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Chapter 1  Abstract

Chapterl Abstract

1.1  Background of the research

1.1.1 Brief classification of motor2IBIH

Motor is a kind of electrical machine which converts electrical energy into mechanical one.
With recent development and improvement, the structure of motor is usually made up of rotor
part and stator part. By classification of driving strategy. There are two kinds of motor, DC motor
and AC motor.

(1). DC motor: The driving current of DC motor is direct current. The motor has a commutator.
It causes sparks when DC motor runs with large current. To avoid this problem, brushless DC
motor[1] has been invented. But both of them(DC motor and brushless DC motor) require a
complicated DC power supply system, which causes power losses when electricity power is
alternated.

(2). AC motor: The driving signal of AC motor is sinusoidal current. This kind of motor usually
has three-phase currents. Each phase current is apart from each other by 120 degrees in space. In
AC motors, there are two popular ones, induction motor and synchronous motor. In induction
motor, rotor speed lags behind stator speed. This is named slip, and slip is the reason why
induction motor cannot achieve high efficiency. Synchronous can be divided by rotor structure as
wound rotor synchronous motor and PMSM(permanent magnet synchronous motor). The paper
targets PMSM as the controlled plant. The structure of PMSM is introduced in detail within

Chapter 2. The mentioned motor classification is shown in Fig.1.1

DC Motor

Induction Motor

AC Motor
Wound Rotor Synchronous Motor

Synchronous Motor

Permanent Magnet Synchronous Motor

Fig.1.1 Brief motor classification
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1.1.2  PMSM speed control strategy

PMSM speed control system is complicated. Compared with brush DC motor speed control
system, it is more difficult for PMSM to achieve high accuracy, stability and fast response.
Nowadays, researchers and engineers are focusing on improving these characteristics for PMSM
speed control system. There are mainly three achievements.

(1). VVVE(Variable voltage variable frequency) Control®®

VVVF control strategy is an early speed control method for AC motors, including PMSM. It
was firstly proposed to achieve AC motor speed control because it is a constant when supply
voltage divided by motor frequency, if the flux is not altered.

(2). DTC(Direct Torque Control)[¢!

DTC control strategy is a loop control method for AC motors. It was first proposed by Dr.
Depenbrock in 1985. This kind of control strategy get electrical driving torque by calculating stator
flux.

(3). FOC(Field Oriented Control)71%]

FOC control strategy was proposed by Siemens engineer in 1970s. From that time, vector control
for AC motor has been applied into motor speed control field. With Park and Clerk transformation,
this control strategy has been greatly imporved. In this paper, this control strategy has been applied.
And will be introduced in Chapter 2.

1.1.3  PMSM position sensorless speed control strategy

Position sensorless speed control strategy for PMSM reduces the whole system cost and makes
the system be possible to work in high dust environment. There are a lot of methods to achieve
the sensorless control. The methods are classified according to the motor speed.

(1). High-speed position sensorless method®!oI!!

High-speed position sensorless control method usually uses voltage and current which contain
Back-EMF signals to estimate the position and speed information. By these estimations, position
sensorless control is achieved in high-speed region.

(2). Low-speed position sensorless method!13]

Low-speed position sensorless control method usually injects small amplitude high frequency
signal in d-axis. If the motor has salient pole, a large induced voltage happens. With this saliency

of PMSM, it can achieve low-speed position sensorless control.
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1.2 Aims of the study

This study aims at IPMSM position sensorless control in low speed range with EKF(Extended
Kalman Filter). As our former method cannot achieve low-speed range position sensorless control.
EKF can solve the problem above to some extend. To achieve better system characteristics, a d-
axis current random signal injection method with EKF is proposed, which makes EKF be able to

achieve better IPMSM position sensorless control in low speed-range.

1.3 Comparison with former study

The former method is EEMF Observer. This method can achieve IPMSM position sensorless
control above 300rpm. 300rpm is defined as the boundary between high and low-speed region.
By using d-axis current random signal injection method with EKF, IPMSM can achieve low-speed
range position sensorless control. The lowest controlled speed is 0 rpm. To improve robustness to

load torque, noise balanced matrix Q of EKF is compensated.

1.4 Composition of the paper

This paper is made up of the following 7 parts.

Chapter 1 is the abstract. It includes background and aims of the study and comparison with
former one.

Chapter 2 introduces about basic characteristics of PMSM, which includes PMSM construction,
mathematics dynamics and FOC strategy.

Chapter 3 discusses about EEMF Observer for PMSM position sensorless control, which is the
former study method. After analyzing, the weakness of EEMF Observer is pointed out.

Chapter 4 introduces EKF(Extended Kalman Filter) for IPMSM. Addtionally, d-axis current
random signal injection method with EKF will be discussed in this part.

Chapter 5 shows simulation results to prove the aims of this study.

Chapter 6 is the conclusions according to the discussion and simulation results. Then, the future

plan is given.
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Chapter2. Basic characteristics of Permanent Magnet
Synchronous Motor (PMSM) 4ILIS1LH6ILT]

2.1 Coordinate transformation

Because of PMSM nonlinearity, and strong coupling, it is difficult to control PMSM in ordinary
space coordinate axis. For this reason, an appropriate coordinate axis is required to analyze

PMSM.

]
8
o

L i
c

w

Fig. 2.1 Relationships between coordinate axis respectively
In Fig. 2.1, uvw axis is ordinary stationary three coordinate axis. af axis is stationary two
coordinate axis, which is transformed from uvw axis by Clerk transformation. dq axis is rotated
two coordinate axis, which is rotated from o/ axis by Park transformation. yd is the estimated axis
of dq . Clerk and Park transformations are defined as follows:
(1). Clerk transformation

By the space relationships between uvw and of axis, it is easy to get the relationships:
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1 1
2 2
S NG /. /.
Sy |=K| O 5 T fo =T 1 2.1
f(l) m m m fw -f:m

Following is the calculation methods for coefficient K and m. Let us set 7}, ineq.(2.1) as matrix

s=2s

[T], ordinary stationary three coordinate axis motor equation can be simplified as:
v]=[zli]+[e] (22)
[TIv]=[rL1rT [T 1]+ [T L] (23)

By eq.(2.3), eq.(2.2) can be assumed as:

rbl=b] l=l ) LTl l= 2 T ] [rlel=le]

2.4
It can get:

b]=l2] |+ |e] 2.5)
To satisfy a condition that power is not changed by coordinate transformation, the combining

eq.(2.2) to eq.(2.5), eq.(2.6) is given.

BT =Tl J= I =D [ [ 2.6)

According to the matrix basic characteristics, and consider eq.(2.6), eq.(2.7) should be satisfied.

[r]'[r]=[r} [r]=[] 2.7

As aresult, eq.(2.8) is given as constraint condition.

[r]" =[r] 2.8)
From eq.(2.8),
11
2 2
7735—25_ % O ﬁ _ﬁ
3 2 2
111
7z 1z
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Usually, the third line of eq.(2.9) can be ignored. It can be written as:

1 1
A
T = |Z )
3s5-2s \/; 0 _3 -ﬁ (2 10)
2 2

The transport matrix of eq.(2.10) can achieve stationary two coordinate axis to stationary three

coordinate axis transformation. It is shown in eq.(2.11)

f 1
AN £ [

0
V3

3L 2 2 || LS, @2.11)
/. 1 3
2

Eq.(2.10) and eq.(2.11) are Clerk transformation and inverse Clerk transformation. By transfer
matrix Ty, ,,and T3, , stationary two coordinate axis to stationary three coordinate axis

transformation can be achieved.

(2). Park transformation

From relationships between af axis and dq axis in Fig.2.1, their mathematics relationships is

shown as follows.

Ju cos@ sin@ O f, /.
S, |=|—sin@ cos@ 0| [y =T, .| fs (2.12)
o 0 0 1]/ o

£, cos@ —sind 0] f, f.
fs|=|sin@ cos® 0| f, =T f, (2.13)
fo 0 0 L] fo Jo |
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2.2 Models of PMSM

2.2.1 Construction

PMSM is a kind of electric motor that permanent magnets are installed on the rotor to generate
magnetic fields. In this way, it can avoid commutator brush problem in DC motor. There are two
kinds of rotor structure of PMSM in Fig.2.2. The left one is interior permanent magnet
synchronous motor(IPMSM), and right one is surface-mounted permanent magnet synchronous
motor(SPMSM). In IPMSM, the magnetic resistances are different from each other on dq axis in

mathematics voltage models, while in SPMSM, the magnetic resistances are the same.

O Armature winding

(a)IPMSM (b)SPMSM

O Armature winding

Fig.2.2 Rotor structure of PMSM
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2.2.2 Electronics mathematics models of PMSM

(1) wu-v-w axis mathematics models
Fig.2.3 is the 3 phases PMSM equivalent circuit. The voltage, current and impedance

equivalent equation is shown as eq.(2.14)

S D B
R+pL ——pM -—pM
a pa 2p a 2p a

1 i e

! 1 , , 1 A ! (2.14)
v, |= _EPM“ R +pL, —EpMa I, |+ e,
vW 1 iw ew

1 ,
——pM' ——pM R +pL
_2 a 2pa apa

Here, vu, v, v, are phase voltages, i, i#,, i, are uvw phase stator currents, ey, e,, ey are
Back-electromotive forces, R, is winding resistor, L, is the winding inductance of motor, M/

is mutual inductance of winding, p(=d/dt) means differential symbol.

Fig. 2.3 Three-phase PMSM equivalent circuit
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Let us define peak value of uvw phases rotor flux ¢, , ¢, , ¢, as ¢, They are caused by

electromotive forces e, e, e,. Rotor flux is shown as:
by, =9, 050,

, 2
b =9 COS(Q“’ _Tj (2.15)
¢fw = ¢) COS[Hre + 2%]

6, is the rotor electrical angle, which is based on u phase axis. ®, is the permanent magnet
rotating speed. It is defined as rotor electrical speed,
0, =[o,dt (2.16)
Which should be pointed out is that PMSM rotating speed (Mechanical speed) ®,, has the

relationship with pole pairs p.
Oy = O | D (2.17)
At this time, electromotive forces e,, e,, e, can be defined as:
eu = p¢fu = _wre¢} Sin ere
oo 2

e,=po, = —a)mqﬁ} sin[@m + 2%)

The leakage inductance of each winding is defined as /, . It has the relationship with winding

inductance L, and mutual inductance M as:
L =1 +M, (2.19)
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(2) ap axis voltage equation
By three to two phase coordinate stationary transformation, off axis PMSM models is given.

The characteristics of transfer matrix [c] in Fig.2.4 is v, +v,+v,=0, i,+i,+i,~0.
1 1

211 2 2
[C]=\/; 0 B (2.20)

2 2

By using eq. (2.20) into The voltage, current and impedance equivalent equation eq.(2.14),

e ey e ] e
Vg ig — @, (Lg —Ly) pLy ig ep
L the stator voltages ona, f axis;
lyslyg - the stator currents one, f axis ;
) differential coefficient;
L, d-axis inductance;
L, - g-axis inductance;
€,,e; - electromotive force signals onaz, f axis;
S — qg-axis current differential coefficient.

Electromotive force signals e,, ep can be written as:

[Zﬂ ALy = L) @yeiq — i, )+ yes )[_ s ‘9’@} (2.22)

cos 6,

Here, ¢_/ has the relationship with ¢f in eq. (2.15) as

¢, = \E@; (2.23)

Asaresult, e,, e; are represented as eq.(2.24)
ea = p¢f{z = _a)re¢f Sin Hre

(2.24)
eﬂ = p¢fﬁ = _a)re¢f Cos gre
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—-Q

2n/ 3
2n/3

2n/3

Fig.2.4 Relationships between ordinary stationary 3 coordinate (u -v-w) and stationary 2

coordinate (a—-/f)
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(3) d - q axis mathematics models

Motor is a machine that has stator part and rotor part. The transformation from stationary two
coordinate to rotated two coordinate is called d-g transformation. As a result, there is d-q axis. ¢
axis is ahead of d axis in phase by n/2.

In PMSM, d axis represents the motor stator flux direction, while q axis represents the motor
torque axis. There is d-g space axis.

Stationary two coordinate axis (@ —/) to rotated two coordinate d-g matrix matrix [c].

[ ] cos@, sind, 595
c|= .
—sinf, coséd, (225)

This matrix is calculated by trigonometric function from Fig. 2.5.

With eq.(2.12), d-q axis voltage equation can be shown as:

v, R,+pL, -o/lL, |Ii 0
= e o (2.26)
vq a)reLq Ra + pLd lq (Ld - Lq )(a)reld - lq) + a)re¢f

The 2™ section in the right side of eq.(2.26) is the electromotive force terms es, e;ond, g axis.,
e~0, e~a, . This equivalent circuit is shown in Fig.2.5. Here, v4, vqared, gq axis voltages,
while iy, igared, g axiscurrents. K is the same as® in eq.(2.22). Rs, La is the same definition

as eq.(2.21).

A, /°

>

q

Fig.2.5 Transformation from stationary two coordinate @ = to rotated two coordinate d-g
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Fig.2.6 Equivalent circuit in d — ¢ axis

By implementing position sensor such as encoder, it becomes possible to detect d, ¢ axis. If
three-phase voltages or currents are sinusoidal waves, voltages or currents on d, ¢ axis are direct
signals.

With equivalent circuits of SPMSM, An equivalent circuit in 1 phase which is common used is
shown in Fig.2.7. This circuit uses 3 phase voltages which has been discussed in Fig.2.3 and

eq.(2.14). And it represents as the form of eq.(2.27).

v, =(R,+pL,)i, +e, (2.27)
i R, L,
o> AA— T —
Vu I @ €u
O

Fig.2.7 Equivalent circuit in 1 phase

In eq.(2.26), d, q axis inductances have the same value(L/~ L,=L.). It represents SPMSM. When
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d, g axis inductances are different(Ls<L,), it represents IPMSM. In general, IPMSM voltage

equation are given as eq.(2.28).

v, _ R,+pL, -olL, |I, N 0 (228)
v, w L, R,+pL, | i .9, '

In this paper, the electronics mathematics models are based on eq.(2.28).

Where,
cosd, cos(@re _2 7[) cos(@re + 2 ﬂj

L, 3 3 L

2 . : 2 : 2
L, |= 3 smf, —sin|f, — 572' —sin| 6, + 572' L, (2.29)
L, 1 1 1 L,

|2 2 2 )
I cosd., —sin 6, lirg
u d

L |= —cos(é’re —iﬂj —Sin(ﬁre _iﬂj 1| L, (2.30)
L, L

cos(@re + iﬂ'j —sin (49 + iﬂ') 1
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2.2.3 Dynamics of PMSM

PMSM driving torque 7. is generated by Lorentz force. IPMSM has saliency compared with
SPMSM. The reluctance torque happens, meanwhile there is no saliency in SPMSM. Due to this,

IPMSM driving torque 7. generated by q axis current is:
]; = P(¢dlq - wqid)
=P {(¢f + L, ) I, — Lqiqid} (2.30)
= P{¢f + (Ld _Lq)id}iq
To reduce the influence of reluctance torque, take iy = 0. With vector control (Field Oriented
Control : FOC)
T, = P¢fiq (2.31)
Here, P is a number of pole-pairs. In this paper, with the condition of IPMSM vector control,

Driving torque is represented as eq.(2.31).
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2.3 Vector control of PMSM

In last section, the voltage equations on d, ¢ axis has been described. In this section, the basic
speed control of PMSM called vector control or FOC(Field Oriented Control) is explained.

* * . 7
w I u u S

e + m sq + i —> <
d a I .
X s g S q = p 2y spwi > lIGEIitT
sd_" Ty | Pl sd ap sf N abe ; . nverter
@ ) { =y >
" ' |
f
e
i . isﬁ
| se i
i da /75 B/ e 5v
sd aB |« sf aba i,
X
a
P IPMSM
Encoder

Fig.2.8 Equivalent circuit in 1 phase

Fig.(2.8) is the control block of IPMSM vector controls. In [IPMSM vector controls, a position
sensor such as encoder is the key to ensure the whole system responsibility, as it can detect the
position and speed information.

But it should be pointed out that the method to remove encoder is the target of this research.

This control is called position sensorless speed control. This part will be discussed in section2.4.
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2.4 Position sensorless control method for PMSM

As referred in section2.3, this research target is position sensorless speed control for PMSM.

The reasons to carry on this control has been discussed in sectionl.1.3. And in this control, a

strategy called observer is usually applied in the whole system. The core idea of observer in

position sensorless speed control for PMSM is using voltage and current signals which can be

measured or calculated to rebuild PMSM speed and position signals. With these signals, whole

system carries out feedback control. In other words, the target that getting rid of encoder can be

achieved. The whole position sensorless speed control system for PMSM is shown in Fig.2.9.

w
[

+

S

Fig.2.9

Position sensorless speed control system for PMSM

*
* * + .
u - =
4 * * v > IGBT
= + - 5 u g usﬁ abd SPWM > Inverter
—»— » <
4 e, >
i ; L
5q < ls a [+ i
id g M iw
- ab c= o
A
Current signals IPMSM
d/dt [« Observer
[4— Voltage signals
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Chapter3. EEMF Observer for PMSM position sensorless

control (Former method) U8I91120]

3.1 Foreword

To achieve PMSM position sensorless speed control, just as the content has been discussed
before, position information of permanent magnet on rotor is necessary. For this reason, a position
sensor called encoder is applied. However, installing encoder makes the system more expensive.
And in some environment, for example, high dust environment, it is impossible to install this kind
of position sensor. To solve this problem, PMSM position sensorless speed control methods
becomes our research target.

In this chapter, former method EEMF(Extended Electromotive Force) Observer is discussed.

And the weakness of this observer will be concluded with experiment results.
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3.2  Definition of EEMF Observer

To explained EEMF Observer clearly, PMSM voltage equation, which is shown in eq.(2.28),it
will be listed in eq.(3.1) again to illustrate the part of basic equation of EEMF observer in
Chapter 3.
% R, +pL —w,.L i
b i i S a1
With transformation matrix[c], PMSM voltage equation on stationary two coordinate axis (« — f3)

is eq.(3.2).

v, R i " i " cos20, smn20, |i, X —-sin @,
= + + + _
v, iy Pt iy PR sin 20, —cos20, ||i, Dnte cosf, 32)

Ineq.(3.2), Lo=(LatLy)/2, Li=(L4-Lg)/2. To IPMSM which has saliency characteristics, L;70. The
third section of the right part in eq.(3.2), (26,) is left. But it is better only to considerg in
EEMF Observer in eq.(3.2). For this reason, it should have some alternatives with eq.(3.2). In

reference paper[10], An alternative to eliminate the term of 249 _has been proposed as eq.(3.3).

% —Ria N pLd a)l‘e(Ld_Lq) ia
Vﬁ - lﬂ —a)re(Ld—Lq) pLd lﬂ

. —siné
+ {(Ld - Lq )(wreld - lq )+ wreKEqi cos gr:ei|

(3.3)

The EEMF signal is defined as eq.(3.4). And EEMF signal is the third term of the right part in

eq.(3.3).

—sind,, :l
(34)

ea . :
Lﬁ} = {(Ld —LyN@ppiq —ig)+ @ K )LOS 00

In eq.(3.4), once EEMF signal vector can be estimated, it is possible to estimate PMSM rotor

position.
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3.3 Control block of EEMF Observer

With eq.(3.3), PMSM linear state equation can be calculated as eq.(3.5).

di_All A12i+Bl

dtle| |0 A2 | e 0 Y (3-5)
=L

An=—(R/La) +{w,,(La - Lq)/ La}J

A= (-1/La)l

Azzza)rfeJ

Bi=(1/La)l

S

Output equation can be written as the type of eq.(3.6).

i=[1 0{1 (3.6)

With eq.(3.5), the minimum dimension observer to estimate PMSM EEMF voltage signal ¢
has been established.

; = A1 + A12¢ + B
(3.7

b= Anb + GG —i)
= A11Gi + (412G + A22)é + BIGv — Gi
Ineq.(3.7), " ~ " is the present of estimated signal, G is the observer gain which can be written as
G=gl+gyJ.Ineq.(3.7), as the differential current signal i is included, it may amplify the high
frequency signal. In real system, it needs middle function, which taken as¢& % to avoid current
differential signal.
E=¢+Gi

E=é+Gi G5

Take eq.(3.8) into €q.(3.7). The eq.(3.9) can be got.
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f =(A12G + A22)¢ + BIGv+ G(A1l — A12G — A22)i
e=¢(-Gi

(3.9
Eq.(3.9) is the same as disturbance observer of eq.(3.7). The estimated error of EEMF voltage can
be considered ase=¢-e. With eq.(3.5) and (3.6)

£ :é—éz(A22+ A12G)e
= {— LN (a) - g—z}f}g (3.10)
Ld Ld

The poles of observer are shown in Fig. 3.1. The rules of pole placement follows —af + A/ . In this
way,

é=é—é=(—al+p)e

(3.11)
The gain of observer can be written as eq.(3.12).

=al
R 612
To stabilize the observer, « >0. Poles are necessary to be placed in the left part of pole placement.
Observer gain can be taken as eq.(3.13), with eq.(3.12). The transfer function Hs(s) is:
H,,(s) = Z - a(ls_f; J);ergzj s +a)l + pJ} (3.13).
In eq.(3.13), f=0,. Then eq.(3.14) can be got.

e al
H = — =
o (5) e (s+a)l-o,J

(3.14)
The equivalent block of disturbance observer is in Fig.3.2. Eq.(3.14) can be taken as filter. The

frequency characteristics of rotating vector @ 1is the bandpass filter by center frequency @,,, with

A

the width of & . For this reason, the low-pass filter with cut-off frequencya is shown in (3.15).

€, o
qu (S) = —

e, Sta

(3.15)
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Im

Re
Fig.3.1 Observer pole placement

le  Motor
v 0

R+ pL) -0 (2,-1,) T} e
Youd R+ pL) T -0 (L, ~L,)J |+
i ' € Haﬁ (S) E e;
| Observer  ————— ,=

Fig.3.2 The structure of EEMF disturbance observer
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The EEMF disturbance observer is given. With this observer, it becomes possible to estimate

position information in eq.(3.4).

6. = arctan[— e“j (3.16)
e
B
A é
0, = arctan[— jj (3.17)
é
B
y _ 0. (3.18)

(3.19)




26

Chapter 3 EEMF Observer for PMSM position sensorless control

3.4 Experiment of PMSM position sensorless control with EEMF Observer

3.4.1 Experiment parameters

To confirm the characteristics of EEMF disturbance observer of PMSM, Experiment of PMSM
position sensorless speed control with EEMF Observer is carried out. The parameters of IPMSM and

its control system is shown in table I.

Table I. PMSM position sensoreless speed control with EEMF Observer Parameters

Number of pole pairs P 3
Stator Resistance R [Q] 1.132
d-axis inductance Ls [H] 0.01238
g-axis inductance Ly [H] 0.01572
EMF constant Kg [V-s/rad] 0.211
Motor inertia J: [kg+m?] 0.0055
Speed controller Proportional gain [A * s/rad] 0.08
Speed controller Integral gain [A/rad] 0.14
Current controller Proportional gain [V/A] 0.01238*5000
Current controller Integral gain [V/(A-s)] 2500
Sampling time of whole system [ms] 0.1
Load torque [N-m] 0.5
Pole of disturbance observer ofrad/s] 0.50re
Pole of disturbance observer Blrad/s] ore
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3.4.2 Experiment results

(1). Situation of 600[rpm]
700 ,

S PSS S I S SN SR AR SU S &
' ' : i : . ' :
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=
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'

Real speed |  Estimated spee
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wine and wme—estpm]

(=
=
=

________________________________________________________________________

100

time[z]

Fig.3.3 Estimated speed and real speed in 600rpm [rpm]

eamflV]

-2h -2 -1h -1 -0h I 0h 1 15 2 258
time[z]

Fig.3.4 EEMF voltage signals in 600rpm [V]
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(2). Situation of 500[rpm]

eemf[v]
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Fig.3.5 Estimated speed and real speed in 500rpm [rpm]
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Fig.3.6 EEMF voltage signals in 500rpm [V]
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(3). Situation of 350[rpm]

nn

L I i

[==] e o
= = =
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wine and wine-estipm]
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=
=

100
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Fig.3.7 Estimated speed and real speed in 350rpm [rpm]

i

time[=]

Fig.3.8 EEMF voltage signals in 350rpm [V]
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(4). Speed and torque range can be controlled with EEMF Observer

EEMF sensorless control load and speed

700
600 e ® ® ° °
500 e ® ° ® ")
&
O 400 e ® o ® o
R
- e o o o °
3 300
o
n
200
100
0
0 0.25 0.5 0.75 1

Load torque [N/m]

Fig.3.9 Range can be controlled with EEMF Observer
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3.5 Weakness of PMSM position sensorless control with EEMF Observer

From the description in this chapter, it can be known that there are quite a lot problems in
PMSM position sensorless control with EEMF Observer. The weakness of this observer is as
follows:

(1). There is low-pass filter in EEMF disturbance observer. It causes phase delay.

(2). EEMF voltage signals cross zero-point, which makes the process of eq.(3.17) quite
complicated in digital system.

(3). Once PMSM works in very low-speed range(ex. 60[rpm)), it is difficult to estimate EEMF
voltages correctly. And this has been proved in experiment part. PMSM has the risk to be out of
control when this situation happens.

To solve the problems above, a novel PMSM position sensorless speed control method called
d-axis current random signal injection with EKF is researched in this paper. It will be discussed

in detail from next chapter.
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Chapter4d. PMSM position sensorless speed control with
Extended Kalman Filter (EKF)

4.1 Extended Kalman Filter(EKF)

4.1.1 Introduction of EKF

EKF(Extended Kalman Filter) is a nonlinear form of Kalman Filter?'??] which uses linear
state equation to carry out optimal estimation of system state. In Kalman Filter, input signals are
applied to measure the data from varieties of sensors. Due to the white noise and disturbance in
system are included in the data that measured, this optimal estimation can be considered as data
filter.

Data filtering is a data processing skill to eliminate the noise and restore actual data from
measurement signals. Kalman Filter can estimate the system dynamic state when measurement
noise is existed in system. As it is quite easier for digital processing, and can achieve online data
innovation, Kalman Filter is a popular filtering method in the field of telecommunication,
navigation and system control.

In PMSM position sensorless speed control system, as motor speed, voltages and currents affect
each other, it is a typical nonlinear system. As a result, EKF is applied to estimate speed and

position instead of the position sensor like encoder.
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4.1.2 EKF algorithm![2*/24(23112¢]

Kalman Filter is able to achieve optimal estimation for the target which is controlled in Gauss
white noise environment. In nonlinear system, the normal method is to use linearization skill,
such as taylor expansion. By this kind of linearization, nonlinear system can be almost taken as
linear system. After that, Kalman Filter algorithm can be achieved to finish estimation and

filtering.

(1). State equation
EKF is based on the modern control theory. As a result, Eq.(4.1) is the system state equation and

measurement equation.

px = f(x)+ Bu

o i (4.1)

In eq.(4.1), where,

P Differential coefficient;
x System state;

f(x) - System nonlinear part;
B - Input matrix;
u - Input signals;
B Output signals;

H - Output matrix.
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(2). Model linearization
In the part of EKF introduction, it has been discussed that system model linearization for nonlinear
control system is a necessary and very important step for EKF. Here, a linearization method called

Taylor expansion is shown in eq.(4.2):

Foy= LG L) STE k) (4.2)
o !
£,
f(x) :
f(x,) e
X X x1

Fig.4.1 System linearization

In Fig.4.1, it is easy to see if (x-Xo) is small enough, it can be considered that first order differential

coefficient is efficient to linearize the system model. Eq.(4.2) can be approximately written as:

ACHIWACD)

+

J@== T

(x—x,) 4.3)
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(3). Model discretization

Eq.(4.1) is the state equation based on continuous system, which means the sampling time is 0. It
is impossible for digital system such as MCU(Micro Controller Unit) to control the system in
such a short time. As a result, system model discretization for continuous system is necessary.

And it is shown in eq.(4.4).

X = Akxk—l + Bkuk—l

v —Hx, 4.4)

In eq.(4.4), where,

X,  mmeee- System state at time k;

Xpy - System state at time k-1;

A - System state matrix at time k;

B, _, Input matrix at time k-1;

Mo Input signals at time k-1 ;

Vi - Output signals at time k;

H, Output matrix at time k.

After model discretization is finished, EKF algorithm can be carried out. It consists of two parts,
time innovation and measurement innovation. Time innovation is calculated for estimated state
of the system, while measurement innovation data is updated by comparing data from sensor with

time innovation data. They are shown in eq.(4.5) and eq(4.6).
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(4) Time innovation

Xpspo = Ayx, + Buy

4.5)
By = AB A4l +0
(5) Measurement innovation
L= Pk/k—lHkT
H,P, H'+R
k* k/k—-1 k (46)

Pk =\ _Kka )Pk/k—l

X =X Ky —H X 0]

In eq.(4.5) and eq.(4.6),
5 System state which has been innovated at time k;
b P — System state which is innovated from time k-1 to time k;
Y A System error which has been innovated at time k;
P

------ System error which has been innovated from time k-1 to time k;

B, - System error which at time k-1 ;
K, Kalman gain at time k ;
O e System state noise balanced matrix;
R - System measurement sensor noise balanced matrix.
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4.2 EKF Observer for PMSM position sensorless speed control

From eq.(3.1), it is easy to be seen that PMSM voltage equation is a typical nonlinear system, for
the reason that the voltage values on d-axis and g-axis are influenced not only by currents, but also the
PMSM electrical speed. At the same time, d-axis current impacts on g-axis voltage, while g-axis
current impacts on d-axis voltage, respectively.

In order to apply Kalman Filter to achieve PMSM position sensorless speed control, nonlinear form
of Kalman Filter, EKF is chosen to establish PMSM speed and position observer to carry out position
sensorless speed control.

In EKF observer, PMSM voltage equation will be applied to achieve EKF algorithm, as the contents
in section 4.1. In this section, firstly, EKF observer mathematics models for PMSM will be carried out.

After that, the whole EKF position sensorless speed control block figure will be given.
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4.2.1 EKF observer mathematics models for PMSM

IPMSM mathematics model is written as:
v, R,+pL, -w,L, |, 0
= +
vq a)reLd Ra + qu iq a)reKE

From eq.(4.7), it can be rewritten as eq.(4.8).

R, L, Uq

. -——=  — 0, -

piy| L, L, fa |, L,
pig | | _La,, _Re i | | _@Kp M
q q q q

The differential form of IPMSM for EKF is as follows:

pi, =R ; v Lo i
d — 7 ta - Wi -
Ld Ld ! Ld

L R K, u
pi, :__da)eid ——"‘iq _M_F_q

Lq Lq Lq Lq
po, =0
pgre =a)7'€

4.7)

(4.8)

(4.9)

As EKF algorithm in section 4.1.2, EKF for IPMSM algorithm consists of the following 5 parts:

(1). State equation of IPMSM

1
. -2+ wi —
J2 L, L, " L,
Ply | _ —L—da)mid—&iq—a)mKE +| 0
pa)re Lq Lq Lq
po. 0 0
L a)re _ L 0

Where the measurement equation is shown as:
id
{id}_{l 00 0} i
i, 01 0 0fw,

%

re

o o§‘|~ o

U,
} (4.10)

4.11)
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(2). Model linearization of IPMSM

f@ 1

f(to+T5)

J(&)

L J

f[] to+ T I3

Fig.4.2 Sampling time based system linearization

From eq.(4.3), it is easy to know that:

farr)=L0 L0 7
' j‘(n)(t)n (4'12)
+...+7'(TS)” +R (t+T)
n:
Once the sampling time 7, is small enough, eq.(4.12) can be similarly considered as:
sty =0 L0 @) ry -+ rr, (4.13)

Where, the first order differential coefficient is written as:
S (@0)=FT; (4.14)
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(3). Model discretization of IPMSM

In the model of IPMSM, x=[i, i, @, 6,1 .Asaresult:

R Lq ) Lq
- —w, i — 0
L, L, ! L,
F:af(x): _ia)e _& _Ldid+KE 0
Ox Lq Lq Lq
0 0 0 0
| 0 0 1 O_

The discrete state equation is as follows:
x, =Ax. ,+BTu,,

v, =Hx,
In eq.(4.16),
A, =I+TF

At last, discretization form of IPMSM state equation can be written as:

Ry Ry
i) b g etim
 (k L R
A T B Y S P
o, (k) L, L,
0,.(k) 0 0
] 0 0
S
=0
L, )
Tv ud(k_l)i|
+ 0 :
L, |u,G=1)
0 0

While the measurement equation is written as:

i, (k)
i, (k)
@, (k)
0, (k)

i,(k)] [1 0 0 0
i,(k)y] |0 1 0 0

d
_LiG-DrK,

' (k D%T
i — 1
q L s

L

q

1
T

s

(4.15)
(4.16)
(4.17)
O (k-1
i (k—1)
o, (k1)
0l 6,k-1
' (4.18)
(4.19)
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(4) Time innovation

Xpjp = Xy +Buy (4.20)
B = Ak})k—lAZ +Q )

(5) Measurement innovation

K, = })k/k—lHyl?

H. B, H, +R 421)
B=U-KH)F
Xy =X Ky —H %04

In eq.(4.5) and eq.(4.6),

T i, (k) i,() @,k 6,01 ;
li,(k/k=1) i, (k/k=1) &,(k/k=1) O,(k/k-D]";

System error which has been innovated at time k, 4*4matrix;

) - —
B

[— System error which has been innovated from time k-1 to time k, 4*4matrix;
E, - System error which at time k-1, 4*4 matrix;

K, - Kalman gain at time k, 4*2 matrix;

| O S System state noise balanced matrix, 4*4 matrix;

R - System measurement sensor noise balanced matrix, 2*2 matrix.

The contents above is the EKF Observer algorithm for [IPMSM Position sensorless speed control

And the whole control system is shown in section 4.2.2.
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4.2.2  Block figure of whole control system

H:a — b
T L —» IGBT
U, | A SPWM = iverter
- ‘r-r-
z:g I:c}s b 7
; dqg * af - -
1. 1 -+ -
= B e abd L.
T u u i ; ¥
»d s = L oy
é
£ IPMSH
&
¢ EKF
@
e Observer

Fig.4.3 Block figure for IPMSM position sensorless speed control system
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4.3  d-axis current random signal injection with EKF

4.3.1 d-axis current random signal injection EKF for PMSM position sensorless control

(1). d-axis current random signal injection

For speed or position observers in IPMSM position sensorless speed control system, such as
EEMF observer, the reason why it is difficult to estimate and control the motor speed and angle
is that when motor runs in low-speed range, for example, speed nearly O[rpm], speed signal and
the reference term such as EEMF voltage becomes quite small. This appearance increases the
difficulty to detect such a kind of signal.

To IPMSM position sensorless speed control in low-speed range, injecting high-frequency
signal is a way to estimate [PMSM speed, because the signal can be taken out after feedback, but
it needs bandpass filter, which causes phase delay and usually this extracted signal is very small.
It makes control system very difficult to catch this signal.

In EKF, low-speed problem still exists. But which is different from other observers, EKF can
work in high noise environment, if this kind of noise is white noise. As a result, speed signal
amplification becomes possible, because currents on d-axis or g-axis can be injected with white
noise. Once white noise is injected in current command, speed signals will be forced to be changed,
The random noise exits on IPMSM speed and position will be eliminated by EKF algorithm.

The reason of injecting signal on d-axis current is that if white random noise is added on g-axis
current, it will cause the unstability when load torque suddenly added or extracted.

The amplified figure of injected signal part is shown as Fig4.4.
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lsd _real

lsd __random

Fig.4.4 Amplified figure of injected signal part on d-axis current command

From Fig.4.4, it is easy to see:

lsd_real = lsd +1

sd _random

(4.22)

In the signal of eq.(4.22), d-axis current in PMSM includes high-frequency signal, which will

be solved by EKF. Whole system state Observer judgement equation can be shown as:

X = Ax+ Bu

=A%+ Bu+K(y— HR)
e=x—Xx

é=x—x

(4.23)

Where, eis the state error between real state and estimated state. When time tends to infinite, e

should be 0. éis the differential form of state error, which is an alternative method to make the

system stable. The detail form of eq.(4.23) for PMSM model is written as:

R, G +i
. —— U 1
1 d sd _random
Ply L,
plq d . .
= L a)re (ld + lsd_random)
pa)re q
0
po,.
L a)re

L

)+ — 0,1,
Ld

R_a- _a)reKE
L L

q

q

i
L,
0

0
0

0

q

1

L
0
0

b

U,

u

} (4.24)
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a ? Lq AR I 1
» -t 0,1, — 0
by L, L, L,
pl Ld A2 Ra 2 CbreK ud
Aq = _L_a)reld _L_lq - L . + 0 L_
pPo,, q q q ¢ | Y4
ro,, 0 00
&, 0 0| (425)
Ky 1 Kg 1
n KK_zl KK_zz (id +isd_rand0m) _id
Ky 5 KK732 iq _iq
KK_41 KK_42
Where,
random  ------ System injected random signal;

After calculation of the first row in eq.(4.24) and eq.(4.25), respectively, speed error can be
written as:
_ R, -K K_11 .

ea)re L . lsdirand0m+KK712
qlq q

i
(=+-1 (4.26)
lq

~ |&t~<

Once Ky ;; and K |, can be set properly, when time tends to be infinite, e, will tend

to be 0.

e, =|e,, dt (4.27)

As e Ore tends to be 0, €., will also tend to be 0.

After calculation of the third and fourth row in eq.(4.24) and eq.(4.25), respectively, speed error

and position error differential can be written as:

€po = K

K731isd7rand0m (428)

e@,,e = K74llsd7random (429)
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It can be seen from the first row in eq.(4.22) that €y, and €, tends to be zero, if Kalman
gainK, |, and K |,can be set properly. This proper method is changing matrix Q by trail
and error. The observer error turns to be zero, when time tends to be infinite.

Eq.(4.28) and eq.(4.29) means that with proper alternative by Kalman gain K x n and
K x 41> EKF algorithm can reduce the difference between estimated signal, such as estimated speed

signal, estimated position signal and real one.
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(2). Q-compensation in EKF

In former EKF for PMSM position sensorless speed control system, state noise balanced matrix

Q in eq.(4.20) is usually set as diagonal matrix, because it is considered that the system states

don’t interfere each other. To a nonlinear system which has been linearized, this theory can be

accepted. But in the novel system this research, as d-axis current is injected by white random

noise, it would be better to adjust the term in matrix Q, the term which is infected by motor speed

and position while impact on them. The calculation of impacts of matrix Q is as follows:

From eq.(4.20), it can be written as:

Xy =X K Ve —H X0 ]

Combine eq.(4.20) and eq.(4.21),

Kk = (Pk/HHkT) /(H

_Kk;u

kan
K

k_21

Kkjl

K
K
Kk732
K

-PP

11722

k_12

k_22

k_42

PP,-PP

11722

~P,P,

21722

12721

PP,-PP

11722 12721

Ly & la k
i i
k k-1
S
a)efk a)efkfl
| Te_k | | Ye_k-1 |

-P P,

31722

PP,-P,P

i T At

-P,P

227 41

P,P,-P,P,

11722 12721

Kk_ll(id_k—l _id_k—1)+Kk_12(iq_k—1 _iq_k—l)
Kk_ZI(id_k—l _id_k—1)+Kk_22(iq_k—l _iq_k—l)
kaSl(idfk—l _idfk—l) +Kk731(iq7k—1 _iqik—l)

_Kk741 (P PP R O (R )_

kPk/HHA»T +R)
L.h, ne, _ BE
o P11P22 _P12P21 P11P22 _P12P21 P11P22 _P12P21
L.L, e Bh
e P11P22 _P12PZI Elpzz _Ez‘D21 Rlpzz _Plzpzl
L.b, ne  __ RA
o R1P22 _P|2le Pn]:;z _Plzpzl Pllpzz _Rzpzl
P,P, PP, PP,
o PuPzz _Plzpm Pllpzz _Plszl Pllpzz _Plszl

+R,F,

22722

+R P

227 32

+ Rzszxz J

(4.30)

(4.31)

Which should be pointed out is in eq.(4.31), K, ,, and K, ,, is considered as 0, as matrix R is

nearly 0.
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The matrix Q is shown as eq.(4.32). Because the influence of d-axis current to speed and position

should be considered, terms of Q,, , Q,, are assembled in eq.(4.32).

Qll 0 Q13 Q14

0= 0 & 00 432
_Q13 O Q33 O ()

Q1 4 0 0 Q 44

After proper calculation from eq.(4.20) to eq.(4.31), combine with eq.(4.32),

L
Tclq (fq)F)n + Q13

K, .- < (4.33)
T’ (i)P +Q
s T q Ld 33 14 (434)
Kk_41 = P

11

It can be seen that the Kalman gain in IPMSM speed and position is impacted by terms of Q,,,
0,,- At the same time, when g-axis current changes, compensating these four terms will help
IPMSM position sensorless speed control works more correctly than before. But which should be
pointed out is that the rules of deciding Kalman gain K, is still under researched. This paper will
use the method of try and error to compensate the four terms of matrix Q.

The novel system block is shown in Fig.4.5.
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4.3.2 Block figure of whole control system

. e, ,
sa | = »
= | ap i > IGBT
H:ﬁ' | abd ,-*L SPm —> Inverter
g SRR -
lsdﬁrandom e
. ) i
E:g ) E;a - lr_sa.t
i dg il ap " v
sd af |« 58 ab C‘ !'SW
T u * u * H i h 4
5d sq " sd 5q ) S §
_‘ l l l l @
6, e | EKF
é, Observer
(with Q compensation)

Fig.4.5 Block figure for IPMSM position sensorless speed control system with d-axis current

random signal injection

The difference between system in Fig4.5 and the one in Fig.4.3 is that:
(1). In the system of Fig.4.5, the white random signal, which effective value is 0.2 is injected on

d-axis current command, while the system of Fig.4.3.

(2). EKF Observer in Fig.4.5 compensates the four terms of Q matrix in algorithm, while Q matrix

in Fig.4.3 is a diagonal matrix.
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Chapter5. PMSM position sensorless speed control with

EKF Simulation

5.1

Table II.  Simulation public parameters for EKF PMSM position sensorless speed control

Number of pole pairs
Stator Resistance
d-axis inductance
g-axis inductance
EMF constant
Motor inertia
Command

Speed controller Proportional gain
Speed controller Integral gain
Current controller Proportional gain
Current controller Integral gain
Supply DC voltage
Sampling time of whole system
Load torque(0-1s)
Load torque(1-5s)

Whole simulation time

Simulation public parameters

Ly [H]

K [V-s/rad]
Jr [kg-m?’]
oc* [rpm]
[A - s/rad]
[A/rad]
[V/A]
[V/(A-s)]

[V]

1.132

0.01238

0.01572

0.211

0.0055

60

0.08

0.14

0.01238*5000

2500

20

0.01

050r1
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5.2 Simulation block figure

H:a N B
T Lo —»  IGBT
" U, | Savd SPWI =
;
£
. i
I-T‘_? I:c:s * i
N d q i UB » n
i i ™ _
= B le—F abdg L
T u, u, i i x
ut 2 = - - Y
&
£ l l l l IPMSM
é
£ EKF
3
e Observer
Fig.5.1 Simulation model I
(no white random signal injection, no Q compensation)
;8
u_, sy .
@ : >
= °| ap i - IGBT
: o sPwM -
1 =Q _.’T’_d' ap Ug R abec ; ! ; Inverter
+4, .Ih_ T — —
0 2random 32
i
E:g I;a - lr_sa.t
i dqg + i ap " v
«d ap | i abg !'m__
T w u’ i i y
sd sg sd 5q T
N l l i l IPMSH
;
¢ EKF
a4
e Observer

Fig.5.2 Simulation model II

(white random signal injection, no Q compensation)
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._$
U > <
= | ap > IGBT
e + - U, U, F—w SPWM > Inverter
i —AT_,M_W_. w| ) San B
+ + JL_ T o o
02random 82
I-:‘E E:ﬂt * {Sﬂ
i dqg * ap " o
5d ap |« 5 abg !5“
T u* ) * . i h 4
<d “sg  sd g ¥
K l l i l IPMSH
b < EKF
s, Observer
(with Q compensation)

Fig.5.2 Simulation model III

(white random signal injection, with Q compensation)

(1). Model I is the normal EKF observer, no white random signal or Q compensation is added on
system.

(2). Model 11 is the normal EKF observer, while white random signal is added on d-axis current
command.

(3). Models III is the EKF observer with Q compensation, four terms in matrix Q of EKF, which
is according to eq.(4.24), is compensated. At the same time, white random signal is added on d-
axis current command.

Simulation is carried out by the three models above.
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5.3 Simulation results

5.3.1 Simulation by model I

5.3.1.1 Simulation parameters by model I

PO 11

PO 22

PO 33

PO 44

Q11

Q22

Q33

Q44

Q13[0-1s]

Q13[1-5s]

Q14[0-1s]

Q14[1-5s]

R11

R22

White noise

Table III. EKF parameters for model I

0.02

0.02

0.5

0.0

0.15

0.15

4.0

0.0

0.0

0.0

0.0

0.0

0.0001

0.0001

0.0
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5.3.1.2 Simulation results by model I

(1). 60rpm, without load torque situation
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Fig.5.3 PMSM speed response at 60rpm command without load by model I

In Fig.5.3, the red line is the PMSM speed command. Green line is the speed signal from EKF

observer, and the blue line is the measured speed signal.
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[#ap]@3ue P2IRWIISE PUR |B3J USMISQ SOUILP

[T
| T T =1
' [ ] .
' [ ] .
' [ " [
' [ [
[ [ W .
- A B, — I —— | ]
1 u ] ] -
[ [ " [
' v ]
P [ ] W
' [ ' .
[ [ " "
L femmsmmsme st L = -
4 i h v -
' [ ] .
' [ " "
[ [ " [
i v )
' [ ] .
' [ " . 1=
e e r========"" .
[ [ [ = o
' [ ]
' ! ] .
' [ ' [
[ [ " [
' " " "
LT mEEmem e e L = — i
' [ ¥ .
' [ " .
[ [ [ — =]
P [ ] ]
' [ ] .
' [ " .
(V=)
e R e e
[ ¥ B S & o~
' [ ] .
' ! ] .
' [ ' [
[ [ " [
' v ] .
I R T T ]
[ [ ] . b
' [ " "
[ [ [ [
P [ ] W
' [ ] .
' [ ] .
R decmsananaas Y —— | - "0y Np——— |
i ¥ " -
' [ ] —3
' v ] .
' [ " [
' [ [ [
' [ ] .
' v " .
[ressssssseqssss s ss R s s ss s s s e pE S srsssssssss=lw
[ [ " [
' " ] "
P [ ] = W
' [ ] .
' [ " "
[ [ [ = [
LT s m e E e e m P s s R s E -
' [ ] —_— =
' [ " .
' [ [
[ [ s
' [ ] g
' ! M
k i ] Il =
L] = e = e =
. T T ¥

time[s]

Fig.5.5 PMSM estimated and measured angle difference at 60rpm command without load by

model |



56

Chapter 5 PMSM position sensorless speed control with EKF Simulation

(2). 60rpm, with load torque disturbance situation
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Fig.5.6 PMSM speed response at 60rpm command with load by model I

In Fig.5.6, it can be seen that when torque disturbance occurs, the estimated speed tends to

infinite, while measured speed by encoder becomes 0.
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100

(3). Orpm, with load torque disturbance situation
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Fig.5.9 PMSM angle response at Orpm command with load by model I
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5.3.2 Simulation by model II

5.3.2.1 Simulation parameters by model II

PO _11

PO 22

PO 33

PO 44

Q11

Q22

Q33

Q44

Q13[0-1s]

Q13[1-5s]

Q14[0-1s]

Q14[1-5s]

R11

R22

White noise

Table IV. EKF parameters for model 11

0.02

0.02

0.5

0.0

0.15

0.15

4.0

0.0

0.0

0.0

0.0

0.0

0.0001

0.0001

0.2*random
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5.3.2.2  Simulation results by model II

(2). 60rpm, with load torque disturbance situation
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Fig.5.12 PMSM speed response at 60rpm command with load by model II

In Fig.5.12, the red line is the PMSM speed command. Green line is the speed signal from EKF
observer, and the blue line is the measured speed signal. It can be seen that with white random

noise injection, system can be controlled, compared to the same situation in model 1.
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Fig.5.14 PMSM estimated and measured angle difference at 60rpm command with load by

model 11
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(2). Orpm, with load torque disturbance situation
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Fig.5.15 PMSM speed response at Orpm command with load

by model II

In Fig.5.15, the red line is the PMSM speed command. Green line is the speed signal from EKF

observer, and the blue line is the measured speed signal from encoder. In Orpm situation, PMSM

cannot achieve position sensorless speed control with load torque.
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Fig.5.16 PMSM angle response at Orpm command with load by model 11
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5.3.3 Simulation by model III

5.3.3.1 Simulation parameters by model I1I

PO _11

PO 22

PO 33

PO 44

Q11

Q22

Q33

Q44

Q13[0-15]

Q13[1-5s]

Q14[0-1s]

Q14[1-5s]

R11

R22

White noise

Table V. EKF parameters for model 111

0.02

0.02

0.5

0.0

0.15

0.15

4.0

0.0

root(100.0)

root(150.0)

root(3.5)

root(2.7)

0.0001

0.0001

0.2*random
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5.3.3.2 Simulation results by model III

(1). 60rpm, with load torque disturbance situation
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Fig.5.18 PMSM speed response at 60rpm command with load by model III

In Fig.5.18, the red line is the PMSM speed command. Green line is the speed signal from EKF
observer, and the blue line is the measured speed signal. With Q compensation, system can

achieve position sensorless speed control at low speed.
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Fig.5.19 PMSM angle response at 60rpm command with load by model III
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(2). Orpm, with load torque disturbance situation
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Fig.5.21 PMSM speed response at Orpm command with load by model 111

In Fig.5.21, the red line is the PMSM speed command. Green line is the speed signal from EKF
observer, and the blue line is the measured speed signal. With Q compensation, system can

achieve position sensorless speed control at 0 speed.
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5.4 Summary of simulation

Table VI. Comparison with torque situation in 60rpm command

l/ \\
60rpm O[N*m] | 0-0.5[N*m] | O0-1[N*m]
: |
I 1
- . N : . ' fail
Without white noise in id Succeed | Fail !
I l
I 1
1 1
With white noise in id Succeed 1  Succeed i Fail
| |
I 1
1 1
I 1
With white noise and Q compensation ~ Succeed |  Succeed ! Succeed
I\ /’
Table VII. Comparison with torque situation in Orpm command
[ B "\
Orpm O[N*m] 1 0-0.5[N*m] |
/ |
| |
|
Without white noise in id Succeed | Fail !
| |
f |
: I
With white noise in id Succeed ! Fail :
|
i |
: I
|
With white noise and Q compensation Succeed 1  Succeed |
s 1
N v

In Table VI and VII, it is clear in 0-0.5[N*m] situation the system with white random noise in d-axis
current command is better than the one without white random noise, while the system with white
noise and Q compensation achieves the best performance. The reason why Q compensation can

achieve better performance with load torque disturbance is shown in Fig.5.24.
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Fig.5.24 Comparison between Fig.5.14 and Fig.5.20

In Fig.5.24, blue line is the system angle difference with white random signal on d-axis current
command only, and the green line is the system angle difference with not only white random signal
but also Q compensation.

It can be seen that the green line has much smaller angle difference than the blue line. As in position
sensorless sensorless control of PMSM, when load torque disturbance occurs, angle difference
between estimated position and measured position will increase. It makes the whole system easier to
be out of control. With proper Q compensation with reference to d-axis current can overcome this

problem to some extend.
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Chapter6. Conclusions and future works

6.1 Conclusions

In this research, a novel EKF PMSM position sensorless speed control system with d-axis white
random current signal and nondiagonal matrix Q compensation is proposed.

Compared to the former research method, such as the system with EEMF Observer, novel EKF
PMSM position sensorless speed control system can achieve PMSM low-speed position
sensorless control, while system with EEMF Observer cannot(shown in Fig.6.1). The reasons why
EEMF Observer cannot achieve low-speed range(defined as PMSM speed lower than 300rpm)
control is:

(1). EEMF signals become complicated to be detected in low-speed range, as it is proportional to
PMSM speed;

(2). There is low-pass filter in EEMF Observer, which aims at filtering the PMSM speed signal.
Low-pass filter causes phase delay in motor position estimation. As a result, it is difficult to take
load torque with EEMF Observer in low-speed range. At the same time, phase delay on speed
estimation also causes the unstability of speed estimation.

Compared to the normal EKF PMSM position sensorless speed control system(shown in
Fig.6.2), the novel one(shown in Fig.6.3) can not only achieve position sensorless control without

load torque, but also the control with load torque.
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Fig.6.1 System load and speed relationships with EEMF observer
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Fig.6.2 System load and speed relationships with normal EKF observer



Chapter 6 Conclusions and future works

74
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Fig.6.3 System load and speed relationships with novel EKF observer
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6.2 Future works

Although this research has a little breakthrough in EKF low-speed range position sensorless
speed control, there are still quite a lot works.
(1). The relationships between injected white random current signal with four novel compensation
parameters in Q is studied by trial and error. There should be some mathematic logical
relationships between them.
(2). In simulation results, novel EKF PMSM position sensorless speed control system has smaller
angle difference between estimated one and measured one, but the random error in this angle
difference is amplified, which should be pointed out is that it may decrease the life time of PMSM.

A method to reduce such a kind of random error should be studied.
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