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Abstracts In this paper, two representative schemes for vector control of induction motor without speed sensor are
studied. First, the two sensorless systems which are implemented by voltage and current sources are presented with new
ideas and interpretations. Then a linear model around an operating point is proposed. Finally, the stability improvement of
these systems are studied and evaluated by computing the trajectories of poles and zeros.
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1. INTRODUCTION

The vector control of an induction motor without a speed
sensor is drawing attention because of its features of
simplified vector control and high-performance general-
purpose inverter using a constant V/f control scheme[1]. The
sensorless control is one of the most up-to-date researching
subjects to the engineers in the field of power electronics and
control theory. In this paper, two basic methods which are
controlled by voltage source or current one are newly
interpreted and studied from the viewpoint of stability
improvement.

2. VECTOR CONTROL

The d-q axis model of an induction motor with the reference

axes rotating at arbitrary speed wis
Voltage model:

eq|_|r,+oLl,p ~wolL, ||ig
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Current Model:
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where, d=l_Mz/(Ler)’ar'_'rr/Lr’p:d/dt

Electromagnetic torque:
T¢=(P/2)(M/Lr)(i;qy,rd_isdy,rq) (3)

The concept of vector control 1is to control the stator

currents according to the information of the rotor flux
direction. In order to lock the d-axis of the arbitrary reference
frame to the rotor flux vector, the q-component of this flux
vector is defined equal to zero:

v,=0 @
Substitution of Eq.(4) into Eq. (2) gives

p Wrd =_ar y’rd+arMi.d (5)
o=0+0,Mi, /|y, (6)

Conversely, if the Egs. (5) and (6) are satisfied in control, it is
expected to get Eq.(4). In this condition, the electromagnetic
torque is proportional to the g-axis stator current:

T,=(P/2)(M/L,)i, v, @)

3. CONTROLLED.  CURRENT SOURCE TYPE

Figure 1 shows the controlled-current source-fed vector
control system without using a speed sensor[2] [3]. If the

magnetizing current i’; is constant , Eq. (5) becomes
Yu =Miy (8)

where, the superscript * denotes the values in the controller.
Many schemes of the speed estimation are based on the
comparison between the outputs of the voltage and current
models. This is an application of Model Reference Adaptive
System (MRAS). In this case, the current model is considered
as the adjustable model and the voltage model and actual
induction motor are considered as the reference model.

To calculate the rotor fluxes from the voltage model, it
needs integrating process. However, it is difficult to preset the
initial value and to prevent the drift of a pure integrator.
Therefore, the voltage model is modified by the error between
the estimated rotor fluxes obtained by the two models from the
viewpoint of observer theory as follows:
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where, the voltages and currents are transformed by using "
The fluxes y/r; and l[l,; represent those based on the current
model. W, =0 and y, is given by Eq.(8). Taking the
coordinate transformation, the actual torque current in Fig.1 is
expressed as
i = n ¥ Y

Vi +V, an

The rotor speed is estimated as follows:

=(K, +Ts)(l ) (12)

If we use the MRAS theory directly, the rotor speed is
estimated as follows:

K, -
@,=(K; + 1),
r ( |+Tis)v/q (13)

4. CONTROLLED VOLTAGE SOURCE TYPE

We consider a full order observer in Eqs.(1) and (2), by
setting Eq.(4). In general, the currents and the rotor fluxes are
estimated from the observer. On the contrary, in this paper the
currents are given as the commanded values j _, and i,; and the
voltages ¢, and e:q are impressed to the motor. In this case,
Eq.(6) is used for the coordinate transformation. As the result,
the currents i; and i,; become the rotor flux oriented values.
Also, if the current i; is constant, Eq.(8) is valid. By
neglecting the derivative of the currents, the following

equations are obtained from Eq.(1).

eu=riig-K, 0 0L,i +K, (igz—i,)
+KV2(i-W-l-W) (14)

e_‘:’= r l:q+w‘Lsi:d+Kv3(i-;_ lsd)
+Kv4(i:;-isq) (15)

Figure 2 shows the controlled-voltage source-fed vector
control system without using a speed sensor. In conventional
system[3}, K, =1and K ,=K, ,=0. In order to improve
system stability, we propose the current feedback and a stator
flux control ( K.,

and the unknown speed is estimated from the viewpoint of

= (). The controller is a full order observer

MRAS. By considering the controller is the adjustable model

and the actual induction motor is the reference model, the

speed is estimated as follows:

. S CINPI o e .
wr=(Kc+T‘){(l:q_lsq)y,rd_(lsd_lsd)WVq}

K., .. .
=(K, +5 ) (i,—i,) (16)

5. STABILITY ANALYSIS

In this paper, the analysis of the system shown in Fig. 2 is
presented. To simplify the analysis of the system in Fig.2, the
following assumptions are made:

(1) The voltages are controlled ideally , or, more precisely,

* - *

e.u=exa’esb=e:b’e.u‘=ex (17)

(2) Among motor constants, only the primary resistance r,
and secondary resistance r, vary.
(3) The reference magnetizing current i; is constant.

To derive the equation for the induction motor in the d-q axis

revolving synchronously with g, the assumption (1) is used

to obtain
€u =€y En=6, (18)
The induction motor can be described by
Pi,d=——;f L (r, +M o)iy o',
+ o.M o, w
GLL Y<*GL,[ V= (19)
_€q 1 M2 ..
p""”aL,_oL,(r + 55— L O)iy—w iy
arwr + r r
“oL,L, Yt L, Vs (20)
PVu=—0C, Y+ O Miy+(0 -w,)Vy, 21
pqu=_o'r qu+o'rMi.vq—(w‘_wr)Wrd (22)
P:M . : R,
pwr=Z-J—L-(qu Wrd_l.d v,rq)_Twr_z%TL (23)

where, Jis the moment of inertia; and T, is the load torque.

Frequency controller:

. N
0 =" =@+
P "L (24)
PI speed controller:
pe.t:(Ks/T:)(wr‘_a‘)r) (25)
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i =e€,+K (0 ~d,) . (26)
PI speed estimator :

pe.=K (i -i,) Q27

Bo=e +K (i ,-i,) (28)

The steady -state solution can be obtained by setting p=0.
Stability of the system under consideration is analyzed using a
model which is obtained by linearizing the original nonlinear
equation around the operating point. Equations (19) to (23)
give

pAx,=A,Ax,+B,Au,+B, AT, 29)

where,

T
Ax,:[Ai,,,,Ai,q,A Y. A y/,q,Aa),]

Au,:[Ae,d,Ae,q,Aw‘]T
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0 oM (o -w)
—d, ]/,rq a Y a, i:q
aMo, aMy,
alMar _alM'l/rd
* o' - @, - qu
-0, 'Ilrd
—-ayiy -R,/J
) ]
a, =6'—LLZ:: ’az"-ijr Jay=-a,(r,L,.+0,M*)
1
1/(ol) 0 iy 0
0 1/(clL)) —iy 0
B, = 0 0 v, 0
0 0 -~V 0
0 0 0 -P/2T)
The output equation is given by
Ay=C,Ax, (€)+)

, . T
where, 4y = [ lea s lgq ]
c <[10000
01000
The linearized state equation of the controller is given by

pAz=A,Az+A Ay+B Ar €3]
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where, Az=[Ae, ,Ae,]r , Ar =[A a),']
The input vector Au, is expressed in terms of Ay, Az and
Aras follows:

Au;= F Ay+F,Az+F, Ar (32)

Equations (29) to (32) give the linearized model of the whole
system such that

pAx=AAx+BAr+B; AT, (33)

Ar:[Ax,T,Az’]T

where,

A,+B,F,C, B,F

4= 4c, A

z

6. RESULTS OF THE ANALYSIS

The tested induction motor has the following ratings and
constants:

22kW;p=4;r,=0.662Q;r,=0.645Q; L,

=L,=0.086H; M =0.082H;J =0.0617 kg -m?
Trajectories of poles and zeros of speed transfer function are
computed by using the linear model.

. In the case of the current source type in which T, = o, itis
learned that pole p, and zero are canceled completely on
imaginary axis if the reference resistance r,’ coincides with
actual resistance r, as shown in Fig.3. However, if r, is
smaller than r ', the system becomes unstable. Effects of time
constant T on the trajectories of poles and zeros are shown in
Fig.4. Pole p, and zero on the imaginary axis tend to be
stabilized more effectively as time constant T, decreases.

Figure 5 shows the root trajectories for the conventional
voltage source type in which K, = 1. Itis learned from this

figure that the system becomes unstable as the rotor speed
increases. On the other hand, the proposed method stabilizes
the system as shown in Fig.6.

By using these models, the influences for the change of the
stator and rotor resistances can be computed. Stability is
improved by choosing smaller reference rotor resistance.

7. CONCLUSION

Two representative approaches for sensorless vector control
of the induction motor and the stability improvement of these
systems have been described and discussed. Conventional
sensorless methods are interpreted from the viewpoints of the
observer and MRAS theories.
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Fig.3 Root loci of CCS system (T, =0 )
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Fig. 5 Root loci of CVS system (Conventional method).
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