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Chapter 1

Introduction

1.1 Background

The induction motors (IM) are very common and easy to find, because
it is low in price and robust. Those are used in industrial applications such as
electric train, pump, fan, machine tools, grinders, conveyors and home
utilizations. Conventionally, till the last of the twentieth century, the induction
motors are operated at a single speed, which is determined by the frequency
of main voltage and the number of poles. Typically, they were operated from
fixed-frequency sources 50 Hz or 60 Hz in most cases.

To control the IM speed, a variable-frequency source is required, and
such kind source did not readily exist. Thus, applications necessitating
variable speed were serviced by direct-current motors (DCM). So, controlling
the speed of IM 1s more difficult than controlling the speed of DCM, because
the relationship between the motor current and the resulting torque is not
linear for IM.

The availability of solid-state power switches, development of power
electronics and microelectronics change this scheme hugely. Recently
developed solid-state power device such as insulated gate bipolar transistors
(IGBT), metal-oxide semiconductor field-effect transistors (MOSFET) are
applied to many favorable switches with wide range power ratings and
switching frequency that make them suitable candidates for variable-
frequency generation. Now the power electronics are capable for supplying

the variable voltage/current, or frequency drive to realize variable-speed



performance for IM. About the microelectronics, a digital signal processor
(DSP) has been developed. By using C language, control algorithm 1is
programed and realized without adding hardware.

Recently, to reduce the pollution problem in urban area and the
availability of fossil fuel, the electric car is getting attention; but because of
the limited performance of the battery as an energy storage, it would take
considerable time to use pure electric car commonly. Many of electric cars
use interior permanent magnet synchronous motor (IPMSM) from the
viewpoint of motor efficiency. However, it is interesting that the Tesla
Company uses the IM for electric car.

According to the development of pulse width modulation (PWM)
inverter, the constant volt per hertz (V/f) control is applied at first as variable-
speed control method for IM. However, the constant V/f control cannot
control torque instantaneously. On the other hand, the vector control (or field
oriented control) can control torque instantaneously and control speed of IM
quickly. In order to realize vector control, the information of rotor flux angle
is indispensable. In order to estimate the rotor flux angle, the angular
frequency is computed by adding the rotor speed to the slip angular frequency.
The slip angular frequency is obtained from a current model of IM by
assuming that the g — axis flux becomes zero. The rotor flux angle is obtained
by integrating the angular frequency. Many researches for rotor resistance
identification are reported to compute accurate the slip frequency [10], [16],
[20], [21].

By using the rotor flux angle, the three phases currents are
transformed to two-axis (d — ¢) currents. In general, the d — axis is selected as
the direction of rotor flux vector. Therefore, the d — axis current is
proportional to the magnitude of the rotor flux. The electromagnetic torque is

proportional to the product of d — and g — axis currents. By controlling the d —
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and g — axis currents quickly, the torque is produced instantaneously without
transient. In general, this currents control are achieved by PI control through
voltage control by PWM inverter. At steady — state the d and g variables
become constant. The d and g currents correspond to the field current and the
armature current of DCM respectively.

However, the use of such direct speed sensor induces additional
electronics, extra wiring, extra space, frequent maintenance, careful mounting
and default probability. The use of speed sensor has problems occurred,
mainly in harsh environment. Moreover, the speed sensor is sensitive for
electromagnetic noise in hostile environments and has a limited temperature
range. To avoid mechanical sensor (speed and position) of IM, several
methods called sensorless vector control is used. In order to simplify the
hardware, the speed sensorless vector control is studied and applied in
practical uses.

In order to improve the performance of induction motor control
without speed sensor, many model reference adaptive system (MRAS) based
methods are studied. Representative speed estimation is MRAS based method
proposed by Schauder [1]. Figure 1.1 shows the two independent simulators
are constructed to estimate the component of the rotor flux vector. Hence,
voltage model does not involve the quantity of rotor electrical-angular speed,
this model is used as a reference model, and current model which does
involve rotor electrical-angular speed is used as an adjustable model. The
errors between the states of the two models are used to derive a proper
adaptation mechanism that generates the estimation of rotor electrical-angular
speed for the adjustable model. The terminal currents and voltages are
measured and transformed to a — f variables. However, the vector control
system using MRAS speed estimate is composed independently. Therefore,

the system becomes complex. The speed estimation using flux simulator is
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used for flux observer-based field-orientation (FOFO) controller [2]. The
motor speed is estimated by comparing the output fluxes of two simulators.
Its estimated speed is in good agreement with actual speed at high speed, but
it has transient error in the lower speed.

The full-order observer is proposed in [3], [5], [22], [26]-[29]. Kubota
estimates the a — f stator currents and a — f rotor fluxes in stationary
reference frame [3], [5], [22]. The speed is estimated by using these variables.
The vector rotator calculates the stator current command by using information
from the flux angle from the observer. The influence of stator resistance
variation on the speed estimation and the torque control at low speed region is
minimized by identifying it.

The flux observer based sensorless system has an unstable region in
the regenerating mode at low speeds. To remedy the problem, Hinkkanen
proposed a modified speed-adaptation law [28]. Instead of using only the
current estimation error perpendicular to the estimated flux, the parallel

component is also exploited in the regenerating mode.
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Fig. 1.1  Model reference adaptive system (MRAS)
proposed by Schauder [1].



Design strategy of both observer gains and speed estimation gains for
an adaptive full-order observer based sensorless system is necessary issue to
assure the stability and the tracking performance. Suwankawin proposed a
design of observer gains to achieve the stability over the whole operation
especially in the low-speed region, including the regenerating operation [26].
The speed estimation gains are designed by considering the ramp response of
the speed estimator. There is still an unstable region of experimental result in
plugging region.

Tursini proposed an adaptive speed-sensorless field-oriented control
of an induction motor, based on a sliding-mode observer [24]. Using the
voltage equation, the observer computes the stator current and the rotor fluxes
in a — f stationary reference frame. In the case of sliding-mode observer, it is
considered that the observer gains are very large. The rotor speed estimation
is obtained by using relation with a Lyapunov function. The system
performance with different observer gains and the influence of the motor
parameters deviations are shown. Sliding-mode full-order observer also are
reported in [25], [30].

Tsuji proposed a speed estimation method by using g—axis flux [15],
[39], [40]. This method 1s based on a reduce order flux observer and the
adaptive control method. The g — axis rotor flux converges to zero for speed
estimation. To solve the pure integral problem of flux computation using the
voltage model, a flux-observer modified by a current model is applied. The
method is constructed by using synchronously rotating reference frame which
is on the flux of current model. The fluxes from the current model becomes
simple by defining d — ¢ axis, and all fluxes quantities of current model and
voltage model are in DC form. By using DC form, the system stability is
easily analyzed. Fig.1.2 shows the system proposed by Tsuji. The g — axis



rotor flux is used to estimate the rotor speed by using PI controller. The flux is
an output of flux-observer.

Another reduced-order observer-based sensorless method are
discussed by Harnefors [31], [32]. By using the flux electromotive forces
(EMF) of the voltage model and current model, the reduce-order observer for
the rotor flux is considered. The rotor speed is estimated by the EMF and
rotor flux. The reduced-order observer is simpler than the full-order observer.

Manipulated design of the observer can improve the stability of the
sensorless system even at low speed regenerating operation. However, the
configurations of these systems are relatively complicated. It is because the
MRAS based methods need state observer and many PI controllers (d — ¢
currents, speed and speed estimation). On the other hand, some simplified

speed sensorless vector controls are proposed.
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Fig. 1.2 Flux observer proposed by Tsuji [39].



Simplifying the system configuration by removing the current
regulators is proposed [33], and the stability is improved by adding a flux-
stabilizing controller using derivative of magnetic current [34]. However,
these papers have no information about the stability of regenerating mode. A
sensorless method using the induced d — axis and ¢ — axis voltage obtained by
a voltage model has been proposed [35], and a similar method is applied to
railway vehicle traction [36]. However, the stable region is not clear in these
papers. Furthermore, a primary flux control method are proposed in [17], [37]
and the stability is improved at regenerating mode [38]. Simple method of
stator — flux orientation is proposed in [23]. Some survey papers for IM
sensorless control systems are reported in [4], [9], [18]. Parameter estimation
of stator and rotor resistances are also important problem for the sensorless
systems [6], [11].

In this thesis, a new simplified speed-sensorless vector control method
of IM based on g — axis rotor flux is proposed [41] — [44]. A flux vector is
obtained from voltage model, in which the derivative term is neglected. A
flux angle of a current model must be aligned with the flux angle of voltage
model. Since the output voltage of d — axis PI current controller is used for the
flux angle estimation and speed control (g—axis voltage control), the system is
simplified and stabilized at regenerating mode [41]. In conventional
simplified methods, this scheme is not reported. A linear model of the
proposed system in the state space equation is obtained to study the system
stability by showing root loci. By virtue of the stability analysis, we can
design the parameters of controller. The nonlinear simulation and
experimental results of the proposed system show stable transient responses in
both motoring and regenerating modes [43]. In order to improve the system
stability at plugging region, a PI speed controller is studied instead of original

I (integral) controller [42]. Furthermore, a simplified sensorless system that
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uses a PI g— axis current controller and estimates the rotor speed is studied

and compared [44].

1.2 Contents of Chapters

This thesis is divided into five chapters with the arrangement:

In chapter 1, the background and the purpose of this research are
explained and the contents of chapters are specified.

Chapter 2 describes a space vector representation of induction motor.
A three-phase mathematical model of induction motor is transformed to a d —
g model by using two-axis theory. This chapter introduces a non-linear model
and a linear model of induction motor. The linear model of induction motor is
derived by considering small perturbations at a steady state operating point.

In chapter 3, new simplified speed-sensorless vector control methods
of IM based on rotor flux linkage are proposed . The two simplified sensorless
systems are called as system A and system B. The main difference is the
presence (in system A) or the absence (in system B) of ¢ — axis PI current
controller. In system A, the angular frequency of rotor flux is estimated to
bring g—axis flux to zero by using PI controller. The ¢ — axis flux is obtained
by the output of d — axis PI current controller with a non-interference control.
The rotor speed is computed by subtracting a slip speed from the angular
frequency. Flux angle is obtained by integrating the angular frequency. When
q — axis flux is larger (smaller) than zero and rotor flux is leading (lagging)
than d — axis, the controller must increase (decrease) the value of flux
frequency. In system B, the computation of ¢ — axis flux is as same as the
system A. The angular frequency of rotor flux is computed by adding the g —
axis flux to the speed command. The g — axis flux is also used to control the

rotor speed, by adjusting the g — axis voltage. Non-linear models are derived



in both proposed systems A and B. From these non-linear models, linear
models of the systems are derived in state space equations. The selection of PI
current and speed controllers gains are outlined.

Chapter 4 demonstrates systems stability by showing the root loci
obtained by the linear models, the transient responses of simulation results
and the stable regions. The performance of both systems A and B are
compared by using linear models and non-linear models. Transient responses
of linear and non-linear models are computed and compared. Since both
responses are almost same around a steady state operating point, the validity
of the linear models are confirmed. By using the proposed methods, not only
the motoring operation but also the low speed regenerating operation can be
stabilized. Quick torque and speed responses of nonlinear models are obtained
in both systems A and B. A digital signal processor based PWM inverter fed
IM system is equipped and tested. It is confirmed that the experimental results
are very close to those of simulation. Therefore, the effectiveness of the
proposed methods are also demonstrated experimentally. It is considered that
the system B is superior to the system A because its simple structure.

Chapter 5 is the conclusions presented in this thesis.



Chapter 2
Models of Induction Motor

2.1 Space Vector Representation of Induction Motor

For convenience of proposed systems analysis, the models of IM are
outlined. In order to analyze the IM, it must be embodied in three-phase
mathematical model. From three-phase model, the IM is simplified into two-
phase by using the two-axis transformation [12], [13], [14].

To show windings configuration and to calculate inductances, the
cross-section of simplified three-phase IM with two-poles is shown in Fig.2.1.
The winding configurations are assumed the same to each phases of both the
stator and the rotor. The winding of three-phase IM is separated by 120
electrical degrees with respect to each other as shown by the coils a—a ,b—b
and,c —c .

Fig.2.2 shows a circuit model of the three-phase IM with two-poles.
An equivalent three-phase winding is used in case of short-circuited squirrel-

cage rotor. The stator and rotor windings are wye connected. The a_, b, and
¢, mean the axes of stator a, b and ¢ phase winding respectively. The angle
6. 1s an angular displacement of a-phase rotor winding axis from the axis a. .

By using the rotational angular velocity ., the angle 6. is expressed as

0,=[  wdi+6,(0) (2.1)



The stator winding of IM is fundamentally the same as for a
synchronous motor. In the below equations, the subscript s denotes variables
and parameters associated with the stator circuits, and the subscript » denotes
variables and parameters associated with the rotor circuits.

In Fig.2.2 (b), the leakage inductance at stator and rotor windings are

[ and [ respectively. The mutual inductances M, has the relation with self-

inductances L and L as follows:

L L =M? 2.2
SS rr - SI‘ ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo .

Stator

Fig. 2.1  Three-phase stator and rotor windings of IM.
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(a) Definitions of axes.

M, cos0, sa
L,L. =M.

SsTrr

(b) Definition of circuit parameters.

Fig.2.2  Circuit model of three-phase IM with d — ¢ axis.
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The mutual inductance between stator and rotor changes when the

rotor moves by the angle 6.. The rotor a-phase current i, generates flux in
the stator a -phase winding as shown in Fig2.3. If 6. =0, all flux by i  passes
L and the mutual inductance 1s M . As the cosine component of the flux by
i passes L, the mutual inductance becomes M cos@. . The flux linkages in
three-phase windings of the stator and the rotor are defined as v, v, , V..
and v, , v, ¥, respectively. By considering the cosine component of the
angle of the winding, we can obtain the flux linkages of v, v, v, ., v, ,

V., ¥, asfollows:

l//sa ls + Lss - Lss /2 - Lss /2 isa
‘//sb = _Lss /2 ls + Lss - Lss / 2 isb
v | |-L./2 —L./2 1 +L_|i

sc

cosé. cos(é’r + %ﬂj cos(&r - 272')
3 3 :
lra
+M,, cos(@r —%7[) cosd, cos(é’r +—7zj P I (2.3)
2 2 he
cos(@r + Eﬂj cos(@r — Eﬂj cosé.
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v [1L+L, —-L /2 —L /2][i

l//rb = _er /2 lr + er - er /2 irb
l)[/rc _er /2 - er /2 Zr + er J

rc

cosf. cos| 6. —gﬂ' cos| 6. +z7r
3 3 :
lsa
2 2 :
+M,, cos(&r + Eﬂ') cosd, cos(@r —572') iy | e (2.4)
iSC
cos(@r - %7[) cos(@r + %7[) cosf.

By using the flux linkages, the following voltage equations are

obtained for stator and rotor windings.

€5 lya Va
e, |=R i, (TP W | 0 (2.5)
€ Ly Vi
€ Ly W
e, =R I, [+ DWW, | 0 e (2.6)
€, Ly Y,

where, p means d/dt, R, and R, is stator resistance and rotor resistance
respectively.

cos 8, component of flux

All flux by i, passes Lg by i, p%

L. i L

rn ra SS

Mutual W

inductance M,

Mutual inductance M, cos Hr
0<6,.<2x

Fig.2.3  Mutual inductance of windings.
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In stationary reference frame, by considering cosine components of

the angle that is formed between the winding axis and  — £ axis as shown in

Fig.2.4, the o — 8 components f  and f, for the stator side are obtained.

The f means voltage, current and flux linkage. The space vector is defined as

[i=fia¥JLip e (2.7)
bS
ﬂ A
b, a,
¥ =v
\ 0
> > a,
a
v
CV
CS
Fig.2.4  a - p stationary reference frame.
then,
2 jgzr —jzzr
fS:\/;[ Lte’ fgpte 3 Scj ................................. (2.8)

For the rotor side, the following equations are defined:

cos 0, cos(6, + z7z) cos(6, —%7[) Jra

{ fm}_ 2 3 A R (2.9)

Jrp 3 sing,  sin(6, + %72') sin(6, —%ﬂ') fre

15



By using f,, and f,;, the space vector is defined as

[omfia s i (2.10)
then,

. 2 . jgﬂ - 27[

fr:\/;eﬂ’ fated fode 3 il (2.11)
The space vector of stator voltage is expressed as

2
_ilr

é, = (e +e'3 ept€ 3 eL) (2.12)
From (2.5), we have

E =R+ DW, e (2.13)

The stator flux linkage is computed from (2.3) as

2 jor ~jon
= E(l//sa +e Vet l//sc)

R T PN S -
:(ls+Lss)ls_7 5 (zsb+zsc)+e (zm+zsc)+e (zsa+zsb)

2
,/ =M, cosb.|i,+e 3 z',,b+e 3.

2 2
2 2 ) JST ~J5T
+‘/§Msrcos 9r+§7r i,+te3 i . +e 3 i

2 2
2 2 : 37, —i37.
+ EMSF cos|0.——nx ||i, +e> i,+e ° iy
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By using i, +iy, =—i,., iy +1i, =i, and i, +1i,, =—iy, we have

: 3 ;
Ws:(h_FELmj%
. _ig . _ig —jgﬁ 2 . _io jzﬂ 2
+M, <ie " cosO, +ie e 3 cos 6’r+§7z +i.e’7e 3 cos 49,,—572'
= (ls + éLssjl:s +Msrl:re_j9’ -Eejg’
2 2
= (1, +%Lss)is+%Msrir .............................................. (2.14)

(2.14) can be written as:

sr?

By setting L = %LSS +1, and M = %M

D TS ¥ & F OO (2.15)

Substituting (2.15) into (2.13), we have
e, =(Ry+pL)i,+pMi, e, (2.16)

The space vector of rotor is expressed as follows:

2 . jgﬂ —jgﬂ
e, :\/;eﬂ" e te epte de. | (2.17)

From (2.6), we have

2 2
. 2 . j—71T —j—r
e, :Rri,+\/;ef‘9fp[t//m+ej3 W,,+e E l//rC] ...................... (2.18)
hence,
=R+ p(y,e”) (2.19)
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The space vector of the rotor flux linkage is computed from (2.4) as

2 . jgzr —jzﬂ'
%=\ge"9" Viate Vyte 3y,

2 jar. —iem
+cos((9r +§7rj ipo+e 3 i +e 3 iy |t (2.20)
therefore,
o= L+ =L, |i,+=Mgi, 2.21
W}" ( r 2 7’7") r 2 Sr-s ( )

By setting L, = %er + 1., the rotor flux linkage is expressed as

D P P 7 & P (2.22)

From (2.19), we have
é.=Ri+(p—Jjo)Li +(p—joIMi, .o, (2.23)

The space vector equation of IM from equations (2.16) and (2.23) is

expressed as

ér (P—]Ct)r)M Rr+(p—ja)r)Lr l:r ..................... .
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The voltages é, and é, in (2.24) are divided into real and imaginary

parts to have o — f stationary reference model as

€., Rs + Lsp 0 Mp 0 isa
e 0 R+L 0 Mp ||,
e s TP O (2.25)
era Mp a)rM Rr + L;p a)rLr ra
_erﬁ_ L _a)rM Mp _a)rLr Rr + Lrp_ _i"ﬂ _

2.2 d-q Model

We consider a rotating d — g axis shown in Fig.2.5. Where, @ is the

angle between o —axis and d — axis. The d — axis rotates at an arbitrary

angular velocity . Then, 6 can be expressed by the following equation:

o= (ja)dt 0 S (2.26)

The o — f stationary reference frame quantities are transformed into

rotating reference frame quantities using d — g transformation as follows:

Fag =€ (fua+ifip)=e¢fi (2.27)

.
Jrta =€ 0 f, e (2.28)
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ﬂl

e’ =cos@— jsin@

q fslgsinﬁ

R

y

j;"dq = (fsa "’]’fsﬁ)e%
:].(Se_jg

fslgcosﬁ qu <

I
\» |
Tr’\
A

S5 €0s 0

Fig.2.5

>

U 7.V«

Jsq SINO

Reference frame transformation from o — f to d —g¢.

Hence, the transformation of reference frame from a—f to d —¢q

axis can be expressed as
fa | | cos@ sind | f,
Jsq | —sin@ cos@| f. 5

From (2.16) and (2.27), we have

. 6.
esdq =e €

=e (R, + pLy)iy+ pM

R L0 jo;
- Rslsdq +e Lsp(e lsdq)

=R

sdq + Lspisdq + ja)le

sdq

i)

+e M p (ej el:rdq )

+Mp Ldg

+ja)Mplrdq
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From (2.23) and (2.28), we have

érdq = e_jgér
— i@ . : . :
=e’ ((p_Ja)r)Mls +(Rr +(p_]a)r)l’r)lr)
= e_ngr (ej'gz:rdq) +e M p(ej'gisdq ) - e_jgj o, M (ejeisdq)
+e/ HLV p(ej gz:rdq ) —e /! jo, L, (ej gz:rdq )
= Rr l:rdq +Mpl:sdq +jC()Ml:qu _ja)er:sdq
+L}, pl:}’dq + ]a)Lr l:rdq - ja)r L’, l:rdq .................................. (23 1)
The voltage equations of (2.30) and (2.31) can be written in matrix
form as
Csdy R +Lp+jolL, Mp+joM Loy 232)
&y | | Mp+j(0-0. )M R.+Lp+jlo-a)L, | iy| '
Hence, ¢, and ¢,, can be divided into real and imaginary parts as
follows:
ey | [ R+ Lip ~oL, Mp —oM iy ]
€y oL, R, +L.p oM Mp I
eq| | Mp —(w-w, )M R +Lp —(0-o)L | iy
ey | |[(0-0)M Mp (0~ )L, R A+Lp | iy
............ (2.33)
The relation between fsdq and three-phase variables can be expressed
as
, 0 |2 jon ~2n
Jug =€ 3| S +e’ f,+e e, (2.34)
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Therefore, we have

cosd 008(9—27[) cos(9+%7zj .

/s 2 3 3
I - = 5 ) N (2.35)
4 —siné —sin(@—gﬂj —sin(9+§ﬂj I

The relation between frdq and three-phase variables can be expressed

as

. _ip 2 0 jgﬂ' —jgﬂ

fra =€’ 3 e’ fiore fore ol (2.36)
Therefore, we have

f 5 _ cos ff COS(ﬂ—%zj COS(,B-F%iZ'j | 1.
{ frd}: 3 5 SN g (237)
rq —sin f§ —sin(ﬂ—gﬂ'j —Sin(ﬂ+§7z’j £

From (2.14) and (2.21), the flux linkages are expressed as

v [L, 0 M 0]i,]
0 L 0 M|i
Vo | _ : o (2.38)
V/rd M 0 Lr 0 L
Wl LO M 0 L i,
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Since the rotor is squirrel-cage short-circuited type and the voltage

equations are derived from (2.33) and (2.38) by using rotor flux linkage as

follows:
I M oM ]
R +oL —wol — ——
S Sp S Lr p Lr
(e ] M M| i |
sd woL, R, +oL.p el —p s
e L L I
(s)q - Y | r d ML (2.39)
— 0 —+p —(0-0,) Vrd
L 0 ] TI" TI" _qu_
M
0 -—  (w-o.) —+p
L TV T’” .
where,
2
o=1- and 7, =—= (rotor open circuit time constant).

2.3 Electromagnetic Torque

To determine the torque developed in IM, we can calculate the input
power as follows:
Bn = esaisa + esbisb + escisc + eraira + erbirb + ercirc

I I

sa ra
= [esa €sp esc] Lsh + [era €br  Ccll b
Lse Lyc

T T T T \T~T,
=(Cye) Cig+(Cle) C i,
T T, T T,
=e, C.Coi,+e, CC, i,

=€, i 4 0. e (2.40)



5 1 —; —; 3 cosd, cos(@r +227Tj cos(@r —2;)
C, = 3 A A » C. = 3 , ,
0 V3N sinf, sin| 6, +27 1 sin 0. el
2 2 2 2
e = eSO! i _ iSO! e = ei"(l i = ll”O!
s esﬁ oS lsﬁ S erﬁ o lrﬁ
Therefore,

P, =e,i,+ eplsp t€alrg T €pLg

By using space vector, P, is expressed as
P, = Re(e's ifve 1)
_ Re{is*(RS i+ Lipi + M pi)+i (M pi, - jo, Mi,

+Rr l:r + Lrplr _jwr Lr lr)}

2

L

2 1
+—L
) r P

Ls

L2
+ R,

Ls

=R i,

S

? + %LS p
+ %M » (is*ir + isir*) + Re(— jo, Mi, z) ................. (2.42)

The each term of (2.42) is considered as

R, ‘is ‘2 : primary copper loss

‘z

R, ‘ir : secondary copper loss

1
1y
P

2 . .
I : reactive power of self-inductance

L

2 1
+—L
o P
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EM p (i, i, +i 1) : reactive power of mutual inductance

Re(—jw, Mi i"): mechanical power

Hence, the electromagnetic torque 7, is given by

Re{—jo, M(i,1)]

T =

¢ 2
70)"
P
P -
=—MIM(i i, )] e
” pimi )
where, P: number of poles.
Therefore,
P . PM,. .
T, :EM(ZW o —lsdqu) :EL_(lsql//rd —lsdl//rq) ...........

r

2.4 Non - linear State Equation

In order to compute the transient responses, we derive a non-linear

state equation from (2.39). The non-linear state equation is expressed as

2 o M
pij=be | R M, MYy MV,
“ oL \oL, oLlL.rt, “ oLLt, oLL,
e 2 M
pi =S gy | B M oMy, WV,
oL, oL, Ltol )" Lol LrtolL,

M. 1
)2 :T—zsd —T—l//rd +(a) —a),)l//rq .......................................

r r

M 1
pl//rq :z'_lsq —(a) - a),)l//,,d —T—l//rq ........................................

r r
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The mechanical equation of motion is expressed as

_MP
4JL,

P

P
_E(

(i ¥t —ia ¥,y ) - 7T (2.49)

pa)r Te_TL)

where, J: inertia of the rotor plus load, 7, : load torque.

The above equations are described by a non-linear state equation

Px, = f(X,0,T,) e (2.50)

where, X is state vector and &, is input vector of IM.

X, =iy iy Vs Wi co,]T ............................. (2.51)

2.5 Linear State Equation

An essential problem connected to the modeling of the induction
machine is the non-linearity of the equations that describe its operation. This
non-linearity is caused by the voltage equations and the electromagnetic
torque relation as well, due to the products between the state variables. When
a control system is designed, it is very convenient to linearize the machine
equations [7], [8].

The stability analysis of non-linear system is difficult in general. So,
we derive a linear model of IM by considering small perturbation at a steady

state operating point which is obtained by setting p =0. The linear model of

IM is derived as follows from (2.50):
PAx =AAXx, +BAu +B,AT, (2.53)
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where,

T
Ax, :[Aisd ’Aisq AW, ’Al//rq Ao, :|

Au, = [Aesd, Ae,, , Ao }T
I » . M Mo, — My, |
: oL LT oLL  oLL
- —a _ Ma)r M _ MWrd
1 oLL  oLLt  oL]L
A= M r N
s — 0 - 0 - -
. - (0 —0,) -y,
M |
O _ _(a) - a)r) - l//m'
T, T,
_aZl//rq a2l)”rd aZisq _a2isd 0 i
R, M’ MP?
al = ) a2 =
oL, oLLcr, 4JL,
o _
— 0 i i ]
oL, ¥ 0
0o L s
B = oL, . ,B, = L
0
0 0 vy, »
0 0 _Wrd R
0 0 0 | L 2/
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Chapter 3
Speed Sensorless Vector Control

Systems

3.1 Proposed System A

A speed sensorless vector control system in which the rotor speed of
IM i1s estimated explicitly is proposed and analyzed to investigate the system

stability. We call the sensorless system “system A”.

3.1.1 Block Diagram of System A

In order to simplify the controller and to stabilize the system at low
speed regenerating operations, the speed sensorless vector control system A is

proposed as shown in Fig.3.1. As described in (2.39), the d —g rotating

reference frame equations of IM are modified as

Voltage model:
e, =(R +oLp)i,—o oLi,+ L—pl//:d - L—a) 1//,,Vq ............... (3.1)
e, =®oli,+(R +oLp)i, +L—a) v +L_pl//’vq ............... (3.2)

'
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Inverter

—»| /s

Fig.3.1  Block diagram of system A.

Current model

0= —%*i*
T

r r

1 * * A *
o+ (? +PW, (O =@,

M. * A * 1 *
0=——i,+(@ —a)r)wrd+(7+p)l//rq ....................................

r r

Where, 7. =L /R, @, : estimated rotor speed.

The synchronously rotating angular frequency @ of d —q reference

frame is defined to satisfy that the rotor flux of the current model v,y:q 1S zero.

Therefore,

*

Wiy =0 s
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This means that the d — ¢ axis is selected to synchronize the direction
of the current model rotor flux. By assuming that the d — axis current
reference i, is constant, from (3.3) we have

W =Mi, s (3.6)
By substituting (3.5) and (3.6) into (3.4) we have

]
O — @, = et (3.7)

' T:i:d
Therefore, the estimated slip speed w, is defined as

i
—_ %4
D, = T e sttt (38)
Trlsd
. oK .
The assumption of constant i, causes that the d — axis flux becomes

constant described in (3.6). Therefore, we make the following assumption:

DU =0 e (3.9)

By using (3.9), from (3.1) we have

*

oM

e: L= R:i:d - a)*O'LSiS - L—wfq ..................................... (3.10)

In (3.10), the induced voltage e, is defined as

. oM
e, :—L—V/rq ............................................................... (311)

In the proposed system, the induced voltage e, is computed by using
the output voltage of d —axis PI current controller. We can estimate the phase

of rotor flux @ by changing @ to satisfy
| (3.12)
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Fig.3.2 shows the rotor flux vector of current model y. and that of
voltage model ' . The i, is on the d — axis. When w,, >0, we must
increase @ and we must decrease @ when w,, <0 to satisfy (3.11).

Because the y, is proportional to e, in (3.11), the angular speed @

is estimated by using PI control as

* K *
10 =—[Kw+—“’)ed ....................................................... (3.13)
T s

The sign of K, must be changed according to the sign of W’ as
sign(@")is 1 if @ >0 and -1 ife’ <0.
K,=sign(o K,| e (3.14)

The angle of the rotor flux is computed by integrating the angular

speed as follows:

O = e (3.15)
S
s
.
9 q
.. 7
0

\

WI’ q a

W,y >0 >
729

Fig.3.2  The rotor flux vectors and d — g reference frame.
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The rotor speed is estimated by using (3.7). The speed PI control and

g — axis PI current control are composed like conventional system as shown

in Fig.3.1.

By assuming y, =0 and y,, =M i,, we have following equation

from (3.2):

2

e,=®oLi,+(R +oLp)i, +L—a) iy

=wLi, +(R +0L, P,

r

The 2¢/3¢ transformation of Fig.3.1 is performed as

e

sa

R 2
e — —

sb

. 3
e‘

*
cosd

—sin

cos(ﬁ* —272') —sin(ﬁ* —27[)
3 3

cosd’ COS(Q*—gﬂ'] cos(ﬁ*+§7z) i,

|:isd:| 2 .
. = 5 2 2 lsb
sq —sin@’ —sin(e* —572') —sin(e* +§7zj i

005[9* +g7rj —sin(Q* +27zj

3.1.2 Description of System

The following assumptions are set in analysis.

(1) i, is constant.

......................

(2) Voltage control is performed ideally and the following equation is

valid:

* *

e =e e,

sa sa?’

*
= esb H esc = esc
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In order to analyze an IM, the d —q reference frame that rotates

synchronously with the flux angle 6" is taken as @ of (2.26). Thus, w =" .

Therefore, the d — g transformation is expressed as

. . 2 . 2 )]
cosd cos| @ ——r cos| @ +—rx
H 2 ( 3 j ( 3 ] o

z —sin@’ —sin(é’*—éﬂj —sin(9*+§ﬂj f.

From (3.18), (3.19) and (3.20) we have

E3 *

esd_esd,e _e -----------------------------------------------------------

sq sq

The PI d — axis controller is expressed as

where,

Then the derivative of e, is expressed as

%
pe, =K, (zsd - lsd) .........................................................

The PI angular speed estimator is expressed as

W =e,—K_€, e
where,
K .
€, ==—="€,
Ts
@
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e, =Kp(zsd —lsd)+ecd ...................................................
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Then, the derivative of e, is expressed as

K, .
pe, = —T—:ed ................................................................. (3.27)
By using (3.22), we have
pe, :—I;—:(Kp (i:d —isd)+ecd) ....................................... (3.28)
From (3.22) and (3.25)
o =e,~KKi,+K,Kji,—K,e, s (3.29)

The output variable of PI speed controller i:q 1s expressed as

i, = (Kps S ](a)r —aSr)

S
= Kps [a): — a)* + T*Slq* j'i‘ w(,d ...................................... (3 30)
r'sd
where,
* * i
o, = ’S(a) -0 +—= J ............................................. (3.31)
S Trlsd
By using ® in (3.29), we have
* * i
pw., =K, [a)r +K, Kji,~K,Kji,+K,e,—e,+—% J ....... (3.32)
Trlsd
The d —axis voltage is expressed as
e =K, (i, —iy)+e,—0oLi, +Ri, (3.33)
The g — axis voltage is expressed as
* Ki .o . * Sk
e, :(Kp + . j(l“’ —lsq)+ wli,
=K, (i, =i, )+e, +O'Li, e, (3.34)
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Then, the derivative of e, is expressed as

pe, =Ki(iy =iy) (3.36)

3.1.3 Steady State Analysis

. *
In this system, we can choose any value of speed command @, and

magnetizing current command i:d. Load torque 7} is an arbitrary input that

oK

depends on any load connected to motor. When we set the a): ,i,, T, , other

all quantities can be determined. It has three degrees of freedom. In order to
simplify the procedure of computation, the slip speed is given instead of the

load torque.
Actually, angular frequency @, rotor speed @, are constant in steady
state condition, and then the differential equation of the system becomes

linear. If the system is linear, it is similar to DC circuit. Then, we can set the

differential operator p =0 in steady state analysis because there is no change

of state quantity.
The following equations is obtained by letting p =0in steady state

condition:

. * *

* A~

,e,=0,e,=0,0 = .l (3.37)

r r

:ls

lsd - lsd ’ lsq

q
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From (2.39), the induction motor is expressed as

. . . . oM
e, =Ri,—o oL, —L—lﬂrq ............................ (3.38)
e, =@ OLI,+RIi +——V., (3.39)
M . 1 .
O:_r_l“’ +—Vv,, —(a) —a),)w,q ............................ (3.40)
M . 1
Oz_r_l” +(a) - )t//,d+—t//,q ............................ (3.41)
T, =, e (3.42)
From (3.33) and (3.37), we have
e, =R I, —@0OLi, e (3.43)
If we assume R, = RS* , from (3.38) and (3.43), we have
W, =0 e, (3.44)
From (3.40) and (3.44)
W,a =M, e (3.45)
From (3.41) and (3.44),
. Mi, I,
0 —0, = T T T e (3.46)

ro - K
Tr l//rd Tr lsd
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By assuming R = R: and using (3.7), we have

O, =@, e (3.47)
Therefore,
O, = @, e (3.48)

By comparing (3.34) and (3.39), we have
€, =R, s (3.49)

A steady-state solution is calculated in the following procedures by

setting N [min‘l} N, [min_l}, and i, as given values.

[1] Electrical angular speed command @, is calculated by

w, =£27z N e (3.50)
2 60

[2] Similarly, electrical slip angular frequency @, is calculated by

0, =0 -, e e (3.51)

2 60

[3] w,, =0 is calculated by referred to(3.12)

[4] l//rd = Misd

[5] i, is calculated by

- a)slz-r

Ly, = Vv/rd ................................................................. (3.52)



[6] Slip speed w, is equal to @, and rotor speed @, is equal to @, .

[7] @ is calculated by

O @, FW; e (3.53)
[8] e:d - Rs isd - a)* GLS is

q

[9] esq = Ls isd + Rs isq

[10] e, =R, i,
(1] @, =i,

[12] e, =

[13] 7, _EAZ—zzsd i,

The non-linear state equation of induction motor in the rotating
reference frame that rotates synchronously with " is obtained from (2.45) to

(2.49). In these equations, ¢, ¢, and @ must be replaced with e, e:q and

o respectively by using (3.21).
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3.1.4 Linear Model

From (2.53) the linear model of IM of Fig.3.1 is expressed by
PAX, =A Ax +B Au +B, AT, .,

where,

7

Ax, =[Ai,, Ai, Ay, Ay, AoT
Au =[Ae,, Ae., Ao
In these equations, Ae ,, Ae

sq?

Ae,, Aw and @ respectively.

Aw and o were replaced with Ae_,,

By considering small perturbation at a steady state operating point, the

following equations are obtained from equation (3.24), (3.28), (3.32) and

(3.36).
PAe, =—K,Ai;, e
K
plAe,=—=K Ai, —T“’Aecd .....................................

o .
pAe, =K, Ai, —K Al s

By using (3.30), (3.58) becomes

y K S .
phe, =—K.K, K K Ai,+ K,.[ L I]Alsq

Tr lsd

+KK, K Ae,~KK, Ae, +KAw, +KK Ao, ...
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These equations can be expressed in a matrix form as follows:

K, 0 00 0
K, AL, ]
Aecd T—w p O O 0 O A;d
Ae, K *
Pl e |T| —KiK.K 00 0[AVy
a)cd is p Trlsd AW
Ae,, 4
KK, KK, K{ 1] 0 0 o A
Trlsd
0 0 00y
- 0 0| Ae, 0 .
+ T, + [Aa)}
KK K. 0 0f2%| | K '
st o e A KK
KK, K, -KK, K, 0|L"% i ps

Simply is expressed as
pPAz=A Ax+A Az+B Ar

where,

Az=[Ae,Ae,Aw Ae, ], Ar=[Ad]]

From the equations (3.29), (3.33) and (3.34) we have
Aw =K, K Ai,— K, Ae, +Ae,

Ae,, ==K Ai, +Ae,—w oL Ai, —Aw'oLi,
=-K,(K,0Lji,+1)Ai, - o'cLAi,

+(K, oL, +1)Ae, —0oLi,Ae,

40

.........................



Ael =K Ai', — K Ai +Ae, + iAo

* %

Tr lsd

. K, :
=K, K, Ao, + K Ao, + [—” - 1]KPAZW

+he, +(Li,, - K K, K KA,

+(K K, —Li,)K,Ae, +(Li, ~K, K, )Ae, ... (3.63)

We can write a matrix form of Au, as follows:

At =F AX +FAZ+FAF oo (3.64)
| -K,(K,oLi, +1) —w'cL, 0 0 0f A
Aesd K Al.sq
Ae,, |=| K K, (Li, - KK, ) KPL s —1) 00 0|Ay,
* T.1
A KK o 00 of ¥
L re 1| Aw, |
. . Ae,
K,oLi,+1 —oLji, 0 0 ed 0
+ K, (KK, ~Liy,) Li,-K/K, K, 1 pov | KK, |[Ao)]
— } 0
K{u 1 O O Ae

cq

From equation (3.54), (3.61) and (3.64) the linear model of proposed

system A can be derived as follows:

Ax, | |4 +BF  BF, ||Ax | |BF, A B, AT 3.65
p{Az} A P o P S R R

X

Simply we can express as

PAX=AAx +BAr+B, AT, (3.66)
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i K
oL, 7, oL.L,
. Li,—K K K
o KK |2 TRy B [ B | Mo,
’ oL, ‘ oL\ 7.i, oL,
1 1
—M+K,Kp, 0 -
T, T,
1 *
_KpKa)Wr'd _M (0’, -
T
A= " .
_a2l//rq aZWrd aZqu
K, 0 0
K K
- 0 0
Tw
_KisKpr * li O
Trlsd
KK, KK, K{ L —lj 0
L Trlsd
M
Mo, Y.y 1 0 0
oLL, oLL, oL,
1 M Ml//rd K Kpr.v - Lvl:d . LS‘l:d - Kprs . Kp
ol _r + L —ly
r. oL L oL, oL, oL, oL,
a)* - a)r _l/qu _le/qu l//rq O
1
_T_ l//rd le//rd _l//rd O
—ayi, 0 0 0 0
0 0 0 0 0
0 0 _K, 0 0
Tm
0 0 KisKa) _Kis 0
0 0 KK, K, -K.K K,
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0 0 | _ _
0
KprS 0 0
oL,
0 0 0
0 0
B— ’ B = _i
B T B Y
o 0
0 0
K 0 0
is 0 J
Kl.KpS 0 -

The output equation is expressed as

AP =CAX e e e (3.67)
Where,
C= [O 0O 0010O0O0 0]
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3.2 Proposed System B

In the proposed system B, g—axis current controller is removed.

Therefore, the system B 1s simpler than the system A.

3.2.1 Block Diagram of System B

Figure 3.3 shows the block diagram of proposed system B. The output
voltage e:, of d —axis PI current controller is used in both the flux angle

estimation and the speed control (g —axis voltage control).

; ]
lsd - =
i
; 24 fe—tr
1(ziy,) [ ! = 3¢ i
J " * A
i —»l R w oL,
i* + +ty -~ e* e*
Sd—»é—-» Kp + ﬁ > sd Sg
+ %
* e
o[k + Elede! 24, | [/ Pwm
¥ S « | 3¢ « [ INV.
a)r ++ ++ a)c esq eSC
> Li, > >
v T_ .
K, 0
*
+><t, @, 1/s

Fig.3.3.  Block diagram of system B.
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The e:, is proportional to l//,vq as described in (3.11). By using e:,, the
angular frequency @ is modified as follows:
O =0 4D, —K, €, e, (3.68)
The term a): + , 1s considered as feed-forward value of the angular
frequency. The gain K, sign must be changed according to @ as

K, = sign(a)*)|Kw| ........................................................ (3.69)

The estimated rotor speed @, is defined as

A *
W, =@ =, e (3.70)
where,
I
— sq
a)e % %
z-r lsd

From (3.68) and (3.70), we have

A

* *
K,e,=0. —@, e (3.71)

r

Therefore, the speed control can be accomplished by using K e; . Since the

torque current I, is controlled by the g — axis voltage e, we compute the

q 5q °
e, as
e, =Li (0 +0,+®) (3.72)
where,
K. ) -
@, :(Kpc + S € e (3.73)

Other equations of Fig.3.3 are the same as those of Fig. 3.1.
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3.2.2 Description of System

The proposed system B shown in Fig.3.3 is described. The d — axis
PI current controller is described by (3.22) — (3.24). The output of PI speed

controller @, is computed by

%
@, =K, K, e, +@0, e (3.74)
where,
K K. -
J— w ic
@, _Ted ................................................................. (3.75)

The derivative of @, 1s expressed as

PO, =K K. €, e, (3.76)

[ c

The angular frequency is expressed as

o =0 + Tllqd - Kw( K, (i, —i,)+ ecd) ......................... (3.77)

The variable e, is defined in (3.23).
The d —axis voltage is calculated by (3.33). The g —axis voltage is

written as

* * * is *

_ . q . .

e, =L, (a)r + o +K,K, (Kp (lsd - ) +e, ) + a)ci] ......... (3.78)
rsd

In order to analyze the IM of Fig.3.3, the d —¢g axis that rotates

synchronously with the flux angle @ is defined. If the ideal voltage control of

(3.19) 1s assumed, the actual d —¢g voltage are equal to those references as

described in (3.21). Therefore, the equation of IM is described by (2.39). By

*

replacing the variables ¢, , e, and @ with ¢, e ,and @ respectively.

sq 2
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3.2.3 Steady State Analysis

At steady state condition, the derivative operator p is set to zero. By

the integral controllers of d — axis current and speed, we have

. -*
L =0y e e s sttt e (3.79)

€, =0 e (3.80)

Therefore, e, =0 from (3.22).
The actual IM equations at steady state are described in (3.38) — (3.42).

By assuming R =R, the ¢ —axis flux ., becomes zero as the same of

system A. Therefore, (3.46) is valid in this case too. From (3.80), we have

By assuming R =R, the following equation is obtained from (3.46)

and (3.81):
w, =w,
From (3.78) and (3.81), we have
e:q =L i, +@,Li, e (3.82)

By comparing (3.39), (3.45) and (3.82)

Steady-state values are calculated by giving N, N, and i_, as known

values, similar to the case of system A.
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3.2.4 Linear Model

The linear state equation of the IM is described by (3.54). From (3.55),
(3.76), (3.77) for a small signal perturbation, the following equations are

obtained:
pAecd = _Kil.sd

pAw, =K, K, (Ae, - K, Ai,)

, VAYA
Ao = Ao +—=L+ K, (K, Ai, - Ac,,)
z-rlsd

The d —axis voltage e,, in (3.33) is linearized as

Ae, =—K Ai,+Ae, —wocLAi, —AwoLi,

sYsqT T w
Trlsd

R
= —(aLi K, + I)KpAisd —[a) +—2 ]JLSAZ'W
+(K,oLi, +1)Ae, —OLi A®, e (3.84)

The g —axis voltage e:q in (3.78) is linearized as

Ael, =Li, [Aa)r + L+ KK, (Ae, —K A, )+ Aa)cij ............ (3.85)

Tr lsd
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The state equation of the controller is expressed as

PAZ=AN + AAZ+BAr (3.86)
I Aisd |
Ai
Ae,, -K, 0 0 0O E 0 01l Ae,,
p = A l//rd +
Ao, | |-K, KK, 0 0 0 0 K, K. 0| Aw,
Ay,
Au,=F Ax, +F Az +F. Ar e (3.87)
_ o 7 ]
_(Kwo-LSisq +1)Kp —(a) —— JO‘LS 0 0 0} Ai,
. T
Ae., L’ “’ Ai,
Ae, |=| -Li,K,K, K, . 0 0 0| Ay,
. T
Aw lr A Y
Ka)Kp * % 0 0 0 Aa)r
z-rlsd - B
1+K oL, 0 —oL i
K ! oK Aecd K 1 *
+ lesd Ka)Kpc lesd Aa)a. + lesd |:Aa)r ]
_Km
The linear model of whole system is obtained as follows:
Ax, A +BF BF. || Ax, B F, B,
pl = S+ Ar + AT,
Az A, A || Az B, 0
Simply,
PAX=AAx + B Ar+B, AT, e (3.88)
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A= T—r + Ka)Kpl//rq
M vy,
_Ka)Kpl//rd T :
_a2y/rq
K,
i -K K. .K,
M Mo, My,
oL L, oL L, oL L
Mo, M My,
oL, oL L, oLL,
1 ]
* _T_r (0) -, ) Vi
. 1
B ( o — a)r ) T l//rd
TV
a2isq _aZisd O
0 0 0




— O - _ 0 _
é ivd 0
o 0

B = l//rq 5 B I = 0

_Wrd _ i
0 2J
0 0
L 0 . L 0 _

The output equation is expressed as

AP ZCAX e (3.89)

where,

c=[0 0 0 010 0]

3.3 Gain Selection of Controller

3.3.1 Current Controller

Figure 3.4 shows a block diagram of the PI current control system of

IM. The IM i1s modeled as a series circuit of the resistance R, and leakage
inductance oL . The disturbance means a counter electromotive force. The

resistance R is expressed as

2
R =R + (L%j R e (3.90)
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Disturbance

Current PI Current Controller Induction Motor Current
Command
I'(s) AN | 1s)
K |1+ - | [ ———
+ P Ts R, +oL s

Fig.3.4  Block diagram of the current control system.

Assuming that there are no disturbances, the closed-loop transfer

function of the current control becomes the following equations:

I Kp(];s+1)

I" (oLs+R,)Ts+K, (Ts+1)
The T, is usually designed as [45]

]-;-— .......................................................................... (3.91)

sr

The current transfer function becomes as

K
L (3.92)
I oLs+K, T, s+l
where,
TquO'LS
K

Cut-off frequency w, of this transfer function is expressed by the

following equation:

K

P

W =—L = T (3.93)
RSV]; Tq

e
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By setting the cut-off frequency @, , the proportional gain K, is

determined by (3.93).

3.3.2 Speed Controller

The block diagram of speed control system is shown in Fig.3.5. When

the vector control is ideal, the torque can be controlled as

PM* .
T, = oL gl =Kl e, (3.94)
The loop transfer function G, of Fig. 3.5 is
G, = (Kps + K“J L R (3.95)
s J1+T,s 2Js

The Bode diagram of (3.95) is shown in Fig.3.6. The angular

frequency @, is expressed as

@, =Ky K, e (3.96)

pi

C t Control
urrent Contro Load Torque

Speed PI Speed System Actual
Command Control TL Speed
% * —_
a)r Kis ]sq (S) 1 Isq (S + 1 P a)r
— O K +—— T K, — -
+ T s +1,5 T, Js 2

Fig.3.5  Block diagram of the speed control system.
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Gain

0dB

Fig.3.6  Bode diagram of loop transfer function G;.

In order to have sufficient phase margin, the following equation
should be satisfied [45]:
@SOS (3.97)

Under the condition (3.97), the crossover frequency @, is obtained as

PK.K
a)sc =T A,
2J

If we set the @, and @

sc

the gains K, and K, is determined by (3.98) and

(3.96).

54



Chapter 4
Simulation and Experimental

Results

4.1 Experimental System

4.1.1 Microcomputer control system

The IM control system by using a digital signal processor (DSP) is
shown in Fig.4.1. The power circuit is composed by rectifier, smoothing
capacitor, and IGBT inverter. A DC machine is used as a load through a
torque sensor for the induction machine. Torque sensor is used for detecting
the torsion of the shaft. The motor currents and DC link voltage are detected
to the DSP through an analog to digital (A/D) converter.

PWM gate signal generator is connected to IGBT inverter. These
signals are carried by an optical fiber cable and are not affected by noise.
Resistor is connected to the braking circuit and the regenerative energy is
consumed as heat. When the IM operates as a generator, IGBT brake circuit 1s
turned on. The dangerous voltage rise can damage the rectifier circuit diode

and the smoothing capacitor, because its energy is not returned to the power

supply.
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Vdc | : A ™ ¥
Host TMS320C32 |,
Computer <:“> DSP Controller |, 0’”

Fig4.1  Experimental system.

The interrupt signal INT1 of the DSP is sent from the PWM gate
signal generator to synchronize the period of PWM. The host computer has a
segment that can be connected to the DSP, so it can transfer control program,
or display information on the screen from DSP. The PWM inverter and DSP
control circuit is made by My Way Co., Ltd. Block diagram of DSP 320C32

is shown in Fig.4.2.
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boot
RAM ROM address bus
A0-23
Controller Memory data bus
INT1 Interface DO0-31
interrupt R/W
________ ;
System Bus
. Host
e scrial port >
PWM P Computer
INT1 resistor
multiplier — ier € >
200us

Fig4.2  Block diagram of DSP TMS320C32.

The experimental program of the DSP is written by using C language.
The developed program is divided into the main routine, INTI1 interrupt
routine and the timerQ interrupt routine. Fig.4.3 shows the flow chart of the
sensorless vector control B.

First, the main program starts. After the permission of interrupt, the
INTI and Timer( interrupts can be accepted to DSP and the main program
enters into infinite loop to communicate with the host computer. For example,
the waveform data is sent to the host computer such as speed and current,
when INTI1 signal enters the DSP from the gate signal generator, the main
program is stopped. Timer(Q interrupt program is accepted to DSP after the
INT1 program ended. The INT1 has dominant priority. The main program
priority is the lowest, and it is executed when two interrupt programs are

ended. The INT1 program runs every 200 us .
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The experimental programs are changed to machine language by using
C compiler and sent to RAM of DSP. This process is called “downloading”.
Process and communication program commands are made by My Way Co.

Ltd. It is necessary for both the DSP and the PC.

4.1.2 Parameters of System

The IM specifications used in the experimental system are shown in

Table 4.1.

The leakage inductance oL, is computed as

2 2
JLS:[l—M JLS:{l—OO'llll jx0.115:0.00978H

LL 52

sr

Resistance of stator and rotor of (3.90) is computed as

2 2
R, =R + M R =1.54+ O 0.787=2260
L 0.115

r

Integration time 7; is computed from (3.91) as

T - oL, _0.00978 _ 0.00433

R 2.26

sr

By choosing that the cut-off frequency of (3.93) is 1500 rad/s, the
current PI gains are computed as follows:

K, =R, T, =ocLo,=0.00978x1500=14.7

K 14.7

— 4

T 0.00433
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Table 4.1 Parameters of the three-phase IM.

Number of poles P[poles] 4
Rated Output [kW] 1.5
Rated Torque [N-m] 8.43
Speed [min™'] 1700
Rated Line Voltage [V] 200
Rated Current [A] 6.4
Excitation Current i:d [A] 4.2
Moment Inertia J[kg*m”] 0.0126
Primary Resistance Nominal Value R[] 1.54
Secondary Resistance Nominal Value R,[Q)] 0.787
Iron Loss Resistance R,,[Q] 391
Primary Self-inductance L H] 0.115
Secondary Self-Inductance L,[H] 0.115
Mutual Inductance M[H] 0.11
Motor Manufacturer Mitsubishi Electric
Corporation

For the design of PI speed control system, torque constant is computed

as

PM? .  4x0.11°

i = x4.2=0.8838
2L, 2x0.115

K, =

The PI speed proportional gain (3.98) is computed by

o 2o, _2x00126x0,

” " PK, 4x0.8838

=0.00713x @,
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When the cut-off frequency of PI speed control system @, is set to 20, then
K, =0.0713x20=0.1426

The angular frequency @, of PI speed controller is set to 4 rad/s.

The integral gain K, of PI speed controller is computed as

K.=w K, =4x0.1426=0.5704

pit>ps

The integration time 7, of PI speed controller is computed as

K
p Ko 01426
K, 0.5704

IAY

Table 4.2 shows the control parameters of system A.

Table 4.2 Control Parameters of System A.

Current PI Proportional Gain K, 14.7
Current PI Integral Gain K; 3395
Current PI Integration Time 7; 0.00433
Current PI Cut-off Frequency w. 1500
Speed PI Proportional Gain K, 0.1426
Speed PI Integral Gain K, 0.5704
Speed PI Integration Time Tj 0.25
Speed PI Cut-off Frequency wy, 20.0
PI Proportional Gain |K,,,,| (‘Kw‘) 20.0
PI Integral Gain |K;,| (‘Kw‘/Tw ) 20.0
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In system B, the PI current control gain and integration time are the
same with system A, and other gains are derived from the analysis of system

stability. Control parameters of system B are shown in Table 4.3.

Table 4.3  Control Parameters of System B.

Current PI Proportional Gain K, 14.7
Current PI Integral Gain K; 3395
Current PI Integration Time 7; 0.00433
Current PI Cut-off Frequency w. 1500
PI Proportional Gain K, 1.0
PI Integral Gain K, 20.0
Gain |K,| 5.0

4.1.3 Experimental IM — DCM System

Figure 4.4 shows the experimental DCM circuit for the forward
rotation of IM. In the motoring operation of IM, the direction of rotation, the

rotating magnetic field direction and the produced torque 7, are in the same
direction. The load torque 7, has equal magnitude to the 7, in the opposite

direction at the steady state operation.
If the terminals X and Y are directly connected, the current flows

through the bulb in the direction of /, in motoring operation. The armature
current /, becomes maximum when all the light bulbs which are connected

parallels are switched on. The DCM voltage generated is proportional to the
velocity. Therefore, this voltage becomes smaller during low-speed operation;

the armature current /, does not increased even if all the light bulbs are

turned on. To solve this problem, we use a diode bridge which is connected
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between the terminals X and Y. This polarity can be changed depending on
whether the DCM operation as motoring or regenerating. By increasing the
voltage of the variable transformer connected to the diode bridge, DC voltage

of the diode bridge and armature current /, are increased.
The load torque 7, delivered by DCM 1is proportional to /,. In this

way, it is possible to perform experiment with different load torque. The
maximum torque in this experiment is 8.0 N-m. The speed of IM does not

change even by changing the load torque 7; .

Forward Max 10 A ,

Lo I Motoring
Rotation Motoring +/",\ N\~ =~ >
Regenerating —U+ —

Regenerating
Braki

_/A\Jr rafing Torque Generate
U If. by DCM
Max 1.1 A ’
Motoring TL = Klf Ia

The Terminal
Light Voltage of DCM

Bulb Vi =K' I, N,

- U

; When Motoring X+ Y-
i - A When R ting X — Y +
N, : Rotating Magnetic Eog en Regenerating
Field Direction _

N : Direction of Rotation

T,: Torque Generated by IM
: Torque Generated by
DCM

-

Y

3¢

~

~

Fig. 4.4  Experimental DCM circuit for motoring and
regenerating operations of IM.
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By considering the climbing slopes, the IM is under resistance from
the gravity, that is the load torque as shown in Fig.4.5. This situation is called
motoring operation. When the motor rotates higher than the synchronous
speed, it generates a braking force. This condition is called regenerating
operation. In this process, the mechanical energy is converted to electrical
energy (so-called operation as an induction generator). There is also another
circumstance, when the direction of synchronous speed is opposite to the rotor
rotation. This situation is called plugging. In this case, the direction of motor
rotation follows the load torque and the direction of the torque produced by
the motor follows the synchronous speed.

In regenerating operation and forward rotation, the DCM must be
operated as a motor. For this reason, in the diode bridge, X and Y are

connected to (—) and (+) respectively. The armature current /, becomes
opposite in regenerating operation, the load torque 7, generated by DCM is
also reversed. However, the speed of IM is does not change if the speed

command of IM control system is constant. Therefore, torque current i, and

T, change automatically to keep the constant velocity until 7, is equal to 7}
the same value in the opposite direction. As a result, the direction of 7, is
reversed with respect to the rotation direction N,. Mechanical energy goes

into the IM; and it is operated as a generator. During this time, DCM provides
mechanical energy. This energy is used by the resistance of IM and inverter,
but a lot of energy is used to charge the DC capacitor. Then, the capacitor
voltage increases rapidly. The energy is not sent to the three-phase power
supply side because of the diode bridge, but there is a brake circuit in order to
keep a constant capacitor voltage by turning on and off the dynamic brake
(DB) switch. Fig.4.6 shows the experimental IM connected to the DC motor

as a load and a torque detector in between.
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IM with DCM as a load and a torque detector in between.

65



4.2 System Stability

Figure 4.7 shows the root trajectories that are computed by the linear

1

model of proposed system B. The speed command N, is 700 min~', and slip

speed N, are changed from—80min~' to 80min~'as parameter of load. The
different integral gain K, such as 100.0, 50.0, 33.3, 25.0 and 20.0 are
selected. If the integral gain K, 1s very large, the system becomes unstable.
However, if K, is selected smaller than 100.0, the system i1s stable at both

motoring and regenerating operation.

K, ' N'=700min" 10
60F0:100.0 |x =30 dfg .
a: 500 Kl 7 IN, [min']]
| o:33.3 10 b1 -80
®: 25.0 10 P2 60
v: 20.0 10 EA E 3 - 35
40 ot s b4 20
89V’|:||:l P50
= A N5 P65
—_ 6@ © H
Sy ' 7 : 20
20 ®3g i 8 & 35 o
4v 1 5 1 P9 1 60
I e & v i10: 80 -
> 1
v :
0 e ccccccccccccccccaas 3 ................... t ............ -
. . i
-20 0
c

Fig.4.7  Root trajectories with parameters of slip speed N, and
integral gain K, (system B).
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Figure 4.8 shows the root trajectories when the gain‘Kw‘ and the
integral gain K, are changed. The speed command N, is700min~", and slip

speed N, is 35.0min"" . It is observed that the system becomes stable by

choosing larger value of ‘Kw‘ and smaller value of K, .

! | ! |
L Kl v 700 mint 19 9% :
1 : 001 N =35min" o .
sl Q7
60_2 : 0.1 106 _
3: 05 5 0054
4 : 1.0 98 :
F5 015 Raz{¢s a3 ]
Ax4g i3
6 : 20 $7 65 AT
7 ¢ 30 1005008 & . i
40F od o_.- . -
8 : 5.0 65 o n_,."’,‘!s::2
= |9 : 10 3 6. ot
= 110 : 100 98<7>f7> M ]
4 4 "'1:
10@%5 Kic !
20F v6 o: 100.0! -
a: 500 1
i v7 o: 333 | |
o: 20.0 !
v: 10.0
O eereeeeereren e T ——
A 1 A ]
-40 -20 0
Re

Fig.4.8  Root trajectories with parameters of integral gain K,

and gain ‘Kw‘ (system B).
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To see the movement of roots by changing the gain |K | and the slip
speed N, is shown in Fig.4.9. The gain ‘Kw‘ is changed to 0.1, 1.0, 3.0, and
10.0 and the slip speed N, is changed from —80 min~'to 80 min~'. When
‘Kw‘ is larger than 3.0, the system becomes stable at motoring and
regenerating operation. When ‘Kw‘ is small the system is unstable at high load

in both motoring and regenerating operations.

| |
N; =700 min” : N, [ min™ |
K. =20.0 ' '
ic A : 1 . ‘80
10 ;
40f a9 1010 2 :-60
010 %9 3 :-35
ng 48 E 4 20
[ n. 08 &7 08 : X, 5: 0
9 o7 ¢ 0: 0.1 6 : 5
56A6 v A 1.0 7 220
g é i 030 g . 35
'—120_ = E Lo 100 9 . 60 7]
© ' :
Y : 10: 80
® 1 H
1 2 31 ]
5‘1'“‘ a1
3 1A
o id4
5 10 3 2 1
Of----necececmcccccananaa. deceeeennnn S ©--0---—
| 1 i 1 |
-20 0 20
Re

Fig.4.9  Root trajectories with parameters slip speed N, and gain
K, | (system B).
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In Fig.4.10, the root loci is shown when N, =1500 min™', K, =20.0,

‘K 3.0, for the change of slip speed N, from—80 min~' to 80 min~'. The

system is stable in all operating points. By comparing Fig.4.9 and Fig.4.10 the
system works more stable at higher speed in motoring operations, because the
real part of the root is smaller.

Figures 4.11 and 4.12 show the root trajectories computed by the

1

linear models of the systems A and B in the case of N, =50 min~' and

1

N: =100 min~" respectively. The slip speed is changed from —80 min~' to

80 min~' as parameter of load by the increment 4 min~'. The system is stable

at low speed regenerating operation. However, the system is unstable at
plugging region as shown in Fig.4.11 (a) and (b) by the poles on real axis in
both systems.

40 b N, [min'l]

1 -60

1 =35 * .1
) N, =1500 min
+ 20 K,|=3.0

K, =200

%
S

S

. 20
;35
;60
. 80

[o)
o

= 0 09N U W N
()]

S

W
O frmeedmeemeemee e

Fig.4.10 Root trajectory at 1500 min~' (system B).
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Fig.4.11 Root trajectories with parameter N, at speed

N’ =50min"' (systems A and B).
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Fig.4.12 Root trajectories with parameter N, at speed
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Figures 4.13 shows the unstable operating region of system A with

K,,|=20.0,

parameters; K., =200, and @, =20.0. The @, 1s cut-off
angular frequency of the speed control. These gains are selected to have wide

stable operating points.

A.N: [min_lj
200
L |K,,[=200
150 4 =200
' | K,,|=20.0
Unstable 100
Region
-50
_ 20 40 60 80
-80 -60 -40 -20 Of N,
-50F [min‘l}
Unstable
-100 F Region
-150 t
-200 |

Fig.4.13  Unstable region of system A.
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In Fig.4.14 shows the unstable operating region when speed command

and slip speed are changed with parameters ‘Kw‘ =5.0, K,,=20.0, and
K,.=0.0 for system B. By comparing the results of Fig.4.13 and 4.14, it is

observed that the unstable plugging region is almost same.

A.Nf [min_l}

200

150 K,|=5.0

, K. =20.0
Unstable 100 K =0.0

pc

100} Unstgble
Region

-150

-200

Fig.4.14  Unstable region with parameter K, =0.0 for system B.
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The increasing gain value of speed control proportional gain K ,. can

improve the stability region at low speed of motoring and plugging operation

as shown in Fig. 4.15.

-Nj[minflj
200
150 |Ko|=50
K, =20.0
Unstable L 100 _
Region | Ky =1.0
-50
22 | 200 400 60 80 _
-80 -60 -40 -20 O[> ' / 'Nl
= [min’l]
100k Ul’lSt&:lble
. Region
-150
-200 |

Fig.4.15 Unstable region with parameter K ,. =1.0 of system B.
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4.3 Simulation Results

Figure 4.16 shows the simulation results of non-linear and linear
models of system A. The simulation results of linear and non-linear are

almost same. Therefore, the modeling of the system is appropriate. The

parameters used in this simulations are ‘K pw‘ =20.0,

K., |=20.0 and o,.=20.0

for system A. In the case of system B, the result is shown in Fig. 4.17. For

system B, the parameters are: ‘K =5.0, K;.= 20.0, and K, =1. The load

torque 7, =4.0N-m is selected.

In Figs.4.18, 4.20 and 4.22, the transient responses of system A and B
are shown for the step change of speed command at motoring operation.
These figures are correspondent to low-speed, medium-speed and high-speed
operations. On the other hand, the transient responses at regenerating
operations are shown in Figs 4.19, 4.21 and 4.23 for low-speed, medium-
speed and high-speed operations respectively.

In system A, the estimated speed @,is shown to compare with rotor

speed, while in system B flux frequency® is shown. Both systems A and B

are stable in both regenerating and motoring operations.
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Fig.4.16 Transient responses in motoring operation of system A.
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Fig.4.17 Transient responses in motoring operation of system B.
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Fig.4.18 Transient response for the step change
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with selected parameters.
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4.4 Experimental Results

All experimental results are shown in the case of system B. Figures

4.24,4.25 and 4.26 shows the simulation and the experimental results for low,

medium and high speed respectively. N, is actual motor speed (a)r) and N°

is synchronous speed (a)*) The control parameters are set as ‘K 5.0,

K, =20.0 and K, =0.0. The load torque 7} is set to 4.0 N-m (half of rated

torque). From these comparisons, the experimental results are very close to

those of simulation. Therefore, the validity of proposed method is confirmed,
except for high frequency ripples. The high frequency ripples of N and e;
are caused by PWM voltage control in experimental system. However, since

the flux angle " is obtained by integrating @', the actual rotor speed has

little ripples.
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Figures 4.27, 4.28 and 4.29 shows the simulation and the experimental
result in regenerating operation. Same change of speed command are tested

under the load torque 7, =—4.0N-m for low, medium and high speed

respectively. In any cases, quick responses of N, are obtained. The high

frequency ripples of N in Figs. 4.27, 4.28 and 4.29 are smaller than those in
Figs. 4.24, 4.25 and 4.26. The reason for this difference can be considered
that the amplitude modulation ratio of regenerating operation is smaller if the
voltage control has allowance under limited DC-bus voltage; the distortion of

stator currents is reduced. The larger we choose the gain ‘Kw

, the larger high

frequency ripples of N* are induced.
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Figure 4.30 shows the transient responses of experiment for the step

change of speed command from 100 min~' to —100 min~' and back to

100 min~". In this figure, the motor is driven between the operating points of

motoring and regenerating through the unstable plugging region. It is

observed that the system is operated stably. The control parameter K ,. =1.0

is set for the following experiments.

Figure 4.31 shows the experimental results when the speed command
is changed from 100 min~' to 5min~'. In these case, the system can be

operated stably. On the other hand, in Fig. 4.32, the speed command is

1

changed from 100 min~' to —25min™' . The system becomes unstable at

plugging region and is operated using speed sensor for the protection after

t =0.98s. This experimental result can prove the unstable region of Fig.4.15.
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100 min"'— =100 min" — 100 min™" at 7, = 4.0N-m.
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Moreover, Figs.4.33 and 4.34 shows the experimental results for the
step change of the speed command N: with speed changed 50 min”'— 150

min"'— 50 min"' corresponding to Fig.4.18 (b) and 4.19 (b) in motoring and

regenerating operation respectively. These figures can compare the responses

of actual rotor speed N, for control parameter K. =1.0.

Figure 4.35 shows the transient response at no-load condition (T y R 0) ,

with speed changed 50 min"'— 150 min”— 50 min" corresponding to Figs.
4.33 and 4.34. The speed responses give almost the same characteristics for

each load torque. However, the i, differs from each parameter of 7} .
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Fig.4.33 Transient response for the step change
50 min"' —150 min™ — 50 min" at 7, = 4.0N-m.
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Chapter 5

Conclusion

Study on simplified speed sensorless vector control system for

induction motors is described in this thesis. The results obtained from this

study are summarized as follows:

(D

(2)

3)

New simplified speed sensorless vector control methods of IM based on
rotor flux linkage are proposed. The two simplified sensorless systems

are called as system A and system B. In both methods, the ¢ — axis flux

1s obtained by the output voltage of d — axis PI current controller with a
non-interference control.
In system A, the angular frequency of rotor flux is estimated to bring

g —axis flux to zero by using PI controller. The flux angle is obtained

by integrating the angular frequency. The rotor speed is computed by
subtracting a slip speed from the angular frequency.

In system B, the computation of g —axis flux is as same as the system A.

The angular frequency of rotor flux is computed by subtracting the

g —axis flux from the speed command adding with a slip speed. The
g —axis flux is also used to control the rotor speed by adjusting the
g —axis flux. The flux angle is obtained by integrating the angular

frequency.
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4)

)

(6)

(7)

(8)

In both systems A and B, the g — axis flux is obtained from voltage

model, in which the derivative term of the d — axis flux is assumed zero
because of constant magnetizing current command. A flux angle of a
current model is aligned with the flux angle of voltage model by
changing the angular frequency of current model. Since the output
voltage of d — axis PI current controller is used for the flux angle

estimation and speed control (g —axis voltage control), the system is

simplified and stabilized at regenerating mode.

By choosing a reference frame which rotates synchronously with the
computed flux angle, non-linear models are derived in both proposed
systems A and B. From these non-linear models, linear models of the
systems are derived in state space equations by considering a small
perturbation around a steady-state operating point.

The performance of both systems A and B are compared by using linear
models and non-linear models. Transient responses of linear models and
non-linear models are computed and compared. Since both responses
are almost same around a steady state operating point, the validity of
the linear models are confirmed. By using the linear models, the system
stability is studied by showing root loci.

In plugging mode of both systems, most of the poles of the root-loci are
located on the positive real axis, it means the system becomes unstable.
In motoring and regenerating operations of systems A and B, all poles
are located in the left half plane. Therefore, the system is stable in both
operations.

By virtue of the stability analysis, we can design the parameters of

controller in both systems.
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9

(10)

(11)

(12)

A digital signal processor (DSP) based PWM inverter fed IM system is
equipped and tested. It is confirmed that the experimental results are
very close to those of non-linear simulation except for high frequency
ripples. Therefore, the effectiveness of the proposed methods are also
demonstrated experimentally.

The nonlinear simulation and experimental results of the proposed
system show stable and quick transient responses in both motoring and
regenerating modes.

By using PI speed control (g —axis voltage control), the unstable region

1s improved comparing with the case of I control in system B.
It is considered that the system B is superior to the system A because its

simple structure in the case of speed control applications.
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