R _ p(kpS+ki) ps
Peobs = 37 p(kps+ki)we NP p (kps+ki)Te (1.87)

Combining (1.86), (1.87), the transfer function between T, and T}, IS

p(k,s+k;)
Js*+ p(k,s+k;)

TLobs = _[kp +%j(we - Cbeobs) = TL (188)
With this method, the load torque can be estimated with less noise, but the phase delay is
introduced. Besides, the bandwidth of the estimation is dependent on the inertia parameter

which should be online estimated.

The estimated load torque can be used to suppress the speed ripple in FOC control by load

current feedforward control as shown in Fig. 1.44.
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Fig. 1.44. Current feedforward control with the observed load torque.
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1.4 Scope of Research and Contributions

Sensorless torque control for IPMSM have been broadly reviewed in this chapter from two
aspects, i.e. the sensorless position estimation and the torque control. Fig. 1.45 shows the scope

of research for each chapter.

Sensorless torque control

Topic
Introduction
Chapter 1
| | |
Initial position Inductance Cross- Torque Whole speed
estimation measuring coupling estimation sensorless
Chapter 2 Chapter 3 Chapter 4 Chapter 5 Chapter 6
Polarity Rotating Angle Square wave Impact of load
detection injection compensation injection transient
Sector Pulsating Inductance Online High speed
detection injection relationship identification sensorless
Amplltude/pha Delay effects Spatla_l Torqu_e Algo_rlthm
-se modulation harmonics calculation switch

Conclusion and future
work

Fig. 1.45. Scope of research in this thesis.
Scope of the research for each chapter is:

Chapter 2 proposes a novel method for sensorless initial position estimation with fast

response based on HF sinusoidal rotating voltage injection.

Chapter 3 proposes a simple method for obtaining the incremental inductances of IPMSM
based on both rotating and pulsating voltage injection techniques. The method does not require
closed-loop observer and is free of the delay effects caused by PWM voltage synthesis and

current sampling, filtering.

Chapter 4 compares existing cross-coupling effect compensation in saliency tracking based
sensorless control and proposes a novel method for offline measuring the error caused by the

cross-coupling effect.
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Chapter 5 introduces a simultaneous sensorless rotor position and torque estimation method

based on HF square wave voltage injection for IPMSM at standstill and low speed, considering

the cross-coupling effect.

Chapter 6 investigates the impacts of load transient on sensorless position estimation. A

whole speed range sensorless method is proposed based on HF rotating voltage injection.

Chapter 7 summarizes this research work and gives discussions about future work.

The major contributions of this thesis are summarised as

1)

2)

3)

4)

5)

6)

Evaluating the relationship between the amplitude modulation and phase modulation in
HF rotating and pulsating voltage injection based sensorless control methods in Chapter
2.

A novel method for fast detecting the initial rotor position based on HF rotating voltage

injection is proposed in Chapter 2.

A method for measuring the incremental inductances without position observer and

delay compensation is proposed in Chapter 3.

A novel method for offline measuring the position error caused by the cross-coupling
effect is proposed in Chapter 4.

A simultaneous position and torque estimation method for IPMSM at standstill and low

speed based on HF square wave voltage injection is developed in Chapter 5.

A whole speed range sensorless operation method for IPMSM is proposed in Chapter
6 with only one close-loop position observer which is shared by the saliency model and

fundamental model.
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CHAPTER 2

INITIAL ROTOR POSITION ESTIMATION AND STARTUP METHOD

BASED ON AMPLITUDES OF HIGH FREQUENCY CURRENTS

2.1 Introduction

Interior permanent magnet synchronous machines (IPMSMs) have been widely used in both
domestic and industrial applications due to high torque density and power density [BOLO08],
[HEJ11], [JAN95]. Sensors such as optical encoders and resolvers are used to provide rotor
position, which will increase cost and complexity. Thus, the sensorless control of IPMSMs
which estimates the position from stator currents and terminal voltages has been proposed over

the past decades.

At medium and high speeds range, back electromotive force (EMF) or flux linkage induced
by permanent magnet are observed to calculate rotor position [BOLO08], while at zero or low
speed range, saliency detection based methods by high frequency (HF) signal injection show
better performance [DEG98], [BIAQ7]. These two kinds of methods can be combined to
provide whole speed range sensorless operation [WAN13], [YAN17]. For applications that

mainly operate at high speed, fast and reliable sensorless startup is the most important.

Generally, sensorless startup methods can be divided into the open-loop type which
generates current reference based on predetermined angle trace [BOL15], [FATO08] and the
closed-loop type which obtains rotor position from sensorless algorithms. Open-loop startup
methods are employed when the machine has low saliency level and light load [WAN12],
[YU18], but they suffer from instability and low adaptability to the load variation. The closed-
loop startup has higher reliability as the position is obtained continuously based on real time
circuit variables. For all the sensorless start-up methods, the first step is to identify the initial

position.

There are mainly two kinds of methods to detect the position at zero or low speed region.
The pulse injection method is robust but needs separate injection cycles which decreases
bandwidth and results in shrill noise [ZHO20]. The other kind of method injects continuous
HF signal to the stator windings, such as sinusoidal rotating signal which is injected to the
synchronous stationary reference frame (SSRF) [JAN95] and pulsating signal which is injected
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to the synchronous rotational reference frame (SRRF) [LUO16]. Usually, the signal injection
into SSRF is preferred. This is because the SRRF is established by the estimated position which
IS obtained by converging the position estimation error to zero, while the ambiguous
convergent point would make the system unstable [WAN19b]. The initial position is obtained
by driving the position error signal to zero with a proportional integral (PI) controller, the
convergence time of which may be long. The tuning of the Pl parameters is dependent on the
negative sequence current and machine parameters. In this chapter, a simple initial position
estimation method is proposed based on the sinusoidal rotating voltage injection. In the
conventional method, the three phase HF current amplitudes are regarded as analog signals,
while in the proposed method, the HF current amplitudes are regarded as digital signals. The
values of HF current amplitudes are not important. What makes sense is the relation among the
three amplitudes. A rough position signal can be obtained fast than conventional method by

comparing the amplitudes.

The magnet polarity is required after initial rotor direction is detected. Generally, three
methods can be used for polarity detection, i.e. double pulses injection [TAN18], HF current
amplitude variation [GON13] and secondary saliency [RACO08]. The pulse injection method is
simple but should be performed as independent process. The amplitude variation method which
compares HF current amplitudes under different fundamental currents, may produce driving
torque if there exists position estimation error. The method utilizing secondary saliency is fast
but of low signal to noise ratio (SNR). After the initial position has been identified, the machine

can be driven to high speed until the back EMF based sensorless methods take control.

An associated problem with signal injection is the noise caused by HF currents. Generally,
lower injection magnitude or lower frequency can reduce the noise at the cost of reducing the
SNR and bandwidth [WAN17a]. Hardware measures such as current over-sampling or analog
filtering [JUN15] and software methods such as disturbance observer [YAN12b] are introduced
to mitigate the impact of reduced amplitude. For square wave pulsating voltage injection, the
PWM switching frequency can be selected beyond the maximum limit of human ear perception.
But this method is only practical for few wide band gap semiconductor devices [KIM12].
Pseudo-random injection [WAN16], [WAN17b] and variable frequency injection [DU20] can
achieve low noise effect by distributing the power spectrum density (PSD) to multiple peaks.
In this thesis, a multi-frequency sinusoidal rotating voltage injection based sensorless method
is proposed to provide low noise startup. Similarly, as the PSD has multiple peaks, the shrill

noise is largely relieved.
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The chapter is organized as follows. Firstly, conventional initial position estimation methods
based on rotating voltage injection and pulsating voltage injection are reviewed. The phase
modulation and amplitude modulation phenomena are analysed. Then, the proposed initial
position estimation method including polarity detection is explained in detail. The discrete rotor
position at low speed and be obtained by comparing the HF current amplitudes and used for
startup. To further improve the startup performance continuous position can also be obtained
by using vector tracking observer. Experiments are carried out to verify the effectiveness of the
proposed method. Thirdly, the proposed method is used for reducing noise problem during

initial position estimation with multi-frequency signals injection. Finally, conclusions are given.

2.2 Conventional Methods for Initial Rotor Position Estimation

Sufficient starting torque at standstill is vital for successful startup of electrical machines.
The induction machines can generate considerable starting torque as long as alternative
currents are applied on the stator windings according to the torque-slip curve. However, for
PMSM, the flux linkages induced by the stator currents should be synchronized with the flux
linkages induced by the permanent magnets to produce stable electromagnetic torque. Thus,
the rotor position is required for the inverter to apply appropriate currents to the stator windings

with optimum phase and amplitudes especially when large startup torque is needed.

The initial position is usually obtained by extracting the stator voltages or currents which
contain rotor position. However, at standstill, the widely used back EMF model fails due to
low signal magnitude. Instead, the saliency variations of the machine caused by structure or
saturation are made use of. The PMSM with non-salient pole is not considered here due to
inherently low saliency level at standstill, while the IPMSM with high initial saliency is the

main focus of this thesis.

The widely used saliency detection methods with continuous signal injection are high
frequency sinusoidal rotating signal injection and pulsating signal injection, which will be

investigated later in this chapter.
2.2.1 Saliency model

The voltage equations of PMSM with salient pole in the SRRF are as
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where ug, ug and ij, iy are the voltages and currents in the synchronous reference frame, w, is
the electrical speed, R, is the stator resistance. By superimposing HF voltages on the
fundamental voltages, HF currents will be induced in the stator windings. For easy separation
of the HF components with digital filters, the frequency of the injection signal should be higher
than the fundamental frequency. For example, for a machine with 50Hz rated frequency, the
frequency for HF signal can vary from 200Hz to several kilohertz. The equivalent circuits in

the dg-axis reference frame for describing the HF variables are as

.

Y

Il
Py
Py

Hi
Idh

r r
udh Rd uqh Rq
iron th iron th

(a) (b)
Fig. 2.1. Equivalent HF circuits in the dg-axis. (a) d-axis. (b) g-axis.

where w,,uy, igy iy, are the HF voltages and currents in SRRF, R&__RZ_are the iron loss

ironiron
reflected series resistances in the dg-axes, Lan, Lqgn are the incremental inductances which are
related to the magnetic saturation levels. The superscript “r” means the SRRF in following
equations. The back EMF is not included in the HF equivalent circuits as its frequency is
relatively lower than the injected HF signal. Cross-coupling effect inductances which describe
the impact of magnetic saturation on the quadrature axes, are not considered in this model.
Since the reactance of HF equivalent circuit is much higher than the stator resistance and the
iron-loss reflected resistance, the resistances in HF model are often neglected. Thus, the HF

voltage equations of IPMSM in the SRRF are expressed as

ol O (d 2.2)
Ugn 0 Ly |dt|ig,

For better analysing the HF currents, the voltage equations in the two phase stationary

reference frame can be obtained by Park transform as
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where Ly = Lantlan ;= @ 0, is the rotor position. The incremental inductances in the

stationary reference frame are varying with rotor position and are coupled with the quadrature
axes as shown in Fig. 2.2. Thus, the rotor position can be obtained by detecting the inductances.
The saliency detection based sensorless estimation methods are all based on the two models in
(2.2) and (2.3). However, it is difficult to directly detect the inductance and extract the rotor
position. In next sections, different kinds of signals are injected to the stator winding to
indirectly derive the rotor position. The rotor position demodulation methods are different

depending on different injection signals.

-3 s

Izzh . P Iﬂh
L, —L, cos(26,) L, +L,cos(26,)

—L,sin(26,) & %-L, sin(26,)

Fig. 2.2. Equivalent HF circuits in the af-axis without considering resistances.
2.2.2 High frequency rotating and pulsating voltage injection methods

The most commonly used methods for position estimation are rotating voltage injection and
pulsating voltage injection. In this chapter, their general principles will be presented. The

difference and relationship between the two methods are investigated in detail.

2.2.2.1 High frequency rotating voltage injection

HF sinusoidal rotating voltages u,,uy, are injected to the SSRF as

s 6,
UZh _ |:Uh C?S( h):| , 0h _ a)ht (24)
U, u, sin(6,)
where uy, 8, wyare the amplitude, angle and frequency of the injected signal. The induced HF

currents i, iy, at low speed can be solved by substituting (2.4) in (2.3) as
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where Ip,In are the current amplitudes of positive and negative sequence currents, we is the rotor
electrical rotating frequency. The current responses in (2.5) are composed of positive sequence
current and negative sequence current. Conventionally, there are two methods for extracting
the rotor position as shown in Fig. 2.3. The heterodyning method moves positive sequence
component to high frequency domain and filters it out by low pass filter (LPF). The remaining
error signal ¢1 is sent to a phase locked loop (PLL) observer for position estimation. The
synchronous frame filter (SFF) method filters off the positive sequence current using a high
pass filter (HPF) implemented in a reference frame which is synchronous with the positive
sequence current [DEG98]. The error signals 1 and &2 have the same expression as

& =1,sin(26, -26,)=1,sin(24,) 2.7)

where 8, is the estimated rotor position and 8,=6,-0, is the position estimation error.

i1 LPF

—»l i N / \‘ ¢ J/ \ ( 1 \ér
‘\el(ﬁh—Zﬁr)J—{ﬁJ s | Pl ™ 5 |
BPF
is 1 Heterodyning method
A 2 Synchronous shaft filter
HPF I

4‘ e~ 10, }—»‘K%‘ej(Zﬂh—Zér)ﬁ Pl P‘ % }Q’

Fig. 2.3 Conventional demodulation methods for rotating HF injection.

The rotor position is contained in the phase of the error signal ¢. When 8, is small, ¢ is
proportional to &, and sent to a PLL observer as shown in Fig. 2.4(a) where Kp, Ki, Kp are

observer parameters, @,, T., are the estimated electrical speed and torque, P is the pole-pairs, ]

is the estimated inertia.
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Fig. 2.4 Different PLL observer structures. (a) With mechanical model. (b) Simplified model.

The observer with mechanical model has good disturbance rejection ability to load variation,
but is dependent on the estimated torque T, and inertia J. Instead, the simplified PLL observer

in Fig. 2.4(b) is more widely used in actual applications.

2.2.2.2 High frequency pulsating signal injection
For the pulsating voltage injection based sensorless control method, the sinusoidal pulsating
voltage as shown in (2.8) is injected to the d-axis of the estimated synchronous rotating

reference frame shown in Fig. 2.5.
Ug, =U, €05(6,),6, = oyt (2.8)

where the superscript “*” means the estimated synchronous rotating reference frame (ESRRF).
If the estimated d-axis is not aligned with the actual d-axis, there will be HF current on the

estimated g-axis.

O

Fig. 2.5 HF pulsating voltage injection in the estimated d-axis.

The HF voltage equations in the estimated reference frame can be expressed as

ugh -1( th 0 A d ic':h
@) 2 el ] @9

where R(,) is the rotating matrix as
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(2.10)

R(@) :{ cos(6,) sin(ér)}

—sin(d,) cos(6,)
By combining (2.8) and (2.9), the HF in the estimated reference frame are solved as

L +L, L, —L .
" i i 6os(2(6, —6).))
{ldh} u, 2 2

=—h sin(aw,t) (2.11)
@, Ly, L Lgh—Ldh "

f

I

sin(2(6, - 6,))
It is observed that both the dg-axis HF currents are amplitude modulation waveforms. Their

amplitudes can be extracted using synchronous demodulation technique as

uh(th + th) i uh(th - th)

cos(2(0. —6.)) (2.12-a)
2w, Ly, th 2w, Ly, th

15, = LPF(2if, sin(a,t)) =

h(th - th)

1, = LPF (2if, sin(at)) = - sin(2(6, —6.)) (2.12-b)

2w, Ly, qh
where 17, Igh are the HF current amplitudes. It is observed and the rotor position is contained

in the amplitudes. However, as the d-axis current amplitude has a DC offset W which
hldnLqn

is difficult to remove, the g-axis current amplitude is used for position estimation. The

amplitude of the g-axis HF current has the same expression as the error signal in (2.7) for the

rotating voltage injection. Thus, the same PLL observers shown in Fig. 2.4 can be used for

position estimation.

Although it has been revealed that there is not substantial difference in position estimation
performance between the rotating and pulsating injection techniques [BIAQ7], their position
demodulation methods are different. The method for extracting rotor position in rotating
injection is phase demodulation, as the rotor information is contained in the phase of the
negative sequence current, whereas the method for obtaining rotor information in pulsating
voltage injection is amplitude demodulation, as the rotor position is contained in the current
amplitude. Comparison of HF rotating and pulsating voltage injection methods is listed in
Table 2.1.
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Table 2.1 Comparison between HF rotating and pulsating voltage injection methods.

HF rotating injection

HF pulsating injection

Injection signal

Sinusoidal rotating

Sinusoidal pulsating

Injection frame

Stationary frame

D-axis of the ESRRF

Current responses

Positive & negative sequence

carrier currents

Dg-axis HF currents

Demodulation method

Phase demodulation

Amplitude demodulation

Noise level High Low

The pulsating voltage injection has relatively lower noise level than the rotating voltage
injection as the HF current on the d-axis has less impact on torque ripple. The demodulation
methods for the two injection types are different and the internal relationship is investigated in

the next section.

2.2.2.3 Phase modulation and amplitude modulation

The signals for rotating and pulsating injections are all sinusoidal waveforms. Why the
demodulation methods for rotating and pulsating injections are different? Could phase
demodulation also be used for pulsating voltage injection or amplitude demodulation be used

for rotating injection? Firstly, to investigate the difference, the pulsating voltage can be divided

into forward rotating voltage a’;osi and backward rotating voltage ﬁfwga as

us _u cos(é,) | _u, | cos(6,) U cos(-6,)
ul | " 0 | 2sin@g,) | 2| sin(-6,)

u u

posi nega

(2.13)

The forward and backward rotating voltages can be further transformed to the stationary

reference frame as

Uan | _ | Udn Li6_ U cos(6, +6.) . U cos(6, —6,)
Upn | | Yen 2 | sin(g, +6,) 2 | sin(d. —6,)

ge =Y j(6,+6,) TR :U?nej(é, -6,

(2.14)

posi

Thus, the pulsating voltage injection in the estimated d-axis can be seen as two rotating
voltage injections which are in opposite directions. Naturally, the HF current responses due to
pulsating voltage injection to the estimated d-axis can be calculated by superimposing the
current responses by positive sequence voltage and negative sequence voltage injections as
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i, Jisy =10g + i =[1,610 + 1,626 —0)]sin(g,) (2.15)

nega

- I, 5 7Ty | . A V4

i =?pe1(6’h+6’r—E)+Ene—1(6’h+6’r—29r—5) (2.16)
- I, 5 Ty A 74
1S _ — i n __— —_ _2 _—

where I, I, are defined in (2.6), T, Tnegq are the HF currents induced by i;,; and 5,044

respectively. From the expressions above, the following conclusions can be drawn.

(D The stator HF currents due to pulsating voltage injection in the estimated d-axis are
amplitude modulation waveforms according to (2.15).

@ The amplitude modulated waveforms in (2.15) are synthesized by the two phase
modulated waveforms in (2.16) and (2.17). This is quite similar to the standing wave
phenomenon in physics.

(3 As the phases of the currents in (2.15) do not contain rotor position, phase demodulation

method is not applicable for the pulsating voltage injection based sensorless method.

Thus, for the pulsating voltage injection, only the amplitude demodulation method of the HF
currents can be used for position estimation. Whereas for the rotating voltage injection, the
stator HF currents are not only phase modulated, but also amplitude modulated which will be
revealed and utilized for fast initial position estimation in the next section.

2.3 Proposed Method for Initial Rotor Position Estimation

The aforementioned conventional position estimation method based on rotating voltage
injection tracks the negative sequence current phase and are called phase-demodulation method.
However, there are several drawbacks. Firstly, it is hard to predetermine the PLL observer
parameters as they are related to the saliency ratio and the injection voltage. Secondly, the
convergence time may be very long if the observer parameters are set small for stability. Then,
due to execution and PWM logic in digital voltage synthesis [WANZ19b], there exists a phase
delay between actual injection angle and 6h. This delay is hard to determine since it is related
to dead-time effect and current levels. To overcome these problems, a novel initial position

estimation method based on the three phase HF current amplitudes is presented in this chapter.
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2.3.1 Position estimation by using HF current amplitudes

The commonality of the phase demodulation based methods described in Fig. 2.3 is that they
both utilize the phase signal in the negative sequence current. Phase modulated HF currents
can also be seen as amplitude modulated signals which is firstly proposed in [L117]. Instead of
using two-phase stationary currents, three phase HF currents i3, ., (isn, ipn, icy) Can be

expressed as (2.18) from (2.5) by reverse Clarke transformation.

?:h 11 \;)5 . I-p sin(¢9h)+-ln sin(6,—26.)
Eh =l-5 5 ng: | sin(6,)+1, sin(6, 20, +27/3) (2.18)
i, 1 3 I, sin(,)+1, sin(6, 26, —27/3)

L2 2]

When the machine is operating at low speed region, the rotor rotating electrical frequency is
very low compared to the injection frequency wn. Thus, the three phase HF currents i}, can
be regarded as sinusoidal waveforms of frequency wn with slowly changing amplitudes and

phases as

Amp _i: sin(6, +¢,,)
i |=| Amp _i; sin(6. +¢,,) (2.19)
Amp _i; sin(6, +o,.)

JU+12+21 1, cos(26,)

Amp _i},
Amp _is | = \/I 2412421 1, cos(26, +2713) (2.20)
Amp _i}

JU2+12+21 1, cos(26,—2x13)

where @an, @bh, @ch, Amp_i,,Amp_ 5, Amp_£, are the phases and amplitudes of three phase HF
currents respectively. The amplitudes can be calculated by discrete Fourier transform (DFT)

from stator currents as

Amp _i%, =
2 W, —1., 27KT, 12 W, -1 . 27KT, (2 (2.21)
\WS\/[ZK =0 Iabc(k) COS( i )] +[Zk =0 Labe (k)SIn(T)]

where W;s is the number of sampling points in a DFT window and Ts, Th are the periods of

sampling and injection signal. The DFT window length WsTs should be an integer multiple of
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half of the injection period as (2.22) to avoid frequency aliasing. This poses a weak constraint

on the selection of injection frequency.

S°S

W.T, :k—;(kzl,z,s...) (2.22)

However, as the amplitude is modulated by rotor frequency we, the calculated amplitude will
have an angle shift A&sir to the actual value due to the delay caused by DFT window. The
simulation result in Fig. 2.6 shows that the calculated amplitude has a time delay to the actual
amplitude. The delay is about half of the DFT window. It is verified by simulation that A&shit
is approximated as half of rotor rotating angle during a DFT window as

W_T kz
AOpy =55 @, =~ g (k =1,2,3...) 2.23
=yt o =5 (223)
0.4 ™ — Actual'amplitude |
< 03k —- Calculated | — ’KP\
= amplitude
= 0.2f 1
o 6ms
g oi1r ﬂ e 1
0 DFT window | | .
0 0.05 0.1 0.15 0.2
Time (s)

Fig. 2.6. Delay of the calculated amplitude by DFT for w, = 20w rad/s, w, = 10007 rad/s,
T, = 1le~*s, Ws = 60(6 half injection cycles).

The DFT is carried out in the dSPACE with DS6001 processor board. The program is
executed in the Intel@Core ™ i7-6820EQ four cores processor with 2.8GHz working
frequency. Therefore, the calculation time is negligible compared to the DFT window. It can
be seen in Fig. 2.6, the 3ms delay will result in 0.36 degrees in the boundary detection for the
speed 60rpm. The angle error caused by DFT increases with the rotor frequency and the
window length. However, as the injection frequency wn is much higher than we at low speed,
the angle shift is relatively small. It is also noted that the calculation in (2.21) is independent
of the injection angle 6, and thus is immune to the delay effects. The HF current amplitude
can also be extracted by calculating the modulus of the current vector which is filtered out by
notch filter as shown in Fig. 3.4. However, the calculation requires more calculation resources.

To obtain the rotor position from (2.20), 8- was calculated by inverse tangent computation as

(2.24), which will introduce noise in the position output due to division operation.
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0, =0.5tan™

N3[(Amp _i5, )’ ~(Amp _i},)’] } (2.24)

2(Amp _iZ )*—(Amp _i3 )*—(Amp _i, )

The aforementioned methods obtain an accurate magnet position which increases the
complexity of estimation. In practice, a rotor sector information is already enough for startup.
In this chapter, a simple initial sector detection method is proposed based on the HF current
amplitudes which is an extension of the phenomenon discovered in [LI17]. The HF current
amplitudes are seen as digital signals instead of analog signals. Besides, a multi-frequency
injection strategy is utilized to reduce the noise caused by HF injection based on the proposed

method.
2.3.2 Proposed initial position detection based on HF current amplitudes

2.3.2.1 Fastinitial sector detection

The traces of Amp_£,,Amp £, Amp £, with rotor position are plotted in Fig. 2.7(a) according
to (2.20). The whole electrical period is evenly divided into 12 sectors by amplitude crossings
shown by the black dots. The angles Gbound, Omidaie are the boundary angle between adjacent
sectors and the middle angle in each sector respectively as shown in Fig. 2.7(b). The amplitude

waveforms in the range (180°, 360°), i.e. south pole, are identical to those in the range (0°, 180°),

i.e. north pole.
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Fig. 2.7. Variation of three phase amplitudes with rotor position. (a) Variation of phase

current amplitudes with position. (b) 12 sectors separated by crossings.

Table 2.2 describes the relationship between the HF current amplitudes and the sector
number, which can be used for initial position detection. The rotor position, which refers to the
north pole of the magnet, may be located in one sector or on boundary according to the three
current amplitudes. If the rotor is on the boundary, the boundary angle Gnound is treated as the
initial position and if the rotor is in one sector, the middle angle Gmidae is seen as the initial
position. The maximum initial position estimation error is +15° which is half of the sector

length.

Table 2.2 Sector or boundary judgement according to HF current amplitudes

Relationship Sector(Bmidare) Boundary(Gpounq)
Amp_is, > Amp_iS, > Amp_i3, 1or 7 (Gmigae=n/12)
Amp_is, > Amp_ii, > Amp_i}, 2o0r8 (Hm/ddle: 7/4)
Amp_is, > Amp_i5, > Amp_i3, 3 0r 9 (Bmidae=57/12)
Amp_i§, > Amp_is, > Amp_i3, 4 or 10( Bmidae=7m/12)
Amp_iy, > Amp_is, > Amp_is, 5 or 11(Bmidaie=37/4)
Amp_is, > Amp_i5, > Amp_i, 6 or 12 (Gmidae=n/12)
(Amp_iy, = Amp_is,) < Amp_i3, Oorrzm
(Amp_iS, = Amp_iS,) > Amp_i3, /6 or 7n/6
(Amp_is, = Amp_i,) < Amp_iS, /3 or 4m/3
(Amp_ig, = Amp_i§,) > Amp_i3, 7/2 or 3m/2
(Amp_i5, = Amp_is,) < Amp_iy, 2n/3 or S/3
(Amp_i3, = Amp_iy,) > Amp_i5, Sn/6 or 117/6

2.3.2.2 Polarity detection

The initial position can be identified on the sector boundary or in one specific sector
according to Table 2.2. However, there still exists an ambiguity of 7 as the saliency undergoes
two cycles in one electric period. The double voltage pulses injection method is introduced to
identify the polarity [HOLO8]. The initial position which is Ghound OF Omiddie is selected as the
double pulses injection angle Gi;.

Two opposite voltage pulses with the same magnitude Vpuise and width Tpuise are injected to

the stator windings at position #inj as shown in Fig. 2.8. The stator current magnitude Is which
is calculated by the two phase currents i, ig in the SSRF as /ié + i[% IS varying during injection.

The stator current magnitude variations caused by the two voltage pulses are recorded as Alsp
and Alsn respectively. If Alsp>Alsn, the initial position is Ginj. Otherwise, the initial position is
Ginj+7. As Oinj only has a maximum error of +15°, at least 96.6% (cos (15°)) of the voltage is

applied on the real d-axis. This has little impact on the saturation level and the polarity detection
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is still effective. However, the current caused by the error voltage on g-axis may produce

driving torque during voltage injection.

Vinj Y
Toulse| " pulse Toulse

>t

Fig. 2.8. The pulse injection voltage at 8;,; and the stator current magnitude for double
pulses injection based polarity detection process.

Whether the rotor will be rotated and the movement angle in case of rotating are determined
by many other factors, such as the load inertia, the static friction and the injection voltage. The

g-axis current with 15 position errors during injection is expressed as

: SIN(15°)V e —t 0.26V .t L,

nq(t)=Rs(1—eﬁq)~L,rq=Rs (2.25)
where Rs,Lq,7q are the stator resistance, the g-axis inductance and the g-axis time constant. The
produced reluctance torque is neglected due to relatively small magnitude and the motion

equation of the rotor is expressed as

3Py i
Jdo,  SWonly (2.26)
P dt 2

where P,J,wpm, Tt are the pole-pairs, the load moment of inertia, the permanent magnet flux
linkage and the load torque, we is the electrical speed. The load torque is composed of static
friction torque, cogging torque and the external load torque. According to (2.25) and (2.26),
the maximum electrical angle Afmove Caused by rotor movement without considering load

torque is approximated as

0.26P?
o Vemy T (2.27)

move ulse * pulse
4JLq pulse - p

The product of Vy,;se and Ty, is fixed as it indicates the d-axis flux linkage increment from
the initial value to saturation. The DC bus voltage can be fully utilized to generate Vpuise. The

rotor movement can be largely reduced by decreasing the pulse width to its minimum value.
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The inertia J is significantly increased after the load is connected to the rotor. In actual
applications, the static friction, the cogging torque and the connected mechanical load can
further prevent the rotor from rotating. In this thesis, the rotor will only rotate less than 0.1
degrees when the magnitude and width of the pulse are 12V and 10ms. This is negligible for
polarity detection. After the initial position is obtained, the machine can be started. The
maximum starting torque is decreased by only 3.4% (1-cos(15°)) at the most which will not

seriously affect the startup capability.

Comparison of the proposed initial position estimation method and the conventional methods
is shown in Fig. 2.9. Sliding DFT (SDFT) can be introduced to reduce the calculation time.
Each new DFT is efficiently computed directly from the results of the previous DFT with only
one complex multiply and two real adds per output sample [JACO03]. A rough comparison
between the proposed method and the conventional heterodyning method on a Texas
Instruments TMS320F28035 digital signal processor developing board shows that the proposed
method only requires 3us execution time, 1us longer than the conventional method. This is

considered acceptable in industrial applications.

1S

i% SFFor HPF PLL | [ Polarity | G
— BPF . ‘ .
heterodyning &LPF observer i | detection

Conventional method: accurate with closed-loop regulation

ISy DET Amp i, LUT Polarity B, vital
Table2.2| | | detection

Proposed method: (simple and fast with maximum +1s° error

Fig. 2.9. Comparison of conventional and proposed initial position estimation methods.

However, the convergence time for the conventional methods may be longer, as the
convergence time is dependent on observer parameters. Pl parameters with good performances
are not easy to obtain without accurate inverter model and machine parameters. Inappropriate
control parameters may result in long setting time and even oscillation. Besides, the time
interval between initial position detection and polarity detection is often set long with margin
to guarantee reliable convergence. Such time margin further increases the execution time for
the conventional methods. Whereas for the proposed method, as the first DFT calculation can
be completed after only half of the injection period, the initial position is reliably detected
without any additional time delay. The fast initial position detecting property is of practical use

in fan motors, wash machines and pumps where consumers are concerned on the starting time.
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2.3.3 Discrete and continuous positions output

After the machine is started from the initial position, the rotor sectors can be continuously
obtained. From Fig. 2.7(a), the sector number and boundary angle will be updated every 30° if
the crossings of the traces can be reliably detected. At each sampling point, Amp_i, ., are
updated by SDFT and compared according to Table 2.2. If two values of the amplitude traces
are equal, a boundary angle can be identified. However, this is not always the case as the
situations of equal amplitudes at sampling points may not be detected due to limited sampling
frequency as demonstrated in Fig. 2.10(a). Alternatively, the boundary can be detected by the
change of sector numbers between two adjacent sampling instants as shown in Fig. 2.10(b). If
the calculated sector number changes, the rotor must be crossing a boundary and the boundary

angle can be identified according to Table 2.2.

Boundary angle Boundary angle
Amp 1, Amp _iS,
N
Sector 1| | Sector 2 Sector 1 Sector 2
T(k) T,(k+1) T.(k) T,(k+1)
(a) (b)

Fig. 2.10. Boundary detection situations. (a) Sampling point aligned with crossing point. (b)
Sampling points deviated from crossing point.

The situation in Fig. 2.10(b) will result in a maximum position error of weTs due to limited
sampling frequency. The sampling points in a fundamental electric period is inversely
proportional to the rotor speed which means that the sector detection accuracy is deteriorated
at higher speed. For example, for Ts=10"s, we=20mnrad/s, the maximum discrete position error
caused by the detection offset is weTs=0.36". It should be noted that if I,, is not large enough,
the crossing detection may become ineffective as the crossings may be seriously distorted by
noises caused by sampling quantization error, inverter nonlinearity and multi-saliencies. The

rotor electrical frequency wcal can be calculated from discrete position as
Wy = —— (2.28)

where At is the time interval between two adjacent crossings. When the speed reaches a certain
level, the machine switches to operate under back EMF based sensorless control mode.
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However, when the rotor is running, the discrete position will result in low frequency
harmonics in the phase currents, which would produce torque pulsation, as well as noise.
Furthermore, it is not easy to stabilize the EMF based sensorless model with the distorted phase
currents at low speed. As an option to the sensorless startup process, it is better to output
continuous position from the discrete boundary positions.

The discrete boundary position 6;,,,,4 can be modeled as space vector Vy;screte 8S

Vdiscrete (k) = COS(@b d)+ jSin(eb d)i k :112 (229)

oun: oun

The trace of Vuiscrete 1S @ dodecagon and can be modelled as the combination of a rotating
fundamental vector V; and a set of positive and negative rotating spatial harmonics Vj, g, as

shown in Fig. 2.11.

Vdiscrete — Vf + Vharmo

Fig. 2.11. Space vector model of discrete boundary angles.

According to [WAN17a], the spatial Fourier series of Vgiscrete Can be set as

oo jk@
Vdiscrete = Zk:m akej ' (230)
27z (n+1) B
& ~ S v g IkOdg, (2.31)

= - discrete | 2zn
27 —n=0 N

The spatial Fourier series of the discrete boundary position can be calculated as

Y

discrete

6, -9 yvyo o1 —i(kKN-16,—p) 1 i((kN+1)6, —¢)
¢ =l e BT ]

=V, +V

harmo

(2.32)

where N=12 denotes the sectors in one electrical period, p==x/N is the phase delay and of the
same sign as wr. In [WAN17a], an enhanced vector tracking observer is used to obtain the
accurate rotor position from the discrete position. Similar structure is introduced in this thesis
to deal with the discrete boundary positions as shown in Fig. 2.12.
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Fig. 2.12. Vector tracking observer for continuous position estimation.

The fundamental and harmonic vectors can be estimated by the estimated position 8, as

V. —el(6,-0) (2.33)

. 1 : 5 1 i )
Voo =52 [t = I((N =28, —p) . L j(KN+D)0, —¢) 2.34
harmo Zkzl[ kN _1e +kN +1e ] ( )

The position error ¢, is obtained by cross product as
& =V, ®V, (2.35)

If the position estimation error is small enough, the estimated position will be converged to
rotor position 8,.. The notch filter is used to mitigate the harmonic components caused by
position estimation error. The phase ¢ and number N here are not dependent on the estimated
speed @,. The speed observed by vector tracking observer shows less ripple than that calculated
by (2.28).

2.3.4 Experimental verification

The proposed sensorless initial position estimation method is verified on a dSPACE platform
as shown in Fig. 2.13. The parameters of the test IPMSM are shown in the Appendix 1. An
incremental encoder with 1024 pulses is used to provide accurate rotor position. The switching
frequency fpya @nd system sampling frequency f; are both set as 10 kHz. A load machine is
connected to the machine to provide the load torque. Two hall sensors are used for current
sampling and the resolution of the ADC module is 16 bits.
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Fig. 2.13. Experimental platform.

2.3.4.1 Initial position estimation performance

In order to evaluate the effectiveness of the proposed initial position detection method, the
rotor is located at position 6,=50° without fundamental currents. A rotating HF voltage with
magnitude 15V and frequency 750Hz is selected considering the saliency level. Both
conventional and proposed methods are executed in the software.

Fig. 2.14 shows the comparison of initial position estimation between the conventional
method with different Pl parameters and the proposed method. The relationship between
calculated current amplitudes isAmp_i3, > Amp_is, > Amp_i3,. According to Table 2.2, the
rotor position is located in sector 2 or sector 8 and the middle angle 45’ is treated as the initial

rotor position.
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Fig. 2.14. Comparison of proposed and conventional initial position estimation methods with
different P1 parameters in heterodyning observer.
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It is observed that the amplitudes of i$, ., are stable at point P, which is about only 3 injection
cycles after initial injection. The convergence time for the conventional method varies with
different Pl parameters. For Pl parameters with overshoot and oscillation, the convergence time
can be as long as 1 second as shown at point C3 for PI3. The convergence time can also be
very short with well-tuned PI, such as point C1 for PI1 and point C2 for P12. Whereas the
parameter tuning is not only limited by filters but also dependent on machine parameters, it is
difficult to predetermine optimal Pl parameters. Thus, enough time should be reserved between
initial injection and polarity detection to guarantee reliable convergence. This time gap further

increases the execution time of conventional method.

To verify the effectiveness of pulse injection based polarity detection even with 15° position
error, the pulse injection is performed both at real position 45° and deviated position 30°. The
rotor keeps standstill during pulse injection due to large mechanical load inertial. Fig. 2.15
shows the stator current waveforms of double pulses injection at the accurate rotor position and
the deviated position. The pulse magnitude and duration are 12V/10ms. It is observed that
current variation difference between real position points A and B is 0.711A and the current
variation difference between deviated position points C and D is 0.702A. Therefore, the
saturation difference between point C and point D is still significant enough and the polarity
can be judged as between [0, «]. Thus, the polarity detection by double pulses injection is still

effective even the pulse injection position has a 15” angle offset to the real rotor position.
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Time (ms) Time (ms)
(a) (b)

Fig. 2.15. Comparison of double pules injection at accurate and deviated position. (a) At

accurate position (6, = 45°). (b) At deviated position with 15° offset.

2.3.4.2 Startup and low speed performances
Sensored test is carried out to evaluate the proposed position estimation performance. The
machine is controlled at 60rpm (3Hz) with position obtained from the encoder under different

load torque. There are 12 discrete positions in one electrical period shown in Fig. 2.16(a). The
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discrete position trace is ahead of the real rotor position at rated load, which is due to the cross
coupling effect. Compensation of the cross-coupling effect will be investigated in Chapter 4. It
is observed that each sector length is not equal and shows periodical characteristic. This is
mainly caused by multi-saliencies. As the frequencies of multi-saliencies induced harmonic
currents are too close to that of the primary saliency induced current at low speed [CHE14],
the resolution of the DFT is not high enough to separate them. The calculated amplitudes will
be distorted and result in periodically offsets at the crossing points. The sampling error and
limited sampling frequency also affect the detection accuracy of the boundary angle. It should
be mentioned that as the proposed method is independent on injection angle, it is less sensitive
to phase delay effects and inverter nonlinearities [GUEO5].

The smooth position Gvcr is obtained from discrete position Gaiscrete DY the vector tracking
observer as shown in Fig. 2.16(b). The subscript “VCT” means the vector tracking observer.
The position estimation error of Gvcr is nearly zero at zero load and increases to -0.6 rad at
rated load which is due to cross coupling effect. It shows that the proposed method is influenced
by the cross coupling effect which is not the main concern in this chapter [REI08]. The speed
wvcT output by the tracking observer shows less ripple compared to the speed calculated speed

(cal.
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Fig. 2.16. Sensored operation at 3Hz with different load torque. (a) Actual rotor position and

detected discrete position. (b) Continuous position from vector tracking observer.

Dynamic performance of the proposed method are also evaluated. The machine is running in
sensorless mode at 2Hz with rated load step Tioad at 2s. The phase current and estimated position
are shown in Fig. 2.17. The speed decreases to near zero at step load and returns to set speed
after about 1 second. Compared to the conventional method, the speed and position are not
updated at very low speed due to long time interval between adjacent crossings. From the
perspective of current feedback, as there exists inherent position estimation error for the
proposed method and the estimated position is not updated, the feedback currents are not only
inaccurate but also not updated at very low speed. This will affect the dynamic performance of
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the proposed method. Even for the conventional method with Pl tuning, the dynamic
performance also suffers from the problem of estimation error caused by delay and inverter

nonlinearities.
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0L » |
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Time ()
(b)

Fig. 2.17. Dynamic performance at load torque step. (a) By discrete position. (b) By
continuous position from tracking observer.

It is noted that different from the conventional HF injection based sensorless control, the
proposed method is an open loop type estimation. The stability is highly dependent on the
sampling and computing accuracy and sensitive to saliency ratio and multi-saliencies. As the
DFT calculation is carried out based on multiple samples, the sampling spikes caused by
switches or external electric pulse at a few sampling points are averaged. However, for the
conventional method, a sharp noise in the current sampling may cause instability of the
estimation loop. From this point of view, the proposed method shows advantage in situations

with much sampling noise.

Speed reversal experiments are also carried out and shown in Fig. 2.18. The speed order is
reversed at 2s and 8s under rated load. It is observed that the speed is not updated at very low

speed.
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Fig. 2.18. Speed reversal experiments at rated load. (a) By discrete position. (b) By

continuous position from tracking observer.

Sensorless startup experiments with different load torque are carried out to verify the startup
capability. The machine is started from standstill to 2Hz. The phase current, estimated speed

and position used in startup are shown in Fig. 2.19.
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Fig. 2.19. Sensorless startup with various load torque. (a) Discrete position, 0% rated torque.
(b) Discrete position, 50% rated torque. (c) Discrete position, 100% rated torque. (d)
Continuous position, 0% rated torque. (e¢) Continuous position, 50% rated torque (f)
Continuous position, 100% rated torque.
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From Fig. 2.19, it can be seen that the machine is successfully started with both discrete
positions and continuous position. The positon output by the tracking observer is discrete at
startup and becomes continuous with the increase of speed. The speed calculated by (2.22)
shows higher ripple compared to the speed output by the tracking observer.

2.4 Application of the Proposed Method in Noise Reduction
2.4.1 Noise reduction by multi-frequency signals injection

In the previous section, simple startup can be achieved by injecting a single frequency HF
voltage. However, the noise caused HF currents is shrill to hear. In this section, instead of
injecting single frequency signal, noise emission can be reduced by injecting multi-frequency
signals as

{uzh} ZiM: 1Uni COS(at)
_ (2.36)

U ZiM: 1Uy Sin(a@,t)

where M is the number of frequencies contained in the signal, uni,wni are the magnitude and

frequency of each frequency signal. The resulting HF currents i,,i%, are expressed as

. T . V4

i, + is, = XM [ e Bt =5) 4 1 e i@t =26, =21 (2.37)
o uhi(th + th) | = uhi(th B th) )28

" 200 Ly Ly " 20, Ly, Ly, (2.38)

where Ipi, Ini are the current magnitudes of the positive sequence and negative sequence currents
for each frequency. Conventionally, the currents of each frequency can be separated by
different band pass filters and the negative sequence currents of various frequencies are
extracted by the methods described in Fig. 2.3. The position error signals from each frequency
are combined together to form an enhanced error signal eenp as (3.39) and used for position

estimation [CHE14]. The conventional signal processing process is shown in Fig. 2.20(a).

Eup =(ZM 1 1,)sI0(0, - 6),) (2.39)
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Fig. 2.20. Comparison of demodulation methods for multi-frequency injection. (a) Method

based on negative sequence current. (b) Method based on HF current amplitudes.

By selecting the proper values of wni and uni of the multi-frequency signal according to (2.40)
and (2.41), eenp can keep the same amplitude as single frequency injection. The voltage
utilization of multi-frequency injection is not increased and the hardware cost is not suffered.
Generally, if un,wn of the single frequency signal are not unknown before selecting multi-
frequency signal, the combination of uni,wni should be selected according to actual noise

reduction effects and sampling circuits.

M i _t%h vM
z| :]_a)hi o, ! Z| =1"ni n (240)
ZiM: 1Y <U, (2.41)

PSD, which is the Fourier transform of the autocorrelation of a signal, is an important tool in
signal analysis. In [WAN16], the PSD calculation is carried out to analyse random HF currents.
The same procedures can be introduced to analyse the proposed multi-frequency injection
method. According to (2.37), the a-axis currents are composed of a series of sinusoidal

waveforms as
" V4 i
lah = ZiMz 11 cos(a, _E) + 1, cos(ay, — 26, _E)] (2.42)

The PSD function S, (f) for i, is calculated according to the definition of PSD as
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where §(.) denotes an impulse function. It proves theoretically that the PSD for multi-

frequency injection has multiple peaks, each of which is relatively lower than single frequency

injection. As a result, the audible noise can be reduced. The number M and the value of each

Uni/coni are selected considering the balance of computational burden and noise reduction effect.

However, the conventional signal processing flow shown in Fig. 2.20(a) not only requires
BPFs and LPFs with different centre frequencies but also needs to take delay effects of different
frequencies and tuning of observer parameters into consideration. The position estimation
method based on HF current amplitudes provides an easy way to deal with multi-frequency
injection as the current amplitude extracting is independent of the carrier signal and delay
effects. The resulting three phase HF currents can be seen as the superposition of currents with

different amplitudes and frequencies as

S ZM Amp Sln(wh|t+¢ah|)

Iy | = Z|M: 1Amp gy Sin(@yt + @y (2.44)

| -5 -
h _Zi'\/'zlAmp_'cm Sm(a’hit+¢chi)_

JI2+12 421,41, cos(26,)

pi ' ni

Amp ah|
Amp iy [=| 12+ 12+ 21,0

AMp g, DRI

cos(26. +2x13) (2.45)

pi ' ni

cos(26, —2rx / 3)

pi " ni

The values of Amp_i$, ., (i=1,,M) for various frequencies are calculated by DFT as (2.46).
Sliding DFT can also be introduced to reduce computation time. The sampling point window
length W;sTs should be integer multiples of all the half frequencies. The calculated amplitudes
of all frequencies are combined to derive Amp_i ;. ., @S (2.47). The process to deal with

multi-frequency injection is shown in Fig. 2.20(b).
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The traces of Amp_i}, .., are of the same shapes as the three phase HF current amplitudes
for single frequency injection. Thus, they can be used for initial position detection and startup
according to Table 2.2 as for single frequency injection. As the execution time for multi-
frequencies demodulation will be increased, the frequency number M should be chosen
considering the computation resources limit. In this chapter, the number M is chosen as 2.

The proposed multi-frequency injection is different from random injection or variable
frequency injection in the mode of time occupying. For the proposed multi-frequency injection,
the time is occupied by different frequencies simultaneously. It is called frequency division
multiplexing (FDM). For pseudo-random injection or variable frequency injection, which is
called time division multiplexing (TDM), the injection time is occupied by each frequency

alternatively. The effectiveness of the proposed method is verified in following experiments.
2.4.2 Experimental verification

To verify the startup performance and noise reduction effect of multi-frequency injection,
two group of signals of different frequencies are injected to the machine at the same time. To
compare with previous single frequency injection signal of 15V/750Hz, a combination of
5V/500Hz and 10V/1000Hz is selected. According to (2.34), the negative sequence current
level and the voltage utilization ratio keep unchanged. The machine is running at 2Hz in
sensorless mode with single frequency injection and two frequencies injection respectively.
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The HF phase voltage u,;, and HF phase current i, waveforms are shown in Fig. 2.21. The

envelop of the phase current of two frequencies injection is smaller than that of the single

frequency injection.
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Fig. 2.21. Comparison of HF currents and voltages between single frequency injection and
two frequencies injection.
To verify the load capability of multi-frequency injection, the machine is sensorless started
to 2Hz with rated load. The position for sensorless control comes from discrete boundary

position 6 4;..reteiN Fig. 22(a) and continuous position 8y, from vector tracking observer in

Fig. 2.22(b).
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Fig. 2.22. Sensorless startup at rated load with two frequencies injection. (a) By discrete
position. (b) By continuous position from tracking observer.

It is verified that the machine can be started both by discrete position and continuous position
estimated by the multi-frequency injection based sensorless method at rated load torque.
Compared to the sensorless startup method by single frequency injection, the noise emission
of the two frequencies injection method is largely relieved. The PSDs of the HF phase currents
with single frequency and multi-frequency injection during initial position estimation are
compared in Fig. 2.23.
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Fig. 2.23. Comparison of PSDs of the high frequency phase current by single frequency

injection and two frequencies injection at startup.

The PSD values at 500Hz and 1000Hz are lower than that of the value at 750Hz for single
frequency injection. The power of the noise is not concentrated at single point and the shrill
acoustic noise is largely reduced. More frequencies could be injected, but it will require more
computation resources and longer execution time.

94



2.5 Conclusion

The basic methods for position estimation at low speed with sinusoidal rotating or pulsating
voltage injection are presented. Then, the amplitude modulation and phase modulation in the
HF injection based sensorless control methods are analysed.

It is revealed that the HF currents induced by rotating voltage injection are also amplitude
modulated waveforms. Based on this, a novel sensorless initial position estimation method by
making use of the HF current amplitudes is proposed for IPMSM. The initial position with
maximum £15° error and sector information can be detected just by comparing HF current
amplitudes without closed-loop observer. Discrete rotor position can be detected by comparing
the HF current amplitudes in the low speed range. Smooth position can also be obtained with
the help of a vector tracking observer. Sensorless startup and low speed operation can be
achieved with both discrete and continuous positions.

To mitigate the noise caused by single frequency HF voltage injection during startup, a multi-
frequency injection strategy is employed and the proposed position demodulation method by
current amplitudes is employed instead of conventional phase demodulation methods. The
shrill noise caused by high frequency voltage injection is largely reduced due to multiple peaks
in the current PSDs. The effectiveness of the proposed amplitude based initial position

estimation method is verified by experiments.
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CHAPTER 3

A NOVEL METHOD FOR MEASURING HIGH FREQUENCY
INCREMENTAL DQ-AXIS AND CROSS-COUPLING INDUCTANCES

IN INTERIOR PERMANENT MAGNET SYNCHRONOUS MACHINES

3.1 Introduction

Interior permanent magnet synchronous machines (IPMSM) have been widely used in
domestic and industrial applications due to high efficiency and power density [ZHUQ7]. The
electrical parameters of IPMSM, such as inductances, resistances and permanent magnet flux
linkages are essential for high performance operation [RAHO5]. However, it may be difficult
for the user to obtain accurate machine parameters due to lack of design data or suitable
measuring tools. Therefore, it is necessary for the machine drives to have the capability of
measuring machine parameters which is usually carried out using general purpose three phase
inverters [WAN14], [ODH14]. The measured results are widely used in control parameter

tuning, sensorless position estimation and condition monitoring [ERT20], [MAR20].

Obtaining the inductances by offline measurement is the main focus of this thesis. Inductance
can be classified as apparent inductance Lg,pren: OF incremental inductance Liycrementar, 8S
graphically illustrated in Fig. 3.1. The apparent inductance at point b is defined as the ratio
between the flux linkage increment from zero current to a specific working current point and
the current, while the incremental inductance is the slop of the tangent line at a specific working
current point on the flux linkage-current characteristic. The apparent inductance information
can be used for control parameter tuning [YOOOQ9] and back electromagnetic force based
position observer [BER14]. The incremental inductances, also referred to as high frequency
(HF) inductances (for convenience, they will be simply designated as HF inductances in this
thesis), can be used to predict the position estimation error in HF injection based sensorless
control [REIO8]. Both the apparent and HF inductances can be obtained from the flux linkage-
current characteristic by post-processing [LI119]. However, the measurement of flux linkages
is relatively complicated and requires back electromagnetic force integration operation for
standstill tests [HIN17] or spinning the rotor for rotating test [PEL15]. It is preferable if the HF

inductances can be measured directly at standstill.
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Fig. 3.1. lllustration of apparent and incremental inductances.

The HF inductances can be directly measured by employing HF signal injection techniques
which have been widely used in position sensorless control [KAN21], [XU14], [KUE14],
[L107a]. In [KAN21], the dg-axis HF inductances are measured for surface mounted permanent
magnet synchronous machine by injecting HF pulsating voltage to the position between the d-
axis and the g-axis. However, the method in [KANZ21] is only used for surface permanent
magnet synchronous machines and the cross-coupling inductance which is not negligible in
IPMSM is not considered [LI09], [SHUZ20]. In [XU14], the HF sinusoidal rotating voltage is
injected to the stationary reference frame for measuring the HF inductances, including the
cross-coupling effect. The offset angle caused by the cross-coupling effect is obtained from the
difference between the actual rotor position measured from an encoder and the estimated rotor
position obtained from a position estimator with the negative sequence current as the input.
The dg-axis and cross-coupling HF inductances are then calculated from the offset angle and
amplitudes of the positive sequence and negative sequence HF currents. The method in [XU14]
requires a position estimator, the design of which is dependent on inductance values and
affected by the delay effects [GHA13], [XU17a]. In [KUE14], the HF pulsating voltage
injection technique is used for measuring the HF inductances. The angle offset caused by the
cross-coupling effect is also obtained from the difference between the actual rotor position
measured by an encoder and the estimated rotor position obtained from a position estimator.
The HF inductances are then calculated from the observed angle offset and the measured HF
current amplitudes due to pulsating voltage injections. The position estimator is also required
and the measured HF current amplitudes are affected by the delay effects which will result in

errors in the calculated HF inductances.

To overcome the drawbacks of using a position estimator, an open-loop type measuring
method is proposed in [L107a] by injecting HF pulsating voltages in the d-axis and g-axis which

are obtained from an encoder. The HF inductances are then calculated with the measured HF
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current amplitudes on the dg-axes. This method does not require a position estimator. However,
accuracies of the calculated inductances are also affected by the delay effects, which will be

evaluated later.

A novel HF inductance measuring method which is immune to the delay effects and does not
require a position estimator is proposed in this chapter by employing both HF rotating and
pulsating voltage injection techniques. The proposed method is composed of HF rotating
voltage injection in the stationary reference frame, HF voltage injection in the d-axis, and HF
voltage injection in the g-axis. The HF inductances are calculated from the measured HF
current amplitudes in each injection stage without using a position estimator. Different from
conventional methods which either use rotating voltage injection [XU14], or pulsating voltage
injections [KUE14], [L107a], this method is immune to the delay effects as the delay factor is
cancelled out in the process of HF inductance calculation.

This chapter is organized as follows. Firstly, the concept of incremental inductance (called
HF inductance in this chapter) and its application in sensorless control are introduced. Then,
the conventional methods for obtaining the HF inductances are introduced. Finally, the
proposed novel method for measuring the HF incremental inductances is presented in detail.
The measured inductances by the proposed method are compared with the simulation results

and those of the conventional methods.

3.2 Conventional Methods for Measuring Incremental Inductances

As mentioned in the introduction, the HF inductances are useful in sensorless operation
capability evaluation, position estimation error compensation and fault detection. There are
many methods for obtaining the HF inductances. In this section, the FEA technique for
predicting the HF inductances will firstly be given. Then, the conventional experimental
measuring methods by employing either HF rotating voltage injection or HF pulsating voltage

injection technique will be presented.
3.2.1 FEA prediction

If the detailed geometric dimensions and material properties of a machine are known, the HF
inductances can be obtained by finite element analysis (FEA). The HF inductances

Lan, Lgn, Lagn, Lqan are defined as the derivatives of flux linkages to currents as
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where 4,1, are the dg-axis flux linkages, iy, i, are the dg-axis currents. In FEA, the HF

inductances at (iq, ig) can be calculated as

th:|:lr//d (i +A|d’|q l//d laslg :|/Aid
th_[ (d,lq+AIq y/q arlg ]/AI
Lugn = [l//d(ld,lq+Al (ig. q)]

L |:l//q( +Ald,q) wq d,q ]/AI

where Aig, Aiq are the current steps in the simulation. Considering the computation burden and

(3.2)

the rated current (I, =4A), the dg-axis current increments are all chosen as 1A. For calculating
HF inductances, there are mainly five steps for calculating the HF inductances.
(D Draw machine topology and assign mesh operation.

The cross-section of the machine is shown in Fig. 3.2(a). The detailed machine parameters
are listed in Table Al1.1 in Appendix 1. There are 6 poles and 18 teeth in the stator. The
permanent magnets are embedded in the rotor iron. The airspace outside the stator is added to
account for the leakage of flux linkages in the model. The length of the model is 1,=0.03m.
The topology after mesh operation is shown in Fig. 3.2(b). Accuracy of the simulation with the
mesh in Fig. 3.2(b) is sufficient as the measured HF inductances show a good agreement with
the FEA results. If smaller mesh size is adopted, the simulation time is also increased.

Therefore, the mesh in Fig. 3.2(b) is appropriate.
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(b)

Fig. 3.2. Schematic of the prototype machine. (a) Cross-section. (b) Cross-section with mesh.

(2 Setup PM material and current excitations.
The relative permeability of copper and air are approximated as ur=1. The relative
permeability of permanent magnet is xr=1.07. with the remanence B=1.17T. The copper

conductors in the stator, A+, A-, B+, B-, C+ and C-, are assigned with currents, respectively.
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For the prototype machine, each phase winding has Nw=152 turns. The three phase currents are

assigned according to the rotor position and dg-axis currents as
i, =iy cos(6,)—i,sin(6,)
iy =(~0.5i, ++/3/2i, )cos (6, ) +(~/3/2i, +0.5i,)sin (6, (3.3)
ic =(—0.5i, —+/3/2i, )cos (0, ) +(—/3/2i, +0.5i, )sin (6, )

(3 Solve machine model and obtain three phase flux linkages.

After, the machine topology, materials and currents are constructed in steps 1 and 2, the
model is solved to obtain the 3 phase flux linkages. The obtained data are exported after
simulation.

@ Average 3 phase flux linkages with different skew angles.

A mechanical skew angle of 20" is designed for the stator with 5 slices. This helps to reduce
flux linkage harmonics. Thus, the flux linkages for different skew angles should be calculated

separately and averaged to obtain the overall flux linkages of each phase.

® Calculate the average dg-axis flux linkages in one electrical period.

The dg-axis flux linkages contain ripple components as functions of the rotor position due
to slotting effect. The ripple terms repeat periodically every 60° electrical degrees. The flux
linkage ripple will induce the 6™ harmonics in the back EMF and currents. In the low speed
region, the harmonic frequency is much lower than the injected frequency and the current
ripples will not affect the injected signal [L109]. In most cases, the dg-axis flux linkage ripples

are neglected. Here, the average values are used.

The FEA predicted HF inductances are listed in Appendix 2 and shown in Fig. 3.3 and the
v. The HF cross-coupling inductance is obtained as the average value of the calculated Lgqn and

Lgdh.

50 =>¢ id=-3A
A id=-2A

id=-1A

Ldh 5ok ,

id=0A
(mH) ©- i

T Seaang o gpeaeos | =i

id=2A

10 3 = id=3A



Lgh
(mH)

20 =¢ id=-3A
A- id=-2A

id=-1A
-©- id=0A

- id=1A

id=2A

-20 = id=3A

Fig. 3.3. FEA predicted HF inductances. (a) Ldn. (b) Lan.(C) Ldgh.

Generally, only the HF inductances within the rated current range (4A) are calculated.
However, for analyzing the cross-coupling effect and the convergence issue in sensorless
control mode under highly saturated condition, the HF inductances within i, € [-84, 84] are
also calculated. For example, at about (ig,i,) = (—1A,4A), Lgy is equal to Ly, . The
convergence of the sensorless position observer is a dynamic process and is not dependent on
the specific values of the HF inductances. Therefore, convergence can be achieved even at the
zero or reversed saliency point as analysed in [KWO20]. The convergence criteria and
corresponding compensation methods will be investigated in the next chapter in detail. In this
chapter, the focus is the experimental method for obtaining the HF inductances.

The FEA predicted results in Fig. 3.3 are consistent with those in [L109] for the same machine.

However, in actual applications, the machine design data are not always available especially
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when the machine is manufactured by commercial producers and the actual parameters may
also drift with time. Thus, experimental methods by making use of general purpose inverter

drives are preferred, in which HF voltage injection is commonly employed as follows.
3.2.2 Conventional method based on high frequency rotating voltage injection

Voltage equations of the IPMSM in the synchronous rotating reference frame are given by

{ug}{ R, + pLy, —a)eLq+pquh}Fg:|+w{ 0 } )
Ug @,Ly ++pLyy, R, + pLy, iy ¥ om

where Rq is the stator resistance, w,, ¥, are the electrical angular speed and the PM flux
linkage, ug,ug, iy, iy are the dg-axis voltages and currents, “p” denotes the differential
operator, the superscript “r” stands for the synchronous rotating reference frame. Ly, L, are the
apparent d-axis and g-axis inductances, Lgp, Lgp are the incremental d-axis and g-axis

inductances, Lggn, Lqan are the incremental mutual inductances between dg-axes and their

values are equal. The incremental inductances represent the dynamic behavior of the machine,
while the apparent inductances represent the amounts of the dg-axis flux linkages at specific

dg-axis currents.

For measuring the inductances of IPMSM at standstill with HF voltage injection technique,
the speed dependent terms and the resistance voltage drop are negligible compared to the HF

reactance. Therefore, the HF voltage equations in the synchronous rotating reference frame can

be obtained from (3.4) as
Ur L L ir
el
uqh qdh gh Iqh
where ugp, ugn, Lgn, iqn are the HF voltages and currents in the synchronous rotating reference

frame, Ldh, Lgh, Ldgh, Lgdh are the HF inductances and the mutual HF inductances are equal.
Different from the apparent inductance which describes the ratio between flux linkage
increment and current, the HF inductance describes the change rate of flux linkage to current.

The HF voltage equations in the stationary reference frame can then be obtained from (3.5)

by coordinate transformation as [LIU14]

{:éh}:Rl(er)L'_—qd:h '—quh}R(gr)I{Eéh}dt,R(er){_csisn((%r)) (S:;ns((g))} (36)

Bh ah ph
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The HF inductances, i.e. Lgp, Lgn, Lagn, Can be measured by injection HF rotating voltage in

the stationary reference frame as
U, + jug, :Vhem‘t,eh =t 3.7)

where V},, wy,, 6, are the amplitude, angular frequency and injection angle of the injected HF

voltage. The resulting HF currents can be solved from (3.6), (3.7) as

i, + Jig, = |pej(9h ~7/2), ,ne_j[eh -2(6, —Aem)—yz/z] (3.8)

’ 2 2
. Vh LZ I i Vh LA + quh (3.9)

P wh(thth_Lfiqh)’n a)h(thth_Lfiqh)

Ly :(th+th)/2’LA :(th_th)/Z (3.10-3)
2L
AG, = o.5tan-1(AJ (3.10-b)
th - th

where Af,, is the angle offset caused by the cross-coupling effect [L109], [SHUZ20], Ip, In are

the amplitudes of the positive and negative sequence currents, and can be extracted by the
method in Fig. 3.4.

il |
Loy, (i;hp)2 + (i;hp)z :

[+ G
Fig. 3.4. Demodulation of the amplitudes of positive and negative sequence HF currents due to
HF rotating voltage injection.

The positive and negative sequence currents are firstly transferred to low frequency domain

and filtered out as iy gy, igpnn, i-€-

i =1.e17/2) (3.11-3)

afhp

ic = 1,010 ~280, +7/2) (3.11-b)

According to (3.9), I,, I, are positive and their values can be obtained from the moduli of
iapnps lagnn- The calculation of modulus is not dependent on the phase information. Hence, it

is not affected by the phase distortion caused by the delay effects, including filtering delay
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and voltage synthesis delay. The angle A6, can be obtained by measuring the difference

between the actual rotor position obtained from a position encoder and the estimated rotor

position obtained by sensorless position estimation technique incorporating heterodyning

demodulation as shown in Fig. 3.5(a).

The angle A8,, can be obtained by measuring the difference between the actual rotor position

obtained from a position encoder and the estimated rotor position obtained by sensorless

position estimation technique. The heterodyning demodulation based sensorless position

estimation method shown in Fig. 3.5(a) can be used to estimate the rotor position.

LPF a4 %

0

1
s

A

sin(6, —26,)

cos(4, —26.)

y

(a)
d 6, = A6,
\\ >//d
q ///ﬂ/d
\W /@r a,
(b)

Fig. 3.5. Sensorless position estimation based on HF rotating voltage injection. (a) Position

estimator. (b) Estimated position and error.

where 8, is the estimated rotor position, k,, k; are the estimator parameters. The low pass

filter (LPF) in Fig. 3.5(a) is used to filter out the HF component after heterodyning operation.

The error signal € is obtained from (3.8) as
&=1,sin(2(6,-A0,)-20,)
The estimated rotor position is obtained by controlling £=0, i.e.

0. =0 —A6,
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As can been in (3.13), there is a position estimation error as shown in Fig. 3.5(b). The angle
A6, can be obtained from the difference between the rotor position 6, measured by encoder
and the estimated position 8,.. With the measured I, I, and AB,,, the HF inductances can be
solved from (3.9), (3.11) as

] _Vh(lp—ln/\/1+tan2(2A49m)) .10
" o, (12-172)
] _Vh(lp—ln/\/lthanz(ZAHm)) 19
L o, (12-12)
L = V, 1, tan(2A6,) (3.16)

o, (12-12)\1+tan? (246,
Obviously, this method is dependent on the estimated position, and the accuracy of the
estimated position is affected by the delay effects [GHA13], [XU17a]. The actual applied HF
voltage has delay to the reference HF voltage as denoted by ¢, in Fig. 3.6 due to voltage
synthesis and pulse-width-modulation (PWM) update delay [BAEO3]. The HF currents which
are used for rotor position estimation also have delays to the actual HF currents due to sampling
and digital filters as denoted by ¢; in Fig. 3.6. Therefore, the angle 6, used for position
demodulation in Fig. 3.5 has a delay to the desired demodulation angle by (¢, + ¢;), which
will result in an error of 0.5(¢, + ¢;) Iin the estimated rotor position if not compensated
[GHA13]. However, the accurate delay, i.e. (¢, + ¢;) is hard to determine as it is related to
the current levels, sampling hardware, and the injection frequency [XU17a]. The power angle
of the HF circuit is almost 90 degrees as the resistance is relatively small compared to the
reactance. Hence, the phase delay caused by the resistance is neglected in this thesis.
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Fig. 3.6. Delay effects in HF voltage injection based sensorless control.

Besides, tuning of the estimator parameters is dependent on the saliency information which
is not known before measuring [ERT20]. Therefore, the HF rotating voltage injection based
measuring method requires a closed-loop position estimator and is affected by the delay effects.

3.2.3 Conventional method based on high frequency pulsating voltage injection

The HF pulsating voltage injection technique can also be used for measuring the HF
inductances [KUE14], [LI107a]. In this section, two kinds of HF inductances measuring
methods will be introduced, which are all based on pulsating voltage injection. One measuring
method requires a position estimator, while the other one does not. They are both affected by

the delay effects, as will be presented later.

(a) Measuring method requiring a position estimator based on pulsating voltage injections
in the estimated d- and g-axis. (conventional method 2a)
For the first measuring method that requires a position estimator, the HF inductance matrix

in (3.5) is symmetrical and its diagonalization is given by [KUE14]

th quh Xl 0 1
L ) }:R(A@m){o XJR (AG,) (3.17)

qdh gh

where X, X, are the two characteristic roots as

X1=Lz—1/Li+L§qh,X2:LZ+,/L2A+L§qh (3.18)

As can be seen from (3.17), the HF inductances can be calculated by measuring X;, X, and
A6, respectively. Af,,, can be measured by injecting HF pulsating voltage as (3.19) to the

estimated d-axis. The HF current amplitudes on the estimated dg-axes can be solved as (3.20).
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Ugy =V, cos(at) (3.19)

iy = lan SIN(eyt), igh = quh sin(a,t) (3.20)

where “#” denotes the estimated synchronous rotating reference frame, I7,, Igh are the

amplitudes of the HF currents and can be extracted by synchronous demodulation [TAN17]

shown in Fig. 3.7, i.e.

Vi (X +X,) Vi (X,=X,)

f - 2(0. - AG,)—20 .
dh Za)h X1X2 ZCOhX]_XZ COS( ( r m) r) (3 21)
| :\Msin(z(e ~AG,)-20) (3.22)
gh Za)hxlxz r m r '
A 14 | )
A T L T LR
] -
2sin(w,t)
(a)
d 0, =A0,
d o vd
q // -0,
\
\w /@I‘ \‘ a;
(b)

Fig. 3.7. Sensorless position estimator based on HF pulsating voltage injection. (a) Position

estimator. (b) Estimated position and error.
The estimated position 8, can be obtained by controlling Igh =0, as shown in Fig. 3.7(b), i.e.
0, =6,-A0, (3.23)

which is the same as (3.13) for HF rotating voltage injection based sensorless control. A8, can
be obtained from the difference between 6, and 8,. X; can then be calculated from the

measured d-axis current amplitude at steady state as
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V,

_ VY
X, = 7
On 1 gn

(3.24)

The value of X, can be calculated in a similar way by tracking the estimated g-axis. When
HF pulsating voltage is injected to the estimated g-axis, the HF currents on the estimated dg-
axes are

CV (X, =X)L .
1° zh(z—l)sm(z(er —AG.)-20.) (3.25)
20, X X,

- V(X +X,) V,(X,—X A
Iy = (X 2)— (X l)COS(2(6?r —-AG,)—-26.) (3.26)
20, X, X, 20, X, X,

As can be seen, by controlling I7;, = 0, the estimated position can also be obtained as 8, =
6, — AB,,, and the value of X, can be obtained from Igh at steady state as

Va
F
@, g,

X2 = (327)

Therefore, in order to obtain X;, X,, two separate injections are necessary [KUE14]. The HF
inductances can then be calculated from X;, X, and A6,,, with (3.17). Similar to the method in
[XU14] with rotating voltage injection, this method also requires a position estimator. The
delay effects will not affect the estimated rotor position 8, and the observed A8,,,, but may

cause error in the measured HF current amplitude I7,,, i.e.

LPF | 25in (e,t) 1], SIn (@t + @iy ) | = 1y €O (i) (3.28)

where @14, s the actual phase delay between the filtered HF current and the demodulation
signal sin(wyt), and can also be described by the voltage synthesis delay and current filtering
delay in Fig. 3.6. As can be seen, from (3.28), there will be a scaling factor 1/cos(@geiqy ) i
the measured HF inductances with pulsating voltage injections if the delay is not compensated.
However, the delay is difficult to determine accurately as it is dependent on the current level,

sampling hardware and the injection frequency [XU17].

(b) Measuring method without a position estimator based on pulsating voltage injections
in the actual d- and g-axis. (conventional method 2b)

To avoid the use of a position estimator which requires complicated parameter tuning, a

measuring method is proposed in [L107a] by injecting pulsating voltage V; cos(wyt) in the

actual d-axis and g-axis, respectively. The HF inductances can be calculated from the measured

HF current amplitudes as
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-1
{ o L} Yol e (329)
quh Ly, 2N Iqh Iqh
where I}, I}Ih are the HF current amplitudes on the dg-axes due to HF voltage injection in d-

axis, I, I3, are the HF current amplitudes on the dg-axes due to HF voltage injection in g-

axis, as extracted by synchronous demodulation as

|y, = LPF (2sin(a,t)iy, ), Iy, = LPF (2sin(amyt)iy, ) (3.30-a)

|y = LPF (2sin(@,t)iy, ), Iy, = LPF (2sin (et )iy, ) (3.30-b)

1qh

This method features an open-loop type implementation as the sensorless position estimator
is not required. However, the measured results are also affected by the delay effects described
in Fig. 3.6. Due to the delay effects as analysed in (3.28), there will be a scaling factor in the
calculated results as

L L L -1
{ . } e P T @31)
quh th Cos(wdelay) @, Iqh Iqh
As can be seen from [XU14], [KUE14], [L107a], the existing measuring methods with either
HF rotating or pulsating injections are all suffered from the delay effects and some of them
[XU14], [KUE14] require position estimators which increase the complexity of the measuring

methods. In this thesis, a novel measuring method which is immune to the delay effects and

does not require a position estimator will be proposed and described in the next section.

3.3 Proposed Method Based on both Rotating and Pulsating HF Voltage Injections

In this section, the proposed measuring method is firstly presented based on both rotating and
pulsating high frequency voltage injection techniques. Compared with conventional measuring
methods based on either rotating or pulsating voltage injection, the proposed method does not
require a position estimator and is immune to the delay effects. Then, the measuring principle
and the impacts of delay effects are analysed. Finally, comparisons between the proposed and

conventional methods are made.
3.3.1 Proposed method

The control diagram of the proposed method is shown in Fig. 3.8.
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Fig. 3.8. Control diagram of the proposed measuring method.

The machine is controlled in current mode to provide stable working point for the estimation.
During the estimation process, the rotor is locked to a fixed position to prevent movement. The
proposed method is mainly composed of three injection stages as shown in Fig. 3.9, i.e. rotating
voltage injection, HF pulsating voltage injection in d-axis, and HF pulsating voltage injection
in g-axis, respectively. The positions of d-axis and g-axis are obtained from a position encoder.
The three injection stages as shown in Fig. 3.9 are repeated for each current point (ig, i).

HF inductances calculation

AStart measuring (3.32), (3.33), (3.34) A
Stage 1 Stage 2 Stage 3
HF rotating voltage | HF pulsating voltage | HF pulsating voltage
injection injection in d-axis injection in g-axis i
; : —»
us, =V, cos(apt) | ug =V, cos(at) | Uy =0
Up =Vysin(at) | ug =0 Ugy =V, COS(@4t)
v v v

Ip'ln Idhlllth Ith'Ith

Fig. 3.9. Proposed measuring method.

Vn, wy are the amplitude and angular frequency of the injected HF voltages. I, I,, are the
measured amplitudes of the positive and negative sequence HF currents due to rotating voltage
injection. Igpy, Iqp, are the measured dg-axis HF current amplitudes due to HF pulsating
voltage injection in the d-axis, Iy, Iqn, are the measured dg-axis HF current amplitudes due
to HF pulsating voltage injection in the g-axis. The applied sequence of the three injection
stages is not important. The HF inductances can be calculated as

AN
Ly, = e (3.32)

22
a)h(lp - In)(ldh1+ Iqhz)
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Fig. 3.10. Measuring procedure for the proposed method.

the feedback dg-axis fundamental currents reach the reference values.

amplitudes 4,1, I5n, are extracted.
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(3.33)

(3.34)

Step 1: the rotor is fixed at a known position. If the rotor is disconnected with the mechanical
load, the rotor can be parked at a known position by applying a direct current to the stator
windings. The rotor is then mechanically locked to prevent any movement during test. Whereas,
if the rotor is connected to an external load and is not permitted to rotate or deviate from its
original position, the initial position can be estimated by HF injection based sensorless
algorithms [WAN14].

Step 2: the d-axis and g-axis current references are assigned to the current controllers. After

Step 3: HF rotating voltage is injected to the stationary frame, and the HF current amplitudes

Step 4: HF pulsating voltage is injected to the actual d-axis, and the dg-axis HF current



Step 5: HF pulsating voltage is injected to the actual g-axis, and the dg-axis HF current
amplitudes I, I4n, are extracted.

Step 6: the HF inductances are calculated. Then, new current references are assigned and the
step 2 to step 6 are repeated until all the i, i, points are measured. The measured results will
be shown in the experiments.

The proposed method is immune to the delay effects as will be verified later.

3.3.2 Delay effect immune property analysis

Then, how the HF inductances can be calculated from (3.32)-(3.34) will be explained. Firstly,
The d-axis and g-axis HF inductances can be equivalently expressed as

L = th + th 1— I-qh - th (3 35)
o 2 Ly + Ly '

L = th + th 1+ th - th (3 36)
an 2 Ly + La, '

As can be seen from (3.35), (3.36), the values of Ly, Ly, can be obtained by measuring the
values of (Lgp + Lgn) and qh respectlvely According to (3.9), the value of (Lgp, + Lgn)

can be obtained from the measured HF current amplitudes I, I, in the HF rotating voltage

injection stage as

Lol V1,
Ll ==y 3.37
dh gh wh(|5—|§) ( )

The value of th+L can be obtained from Iyp1, Igpz. gy IS the d-axis HF current amplitude
qghtLldn

due to d-axis HF voltage injection in stage 2 and can be solved from (3.5) as (3.38). I, is the
g-axis current amplitude due to g-axis HF voltage injection in stage 3 and can be solved from
(3.5) as (3.39).

V. L

gy = han (3.38)
@, ( Ly th - Lfiqh )
VL
lno = — (3.39)

@, ( Ly th - quh )

As can be seen, =“"%" can be obtained from (3.38), (3.39) as
th+th
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th - th _ Idhl - Iqh2 (3 40)
th + th Idhl + Iqh2

By substituting (Lgy, + Lqn) and 2% in (3.35), (3.36) ith (3.37), (3.40), Lan, Lqy, can be
dh

Lgn+
calculated as (3.32), (3.33) for the proposed method. It is also noted that in the measurement

of Lgqn—Lgn

o the delay @4.14y is cancelled in the division operations as
qhtLdn

Idhl COS((Ddelay ) - Iqh2 COS((Ddelay) _ Idh1 - Iqhz (3 41)

I 4ny COS (@delay ) + I, COS (‘/’daay ) gny + lonz

Therefore, the measured results with the proposed method are immune to the delay effects.

After Lgp, Lqp are calculated, Lgq, can be obtained from — j‘ﬂ which is the ratio between Lg,p
dh1

and Lgp, as used in [L109b], i.e.

L |
S (3.42)
th Idhl

Actually, Lgqp, can also be obtained from —;dﬁwhich is the ratio between Lg,p, and Lgj, as
qh2
(3.43). Lgqn can then be calculated from the measured L,p, and (3.43).

L I

—dah _ _ “dh2 (3.43)
th Iqh2

3.3.3 Comparison with conventional methods

The proposed measuring method includes three injection stages which are sinusoidal rotating
voltage injection, pulsating voltage injection in d-axis, and pulsating voltage injection in g-
axis , while the conventional methods use either rotating or pulsating voltage injection as shown
in Fig. 3.11.
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Fig. 3.11. Comparison of injection sequences between the proposed and conventional
methods.

Selection of the injection voltage

Selection of the injection frequency should take the estimation time and voltage utilization
into consideration. The estimation time can be reduced with higher injection frequency as it
usually takes several injection periods for extracting the HF current amplitudes. However, with
higher injection frequency, higher voltage amplitude is also required to maintain the amplitudes
of the HF currents, which decreases the available voltage for fundamental currents. The
optimum voltage amplitude is dependent on the resolution of the sampling circuit and the
machine characteristics, and it is difficult to find analytical expressions between the accuracy
requirement and applied voltages from (3.32)-(3.34). A feasible way to find a suitable voltage
amplitude is to gradually increase the injection voltage amplitude under the same injection
frequency until the estimated results are almost unchanged. According to the above guidelines,
20V/500Hz are chosen for both HF rotating and pulsating voltages under a dc bus voltage of
150V.

Resolution of the current sampling circuit is important for improving accuracy of the
estimation. For the maximum current sampling range [—I,,,qx> Imax] With sampling resolution

N bits, the sampled current resolution is
s = _Zér;ax (3.44)
The measurement error of the current due to quantization is 0.5/, 55 [25]. In (3.32)-(3.34), the
2Vl

term
wr(I3~13)Ian1+1gh2)

is assumed to be fixed due to relative large value, and the estimation

error caused by quantization can be approximated as
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AL, 0.5l

= LSB *100% (3_45_a)
th Iqh2
Ala _ 051158 g9 (3.45-b)
th dh1
Ao __05liss gy, (3.45-c)
quh Idh2 or Ith

These equations provide a simple way for evaluating the quantization error and choosing the
required sampling resolution at different working point by using the measured HF current
amplitudes. For example, for the estimation at iy = 04,i, = 2A with 16 bits sampling

resolution in the experiment, i.e. I;sp = 0.224mA, I, = 55mA, the Lgy, estimation error

0.5%0.224
55

caused by quantization is 100% = 0.20%. If the sampling circuit resolution is 12 bits

which is commonly used in commercial inverters, the L, estimation error caused by sampling
quantization is increased to 3.2%.

Table 3.1 compares the proposed method with conventional measuring methods. The
proposed method does not require a position estimator and is immune to the delay effects.

Therefore, it is a choice for measuring the HF inductances.

Table 3.1
COMPARISON OF HF INUDCTANCE MEASURING METHODS
Rotating Pulsating Proposed
[XU14] | [KUE14] [L107a]
) ) Rotating,
o ) Pulsating, Pulsating, )
Injection stages Rotating _ ) Pulsating,
Pulsating Pulsating _
Pulsating
Independent of estimator No No Yes Yes
Immune to delay No No No Yes

Application of the proposed method

The proposed method provides a method for estimating the HF inductances by injection three
HF voltages. It can also be used for online HF inductances estimation as that in [KAN21], but
some requirements are essential as: 1) the machine should be operated at standstill and low
speed to reduce the interference between the fundamental currents and the HF currents [XU14],
2) the dg-axis positions should be obtained from either position sensor or sensorless algorithms.

As the HF inductances vary with the saturation level, the fundamental currents should be
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controlled stable during a single estimation. If the current command changes within this
interval, the estimated results are not reflections of the saturation level at the current point.
Besides, the changing fundamental currents may also produce interference with the injected
HF currents, which further distorts the estimated results [BRI0O].

The PM magnetization strength has impact on the estimated HF inductances. The actual HF
inductances may change due to aging effects of the PM after the machine is used for a period
[FER20]. Therefore, the HF inductances of the machine should be estimated regularly to keep
up to date. For example, the proposed estimation method can be carried out each time before
start. Meanwhile, the PM magnetization strength can also be assessed from the estimated HF
inductance data by setting up an empirical model between the HF inductances and the PM
strength [MAR20].

As only the d-axis and g-axis positions are required for injecting the HF voltages, the
proposed method can theoretically be applied to different kinds of machines which can be
modelled in the dg-axis frame. However, for some specific machines such as fractional slot
machines with surface mounted PMs, the estimated results may have low accuracy due to
relatively low inductances. The accuracy can be improved by choosing higher injection voltage
and higher sampling resolution accordingly.

For high performance machine control, the apparent inductances are also very important.
Although with the proposed method, the apparent inductances cannot be directly estimated,
their values can be obtained by integrating the estimated HF inductances [XU14] as

= _Ild Ly di __Zld/Ald Lyn (K) Ay (3.46-8.)
Ly = J; Lydi == Z“/A"‘ L (A, (3.46-b)
I Lydli = 3 AN L )4, (3.46-C)

where Aig, Ai, are the increments of the fundamental currents. For improving accuracy of the
estimated apparent inductances, the integration intervals Aiy, Ai, should be very small which
results in very large sampling point and increases the complexity of the measurement. Besides,
the discrete integration form in (3.46-a)-(3.46-c) will inevitably introduce discretization errors.
There are still other apparent inductances estimation methods which are not dependent on HF
voltage injections and need to rotate the machine, such as measuring the flux linkages by
integrating the back EMF [PEI15], injecting short negative d-axis current pulse [LIU11] and

those based on Kalman filters and recursive least square method [ZHU21].
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3.3.4 Experimental results

To verify effectiveness of the proposed measuring method, finite element analysis (FEA) is
firstly carried out. The FEA predicted HF inductances provide references for the measured
results. Then, the proposed measuring method is verified on a dSPACE platform DS1006 as
shown in Fig. 3.12. A commercial inverter which receives PWM signals from the dSPACE is
used to drive the test machine. The parameters of the machine are shown in Appendix 1. Two
external hall-effect based current sensors are installed on an analog conditioning board for
sampling phase currents. The resolution of the analog to digital converter for sampling current
is 16bits. An incremental encoder of 1024 pulses per revolution is used to obtain the rotor
position. The PWM and sampling frequency are all set as 10kHz. For measuring the HF
inductances with the proposed method, the amplitudes and frequencies of the rotating
sinusoidal voltage and pulsating sinusoidal voltage are all chosen as 20V/500Hz considering
sampling accuracy and saliency level [ZHU11].

DC power supply ;

Fig. 3.12. Experimental setup.

A. Measured results

Fig. 3.13 shows the dg-axis currents for the HF inductance measurement at i; = 04, i, = 2A.

g 2
@ i i 1
5 D-axisHF = Q-axisHF | Rotating
s 1 voltage voltage  voltage |
2 injection injection . injection 1
& | 3
5 0 ANNNNNN A~~~ NNANNNNNY
o)

0 7 14 21

Time (ms)

Fig. 3.13. Dg-axis current sequences with the proposed measuring method at i; = 04,i, = 2A.
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As can be seen, the proposed measuring procedure at one specific point is composed of three
injection stages, i.e. d-axis pulsating voltage injection, g-axis pulsating voltage injection and
rotating voltage injection. The g-axis (d-axis) HF current during d-axis (g-axis) voltage
injection is due to the cross-coupling effect. When HF rotating voltage is injected to the
stationary reference frame, both dg-axes will contain HF currents. The sequence of the three
injection stages is not important for HF inductance measuring as long as the HF current
amplitudes in each injection stage can be measured. The duration for each injection stage
should be long enough for the HF currents to be stable and for the measuring strategy to extract
the HF current amplitudes. In this measurement, the duration for each injection stage is 14ms,
i.e. 7 injection cycles for 500Hz injection frequency.

Fig. 3.14 shows the measured HF inductances at different rotor positions for the working

point iy = 04,i, = 2A. It is found that the measured HF inductances vary with the rotor

position.
60
f \_/\/\N-/\/\/\_/\/\F'J\/\_/
7]
g | e e I |
g 20 S
E g
= L dh
I-IL 0 /\/\/—’_\/V\/\/\/\/\/\/\
-20
0 60 120 180 240 300 360

Rotor position (Deg)
Fig. 3.14. Measured HF inductances with the proposed method at different rotor positions for

iq = 04,i, = 24.

As can be seen, the measured HF inductances contain sixth harmonics which can be caused
by the inverter nonlinearities and spatial harmonics [KWO20]. The concept of equivalent HF
resistance [GON11] can be used to modelling the HF voltage losses caused by the inverter
nonlinearities. The equivalent HF resistances are dependent on the phase currents and only
exist near the zero current regions. As the three phase currents cross zero six times during one
electrical period revolution of the rotor position, there will be sixth harmonics in the HF voltage
losses which will result in ripples in the demodulated current amplitudes. The ripples can be
reduced by increasing the injection voltage amplitude at the cost of reduced voltage margins.

The spatial inductance harmonics also contribute to the ripples in the measured inductances. In
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this thesis, to obtain the average HF inductances, the measured HF currents amplitudes of the

three injection stages during one electrical period are averaged and used for calculation.

Fig. 3.15(a) shows the measured amplitudes of the positive and negative sequence HF
currents I, I, due to rotating voltage injection of the proposed method at different i, i,. Fig.
3.15(b) shows the HF current amplitudes I454, I;p, ON the dg-axes due to pulsating voltage
injection in d-axis, while Fig. 3.15(c) shows the dg-axis HF current amplitudes I, I5x, due

to pulsating voltage injection in g-axis of the proposed method.

Amplitude
g )

WA 34 %) W@ 32 0

(@)

Amplitude (A)

< 02 <03
202 501
is(A) 324 iq (A) is(A)  -3-4 iq (A)

(©)
Fig. 3.15. Measured HF current amplitudes for calculating HF inductances with the proposed

method at different injection stages. (a) I, I, due to rotating voltage injection. (b) Iap1, Ign1

due to d-axis voltage injection. (C) I4p2, Iqn, due to g-axis voltage injection.

The HF inductances can be calculated with the measured HF currents using (3.32), (3.33) and
(3.34). Finite element analysis is also carried out to obtain the HF inductances. Comparison of
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the FEA predicted results and measured results by the proposed method are shown in Fig. 3.16

and included in appendices 2, 3.
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Fig. 3.16. Comparison of FEA predicted and measured HF inductances with the proposed
method. (@) Lgp. (b) Lgn. (C) Lagn-

As can be seen that the measured results show a good agreement with the FEA predicted
values. The d-axis HF inductance changes slightly with the variation of g-axis current. The d-
axis and g-axis HF inductances are almost symmetrical along the current ig=0A. It is also noted
that the proposed method does not require a closed-loop position estimation and only makes

use of the HF current amplitudes.

B. Comparison with Conventional Methods
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In this section, the proposed method and the conventional estimation methods are both carried
out for comparison at the current point (id, iq) = (0A, 2A). The rotor is locked at 6, = 10°
during the estimation process. To evaluate the delay immune property of the proposed method,
a delay @comp is subtracted from the HF angle 8, in the demodulation of the HF current

amplitudes.

As analyzed in section 3.3.2, the proposed method is immune to the delay effects as the factor
relating to the actual delay @414y is cancelled in the division operation of the HF current
amplitudes. To evaluate the delay immune property of the proposed method, a delay @y, is
applied for the proposed method. The applied delay will affect the measured HF current

amplitudes Ip1, Igna, lanzs Ign2 @S

LPF [ 25in (@t + ooy ) 1 SIN (@ + Py ) | = 1 COS( Py — Pry ) (3.47)

where @414, is the actual delay in the system. As can be seen from (3.47), the applied phase
delay @comp Will result in changes in the measured HF current amplitudes. However, as the
proposed method only requires the ratios between the HF current amplitudes
Lan1, Ign1, Ianz, Ignz @S analyzed in section 3.3.2, the calculated HF inductances will not be
affected by the applied delay ¢, N0 matter whether it is equal or different to the actual delay
@delay 1N the system. In other words, the proposed method is immune to the delay effects. In

Fig. 3.17(a), it can be seen that the measured HF inductances with the proposed method are
nearly unchanged with the applied delay in the demodulation signal, and are about 38mH for

Lgn, 47TmH for Lgp,, -5.5mH for L4, which are in accordance with the FEA predicted values.

To evaluate the superiority of the proposed method in terms of the delay effects, the
conventional measuring method 1 in [XU14] based on rotating voltage injection and the
conventional methods 2a in [KUE14], 2b in [LI07a] based on pulsating voltage injections are
carried out for comparison. The injection voltages for the conventional methods are all chosen
as the same of the proposed method, i.e. 20VV/500Hz.
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Fig. 3.17. Comparison of the measured HF inductances with the conventional and proposed
methods at (id, iq) = (04,2A) with different applied delay. (a) Proposed method. (b)
Conventional method 1 with rotating voltage injection. (c) Conventional method 2a with

voltage injections in the estimated dg-axes. (d) Conventional method 2b with voltage injections
in the actual dg-axes.

For the conventional measuring method 1 with only rotating voltage injection, the delay
effects will cause error in the observed angle A6,,, which will result in errors in the calculated
HF inductances. In the experiment, a phase delay ¢,m, is added to the injection angle 6, for
compensating the delay effects. As described in Fig. 3.6, the actual delay is hard to determine
accurately, although it is usually approximated as the delay over 1.5 times of the PWM periods,
i.e. 1.5 = 2 = 500 * 10~ *rad=27 degrees. Therefore, in this test, the applied delay is varied
from 0 to 40 degrees to evaluate the dependency of the conventional method 1 on the delay

effects.

The measured dg-axis HF inductances with conventional method 1 under different applied
delays at (ig,i;) = (0A, 2A) are shown in Fig. 3.17(b). When the applied delay is zero, which
means the delay effects are not accounted, the measured results (Lq, = 42mH,Lg, =
44mH, Ly, ~ —6.7mH) are deviated from the FEA predicted values. When the applied delay

changes, the measured results with the conventional method 1 also vary. To obtain HF
inductances without errors, accurate applied delay is required. However, as it is related to the
injection frequency and the hardware, the delay is difficult to determine accurately. Therefore,
compared with the conventional method 1, the proposed method is not affected by the delay

effects and produces negligible errors in the measured HF inductances.
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For the conventional measuring method 2a in [KUE14] with pulsating voltage injections in
the estimated dg-axes, the delay effects will affect the measured HF current amplitudes. For
example, an actual delay of 18 degrees will result in 5% decrease, i.e. (1/cos(18") — 1), in
the measured HF current amplitudes as shown in (3.28), and ultimately 5% increase in the
calculated inductances as shown in (3.31). In the experiment, a phase ¢, is added to the
injection angle 6, in the program for compensating the delay effects, i.e. sin(wpt + @comp)-
The measured results for conventional method 2a with different applied delays are shown in
Fig. 3.17(c). As can be seen, the estimated inductances with the conventional method 2a are
decreased with the applied delay. This is due to that with the increase of @¢omp, COS(@comp —
@delay) In (3.44) is approaching unity, which results in reduced estimation errors. If @ oy, is
larger than @414y, the estimation errors will be increased due to decrease of the factor
coS(Pcomp — Paetay)- Similar to the conventional method 1, accurate delay is required for
compensating the errors, i.. @comp = Paeray- HOWever, it is difficult to determine as it is
related to hardware and the injection frequency. Therefore, compared to the proposed method,

the conventional method 2a [KUE14] is also sensitive to the delay effects.

The conventional method 2b in [LI107a] with pulsating voltage injections in the actual dg-axes
is similar to conventional method 2a in [KUE14] as they both use the dg-axis HF current
amplitudes due to pulsating voltage injections to calculate the HF inductances and are affected
by the delay effects by introducing a scaling factor 1/cos(¢geiqay) to the measured HF
inductances. Therefore, the measured results for the conventional method 2b with different
applied delays in Fig. 3.16(d), show similar waveforms to the conventional method 2a in Fig.
3.17(c). Compared to the proposed method, the conventional method 2b is also affected by the
delay effects which are difficult to compensate accurately.

Therefore, compared to all the conventional methods with either rotating voltage injection or
pulsating voltage injections, the proposed method is immune to the delay effect and does not

require a position estimator.

3.4 Conclusion

In this chapter, the concept of incremental inductance (called HF inductance in this chapter)
and its application in sensorless control are firstly introduced. Secondly, the conventional
methods for obtaining the HF inductances are introduced, including FEA simulation and

experimental methods by HF voltage injection techniques. Finally, a novel method for
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measuring the HF incremental inductances is proposed for interior permanent magnet
synchronous machine. It mainly includes three HF voltage injection stages, which are rotating
voltage injection in the stationary frame, pulsating voltage injection in the d-axis, and pulsating
voltage injection in the g-axis of the synchronous rotating reference frame. Compared with
conventional methods based on either rotating or pulsating voltage injection, the proposed
method does not require position estimator and is immune to the delay effects which are caused
by voltage synthesis and digital filters. Effectiveness of the proposed method has been verified

by FEA simulation and experiments and also comparing with the conventional methods.
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CHAPTER 4

IMPROVED CROSS-COUPLING EFFECT COMPENSATION

METHOD BASED ON HIGH FREQUENCY VOLTAGE INJECTION

4.1 Introduction

Accurate rotor position is essential in high performance permanent magnet synchronous
machine (PMSM) drives. For reducing the hardware cost and ensuring system safety,
sensorless control as a main source of rotor position information or as a backup in case of
encoder failure, has been investigated for decades [WANZ20]. At medium and high speeds, back
electromagnetic force (EMF) based sensorless control methods are widely used. However, they
suffer from performance deterioration at standstill and low speed due to low amplitude of the
back EMF signal [WAN13], [HEJ11]. For sensorless operation at standstill and low speed,
magnetic anisotropy, which is caused by machine structure or magnetic saturation, is utilized
[XIE16], [GON13], [JANO3]. The interior permanent magnet synchronous machine (IPMSM)
exhibits high saliency ratio, whereas surface-mounted permanent magnet synchronous machine
(SPMSM) has less or almost negligible structural saliency ratio, which is not easy for position
estimation at low speed except utilizing the magnetic saturation introduced saliency.

Magnetic anisotropy can be exploited by injecting high frequency (HF) voltages which are
superimposed on the fundamental excitations [TAN17], [ALM17], [HOLO8]. The HF
sinusoidal rotating voltage injection based sensorless control method is performed in the
synchronous stationary reference frame (SSRF) [TAN17], while the HF sinusoidal pulsating
voltage injection based sensorless control method is usually carried out in the estimated
synchronous rotating reference frame (SRRF) [ALM17]. The induced HF currents which
contain the rotor information can be extracted by digital filters [HOLO08]. The phase locked
loop (PLL) based closed-loop observer is usually adopted for extracting the rotor position
[L120]. Although there are differences in the injection signal types, frames and demodulation
algorithms for these methods, they all suffer from magnetic saturation, multi-saliencies and

cross-coupling effect which are inherent magnetic properties of the machines.

Magnetic saturation can reduce the saliency level and deteriorates the position estimation
accuracy [GARO7]. However, for an IPMSM that has high initial saliency level, it usually does
not have major impact. Multi-saliencies may introduce ripples in the estimation results, but can
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be neglected if the machine is properly designed and the magnitudes are relatively small
[CHE14], [CHE16]. Cross-coupling effect which can be described as the mutual inductance
between d-axis and g-axis has been identified as the major source of estimation error [BAR17],
[GUGO06]. Many researches [MUR10], [REI08], [WAN19b], [LI09] have been carried out on
the cross-coupling effect, its impact on sensorless control and the corresponding compensation

methods.

For compensating the cross-coupling effect in HF rotating voltage injection based sensorless
control, the position error can be compensated by adding the online calculated [REIO8],
[MOR21] or offline measured error angle [FRE10], [WAN19], [XU14] to the estimated
position. Such compensation method is designated as “angle compensation”. In [REIOS], the
incremental inductances and the error caused by the cross-coupling effect are obtained from
the amplitudes of HF currents based on the assumption of fixed d-axis (or g-axis) incremental
inductance when the g-axis (or d-axis) incremental inductance is calculated. The assumption
of constant d-axis (or g-axis) incremental inductance in [REIO8] is only feasible for some
specific machines as the incremental inductances usually vary with the dg-axis currents due to
magnetic saturation and cross-coupling effect. In [MOR21], the error caused by the cross-
coupling effect considering spatial harmonics is online calculated with the measured current
derivatives and voltage vectors, but it requires high current sampling accuracy and the impact
of magnetic saturation is not considered. In [FRE10], [WAN19], the errors caused by the cross-
coupling effect are curve-fitted as functions of the dg-axis currents and the cross-coupling
effect can be compensated according to the fundamental currents. For obtaining the coefficients
of the fitted-curves, offline measurements are usually required. In [XU14], the errors caused
by the cross-coupling effect are offline measured by the difference between the actual rotor
position measured by an encoder and the estimated position obtained by a closed-loop position
observer, and stored in a lookup table (LUT). The offline measured errors can be used for cross-
coupling effect compensation irrespective of the HF injection signal that is used for sensorless
position estimation as only the fundamental currents are required for looking up the LUT. In
this thesis, the first contribution is that to reduce the offline measuring complexity, a simple
method for offline measuring the cross-coupling induced errors is proposed by injecting HF

voltages in d-axis and g-axis, respectively.

For HF pulsating voltage injection based sensorless control, the method in [YOU18]
compensates the cross-coupling effect by demodulating the estimated g-axis high frequency

flux linkage based on the offline measured current-flux linkage characteristics. However, the
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process for offline measuring the current-flux linkage characteristics is usually very
complicated. In [WANZ20], the error caused by the cross-coupling effect is online identified
and compensated by simply varying the direction of the current vector for a given torque
reference. However, the implementation in [WANZ20] is only applicable for machines with
negligible reluctance torque. In [L109], a compensation method is proposed by adding a current
which is the product of the cross-coupling factor and d-axis HF current amplitude to the input
of the position observer. This method is designated as “current compensation” [L109]. The
cross-coupling factor which is the ratio between the mutual and g-axis HF inductances can be
offline measured by injecting HF voltage to the d-axis and measuring the corresponding dg-
axis HF currents for different working points. The method in [L109] using cross-coupling factor
is restricted only to the HF pulsating voltage injection based sensorless control. In this thesis,
the second contribution is that a method is proposed to extend the offline measured cross-
coupling factor for cross-coupling effect compensation in HF rotating voltage injection based

sensorless control by angle compensation.

Both angle compensation and current compensation can be used for cross-coupling effect
compensation. However, seldom comparison has been made between the two methods in terms
of the dynamic performance. In this thesis, the dynamic performances of the two cross-coupling
compensation methods using cross-coupling factor will be compared. The third contribution of
this thesis, as will be confirmed by experiments, is that the better dynamic performance of
angle compensation can be achieved and explained by the fact that angle compensation is not
dependent on the proportional-integral (PI) and integral modules of the position observer which

may introduce delay to the estimation for current compensation.

For sensorless operation at highly saturated conditions, position estimation with HF voltage
injection may diverge due to absence of convergence point [MANZ20], [KWO19], [LEE20]. In
[MAN20], it is shown that the angle compensation could be insufficient to make robust
sensorless drive at highly saturated machines due to saturation and spatial harmonics, and the
current compensation should also be implemented. In [KWQO19], sensorless operation is
extended to high torque by tilting the HF voltage vector and compensating the observer input.
In [LEEZ20], the current reference is tilted so that the controller sees more desirable side of the
inductance and the sensorless operation region can be extended. In this thesis, stability and
convergence of sensorless operation with the proposed cross-coupling effect compensation

methods at highly saturated conditions are also analyzed and experimentally evaluated.
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This chapter is organized as follows. Firstly, in section 4.2, the impact of cross-coupling
effect on sensorless control and the existing compensation methods are presented, together with
their advantages and disadvantages. Then, in section 4.3, an improved compensation method
based on high frequency voltage injection is proposed by offline measuring the cross-coupling
induced error with a simple method. Finally, experiments are carried out for verification and

comprehensive comparison.

4.2 Existing Cross-coupling Effect Compensation Methods

In this section, the cross-coupling effect and its impact on HF voltage injection based
sensorless position estimation are introduced. Then, several methods for compensating the

cross-coupling induced position errors are presented.

Online Approximation

method PP
Cross-coupling Current-flux
compensation characterictics
|| Offline Estimation error

method

HF inductances’
relationships

Fig. 4.1. Category of cross-coupling effect compensation methods.

As can be seen in Fig. 4.1, the compensation methods can be divided as online and offline
methods. The online methods obtain the cross-coupling information from the online measured
HF currents or voltages without any pre-measured-knowledge of the machine characteristics.
The offline methods use the offline measured machine data to online compensate the cross-
coupling effect. In the next section, the impact of the cross-coupling effect on sensorless control

will firstly be introduced.
4.2.1 Impact of cross-coupling effect on sensorless control

The cross-coupling phenomenon in electrical machines has been subjected to detailed
scrutiny in the last two decades [LEV99] [LEVO0O0] [BOJO03]. Fig. 4.2 shows the dg-axis flux

linkage at different dg-axis currents for the prototype machine in Appendix 1.
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It can be seen that the saturation level of d-axis (or g-axis) has impact on the g-axis (or d-
axis) flux linkage. Such effect becomes significant with the increase of currents. The circuit

model accounting for the cross-coupling effect is given by

u; R, + pL Ly, —@,L, |[if 0
sl Rl
where “p” is the differential operator, Lgyq, Lqq are the cross-coupling inductances which are
equal according to the reciprocal theory [MIN17]. The impacts of cross-coupling effect on
sensorless position estimation at medium and high speeds have been intensively investigated
[LEE17], [LI107b]. This chapter mainly focuses on HF voltage injection based sensorless

control at standstill and low speed. Hence, the speed-dependent term is neglected and the

voltage model in (4.1) is simplified as

. -1

ioh 1 Lav  Lagn } us,

| =R(g, R(6)[| " |at 4.2)
I:I,th| ( )|:quh th ( )J‘ uﬂh
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cos(6,) sin(6,)
R(4) :[—sin(er) cos(er)} (43)

where 6, is the rotor position, ugy, ugp, izn, iz, are the HF voltages and currents in the
stationary frame, Lgp, Lgn, Lagn, Lqan are the incremental inductances in the synchronous
rotating reference frame (SRRF), which are also referred to as HF inductances. The mutual
inductances Lgqp, and Lgqp are equal according to the reciprocity theorem [MIN17]. The
superscript “S” means the stationary reference frame. The stator resistance and iron loss
reflected resistance in the HF model are neglected due to relatively small magnitude compared
to the HF reactance. The general HF voltage injection based sensorless methods and the

impacts of the cross-coupling effect will be analysed as follows.

(a) HF rotating voltage injection based sensorless control
For HF rotating voltage injection based sensorless control method, sinusoidal voltages

Ugn, Ugy are injected to the stationary reference frame as

us, + jus, =V,edM g, = ot (4.4)

where 1}, wy,, 65, are the amplitude, frequency, angle of the injection signal. According to (4.2),

the HF currents iz, can be solved as

i(6,-7/2) [9 ~2(6,-A8,)- ﬁ/z} (4.5-a)

I;h-l-ji;hzle( +1.e

i, =1,sin(6,)+1,sin[6,-2(6,-A6,)]
i, =—1,c0s(6,)+1,c0s[ 6, -2(6, - A6,) |

, 2 2
VhLz | — Vh I—A_'-quh (46)

P @, (Ly, th - quh) ot @, (L, th - Lfiqh)

(4.5-b)

2L
A6, = 0.5tan{$] (4.7)

gh th

Lgn+Lgn L __ Lgn—Lagn
y LA —

where Ly = . The HF currents are composed of positive and negative

sequence currents and their amplitudes Iy, In are determined by the injection voltage and HF
inductances as shown in (4.6). The angle A@,, is caused by the cross-coupling effect. As

Lan, Lgn and Lgqy, vary with the magnetic saturation levels, iz, iz, will show different shapes
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under different iy, i, as shown in Fig. 4.3. The rotor position is fixed at 30" and the injection

voltage is chosen as 15V/500Hz, i.e. V,, = 15, w, = 2w * 500.

10
5+ |
o o > > =
f.:/ 0r <} o o [ — >
=)
o o < S
o S) N DN
5t i
o o Q NN
0 NEASRANGENEN
10 * ' '
-10 -5 0 5 10
id (A)
(b)

Fig. 4.3. Traces of HF currents due to HF rotating voltage injection in the stationary frame at

different currents when 6, =30". (a) Fixed i; = 0A. (b) Traces at different i, ig-

As can be seen from Fig. 4.3(a), the traces of the HF currents are ellipses. When iy, i, are
zero, the long axis of the ellipse is aligned with the d-axis. With the increase of i, the long
axis gradually deviates from the d-axis, which is caused by the cross-coupling effect. This
deviation will result in position estimation error in HF voltage injection based sensorless

control as follows. The shapes of the HF currents vary with the incremental inductances and
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the fundamental currents as shown in Fig. 4.3(b). Generally, the offset increases with the g-
axis current.

It can be seen from (4.5-b) that the length of the long axis is (I, + I,), and the length of the
short axis is (I, — I). The values of I,, I, can be calculated from the injection voltage and the
FE predicted HF inductances in Fig. 3.3. The difference between the long axis and the short
axis, i.e. 21, indicates the level of the saliency signal. This means that the area of the ellipse
does not represent the capability of sensorless control. If the shape of the HF current trace
becomes circular, the saliency level disappears. This corresponds to the situation of Ly, = Lgp,
and Lgq, = OmH, which is also called the critical point. It can be seen from Fig. 4.3(b), the
ellipse gradually shrinks to a circle with the increase of load current and finally becomes a
circle at the point (id, iq) = (—5A, 7A). Fortunately, as verified in [KWO19], the sensorless
position observer can achieve stable convergence at the critical point in the dynamic process.

Generally, in HF rotating voltage injection based sensorless control, a PLL observer
incorporating heterodyning demodulation [JAN95] is used as shown in Fig. 4.4. HF currents

ign, ign Superimposed on the fundamental currents are extracted by band pass filters (BPFs).

. - Heterodyning | PLL observer
V, sin(at) ~ demodulation Klo/ T
| - Fod i r 1

S S i

)—» LPF
V, cos(a,t) o S D S — |

S

Rotating injection

cos(6, —26,)

Fig. 4.4. Position demodulation for HF rotating voltage injection based sensorless control.

The error signal ¢ in Fig. 4.4 is

e=1_sin(2(6, —-A8.)—26,) (4.8)

where 8, is the estimated rotor position, which can be obtained by controlling ¢ =0 with the

PLL observer, i.e.
6, =6, -6, (4.9)

As can be seen, there is a position estimation error Ad,,, in HF rotating voltage injection based

sensorless control caused by the cross-coupling effect.

(b) HF pulsating voltage injection based sensorless control
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For HF pulsating voltage injection based sensorless control method, HF model used in the

estimated synchronous rotating reference frame (SRRF) is given by

[:d“} =R*(9, —ér)“““ II'_"‘““T R(6, —ér)_[{:gh}dt (4.10)

r
gh qdh gh gh

where ugy,, uby, igy, ign are the HF voltages and currents, the superscript “# ” means the

estimated synchronous rotating reference frame. When HF pulsating voltage uf, =
Vhcos(wpt) is injected to the estimated d-axis, the estimated dg-axis HF currents can be

expressed from (4.10) as

f f

ig = 14, sin(ayt), ig, = 15, sin(eyt) (4.11)

where Iﬁh,lgh are the amplitudes of the HF currents and can be extracted by synchronous

demodulation [JANO3] as

15, = LPF[ 2if, sin(@,t) | =1, +1, cos(2(6, - A6, ) - 26,) (4.12-a)
15, = LPF [ 2if, sin(@,t) ] = 1, 5in(2(6, - A6,) - 26)) (4.12-b)
d *V, cos(a,t)  Synchronous
. demodulation
A i LPF
a Zsin(a)ht)f

Pulsating injection
Fig. 4.5. Position demodulation for HF pulsating voltage injection based sensorless control.

The estimated position 8,. can be obtained by controlling If;h:O, as shown in Fig. 4.5, i.e.
6, =0 -A0, (4.13)
which is the same as (4.9) for HF rotating voltage injection based sensorless control.

As can be seen from Figs. 4.4 and 4.5, due to existence of the cross-coupling effect, there is
a position estimation error A8,, for both HF rotating and pulsating voltage injection based
sensorless control methods. It has been verified that the error is inherent to the machine and
not dependent on specific injection signals [GUGO6]. If such error is not compensated, it will
result in significant performance degradation especially at heavy load conditions. The

maximum available torque may be limited due to incorrect rotor position estimation. For
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example, a position error of 45° will result in approximately 30% (1-cos(45")) decrease of the
torque. The position estimation error also has adverse impact on other advanced machine
control techniques, such as MTPA, flux weakening control. Thus, for high performance
sensorless control, the cross-coupling effect should be compensated.

For compensating the cross-coupling effect, a preferable solution is to design a machine with
negligible cross-coupling effect [MUR12]. However, this is not always feasible as the machine
design is confined by many other design objectives, such as efficiency, cost and
manufacturability. Instead, software based compensation methods are widely used.

Solo online compensation is quite challenging due to the nonlinear properties of the cross-
coupling effect. For reducing the computation complexity, some approximations are made for
online compensation, e.g. fixed d-axis HF inductance [MUR10]. Some other methods
compensate the cross-coupling effect compensation by using offline measured data of the
machine. The offline data can be position errors [FRE10], [WAN19b], current-flux linkage
characteristics [YOU18], or HF inductances’ relationships [LI09], [LI19]. These methods
differ in offline measuring procedures, universality and compensation strategies, which will be

presented in detail.
4.2.2 By online calculating the HF inductances

The online compensation method calculates the HF inductances and the error caused by the
cross-coupling effect from the HF currents and voltages. For HF sinusoidal rotating voltage
injection based sensorless control, the amplitudes of the positive sequence current (PSC) and

negative sequence current (NSC) are used to calculate the HF inductances as

Vh LZ . Vh ‘\’ LZA + Ltz:lqh (4 14)

P a’h(thth_Lfiqh)’ " a)h(thth _Liqh)

Lgn+Lgn L __ Lgn—Lan
y LA —

where Ly = . However, I, I, only provide two equations for the three

b pl
knowns Lgp, Lgn, Lagn. Another condition is required for solving the three HF inductances.

Below are two methods for calculating the HF inductances by assuming approximations.

@ In [MUR10], the d-axis HF inductance L, is assumed to be fixed as i is controlled to
remain constant. The value of Ly, can be solved from I, I, which are the amplitudes of PSC
and NSC at zero load current. When the load current is zero, the magnetic material is not

saturated and Lg,, = 0, i.€. (4.14) can be expressed as
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:Vh(th0+th0)| :Vh(thO_thO) (4.15)
L [0] '

po
2w, thOthO 2w, thOthO

From (4.15), the initial dg-axis HF inductances can be solved as

_ Vi - I
tho—wh(|p0+|n0)’tho wh(lpo_lno) (4.16)

According to the assumption in [MUR10], Ly, is a constant and not changed with load

current. At other iy, i, the HF inductances Ly, Lqqn can be solved from (4.14), (4.16) as

AN

gh 2 2\  —dho’
o, (12-17)

1 v (4.17)
_ h%p _ _ h
quhi\/tho[a)h(|§—|§) tho} ws((li_lnz))

Then, the position error caused by the cross-coupling effect can be calculated as

2L
AO, = o.5tan{$J (4.18)
th - tho
This method does not take the variation of L, into consideration. Its value changes with i, i,

due to saturation and cross-coupling. Besides, in [MUR10], the method for determining the

sign of L, is not given.

@ In [REI08], a different method for calculating the HF inductances was proposed by making

use of the positive sequence current as

VL
L, = h —gh0 L. = VioLono

- Ly = —— (4.19)
V,—2Lo, Ly, "V, —2L0, Ly,

where Lgpo, Lqno are the HF inductances for the no load condition which can be determined
before start with (4.16). After Ly, Lg, are obtained, Ly, can be calculated from I,. The
calculations in (4.19) are based on the assumption that when Ly (or L) is calculated, L,y (or
Lgp) is assumed to be Lgpo(0r Lgpe)- This assumption does not take the variations of dg-axis

HF inductances into consideration.

As can be seen, the existing online compensation methods are only used in HF rotating
voltage injection based sensorless control and require approximations which are only

applicable for specific machines. To enable cross-coupling effect compensation for different
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machines, other methods such as offline method can be used as presented in the next section.
4.2.3 By offline measured current-flux characteristics

A cross-coupling effect compensation method by making use of the offline measured
current-flux linkage characteristics was proposed in [YOU18] based on HF pulsating voltage

injection in the estimated d-axis.

When a HF pulsating voltage u.cos(wyt) is injected to the estimated d-axis, the HF currents

can be obtained from (4.12) as

[id“:l =k {Lz +1,€08(26, ) + Ly, cos (26,

! Ly Sin(zér)_ quh COS(Zér) }Sm(a)ht) (4.20)

gh

where k;, =

Uc Lgn+Lgn th Lan
2 ’ LZ LA -
whr(LanLlqh—=Lgqn) 2

. The dg-axis flux linkages {q;, Py

can be obtained from i,,1, by looking up the offline measured current-flux linkage

characteristics and the HF flux linkages l/jdhi’lﬁqhi can be extracted by band pass filters from

i % i L L f
BPF P’d} {"f““}:[ . dq“} o (421)
Vi V ghi quh Lo I

where the subscript ‘I’ means the flux linkages are obtained using current-flux characteristics.

~ ~

Yai, Pgqi s

Replacing 45, i in (4.21) with (4.20), Yap;, Pgn; are expressed as

L‘%h‘}— ks + Links €05(26, )+ Ly L sin (26 sin () (4.22)
@) |

Vai | | LLs (1-c05(26,)) + (L L, ~ Ly )sin

)

When the position error 8, is small, i.e. (1 — cos(26,)) ~ 0, the g-axis HF flux linkage

lﬁqhi can be approximated as

Wi ~ Ky (Lgn L — L )5in (26, )sin () (4.23)

By controlling the amplitude of J)qhi to zero with the observer shown in Fig. 4.6, i.e.

kn(LqnLa — L34)sin(28,) = 0, the position can be estimated.
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Fig. 4.6. Cross-coupling effect compensation with offline measured current-flux linkage
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characteristics.
The estimated position finally converges at
0,=06, (4.24)

As can be seen, the error caused by the cross-coupling effect can be mitigated. However, this
method is only applicable for HF pulsating voltage injection and the measuring of current-flux
linkage characteristics is relatively complicated [HIN17], [ARM13]. In the next section, a
simple compensation strategy which can be applied to different HF voltage injection based

sensorless control methods, will be introduced.
4.2.4 By offline measured errors

The errors caused by cross-coupling effect at different working points can be offline
measured and used for online compensation. For HF rotating and pulsating voltage injection

based sensorless control, the compensation methods are shown in Fig. 4.7.

ion | Heterodyning g K +ﬁ
i;h% demodulation P
(@)

f
Idh

Synchronous | (;h k i
. +—
demodulation P

-f
lgn >

if
gh >

(b)
Fig. 4.7. Cross-coupling effect compensation with offline measured error. (a) Rotating
voltage injection. (b) Pulsating voltage injection.
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where A8, (ig,14) is the offline measured error caused by the cross-coupling effect. The errors
shown in Fig. 4.8 can be obtained from the finite element analysis with the method introduced

in chapter 3.

i\ (A) RNV

Fig. 4.8. FEA predicted errors caused by cross-coupling effect.

However, FEA is not always available as the machine design data are usually not disclosed
by the manufacturers. Thus, experimental method is still required. Generally, the errors can be
measured with sensorless position estimation technique as introduced in chapter 3. For example,
the estimated rotor position can be estimated by injecting pulsating voltage in the estimated d-
axis [KUE14]. The error caused by the cross-coupling effect can be obtained from the
difference between the actual rotor position and the estimated rotor position. The measured
errors can be stored in the memory of the microprocessor. In sensorless operation, the position

error caused by the cross-coupling effect is online corrected by adding the error as
0, = Onp o + A0, (1,1 ) (4.25)

As can be seen, this compensation method is not dependent on specific injection signal and
can be applied to different HF injection based sensorless methods. However, for offline
measuring the error, a position observer is required to estimate the rotor position which

increases the offline measuring complexity.

For reducing the memory requirement for storing the offline measured errors, the error can
be curve-fitted with iy, i5. In [WAN19b], the error is approximately linear function of the g-

axis current as

AG =K.i (4.26)

cq

where k. can be fitted by least square method. In [FRE10], the error is approximated by using
a function that contains a term proportional to i, and a term proportional to the product of iy, i,
as
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AG,, = ki, +K,igi, (4.27)

4.2.5 By offline measured ratio between Lgqp and Lgy,

Instead of directly using the offline measured errors for compensation, in this section, the
offline measured ratios between the HF inductances are used for cross-coupling effect
compensation in HF pulsating voltage injection based sensorless control as follows.

For pulsating voltage injection based sensorless control, the pulsating voltage as (4.28) is

injected to the estimated d-axis.
Uy, =V, cos(ayt) (4.28)

The resulting HF currents in the estimated synchronous rotating reference frame are
amplitude modulation waveforms and their amplitudes can be obtained as

Fﬂh} . ( Vv, L, + L, c08(26, )+ Ly, c05(26),) @29)
Wy

) Lol =L )| L, sin (26, )~ Lygr cos(26, )

gh

where 8, = 6, — 8, is the different between the actual rotor and the estimated position. The
rotor position can be estimated by controlling fqh = 0 with a closed-loop position observer.

Due to the cross-coupling effect, there is a position error A6,,,.

In [L109], a novel cross-coupling effect compensation method was proposed by making use
of the dg-axis HF current amplitudes. The observer input error signal € is obtained by linear

combination of [, and fqh as shown in Fig. 4.9, which is different from conventional method.

Ay, 1,) i

1 i f g

| I
y | : . .
lsw | Synchronous | | | ki | @ 1 0
¢ demodulation | | ‘ Ky + g
i e | S S

Fig. 4.9. Cross-coupling effect compensation with offline measured A = LLd—‘”‘ in [L109Db].
qh

where ¢, A are defined as

=0, +Al, (4.30)
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L
=t (4.31)

gh
By substituting I, fqh and A in (4.30) with (4.29), the modified error signal ¢ is derived as
2

A L i
g=1l,+A0, =[LA +%Jsin(26’r)+

gh

b gine () (4.32)

gh

When the position error 8, is sufficiently small, the error signal € can be simplified as

V, (Ly + Ligy /L)

(4.33)
@y, ( L th - Lilqh )

£ =k,sin(20,) .k, =

As can be seen that the cross-coupling effect induced error A6, is not included in the error
signal. Thus, by controlling €=0, the cross-coupling effect can be compensated without the need

of calculating the accurate error angle A6,,.

The coefficient A can be predicted by FEA or offline measurement. In [LI09], a simple
measuring method by injecting HF voltage in the actual d-axis is proposed. The value of A is

obtained from the ratio between iy, iy s

- Vi L, sin(at) - -V, Ly Sin(aat) (43
dh = g = )
@, (th th - L?th) ! , (th th - Liqh)
i L
A=—_ (4.35)
Idh th

The measured results for the prototype machine in Appendix 1 are shown in Fig. 4.10(b)
which show a good agreement with the FEA predicted results in Fig. 4.10(a).

O'4~- Predicted —id=3AT - id=1A.
S e id=2A - jd=2A]

0.28
L ] T e ids0A
L,
0.2
04,3 > 1 0 1 2 3 4
iq (A)
(a)
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Fig. 4.10. Comparison of measured and FEA predicted Lgqp/Lgn. () Predicted. (b) Measured
with 20V/500Hz pulsating voltage injection in d-axis.

According to the analysis above, the cross-coupling effect compensation method by utilizing
the offline measured ratio L,,p,/Lg, does not need to calculate the error angle. In Appendix 4,
another cross-coupling effect compensation method by making use of the offline measured
ratio between Ly, and Lgy, is proposed. It is an original research idea. However, its universality

IS not satisfactory, i.e. only applicable in rotating voltage injection based sensorless control.

The compensation methods with offline measured LL"’—qh and 222 are compared in detail in

qh Lgn

Appendix 4.

Although, the compensation method with offline measured ratio Lg,p/Lg, can compensate

the cross-coupling effect without obtaining the accurate error, it has some drawbacks as

(D Decreased dynamic performance compared to direct error compensation.

The method in this section compensates the cross-coupling effect by modifying the input of
the position observer. Therefore, under load transient, the dynamic response of the observer
output is limited by the proportional-integral (PI) and integration modules as shown in Fig.
4.11(a) with the compensation applied at t1. Whereas for direct error compensation method as
shown in Fig. 4.11(b), the estimated position is directly corrected at the output of the position
observer. The method is carried out in a feedforward compensation way and has fast dynamic

response. Experiments will be carried later to compare their dynamic performances.

gh _— '
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Fig. 4.11. Demonstration of dynamic responses after different compensation methods are

applied. (a) With A before the observer. (b) Feedforward compensation with AG,,,.

@ Universality.

The method in this section requires dg-axis HF currents and is used in pulsating voltage
injection based sensorless control. Hence, the universality of this method is poor. In the next
section, applying A(Laqn/Lqn) in other HF voltage injection based sensorless methods will be

investigated.

4.3 Improved Cross-coupling Effect Compensation Method

In this section, applying offline measured Lg,n/Lgn for direct error compensation in
pulsating voltage injection based sensorless control will firstly be investigated. Then, the
proposed method with feedforward compensation is presented. A novel method for offline
measuring the errors is proposed. Finally, comprehensive comparison between the
compensation methods with Ly, /Lg, and A6y, will be made in terms of dynamic performance

and universality.
4.3.1 Investigation of feedforward compensation with offline measured A = Lgqp/Lgn

As presented in Fig. 4.11, the feedforward compensation method has better dynamic
performance than the compensation by modifying the observer input with A. Therefore, it is
desirable if the error can be directly calculated with the offline measured A in pulsating voltage

injection based sensorless control as shown in Fig. 4.12.
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Fig. 4.12. Feedforward cross-coupling effect compensation method with offline measured

A = Lggn/Lqn in pulsating voltage injection based sensorless control.

As marked by red in Fig. 4.12, the key point for feedforward compensation with A is to

calculate A8, from I, I7, which are expressed as (4.36).

Pdh] B v, L, +4/L + Ligy c05(26, - 246, )
) JE+L, sin (20, -2, )

Wy, (th th - Lfiqh
Disappointedly, it is not possible to calculate A8, from A, 17, 2h in sensorless control due

(4.36)

A

gh

to insufficient information. Therefore, it is not feasible to performance feedforward
compensation with offline measured A in pulsating voltage injection based sensorless control.
Whereas in sinusoidal rotating voltage injection based sensorless control, as will be evaluated

later, AB,, can be calculated from offline measured A and the online measured I, I;,.
4.3.2 Applying 4 = Lygn/Lgp in rotating voltage injection

Actually, the offline measured cross-coupling factor 4 = Lgq,/Lgn can also be extended for
use in HF rotating voltage injection based sensorless control by feedforward compensation.
With HF rotating voltage injection, the rotor position error A6, caused by cross-coupling

effect can be directly calculated with I, I, and X as

AN, + @+ 2912 -2717]
Ja+ A= 2217 —1, 27

(4.37)

A@, =0.5tan™'[

2
p

With (4.37), the cross-coupling effect in rotating voltage injection can be compensated with

the calculated error A6,,, as illustrated by the dashed line in Fig. 4.13, where g(A, I, I,) is the
function between A6,, and A, I,,, I, as defined by (4.37).
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Fig. 4.13. Applying offline measured A for cross-coupling effect compensation in sinusoidal

rotating voltage injection based sensorless control.
4.3.3 Proposed method and comprehensive comparison

As can be seen, the equation g (A, I,, I,,) for calculating A8,, is still very complicated. In this
chapter, a cross-coupling effect compensation method with offline measured error A6, is

proposed as shown in Fig. 4.14. The error A8,, is offline measured with a simple method.

|, sin(2(0, —,)—2A0,)

1
:¥>k+ﬁ

3

¢
(A

1: for rotating injection
2: for pulsating injection

Fig. 4.14. Proposed cross-coupling effect compensation with offline measured Aé,,.

The key point for the proposed method is to offline obtain the error A6,,. Actually, A6,,, can

be measured in a very similar way as measuring Lqqp/Lgp as follows.

Firstly, by injecting HF voltage (or HF current i ;4) to the real d-axis which is identified
from an encoder, and measuring the corresponding g-axis HF current i 4, the ratio between
Lgqn and Ly, can be obtained as

i

PR (4.38)

Idhl

Then, by injecting HF voltage (HF current i ;) to the real g-axis which is identified from
an encoder, and measuring the corresponding d-axis HF current iy, the ratio between Lgqp,

and L, can be obtained as
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PR (4.39)

Lo lgn2

Finally, A8,, at different working points can be obtained from 44, 4,, i.e.

2L
AO_ =0.5tan™" (ﬁj =0.5tan" (Mj (4.40)
gh th ﬁ"z - 21

The measured errors are stored in a LUT and can be used for online cross-coupling effect
compensation. As can be seen from Fig. 4.13 and Fig. 4.14, the offline measured A and A6,,
can both be used for cross-coupling effect compensation. The two methods both have fast
dynamic performance due to feedforward compensation as will be confirmed by experiments.
However, there are some differences between the cross-coupling effect compensation methods
with A and A6,,,.

Table 4.1 compares the differences between offline measured A6, and A used for cross-
coupling effect compensation. As compensation with offline measured A8,,, does not need any
HF current information, it can be applied to other saliency tracking based sensorless control
methods, such as pulse injection based method [FRE10], zero sequence voltage demodulation
based method, etc. Whereas, the compensation method with offline measured A is relying on
the HF currents, i.e., I, I, for rotating voltage injection, or Iﬁh,lgh for pulsating voltage
injection. Therefore, the universality of the compensation method with offline measured A6,,

is better compared to A.

Table 4.1

Comparison of Cross-coupling Effect Compensation Methods with A and AB,,

Compensation o Compensation _
Injection signal ) Compensation by A6,
methods withoutAB© ,,
HF I, 10,4 [23
) an lqn, 1 [23] Not applicable
pulsating Fig. 2
o Calculated withly, I,[REI08]
Requiring
Calculated with current
HF currents HF Not
) ) derivativesfMOR21]
rotating applicable
Calculated with I, I,and A
/Eq. 4.37
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With curve fitting techniques
[FRE10], [WAN19b]

o Irrespective of By varying reference current
Not requiring HF o Not o
the injected ) direction [WAN20b]
currents ) applicable i
signal Looked up from A6, in LUT

AB,, is measured with [XU14]
or the method in (4.40)

o Extend A from pulsating A simple method for offline
Contributions . _
to rotating measuring A8,

4.3.4 Convergence analysis of the proposed method

In sensorless operation, there are differences between the reference dg-axis currents and

the actual dg-axis currents due to position error as shown in Fig. 4.15.

Fig. 4.15. Relationship between reference i, iz and actual iy, i, in case of position error AO.

In real applications, the inductances vary with the working points. Therefore, the looked

up Aé,, from the LUT may not be equal to the required value as
Agm(ngg) ;tAgm(ld!Iq) (441)

As can be seen from (4.41), due to variation of the actual A6,,(i4, i) With position error,
the estimated position may diverge especially in high load current region [MAN20]. For
analysing stability and convergence with angle A6,,, compensation, it is essential to analyse the

input signal of the position observer with respect to the position error A8, i.e. € for rotating

voltage injection and Igh for pulsating voltage injection which have the same expressions as
e=15 =1, sin(2(6, —AB,)—20,) (4.42)

For compensation the cross-coupling effect by adding A8, (ig, iz) at the output of the
observer, it is equivalent to subtract AB,, (i, iz) from the estimated position 6, in (4.42).

Hence, the observer input signal can be equivalently expressed as
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& =1,sin(240-2A0, (iy. iy) + 240, (i; . i;)) (4.43)

In (4.43), A0, (ig,i5) is fixed by assuming constant current references iz, iz, while
L, A8, (g, 14) vary with the position error Af. To guarantee reliable convergence, the signal
e should have positive slop zero-crossings with respective to the position error A6 at the

convergence point according to the analysis in [KWO19].

For the IPMSM in this thesis, the current references are assigned according to the maximum

torque per ampere (MTPA) law.
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Fig. 4.16. Relationship between & and A6 without/with proposed compensation at different

torque references (Ty =4Nm). (a) T, = 4Nm. (b) T, = 8Nm.

Fig. 4.16 shows the &- Af traces based on the offline measured current-flux linkage
characteristics without/with angle A8,, compensation at different torque references. The
injection voltage is chosen as 20V/500Hz. As can be seen from Fig. 4.16(a), for 4ANm (Ty)
torque reference, the convergence point before compensation is located at point A (A6 =
—30), while after compensation the convergence point is B (A8 = 0°). Stable compensation

can be achieved for 4Nm reference no matter whether the proposed compensation is applied.

Whereas for 8Nm (2T ) reference, it is seen in Fig. 4.16(b), there does not exist positive slop

zero-crossing before the angle compensation is applied. After compensation, there is a zero-
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crossing at point D with A@ = 0°. However, it may slide to the unstable point E, as the
convergence interval between D and E is relatively small [KWO19]. Fig. 4.17(a) shows the
sensorless current control results with angle A8,, compensation. The rotor is locked during test.
The current references are ramped up to iz = —5.2A,i; = 7A. As can be seen, the estimation
diverges with only A@,,, compensation. This may be caused by spatial harmonics and inverter

nonlinearities accounting for the small stability margin at this point.
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Fig. 4.17. Sensorless operation at highly saturation condition (T, = 8Nm). (a) Divergence with

only angle compensation. (b).Convergence with angle and current compensation.

To extend the sensorless operating region, the compensation method by employing both angle
compensation and current compensation can be used. The current compensation is carried out
by adding a current to the error signal €, by which stable positive slop zero-crossing can be
achieved at A@ = 0°. With the guidelines given in [KWO19], Fig. 4.17(b) shows the sensorless
current control results with both angle A6,, compensation and current compensation.

Compared with only using angle compensation, convergence can be reached at A9 = 0°.

As can be seen, angle compensation and current compensation can be combined to extend
sensorless operation to highly saturation condition [MANZ20]. Determination of the
compensation values are highly dependent on the machine characteristics. For reliable
sensorless control of IPMSM at low torque region, compensation the cross-coupling effect with
angle A6, is still effective for many applications.

150



4.4 Experimental Verification

Experiments are carried out on a dSPACE platform as shown in Fig. 4.18 to verify
effectiveness of the proposed method. Parameters of the test IPMSM are listed in Appendix
1. The load torque is provided by a direct current generator connected to the test machine.
Two external Hall-effect sensors are installed on an analog conditioning board for sampling
the phase currents. The resolution of the analog to digital converter for sampling current is
16bits. An incremental encoder of 1024 pulses per revolution is used to obtain the rotor
position &r. The inverter switching frequency and system sampling frequency are both set as
10 kHz. The HF sinusoidal voltage of 15V/500Hz, which is selected according to the
guidelines in [ZHU11], is injected to the estimated d-axis or the stationary frame. The position

observer parameters are chosen as k,, = 1000, k; = 1000 considering dynamic performance.

DC power supply

Fig. 4.18. Experimental setup.
4.4.1 Steady state performance

(a) Offline measured A@,,, with the proposed measuring method
First of all, A8, is offline measured according to the method given in Section 4.3.3. Ideally
with sinusoidal distributed flux linkages, the dg-axis inductances and Ad,,, do not vary with
the rotor position. However, due to flux linkage harmonics, there are position dependent
harmonics in the measured Af,,,. The spatial harmonics can result in ripples in the estimated
position and may even lead to instability in the position estimation at high load currents
[MANZ20]. Fig. 4.19 shows the measured A6,,, under at different positions.
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Fig. 4.19. Measured A6, at different rotor positions.

As can be seen, the measured A8,,, contain 6th harmonics and the peak to peak value is 10
degrees which will result in 5 degrees ripple in the compensated position. To mitigate the
ripples, the measured A6, at different positions can be stored and used for online cross-
coupling compensation. However, this will largely increase the scale of the LUTs. As a

common practice in industrial applications, the measured A8,,, can be modelled as

AG, = A6, + A6, cos(66, +¢) (4.44)

where A8,., A8, are the average and alternating values of the measured angles, ¢ is the
phase shift for different working point.

The measured results (average values during one electrical period) for d-axis current varies

from -3A to 3A and g-axis currents from -4A to 4A, are shown in Fig. 4.20.
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Fig. 4.20. Offline Measured results. (a) 1;. (b) A,. (c) AG,,.

(b) Pulsating voltage injection based sensorless control without/with the proposed
compensation
Fig. 4.21 compares the estimated position, the estimation error and the phase current
without/with cross-coupling effect compensation in HF pulsating voltage injection based
sensorless control, with the proposed compensation method applied at 0.9s. After the proposed
compensation method, using offline measured error Aé,,, is applied, the estimation error is
reduced from about -30 degrees to approximately zero. The amplitude of the phase current
under rated load torque and maximum torque per ampere (MTPA) control is also decreased

when the position error is nearly zero.

The method in [LI109b], which is also based on HF pulsating voltage injection, using offline
measured ratio A for cross-coupling effect compensation, is executed for comparison. The
pulsating voltage is chosen as 15V/500Hz to guarantee the same frequency-amplitude ratio as
the proposed method. The PLL parameters, the LPF cut-off frequency in position demodulation,
the speed and current Pl parameters are set as the same as the proposed method, shown in Table
4.2. The cross-coupling compensation strategy using A is applied at 0.9s. The estimated position,

estimation error and phase current are shown in Fig. 4.21(a). Before compensation is applied,
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the position error is about -30 degrees. After compensation, the error is also reduced to nearly
zero which is the same as the proposed method. Therefore, the proposed method with
feedforward compensation has similar steady state performance as the method using A.
However, it is noted in Fig. 4.21(a) and (b) that the two methods have different dynamic

performances, as will be further compared in detail in the next section.
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Fig. 4.21. Comparison of steady-state performance of HF pulsating voltage injection sensorless
control before and after cross-coupling effect compensation, 60rpm (3Hz) and rated load

torque. (a) With conventional method using A. (b) With proposed method using A8 .

The cross-coupling effect can result in position estimation error which is unwanted in
sensorless position estimation. However, existence of the cross-coupling effect also extends
the feasible region for sensorless operation. Theoretically, at the point of Ldh=Lgh, the saliency
variation disappears, i.e. I, = 0. Due to cross-coupling effect, I, is not zero at this point and

estimation convergence can also be achieved.
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Table 4.2
LPF, PLL, SPeeD Pl AND CURRENT Pl PARAMETERS

PLL Speed P1 | Current Pl
kp | ki | kp | ki | kp k;

Injection frequency LPF

Rotating 500Hz
Pulsating 500Hz

200Hz [ 1000 (1000| 0.2 | 0.2 | 80 | 1000

4.4.2 Dynamic performance

Experiments are carried out to compare the dynamic performances of the conventional
method using A and the proposed method with feedforward compensation A, in pulsating

voltage injection based sensorless control, as shown in Fig. 4.22.

Compensation performances with different PLL parameters for the proposed method under
rated load torque are compared in Fig. 4.22(b). The k,, parameter of the observer is fixed as

1000 and the k; parameter is set as 100, 1000 and 10000, respectively. It is interesting to find
that the response time is about 1ms (ten PWM control cycles) and nearly fixed for different

PLL observer parameters.

The compensation method in [L109], which uses offline measured cross-coupling factor A
for cross-coupling effect compensation is also executed for comparison. The pulsating voltage
is chosen as 15V/500Hz and the other control parameters are the same as the as the proposed
method, shown in Table 4.2. The compensation strategy is applied under the rated load torque
at 60rpm (3Hz) with different PLL parameters as shown in Fig. 4.22(a). It is observed that the
response time (about 200ms) is longer than that of the proposed method (1ms) with the same
PLL parameters. Although the response time can be reduced with higher integral parameter,
overshoot may also occur and results in ripples in the estimated position. The varying response
time is explained that the compensation in [LI09] is achieved by modifying the input of the
PLL and the response time is dependent on the PLL bandwidth. Comparatively, the proposed
method compensates the cross-coupling effect by correcting the estimated position with the

offline measured error and is therefore faster and less sensitive to the PLL parameters.
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Fig. 4.22. Comparison of dynamic performance of HF pulsating voltage injection sensorless

control with different PLL parameters. (a) With conventional method using A. (b) With

proposed method using AB,,,.

Sensorless start performance, i.e. phase current and estimated position, with the proposed
method and the conventional method in pulsating voltage injection based sensorless control are
also compared in Fig. 4.23. The PLL parameters, the LPF cut-off frequency, speed and current
Pl parameters are also the same for the two methods, as listed in Table 4.2. The speed reference
is increased from Orpm to 60rpm over 2s under rated load torque with MTPA strategy employed.
The startup times are found to be almost the same for the two methods. However, it is noted
that the maximum error during startup with the conventional method is about 30 degrees, while
the maximum error with the proposed method is only about 16 degrees. The startup current
with the conventional method in [L109] is also higher than that with the proposed method as a
result of higher position error. Thus, the proposed method has better dynamic performance than
the conventional method with offline measured A in pulsating voltage injection based

sensorless control when the same PLL and control parameters are used.
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After startup to 60r/min, the estimation errors for the two methods are all nearly zero and the
phase current amplitudes are the same. This means that the method with feedforward
compensation and the method with A have almost the same compensation performance at

steady state.
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Fig. 4.23. Comparison of HF pulsating voltage injection sensorless startup performance

between conventional method with A and proposed method with A8,,,.

Performances of the proposed method and the conventional method in [L109] are compared
under load torque transients with HF pulsating voltage injection. The machine is sensorless
operated at 60rpm (3Hz) with the proposed method and the conventional method, respectively.
All their control parameters are set as the same as shown in Table 4.2. The load torque is
increased to 4Nm (rated load torque) at 0.7s and then decreased to zero at 3.7s. The speeds,
position errors, and g-axis currents with the two methods are shown in Fig. 4.24, respectively.
It is observed that the maximum position error with the proposed method during load torque
transients are below £18 degrees, while the maximum error with the conventional method can
reach up to £30 degrees. A position error of 18 degrees will result in about only 5% (1 —
cos(18")) torque reduction, while 30 degrees of error will result in nearly 13% (1 — cos(307))
torque reduction. Besides, the response time for the conventional method to suppress the error
to zero is longer than that for the proposed method. Overall, the proposed method with
feedforward compensation Af,,, has better dynamic performance under load torque transients

compared to the compensation method with A.
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Fig. 4.24. Comparison of HF pulsating voltage injection sensorless performance under load

transients between conventional method with offline measured A and proposed method with

offline measured A6,,,.

4.4.3 Compensation performances in rotating voltage injection based sensorless

control with offline measured A

The offline measured A and A8, are both applicable for cross-coupling effect compensation
in rotating voltage injection based sensorless control by feedforward compensating the error.
Fig. 4.25 compares the estimated position, the estimation error and the phase current
without/with cross-coupling effect compensation in HF rotating voltage injection based
sensorless control, with the compensation methods using offline measured A and A8,,, applied
at 2s, respectively. The HF rotating voltage is chosen as 15V/500Hz and the control parameters

are set the same as shown in Table 4.2.
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Fig. 4.25. Comparison of steady-state performance of HF rotating voltage injection sensorless

control before and after cross-coupling effect compensation, 60rpm (3Hz) and rated load torque

with offline measured A and A6,,,.

As can be seen the position errors after compensation are changing from -30 degrees to nearly
zero. The compensation methods with A and A8, in rotating voltage injection based sensorless

control have almost the same steady state performances.

Fig. 4.26 shows the sensorless startup performance with the cross-coupling effect
compensation methods using A and A8, respectively in rotating voltage injection sensorless

control. The control parameters for the two methods are set the same as shown in Table 4.2.
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It is observed in Fig. 4.26 that the startup times, the maximum errors (16°) and the startup
currents are almost the same. The compensation methods with A and A8,,, can both be used to

compensate the cross-coupling effect and have similar dynamic performance.

Performances of the compensation methods with A and A8,,, are compared under load torque
transients with HF rotating voltage injection. The control parameters are set as the same shown
in Table 4.2. Rated load torque is applied at 2s and decreased to zero at 6s. The speeds, position

errors, and g-axis currents with the two methods are shown in Fig. 4.27, respectively.
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Fig. 4.27. Comparison of HF rotating voltage injection sensorless performance under load

transients between using A and AG,,.

It is observed in Fig. 4.27 that the compensation methods with A and A8, in rotating voltage
injection have nearly the same speed deviations, estimation errors, which are also quite close
to those of the compensation method with A8, in pulsating voltage injection. This can be
explained that they all achieve the compensation by feedforward compensating the errors.
Comparatively, the compensation method with A in pulsating voltage injection in Fig. 4.24 has

decreased dynamic performance as confirmed by the previous experiments.

4.5 Conclusion

In this chapter, the impacts of cross-coupling effect on sensorless control are firstly analysed.
Then, existing cross-coupling effect compensation methods for HF voltage injection based
sensorless control have been introduced, together with their advantages and disadvantages.
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Thirdly, an improved cross-coupling effect compensation method is proposed for sensorless
control of interior permanent magnet synchronous machines with high frequency voltage
injection. In the proposed method, the error caused by the cross-coupling effect is offline
measured by injecting HF voltages (or HF currents) to the d-axis and g-axes, respectively, and
used for online cross-coupling compensation in high frequency voltage injection based
sensorless control. Compared with the conventional method based on the offline measured ratio
between the mutual and g-axis high frequency inductances, for pulsating voltage injection
based sensorless control only, the proposed method has extended it for use in rotating voltage
injection, and also has simple implementation, better universality, and better dynamic

performance, as confirmed by experiments.
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CHAPTER 5

SIMULTANEOUS SENSORLESS ROTOR POSITION AND TORQUE
ESTIMATION FOR IPMSM AT STANDSTILL AND LOW SPEED
BASED ON HIGH FREQUENCY SQUARE WAVE VOLTAGE

INJECTION

5.1 Introduction

Permanent magnet synchronous machines (PMSMs) have been widely used in domestic and
industrial applications due to both high torque density and efficiency [ZHUOQ7]. Precise torque
control of PMSM s required in many applications, such as robotics, elevators and electric
vehicles [CHAO08]. Accurate torque feedback of the machine is essential for both control and
monitoring purposes. Hardware transducers such as strain gauges [ITO17] and torsional
displacement [HEI11] can be used to measure the machine torque. However, they are usually
very expensive and require extra installation space and cables. Therefore, torque estimation

without sensor is a preferable solution.

Conventionally, the machine torque can be estimated from the product of stator flux linkage
and current [BOLO08]. The stator flux linkage is usually observed from the terminal voltages
and phase currents. There are two kinds of flux linkage observers which are all based on the
fundamental electrical models, i.e. voltage and current models [CHEO3], [HEJ11], [CHE20]
The voltage model calculates the stator flux linkage by integrating the back electromagnetic
force (EMF) which is the difference between the terminal voltage and resistance voltage drop
[CHEOQ3]. This method is effective at medium and high speed ranges and only requires the
resistance parameter, but has deteriorated performance at standstill and low speed due to
reduced amplitude of the EMF signal [HEJ11] and voltage distortions caused by the inverter
nonlinearities [CHEZ20]. The current model based flux linkage observer calculates the flux
linkage from the summation of the permanent magnet flux and the stator current induced flux
in the synchronous rotating reference frame. It is not dependent on the back EMF signal and
thus has good performance at standstill and low speed. However, it requires dg-axis apparent
inductances [XU14] which vary with currents, and the rotor position which is used to identify

the dg-axes. A hybrid flux observer is introduced to provide smooth switch between the two
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models, i.e. the current model dominates below the crossover frequency and the voltage model
dominates above the crossover frequency [YOOQ9]. Although the inductance variations are
taken into account by correcting the flux with the outputs of current regulators, complexity of
the control algorithm is increased due to tuning of the regulators. Besides, the delay introduced
by the low pass filter ['YOOQ9] may result in deterioration of the torque estimation during load
transients [TIN15].

To increase the robustness of flux linkage observer, different parameter identification
methods can be used. In [ICHO6], the winding resistance and dg-axis inductances are identified
with recursive least square (RLS) method for improving the sensorless performance with
extended EMF model. In [LIU11], a novel method by injecting a short pulse of negative d-axis
current is proposed for parameter identification with the measured terminal currents, voltages
and rotor speed. The methods in [ICHO6], [LIU11] have satisfactory performances at medium
and high speeds, but may lose effect at standstill and low speed due to reduced amplitudes of
the back EMF signals. Therefore, for the purpose of torque estimation at standstill and low
speed, conventional parameter identification methods based on the fundamental electrical
models are inappropriate.

To reduce the dependency of torque estimation on the fundamental model, high frequency
(HF) signal injection which is superimposed on the fundamental excitations is employed for
online inductance parameter identification [KAN21], [MAR20]. In [KANZ21], the dg-axis HF
inductances are online measured by injecting an HF voltage between the d- and g-axes for self-
sensing capability monitoring. However, the method in [KAN21] is intended only for surface
mounted permanent magnet machines (SPMSM) without considering the cross-coupling effect
and a position sensor is required for identifying the dg-axis positions. In [MAR20], the dg-axis
HF inductances are online estimated by injecting the HF pulsating current signal and then used
to calculate the torque. This method can be used without interfering with the normal operation
of the machine and has better dynamic performance due to HF injection operation. However,
the injected HF signal in [MAR20] is merely used for identifying the HF inductances while the
rotor position should also be provided by a position sensor. In this chapter, for reducing the
hardware cost, the injected HF signal is used for both sensorless rotor position estimation and
online HF inductance identification simultaneously, which are further used to estimate the

torque.

The saliency tracking method by injecting HF signal is widely used for sensorless control

of PMSM at standstill and low speed [WANZ20]. The interior permanent magnet synchronous
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machine (IPMSM) which has high saliency level is considered in this thesis due to good
sensorless performance at standstill and low speed [BAR17], [CHEL7]. Conventionally, HF
sinusoidal and square wave signals can be injected to the machine for sensorless rotor position
estimation [WAN20], [MUR10]. As the injection frequency of sinusoidal signal is usually
lower than that of square wave voltage injection due to limited sampling points during one
injection cycle [LEIO8], [YOOL11], it is desirable to achieve simultaneous rotor position
estimation and HF inductance identification with square wave voltage injection [YOO11],
[L1U14c]. However, with conventional square wave voltage injection in the estimated d-axis,
as will be verified later, only the d-axis HF inductance can be identified at steady state from

the d-axis HF current variation.

To enable simultaneous HF inductances online identification for torque estimation and rotor
position estimation with HF square wave voltage injection, a new method by injecting square
wave voltages in the estimated dg-axes is proposed in this thesis. The dg-axis HF inductances
can be calculated from the measured current variations and used for torque estimation by curve-
fitting the dg-axis flux linkages. Besides, the impacts of cross-coupling effect on both position

and torque estimation are analysed and compensated.

This chapter is organized as follows. In section 5.2, the conventional HF square wave
voltage injection based sensorless method is introduced and its capability for online
identification of HF inductances is investigated. In section 5.3, the proposed injection method
is described and the method for estimating the torque with HF inductances is presented. The
impacts of cross-coupling effect on rotor position and torque estimation are discussed and
compensated. Simulations are carried out to verify the accuracy of the torque estimation with
HF inductances. In section 5.4, experiments are given to verify the effectiveness of the

proposed method. Finally, conclusion is given.

5.2 Conventional Sensorless Rotor Position Estimation Method

The torque Te is expressed as the cross-product of flux linkages and stator currents. The key
point for torque estimation is the estimation of the stator flux linkage. The voltage model based
flux linkage observer has deteriorated the performance at standstill and low speed due to low
amplitude of the back EMF signal [HEJ11]. Hence, at low speed and standstill, a current model

based flux linkage observer is used.
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However, in the current model, two factors should be considered: rotor position and
inductance variations. Firstly, accurate rotor position is required to obtain i, iz. In sensorless
control, the rotor position is provided by various sensorless algorithms. Secondly, the dg-axis
inductances vary with iz, i7. If the inductance variations are not considered, there will be errors

in the calculated dg-axis flux linkages in the current model.

Therefore, for calculating the dg-axis flux linkages for torque estimation, the variation of
inductances should be considered. However, at standstill and low speed, the fundamental model
based inductance estimation strategy has a deteriorated accuracy due to low back EMF signal,
Therefore, in this chapter, the HF voltage injection technique is investigated for both sensorless
rotor position estimation and inductance identification which is further used for torque

estimation.
5.2.1 HF model

Voltage equations of the IPMSM in the synchronous rotating reference frame (SRRF) can

u ] _[R+pL el ], [ O 5.1)
ug w,L, R, + pL, || if NV om

where Rg is the stator resistance, Ly, L, are the apparent d-axis and g-axis inductances,

be expressed as

we, YPpm are the electrical angular speed and the permanent magnet flux linkage, ug, ug, ig, ig

are the dg-axis voltages and currents, “p” denotes the differential operator, the superscript “r”

stands for the SRRF.

For sensorless control of IPMSM with HF voltage injection, by neglecting the speed

dependent terms and the resistance, the HF voltage equations in the SRRF are given by

Uc:h :{th 0 }p I(:h (5.2)
Ugn 0 L, [

where ugp, ugn, gn, ign are the HF voltages and currents, Lgy, Lgp, are the dg-axis HF
inductances which vary with the fundamental currents. Different from the apparent inductances
which describe the ratio between flux linkage and current, the HF inductance describes the

change rate of flux linkage to current [XU14].
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5.2.2 Conventional sensorless method based on HF square wave voltage injection

For pulsating square wave voltage injection based sensorless control [YOO11], the

pulsating square wave is injected to the estimated d-axis as

: V,,te[ 2kT,,(2k +1)T,

Ugn (t) = it & (26T, (2T, ] k=012.. (5.3)
-V, te[(2k+1)T,,(2k+2)T, |

where Ts is the duration for the positive or negative voltage, V}, is the injection amplitude as

shown in Fig. 5.1, “#” denotes the estimated SRRF.

Fig. 5.1. Conventional sensorless rotor position estimation method with square wave voltage

injection in the estimated d-axis. (a) Vector diagram. (b) Injection sequence.

The voltage equations in the estimated synchronous rotating reference frame are derived
from (5.2) as

igh 1 ~\| Lan o1 A Sh
LJ:R (er—er){o LJ R(Hr—é’r)f[ﬂf}dt (5.4)



R(X) = co_s(x) sin(x) (5.5)
—sin(x) cos(x)

where 8, is the estimated rotor position. Substituting (5.3) into (5.4), the resulting HF current

variations during one injection interval in the estimated frame due to HF square wave voltage

injection can be solved as

[Algh (kTS )i| _ VhTs (_1)k71 th + th + (th - th) COS(2(9, - ér )) (56)
A, (KT)) | 2L Ly, (L — Lyy)sin(2(6, —6,))
The rotor position can be estimated by controlling Ai{;h(—l)"’r1 =0, i.e. 6,=6,, with a

closed-loop observer, as shown in Fig. 5.2.

D>
D>

AL (D) k

S
S

Fig. 5.2. Position estimation with conventional HF square wave voltage injection based

sensorless method.
5.2.3 Investigation of capability of obtaining HF inductances

In HF voltage injection based sensorless control, knowledge of the HF inductances is not
important. What important for reliable convergence of the position observer is the difference
between L., and Lgp,. Although accurate values of the HF inductances are not required for
sensorless control, they can be used for monitoring the operation conditions, self-sensing
capability evaluation [KAN21] and torgue estimation [MAR20] if they can be identified online.
In this chapter, the HF inductances will be used for online torque estimation. Therefore, in this
section, the capability of online HF inductance identification for HF square wave voltage
injection based sensorless control will be firstly investigated. As will be shown in Appendix 6,
the HF sinusoidal rotating voltage injection technique can be used for simultaneous sensorless
rotor and torque estimation. However, due to relatively complicated signal processing for
sensorless position estimation and lower injection frequency compared to the HF square wave
voltage injection, the sinusoidal rotating voltage injection has lower dynamic performance than

square wave voltage injection as will be verified by experiments.

For conventional square wave voltage injection based sensorless rotor position estimation
method, the d-axis HF inductance can be calculated from the d-axis current variations Ai%;, in

(5.6) at steady state as
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k-1
\ﬂ:th,kzo,LZ... (5.7)

L, (0 =60)=-—"2
dh( r r) A|£h(kTs)

Under load transients, i.e. 8, # 6, in (5.6), there will be error in the calculated d-axis HF

inductance as

VT (-0 1

~ = L
Aig, (KT,) 1—Msin2(m9 ) dh (5.8)
L r

gh

Lan (ér =0,)=

where A0, = 6, — 8, is the position error. Comparing (5.7) and (5.8), the calculated d-axis
HF inductance is larger than the real value under load transient when the position error exists
for the conventional square wave injection sensorless method. Besides, from the current

variations in (5.6), the g-axis HF inductance cannot be identified at both steady and transient

states as Aigh is controlled to zero for position estimation.

Based on the analyses above, with conventional sensorless method with HF square wave
voltage injection in the estimated d-axis, only the d-axis HF inductance can be measured at
steady state. In this thesis, for the purpose of simultaneous sensorless rotor position estimation
and torque estimation using online identified HF inductances with square wave voltage
injection, a new method by injecting HF square wave voltages in the estimated dg-axes is

proposed.

5.3 Proposed Method for Simultaneous Rotor Position and Torque Estimation with HF

Square Wave Voltage Injection
5.3.1 Proposed injection sequence

The proposed method injects HF square wave voltages in the estimated dg-axes alternatively

as shown in Fig. 5.3.
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(b)

Fig. 5.3. Proposed method with square wave voltage injection in the estimated dg-axes. (a)

Vector diagram. (b) Injection sequence.

One injection cycle of the proposed method is composed of four injection stages, i.e. A, B,
C and D shown in Fig. 5.3(a) and (b), i.e.

¢ V, 0 -V, O

u (t) h h
[ dh }zl 0V, 0 _Vh] (5.9)

Ug, (t)

teA (B teC teD

where t € A, B, C, D means the time in stages A, B, C, D respectively. At stages of A and C,
square wave voltages are injected to the estimated positive and negative d-axis respectively,
while at stages of B and D, square wave voltages are injected to the estimated positive and
negative g-axis respectively. The current variations in each injection interval can be obtained
from (5.4) and (5.9) as

169



-f Al Al —Al —Al
A kT d & d &
[.dh( S)HAI‘ Mo Alq] (5.10)

Ai° (KT, s ¢
Iqh( S) teA teB teC iteD
where
V.T 5
L= ﬁ[th + Ly + (Lyy — Ly ) COS(2(6, —9,))],
dh —gh
V,T, 5 5.11
Al = [th + Ly, — (Lgy — Lun) COS(2(6, —Hr))], (5.11)
dh —gh
V.T . A
Al = 2Lh Ii (L — Lgy)Sin(2(6, - 6,))

dh —gh

5.3.2 Signal processing for sensorless rotor position estimation and HF inductances

identification

It can be seen from Fig. 5.3 that the proposed injection sequence is similar to a HF rotating

voltage injection. The injected HF voltage can be seen as a HF rotating voltage Vhef(‘*’h”gf)

3

that is injected into the stator winding at four specific sampling points, i.e. wjt = 0,%,7@7

where wy, is the equivalent injection frequency and can be calculated as % The selected

N

injection interval should be small enough to guarantee high dynamic performance.

The proposed injection voltage is synthesized by a space vector pulse width modulation
(PWM) waveform which has a fixed switching frequency. The minimum injection interval is
half of the PWM period if the PWM registers can be updated at both the peak and bottom of
the PWM waveform. Higher injection frequency also requires higher injection amplitude. As
the PWM registers can only take effect at the start of the next PWM period, there is a delay
between the voltage reference and the actual generated voltage. Such delay is compensated by
triggering current sampling about 1.5 PWM cycles after the square wave voltage is injected.

With the proposed injection method, the rotor position can be estimated by controlling Al, =
0 with the demodulation method in Fig. 5.4. The input selection unit selects the signal Al

according to different injection stages.

-
-f B .
Alay ALl ka1 4
L — = —
-Aif—C P s S
_Aigh D

injection} stage inbut selection
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Fig. 5.4. Position demodulation for the proposed injection method.

The rotor position observer input signal Al in Fig. 5.4 for the proposed method has the same
expression as Ai[;h(—l)"“ in (5.6) for the conventional method when their injection interval

and voltage amplitudes are equal. At each injection stage, the error signal Al, to the position
observer can be updated, which is also the same as the conventional method. The input error
will directly switch to a different one if the injection state changes. There will be discontinuity
in the input error if the actual and estimated rotor positions change significantly during a single
injection stage. At standstill and low speed, the rotor position movement is relatively small due
to a short injection interval. The error selection stage acts as a discrete sampling block and can
be modelled by a zero-order holder.

Tuning of the position observer parameters should take the sampling interval and injection
amplitude into consideration by substituting the input selection stage with (15). Generally, a
shorter sampling interval will result in high bandwidth due to a smaller delay introduced by the
selection block. It is observed from (5.11) that the estimation error caused by the cross-coupling
effect still exists for the proposed method, and the compensation method by using fitted error
can be used as the cross-coupling effect is not dependent on the specific injection signal type.

At the same time, with the measured current variations Aly, Al,, Al , the dg-axis HF
inductances when cross-coupling effect is not considered (which will be considered later in

section 5.3.4), can be obtained from (5.11) as
Ly, = fi(Alg, AL AL, L, = 1, (Al Al AL) (5.12)

where f3, f, are the functions of Al,, Al,, Al obtained from (5.11) as

f _ VhTs

1 2
Al + Al Al — Al
- MJ( - ‘*j +(AlY

VhTs

2 = 2
Al + Al Al — Al
d a_ d q +(AI£)2
2 2

It can be seen from (5.13) that the obtained HF inductances Ly, Lg, are not dependent on the

(5.13)
f

position error A@,.. Therefore, the calculated results will have higher accuracy compared with

those of conventional square wave voltage injection method when there is error between the

actual rotor position 6, and the injection position 8,..
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It is also noted that the torque ripple may be increased due to additional injection stages in
the estimated g-axis compared to the conventional injection method in the estimated d-axis.
The pseudo-random square wave injection method [YPP11] can be introduced to distribute the
spectrum characteristics of the torque ripple to multiple peaks by changing the injection
amplitude and period randomly on the estimated dg-axes. The noise level caused by HF torque
ripples can also be reduced. Detailed research for noise reduction may be carried out as future
work.

Calculation of the HF inductances is sensitive to current sampling noise as current differences
are used. To reduce the distortions caused by sampling noise, higher injection amplitude and
higher sampling resolution are preferred. However, with a higher injection amplitude, the noise
level is also increased and the voltage margin is reduced. The current sampling resolution is
also confined by the hardware and cost. A feasible solution for improving the robustness to
sampling noise is to use the average values of the current differences in several injection
intervals. The averaging cycle is chosen considering the noise level and dynamic performance

requirement. In this thesis, it is chosen as 3
5.3.3 Torque estimation with HF inductances

The obtained HF inductances are reflections of the saturation levels and flux linkages, and
can be used to estimate the torque [MAR20]. Conventionally, the torque is calculated with
apparent inductances. However, at standstill and low speed, it is difficult to obtain the apparent
inductances from the fundamental model due to low amplitudes of the back EMF signals. As
presented in the last section, the HF inductances can be obtained based on HF voltage injection.
However, it is difficult to find accurate analytical expressions between the HF inductances and
the dg-axis flux linkages. The apparent inductances can be calculated from the measured
incremental inductances. A feasible way for obtaining the apparent inductances is to integrate
the estimated incremental inductances.

Therefore, in this thesis, the polynomial approximations of both d-axis and g-axis flux
linkages are adopted considering a trade-off between the accuracy of approximation and
complexity of algorithm [TIN15].

(a) D-axis flux linkage and d-axis HF inductance

For the d-axis flux linkage, as the machine is typically operated with i4<0 from the maximum
torque per ampere strategy, the d-axis flux linkage shows good linearity with current and can

be approximated with the measured d-axis HF inductance as
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V=Wt L .19

where i} is the d-axis currents, the superscript “#” here means the current and flux linkages are

obtained in rotor position sensorless control.
(b) Q-axis flux linkage and g-axis HF inductance

The g-axis flux linkage shows higher nonlinearity compared to that of d-axis. A third order
polynomial expansion is a good compromise between accuracy and implementation simplicity
[TIN15] as

; " 1\3 (5.15)
wi ~ kgl +Ky, (i7)

where Kkq1, kg2 are the coefficients of the fitted curve. The obtained g-axis HF inductance is the

derivative of the g-axis flux linkage as

61// "
Ly = = K + 3K (i ) (5.16)

q
q

From the initial g-axis HF inductance, i.e. tho(ig = 0), and the online measured g-axis HF

inductance in (5.12), kq1, Kq2 can be solved from (5.16) as

L, —L
kql = thO’qu :w
3(|r)

q

(5.17)

Substituting Kqt, kg2 in (5.16) with (5.17), the g-axis flux linkage can be approximated with g-

axis HF inductances as

o (L, +2tho)i: (5.18)
Vo= 3

(c) Estimation of torque from dg-axis HF inductances

Substituting (5.14), (5.18) into the general torque equation (5.19) where 4,1, i4, i4 are the

dg-axis flux linkages and currents [CHE14], the torque can be approximated by the dg-axis HF
inductances as (5.20).

T =37p('//diq ~V4iq) (5.19)

n L, +2L n
T, :%{meié +(th —w}gi;} (5.20)
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5.3.4 The impact of cross-coupling effect on position and torque estimation

In this section, the impacts of the cross-coupling effect on sensorless rotor position estimation
and torque estimation will be analyzed and the corresponding compensation method will be
introduced. Then, simulations are carried out to verify effectiveness of the proposed torque
estimation method accounting for the cross-coupling effect.

(D Impacts of the cross-coupling effect on position and torque estimation

The cross-coupling effect is the mutual coupling between the dg-axes. The voltage equations

in the estimated reference frame considering the cross-coupling effect is given by [L1U14c]

Fﬂ_ 1

i;h - (L + L)Ly, — L)

{Lm +L,,c08(246, —2A8,) L, sin(2A6, —2A80,) }I[u‘gh}dt
L., Sin(2A6, —2A80,) Ly, — Ly, cos(2A6, —2A6,)) |7 | ug

gh

(5.21)

where A6, is the phase shift caused by the cross-coupling effect, Ly, is the mutual HF

inductance,

L, +L L —L, Y
Lxr}:%,%:\/(%j +|_§th

2L
A0, =O.5tan‘1(¢]

gh — th

(5.22)

With the proposed injection sequence, the error signal Al considering the cross-coupling
effect is obtained from (5.9), (5.10). (5.21) as

—LL”*‘Zsin(ZAHr —2A0.) (5.23)

Al =
th th - quh

The position can also be estimated by controlling Al, = 0 with the position observer in Fig.
54, i.e.

0. =6, —AG, (5.24)

As can be seen, there is an estimation error A8,,, caused by the cross-coupling effect. This
error will result in errors in the current control. To eliminate the position error, an offline
measurement is widely used [L109], [WAN19b] as presented in chapter 4. By simulation and
experiments, the estimation error A6, is approximately linear function of the g-axis current as
[WAN19]
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AG, =K (5.25)

m c'q

where k. is the coefficient. Thus, by offline measuring the position error with different load
conditions using an encoder and then fitting the compensation curve, the position estimation
error can be compensated. The measured data for the test machine shown in Table Al.1
Appendix 1 are plotted in Fig. 5.5 under different load with maximum torque per ampere
strategy used. According to (5.25), a compensation angle —0.16i, can be added to the

estimated position, i.e. k., = —0.16.

401

20"
A6
m () L
(Deg)
_20
_40, ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ] 4
54 -3 21 0 1 2 3 45
iq(A)

Fig. 5.5. Measured position error at different g-axis current.

The cross-coupling effect not only affects the position estimation, but also causes errors in
the calculated HF inductances. The HF inductances considering the cross-coupling effect can
be obtained from the current variations Al,, Al,, Al according to (5.13), (5.21), (5.22) as

f,— f

1 —
Ly,==| f,+f,— L
i 2{ C Lrtan? 2k, J

th=%{fl+f2+ Loty J (5.26)

JL+tan? (2ki,)
_tan(2k,i)(f, - f,)
2,[1+tan? (2ki,)

dgh

where f;, f, have been defined in (5.13) and are calculated with the measured current
variations. The additional torque component caused by cross-coupling effect should also be

considered especially at high load torque, and can be expressed with mutual HF inductance as
[LEE17]

T =3—p|_dqh(i§—i§) (5.27)

cross
2

Therefore, from (5.20) and (5.27), the torque, accounting for the cross-coupling effect, can
be calculated from the HF inductances by
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3 " L, +2L o
Test = ?p|:l//pml¢; +(th _u] |(;|(; + quh (qu —Idz ):| (528)

(2 Simulation evaluation

FE simulation is carried out to verify accuracy of the torque estimation using (5.28). The HF
inductances are predicted from FE simulation [L109]. The actual torque T, accounting for the
cross-coupling effect [CHE14] can be predicted from the general torque equation (5.19), and
the estimated torque T, are calculated with (5.28) from the proposed method. The actual
torque T,, estimated torque T, and estimation error &,¢; defined in (5.29) without and with

considering the cross-coupling effect are shown in Fig. 5.6.

£ = TestT—_Te*looo/o (5.29)

Actual torque (Nm)
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Fig. 5.6. Torgque performance with the proposed method using FE predicted HF inductances.

(@) Actual torque. (b) Estimated torque. (c) Estimation error.

As can be seen from Figs. 5.6(b) and (c), the torque estimation errors without considering
the torque contributed by the cross-coupling effect can rise up to 12%, and can be significantly
reduced accounting for the cross-coupling effect although minor errors (below 5%) still remain
due to imperfections in the fitted curve between the HF inductances and flux linkages. From
the comparison above, the cross-coupling effect is not negligible for torque estimation and by
accounting for the cross-coupling effect, the proposed method with HF inductances is capable
of estimation the torque for this machine.

5.4 Experimental Verification

Experiments are carried out on a dSPACE platform with a sampling board DS2004, as
shown in Fig. 5.7, to verify the effectiveness of the proposed method. Parameters of the test
IPMSM are listed in Appendix I. A direct current generator, which is connected to the test
machine, acts as a load machine by outputting the generated voltage to an external adjustable
resistor. The torque is measured with a torque sensor installed between the test and load
machines. An incremental encoder of 1024 pulses per revolution is used to obtain the rotor
position Or. The dc-bus voltage is 150V, and the injected voltage amplitude is chosen as 20V
with an injection interval of 500ps considering the current sampling accuracy and the saliency
level. The PWM switching frequency is 10kHz. Two external Hall-effect current sensors are
installed on an analog conditioning board for sampling the phase currents. Resolution of the
analog to digital converter for sampling current is 16bits and the conversion time is 800ns.
The current sampling is triggered at 1.5 PWM cycles after the voltage pulse is injected to
compensate for the voltage synthesis delay. An anti-aliasing filter of 5kHz bandwidth is used

to filter the sampling noise.
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The current control loop bandwidth is set as w., = 200 * 2w rad/s. The current Pl
coefficients are then set as k,, = 50.27, k; = 7539 based on the set current loop bandwidth
and the machine parameters in Appendix 1 [WAN214]. The position observer parameters for

position estimation are chosen as k, = 500, k; = 1000.

S " Load machine® Test machine

"'

Fig. 5.7. Experimental platform.
5.4.1 Steady state performance

The proposed square wave voltage injection method can measure the d-axis and g-axis HF
inductances independently of the rotor position as shown by (5.12), (5.13), while the
conventional method can only measure the d-axis HF inductance when there is no offset
between the injection position and the actual rotor position as shown by (5.7), (5.8). A simple
experiment is carried out to compare the measured results with the two methods under zero
load current when the cross-coupling inductance is negligible. The machine is operated at 3Hz
(60rpm) with the actual rotor position provided by an encoder. The HF inductances are
measured by injecting the conventional and proposed square wave voltages respectively to the
position that is deviated from the actual rotor position by A6,.. The measured d- and g-axis HF

inductances for the two methods are shown in Figs. 5.8(a) and 5.8(b), respectively.

80 ! ! ; ‘
— Conventional method |
— Proposed method
60 —-— LCR meter
40
Measured L, (mH)
20 . .
90 -60 -30 0 30 60 90
Deviation A6. (Deg)
(a)
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Fig. 5.8. Comparison of the measured HF inductances with the conventional and proposed

methods under different deviations to the actual rotor position. (a) Lgp. (b) Lgp.

As can be seen from Fig. 5.8(a), the measured d-axis HF inductance with the conventional
method varies with the deviation between the injected and actual rotor positions, while the
measured d-axis HF inductance with the proposed method does not vary with the deviation and
is approximately 40mH except some minor ripples caused by the spatial harmonics [KWO20].
The d-axis HF inductance is also measured [WAN14] by a LCR meter as shown by the dashed
line in Fig. 5.8(a), which can be a reference to verify the proposed method. Detailed derivation

of measuring the initial dg-axis inductances with LCR meter are attached in Appendix 5.

With the proposed method, the g-axis HF inductance can also be measured, independent of
the error between the injected and actual rotor positions as shown in Fig. 5.8(b), which shows
a good agreement with the measured result by LCR meter (about 57mH). Whereas with the
conventional method, the g-axis HF inductance cannot be measured as analyzed in section 1.
C. Therefore, the proposed method with HF square wave voltage injection in the estimate dg-
axes is capable of measuring both the dg-axis HF inductances independently of the error

between the injected and actual rotor positions.

To verify the effectiveness of the proposed method at steady state, the torque estimation
performance with position sensor is firstly carried out. The machine is operated at 60rpm (3Hz)
under sensor mode with the rotor position provided by the encoder. The current references are
generated from the maximum torque per ampere control strategy. HF square wave voltages are
injected into the real d-axis and g-axis for online measuring the HF inductances under different
load torque. The online identified HF inductances accounting for the cross-coupling effect
show a good agreement with the FE predicted values as demonstrated in Fig. 5.9(a). The
estimated torque using (5.28) with the identified HF inductances are shown in Fig. 5.9(b),
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together with the torque estimation error. The PM induced flux linkage, i.e. 0.26Whb is
assumed to be fixed in this thesis. The real torque is measured with the torque sensor. As can
be seen, the torque estimation error with the online identified HF inductances is below 5%,

which verifies the effectiveness of the proposed torque estimation strategy.
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Fig. 5.9. Torque estimation performance from identified HF inductances with position sensor
under different torque. (a) HF inductances identification performance. (b) Torque estimation

performance.

Then, the sensorless rotor position estimation performance of the proposed method is
evaluated. The machine is sensorless operated at 60rpm under different load torque with cross-
coupling effect compensation. The position error is obtained from the difference between the
actual rotor position and the estimated position as shown by the blue line in Fig. 5.10(b). As
can be seen, the position errors under different load torques are below 5°, which verifies the
sensorless rotor position estimation performance of the proposed method. The measured HF
inductances under sensorless mode are shown in Fig. 5.10(a), which show a good agreement
with the results measured with position sensor in Fig. 5.9(a). The torque estimation errors with

the sensorless identified HF inductances are shown in Fig. 5.10(b).
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For comparison, the conventional torque estimation method by assuming fixed dg-axis
inductances, i.e. the initial inductances listed in the machine parameters, are also carried out.
The torque estimation error for the conventional method without considering inductance
variations can reach up to 10% at high current, while the estimated torque error for the proposed
method is below 5%. Therefore, the proposed method shows better performance in torque

estimation with less than 5% error and position estimation with less than 5° error under different

load torque.
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Fig. 5.10. Sensorless rotor position estimation performance of the proposed method and

comparison of the torque estimation performances between the conventional and proposed

methods. (a) HF inductances for estimating torque. (b) Position and torque estimation errors.

The sensorless torque estimation performance with the proposed method at different iqg and
iq currents are also evaluated. The HF inductances can be sensorless identified with the
proposed method and used for estimating the torque. The online sensorless identified HF
inductances at different iq(i4<0), iq are shown in Fig. 5.11. The identified results are also
compared with the incremental inductances predicted by FEA in Fig. 3.3. It can be seen that

the online identified HF inductances show a good agreement with the FE predicted values.
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However, there are still some minor discrepancies which may be caused by inaccuracies in the

FE model or properties of the magnetic materials.
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Fig. 5.11. Sensorless online identified HF inductances with the proposed method. (a) L. (b)
th. (C) quh'
For comparison, the inductances used for estimating the torque at ig=0A with the

conventional method and the proposed method are also shown in Fig. 5.12(a). Figs. 5.12(b)
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and 5.12(c) show the estimated torque and errors for the conventional method without using

identified HF inductances and the proposed method.
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Fig. 5.12. Comparison of steady state torque estimation performances without and with the
proposed method. (a) HF inductances. (b) Estimated torque. (b) Estimated torque error.

As can be seen the torque estimation errors are significantly reduced for the proposed method.
However, it is also noted that the proposed torque estimation method based on HF inductances
only shows significant superiority at high load currents as at low currents the conventional
method without HF inductances identification also has less than 5% error as shown in the low
current region. i.e., -2A to 2A, in Fig. 5.12(c) for the conventional method. This is due to that

at high currents, the magnetic materials are saturated and the flux linkages and the HF
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inductances show higher nonlinearities with the currents, and thus, the method with online HF

inductances identification can improve torque estimation accuracy.
5.4.2 Dynamic performance

Sensorless startup with the proposed method is tested. The machine is sensorless started
from standstill at 1s with the proposed method. The speed reference is ramped up to 60rpm
over 1s. The load torque generated by the dc generator is gradually increased with speed. The
speed, phase current, estimated position and position error are shown in Fig. 5.13(a). The
identified HF inductances with the proposed method are shown in Fig. 5.13(b), together with
the HF inductances used for torque estimation with the conventional method. The estimated
torque and estimated errors for the conventional method without considering the inductance
variations and the proposed method using online identified HF inductances are shown in Fig.
5.13(c).

As shown in Fig. 5.13(c), the actual load torque is increased with the rotor speed as the output
voltage of the dc generator is proportional to the rotation speed. After a transient rise to about
0.2Nm during the startup, the torque estimation error for the proposed method is decreased to
approximately zero after startup. The torque estimation error for conventional method without
using the identified HF inductances is increased to about 0.4Nm, i.e. 10% of the rated load

torque and stays at this level after startup.
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Fig. 5.13. Sensorless startup with the proposed method by experiment. (a) Speed, position
estimation performance, and dg-axis currents. (b) Inductances for conventional and proposed
torque estimation methods. (c) Estimated torque and estimated errors for the conventional and

proposed methods.

As the load torque of the test rig is proportional to the speed of the test machine and dc
generator, the load torque can only be increased gradually with speed, but not be applied as a
step input at standstill. Therefore, simulation is carried to verify sensorless start performance

with rated load torque at standstill as shown in Fig. 5.14.
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Fig. 5.14. Sensorless startup with the proposed method by simulation. (a) Speed, estimated
position, position error, dg-axis currents. (b) Inductances for conventional and proposed torque
estimation methods. (c) Estimated torque and estimated error for the conventional and proposed
methods.

In the simulation, the machine is operated with the proposed sensorless position and torque
estimation method. Step load torque (4Nm) and step speed reference (60rpm) are applied
simultaneously at 0.5s. The control parameters are set as the same as the experiment in section
5.4.2,i.e.currentPl: k, = 50.27, k; = 7539, position observer: k,, = 500, k; = 1000. As can
be seen from Fig. 5.14(a), the position error during startup can reach up to 30 degrees under

rated load torque. The torque estimation errors for both the conventional and proposed methods
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are also significantly increased with the position error. However, for the conventional method,
the maximum torque estimation error can be 1.5Nm, while the maximum error for the proposed
is about 0.8Nm. At steady state, the torque error is zero for the proposed method, and 0.5Nm
for the conventional method. Therefore, compared to torque estimation without using online

identified HF inductances, the torque estimation accuracy is improved with the proposed
method.

Load transient experiments are also carried out. The machine is sensorless operated at 60rpm
(3Hz) under no load with the proposed method. The load torque is increased to 4Nm at 0.5s,
and after several seconds, is unloaded to zero at 3.5s. The speed, estimated position, position
error, dg-axis currents are shown in Fig. 5.15(a). With the proposed method, the position
estimation errors during load transients are below 18 degrees. The sensorless identified HF
inductances with the proposed method are shown in Fig. 5.15(b), together with the HF

inductances used for torque estimation with the conventional method.
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Fig. 5.15. Sensorless position and torque estimation performance under load transients (a)
Speed, estimated position, position error and dg-axis currents. (b) HF Inductances for
conventional and proposed torque estimation methods. (c) Estimated torque and estimated
errors for the conventional and proposed methods.

The maximum torque estimation errors for the proposed method are less than 0.3Nm during
the transients, while the torque estimation errors for conventional method without using the
identified HF inductances can rise up to about 0.8Nm during the load transients, i.e. 20% of
the rated load torque. At steady state, the torque estimated error is nearly zero for the proposed
method, and about 0.4Nm for the conventional method. From the above experiments, the
proposed method is capable of estimating torque with improved accuracy at standstill and low
speed. It is also noted that with the increase of speed to medium and high speed ranges, the
rotor position estimation performance of the proposed method may be deteriorated due to
difficulty in separation of the HF and fundamental currents. Then, the fundamental model based
sensorless rotor position estimation methods can take over with various parameter
identification methods [YOOO09], [ICHO06], [LIU11] based on the fundamental model which
can be employed for guaranteeing the torque estimation performance.

A step speed response experiment is carried out to evaluate the speed bandwidth. A step speed
reference of 60rpm is applied to the machine. The speed and position estimation performance
are shown in Fig. 5.16(a). The HF inductances and torque estimation performance are shown
in Figs. 5.16(b), (c).
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Fig. 5.16 Sensorless position and torque estimation performance under speed step. (a) Speed,
estimated position, position error and dg-axis currents. (b) HF Inductances for conventional
and proposed torque estimation methods. (¢) Estimated torque and estimated errors for the
conventional and proposed methods.

It can be seen that the rise time is about 0.4s and the speed band width is approximated as
10Hz. The actual speed bandwidth may change with different injection frequency, load inertia

and control parameters.
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5.5 Conclusion

In this chapter, the capability of simultaneous sensorless rotor position and torque estimation
for the conventional high frequency square wave voltage injection technique is investigated.
To enable torque estimation at standstill and low speed with identified high frequency
inductances, a method of simultaneous sensorless position and torque estimation is proposed
for interior permanent magnet synchronous machine at standstill and low speed by injecting
high frequency square wave voltages in the estimated dg-axes. The proposed method estimates
the torque using high frequency inductances which are identified from the current variations
due to square wave voltage injection. The proposed method is not dependent on the
fundamental model, allowing for low cost and fast torque estimation at low speed, and is
complimentary with the methods based on the fundamental model which are mainly for torque
estimation at medium and high speeds. Accuracy of proposed torque estimation method by HF
inductances is verified by simulation. Experiments are also carried out to verify both steady

state and dynamic performances of the proposed method.
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CHAPTER 6

SENSORLESS PERFORMANCE IMPROVEMENT UNDER LOAD
TRANSIENT AND WHOLE SPEED RANGE SENSORLESS

OPERATION

6.1 Introduction

Position sensors are widely used to provide accurate rotor position for machine control.
However, these hardware based sensors increase the system complexity and cost, such as
wiring cables and installation accessories. Although the quality of these sensors has been
largely improved recently, failures of these sensors still pose big threat to the system safety.
Thus, for the purpose of reducing the cost and ensuring the system safety, sensorless control
has been investigated for decades [WAN20].

There are generally two kinds of sensorless control methods. For medium and high speeds,
back EMF voltages induced by permanent magnets are utilized to track the rotor position, but
may become ineffective at standstill and low speed due to deteriorated signal to noise ratio
(SNR) of the back EMF signal. At standstill and low speed, saliency variation caused by
structure geometry or magnetic saturation is utilized for position tracking. To detect saliency
information, continuous high frequency (HF) signal injection is commonly used, including
rotating sinusoidal voltage injection [JAN95], pulsating sinusoidal voltage injection [WAN13],
and pulsating square wave voltage injection [LAR18]. The rotating voltage injection was
proposed first which injects balanced rotating voltage signals into the stationary reference
frame (SRF) and extracts the negative sequence current for rotor position estimation. The
pulsating voltage injection based sensorless method injects voltage signal to the estimated d-

axis and the g-axis HF current amplitude is extracted for position estimation.

The HF currents due to HF voltage injection are usually extracted by the band pass filters.
Ideally, there are not interference between the HF current and the fundamental currents.
However, under load transient, the step load currents will contain spread frequency spectrum
which may be coincided with the injected HF currents. The interference may distort the injected
HF currents and result in position estimation error. Hence, for improving the sensorless

performance, the impacts of transient load currents should be considered.
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A feasible solution is to limit the rising rate of current reference [CONQ9]. However, it will
decrease the response speed. Another method is to separate the load currents from the total
current responses by load current prediction technique. In this chapter, the load current

prediction technique in HF injection based sensorless control method will be investigated.

The capability of whole speed range sensorless operation is another important issue in actual
applications. At standstill and low speed, sensorless methods based on saliency model are used,
while at medium and high speed, sensorless methods based on fundamental model are used.
The key point for whole speed range sensorless operation is to deal with the switch between
different sensorless methods at low speed and high speed. Generally, there are two separate
position observers for saliency model and fundamental model. To achieve smooth switchover
between different speed ranges, weighting functions are widely used to fuse the estimated
speeds and positions from different sensorless algorithms. In such case, two different sets of
closed-loop parameters should be tuned, which increases complexity of the sensorless control
[IDE0S].

To avoid the complexity of two separate position observers, single observer structure which
is shared by saliency model and (for low speed) fundamental model (for high speed) is desirable
as only one set of closed-loop parameters is required. The input of the shared closed-loop
observer is the fusion of the position error signals from saliency model at low speed and
fundamental model at medium and high speeds. To share a same PI, the position errors signals
from different models should be normalized. In [YAN17], a speed-dependent function is used
to blend two position error signals from the saliency model and the back EMF model to form
a blended position error signal. A scale factor kg,; which is used to normalize the position error
signal from the saliency model. However, this factor varies with the working points and is
difficult to determine accurately. In this chapter, a novel whole speed sensorless operation
method with one closed-loop observer and unity-length position error signals is proposed based

on HF rotating voltage injection.

This chapter is organized as follows. Firstly, the impact of transient load currents on
sensorless control is analysed and the load current prediction technique is introduced and tested.
Then, existing methods for switchover between different sensorless control methods are
presented. Finally, the proposed whole speed sensorless operation method is presented and
tested.
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6.2 Impacts of Load Transient and Load Current Compensation

Conventionally, for HF injection based sensorless control methods, the HF currents are
separated by band pass filters. However, this separation is present, at best, for steady-state
operation. ldeally, there does not exist interfere between fundamental load currents and HF
currents. However, transient current due to sudden change of load often contains spectrum over
the entire frequency spectrum. Some of these components will coincide with the HF currents
induced by HF voltage injection. In this section, the impacts of the load current transients on
HF injection based sensorless control will be investigated and corresponding mitigating
methods will be presented.

6.2.1 Impacts of load transient on sensorless position estimation

In this section, the impacts of load current transients on the HF signal injection based

sensorless control are analysed.
(a) HF rotating voltage injection based sensorless control
The HF model in the stationary reference frame is given by

-Sh -1 th 0 h I Zh
{: }:R (er){o LJ R(6,) | E }dt (6.1)

L~ /h

cos(6,) sin(6,) |

R(er) z[—sin(er) cos(6,) | (6.2)

For a HF rotating voltage injection based sensorless control method, sinusoidal voltages

Ugn, Ugy are injected to the stationary reference frame as

U, + jus, =Vhem‘t,¢9h =t (6.3)

where V},, wy, 65, are the amplitude, frequency, angle of the injection signal. According to (6.2),

the HF currents i;Bh can be solved as
Ion + Ji5 = lpej(gh —7/2) ) ¢ i(6h 20, -7/2) (6.4)

| Vo (L + L) | Vo (L~ L) (65)
P 20, Ly, th 20, Ly, th
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The HF currents are composed of positive and negative sequence currents. The synchronous
shaft filter (SSF) based position demodulation technique shown in Fig. 6.1 is used to extract
the negative sequence HF current. When the stator currents if;[ﬁ have step changes due to load
transients, there will be negative sequence current output even when the HF voltage is not

injected. Such unwanted negative sequence current induced by step change of load current will
interfere with the HF currents induced by HF rotating voltage injection.

Ina

i [
BPF Hh{ eJé’hH LPF 1,

V, sin(a,t)
B

-2

iS
af,

V, cos(a,t)
o
Rotating injection

Synchronous shaft filter (SSF) PLL observer

Fig. 6.1. SSF based position estimation method for rotating voltage injection.
In Fig. 6.1, I4, I,p are the negative sequence components in the two phase stationary

reference frame as

na

I, =1,5in(26, +7/2)

., =1,c0s(26, +7/2) (6.6)

As can be seen, ideally I, I, are quadrature signals. Under load current transient, they

may be distorted which result in position error.

To evaluate the impact of load current step, simulation is carried out as shown in Fig. 6.2.
The HF stator currents are shown in (6.4). The cross-coupling effect is not considered in the
simulation for simplicity.

ish =1, sin(at)+1, sin(at-2m,t)

6.7
iz, =—1,cos(at)+1, cos(at—2w,t) 7

where the amplitude I, is set as 0.1A, the NSC amplitude I,, is 0.06A. The injection frequency
is 200Hz, i.e. wy, = 2m * 200 rad/s, and the rotor rotating frequency is set as 2Hz, i.e. w, =
21 = 2 rad/s. In the simulation, the HF currents are sent to the synchronous shaft filter and then
the PLL observer for position estimation. The passband of the BPF in the synchronous shaft
filter is [150Hz, 250Hz]. The parameters of the PI controller are k,, = 1000, k; = 20000.
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Fig. 6.2. Impact of load current step on sensorless control with HF rotating injection.

In the simulation, different levels of step g-axis current are applied at 0.3s when the rotor

position is about O degree. The negative sequence currents I, I, and the position estimation

error are shown in Fig. 6.3.
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Fig. 6.3. Impact of step load current on rotating voltage injection based sensorless control. (a)

No step current. (b) 1A step current on g-axis. (c) 2A step current on g-axis.
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It is observed that there is a transient position estimation error after the step load current i, is
applied. Although the lasting time of the transient error is very short (<0.05s), it can result in
significant decrease in electromagnetic torque, i.e. (1-cos(0.6rad))=18% decrease in the torque
for 0.6 rad position error when id is set to zero. Therefore, it is vital to suppress the position

estimation error during load transients.

In the simulation, it is interesting to find that the maximum position error is dependent on the
rotor position when the load current step occurs. In Fig. 6.4, the maximum position errors under
1A step i, at different rotor positions are plotted. The maximum position error during step
current varies with the rotor position and reaches its peak at 60, 180, 300 degrees. This has

explained that the HF negative sequence current varies with the rotor position as expressed in
(6.4).

Maximum error (Rad)

-0.5 ‘

0 60 120 180 240 300 360
Rotor position (Deg)

Fig. 6.4. Maximum position error under 1A i, step at different positions with HF rotating
voltage injection.

(b) HF pulsating voltage injection based sensorless control

For the HF pulsating voltage injection based sensorless control method, the HF model used
in the estimated synchronous rotating reference frame (SRRF) is given by

iy -1 L L | . ¢
{:ﬁh}:R (Q—Q)quhh Ij:hh} R(gr_gr)j{ﬁﬂdt (6.8)

where uy,, uly, if,, 15, are the HF voltages and currents, the superscript “7 ~ means the

estimated synchronous rotating reference frame. When the HF pulsating voltage u7, =
Vncos(wpt) is injected to the estimated d-axis, the estimated dg-axis HF currents can be
expressed from (6.8) as
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iy, = g sin(ayt), ig, = 15, sin(ayt) (6.9)
where 17, Igh are the amplitudes of the HF currents and can be extracted by synchronous
demodulation [JANO3] as

15, = LPF [ 2if, sin(a,t) |= 1, +1, cos(2(6, - AB,) - 26,)

, o . - (6.10)
15, = LPF [ 2i], sin(w,t) | =1, sin(2(6, - AG,) - 26))

Synchronous
demodulation

2sin(a,t)

Pulsating injection

Fig. 6.5. Position demodulation for HF pulsating voltage injection based sensorless control.

The impact of load current step on sinusoidal pulsating voltage injection based sensorless
control is analysed with the simulation model in Fig. 6.6. Due to limited bandwidth of the BPF,
the step g-axis current cannot be totally filtered out. This will result in distortion of the g-axis

HF current amplitude I, and can bring estimation error.

Synchronous |l LI 6,
demodulation P g s

Step current | i

Fig. 6.6. Impact of load current step on sensorless control with HF pulsating injection.

Simulations are carried out to evaluate the impacts of load current transients on pulsating
voltage injection based sensorless control. Step load current i, is applied at 0.3s. The machine

IS rotating at 2Hz. The position estimation performances under different step currents are
shown in Fig. 6.7.
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Fig. 6.7. Impact of step load current on pulsating voltage injection based sensorless control.

(a) No step current. (b) 1A step current on g-axis. (c) 2A step current on g-axis.

As can be seen, the position estimation error is increased during the load current transients.

Different from rotating voltage injection, the maximum position error for pulsating voltage

injection based sensorless control during step current transient does not vary with the rotor

position, as shown by the simulation in Fig. 6.8.
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Fig. 6.8. Impact of step load current on pulsating voltage injection based sensorless control at

different rotor positions. (a) 8, = 0 deg. (b) 6,, = 30 deg. (c) 6,, = 60 deg.

As can be seen, the position error caused by load current transient is not dependent on the

rotor position. This is due to the fact that the pulsating voltage based sensorless method only
requires the g-axis HF current.
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6.2.2 Methods for mitigating the impact of load transient

If the load transient load current is predicted and subtracted from the sampled current, the
interference between the HF currents induced by HF voltage injection and the transient load

current can be largely reduced.
(a) HF rotating voltage injection based sensorless control

For sinusoidal rotating voltage injection, a fundamental current observer was proposed in
[BRI0O]. The fundamental currents are observed based on the voltage references and circuit
parameters, i.e. resistance and inductances. The observed currents are then subtracted from the
sampled currents before being sent to the band pass filters. Thus, the impact of step current on
position estimation is mitigated. The control diagram with load current observer for rotating

voltage injection based sensorless method is shown in Fig. 6.9.
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Fig. 6.9. Transient load current compensation in sinusoidal rotating voltage injection based
sensorless control.
The fundamental currents igf;}in the dg-axis frame are estimated using the 1% order linear

transfer function as

[u;‘qf (8)+Algy (Sﬂ (6.11)

1
i (5)= sL, +R
q S
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where ug, - are the voltages generated by the fundamental current control loop, Au,, ¢ are the
voltages generated by the Pl compensator which are used to compensate the voltage distortion

and parameter mismatch, i.e. Ly, Ly, Rs. The observed fundamental currents igf]’} are then

transformed to the stationary frame as ig;’-“f. The remaining currents i,z Which are the

differences between the sampled currents i, and the observed currents igjff, are constituted

by the fundamental current error ei, g and the HF currents i, pp, as

+1

~est

Iy~ =6l =l (6.12)

af aff T loph

The remaining currents i, are then sent to the BPF to extract the HF currents for position
estimation. If the observed currents ig;ff track the transient load current well, the remaining
current ei, g Will only contain negligible transient load current, and the filtered HF currents
iapn ONly contain the components contributed by the HF voltage injection. As a result, the

impacts of the transient load currents on HF injection based sensorless control can be largely

mitigated.

Due to voltage distortions caused by inverter nonlinearities and variations of the machine

parameters, the observed i(iiff fundamental currents may differ from the actual fundamental
currents i,z¢. To mitigate the errors, their differences, i.e. ei,pr = LPF (elgpy — igjff) are sent
to the Pl compensators. The outputs of the compensator Aug,, are added to the voltage
references u,,, to compensate the errors between the actual load currents and the estimated

load currents. The compensator parameters can be the same as the current Pls [BRI00].
(b) HF pulsating voltage injection based sensorless control

For pulsating voltage injection based sensorless control, the same load current compensation

method can also be used as shown in Fig. 6.10.
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Fig. 6.10. Transient load current compensation in sinusoidal pulsating voltage injection based

sensorless control.
6.2.3 Experimental evaluation

Experiments are carried out on the dSPACE platform DS1006 as shown in Fig. 6.11 to
evaluate performances of the load compensation strategies in HF injection based sensorless
control. A commercial inverter which receives the PWM signals from the dSPACE is used to
drive the test machine. The parameters of the machine is shown in Appendix 1. Two external
hall-effect sensors are installed on an analog conditioning board for sampling phase currents.
The resolution of the ADC is 16bits. An incremental encoder with 1204 pulses is installed to

provide rotor position feedback. The PWM and sampling frequency are all set as 10kHz.

The injected HF pulsating voltage is chosen as 15VV/200Hz. The position observer parameters

are kpops = 200, kjops = 1000, the current controller parameters are kpcyr = 80, kjcyr =
1000, the speed control parameters are k,,q = 0.4, k;s,q = 0.2. The load current observer
parameters are chosen as the same as the current Pl, i.e. k1004 = 80, kjjoqq = 1000, which

are the same as those of the current controller.
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DC power supply

Fig. 6.11. Experimental setup.

(a) Rotating voltage injection based sensorless control without/with load current

compensation

In this test, the speed reference is ramped up from zero to 60rpm over 0.3 without/with the
load current compensation described in Fig. 6.9. The stator winding resistance is Ry = 612, and
the dg-axis apparent inductances are setas L, = 40mH, L, = 60mH. The initial rotor position
before start is fixed as 60 degrees. The injected HF rotating voltage is chosen as 15V/200Hz.
The current references are generated according to the maximum torque per ampere law. The
speed, dg-axis currents and the position estimation error for the start without/with load current

compensation are shown in Figs. 6.12(a) and 6.12(b), respectively.

As can be seen, the maximum position error during start without load current compensation
is about 40 degrees, while the maximum error with load current compensation is only 20
degrees. Due to relative small position error, the starting time (from zero to 60r/min) with load
current compensation is also less than that without load current compensation. Fig. 6.12(c)
shows the observed load currents during starting. The peak values of the differences between
the actual and observed currents are less than 1A. By sending these current differences to the
band pass filters, the interference between the HF currents and step load currents can be largely
reduced. Therefore, with load current compensation technique, the dynamic performance of

sensorless control with rotating voltage injection can be improved.
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Fig. 6.12. Sensorless start without/with load current compensation based on HF rotating

voltage injection. (a) Without compensation. (b) With compensation. (c) Observed currents.

(b) Pulsating voltage injection based sensorless control without/with load current
compensation
In this test, the speed reference is ramped up from zero to 60rpm over 0.5s without/with the

load current compensation described in Fig. 6.10. The speed, dg-axis currents and the position
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estimation error for the start without/with load current compensation are shown in Figs. 6.13(a)

and 6.13(b) respectively. The observed load currents are shown in Fig. 6.13(c).
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Fig. 6.13. Sensorless start without/with load current compensation based on HF pulsating
voltage injection. (a) Without compensation. (b) With compensation. (c) Observed currents.

As can be seen, the maximum position error with load current compensation is decreased.

The starting time (from zero to 60r/min) with load current compensation is also less than that
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without load current compensation. The observed load currents in Fig. 6.13(c) shows a good
agreement with the actual currents. Therefore, with load current compensation technique, the

dynamic performance of sensorless control with pulsating voltage injection can be improved.

6.3 Whole Speed Range Sensorless Operation

Whole speed sensorless operation is required in many applications. The saliency detection
based sensorless method shows superiority at standstill and low speed, while the fundamental
model based sensorless method is effective only at medium and high speeds. The whole speed
range cannot be covered by a single sensorless method. Thus, there should be an appropriate
strategy to combine these two sensorless algorithms. Many different methods have been
proposed and they can be classified into dual-observers solution and single observer solution

as described as follows.
6.3.1 Existing methods for smooth switchover between different speed ragnes

For dual-observers solution [MA13], [IDE06], [YOU18], the saliency model based position
observer and fundamental model based position observer are running in parallel as shown in
Fig. 6.14.

Standstill and low speed [P

. . L rl

Uap Saliency | g Position || v .
. P i A » 9
Lab model observer 1| @ | r

J Fusion

) module

ang Yr2
Uz || Fundamental | & Position |1 b
lab model observer2 | [%r2 "
Medium and high speeds

Fig. 6.14. Dual-observers solution for whole speed range sensorless operation.

The saliency model and fundamental model extract the position error signals &;, €, from the
terminal voltages and currents respectively. The position observer 1 and observer 2 estimate
the rotor positions by controlling e; = 0 and €, = 0. The estimated positions and speeds from

different observers are fused in the fusion module to output the estimated position and speed.

The fusion module usually employs a weighting function to combine the estimated positions
and speeds as expressed in (6.13)-(6.15). The weighting function can be linear switching or

direct switching as shown in Fig. 6.10. The linear switching provide a smooth transition
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between low and high speeds, while direct switching is more simple by changing sensorless

mode at the switching point. A hysteresis band wp, is usually inserted to avoid chattering at

the switching point.

o, =k(&,)é,+[1-k(&,)]é,
. ( ) ' [ ( ):I * fusion function (6.13)
6, =k(a,)0,+[1-k(a,) |0,
1 |c?)e|<a),_
R o, -0 R L
k(d,)=1—""—=, 0, <|@,|< e, ,smoothswitching (6.14)
o, — 0,
0, |@,| > o,
k(a,)= L || < g, direct switchin 6.15
(%)=10,1,)> @) . (©.15)

where w,;, wy are the limits of the transition region for smooth switching, wgy is the speed

point for direct switching.

k(c?)e)A k( ,\e)A ﬂ26()hyS
I 1 T
0 > Ae 0 &)SW > Ae
(@) (b)

Fig. 6.15. Different switching functions. (a) Linear switching. (b) Direct switching.

With dual-observer structure, the dynamic performance of position estimation at low speed
and high speed ranges can be adjusted separately. However, this will increase the computation
burden due to two closed-loop observers. To overcome this limit, the single observer structure
is used [GUGO4], [FLI118], [YAN17], [QIN18].

The single observer structure shown in Fig. 6.16 only requires one closed-loop observer. The
position error signals from saliency model and fundamental model are normalized and
combined by the error fusion module as shown in (6.9). With normalized error signal, the
saliency model and fundamental model can share the same Pl parameters with unified dynamic

performance.
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Fig. 6.16. Single-observers solution for whole speed range sensorless operation.

The fused error signal is then sent to the shared position observer. The weighting function

q(®,) can be linear or direct switching function as that in (6.14) and (6.15).

gzq(é)e)gpul_'_(l_q(é)e))gpuz (616)

In summary, for whole speed sensorless operation, a fusion of the sensorless methods for low
speed and high speed ranges is required. Dual observer structure and single observer structure
are widely used. The main difference between the two structures is the variable that is fused.
For dual observers, the estimated positions and speeds obtained by different sensorless methods
are fused, while for single observer, the position errors are fused. The fusion functions can be

linear or direct switching types.

Table 6.1 Summary of methods for whole speed sensorless operation

Types Fusion variables Fusion function Reference
Dual Position [MA13]/[YOU18]
observers Speed [IDEO6]
" o Linear switch (FLI18]
ingle osition error i -
. Direct switch [GUGOA], [YANLT],
observer signals
[QIN18]

6.3.2 Proposed method based on single position observer

In this chapter, a whole speed sensorless operating method incorporating HF sinusoidal
rotating voltage injection based sensorless control and active-flux method is proposed as shown
in Fig. 6.17. The proposed method can obtain smooth switchover between different speed
regions with single PLL observer.
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Fig. 6.17. Proposed whole speed range sensorless operation method.

6.3.2.1 Saliency model at standstill and low speed

For whole speed operation, the position at standstill and low speed region is usually estimated
with HF voltage injection. In [YAN17], single observer based whole speed sensorless operation
is achieved by pulsating square wave voltage injection at standstill and low speed, and the back
EMF model at medium and high speeds. For obtaining unity length position error signal from
pulsating square wave voltage injection, a scaling factor k,; is required in [YANL17]. This
factor varies with the fundamental currents and might change the PLL estimation bandwidth.

In this section, rotating sinusoidal voltage uéﬁh in are injected to stator stationary frame and

the scaling factor is not required for obtaining a unity length error signal.

The resulting HF currents iz, at standstill and low speed due to rotating voltage injection

are obtained from (6.4) as

ion + Jipy = lpej(eh ~7/2) Ine‘j(gh —26,-7/2) (6.17)

:Vh(th+th) I :Vh(th_th) (6.18)

2w, Ly, th o 20, Ly, th

p

The induced HF currents are composed of positive and negative sequence currents which
are phase-modulated waveforms. In chapter 2, it has been revealed that the HF currents are also

amplitude-modulated waveforms as

S

i3 Amp _i3, sin(6, + ¢.,)
s, | =] Amp _i5, sin (6, + @y, ) (6.19)

S

is Amp_ijhsin(é?h +qoch)

JUZ+12+21,1, cos(26,)

Amp _i3,
Amp _ig, |=| 12+ 12 +21,1,cos(26, +27/3) (6.20)
Amp _ig,

JIZ+12+21,1, cos(26, —27/3)
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It is observed in Fig. 6.18 that the whole electrical period is divided into 12 separate sectors
by the crossings of the amplitude traces. The width of each sector is 30°. The initial sector can
be detected by the relationship between the three phase HF current amplitudes. The middle
angle of the sector can be treated as the initial rotor position. Although the initial position has
a maximum error of +15° to the actual initial position, it will only result in less than 5%
decrease in the startup torque as analysed in chapter 2. Thus, the machine can be started by

comparing the three phase HF current amplitudes.

Amplitude

Rotor position (Deg)

Fig. 6.18. HF current amplitudes during one electrical period.

After the machine is started, the HF current amplitudes are changing with rotor position. The
number of sector which is separated by amplitude crossings is changed every 30°. Thus, by
detecting the change of sector numbers, the crossings can be identified. The discrete boundary
angles 04;screce are also known and can be used for FOC. To reduce the computation burden,

sliding discrete Fourier transform is introduced to calculate the HF current amplitudes.

Based on this phenomenon, the discrete positions 6y;s.ere Can be used for FOC. A
sensorless startup experiment discrete boundary positions is carried out. The related waveforms
are shown in Fig. 6.19. The machine parameters are attached in Appendix 1. The injection

voltage is chosen as 15V/500Hz. The machine is started to 2Hz with half rated load torque.
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Fig. 6.19. Sensorless startup with discrete boundary positions based on HF rotating voltage

injection.

It is observed that the machine is successfully started with discrete positions. However, the
phase currents are not continuous at the sector boundaries due to discrete characteristic of the

angle 0 4;screte Used for FOC. Such phase currents contain many harmonics and will result in
the following.

(@ Torque ripple and noise.

(2 Deteriorated performance of back EMF based sensorless method when switchover to high

speed range is required.

To overcome these problems, continuous position is required from the discrete positions
which can be modelled by space vector model as

Qﬂ 20

Vdiscrete — Vf + Vharmo

Fig. 6.20. Space vector model for decoupling space harmonics.
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The fundamental and harmonic vectors can be estimated by the estimated rotor position &,

as

\7f :ej(ér_(P) (6.21)

~ o -1 - ~ 1 . N
- —J((KN-1)0, —¢) J((KN+DE, —9)
harmo Z“[ KN —1° TNt ® (6.22)

where N=12 denotes the sectors in one electrical period, gp==n/N is the phase delay and of the
same sign as rotor speed, w, is the fundamental electrical angular frequency. A vector tracking

observer is used to obtain smooth position output from the discrete positions as

Vdiscrete PLL | @’
observer s s

Notch filter

Vi Harmonic |
V barmo decoupling |

Fig. 6.21. Vector tracking observer for continuous position observer.

The position error g, is obtained by cross product as
& =V, xV, =sin(6, -6, (6.23)

The estimated position can be obtained by controlling &, = 0. The notch filter is used to
mitigate the harmonic components caused by position estimation error. It can be seen that the
error signal &, is inherently unity length. In this chapter, the position error obtained by the
vector tracking observer will be combined with the error signal obtained by active-flux model

to provide whole speed range sensorless operation.

6.3.2.2 Active flux model at medium and high speeds
The fundamental model is employed for sensorless position estimation at medium and high
speeds. For non-salient pole machine (L¢=Lq=Ls), the position can be extracted from the flux-

linkages as

r -

v, L,

where 1, Y are the two phase stator flux linkages which can be obtained by integrating the

0 :tanl[l//ﬁ_—l‘slﬂ] (6.24)

back EMF signals.
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However, for salient pole machine, the phase inductance is coupled with the rotor position,

which makes it difficult to separate the permanent flux linkages. The active-flux P2 as shown
in (6.20) was introduced to tackle this problem [BOLO8].

Ve =y~ Ll (6.25)

where lf’; is the stator winding flux linkage vector, the subscript ‘s’ means the stator winding.
As presented in the introduction, the active-flux vector is aligned with the d-axis. Thus, the

rotor position can be obtained by observing the position of the active-flux vector.

The af-axis components of the active-flux can be calculated with (6.26). To remove the

integration drift, high pass filters (HPFs) are added after the integration as shown in Fig. 6.22.

ve =2 = [(u,,-Ri, Jit-Li,, (6.26)

HPFs
1 7S

Us > = | &;TL,
= s 1+7s

R, ﬂj B

i »

af

: 't

Fig. 6.22. Calculating active-flux.

The rotor position can be then calculated by arctangent function as

we = J'(ua —Rii, Jdt—L,i, = wg|cos(6,)
vl =J(uﬂ — Ry, Jdt—Lyi, =|w|sin(6,) (6.27)

6, =tan™ W—“'a”
Vsa

However, direct calculation may introduce much noise to the calculated results. A PLL
observer is used to obtain smooth position output as shown in Fig. 6.23. Different from
conventional PLL observer, a normalization module is inserted for unity-length error signal
er as shown in (6.28). As amplitude of the active-flux |1/7§‘| is proportional to the electrical

speed, the normalization is of high accuracy at medium and high speeds.
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Fig. 6.23. Proposed position observer based on active-flux with unity-length error signal.

a Jer A
g =Yo7 =sin(6,-4,) (6.28)
Ys

As can be seen, the error signal from the fundamental model has the same form as that from
the saliency model in (6.23). Thus, the two error signals can share the same PLL observer with
unified dynamic performance.

6.3.2.3 Proposed method based on rotating voltage injection and active-flux

As previously analysed, the position error signals from the saliency model and the
fundamental model are both unity-length. A hybrid position estimation method for whole speed
range sensorless operation is proposed as Fig. 6.24.

iy | Boundary | Csseree [ Harmonic  |&,_ 6(4,)
angle decoupling ; —l
5 4 e| PLL 1

9 s a’\)e ér
r S
U, . v T observer s

) Active-tlux | Vs o matization (68 -1-G(a,)
“» calculation

Y

Fig. 6.24. Proposed whole speed range sensorless operation method with single observer.

The position error signal &, from the saliency model and & from the flux linkage model are

forged by a linear weighting function G (@, ) which is shown in Fig. 6.25.

G(a)
1

0 ‘ Q)
Do Dhigh ¢

Fig. 6.25. Speed dependent weighting function demonstration.

214



Determination of the transition band frequencies should take the following guidelines into
consideration.

(D The value of w,,,, should be above the low speed limit of back EMF based sensorless
methods. According to [HEJ11], under 10% of the rated speed (wy = 50Hz), dynamic stiffness
of the back EMF based method is significantly deceased. Thus, 12%wy (6Hz) is chosen

for wygy-

2 The value of wp;gr Should be less than 10% of the injection frequency for easy separation
of the HF currents. In this chapter, the injection frequency is f;;,; = 500Hz. Thus, 2.4%f;,;

(12Hz) is chosen for wp;gp.

With the above parameters, the width of the transition band is 6Hz in which the position
estimation is contributed by both the saliency and fundamental models. Various experiments
will be carried out to verify the effectiveness of the proposed whole speed range sensorless

operation method.
6.3.3 Experimental verification

The proposed whole speed range sensorless operation is verified on a dSPACE platform with
a 0.6-kW IPMSM. The parameters of IPMSM are shown in Appendix 1. A direct current
generator with resistance load is connected to the machine to produce the load torque. An
incremental encoder of 1024 pulses per revolution is used to provide accurate rotor position 6,
and speed w,. The switching frequency and sampling frequency are both set as 10kHz. A
rotating HF voltage of 15V/500Hz is selected for saliency detection considering estimation
bandwidth and accuracy. The rated frequency of the machine is 50Hz. The values of w,,,and

wpigh for the weighting function are determined as w,,,, =37.68rad/s (6Hz/120rpm) and
wpign=75.36rad/s (12Hz/240rpm). The parameters of the PLL are designed by placing two
poles at one point as

6,(s) _ kys+k _ 2ps+p?

— 6.29
0.(s) s*+k;s+k s*+2ps+p? (6.29)

where ky, k; are the PI parameters, p is the pole value. The PI parameters are set as k,, =

2p,k; = p?. The bandwidth under 3dB amplitude attenuation is wy,, = 2.48p. In following

experiments, p is set as 100 for a bandwidth of 248rad/s considering the balance between
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dynamic performance and noise filtering. The Pl parameters of speed controller are k,s,q =

0.03, k;spq = 0.1 and the PI of current controller are k¢, = 80, k;cp,e = 1000.

(a) Sensorless start to a speed in transition region (120rpm<n<240rpm)

In this experiment, the machine is sensorless started to 180rpm which is in the speed
transition region, i.e. between 120rpm and 240rpm, and then decelerated to zero. The position
offset caused by the cross-coupling effect is compensated by the offline measured errors. Fig.

6.26 shows the waveforms during this process.
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Fig. 6.26. Sensorless start to 180rpm and decelerated back to zero. (a) Speed, weighting

function. (b) Position, dg-axis currents.

It can be seen that the speed trace crosses the low speed limit (180rpm) of the transition
region during acceleration and deceleration. The weighting coefficient G(&,) varies with the

speed. Smooth start and stop can be achieved.

(b) Step load and unload in the transition region

216



The machine is sensorless operated at 180rpm with the proposed hybrid method. Step load
torque is applied and then removed after several seconds. The waveforms during the process

are shown in Fig. 6.27.
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Fig. 6.27. Sensorless operation at 180rpm with step load torque and unload. (a) Speed,

weighting function. (b) Position, dg-axis currents.

It can be seen that the speed remains stable under step load and unload torque. The weighting
function G(@,) stays at near 0.5. The position estimation at this speed is contributed by 50%
of the fundamental model and 50% of the saliency model. Therefore, the proposed hybrid

sensorless method is capable of working in the transition region.

(c) Sensorless speed reversal between 180rpm and -180rpm

The machine is sensorless operated at 180rpm and the speed reference is decreased from

180rpm to -180rpm in 3s. The waveforms during the process are shown in Fig. 6.28.
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Fig. 6.28. Sensorless speed reversal between 180rpm and -180rpm. (a) Speed, weighting

function. (b) Position, dg-axis currents.

As can be seen that the speed can be controlled from 180rpm to -180rpm smoothly. There
are some discontinuities in the estimated position at the region near zero speed region. This is
due to discontinuous position output of the vector tracking observer at low speed. The
weighting function is 0.5 at 180r/min and decreased to zero when the speed is approaching
zero. After the speed crosses zero and is accelerated backword to -180r/min, the weighting
function is increased to 0.5 again. Therefore, sensorless reversal operation can be achieved with

the proposed method.

(d) Sensorless speed variation between 120rpm (wy,,,) and 240rpm (wpign)

Sensorless operation between the low speed and high speed limits is also carried out. The

speed reference is increased from 120rpmto 240rpm and decreased back to 120rpm.
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Fig. 6.29. Sensorless variation between low and high speed limits in the transition region. (a)

Speed, weighting function. (b) Position, dg-axis currents.

It can be seen that the speed is changed smoothly from 120 rpm to 240 rpm and back to
120rpm. The weighting function is changing from 1 to 0 and back to 1. The position error is
above 0.1rad. The proposed method can achieve satisfactory operation between the two
boundary speed points in the transition region.

6.4 Conclusion

In this chapter, the impacts of load current transient on sensorless position estimation are
analysed. The load current prediction technique is tested for compensating the load current
transient. Then, the whole speed sensorless operation method is presented, i.e. the single
observer solution and dual-observer solution. Their advantages and disadvantages are analysed.
In this chapter, a single observer based whole speed sensorless operation method is proposed

based on HF rotating voltage injection at standstill and low speed, active-flux model at medium
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and high speeds. Position error signals from saliency model and active flux model can be
obtained and fused for position estimation. Experiments are carried out to verify effectiveness

of the proposed whole speed sensorless method.
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CHAPTER 7

GENERAL CONCLUSIONS

This thesis is focused on sensorless torque control of interior permanent magnet synchronous

machines at standstill and low speed. The main structure of this thesis is shown in Fig. 7.1.
Sensorless torque control

@

Cross-coupling effect  |Chapter 4
compensation

Chapter 6 Whole speed range
sensorless operation

Incremental inductance |Chapter 3

measurement
Chapter 5 Simultaneous rotor ‘
Chapter 2 position/torque estimation

Position sensorless control | Torque estimation and control

Initial position estimation

Introduction
Fig. 7.1. Main structure of this thesis.

Sensorless torque control topic has two important aspects: sensorless rotor position estimation,
and torque estimation and control. Hence, the research is carried out along the two sub-topics.
The chapters are organized in several chapters focusing on sensorless torque position
estimation and several chapters focusing on the torque estimation and actual applications. This

chapter on conclusions is organised as follows.
1) What is the purpose for doing this research?
2) What has the thesis achieved?

3) What can be done in the future?

7.1 What is the Purpose for Doing This Research

Rotor position sensorless control methods and torque control techniques for interior
permanent magnet synchronous machines have been developed for decades. Some research
findings have been successfully applied in domestic and industrial applications, such as wash

machine and general-purpose inverters. However, the applications of sensorless control in
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electric vehicles and safety critical products are still limited. For example, in electric vehicles,

the sensorless control method is only treated as a backup strategy in case of a resolver failure.

Besides, the sensorless control should overcome many nonlinear factors, e.g. temperature

variation, inverter nonlinearities, and magnetic saturation. Hence, there is still a long way to go

before the sensorless methods can achieve comparable performance with hardware based high

accuracy position sensors. The improvements on sensorless torque control can be made from

following directions.

1)

2)

3)

4)

Fast and reliable initial position estimation is important for starting.

Reliable sensorless position estimation and torque control at heavily saturated
conditions are required for many applications. In the IPMSMs, the magnetic field is
often designed to be working in saturation state to maximize the capability and
utilisation of the magnetic materials. For saliency tracking based sensorless methods,
high saturation conditions may result in reduced saliency, cross-coupling effect and
spatial harmonics. Therefore, for guaranteeing a reliable sensorless position

estimation, these should be compensated.

Low noise sensorless position estimation at standstill and low speed is essential for
the products that are close to the consumers. For example, an electric vehicle driver
may be very sensitive to the noise caused by the HF voltage injection which is used

for estimating the rotor position.

High accuracy torque estimation considering parameter variations, i.e. temperature,
dc bus voltage, and speed ripple suppression, is important for improving the torque

control performance.

7.2 What Has This Thesis Achieved

This thesis has investigated three important issues in saliency tracking based sensorless

methods, i.e.

(a) the initial rotor position estimation,

(b) the incremental inductance measurement and cross-coupling effect compensation,

(c) the two important issues on torque control, i.e. the torque estimation and whole speed

range sensorless operation.
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7.2.1 Sensorless rotor position estimation

The sensorless position estimation issues and their significances for sensorless control are
summarised in Fig. 7.2. Their implementation and novelties will be discussed in the following

sections.

Cross-
coupling
effect

Improving sensorless
performance

ISTITOEIS

Incremental
inductance
measuremen

Initial rotor
position
estimation

First step for Evlauating sensorless
sensorless control feasibilty and performance

Fig. 7.2. Sensorless position estimation issues and their significances for sensorless control

in this thesis.

(a) Initial rotor position estimation
Initial rotor position estimation is the first step for sensorless operation. Conventionally, in
sensorless operation, the initial rotor direction is detected with a closed-loop position observer
by injecting HF voltage (rotating or pulsating). In the estimation, the observer parameters
should be tuned depending on the initial machine parameters which may be not known. Besides,
the convergence time of the closed-loop observer is unpredictable and could be very long. In

this case, a fast initial position estimation method is proposed without using a position observer.

The HF currents due to HF rotating voltage injection are amplitude-demodulated waveforms
as the three phase HF current amplitudes vary with the rotor position. With this phenomenon,
the three phase HF current amplitudes can be used for rotor position estimation which is
different from conventional negative sequence current based position demodulation method.
In the proposed method, by comparing the three phase HF current amplitudes, the rotor position
with maximum +15° error can be estimated without using closed-loop position observer. Then,
the initial polarity can be judged by employing double voltage pulses injection to the estimated
position.
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With the proposed initial rotor position estimation method, several advantages can be
obtained as

1) Faster initial rotor position estimation has been achieved compared to conventional
methods.

2) Closed-loop position observer has not been used in the estimation.

3) Low noise initial rotor position can be achieved when multi-frequency rotating
signals are injected as described in the thesis.

At the same time, the proposed method also has the following disadvantage:

1) The identified initial rotor position with the proposed method has a maximum +15°
error although this is already the best resolution compared with any existing initial
rotor position estimations. This is an inherent drawback caused by the principle of
the proposed method. As presented in the thesis, it will not result in significant
decrease in the starting torque (about maximum 5%).

(b) Incremental inductance measurement
Conventionally, the incremental inductances including the cross-coupling effect can be
directly measured with sensorless estimation technique by injecting either HF rotating voltage
or HF pulsating voltage. However, as evaluated in Chapter 3, these conventional methods are
affected by the delay effects and require a closed-loop position observer which is utilized for

measuring the angle offset caused by the cross-coupling effect.

In this thesis, a novel incremental inductance measuring method by using both HF rotating
voltage injection and pulsating voltage injection is proposed. The incremental inductances are
calculated from the measured amplitudes of the positive sequence current and negative
sequence current as a result of rotating voltage injection, and the amplitudes of the dg-axis HF

currents as a result of pulsating voltage injections in dg-axes.

Compared to the conventional methods, the proposed method has several advantages such
as
1) Immune to the delay effects.
2) No need of closed-loop position observer.
However, as the proposed method needs both rotating and pulsating voltage injections, the
disadvantage compared to conventional method is
1) The measuring time is increased. However, it is noted that as the injection frequency
is relatively high, the additional injection time, e.g. several milliseconds for

200Hz~1kHz injection frequency, is acceptable for the offline measuring process.
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(c) Cross-coupling effect compensation

The cross-coupling effect can result in position error in saliency tracking based sensorless
control. The relationship between Lg,, and Ly, is offline measured and used for cross-
coupling effect compensation in pulsating voltage injection based sensorless control. However,
this method is only used in pulsating voltage injection based sensorless control and its dynamic
performance is limited by the Pl and integral modules in the position observer. In this thesis,
the offline measured ratio Lyq,/Lgn is extended for use in rotating voltage injection based

sensorless control.

The offline measured error caused by the cross-coupling effect can also be used for online
cross-coupling effect compensation. In this thesis, a novel method is proposed to offline
measure the error by injecting HF pulsating voltages to the dg-axes, respectively. In heavily
saturated conditions, due to reduced saliency level and also spatial harmonics, the
compensation method by just using the offline measured error may lose stability and even has
no convergence point. The stability margin and convergence criterion can be analysed by
plotting the observer input signal with rotor position error. The observer input-position error
trace should have positive slop zero-crossings at A8, = 0 for convergence. Besides, the
interval between the positive slop zero-crossing and the adjacent negative slop zero-crossing
should be large enough for sufficient stability margin. At heavily saturated conditions, the
compensation method by modifying the observer input and the compensation method by

adding the offline measured error can be combined to guarantee reliable convergence.

The proposed method has made some contributions to the sensorless control such as
1) The offline measured Ly4,/Lgn is extended for use in the cross-coupling effect
compensation in HF rotating voltage injection based sensorless control.
2) The rotor position estimation error caused by the cross-coupling effect is offline
measured by injecting HF pulsating voltages in the dg-axes.
3) It is verified by experiments that the compensation method using offline measured
position error has better dynamic performance than that using the offline measured

Laqn/Lqn before the position observer.

There are still some unsolved issues for cross-coupling effect compensation with the

proposed method such as
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1) As mentioned in the Appendix 4, the offline measured % can be used for cross-
qhtLlan

coupling effect compensation. However, it is only applicable for HF rotating voltage
injection based sensorless control.

2) Considering cross-coupling effect compensation in heavily saturated conditions, the
method for determining the optimal compensation angle and the compensation
current, i.e. modifying the position observer input, is not given. The challenge is that
the stability margin and convergence criterion are highly dependent on the magnetic
characteristics of the machine.

7.2.2 Torqgue estimation and whole speed range sensorless operation

In position sensorless control, the torque control performance is affected by the sensorless
performance, e.g. cross-coupling effect and magnetic saturation. Hence, the research of torque
control is closely related to the research on sensorless position control. In this thesis, the torque
control issues are shown in Fig. 7.3. Their implementation and novelties are summarized as

follows.

Simultaneous
position and
torque
estimation

sensorless
operation

For monitoring and For smooth sensorless
control purposes operation

Fig. 7.3. Torque control issues and their significances for torque control in this thesis.

(a) Simultaneous rotor position and torque estimation

Electromagnetic torque is usually estimated by the product of flux linkage and current. At
medium and high speeds, the flux linkage is estimated by integrating the back EMF, while at
standstill and low speed, the flux linkage is obtained from the current model. For voltage model,
the variation of resistance with temperature can reduce accuracy of the observed flux linkage.
Hence, different online resistance identification method can be employed for improving the
estimation accuracy. Whereas for standstill and low speed with current model based flux
linkage observer, the inductances vary with iy, i,. The accuracy of the estimated flux linkage
may be decreased if the inductance variation is not taken into account in the current model.
Furthermore, at standstill and low speed, the fundamental model based inductance
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identification method has deteriorated performance as the amplitude of the back EMF signal is
very low. Hence, the HF injection technique is employed for identifying the incremental

inductances at standstill and low speed which are further used to calculate the flux linkages.

For HF inductance identification with HF voltage injection, the rotor position is usually
provided by a position sensor. In this thesis, a simultaneous sensorless rotor position and
incremental inductance identification method is developed with the cross-coupling taken into
account by injecting square wave voltage to the estimated dg-axes. The identified incremental
inductances are then used to calculate the torque by approximating the dg-axis flux linkages.

The proposed method torque estimation method has the following benefits, including:
1) Simultaneous sensorless rotor position and torque estimation is achieved.
2) The proposed method has high torque estimation accuracy (about £5%) compared to
the conventional method without considering the inductance variation (about £15%).

There are still imperfections for the proposed method such as
1) The PM flux linkage may vary with temperature. With merely HF voltage injection,
it is difficult to identify the PM flux linkage. The recent research on temperature
estimation using incremental inductance provides a good direction for solving this
problem, which can be carried out as future work.
2) The injected HF square wave voltage on g-axis may increase the noise level.
(b) Whole speed range sensorless operation
For whole speed range sensorless operation, to avoid using two separate observers, single-
observer solution is used by normalizing the position error signals from saliency model and
fundamental model respectively. The normalization process often requires a scaling factor
which may vary with the working currents. In this thesis, a whole speed sensorless operation
method based on single position observer is proposed by making use of HF rotating voltage
injection at standstill and low speed, and active flux model at medium and high speeds. The
discrete rotor position signal at standstill and low speed is obtained by comparing the three
phase HF current amplitudes. Then, the position error signal with unity-length is obtained from
a vector tracking observer and the discrete positions. For active flux model, the unity position
error signal is obtained by dividing the position error signal with the amplitude of the active
flux which is relatively high at medium and high speeds. The unity error signals from saliency
model and active flux model are then fused with a weighting function and sent to the PLL

observer for position estimation.
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The proposed whole speed sensorless operation method has the following benefits:
1) Single position observer based whole speed range sensorless operation is achieved.
2) Unity-length position error signals can be obtained without using a scaling factor.
However, the proposed method is not perfect since
1) A transition region is still required for smooth switching between the saliency model

and the fundamental model.

7.3 What Can Be Done in the Future

This thesis has investigated some important areas of the sensorless torque control and
achieved some results. Further research work for improving the sensorless torque control

performance can be carried out as shown in Fig. 7.4.

Sensorless torque control

Goal

Future work

Sensorless under fault or
system disturbance

Load torque estimation,
friction or periodical

Low noise low torque
ripple sensorless

Parameter identification
for improving accuracy

Stability in highly
saturated conditions

This thesis

Low speed sensorless
with DTC-SVM

Cross-coupling effect
compensation

Incremental inductance

‘ Whole speed range ‘

measurement sensorless operation
Initial rotor position ‘ Simultaneous rotor ‘
estimation position/torque estimation

Position sensorless control

Torque estimation and control

Fig. 7.4. Future work for sensorless torque control.

(a) Sensorless position estimation

Sensorless position estimation at highly saturated conditions still needs to be investigated. As
presented before, although by angle compensation and observer input compensation, the
convergence can be achieved, the compensation is highly dependent on the characteristics of
the machine and may be disturbed by inverter nonlinearities and spatial inductance harmonics.

The torque ripple and noise caused by HF voltage injection are unwanted in many applications.
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Hence, the sensorless method by making uses of the PWM waveforms should be investigated
due to its low noise emission. Besides, the robustness of the sensorless position estimation

under fault conditions or voltage variations is also important for guaranteeing reliable operation.

(b) Torque control

Firstly, sensorless torque control with DTC strategy can be investigated. Comparison can be
made between sensorless torque control with DTC and FOC, especially at standstill and low
speed. For DTC, the HF injection based sensorless control can be combined with DTC-SVM.
Then, the research on parameter identification, i.e. resistance, inductance and permanent
magnet flux linkage, should be continued for improving the torque estimation accuracy. Finally,
the research on load torque estimation, including friction, periodical load torque disturbance,

can be carried out for effectively improving the speed control performance.
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APPENDICES

Appendix 1 Specification of the prototype machine

Table Al.1 Specification and dimensions of the IPMSM [CHE99]

Rated voltage (peak) 158V
Rated current (peak) 4.0A
Rated power 0.6kwW
Rated torque 4.0 Nm
Number of pole pairs 6
Slot number 18
Number of series connected
conductors/pole/phase toztums
Wire diameter (2 wires stranded) 0.36mm-+0.51mm
Winding coil pitch 3 slots
Winding resistance per phase 6.0Q (20°C)
Skew 1 slot-pitch
Stator outer radius 53.3 mm
Stator inner radius 31.00 mm
Stator outer radius 30.25 mm
Core length (stator) 32.00 mm
Core length (rotor) 30.00 mm
Shaft diameter 25.00 mm
Air gap length 0.75 mm

Magnet

UGIMAX 35HC1 (B=1.17T, n=1.07)

Stator steel

Transil 310-50

Rotor Steel

Transil 300-35
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293.00
¢106.587

106.500

26.75

(c)
Fig. Al.1. Cross-section of prototype machine [CHE99]. (a) Stator. (b) Rotor. (c) Flux line
distribution.
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(b)

Fig. ALl.2. Prototype machine [CHE99]. (a) Stator and rotor. (b) Rotor lamination.
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Appendix 2 Finite element predicted incremental inductances

Table A2.1 FEA predicted d-axis incremental inductances

th(mH) id:'BA id:'ZA id:'lA id:OA id::I.A id:ZA id:BA

ig=8A 3323 |3392 |3407 |3338 |3155 |28.61 |24.80

ig=TA | 3573 3598 | 3550 |34.06 |31.67 |27.71 |23.77

iq=6A | 37.88 |37.87 |36.87 |3477 |3131 |2693 |23.04

ig=-5A 139.20 |[39.60 |3839 |3534 |30.86 |[26.22 |22.29

iq=-4A | 4130 |41.60 |40.88 |37.38 |3154 |2636 |22.21

ig=-3A | 4213 42.36 42.06 38.15 | 3148 |26.17 |21.74

ig=2A | 4293 43.14 | 43.00 39.21 | 3143 | 2574 |21.26

ig=-1A | 4373 |43.86 |43.56 39.89 | 3187 |2573 |2081

iq=0A | 44.27 44.41 44.09 40.56 | 3219 | 25.67 |2043

ig=1A | 43.72 43.86 43.55 39.89 | 31.87 |25.72 |20.80

ig=2A | 4292 43.12 43.00 39.20 | 3144 | 2574 |21.25

ig=3A | 4211 42.35 42.04 38.15 | 3147 |26.17 |21.74

ig=4A | 41.28 | 4158 |40.86 37.38 | 3155 |26.37 |22.22

ig=5A 3919 |3957 |[3837 |3535 |3086 |2622 |22.29

iq=6A | 37.88 37.87 36.85 3476 | 3131 |26.94 |23.04

ig=TA | 3575 35.98 35.49 34.03 |31.67 |27.71 |23.77

iq=8A |33.25 33.92 34.06 33.36 | 3151 |28.61 |24.80
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Table A2.2 FEA predicted g-axis incremental inductances

th(mH) id:'gA id:'ZA id:'lA id:OA idzlA id:2A id:3A

iq=-8A 17.56 17.61 1738 | 17.23 | 17.05| 16.71 16.21

ig=-1A 22.27 21.47 20.62 | 20.07 | 19.60 | 18.94 18.34

iq=-6A 28.16 | 2645 | 2471 | 2366 | 2272 | 21.83 21.13

ig=-9A 33.48 | 3218 | 30.07| 28.02| 26.60| 25.37 24.43

ig=-4A 38.72 | 3745| 3552 | 3342 | 3142| 29.76 28.5

ig=-3A 4356 | 42.86| 4157 | 39.54 375 | 35.62 33.8

i;=2A | 5048 | 50.03| 49.46| 47.92| 4534| 4318 | 4138

ig=-1A 58.18 | 57.38 56.3 | 55.36 53.8 | 52.03 50.12

ig=0A 61.3 61.2 61.05 60.7 | 58.55| 55.87 53.34

ig=1A 57.5 56.6 55.67 | 54.45 53.1| 51.18 49.45

ig=2A 49.84 4945 | 4872 | 47.01| 4441 | 4242 40.51

ig=3A 43.06 | 42.26 40.9 | 38.86| 36.84| 34.93 33.08

ig=4A 38.27 | 36.92 3494 | 3288 | 30.84| 29.29 28.01

ig=9A 33.01 31.57 2953 | 2761 | 26.13| 24.99 24.06

ig=6A 27.57 25.85 2423 | 2331 | 2241 | 2152 20.85

ig=TA 21.70 21.03 2028 | 19.77| 19.35| 18.71 18.12

ig=8A 17.18 17.21 17.09 | 17.00| 16.82| 16.56 16.06
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Table A2.3 FEA predicted mutual incremental inductances

quh(mH) id:'gA id:'ZA id:'lA id:OA idzlA id:2A id:3A

iq=-8A 7.93 10.00 11.58 | 1254 | 12.79 | 12.44 11.49

ig=-1A 8.12 10.11 11.67 | 1252 | 12.83 | 12.17 11.32

iq=-6A 7.67 9.51 11.26 | 1228 | 12.39 | 11.86 11.14

ig=-9A 7.10 8.38 10.12 | 1141 | 1165 | 11.26 10.73

i,=4A | 636 | 718 | 841 | 99 | 1044 | 1027 | 9.85

ig=-3A 5.2 5.83 6.64 8.07 8.54 8.59 8.42

i;=2A | 368 | 404 | 441 | 531 | 615 | 625 | 6.15

ig=-1A 1.52 1.92 2.33 2.68 3.27 3.47 3.45

ig=0A -0.02 -0.03 -0.07 -0.12 | -0.16 | -0.12 -0.14

ig=1A -1.67 -2.11 -2.49 -291 | -345 | -3.67 -3.63

ig=2A -3.79 -4.14 -4.54 -551 | -6.35 | -6.39 -6.3

ig=3A -5.25 -5.92 -6.73 -8.17 | -8.64 | -8.69 -8.51

ig=4A -6.39 -7.23 -8.47 -9.95 | -10.49 | -10.31 -9.9

ig=9A -7.09 -8.38 | -10.15 | -11.44 | -11.67 | -11.27 | -10.74

ig=6A -7.65 -953 | -11.24 | -12.28 | -12.39 | -11.86 | -11.14

ig=TA -8.10 | -10.08 | -11.64 | -12.48 | -12.81 | -12.17 | -11.31

ig=8A -7.87 -9.94 | -1153 | -12.50 | -12.74 | -12.44 | -11.49
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Appendix 3 Measured incremental inductances

Table A3.1 Measured d-axis incremental inductances

Lan(MH) | ig=-4A | i;=3A | i;=2A | i;=-1A | i;=0A | i;=1A [ i;=2A [ i,=3A |i,=4A
ig=-3A | 41.00 42.02 43.15 43.93 4433 | 4358 |43.05 |42.30 40.80
ig=-2A | 41.10 42.50 43.00 43.68 4400 |43.40 |4299 |42.10 41.20
ig=-1A | 39.70 42.02 42.90 43.78 4399 |43.40 |42.80 |41.80 40.03
i;=0A | 36.80 38.00 39.40 39.80 40.70 | 40.20 | 38.70 | 37.90 36.90
iz=1A | 31.10 31.20 31.00 31.90 3200 |31.80 |31.20 |31.25 30.80
iz=2A | 25.90 26.30 25.90 25.45 25.60 | 25.88 | 25.30 | 25.30 26.00
iz=3A | 2150 21.10 20.90 19.68 19.88 |19.80 | 20.50 | 20.50 21.50

Table A3.2 Measured g-axis incremental inductances

Lgp(mH) | ig=-4A | i;=-3A | ig=2A | ig=-1A | i;=0A | i;=1A | i;=2A |i;=3A ig=4A
iz=-3A | 39.40 43.20 50.30 58.00 61.89 | 57.55 |51.00 |43.50 38.60
ig=-2A | 38.40 42.11 50.40 57.01 60.20 |57.80 |49.90 | 42.60 38.20
ig=-1A | 36.00 41.90 49.50 56.20 60.20 |56.70 |49.01 |41.10 35.65
i;=0A | 34.40 39.99 47.50 55.72 60.70 | 55.00 |47.90 | 39.99 35.20
iz=1A | 31.50 37.68 45.00 52.90 57.77 |5252 |4590 | 36.80 32.20
iz=2A | 30.70 35.90 43.52 51.20 55.12 |51.85 |43.00 | 35.75 30.25
i;=3A | 28.60 34.01 40.60 50.50 53.16 |50.25 |42.20 | 35.20 27.90

Table A3.3 Measured mutual incremental inductances

Lagn(mH) | ig=-4A | i,=3A | i;=2A | i;=-1A | i;=0A | i,=1A [i,=2A [i,=3A |[i,=4A
iz=-3A | 6.70 5.70 3.80 1.90 0.20 -1.80 -4.20 -5.80 -6.80
ig=-2A | 7.30 6.10 4.30 1.60 0.30 -2.50 -4.30 -6.30 -7.00
iz=-1A | 8.10 7.00 4.60 2.60 0.10 -2.20 -6.50 -7.60 -9.30
i;=0A |9.20 8.80 7.60 3.20 0.90 -4.90 -6.90 -7.40 -9.60
iz=1A 10.90 9.80 7.80 4.60 0.50 -5.20 -7.50 -7.60 -9.70
iz=2A |10.30 9.30 7.90 5.00 0.60 -5.20 -6.70 -7.50 -9.50
iz=3A 10.00 8.90 8.20 5.20 0.20 -5.00 -6.70 -7.20 -9.60
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Appendix 4 Applying offline measured y for cross-coupling effect compensation

As can be seen, in HF rotating voltage injection based sensorless control, (4.37) for

calculating A6, with A = LL”‘—‘*h is quite complicated and requires many multiplication operations,
h

q

which increase the calculation burden. Therefore, an alternative method is proposed by
introducing a new factor y, which is the ratio between the difference and sum values of the d-
axis and g-axis HF inductances, i.e.

th - th

=— Ad.l
th + L, ( )

v

In rotating voltage injection based sensorless control, the error A6, caused by the cross-

coupling effect can be calculated by y and the amplitudes I,, I, as

2L, 2
AO_ =0.5tan 1(¢] _+05tan| | -1 (A4.2)
gh th I

2y
where the sign of A6, is the same to that of L, as L,y is usually bigger than L, for IPMSM.
The sign of Ly, can be identified by the finite element calculation or experiment. Compared
with (4.37) which uses A for calculating the error A8,,, (A4.2) is simpler and requires less

multiplication operations.

v at different working points can be obtained from pulsating voltage injections in d-axis and
g-axis respectively. When HF pulsating voltage is injected to the actual d-axis, the ratio

between Lggp, Ly, is measured as

_tow Lo (A4.3)

Lint I—qh

When HF pulsating voltage is injected to the actual d-axis, the ratio between Lgqp, Lap, 1S
measured as
PR (A4.4)
Ith th
vy can be obtained from A; and A, as

I R
Ly + Ly At A (A45)

Y
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It can be seen that L, is of the same sign as 4, or A,. Therefore, the sign of Ag,, in (A4.2)
can be easily identified from the sign of A, or A,. The predicted and measured y are shown in

Fig. A4.1.

-#- jd=3A
id=2A
id=1A
id=0A
id=-1A
id=-2A
id=-3A

Predicted v et

- id=3A
- id=2A
id=1A
id=0A
id=-1A
id=-2A
id=-3A

iq (A)
(b)
Fig. A4.1. FEA predicted and measured y at different iy, i,. (a) Predicted. (b) Measured.

The cross-coupling effect compensation method with offline measured y has simple
calculation as shown in (A4.2). However, this method is not applicable for use in pulsating
voltage injection based sensorless control. Therefore, its universality is poor compared to that

of A = Lggn/Lqn. Table A4.1 compares the cross-coupling effect compensation methods with
offline measured 4, y and A#,,, respectively.
Table A4.1

COMPARISON OF CROSS-COUPLING EFFECT COMPENSATION METHODS WITH A,y and A8,,,.

. Universality/Dynamic performance
Measuring method Rotating | Pulsating Other
d-axis HF voltage injection .
A= Lagn/Lqn A=—i g/i ' V/(High) | V/(Low) X
qh1/ldn1
d- and g-axis HF voltage injection
Lgn—L M = —lgn1/lan, A2 = —lgna/i
_ “qh dh 1 qh1/tdh1s /2 dh2/tqh2 .
= — Higch X X
14 th + th _ AZ - ﬂ'1 \//( & )
'y . ——
Ay + 44
d- and g-axis HF voltage injection
22‘ /’{ . . .
AB,, AG,, = O.Stan_l(/l 1 ; ) V/(High) | V/(High) | V/(High)
2 — M1
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Appendix 5 Measuring initial dg-axis HF inductances with LCR meter

The HF voltage equations for the machine in the two phase stationary reference frame are

given by
ua Laa M ab M ac ia
U |=| My, Ly My P, (A5.1)
uc M ca M cb Lcc ic

where Lag, Lpp, Leey Map (Mpa), Mye(Meg), My (M) are the incremental self and mutual

inductances respectively as

L. =L —L,cos(26,)

Ly, = L, — L, cos (26, +27/3)

L. =L, —L,cos(26, —27/3)

M,, =M, =M, —M,cos(26, —27/3)
M,, =My =M, —M, cos(26,)

M, =M, =M, —M,cos(26, +27/3)

(A5.2)

where L4, L,, M;, M, are the amplitudes of dc and second harmonics of HF self and mutual
inductances.

The dg-axis HF inductances can be derived from (A5.1) by coordinate transformation as

L

th = LI_MI_?Z_MZ
Lz

th = LI_M1+?+M2

(A5.3)

The dg-axis inductances can be obtained by measuring the line inductance between phases a
and phase b at different rotor positions. The line voltage equation between ab is
U, —u, = Laa pia + Mab plb + Mac plc - Mba pia - I—bb plb - Mbc plc (A54)
When line voltage ab is applied, the line voltage equation is obtained from (A5.4) as
Uyp =U, —Uy = Laa pia o Mab pia - Mba pia + Lbb pia
:(Laa_Mab_Mab+Lbb)pia (A55)
=(2L, —2M, +(L, +2M,)cos(26, — 2z/3)) pi,

The maximum and minimum values of the measured line inductance can be expressed as
Lo =21, —2M, —L, —2M, =21,

A5.6
Lo =2L, —2M, +L, +2M, = 2L, (A3.6)
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As can be seen, the maximum and minimum values of the measured line inductance are two
times of the dg-axis HF inductances respectively. The frequency and current of the LCR meter

are 100Hz and10mA respectively. The measured line inductances with position are show in
Fig. A5.1.

=
N
o

0

(@)
(@)
o

Mesaured line inductance (mH)
H
o
o

120 240 360
Rotor position (Deg)

Fig. A5.1. Measured line inductance at different standstill rotor positions with LCR meter.

As can be seen, the dg-axis HF inductances at standstill can be obtained as L;;, = 0.5L,,;, =
41mH, Lgp, = 0.5Lpyq, = 57mH. These values are very close to the values measured with the

proposed square wave voltage injection method as shown in Fig. 5.8.
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Appendix 6 Simultaneous sensorless rotor position and torque estimation with HF

rotating voltage injection

The HF model is the stationary reference frame without considering the cross-coupling effect

(will be considered later) is given by

Fh} 1 {L2+LACOS(26’,) L, sin(26,) }{“Zh

5 - Lonlgn | Lasin(26,) L, —L,cos(26,)

}dt (A6.1)

S
U,

For HF rotating voltage injection based sensorless control, sinusoidal voltages ug,, uz), are
injected to the stationary reference frame as

us, + jus, =V,e I g = at (A6.2)

where V},, wy, 6, are the amplitude, angular frequency and phase angle of the injected rotating
voltage. Substituting (A6.1) into (A6.2) yields

ic, + jic, =1, ~7/2) 41 - i(6 26, ~7/2) (A6.3)

| :vh(th+|_qh) | :Vh(th—th) A6

P 20, L 4, th " 20, L g, th

where I, I, are the amplitudes of the positive sequence current and negative sequence current.

The rotor position can be estimated by heterodyning demodulation as shown in Fig. A6.1.

PLL observer§

k. wr
p S S %

>

V, sin(a,t)

A
=
+

|-

V, cos(m,t)

Rotating injection

Fig. A6.1. Sensorless position estimation with HF sinusoidal rotating voltage injection.

For sinusoidal rotating voltage injection, the HF inductances can be obtained simultaneously
from (A6.4) as

/ST T
To (1) " e (1,-1,) (A6.5)
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As can be seen from (A6.5), the sinusoidal rotating voltage injection based sensorless
method is capable of simultaneously position estimation and online HF inductance
identification. In this section, the identified HF inductances will be used for torque estimation
at low speed. With the increase of load current and saturation level of the magnetic material,
the cross-coupling effect which has non-negligible impacts on both position and torque

estimation should be accounted for.

The cross-coupling effect compensation method by adding a compensation angle —0.16i,
is also applicable for rotating voltage injection based sensorless control as the compensation
angle is independent of the injection signals [WAN19]. The HF inductances considering the

cross-coupling effect can be calculated from L,, I, k., i, as [XU14]

:vh(lp _ In/\/1+tan2(2kciq)) o)

o o, (12-12)
Vh(lp+ln/\/1+tan2(2kciq)) o
b = o, (12-17) |
V,1, tan 2k,i
Lagn = o, tan 2k (A6.8)

@, (12-17) 1+ tan? (2k,i,)

Sensorless torque estimation with sinusoidal rotating voltage injection based sensorless
control is also carried out. The injected HF rotating voltage is chosen as 10V/250Hz. The

sensorless identified HF inductances at different iq, iq are shown in Fig. A6.2.

l——id=-3A —w—id=-2A}
|—a—id=-1A —e—id=0A | |

258



70

—+—|d -3A —~—|d 2A
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Fig. A6.2. Sensorless online identified HF inductances with high frequency rotating voltage

injection at different iy, ig. (@) Lgp. (D) Lgn. (C) Lagn-

The estimated torque and torque estimation errors with the sensorless identified HF
inductances from HF rotating voltage injection are shown in Fig. A6.3.

g 8 [ Conventional method without ) §87HF rotating Volta{ge irijecti‘on | 1
S 4 inductance identification > T4
> L > [
o o
s 0 S0
2, id B, id
2 -4, - -3A =-2A T4 —-—-3A +-2A
E 1A ~—0A 1 E 1A —0A |
G 8 2 0 2 2 68y 2 02 4
iq (A) iq (A)
(@)
S < 301 Conventional method without $30 HF rotating  ig :
5 inductance identification 5 voltage injection }—e—-3A —=-2A
5 S ! =—0A |
S 5 OW
£ g !
E 20 uﬁJ 20
i 4 2 0 2 4
iq (A)
(b)
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Fig. A6.3. Comparison of the torque estimation performances without/with identified HF

inductances from HF rotating voltage injection. (a) Estimated torque. (b) Estimated errors.

As can be seen from Figs. A6.3(a) and (b), the rotating voltage injection based sensorless
methods can estimate the torque with errors less than 5%, while the estimated error without
using the identified HF inductances can reach up to 20%. Therefore, the HF rotating voltage
injection method is capable of simultaneous position and torque estimation with satisfactory
performance. However, as the injection frequency of sinusoidal voltage is generally lower than
that of square wave voltage injection due to limited sampling points during one injection cycle,
the dynamic position estimation performance is generally lower than that of square wave
voltage injection with higher injection frequency. Furthermore, with square wave voltage
injection, the LPFs for fundamental currents feedback can also be removed due to higher

injection frequency compared to the cut-off frequency of the current control loop [YOO11].

Experiments are carried out to compare the dynamic performance of rotating voltage
injection and square wave voltage injection based sensorless torque and position estimation
performances. The machine is sensorless started from standstill to 60rpm under rated load

torque with the proposed method in 2 seconds.

The current control bandwidths for the rotating voltage injection and the proposed method
(square wave voltage injection) are all set as 200Hz. The speed control Pls are all set as k,, =
0.1,k; = 0.2, and the position observer Pls are all set as k,, = 500, k; = 1000. For rotating
voltage injection, low pass filters of cut-off frequency 100Hz are used in current feedback for
reducing interfere between the HF currents (250Hz) and the current control loop. For the
proposed method, the low pass filters can be eliminated due to higher injection frequency of
the square wave. The speed, phase current, position error with the HF rotating voltage injection
based sensorless method and the proposed method are shown in Fig. A6.4(a). The estimated
torque and torque estimation errors for the rotating voltage injection based method and the

proposed method are shown in Fig. A6.4(b).
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Fig. A6.4. Sensorless position and torque estimation performance during startup for the method
with HF rotating voltage injection and the proposed method. (a) Speed, phase current, position

estimation error. (b) Estimated torque and torque estimation error.

As can be seen from Fig. A6.4(a), the maximum transient position errors for rotating voltage

injection and the proposed methods are both below 15 degrees. However, the position error
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with HF rotating voltage injection based sensorless control method takes longer time to return
back to zero. The startup time, about 2s, is also longer than that of the proposed method, about
1s. The better dynamic performance with the proposed method is due to higher injection

frequency and elimination of the low pass filters compared to rotating voltage injection.

As can be seen from Fig. A6.4(b), the actual load torque is increased with the rotor speed as
the output voltage of the dc generator is proportional to the rotation speed. For the proposed
method, the estimated torque is increased faster than the method with rotating voltage injection
due to its better dynamic performance in current control. The torque estimation errors for both
the rotating voltage method and the proposed method are less than 0.2Nm as shown by the
torque estimation errors. However, the torque estimation error for the proposed method returns
to nearly zero more quickly than the method with rotating voltage injection based method. This
means the proposed method with higher injection frequency has better dynamic performance

compared to HF rotating voltage injection.

262



Appendix 7 Experimental test rig specifications

The test rig is composed of three parts: the dSPACE system, the measuring and sampling
system, the power module and the load system. They are described as follows.
1) dSPACE system

The dSPACE platform comprises highly flexible and modular systems for hardware-in-the-
loop (HIL) and rapid control prototyping applications. The test dSPACE in this thesis is
composed of a processor board DS6001, a digital waveform output board DS5010, an
incremental encoder interface board DS3001, and a high speed A/D board DS2004.

The Matlab/simulink program is complied and downloaded to the DS6001. The DS6001
board equipped with an Intel Core i7-6820EQ quad-core processor features maximum 2.8GHz
frequency and excellent real-time performance, with minimum jitter and latency. It is the
perfect choice for use cases with high requirements regarding computation power and data
bandwidth. For motor control application which is usually executed with a frequency of 10kHz,
the execution time in DS6001 is negligible.

The DS5010 module generates the digital PWM drive signals according to the voltage
references. The digital pulses are then sent to the drive board which transforms the low level
PWM signals to high level gate drive signals through optical couplers. The PWM is generated
with space vector pulse width modulation (SVPWM) strategy. The dg-axis voltage references
are transformed to the two phase stationary reference frame. The SVPWM strategy generate
ratios of each phase according to seven sectors distribution, i.e. U0,Ua,Ub,U7,Ub,Ua,U0. The
voltage vectors Ua, Ub are the two active vectors and U0, U7 are the two zero voltage vectors.

2) Measuring and sampling system

The phase currents are sampled by two hall-sensor effect transducers (LEM LA55-P). The
primary nominal current is 50A, and the secondary nominal current is 50mA. A resistance is
connected to the secondary winding and the voltage drop is measured to obtain the secondary
current. To improve the sampling accuracy, there are three turns of the primary winding. The

current sampling circuit is shown in Fig. A7.1.

ja1 Hall_
LaF | R1

E | Rs V& DS2004
— 4 R3

R4
L

Fig. A7.1. Current sampling circuit.
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The output va is sent to the DS2004 module which features =5V sampling range and 16bits
resolution. The relationship between the primary current and va is
v, = 5/8i, (A7.1)
The maximum sampling range is [-8A, 8A]. Resolution of the analog to digital converter

ins 16 bits. The minimum current sampling resolution is 12671: = 0.244mA. If a higher current

range is required, the amplification factor should be adjusted by using a higher ratio R4/R3.
The dc-bus voltage is sampled by a hall-effect sensor LEM LV 25-P. The primary current is
10mA, and the secondary current is 25mA. A resistance is connected to the dc-bus voltage to
transform dc-bus voltage signal to current which is sensed by the secondary current. The same
sampling circuit in Fig. A7.1 can be used. The relationship between the sampled voltage and
the dc-bus voltage is
Vdcsample = 0.025v4, (A7.2)

The rotor position is measured by an incremental encoder, the out signals of which are sent
to the DS3001 module. In the Simulink environment, the output of the DS3001 is an index
number indicating the pulses that have been detected. As the incremental encoder only provides
position increment, a position calibration block is required in the program to obtain the absolute
position. This is done by subtracting the position offset when the rotor is locked at the zero
position.

3) Power module

The inverter used in the thesis is a prototype driver with IGBT module SKS 35F B6CI 20
V12. The power rating of the IGBTs used in this inverter is 35A/1200V. The auxiliary power,

including =15V for sampling, 15V for gate drive is provided by a separate dc source.

Fig. A7.2. Power module of the driver.

4) Load
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The load of the test machine is provided by a dc generator which has two sets of windings,
i.e. excitation winding and load winding. The excitation winding is connected to an external dc
voltage source and the load winding is connected to an external variable resistor. The load
torque is adjusted by varying the resistor. There is only one test machine and two load machines
for the experiment in this thesis. For load machine one (used in Chapters 2, 3, 4 and 6), torque
sensor cannot be installed due to mechanical constraint, while for load machine two (used in
Chapter 5), the shaft torque can be measured by the torque sensor which is installed between
the test machine and the load machine. The nameplate of torque sensor is shown in Fig. A7.3.

Fig. A7.3. Nameplate of the torque sensor.
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