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Abstract

In this thesis, the new method has been studied for the improvement of dynamic characteristics and
stability on the sensorless control of an interior permanent magnet synchronous motor (IPMSM)
used as traction motors of electrified vehicle (XEV) today. The XEV is divided into four main
categories: battery electric vehicle (BEV), hybrid electric vehicle (HEV), plugin hybrid electric
vehicle (PHEV) and fuel cell electric vehicle (FCEV). The inverter control for IPMSM-drives
intended for XEV applications has specific features such as reliability and robustness, high torque at
low speed and a high power at high speed, wide speed range, fast torque response, high efficiency
over the wide speed and torque range, high efficiency for regenerative breaking, and so on. Among
other things, high reliability and robustness of the control system are basic and essential for a driver
safety. To do this, although the fault of sensors utilized traction motor control occurs, the
compensation method to ensure normal operation has been proposed continuously. To achieve high
performance of XEV traction motor, the precise inverter control using sensor signals is necessary.
The sensors comprise four elements: voltage sensor, current sensor, temperature sensor and position
of rotor sensor. Conventionally, the position sensor is attached to the rotor shaft mechanically. From
this cause, the position sensor has a high probability of sensor fault due to high variation of
temperature. Therefore, the algorithm transition from sensored to sensorless control and
continuously motor control when the position sensor fault occurs are requested.

This thesis presents the fault detection strategy using difference value between sensor signal and
estimated signal. To detect the sensor fault, the sensorless algorithm is operated in parallel. And, the
method for fast fault detection and algorithm transition proposes to ensure the stabilility of control
system when the position sensor fault occurs. Also, the design method of controllers for the stable
and fast response in sensorless control is analyzed. On the basis of a designed sensorless drive, the
new strategies which improve the dynamics of controller and the stabilility of sensorless control in
transient state have been proposed. The effectiveness and feasibility of proposed algorithm and

analysis results are verified by computer simulation and experimental results.
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Introduction

Chapter 1  Introduction

1.1 Research background
1.1.1 Social background
The carbon emission problems must be solved to reduce global warming. So, many countries
already have limits about G@mission of vehicles to protect environment. Eco-friendly vehicles,
which are becoming popular all over the world, is one way to achieve significant reductions of CO
emissions. Such as figure 1.1, Annual emissions per eco-friendly vehicle are about 50% in
comparison with the conventional Gas vehicle. Also, the many vehicle manufactures agreed to
reduce about 27% GQemission until 2020 in figure #I. As an extension of the consensus, the
growth of XEV share is expected to be exponential rather than linear from 2020 offwaiteks
rapid growth of XEV is caused by the widely charging infrastructure, performance improvements,
increased reliablility and the cost reduction of electrical components such as lithium-ion Haltteries
Especially, the reliablility on functional safety and life-cycle management of XEV has been improved
to protect a driver because the fault of power electronic devices has caused serious problems in
vehicles™ B!, Therefore, to expend eco-friendly vehicle, the high reliability of traction motor &
inverter is required because an electrified powertrain such as traction motor & inverter is

continuously exposed to high temperature and vibrations.

62.6%

51.7% 51.4%

Annual Emissions per Vehicle
(Ib of CO,, equivalent)

EV PHEV ~ HEV  Gas Vehicle
Fig. 1.1 Annual Emissions per Vehiéte



1.1.2 Technical background

During the last decade, permanent magnet synchronous motors (PMSMs) have been widely used
in many industrial applications due to their high torque density and efficiency. Recently, PMSMs are
receiving especial attentions as powertrain system in automotive applications due to simple structure
and high-speed operation range. Hence, automotive companies such as Toyota, Tesla Motors, Nissan,
Mitsubishi, BMW, General Motors, etc. have been developing some of XEV using PNISWs
achieve high performance of PMSMs used xEV, the vector control of PMSMs is needed. The vector
control technique of PMSMs requires the information of rotor position and speed that can be
measured by means of position sensors such as hall-effect ICs, resolvers and encoders. However, the
position sensors are expensive, complex and very sensitive to mechanical envirdfifferts
solve this problem, the position sensorless schemes have been proposed for PMSMs, which can be
classified into two categories. One uses the information available in the back electromotive force
(back-EMF) from a middle speed to a high speed range because the magnitude of a back-EMF is
rotor position dependeH‘P]'[15]. Another uses an injected high-frequency voltage signals at standstill
and low speed®!. Based on this fact, the proper conversion method from back-EMF method to
signal injection method or vice versa is needed to allow for stable operation in the all speed range
considering speed and load torque variati8?Y. These sensorless algorithms can be applied to
PMSMs control system for high reliablility that it is continuous operation regardless of sensor faults
as well as fault detection of sensBf&2. The majority of these contributions have been focused on
fault detection and design of fault-tolerant controller for limp-home mode ope??ﬂigﬂ. That
means driver of XEV can arrive their destination despite sensor fault. To stable control system of
XEV, additional research are required as follow.

1) Fast fault detection and algorithm transition when position sensor faults occur.
2) Stable gain design of sensorless controllers considering acceleration, deceleration and
load variation.

3) Compensation method on acceleration, deceleration and load variation.

1.2 Research purpose and method

Recently, in various industry fields such as traction motor control, the position sensorless control
is used in parallel with sensored control for automatically reconfigured operation when position
sensor fault occurs. To detect the position sensor fault, the residual analysis is discussed because the
residual allows the isolation of a faulty sensor directly and insensitive to parameters variations. The
residual threshold is defined greater than the amplitude of the residuals which depend on the
waveform of measured signal in healthy mode. Hence, the low threshold has good performance on
fast fault detection and algorithm conversfo?.

Generally, the residual threshold cannot be decreased unless the overshoot of measured signal has



low value in variation of load torque and speed. Therefore, the analysis on the gain selection of
position sensorless controllers is needed to decrease the overshoot value in the transient state. If the
proper gain is selected, the stability of sensorless control is increased without the degraded
performance of fast dynamic resposg=*3"),

The relationship between fast response performance and response stability is a trade-off. So, the
stable gain selection in order to ensure the stable control and fast response performance is required
through the analysis of controller design of sensorless control system. In the Ref (21), the reasonable
values of algorithm conversion between signal injection and back-EMF estimation was set to the
start pointw;s from 0.05 PU(Per Unit) to 0.1 PU(1PU is current controller bandwidth) and the end
point whs = 2ws and PLL-type estimator bandwidth is selecteg as a/30. And, the maximum
allowed acceleration angle to define the PLL-type estimator is decided at 10 degree from his
experiment results. However, there is not calculated value. In the Ref. (35), the stable gain selection
method of sensorless control system with extended EMF estimation was proposed by new
mathematical model. However, the analysis of dynamic response on torque variation is insufficiency.
In the Ref. (36), the various sensorless control methods included back-EMF estimation and signal
injection method were introduced. But, the paper focuses on the optimized motor design in order to
high sensorless drive performance. In the Ref. (37), the saliency tracking observer for position and
speed estimation is proposed. The observer bandwidth must have adequate value in order to maintain
adequate dynamic stiffness. However, the paper does not include a detailed explanation about the
observer bandwidth and the minimum rotor speed in theory and test result does not analyze. The
control parameters are very important for the stability and fast dynamic response of sensorless
control. So, the parameters should be decided by theoretical considerations.

To estimate the back-EMF of the PMSMs, various approaches such as state observer have been
suggested using extended EMF mathematical mS&4éf’. And, some phase locked loop (PLL) type
estimators have been proposed to extract the estimated speed and position from the amplitude of
estimated back-EME®3 put the evaluation at low speed is not included as well as not
considering the low overshoot of estimated speed error in torque variation and the proper gain
selection of observer and PLL-type estimator in the speed and torque variation is difficult or
complicated.

In the Ref. (44), the stable selection method of controller bandwidth is shown by using the analysis
of sensorless control system. A higher value of allowable maximum angle error must be selected at
low speed for the stable sensorless control. Then, the bandwidth of position and speed estimator is
decreased in the transient state that the rotor speed is changed such as acceleration or deceleration.
However, the study on a design of the stable estimator bandwidth at constant low speed is not
considered. In the Ref. (45), the study shows that the stability of sensorless control could be

increased through the use of proposed angle compensator in order to decrease the overshoot of



estimated error angle when the load torque is rapidly changed. However, the research on the
estimator bandwidth considering the minimum speed in the steady state is not included.

Recently, for the traction control of electric/hybrid vehicle, fault detection and fault tolerance of
position sensor such as encoder and resolver are important not only for the reliability of the control
system but also for the normal operation despite position sensor fault. The faulty position sensor
should be detected quickly to avoid a serious damage of the control &/t Then, a fast
fault detection and isolation is required to eliminate the fault effects. A Fault Detection and Isolation
(FDI) method and algorithm transition from sensored to sensorless control have been developed for
PMSM drives®™ 3. I the difference between the measured speed and the estimated speed is higher
than a threshold value, the control algorithm should be changed from sensored to sensorless control.
However, most of them focused on the faults in steady state of a control system and the threshold

value for fault detection was defined in steady state.

1.3 Chapter summary
In this paper, the sensorless control based on the extended EMF model with stable controller gain
is studied in the rotor reference frame for fast response at high $fé&H And the PLL-type
estimator is used to obtain the estimated rotor speed and position because the high frequency noise
included in the estimated position error and oscillation caused by disturbances can be filtered
without mechanical paramet@p B8 The selection strategy on the control gains in order to ensure
the stable sensorless control of IPMSM in torque and speed variation is defined. Also, the maximum
overshoot values of estimated speed error on designed gains of position estimator and the selection
method of stable threshold value to detect the fault condition when the motor is accelerate and
decelerate are analyzed.
The contributions of this paper is as follows.
1) Stable and nonstop driving of XEV.
v' Encoder sensor fault detection.
v' CUSUM algorithm application.
v' Algorithm transition analysis including motor parameter variations.
2) Stable sensorless control of xEV.
v/ Stable gain selection process.
3) High performance driving of XEV.
v" The proposed current feedback control.

v' The proposed speed and position estimator.



Chapter 2  Drive theory and modeling of
IPMSM

2.1 Structure and drive theory of IPMSM

The PMSM motors are divided into two types in accordance with the attached structure of magnet.
One is an IPMSM (Interior Permanent Magnet Synchronous Motor) and the other is a SPMSM
(Surfaced Permanent Magnet Synchronous Motor). Figure 2.1 shows the PMSM construction with
two pole-pair on the rotor. In case of SPMSM, the permanent magnet is attached to the surface of
rotor and the flux path of d-axis is composed of rotor core, rotor magnet, air gap and stator core. But,
the flux path of g-axis is made up of rotor core, air gap and stator core without rotor magnet. The
rotor magnets of IPMSM are mounted inside the rotor core and the flux path construction of dg-axis
is the same as SPMSM. However, although the flux path construction and mechanical configuration
are similar to each other, there is a notable difference in the viewpoint of electrom@ytletic

The air gap thickness of SPMSM is constant regardless of rotor position because the rotor magnet
of SPMSM is attached to the rotor surface. Therefore, the electrical and mechanical structure is
symmetry because the reluctance difference of rotor flux is constant. The IPMSM that the permanent
magnet is mounted inside the rotor has a higher reluctance of d-axis flux path than the reluctance of
g-axis flux path because the effect of additional air gap caused by permanent magnet of d-axis.
Hence, the inductance of g-axis is higher than the inductance of d-axis in accordance with high

reluctance of d-axis flux path.

Stator Core

Stator
Winding
in Slots

Rotor Core

-axis .
qt d-axis

Rotor
Magnets

d-axis

(a) Surface Mounted Synchronous Motor (SPMSM) (b) Interior Mounted Synchronous Motor (IPMSM)
Fig. 2.1 Structure of PMSM
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Position sensor

d-axis flux

Flux of coil

Current sensor

Fig. 2.2 Current and position sensor for vector control of PMSM

Therefore, the IPMSM can obtain a higher torque than the SPMSM because the reluctance torque
can be used.

In figure 2.2, we can find the motor operating theory. The coil current induces the g-axis flux
related the torque. And for vector control of PMSM, the d-axis flux information is needed such as
difference angle between the d-axis flux and permanent magnet flux. Therefore, the rotor position
sensor and current sensor are important. A reactance torque of PMSM is generated by an interaction
of two magnetic fields (one on the stator and one on the rotor). The stator magnetic field is
represented by the magnetic flux and stator current. The magnetic field of the rotor is represented by

the magnetic flux of permanent magnets that is constant, except for the field weakening operation.

2.2 Mathematical modeling of IPMSM

To derive the mathematical modeling of PMSM, the analysis model is defined by fig. 4.
The stator 3 phase of PMSM is located in 120 degree between phase and phase. So, the phase

variables circuit equation of stator 3 phase winding in abc 3 phase stationary frame is defined as

below
Vibes = R ipes + PLA 2.1)
where
V I A
Vabes = | Vos |+ Tabes = | bs [+ Aanes = s (2.2)
V, i Ay
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Fig. 2.3 Analysis model for PMSM

Where the magnetic flux linkage by phase current is

Aabcs = Aabcs(s) +Aabcs(r) = leabcs + Lrlf

(2.3)

Aabes(s) 1S the magnet flux between stator winding and stator winding. Apgly - is the magnet
flux between stator winding and rotor winding. Alsp, is the equivalent constant current source in

order to substitutel,,.sy because the flux caused by permanent magnet is constant.

L. L, L

/]abcs(s) =L Lo Lies [
I L, Vi L, Vi
L,+L,-L;cos® —7—LBcos 0—§ —7—LBcos 6+§
L m 21 L
= —?A—LBCOS{H—EJ Lo +L,—Lg cos{@—?j —EA—LB cos &
—i—LBcos g+ —i—LBcoszs? L,+L,—Lg cos%9+2—”
| 2 3 2 3]

(2.4)
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L.i; =@ cosf=g, L,

€ P%,
eabcs = eos = p% =
&s PR

) 21T
- @ Sin| 6——
s 0-51

- @ sin(€+2?”j

-w @ sin@

=@ co{@—%}zq@, L, =@ co{9+2?”j:¢g (2.5)

(2.6)

Therefore, the voltage equation of PMSM in abc 3-phase stationary reference frame is given by

L L
L +L,—Lycosd -—2 -, cos g-= -2
2 3 2
Ve dl L 2
V, [=— ——A—LBCOS{Q—I—TJ L|S+LA—LBCOS{9——7TJ
dt| 2 3 3
V L L
-—A_ L cos{6+5j -4 L, cos L.+L,
2 3 2
-w@ sind
+

. 27T
-w@ sin| 86—
5057

- sin(9+2?ﬂj

——A
2

-Ly cos{9+7—Tj
3

L
-Lycos®

-Ly cos{6+%ﬂj

2.7)

As the transient-state analysis of PMSM is difficult in abc 3-phase stationary reference frame due

to complicated equation, the transformation maf{®) can be used to transfer the 3-phase

reference frame to 2-phase reference frame. The matrix can be defined as below

T

cos4 co%@—z—j co{9+2—ﬂJ
3 3

—sing —sir(e—z—ﬂj —sin(€+2—ﬂj
3 3

1

1

R

1

N

(2.8)

The voltage equation of PMSM in stationary reference frame is given as follows
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T(O) W, = T(O)R My + T (O)P Ly (2.9)
dar (O)_l)laﬂ dAaﬁ
Vaﬁ = R maﬁ +T(O)E|T = & mag + dt (2.10)
Where
3 3 .
|_|S+E(LA—LB cos ) - L, sin29 i cosd
Aes = A (2.11)
i 3, 3 i, ""|sing
_ELBSIHZH L|S+E(LA+LBCQS$)
Therefore

Vol [Va] | R+p(L -Lcos®) pL, sin 26 i o -sing
Vel (Vs pL, sin 20 R +p(L, —L.cosD) ||ig 1 cost |(2.12)
L, =L +15,, L=-18,

The voltage equation in rotating d-q reference frame is represented by matrix eqi{@fjon

T(8) Ve =T(8) R s +T(6) [P LA (2.13)
Vo [_|Va|_|R*pPLy  —awl, Igs 0
VA - V - CL{L &+pL i’ + Y, (2.14)
gs q d q gs (It
Also, the input power can be defined in rotor reference frame as below
KA. )3 2 (o2 3L d v ), 3 o
I:i)n :E(Vdslds +Vqs|qs) _E&((Ids) +(|qs) )+___((Ids) +(Iqs) )+Ea‘?¢flds (2.15)
The torque equation of PMSM in rotor reference frame is below equf&ticH.
—_ 3 M rr
T _Ep(wf'qs-'_(Ld _Lq) S'qS) (2.16)

2.3 Chapter summary
In this chapter, the electrical and mechanical structure of PMSM is introduced and the electrical

characteristics are defined on mounted type of permanent magnet. Also, the mathematical modeling
of PMSM is determined by equations.



Chapter 3 Sensorless control theory of
IPMSM

3.1 Sensorless control method

Sensorless control methods are composed fundamental excitation method such as Flux estimation,
back-EMF(Electro-Motive Force) estimation included observer, etc. and saliency and signal
injection method such as injects discrete voltage signals, continuous sinusoidal signal injection,
HF(High Frequency) square-wave signal injection. The various estimators for estimating back-EMF
and rotor position of PMSM have been investigated such as observer based estimation method with
state filter and extended EMF estimation method with disturbance observer. However, the back-EMF
magnitude is very low at extremely low speed and rotor standstill condition even if it is accurately
estimated. To overcome this demerit, the high frequency signal injection-based method has been
proposed as a high performance method at low speed or stall condition. However, the
injection-based method essentially has the disadvantage of frequency noise and additional power
losses because the injected signal is applied. In addition, if the spatial saliency of inductance does
not exist in the PMSM, the injection-based method is difficult to use for the sensorless control. The
transition region from to back-EMF method to signal injection method or vice versa is frequently
selected based on test results considering the range of motor speed where both back-EMF method
and injected signal method are properly work&¢% €272,

Among the many methods, back-EMF estimation and HF signal injection are generally used to
sensorless drive without position and speed sensor. In accordance with the control method, various
advantage and disadvantage can be definded such as Table 3.1 and Table 3.2. So, this paper will
apply to PLL-type estimator and disturbance observer in rotor reference frame in order to improve

the transient performan&é2,

Table 3.1 Sensorless algorithm comparison

Estimator Advantage Disadvantage

Signal injection type Very low speed operation Increase the complexity & cost

Strong robustness & high accuracy

Observer based typ Low speed region & stall condition

[¢)

over full speed region

10
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Table 3.2 Speed and position estimation method

Estimator Advantage Disadvantage

Signal injection type Very low speed operation Increase the complexity & cost

Strong robustness & high accuracy

Observer based typ Low speed region & stall condition

[¢)

over full speed region

3.2 IPMSM model in the rotor reference frame
From the voltage equation (2.14) in rotor reference frame, it can be noted that the coupling terms,
—w,Lqif and w,Lyig, are originated from rotating the coordinate and they make an interference
between d-axis and g-axis dynamics. The rotor flux linkage is equivalently expressed as a product of
d-axis inductancedand a virtual current as depicted in the equation as below.

With i;, a PMSM equivalent circuit can be depicted as shown in the Figure 3.1.

In IPMSM, the inductance changes depending on the rotor position. The flux linkage change is

described by a sinusoidal function of the rotor arfjl&s considering the flux linkage of a-phase

winding for different rotopositions, we can note that the effective air gap changes, as the rotor rotates.
The effective air gap reaches its peak, when the flux lines cross the cavities at the right angle. However,

it reduces to the minimum value, when the lines do not cross the cHities

N ) S
rennannaiVAVAVAE WAt
las
Véﬂs _erES ng l}c
O
RS‘ m LIS
. Lgs W, Al L
qs m
o

Fig. 3.1 d-q axis equivalent circuit for PMSM
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Fig. 3.2 Space vector diagram of PM&fh

The o-p and d-q frames represent the stationary and the rotor reference frames, respectively. The
v-6 frame is an estimated frame used in sensorless vector control using the rotor reference frame.
The relationship between the three frames is shown in Figure\8.2s the position error between
the d-q and 4 reference frame.

The voltage equation of the IPMSM in the estimated rotating reference fradnérgme) is
represented as follo":
V| |R*pLy  —wly | ] 3

Y Y + Y

Vs ) wly  R+pLy | Lis] L&

[ rL?s”fee}LlpH*wL{i:}@-%Eﬂ

sm A (LOI - Lq) SiNAG CICORO

(3.2)

smAe [COS\® (LOI - Lq) sifae

| LOI L )sinaercose  —(L, —L,)sin*a8 |
= g g (3.3)
—(LOI —Lq)siner (LOI —Lq)sinAeEcosae

(L, —L,)sinaercose -1, codae-L, sifne |

| L, Sin® 80+, COS A0 —(LOI —Lq) Sime 1 coas |

In (3.3), the voltage equation ird frame is simple in a nonsailent pole motor. However, in the
sailent pole motor such as IPMSM, they are very complex equation. To solve this problem, an
extended EMF method is proposed as bétBw

In (3.2), the voltage equation of the IPMSM in the d-q frame can be derived as follow

12
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Vo |_[Re+ply —o L, | i J{O}

v, oL, R+ply||iq] |Es (342)
Ee><:o‘)r|:(|—d_Lq)id+(pf:|_(Ld_Lq)(piq) (3.4.b)
Where p = dit, andE, is the extended EMF voltage.
The voltage equation in thedyframe can be obtained as (3.5.a), (3.5.b):

_ N 3 ]

v, _ R+plL, -wl, fy nE 5
Vs wl, R+pL|lis] |& -
i -sinA8| . -

eV = Eex + (wr _wr ) I—d : ° (3.5.b)
& cosA© N

Under the steady-state condition, the last term of (3.5.b) can be ignored since the speed error could
be sufficiently small. So, (3.5.a) can be rewritten as (3.6)

vV, R+pL, -wl, |li —-sinAB
v o |+ E, (3.6)
A wl, R+pL|][is cosAD

E}’é' +)'(Qr - wr‘)"—’d}}’ts

V},5 +j(.0,.LqI},5 + ;_I\ 1 I‘yS
~ L;s+R
Vs +j@,Llys  + .
? Lys+R
Yob
s+ Yob
l E}f&

Fig. 3.3 Equivalent form for extended EMF estimatfSh
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From the estimatedggin the ¢ frame, the estimated position errd8 can be derived by (3.7)

Aé =tan’ —ELI;W\AG = —tan® :& a7
E, [C0SAO & '

3.3 Extended EMF estimation
The equivalent form for the estimation of extended EMF using disturbance observer is shown in
Fig. 3.3. The disturbance observer contains a differential operator in order to obtain the reverse
model of the system. Hence, the disturbance observer should include a low-pass and a high-pass

filters as shown (3.8) for minimizing the negative effects of the differential operation. Therefore, the

proper selection of observer gaig i important to improve the transient stabilffjt*4 25381
=S (oL, RO, (L,
=—=0 (Vo + iy L, O~ RO ) -——— (I, [, O
o] ) r—qg — yo %) d ob —yd (3-8)
S+gob S+gob

The observer gaigy, should be sufficiently larger than the angular speed of tgtoin general,
the gy, is set as two times af;. However, the minimum value should be considered. Sa,thean
be defined as (3.9).

|('*)I’||]]S gob<ac’ (n:ke/\/rrﬁb_(l_d_l—q)zhﬁmx) (3.9

whereq, is the current controller bandwidth akds the back-EMF constant. Alsmy, is the tuning

parameter for the reliable back-EMF estimation aifg,,, is the maximum stator curréefit.

3.4 Speed and position estimation

Im
pl
s-plane

—p=—Co, )f(
. A\ \;

T X S
X
—8ob <~ 5p p2

Fig. 3.4 Pole placement fof*rder system approximation
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3.4.1 Analysis of PLL-type estimator
The estimation of the rotor position and speed from the output value of disturbance observer can
be defined by using PLL-type estimattff ! When the difference between estimated position

error and actual position error is very small, (3.13) can be derived from Fig. 3.4.

NO=NO=0-0 (3.10)
i KoB+K,
$+Ky B+K, (3.11)

whereKg, andKg are Pl gain for PLL-type estimataris the complex frequency variable associated
with the Laplace transform.

In Fig. 3.5, the PLL-type estimator consists of a Pl controller and integrator to generate the
estimated rotor positio® and estimated angular speéy. In general, the integrator outpd,. of
Pl regulator is used as the estimated speed for speed control and extended EMF estimafion. The
is used to estimate the real rotor angle and to perform the coordinate transforffations

This & and @, can be used to achieve synchronism between-théame and the d-q frame.
From (3.11) with Fig. 3.5, the estimated rotor angular sg@eds calculated as (3.12).

oy — go =] A~ go el -0

By substituting (3.11) into (3.12) and using the reasonable assumption tlggf didive times
higher than an PLL-type estimator bandwidth is selected, the effegp af transfer function of
system can be ignored and thg is given by

Vi Vis, V. Vv . &)
a0 A abe . Ext(lencled—El\/IF estimator r
.. (Disturbance observer)
to ly,ls Gob
— | v — 2 -
Ot
A 32
~ ~ Kep = 29‘0))1 = 2p7 Kez = 0)3 = (ﬁ]
0 ®, ¢

Fig. 3.5 Block diagram of PLL-type estimator
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. K, 3 K,
= 2 m 2
& +Ky, [5+K, $+Ky, B+K,

Ldy (3.13)

In order to analyze the stable gain of transfer function in (3.13), the standard form of 3rd order

characteristic polynomial is compared such as (3.14).

c(s) = (s° + K, B3+K,) =(s" +2qw, s+ ) (3.14)

0Ky =2¢w,, Ky =of (3.15)

where { is damping ratio and, is natural frequency. To guarantee the stability and tracking
performance of estimatof, and w, should be taken into consideration. If thés equal to 1, the
stable system without oscillation can be obtained because two poles are locatddhetefore, the

stability and dynamic response will be defined by selecting onlatue.

3.4.2 Bandwidth design of speed & position estimator
In order to set the estimator bandwidth, it is assumed that the actual rotor speed changes rampwise
during a short interval of time and the acceleration of rotor speed is constant. Besides, if acceleration

of estimated speed errdrw, and estimated position errdd are equal to 0, the asymptotic

tracking errors can be obtained around the equilibrium phist = Ag* = o 201 [211137]
. 20 N
Aw = L. AB =sin 1 3.16
r 2 ( : )
P P

where Aw, and Ag* are the stable equilibrium points considering the error dynamics by Lyapunov
principle. Alsop is bandwidth of PLL-type estimator for the speed & position estimation. From
(3.16), a rule fop value selection on the assumption that the acceleration is constant over a short

time is given by (3.17).

16
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(3.17)

where |w, | e 1S the allowed maximum acceleration af&b|,,,, is the allowed maximum error

angle in the transienjAfd|,,,, can be defined as (3.18).
A6 =AW, ., (AL (3.18)

whereAw, my IS the deference speed during acceleration timé\ans the speed sampling time.

The state equation of the motor dynamics is given in (3.19).

1 B 1
=T -——w -=T
e ] O 7L (3.19)

whereJ is the motor inertiaB is the friction coefficient], is the electromagnetic torque andis
the load torque. If the load torque and friction coefficient are zero, the maximum acceleration of

motor is selected. So, the maximum angular accelergtioh,,., can be determined as below

(3.20)

whereT, ma IS allowed maximum acceleration torque.

3.5 Current controller bandwidth design
The feedback loop of current controller can be approximated as first-order systems with bandwidth,
and the relation between the bandwidth for feedback loop of current contrcdied the rising time
t. is then given by (3.22). The is defined by (3.21). In general, thg should be designed as 10

times higher than the maximum bandwidth dépthe estimator performan&é.

17
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0.1=e*™"  t,=(1/a,)0n10
0.9=e¢*% _ t_ =(1/a,){In10-In9)

(3.21)
Ot =t,-t,=@Q/a.)dn9

_In9
Oc T (3.22)

r

3.6 Minimum operation speed design

The error dynamics are linearized about the equilibrium point by Lyapunov thieofyA6*=0)

aS[21] [35] [43] [47]-[48] [60]

A('}L)r | —2pK —p2 A,
Ao | 11-4K - || 08

_ Py -Lyig
200, (W= (L, — L))

(3.23)

(3.24)

In (3.24), using the system matrix, the characteristic polynomial is defined such as

c(s) =det(sl - A)=s*+2p (1+K p+p° (3.25)

If the stable root locus of characteristic polynomial and the impact of stability Whervaried
consider, th& value is given b > -0.3 for sufficient damping. Hence, the minimum speegd

on stable estimator bandwidth can be obtained as

W = 5p(Lq - Ld) [[h,max
r,min 3(L|J _ (Lq _ I—d) [ndmin) (3.26)

whereigmaxis maximum g-axis current under rated speedi@nglis minimum d-axis current under

rated speed. Therefore, the bandwidth for stable performance of PLL-type estimator can be defined
from (3.15), (3.17), (3.18) and (3.20). Also, the current controller bandwidth and minimum speed
can be selected by (3.22) and (3.26).

18
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3.7 Stable gain selection process
On the base of analysis results of previous section, the stable gain using motor parameter (Table
3.3) can be defined as bel&#
1) Select to the rising time tonsidering the overshoot value and fast response of current.
: t-= 0.7 ms from rising time of d-g axis current
2) Select to the acceptablgfiom (3.22).
ta:=1In9/t,=1In9/0.7 ms 3139 rad/s
3) Select to the|AB|max from (3.18).
: |AB | max = Awr max X Ats = 157.1 rad/s 1 ms= 10°
4) Select to the|w, |max from (3.20).
. |@rlmax= Tamax! J = 3.4 Nm/0.001641 kg-7w 2072.5 radfs

5) Select to the gonsidering acceptably fast acceleration from (3.17).

ip= ’M =109 rad/s 377 rad/s— p =100 rad/s
sin|Af|max

6) Select to the disturbance observer bandwigstirgm (3.9) and 5pmax < Gop,min from Fig. 3.4.

7) Check the minimum speed for stable for stable estimator bandwidth from (3.26).

SP(Ly = L) O e

L) i = =49.88rad/s 476mih— 500 milr
3(W = (L = Lg) i)

Table 3.3 Motor parameters

Parameter Value
Number of poles 4
Rated Speed [mif] 1500
Stator resistancel] 0.814
d-axis Inductance [mH] 10.7
g-axis Inductance [mH] 26.3
Back-EMF constant [\é/rad] 0.14693
Rotor inertia [kg-rfi 0.001641
Rated torque [Nm] 1.8
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3.8 Chapter summary
In this chapter, the basic theory of IPMSM for sensorless control is discussed. The estimators to
define the extended EMF estimation and speed & positon estimation are studied. Also, the stable
gain selection process is proposed to robust sensorless control considering the design of various
controllers.
The error dynamics can be linearized about the equilibrium point by Lyapunov theory. And, from a
system matrix of state equation, the acceptable minimum speed considering PLL-type estimator

bandwidth is defined by characteristic polynomial and stability impact.

20



Chapter4 Dynamic performance and
stability improvement

4.1 Sensorless control performance using gain selection method
4.1.1 Functional block diagram for sensorless control

For an IPMSM drive, these sensors typically measure rotor position and speed, phase current and
DC-link voltage. Although this paper focuses on sensorless control without position and speed
sensor, all sensors are used to compare the performance of sensorless control based on the proposed
method. The configuration of the sensorless drive system for simulation and experiment is shown in
Fig. 4.1. The disturbance observer block is used for back-EMF estimatid+axis reference frame
using estimateglo-axis current and rotor speed. The PLL-type estimator calculates estimated signals
of rotor position and speed from the observed back-EMF. The estimated signals are compared to
actual signals from encoder to verify the accuracy of estimated information. All the gains of each

controller and observer are selected by the proposed gain selection process as mentioned in section
371462,

. . d-q axis current Voltage reference
Current reference v T v
i ot Vd.flx as _Vas
L™ | wrea - Current dq Vbs T v,
_— ."q,‘” N Vot to +| SVPWM ——| Inverter
Controller Controller s , Tv
abe Ve | Veg
@, T iy T :'qT 3,.- T . t
urren
i . i 7 "
a, é v, - d abe Feedback
7 PLL-type Estimator | & Disturbance 7, to 4_FI" o
. “r A-type Lstim — Observer ° :) dq
3 o1
alilul o *
i
. abe
is to L
yo
: , & 6, IPMSM
a,

Fig. 4.1 Block diagram of sensorless control based extended EMF method

21



Dynamic performance and stability improvement of sensorless control

4.1.2 Simulation and experimental results

To evaluate the feasibility of proposed gain selection method, the experimental setup shown in Fig.
4.2 has been considered. The rating specifications of the 4-pole IPMSM are 1.8 Nm, 3Arms and
1500 r/min such as Table 3.3. The encoder is used for verifying the estimated rotor angle and speed
instead of resolver. Also, the voltage referen¢g, Vq‘“: are used for the input factors of
disturbance observer instead gf, V; to decrease the noise effect. And, the switching frequency
of the inverter is set to 10 kHz. From stable gain selection process, the sensorless control parameters
can be set as below

t,=0.7ms, ac=3140 rad/s, |A8]|q= 10 degree, |6, lmax= 2073 rad/s gy, = 1000 rad/s,

M = 0.12, p =100 rad/s, w;nin = 476 mif® = 500 min*

- Morque mefer. ",

Fig. 4.2 Experimental setup for sensorless drive
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(b) Back-EMF in experiment at 1000 rifin
Fig. 4.3 Back-EMF waveforms at 1000 iin

Fig. 4.3 shows the back-EMF waveforms of IPMSM at 1000*niline comparison results about
simulation and experiment are almost the same because the RT model of IMAG is applied to PSIM

simulation for high accuracy.
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Fig. 4.4 Steady state waveforms under 1.8 Nm

From Fig. 4.4, the steady state performance show stable waveforms when IPMSM is running with
load of 1.8 Nm and speed from 300 fhito 1500 mift is given. It is clear that when the IPMSM is

running in low-speed region, the maximum value of estimated position error isn't exceed 20 degree

in steady state.
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Fig. 4.5 Low speed waveforms under 1.8 Nm

Fig. 4.5 shows the low speed waveforms in the steady state. The bangdwi@thrad/s is defined
as the stable gain of sensorless control at 200" murd 300 miit. When the bandwidths are set to
50 rad/s and 100 rad/s respectively, the estimation erradoéindi, is increased as the noise signal
effect becomes larger.
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Fig. 4.6 Steady state waveforms aflp0 rad/s under 1.8 Nm

In Fig. 4.6, the stable waveforms in the steady state when IPMSM is controlled with 1.8Nm load
and speed from 300 nifnto 1500 miff. The bandwidthy of PLL-type estimator is set to 50 rad/s

and 100 rad/s respectively based on calculated results by stable gain selection process. The peak

degrees ofA@ waveforms gradually increased with a lower speed. However, the estimation
performance of sensorless control is stable and the maximum error of estimated rotor position is
limited within 1 radian.
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Fig. 4.9 Transient response omalue at 1500 minh

The transient response at 300 this shown in Fig. 4.7 when a stepijratt = 0.25 s. The selected
bandwidth of PLL-type estimatgs = 50 rad/s shows stable performance when the torque is
increased rapidly from 0.1 Nm to 1.8 Nm. In contrast, a higher bandwidth00 rad/s has unstable
performance. Similarly, the = 100 rad/s in 500 mihand 1500 mitl has stable performance in Fig.

4.8 and in Fig. 4.9. However, in a higher bandwidth 200 rad/s and 400 rad/s respectively, the
transient response of sensorless control is unstable. Therefore, in this experiment results, the stable
performance in torque variation is obtained by the calculated parameter settings.

In Table 4.1, the stable region on the variatiorp @ shown. The position sensorless control is
stable between 500 nitrand 1500 mirt when thep is set to 100 rad/s. And, Fig. 4.10 shows the
stable map of sensorless control. A highalue makes a high overshoot of estimated rotor angle at

low speed.
Speed [min”]
plrad’s] 200 300 400 500 600 700 300 S00 1000 1100 1200 1300 1400 1500
25 § H s ] S $ S S 5 $ 5 § S S
50 u 5 5 5 5 5 5 S 5 5 5 5 5 S
100 U U U ] H s ] S ] ] § S S S
150 u u u u u 5 3 5 5 5 S 5 5 5
200 u u u U u U u 5 5 S 5 S 5 5
220 u U u u U u u U ] ] ] s S S
240 u 18 U u U U u U u u 5 S S 5
260 U U U U U U u U u U u 8 5 =
280 u u u U u u u u U U u U u 5
s : Stable U : Unstable

Table. 4.1 Stable region on torque step response from 0.1 to 1.8 Nm (200 to 1500 min
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Fig. 4.11 Comparison results on the minimunaple from 200 to 1500 miin

Fig. 4.11 shows the comparison results on the minimum value of PLL-type estimator bapdwidth
between the calculation results from (3.26) and experimental results under step torque response. As
can be seen, the minimumvalues in experimental results are chosen relatively high than the

calculated minimum walues from 200 mihto 1500 mift.
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Fig. 4.12 Speed rampwise response at 1.8 Nm

In Fig. 4.12, the speed rampwise response from 500" min1500 mift is stable when the
PLL-type estimator is selected @s 100 rad/s. The stable speed response can be obtained when the
IPMSM is controlled by position sensorless drive during an acceleration time of 1s and deceleration
time of 0.1s. Although the waveform of estimated position eA@rdoes have overshoot during
rapid deceleration, the peak value of overshoot is confined within 1 radian.

4.2 Improvement of speed response using the proposed speed and position
estimator
4.2.1 Compensation design of estimated position error
The estimated position error is defined as (3.7) on the assumption that the speed error is sufficiently
small. But, if the estimated speed error is not small, #hexis currents can be expressed as d-q axis

currents andAd from Fig. 3.2.

- S e A oy

i =i, SiNAG+i, cosA@ = [ig +i; [Gog AB- tan' < @.1)
|
q
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, =i, sinAB -, cosnB) = -7 +iZ sin Aé—tan*:i “2)
q

(where i, <0,i, 2 0)

Fig. 4.13 -g components &f vector

5
q 'y
A6
g X _
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1y s Ad
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Fig. 4.14 -q components dfvector

6, = E, [{-sind0)+Aw L, (-ig) = ~E,, sina8-Aw L, OfiZ +i2 E:OS[AG— taﬁl'_AJ

l

g /i
=-E,sinA8 - Aw Ly Qfi§ +i& cosAG[—l;2+sinA6El(fjilq)2 (4.3)
1+ (ig /i) 1+(ig /i)

= -((E, + 8o, Lyi, )SinAB + Aco, L i, cosn)

If E, +Aw L, =0
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Aw L
=-J(E. +Aw L,i,)* +(Aw L,i ) Gin A6+ tan?t| ——1 <4 44
ev \/( ex T dd) ( T dq) ( (Eex_i_Aerdidjj ( )

Also, g;can be derived by similar equation.

& = E, cosAB + Aw, Li, = E, cosAB - Aw, L, Lfig +ig Eﬁ;in[Ae— tan‘l:iJ

q

= E,, cosA8~ A L, fiZ +i2 sinAG[—I;—cosAGEIM 4.5)
1+ (i, /i)’ 1+ (i, /i)’

= (E, + 8w, Lyiy ) cOsAB — Aw, Ly, SINAG

If Aw Ly, >0

-Aw L,
= J(E. +Aw Lii. ) +(Aw L.i ) [tos AB- tant| — 99 46
eé \/( ex T dd) ( T dq) { (Eex‘l‘AerdidJ] ( )

Comparing (4.1) and (4.2) with (3.5), the back-EMF inytleereference frame can be deduced as
4.7).

AR = . Aw L,
S _ Ee s|nAe2+Awr Ly .( 's) = —tan| AG + tan' ol 4.7
& E, [COSAB + Aw, LdlY Eo + 0w Lyly

Aw L
where Aw, = w, — @, and if e pp+tant| — e | I
2 E +AwLi, ) 2

n Aw L i A
tan| - | = A+ tan™® 99 |=AB+0, (4.8)
eé Eex +Awr I—dld

Tt ~ Tt
Where _E <AB+0g < 5

Therefore, the estimated position error in transient state is expressed by (4.8).
Osc is compensation angle for alignment in transient-state. Aqagd can be estimated by (4.13)

derived from the next section 4.2.2.
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4.2.2 Compensation design of estimated speed error
As described in [20] [21] [31] [35], an input error signal of PLL-type estimator can be defined as
(4.9) and (4.10).

~ (4.9)

o, = -0y BiNAO+w [0, [AL sin® A8

~ ] ~ (4.10)
0, = Wlby, [60SAB -, [0}, [AL SINABLEOAO
where AL=L,-L, and g,, g, are the error signals of d-q axis. And the parameter errors are

ignored. From (4.10), the absolute value of error signal and the estihajedan be obtained as
follow

o] = (03 +0§) = |oy| [y - AL L), [$inAB) (4.11)
| = 9 ~ (4.12)
" @-ALL, BinAG |
A(";L‘)I’ = |G| . ~ |—_Sllgn((-’;-)r )_G')r (4.13)

Y- AL, 3inA8
AG), =My, [AG, (4.14)

The absolute valuéga| of error signal can be obtained in (4.9). Therefore,Afige can be utilized
to compensate the speed difference error in transient statanfdrsgdmanual tuning value on speed
variation. The block diagram for angle compensation and estimated speed error compensation can be
drawn as shown in Fig. 4.15. The compensation taép using (4.14) andds. using (4.8) have
some value in rapidly acceleration and deceleration.
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AW, —»| (4.14) AD

A8 =® A6 o[ & 1/s J,O_l ar
BCT + y -~
(4.8) it *O—lys =9

Fig. 4.15 Proposed PLL-type estimator using estimated angle and speed error compensation

Y
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4.2.3 Simulation and experimental results
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Fig. 4.16 Transient waveforms of d-q axis current and speed in conventional PLL-type

estimator
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Fig. 4.17 Transient waveforms of estimated position error and torque in conventional

PLL-type estimator
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Fig. 4.16 shows the d-q axis current and speed response in the conventional PLL-type estimator when the
rampwise change of speed occurs from 500 r/min to 1500 r/min during the rising and falling time of 5ms.
The overshoot of speed difference terlay is occurred about 930 r/min when the speed is rapidly
increased or decreased. At the same time, the overshoot of torque and estimated position error are occurred

in Fig. 4.17. The overshoot values A are 48.5 deg. and -43.9 deg. respectively. And the peak to peak
values in acceleratiodT, and in decelerationdT ; are 0.55 Nm and 1.32 Nm respectively.

Fig. 4.18 shows the transient waveforms about d-q axis current and speed in the proposed PLL-type
estimator. The overshoot values ditcy in acceleration is about 547 r/min and -616 r/min in deceleration.
Also, Fig. 4.19 represents the low overshoot of estimated position error and torque. The overshoot values
of A are 37.8 deg. and -30 deg., aad | is 0.33 Nm and4T, are 0.35 Nm respectively. Therefore,
the PLL-type estimator with proposed compensation method shows lower overshoot values than the
conventional PLL-type estimator. Therefore, the good dynamics can be obtained by the compensated

PLL-type estimator.

Fig. 4.20 shows the simulation results on the overshoot comparisidm,ofin acceleration and
deceleration time. The overshoot valueshos,. are reduced with compensated method compared to

the no compensation method.

Overshoot comparison of |Acor|
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Fig. 4.20 Overshoot comparison of estimated speed error in acceleration and

deceleration time
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Fig. 4.22 Transient waveforms with proposed PLL-type estimator

Fig. 4.21 shows the speed response in the conventional PLL-type estimator when the rampwise
change of speed occurs from 500 thin 1500 mift during the rising and falling time of 75 ms. The
overshoot of speed difference te is occurred about 400 nmitnand -370 mift at rising and
falling time respectively when the speed is rapidly increased or decreaseigyathl. Fig. 4.22
shows the transient waveforms of speed and position error difference in the proposed PLL-type
estimator. The overshoot values @f in acceleration are about 225 r/min and -320 r/min in
deceleration. In this results, the PLL-type estimator with proposed compensation method shows
lower overshoot values than the conventional PLL-type estimator. Therefore, the good dynamics can

be obtained by the compensated PLL-type estimator.
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4.3 Improvement of torque response using current feedback control
4.3.1 Design of current feedback control

In order to improve the transient stability, the overshoot value of estimated position error needs to
decrease. If the reference torque is decreased, the g-axis current is decreased. And the g-axis
inductance is increased instantaneously. The increased g-axis inductance causes the overshoot of
estimated position error. The high estimated position error can increase the possibility of control
angle slip. This angle slip can result in the instability of sensorless control system. Therefore, the
overshoot of estimated position error should be decreased. The overshoot is occurred when the speed
are changed in short time from (3.3), (3.5).

If it is assumed that the estimated speed error is not small, (3.5) can be expressed in (4.15) as

mentioned in section 4.2.1 and (4.8).

Aw Ly
tan™ & =AB+tan™ r—dq_ =A6+86. (4.15)
& E. +Aw Lyl

Where Aw, is & -w, and 8. is compensation angle for alignment in transient stAt,
andE,, are dominant terms related g-axis current and generally the estimation error of g-axis current

is fed to the PI controller to get the speed estimation value. Thereforé,thean be compensated

by current feedback control as (4.16)

do . .
TFC =m, ><(kID Eﬂlq —i5) +Ig_..(|q —is) I]JIt) (4.16)

Wherek, andk; are Pl gain for current feedback controller. And the constarisra manual tuning
value to make zero level between estimated positon error and position error in transient state. The

block diagram for angle compensation can be drawn as shown in Fié“.5h.23

Tomaonce amen [Tl e = O—1 K | O[]0
Gob é; I t
s+ QFCI K, {1/ >,
i; —* | Angle Compensator
[ a}r iy —* (4.2)

Fig. 4.23 Block diagram of proposed current feedback control
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4.3.2 Stability analysis of current feedback control

For stability analysis, the error dynamics of estimator by (3.16), (4.16) and Fig. 4.23 are given as
A6, =p” (A0 +6,.)
A (4.17)

0=0 +20{(AB+6,)

The error dynamics cac be expressed as (4.18) in nominal and high speefl@ivithw,
A(;br = d)r _a)r = _a)r = _p2 |jse_pz [G)FC

A . A R (4.18)

AB=0-0=0) —(6) +2p[(AB+6..))=Aw —20[A8- DB,

The stability of nonlinear system can be defined by the coefficients of characteristic polynomial.

det@ - (A-BK ))= deﬂ; ﬂ—m’ :Zj{:ﬂ[kl kz]n (4.19)

det@ - (A-BK))=5" - (kp+2(k, ~1)[p) 3+ (1+k, )p* (4.20)

In accordance with stable gain selection process of section 3.7, PLL-type estimator bandwidth is set

to 100 rad/s. Therefore, characteristic polynomial equation is given by
det@ - (A-BK))=s-(10®%, + 200K, - )5+ (tk, 1000
=s’+m B+m,

Using the Routh-Hurwitz stability criterion, if the coefficients of the characteristic polynomial are

(4.21)

positive such asn; > 0 and m, > 0, the nonlinear system is stable.
Therefore, the stablility condition can be defined as
0-K, >2(K,-1), K,>-1 (4.22)
If K, is set to 0.15, Kshould set less value than 1.7.

Also, the closed loop poles, damping ratio and undamped natural frequency are defined as below

_~m .y -4m,

S (4.23)

Z=%, w, =/m, (4.24)
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4.3.3 Simulation and experimental results
The configuration of the sensorless drive system is shown in Fig. 4.23. From stable gain selection
process, the sensorless control parameters can be set as below
=0.7ms, ac= 3140 rad/s|A0|yq= 10 degree, |6, |mar= 2073 rads go, = 1000 rad/s,
My = 0.12, my. = 0.15, p =100 rad/s, w;mn =476 min® = 500 min*
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-100°
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0 200 400

Time (ms)

Fig. 4.24 Overshoot of estimated position error on rapidly torque variation in sensorless

control

Fig. 4.24 shows the simulation result on the overshoot of estimated position error when the
reference torque is rapidly decreased at 500" milthis overshoot can be decreased by proposed

angle compensation method using curren feedback control to improve a stable sensorless control.
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Fig. 4.25 Overshoot response without angle compensation at 1060 min
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Fig. 4.26 Overshoot response with angle compensation at 1030 min

Fig. 4.25 shows the overshoot waveforms without proposed current feedback control at 7000 min

The overshoot anlge is 60 degree, whereas the overshoot angle of sensorless control with proposed

method in Fig. 4.26 is 24 degree, which is lower than that of the uncompensation algorithm.
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Fig. 4.27 Overshoot response comparison at 1008 (friom 1.8 to 0.1 Nm)

Fig. 4.27 represents the comparison results of overshoot waveform with proposed current feedback

control and without it when then, value was selected to 0.15 in (4.16).

In the proposed

compensation method, the overshoot values of estimated position error show lower value than the

overshoot value of uncompensated sensorless control.
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Fig. 4.28 Comparison results of overshoot value=a0p rad/s in transient state

Fig. 4.28 shows the comparison results of overshoot value on different speed. The red line is
overshoot value of estimated position error with compensation method. There is lower value than the
overshoot value of conventional sensorless control. So, the good dynamics is obtained with the

proposed feedback current control method.

4.4 Performance comparison on speed and position estimator

Various estimators for the speed and position estimation are shown in Fig. 4.29. The performance
of estimators on position and speed estimation and the maximum overshoot of estimated speed and
position error is compared under step torque variation and rampwise speed variation by PSIM
simulation such as Fig 4.30. The comparision results are shown in Table. 4.1. From this result, the
maximum overshoot of estimator using proposed current feedback method is lower than other
estimator methods although the overshoot of estimated speedAesgnr in rampwise speed
variation is higher than other methods. However, this overshoot can be decreased by the proposed
method for speed response improvement in the section 4.3. Therefore, the high performance of

PLL-type estimator can be achieved with proposed control strategy.

43



Dynamic performance and stability improvement of sensorless control

K‘.I = (2(: o 1)‘”1!
Ky = (20 + 1w}
Ky = o}

(b) PLL-type estimator with a double integral t&ffn

7, .

+% %+ 1 .

-: %% fm's -";': 9
I +

Em Kep :3.82'1’
i [ Kei =P

(c) Luenberger Observer type estimator including torque feed-fofiard

AO AD | @ R
—+po—> Kep+& —be

il S
.
Angle «—i
Compensator g
0. IS

0, = mx(k, (i —iy)+ k[ G =i;)-

(d) Proposed angle compensation method
Fig. 4.29 Various position and speed estimators using back-EMF estimation method
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Fig. 4.30 Overshoot waveforms of PLL-type estimator

Table 4.2 Estimator comparison results on the torque and speed variation

Double Integral LO-type Proposed current
PLL-type
Item PLL estimator feedback
€Y
(b) (©) (d)
Step torque
(Max.Awg,,.[min]) 26.8 81.4 144 225
Rampwise speed

(Max.Awgy, [min]) 2134 130.6 73.5 209
Step torque inrising| ) ] ]
(Max.A6,,,[degree]) 7.4 10.2 8.9 6.5
Step torque in falling

(Max.A8,,,[degree]) 3.6 5.8 4.3 3.3
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4.5 Chaper summary

In this chapter, the bandwidth of PLL estimator for the rotor and speed estimation of IPMSM has
been analyzed regarding stable range from test results. And, the overshoot peak values of estimated
position error are limited a lower value than the results of uncompensated sensorless control from
the proposed current feedback control and the estimator bandwidth selection considering stable
bandwidth range.

The bandwidth of conventional PLL-type estimator for the rotor and speed estimation of IPMSM
has been analyzed in speed variation. In steady state, the stable bandwidth of estimator can be
selected by gain selection process. But, the high overshoot of estitateth fast acceleration
represents under stable bandwidth. In order to increase the stability of sensorless control, the
compensation method of PLL-type estimator is proposed. When using the proposed strategy in fast
speed variation, the transient performance could be improved. The proposed method includes the
angle compensation term and speed compensation term. So, the fast compensation is possible. The
test results show that the overshoot peak values of estimated position and speed error and overshoot
torque values in the compensated PLL-type estimator are limited to a lower value than the overshoot
peak values of uncompensated PLL-type estimator.

Various estimators for the speed and position estimation are introduced and compared with

proposed method by simulation on performance in speed and torque variation.
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Chapter5 Sensor fault detection and
algorithm transition

5.1 Introduction
Recently, for the traction control of electric/hybrid vehicle, fault detection and fault tolerance of
position sensor such as encoder and resolver are important not only for the reliability of the control
system but also for the normal operation despite position sensor fault. The faulty position sensor
should be detected quickly to avoid a serious damage of the control $¥/4téhen, a fast fault
detection and isolation is required to eliminate the fault effects. A Fault Detection and Isolation (FDI)
method and algorithm transition from sensored to sensorless control have been developed for PMSM

si2¥H2%] |f the difference between the measured value and the estimated value is higher than a

drive
selected threshold value, the control algorithm should be changed from sensored to sensorless
control. However, most of them focused on the faults in steady state of a control system and the
threshold value for fault detection was defined in steady state. Also, the parameter variation such as
stator resistance and g-axis inductance affects the estimated position error in low speétfiregion
Therefore, this effect have to be considered when the threshold value is s&lgtted

This chapter presents the fault detection and algorithm transition considering the maximum
overshoot value of estimated speed and position difference error on designed gains of speed and
position estimator in the healthy operation of current sensors. Also, the selection method of threshold
value to detect the fault condition of speed and position sensor using CUSUM algorithm
(Cumulative-SUM) is studied with the effect of motor parameter variation. The main advantage of

CUSUM algorithm is robustness on parameter variation and unceffaiffy.

5.2 Encoder sensor fault detection
The faults of a rotor position sensor can be detected by the difference value between measured
angle and estimated angle or measured speed and estimated speed. The fault detection process of
encoder is shown in Fig. 5.1 and Fig. 5.2. If the fault occurs, the control ngled w, have the
same value continuously during holding tigebecause the difference valég,, = 0. — Opst
and Wepr = Wepe — Wese dO NoOt reach the threshold valég, and wg,. Then, the algorithm
transition from sensored to sensorless control can be achieved 8yheand w,.,,. exceed the

threshold value.
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Fig. 5.1 Encoder fault detection using rotor position error
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Fig. 5.2 Encoder fault detection using rotor speed error

Hence, the low threshold value can be set to short holding time and fast fault dét€tion
However, the difference anglé,, has a high overshoot in acceleration and deceleration by

selecting the PLL-type estimator gain. The high overshoobpf makes 6., higher value than
necessity. The higlB,, has a long holding timg.q which will tend to increase the current ripple
of dg-axis. Therefore, the threshold value selection considering the overshoot6yalueith
estimator gain is vital for fast fault detection and stable algorithm tran€Ri8f ©°. The flow chart
for encoder fault detection using rotor angle error is shown in Fig. 5.3. The sensorless algorithm
selection can be carried out from difference value betw&gnand 6,,. In the case of rotor speed

error, there is also same flow chart.
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Fig. 5.3 Flow chart for encoder fault detection using rotor angle error

5.3 CUSUM algorithm application

The selection of threshold values is important for stable algorithm transition. If a low threshold
value is set to fault detection, the fast algorithm transition is possible. However, the sensitivity on
noise signal and overshoot value &f.. and w,,, during acceleration and deceleration will be
increased. On the other hand, if a high threshold value is set, the fault detection time will be
increased. The delayed fault detection has a disadvantage on torque ripple and unstable algorithm
transition. To solve this problem, we consider a CUSUM algorithm to define the stable threshold
value. Sensor fault detection and isolation (FDI) method using CUSUM algorithm are studied by
many authors in [25]. The merit of CUSUM algorithm is robustness on parameter variation and

uncertainty. A mathematical theory of the CUSUM algorithm is defined as H&low

g(K) = MAX (o, o(k-1) +(r(k) —%D 61

where u, and p; are the mean value of signé},,. or w.., before and after respectively when

the fault occurs. The mean valyg and u; can be defined ag, = |A6.,| + |AOmax sc —

49



Sensor fault detection and algorithm transition

ABrin st|» 1 = 1o +|A6,| respectively. Whereg,, is the angle variance of estimated position
error AG caused byL, variation. TheAf .y s+ and Af,;, i are maximum and minimum angle
variance ofA® by influencing the motor parameter variation and noise signals in steady state. Also,
A8, is the angle variance & by selecting the PLL-type estimator bandwidth in transient s{&de.

is the input signal of the CUSUM algorithrg(k) is set to zero value before the fault detection
because the(k) is more low value tharfu, + 11)/2 in right side term oMAX function. However,

if the fault occurs, the output MAX function becomes positive value and is rapidly increased as the
value ofr(k) is increased. Fig. 5.4 shows this logic flow on fault detection. Therefore, the fault
detection can be defined by selected threshold value. The thresholdhveduebe calculated as

follows ¢!,

At W, + 1
h= det _ M0 1
T (Ml T j (5.2)

S

where At,,; Is fault detection delay time angd is sampling time. Hence, the selectionigf and

U, considering errors in steady state and transient state is important to detect the fault.

_ _ r(k)
jerr : f)enc _ ifst > Ieerrl & |werr| >
T ene et CUSUM algorithm: g(k) Fault Detection
- ~ ~ 2
Uy = 0y st 't(gmax st—Omin _st) Uos Uy | Threshold calculation: / g(k)>h ? fault
u; =ugy + |9p_”,| >
or

Ug = Gp,st + (ﬁmax,st_ﬁmin ,st)
Uy, =uy + |cﬁpﬁ.|

Fig. 5.4 Block diagram on position and speed sensor fault detection

5.4 Adaptive threshold design
Under the transient state condition, the last term of (3.5.b) cannot be ignored since the speed error

could be large. So, from (3.5.b), we can be defined as is (5.3)

2 . Aw [L
tar?| 2 | = 7B+ tart® s O (5.3)
e(S Eex +Awr |:I]'d |:[|d
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Aw [L
y =tan™ AL 6, (5.4)
Eex + A("t‘)r DLd |:[Id '

Where y' =0 is maximum or minimum value 08, . Therefore we can find maximum overshoot

value in transient state such as acceleration or deceleration.

dy d d Aw, L
&y tan(y)]=— d I:[Iq -
dt dy dt{ E, +Aw [, [
Yset )= (800 1L, ) (B, +00 1, 0) (000 T, ) (B +00 I, | o
. (E, +Aw L, )’

Assuming i, iy, Laq are constant during sampling time,
E. =w (AL, +@) -AL (], (5.6)

(A0 Lyi, (@, (AL T, +@) + A, Lyiy) — (A, Lyi, )(6d (AL T, +@) +06Li,)
se€ (f YIE,, +Aa, L, )’ 5.7)

d_
at

Where AL is Ly — Lg. And If Z—Jt' =0 and Aé, is a limited value, the numerator can be set to

zero.
(ACH Laig)(e, (AL [, +@) +Aw Lyiy) — (A, Ldiq)((*); (AL 0L +@) +A8]Lyiy)
' 5.8
= Kw A —Kw, A8, =Kw, y'-Kwy =0 ©8
WhereK is (ALig + @) - Lqiq. From general solution
)
=C +Ce®
y=4tL74, (5.9)
Asumming initial condition isA8,.(0) = A8,, and A6,'(0) = Aw,,
5 b -ng : )
AeTh_r = AeTh_ro _A(‘ol'h_ro [‘l(% +A(’0|'h_l‘0 [‘l(% (e (5.10)

Therefore,AéTh_r can be used to adaptive threshold design to fast fault detection instead of

maximum error valuepr in transient state such as acceleration and deceleration.
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5.5 Algorithm transition analysis
5.5.1 Experimental results on parameter variation

Fig. 5.5 shows the position difference er@y.,. on the variation of motor parameters in constant
speed. Motor parameters were modified by control variables of inverter sy&temis increased
by twice in low speed. Fig. 5.6 shows the variationfgf. under 1.8 Nm (100% load). The
variation of g-axis inductanck, increases the rapid change @&, about twice. Therefore, the
increasedd,,, and w,,,. due to motor parameter variation have to be applietklated to (5.1)
and (5.2).

Fig. 5.7 shows the difference error of speed and positgnwaiue from 50 rad/s to 300 rad/s at
500 min. The Oe; and wey are gradually increased psvalue is increased. The bandwidthof

PLL-type estimator is set to 100 rad/s considering minimum speed 30Mfréensorless control.
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Fig. 5.5 Position error on variation of parameters under 0.1 Nm
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Fig. 5.6 Position error on variation of parameters under 1.8 Nm
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Fig. 5.7 Speed and position error omgsiation under 0.1 Nm

5.5.2 Simulation and experimental results
The holding time during algorithm transition is occurred. This effect makes the overshoot of
dg-axis current such as the simulation resuts of Fig. 5.8. Therefore, the performance comparison
between conventional sensorless algorithm and sensorless algorithm including proposed method can
be validated by the overshoot value of dg-axis current during holding time. Fig. 5.9 and Fig. 5.10
show the simulation results on the overshoot of estimated position error in algorithm transition with
the gain variation ofp and g,,. In accordance with proposed stable gain selection processisif

set to 100 rad/s ang,,; is setto 1000 rad/s, the estimated position errors are limited to 50 degree.

Oogi ] 6}cm:
s |
o B o S MR o
= = 1
2 i-t—b 9 N =
Haolding time e
: q axis current
. ST i e
d-axis current 4
\\ id’
P s L2 i Ll O e = =l
| ! i; angle

Fig. 5.8 Overshoot of dg-axis current during holding time at 1500 mider 1.8 Nm
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Fig. 5.9 Overshoot oA@ on the variation of PLL-type estimator gain under 1.8 Nm

uE0-70
m50-50
= 40-50
m30-40
= 20-30
u10-20
0-10

Estimated rotor position [48]

8 3 . g5
8 5 P g
) ;87
Speed variation [Brpm] § g 2 _§, g E
A 3
g

(a) Overshoot ofA@ on the variation of disturbance observer ggip

g i 0001ads 5500 ragss
| A
100 rad/s
500 rad/s S

Phase (dog)

Frequancy (rass)

(b) Frequency response on disturbance observerggin
Fig. 5.10 Overshoot of estimated position error in algorithm transition under 1.8 Nm

54



Sensor fault detection and algorithm transition

In accordance with experimental result in section 5.5.1, The parameters of CUSUM algorithm in

(5.1) and (5.2) is selected as below
For, uy=21.36 rad/su,= 52.4 rad/s for speed error threshadlg u,= 0.45 rad.,u,= 0.88 rad. for

position error threshold,, At;.,= 1 ms, t,= 0.1 ms, it givesh,= 155.19 andh,= 2.14. Also, the
error effect of parameter variation are reflectegijn and p;.

Fig. 5.11 and Fig. 5.12 show the algorithm transition waveforms usjpg Although high ripple
is included inw,,, the fault detection and algorithm transition are controlled by CUSUM algorithm.
The sensorless flag is set to 1 wigk) value exceeds thé, value in Fig. 5.12. However, the
w. Waveform shows high overshoot under 1.8 Nm load in Fig. 5.13. Also, high torque ripple

occurs during algorithm transition by g-axis current variation.

T an Bk e/ di]

w, & Qr @r 1k (min*! / Div.)

l;, =22.4ms
cancious et 0 = sensored control
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Fig. 5.11 Algorithm transition using,,,- under 0.1 Nm
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Fig. 5.12 Threshold value of CUSUM algorithm under 0.1 Nm
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Fig. 5.13 Overshoot waveforms under 1.8 Nm

Fig. 5.14 shows the simulation result of adaptive threshold using proposed method in sensored
control under 0.1 Nm. The\d,, have a higher value thank) maximum value during
acceleration and deceleration in normal operating condition. Therefore, the lower threshold value is
available and fast fault detection can be achieved.
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Fig. 5.14 Waveforms of adaptive threshold method in transient state under 0.1 Nm
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Fig. 5.16 Overshoot of d-q axis current and holding time in conventional threshold
method at 500 mihunder 1.8 Nm

Fig. 5.15 and Fig. 5.16 show the experimental results on the overshoot of d-q axis current and
holding timetyoq in conventional method at 500 itinThet,yq is 11.2 ms and the overshoot current
of d-axis is 5.76 A under 1.8 Nm. In this condition, the algorithm transition is unstable due to long

holding time.
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Fig. 5.18 Overshoot of d-q axis current and holding time in conventional threshold
method under 1500 min& 1.8 Nm

Fig. 5.17 and Fig. 5.18 show the experimental results on the overshoot of d-q axis current and

holding timety,q in conventional method at 1500 minThetyyq is 5.1 ms and the overshoot current

of d-axis is 5.19 A under 1.8 Nm. In this condition, the algorithm transition is possible. However,

d-axis current ripple is still high.
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Fig. 5.20 Thevershoot of d-q axis current and rotor angle error in adaptive threshold
method under 500 mih& 1.8 Nm

Fig. 5.19 and Fig. 5.20 show the d-q axis currenttgpcinder proposed method at 500 thifthe
d-q axis current ripple is decreased by the adaptive threshold method because the holding time is
decreased from 11.2 ms to 2.2ms under 1.8 Nm. Therefore, the algorithm transition is stable with

low current ripple.
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Fig. 5.22 The overshoot of d-q axis current and rotor angle error in adaptive threshold
method under 1500 min& 1.8 Nm

Fig. 5.21 and Fig. 5.22 show the d-q axis currenttapdunder proposed method at 1500 thin
The d-q axis current ripple is decreased by the adaptive threshold method because the holding time is
decreased from 5.1 ms to 1.38 ms under 1.8 Nm. Therefore, the algorithm transition is stable with

low current ripple.
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5.6 XEV application of proposed algorithms

Fig. 5.23 presents the block diagram of proposed algorithm for XEV. The controller gains can be
selected by stable gain selection process in section 3.7. Next, the compensated angle and speed are
defineded from proposed current feedback control and compensated PLL-type estimator. Lastly, the
sensor fault detection and algorithm transition can be calculated in (5.1) and (5.2) from difference

between estimated value and sensor value. Therefore, the algorithm design for stable sensorless

control, fast fault detection and algorithm transition can be defined.
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5.7 Chapter summary

This chapter has proposed a stable fault detection method using the CUSUM algorithm and the
selection method of threshold value considering relation between PLL-type estimator gain and
overshoot value ofd,,., and w,.,. When position sensor fault occurs, the stable algorithm
transition can be observed with the calculated threshold value considering the errors of steady state
and transient state such as acceleration and deceleratiofjitterror. However, the conventional
method usingw,,, threshold value is unstable under high torque due to the increased overshoot
value of w,,,. Also, the algorithm transition using,,,, which does not utilize adaptive threshold
method is unstable at low speed under 1.8 Nm. Therefore, the proposed method can be helpful for

the algorithm transition of XEV application.
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Chapter 6 Conclusion

6.1 Conclusion of this paper

This paper proposes a stable gain selection method considering the fast dynamics and low noise
sensitivity for sensorless control and easy algorithm conversion when position sensor fault occurs.
The bandwidth of PLL-type estimator for IPMSM has been analyzed regarding stable range. When
using a 100 rad/s for PLL-type estimator, the torque step response and speed rampwise response are
stable. The disturbance observer gain for the extended back-EMF estimation has been studied. By
the selection strategy of sensorless control factors, the stable operation point could be defined and
verified through experiment. Also, the computer simulation and experimental results show the
effectiveness of our proposed selection strategy in the transient state of speed and torque.

The overshoot peak values of estimated position error are limited a lower value than the results of
uncompensated sensorless control from the proposed control method and the estimator bandwidth
selection considering stable bandwidth range. Also, the bandwidth of conventional PLL-type
estimator for the rotor and speed estimation of IPMSM has been analyzed in speed variation. When
using the proposed strategy in fast speed variation, the transient performance could be improved.
The proposed methods include the angle compensation term and speed compensation term. So, the
fast fault detection and algorithm transition are possible.

A stable fault detection method using the CUSUM algorithm and the selection method of threshold
value considering relation between PLL-type estimator gain and overshoot vaye dnd w,,,
has discussed. The proposed method using adaptive threshold value could reduce the holding time
for fault detection because the high threshold value considering the overshoot valugfgf.oin
motor acceleration and deceleration could be decreased. Therefore, the algorithm transition period
could be decreased and the overshoat-gfaxis current and torque response could be lower with

proposed fault detection method.

6.2 Issue and future task

When position sensor fault occurs, the stable algorithm transition can be observed with the
calculated threshold value considering the errors of steady state and transient state such as
acceleration and deceleration wifh,,. error. However, the method using,,,. threshold value is
unstable under high torque due to the increased overshoot valug,0fin acceleration or

deceleration. Therefore, the additional research about low overshaot,.ofwill be carried to
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stable control system for fault detection. Also, Since the fast fault detection and stable algorithm
transition are related to threshold value considering the overshoot valg,oadnd w,,., the
additional study on the variation of threshold value is necessary with the effect of current sensor

error and motor parameter variatioii®®,
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