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DSP-Based Speed Adaptive Flux 
Observer of Induction Motor 

Hisao Kubota, Member, ZEEE, Kouki Matsuse, Senior Member, ZEEE, and Takayoshi Nakmo 

Abstract-This paper presents a new method of estimating the 
speed of an induction motor. This method is based on adaptive 
control theory; Experimental results of a direct field-oriented 
induction motor control without speed sensors are presented. 

I. INTRODUCTION 

HE INDIRECT field-oriented control method is widely T used for induction motor drives. This method needs a 
speed sensor such as a shaft encoder not only for speed 
control but also for torque control. Although the direct field- 
oriented control method with a flux estimator, which uses a 
pure integrator, does not need the speed sensor for torque 
control, this method is not practical. This is because the flux 
estimator does not work well in a low speed region. The pole 
of the flux estimator is on the origin of the s plane, and it is 
very sensitive to the offset of the voltage sensor and the stator 
resistance variation. 

However, a speed sensor cannot be mounted in some cases, 
such as motor drives in a hostile environment or high speed 
motor drives. Several field-oriented control methods without 
speed sensors have been proposed [ 11-[5]. Some of them can 
be applied only to the indirect field-oriented control and some 
to the direct field-oriented control, and stability has not been 
explained clearly. In addition, some methods are unstable in 
a low speed region, because pure integration is used for the 
flux calculation as mentioned above. 

Therefore, we have proposed a new method of estimating 
induction motor speed, a speed adaptive flux observer, based 
on adaptive control theory [6]. The proposed scheme uses the 
state observer which can allocate poles arbitrarily. Therefore, 
it can be applied to the direct field-oriented control, even in 
a low speed region. The validity of the proposed method 
is verified using experimentation. The speed adaptive flux 
observer is implemented on a digital signal processor (DSP: 
NEC pPD77230). 

11. SPEED ADAFTIVE FLUX OBSERVER 

equations in the stationary reference frame. 

= Ax + Bv, 
i, = cx 

where 

0 -1 
I =  [(: ;] J =  [ I  01 

R,, Rr 
L,, Lr 
M mutual inductance 
ff 

rr rotor time constant, = Lr/Rr 
W r  motor angular velocity 

The state observer, which estimates the stator current and 

stator and rotor resistance 
stator and rotor self inductance 

leakage coefficient, v = 1 - M 2 / ( L , L , )  

the rotor flux together, is written as the following equation. 

(3) 

means the estimated values and G is the observer 

d 
-2 = A? + Bv, + G(3, - i,) 
dt 

where 
gain matrix which is decided so that (3) can be stable. 

A. Flux Observer of Induction Motor B. Adaptive Scheme for  Speed Estimation 

When speed sensors cannot be mounted, unknown param- 
eters are included in the state observer equation (3). The 
adaptive observer shown in Fig. 1 is one solution for estimating 
the states and unknown parameters together' 
proposed the addition of an adaptive scheme for estimating 
the rotor speed & in the matrix A. 

In order to derive the adaptive scheme, Lyapunov's theorem 
is utilized. From (1) and (2), the estimation error of the stator 

An induction motor can be described by following state 
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I 

Fig. 1. Block diagram of speed adaptive observer. 
NEC pPD77230 RAM NEC PC9801 

Fig. 2. System configuration. 

current and rotor flux is described by the following equation. 
TABLE I 

RATINGS OF TESTED INDUCTION MOTOR 

3.7 kW 200 v 15 A 
Four poles 50 Hz 1420 r/min 

d 
d t  -e = ( A  + G C ) e  - AA? (4) 

where 

e = 2 - ?  

0 A w , J  1 ' 0 - A w , J / c  A A = A - A =  

c = (aLsL,)/M, Aw, = 5, - U,. 

are proportional to those of the induction motor (proportional 
constant k > 0) [6]. 

Now, we define the following Lyapunov function candidate. 

v = e T e  + (G, - wr) ' /X ( 5 )  

T 

-g2 91 -g4 g3 

where X is a positive constant. 
The time derivative of V becomes 

d 
-V = e T { ( A  + GC)T + ( A  + G C ) } e  
d t  

- 2AWr(eids$qr - e i q s $ d r ) / C  

d 
d t  + 2AW,-Wr/X (6) 

where eids = ids - i d s ,  eiqs = i,, - I&. 

From (6), we can find the followiilg adaptive scheme for 
the speed estimation by equalizing the second term to the 
third term. 

(7)  

If we decide the observer gain matrix G so that the first term of 
(6) can be negative-semidefinite, the proposed speed adaptive 
flux observer is stable. 

The motor speed can change quickly. Therefore, the fol- 
lowing proportional and integral adaptive scheme is used 
practically in order to improve the response of the speed 
estimation. 

2, = KP(ezds$qr - ezqs$dr) + K I / ( e t d s d q r  - ezqs$dr )  d t  
(8) 

where K p ,  K I  is the arbitrary positive gain. 

C. Experimental Results of Speed Estimation 

The characteristics of the proposed speed estimation method 
is verified by experimentation. The observer gain matrix G is 
calculated by the following equation so that the observer poles 

(9) 

An induction motor itself is stable, so the adaptive observer 
is also stable in usual operation. 

Fig. 2 shows a system configuration for experimentation. 
Equations (3) and (8) are descretized by the Euler method and 
implemented on a DSP. A sampling period is 150 ( p  s). The 
stator voltage and stator current are detected with 12 bit A- 
D converters through low-pass filters, the cutoff frequency of 
which is l(kHz). A tachometer generator, TG, is used as a 
speed sensor for monitoring. Experimental data are acquired 
by sending them to a PC (NEC9801) from a DSP through 2 
port RAM'S. 

Fig. 3 shows the results of estimating the speed of the 
induction motor, the ratings of which are shown in Table 
I. Then the proportional constant k in (10)-(13) is 1.0, i.e., 
G = 0, for simplifying the DSP program. The induction 
motor rotates at constant speed (100 r/min) under the no-load 
condition. An initial value of the estimated speed is zero. 

With the large PI gains for the adaptive scheme, K p  and 
K I ,  the convergence for the speed estimation is fast; however, 
a lot of higher harmonic components are included in the 
estimated speed. These harmonic components are caused by 
the PWM. Therefore, the PI gains have to be limited when the 
stator voltage and current are acquired asynchronously with the 
PWM pattern. If a direct digital PWM control method [7] is 
used, that problem and the low pass filters for data acquisition 
can be removed. 
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Fig. 3. Behavior of speed estimation: (a) K p  = 0.6, K J  = 400; (b) l ip  = 1.8, K I  = 1200; (c )  lip = 6.0, = 4000. 

Fig. 4. Block diagram of induction motor control system. 

111. DIRECT FIELD ORIENTED 
CONTROL WITHOUT SPEED SENSORS 

A. Control System 

The proposed speed adaptive observer is applied to the 
direct field-oriented control of an induction motor. Fig. 4 
is a block diagram of the induction motor control system 
without speed sensors. In the block of the vector rotation, 
the stator current command in the stationary reference frame 
is calculated as follows. 

i Y d = i l t , c o s ~ - i :  sin8 (14) 
iTp = ilt, sin8 + i; cos8 (15) 

where 
cos8 = $ d r / & .  

sin8 = &,./&. 
br= Jm. 

Field Current Command. 
it Torque Current Command. 

B. Experimental Results 

speed adaptive scheme are selected: 
For the field oriented control, the following PI gains of the 

K p  = 1.8, KI = 1200. (16) 

Fig. 5 shows experimental results of the forward-reverse 
operation under the no-load condition. The induction motor 

1 0 0 r p m / d i v  

5 A / d i v  

Fig. 5. Experimental results of forward-reverse operation. 

Fig. 6. Step speed response. 

operated stably even at zero speed before t = 400 (ms). This 
system can sit still as zero speed for an extended time. 

Figs. 6 and 7 show experimental results of a speed step and 
a load step response, respectively. In the case of Fig. 7, the 
load torque changes instantaneously from 0 (Nm) to 17 (Nm) 
(0.7 pu). 

From these figures, we can find that the proposed speed 
adaptive flux observer follows the actual speed even in tran- 
sient states, and the direct field oriented control system works 
well without speed sensors. 
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Fig. 7. Step torque response. 
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Fig. 8. Influence of parameter variation on speed estimation: (a) 8, = 1.2 
R,; (b) R, = 1 . 2  R,.  

I V .  INFLUENCE OF PARAMETER VARIATION ON 
SPEED ESTIMATION AND ITS COMPENSATION 

A. Influence of Parameter Variation 
The validity of the speed adaptive observer has been verified 

experimentally. Those results are obtained under the condition 
that the motor parameters used in the observer are correct. 
However, it is hard to use the correct parameters, because 
the stator and rotor resistance vary with the motor tempera- 
ture. Therefore, we investigate the influence of the parameter 
variation on the speed estimation and the torque control. 

Fig. 8(a) and (b) show speed estimation errors when the 
nominal values of the stator and rotor resistance are 1.2 times 
as much as actual ones, respectively. Fig. 9 shows the ratio of 
the generating torque to the reference when the nominal stator 
resistance is 1.2 times as much as actual one. These results are 
obtained by the simulation under the condition that the load 
torque is 20 (Nm). 

The stator resistance variation has a great influence on 
the speed estimation and the torque control at a low speed 
region. On the other hand, the influence of the rotor resistance 
variation is constant independent of the motor speed. This is 
because we cannot separate the speed estimation error and the 

a 1.4 
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3 0.9 
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Fig. 9. Influence of stator -resistance variation on torque control 
(R, = 1.2RS). 
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Fig. 10. Behavior of speed and parameter estimation. 

rotor resistance error from the stator variables. This is easily 
understood from the steady state equivalent circuit the rotor 
resistance of which is Rr / s  (s: slip). For the same reason, 
the rotor resistance variation does not affect the torque control 
at all. 

B. Compensation for  Parameter Variation 

To compensate for these influences, identification of the pa- 
rameters is necessary. We have proposed the adaptive scheme 
for the stator and rotor resistance identification in the case 
that the actual speed can be detected [6]. The proposed rotor 
resistance adaptive scheme is not applicable to the case without 
speed sensors. Therefore, we propose the following parameter 
update law. 

where A 1  is arbitrary positive constant, R,,, is the ratio of 
the nominal values of the stator and rotor resistance, and 
parameters are updated only in a powering operation. 

The adaptive scheme for the stator resistance (17) is derived 
by the same way as that for the speed [6 ] .  The rotor resistance 
is made proportional to the stator resistance which is identi- 
fied adaptively, because the both resistances change with the 
operating temperature. 

Fig. 10 shows experimental results of the parameter identi- 
fication. In this experiment, the speed command and the load 
torque are constant at 100 (rpm) and 20 (Nm), respectively. 
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The initial values of the stator and rotor resistance are 1.5 times 
as much as the nominal ones and the positive constant XI is 
0.01. The estimated speed agrees with the actual speed after the 
estimated parameter conversion. From this experimentation, 
the validity of the proposed parameter update law is verified. 

V. CONCLUSION 
This paper has presented a new method for estimating a 

rotor flux and speed of an induction motor based on the 
adaptive control theory. The proposed method can be applied 
to a direct field oriented induction motor control without speed 
sensors. The influence of the parameter variation on the speed 
estimation can be removed by the proposed parameter adaptive 
scheme. The validity of the adaptive flux observer has been 
verified using experimentation. 
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