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Abstract— In the speed sensorless control of the in-
duction motor, the machine parameters (especially the
secondary resistance R3) have a strong influence to the
speed estimation. It is known that the simultaneous es-
timation of the speed and Rz is impossible in the slip
frequency type vector comirol, because ihe secondary
flux is constant. But the secondary flux is not always
constant in the speed transient state. In this paper the
R3 estimation in the transient state without adding any
additional signal to the stator current is proposed. This
algorithm uses the least mean square algorithm and the
adaptive algorithm, and it is possible to estimate the R
exactly. This algorithm is verified by the digital simula-
tions and the experiments.

1. INTRODUCTION

The vector control has been widely used for the high
performance control of the induction motor. Recently
the sensorless vector control without the speed sensor
is much focused and progressed. Though most of the
vector conirol drives are based on the slip frequency
type vector control (or indirect control), this control
is strongly influenced by the R; variation because the
R, is used for the speed estimation. It is known that
the simultaneous estimation of the speed and the E»
is very difficult and it is impossible to estimate them
simultaneously under the steady state based on the slip
frequency type vector control [1].

To overcome the above problem, there are several
algorithms for the Ry estimation in the speed sensorless
control. In [2][3] the B2 was estimated from the higher
order harmonics of the rotor slots, but it is difficult to
estimate the Ro in the low speed because it becomes
difficult to measure the higher order harmonics in the
low speed. In [4] the R» was estimated with adding the
small alternating current to the secondary flux and it
is fluctuated, but the ripple of the torque and the real
speed oscillation are caused.

In this paper, the new algorithm for the R; estima-
tion under the speed transient state without any addi-
tional signal with only the stator current measurement
is proposed. The least mean square algorithm and the
adaptive algorithm are used for the R estimation and
it is possible to estimate the R, with the small calcu-
lation under the transient state.

Proceedings ICPE '98, Seoul

I1. SENSORLESS SPEED CONTROL ALGORITHM
A. Speed estimation algorithm

The following differential equations fixed on the syn-
chronously rotating reference frame (d-q) are assumed

(5)-

vy | _ | (By+pLli)l+wlind

PLnl +wLnld i
(R2 + pLz)I +wyLloJ 12

where

N

All symbols are listed in the appendix.
Making the inner-product of the second row of (1)
and J &, and solving for w, produces,

il T®, pdlre,
s = —RyZ — 2 3
we =Ry T el ®)
Wy = W — 4)

In (3), the secondary flux vector ¥, and the sec-
ondary current vector i; are replaced with the esti-
mated values #, and iz, as follows.

&, = f (u2, — Raiss)dt 5)
5 1 . ,
13, = L—m-('i'ls—Lﬂls) (6)
é2.1 = Lmils+L222s (7)
iz = Rotld]- 12, (8)
&, = Rotlf] &, (9)
where
cosd  sing
Rotlf] = \: —sinf cos@} (10)
§ = / wit (11)
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Rated Power | 0.75(kW) | Ry | 0.435(Q)
Rated Torque | 4.8(N-m) | R: | 0.285 (02)
Rated Speed | 1500(rpm) | L, | 24.07(mH)
Pole No. 4 Ly | 23.97(mH)
T, | 22.94(mH)
TABLE I

FPARAMETERS OF THE ADTR MOTOR

where w is the electrical angular velocity.
" In the all equations, the variables with the subscrip-
tion “s” mean on the stationary reference frame, and
the variables with “*” mean a command reference. In
this algorithm, the voltage is replaced with voltage
command reference v7,.

The slip frequency estimation oi, and the rotor an-
gular velocity estimation oj, are made as follows.

5 T8, ph.JTd,
) = - =
N NE

Wp =w— W, (13)

Wy = — (12)

The second term of the right sides in (12) is a tran-
sient term. In the low speed range, the steady state
operation is not always maintained due to the mechan-
ical instability such as nonlinear friction-load charac-
teristics and spatial harmonics caused by the stator
slots. Thus, this transient term is very important and
has strong effects to the stability.

The integration in (5) produces a problem of a dc off-
set and drift component in the low speed region. This
problem was avoided in [6].

Fig.1 shows the block diagram of the sensorless speed
estimation algorithm. In Fig.1 e~7+? is the delay of the
one sampling period.
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Fig. 1. Block diagram of the sensorless speed control

The motor parameters of the experiments and simu-
lations are shown in Table I[7].

B. Influence of Ry variation

From (12) it is obvious that the Ry variation makes
much influence to the speed estimation. Though the R4
variation does not make influence to the torque control,

it makes much influence to the speed control because
of the speed control loop in Fig.l. Thus even if the
secondary flux is estimated absolutely, the estimation
error of the R» causes the error of the speed control in
proportional to the estimation error of the Rs.

Fig.2 shows the relationship between the variation of
R, and the estimation error of the slip frequency under
the 50% load. From Fig.2 it is obvious that the change
of Ry has much influence to the speed estimation in the
low speed under the 100(rpm).
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Fig. 2. the variation of R» and estimation error of the slip

frequency (log scale)

III. R; ESTIMATION
A. Rs estimation under the steady state

Though we need to estimate R, in the low speed,
it is impossible to estimate R, and the speed at the
same time under the field oriented control, in which
the secondary flux is constant [1].

Dividing the second row of (1) to d-q components,
and canceling w, produces R; [8]. We can obtain the
estimation value of R, with replacing the #, and the
12 to the estimated value.

wT e
By= B2 (19
2 B2

If this equation is used in the steady state, it is not
possible to estimate Ry in the indirect control, because
the numerator of this equation is zero if the &, is con-
stant, and the denominator becomes zero because the
#, and the i, are orthogonal. Thus in 4] a small al-
ternating current is added to i, and @5 is fluctuated.
But in the slip frequency control type vector control
(indirect control), this alternating current makes oscil-
lations to the real speed.

B. R, estimation under the transient state

It is cleared that the estimation of Bs without any
additional signal to the stator current is required for
the low speed estimation by the algorithm in (12). In
this paper R, is estimated through the speed transient,

- 299 -



because the secondary flux is not exactly constant in
this period. Fig.3 shows the secondary flux behavior
when the speed changes from 150(rpm) to 100{rpm).
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Fig. 3. The secondary flux behavior under the transient state
(experiment)

Then the simultaneous estimation of the speed and
the R is possible if the R» is estimated exactly under
the transient state and is held the previous value under
the steady state. Though it is impossible to estimate
Rz when the R, is changed rapidly, it is possible to
estimate iy because generally R; is changed slowly.

B.1 Least mean square algorithm

To realize the above algorithm the least mean square
algorithm seems to be suitable. The equation (14) is
changed for the model of the least mean square algo-
rithm as follows.

1 - 2 PR
5?”'1‘2“ = —Rsiz ‘i’ (15)

To avoid the differential function
to the equation (15).

1 - . -
» 755 1s multiplied

~ 2
2l =

-2Ry———

1+7 7.2 @2 (10)

D
1+7p

Then the following new variables are defined.

A P &2

v 2 12 a7
Fa¥ 1 =T -~

u = _21+sz2 @2 (18)

i 2 R, (19)

Then equation(16) is changed to the model for the
LMS algorithm, in which @ is estimated from % and Y
as follows. :

y =6y (20)
A low pass filter is used for ﬁ_—;;, and a high pass
filter is used for B

Fig.4 shows the bfock diagram for the estunatlon of
R,.

inner product

: N — LPF
izT‘f'z

e

%2

Rz estimation

R algorithm

Fig. 4. Block diagram for the Ry estimation

The proposed least mean square algorithm is as fol-
lows.

BN] = B[N — 1] + k[N](y[N] — u[N)I[N - 1])
(21)
K[NV] = { A WV -lze o,
0 yN-1<a
P[N] = (1 — k[NJu[N])P[N - 1]11J (23)
where

p 1 a forgetting factor
a : athreshold value

In this algorithm, a threshold value o divides the
state into the steady state and the transient state. In
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the transient state, R is obtained from (21). In the
steady state, the R, is not renewed because k[N] be-
comes zero in (22). Fig.5 shows Ry, R, and w,, o, when
the rotor speed changes.

Fig.5 indicates that the true R, is obtained only after
the speed of the motor changes.
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Fig. 5. Simlutaneous estimation of the speed and the Ry by
LMS algorithm (simulation)

B.2 Constant gain algorithm

Although the proposed least mean square algorithm
is able to estimate Ry, it is difficult to decide a forget-
ting factor and a threshold value. Thus, in the experi-
ment it is difficult to estimate R, in this algorithm. To
solve this problem, we proposed a constant gain algo-
rithm [9] to estimate Ra, in which a forgetting factor
is changed automatically and we do not need a thresh-
old value. The proposed constant gain algorithm is as
follows.

[N — 1] -+ P[0Ju[N]e[N) (24)
—6[N = 1u[N

6[N] =
1

e[N] l—mm(y[ﬁf ]

(25)

Where u[N] and y[N] are the same with the LMS
algorithm. i

In the steady state the u[N)] becomes 0 and 6[N]

(=Ry) is not renewed in (24). Then this algorithm does

not require for the threshold value and the forgetting
factor.

In this algorithm the speed which B[N ] converges to
the real value is decided by the gain P[0]. Although
in the theory P[0] should be selected to be very large
and 6[N] converges to the real value rapidly, in the real
situation §[N] has the oscillation because of a kind of
disturbance. Thus P[0] must be chosen suitably.

Fig.6 shows the simulation for the estimation resnlt
of B2 and the rotor speed when R, increases linearly.
In the case when R, increases linearly, the estimated
value R, rapidly approaches to the true value in the
transient.
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Fig. 6. Simultaneous estimation of the speed and the Ry by

constant gain algorithm (simulation)

IV. EXPERIMENTAL RESULTS
A. Ezperimental equipment

Fig.8 shows the configuration of the experimental
equipment. The tested induction motor is the Anti-
Directional-Twin-Rotary (ADTR) motor (in Fig.7) for
the EV drives (the parameter is shown in Table.I) [7].
The value of R; in Table.l is an average value because
the ADTR motor has a slip ring, by which the resis-
tance changes as a function of the primary currents. In
the experience the Ry was estimated by the algorithm
in Appendix B.

The load torque is 20% rated produced by the DC
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Fig. 7. Structure of the ADTR-motor

generator (0.75kw rating). The sampling period (7)
of this algorithm is 200(us) and switching frequency
of the PWM inverter is 2.5(kHz). The inverter used
the MOS-FET(25K2586-Hitachi) and the DC voltage
is 30(V) so that the influence of the voltage drop due
to the dead time of the inverter is refused.

DCloov

phase currents s

12bit Digital PWM
TL DSP A/D Irverter !
TMS320032
50MHz bit uPD 77230 (DSP) T
;/Al p—- 2 SK2 58 6 { FET) DC30V

voltage reference

Fig. 8. Configuration of experimental equipment

B. Ezxperimental result of the simulteneous estimation
of the speed and the R

Fig.9 shows the experimental result of the rotor
speed and R, estimation by the constant gain al-
gorithm in which the speed reference changed from
100(rpm) to 150(rpm).

In the steady state when the rotor speed reference is
100{rpm), there is about 15% of the rotor speed esti-
mation error because Rg is not equal the real one.

‘When the rotor speed reference changes to 150(rpm),
the estimate value K. rapidly approaches to the real
value through the transient state, and the rotor speed
estimation error approached zero.

V. CONCLUSIONS

In this paper Rs is estimated by the constant gain
algorithm and the LMS algorithm when the rotor speed
is in the transient. The distinguished features of this
algorithm are

» Simultanecus estimation of the speed and the Rj

is possible
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Fig. 9. Experimetnal result of the speed and Rz estimation

» Only the primary current is used

« It is possible to estimate K- in the low speed

This compensation seems to be effective for the low
rotor speed estimation. However there is a problem
that the inverter voltage compensation algorithm with-
out using R; is needed, because the voltage drop of
the inverter is very sensitive to the rotor speed estima-
tion in the low speed range. And the R; estimation in
Fig.10 is not able to estimate R; exactly when the ac-
tual inverter voltage does not have the negligible error
compare with the voltage reference.

APPENDIX
A. marks
Ry, Ry stator and rotor resistance
Li,L; stator and rotor self inductance
L., :  mutual inductance
W . slip frequency
W :  rotor angular velocity
V1 :  primary voltage vector
21,22 primary and secondary current vector
P, :  primary flux vector(Lq%y + Lyi2)
&, : secondary flux vector(L,i; -+ Lads)
D :  derivative operator (d/dt)

B. R; estimation

R; is adjusted so that the secondary flux reference
&3, and the estimated secondary flux ®55 become the
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same in Fig.10 [10]. Fig.11 shows the estimation result
of the B; when the rotor speed is 160(rpm) under no 1]
load condition.
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Fig. 10. the block diagram of R; estimation
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Fig. 11. Experimental result of the R) estimation
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