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ABSTRACT 

In this paper, a new configuration called Auto Disturbance 
Rejection Controller (ADRC) is used in the induction 
motor speed control. The key part of ADRC is extended 
state observer (ESO). By using ESO, ADRC can estimate 
accurately the derivative signals and accurate decoupling 
of induction motor is achieved too. In addition, the 
external disturbances and parameter variations could also 
be estimated and compensated by ADRC, so that the 
closed loop motor drive system under ADRC control does 
not depend on the accurate mathematical model of 
induction motors. Therefore, the robustness and 
adaptability of the control system is improved too. The 
simulation and experiment results show that the controller 
operates quite robustly under modeling uncertainty and 
external disturbance, and it can provide good dynamic 
performance such as small overshoot and fast transient 
time in the speed control. 

1 .  INTRODUCTION 

High dynamic performance of induction motors is needed 
in a lot of industrial applications. At present, vector 
control appears much more attractive because of the 
capability of torque/flux decoupling which gives high 
dynamic response and accurate motion control. 
Unfortunately in real-time implementation, the torque and 
flux will not be completely decoupled due to significant 
plant uncertainties such as external disturbances, 
unpredictable parameter variations and unmodeled plant 
nonlinear dynamics [ 1 3 .  This deteriorates the dynamic 
performance of induction motor significantly. In addition, 
the performance of this control system depends on the 
accurate mathematical model of induction motors [ 2 ] .  
Conventional method in vector control is to use PID 

controllers to regulate the static and dynamic performance 
of control system. In PID controller, the derivatives of the 
signals are required in order to achieve control objectives, 
such as reduced response time and reduced overshoot 
during transient conditions. Unfortunately, the derivatives 
of signals are difficult to retrieve because of noise. 
Furthermore, the performance of PID controller often 
deteriorates at different operating conditions. In recent 
years, adaptive methods and predict PID controllers are 
proposed to improve the robustness and dynamic 
performance of control system [3-71; however they are 
very complicated and have much computational intensity 
in the real-time implementation. 

Based on the concept of generalized derivative, in 
this paper, a new configuration called Auto-Disturbance 
Rejection Controller (ADRC) is used in the induction 
motor speed control. The core of ADRC is the extended 
state observer. By using the extended state observer, 
ADRC can estimate accurately the derivative signals and 
the coupling part of d-axis and q-axis. Accurate 
decoupling of induction motor can be achieved. In 
addition, the external disturbances and parameter 
variations could also be estimated and compensated by 
ADRC, so that the accurate model of induction model is 
not required. That means the design of ADRC is 
independent of the controlled system model, and this 
controller can achieve good adaptability and robustness as 
well. The simulation and experiment results show that 
ADRC can provide good dynamic performance under 
large variations of drive system parameters and load 
conditions. 

2. CONTROL STRATEGY 

The structure of nonlinear auto-disturbance rejection 
controller is shown in Fig. 1. ADRC is composed of three 
parts: tracking-differentiator (TD), extended state observer 
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Fig. 1. The Block Diagram of ADRC 

(ESO) and nonlinear state error feedback control law 
(NLSEF) [8]. The key part of ADRC is (N+l)th order 
ESO, which uses nonlinear state feedback to realize the 
linearization of uncertain nonlinear systems. Unlike full 
order (Nth order) state observer, ESO utilizes (N+l)th 
order (full order plus 1) state observation to achieve 
feedback linearization. In ESO, lower order derivative is 
obtained by integrating the higher order derivatives. No 
differential operation is needed. Therefore, the differential 
signal is obtained without noises. Furthermore, the signal 
of (N+I)th state variable reveals the information about 
disturbances and plant uncertainties in the control system. 
When the nonlinear functions and their related parameters 
of ESO are properly selected, the state variables z ,  ( t )  
i = 1 , .  . . , n of ESO will converge to the observed state 
variables x ( t ) and its derivatives. At the same time, 
the extemal and internal disturbances can also be 
observed. 

The observer's architecture is not determined by the 
actual expression of system under control, but only 
affected by its variation range. Therefore, this observer 
has very good robustness and adaptability. 

Tracking-Differentiator (Nth order TD in the Fig. 1) 
is a dynamic system which can arrange the transition 
process according to the input reference signal and the 
system under control. Comparing the difference between 
the output of tracking-differentiator and extended state 
observer, nonlinear state error feedback control law 
u(t) is used to drive the state trajectory to the desired 
reference signal. With the help of modeling uncertainty 
and disturbance compensation, this control system will 
have desired behaviors such as tracking, regulation, 
stability, etc. 

3. ADRC FOR INDUCTION MOTOR 

Based on the reference-frame theory and the rotor flux 
orientation, the state space model of a squirrel case 
induction motor in a synchronous d-q reference frame can 
be described by fourth order nonlinear differential 
equation: 

where 

d - axis(q- axis)stator votage 

d - axis(q- axis)statorcurrent 

d - axis(q- axis)rotorflux 

rotatingspeedof thecoordinate 
rotorangularspeed 
load torque 
stator and rotor resistances 
stator, rotor and mutual inductances 

rotor inertia 
pole pairs 

The above equations show that 
(1) The system is nonlinear due to the coupling parts 
between state variables. 
(2) The variation of motor parameters will deteriorate the 
performance of the drive system. 

In this paper, we assume o T ,  w d Z  , I ' d l  , I ' q l  and their 

derivatives exist and are continuous. As it is shown in 
equation (l), the rotor flux is mainly controlled by first 
and second item of equation (1); the speed is affected 
mainly by the third and fourth item of equation (1). 
From equation (l), the 2"d derivative of flux is obtained as 
follows: 

If the coupling part of equation (2)-- & ( -k  i + i q I w I )  

is regarded as the modeling disturbance of system, it can 
be rewritten as: 

1 dl r, 

L Where w I I  ( t )  = L ( - - k I i d l  + i q l w l )  
Tr 

Similarly, the coupling part in the derivatives of 
and i,, can be treated as modeling disturbance as w 
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(a) Flux Subsystem 

(b) Speed Subsystem 
Fig. 2. The Equivalent Dynamic Mathematical Model of 

Induction Motor 

If we select the control voltage reference as: 

L / O  = $1 + w,, ( t>  4 k 2 1 Y d 2  

' y o  = 31 ( t )  ' cT + ' q l  (7) 

(6) 

Then, the coupling between the torque-producing current 

Iq, and the rotor flux vdz can be completely eliminated. 

The closed loop system can be simplified as: 

dr = k3VVdZL10 
1 i,, = - k l i c , l  + -U,,, 

The model of induction model can be decoupled into 
two linear subsystems: flux subsystem and speed 
subsystem (shown in Fig.2). It can be observed from Fig. 
2 that the precise decoupling of flux and speed control and 
exact linearization can be achieved if the ESO can realize 

0 

t 

L 
Fig. 3 .  The 

Ua,Ub 

observer 

Control System of Induction Motor 

the state feedback and model compensation. So, it is 
convenient to use ADRC to give control signal u d l  and 

I , ~ , U , ,  ~91. 
Considering the external disturbance and parameter 

variation (we use the rotor resistant change and load 
disturbance as a example), the equation (3), (4) can be 
rewritten as follows, 

In the above model, the external load change and 
internal parameter variation are all treated as disturbances 
imposed on the control system. As the variation range of 
load and parameter change is finite, we can estimate and 
compensate the model parameter variation and external 
disturbance by properly selecting the functions and related 
parameters of ESO and ADRC. The above analysis has 
shown that the closed loop motor drive system under 
ADRC control does not depend on the accurate 
mathematical model of induction motors. Therefore, the 
robustness and adaptability of the control system is 
significantly improved. 

Fig.3 shows the proposed ADRC for induction motor. 
In order to achieve the rotor angular speed and the rotor 
flux regulation, the controller includes two distinct control 
loops: the flux loop which employs one 2"d ADRC to 
regulate the rotor flux; the speed loop, which employs two 
1'' order ADRC to control the rotor speed 0 and q-axis 
stator current i I . 
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4. RESULTS 

The proposed ADRC and its performance are now verified 
by simulation and experiments. The parameters of a 2.2 
kW induction motor are as follows: 
Rs=2.92 a R ~ 1 . 9 2  a Ls=0.371 H 
L ~ 0 . 3 7 1  H Lm=0.358 H Polepairs=2 
J = 0.1  kg . m Rated Speed = 1430rpm 

4.1. Simulation Results 

All simulations are done with a load torque change 
applied to the induction motor. To see the influence of the 
proposed controller, the performances of ADRC and 
classic PID controller are compared. In order to limit the 
noises that exist in the detected signals, the coefficient of 
differentiator in PID controller is small. 

Fig. 4 shows the actual and estimated rotor angular 
speed W, of start up. At t=l.ls, load torque 

'r, = 15N.m is added to the induction motor. Fig. 5 
shows the derivative of rotor angular speed including the 
actual value and the value estimated by ESO. The 
simulation results demonstrate that the extended state 
observer can track the state variables of the induction 
motor and their derivatives successfully. 

Fig. 6 shows dynamic responses of ADRC and PID 
controller with step disturbance load ( T,  = 15N . m ). For 
ADRC, the speed response under rated speed shows no 
overshoot and it settles down quickly to a steady state 
without steady state error. 

In order to show ADRC wide operation range, the 
parameters of the ADRC and PID controller have been 
optimized at rated speed (1430 rpm). Then, the same 
controllers are applied to regulate the induction motor at 
low speed (10 r/min) without changing their parameters. 
The performances of PID controller deteriorate, while 
ADRC can maintain its excellent performance (Shown in 
Fig.7). It shows ADRC could maintain its good dynamics 
and robustness to load disturbance in various operating 
conditions. 

4.2. Experiment Results 

Fig 8, 9 show the speed curves of the induction motor 
with load torque Tf* = 6 N .  m whle setting rotor speed is 
changed. From these figures, we can see that the ADRC 
can maintain better dynamic performance and adaptability 
than PID controller over wide speed range. 

In order to testify the robustness of ADRC under 
parameter variation, we reset the value of given rotor 
resistance in the model of induction motor to be 
approximately 50% lower (from 1.92f2-l.On) or 25% 
higher (from 1.920-2.5Q) than that of the actual rotor 

resistance separately. After that, we operate the ADRC 
and PID controller in the same condition. From Fig 10, we 
can see that the ADRC can achieve no overshoot and 
small transient time during start up while dynamic 
performance of PID controller has deteriorated. Fig. 1 1 to 
Fig.14 show the experimental tests of ADRC and PID 
controller under given rotor resistance change. We can see 
that the dynamic performance of PID controller 
deteriorate significantly while ADRC maintains good 
speed regulation under parameter changes. From these 
figures, it can be noted that ADRC can achieve good 
robustness and adaptability to external and internal 
disturbances. 

5. CONCLUSION 

This paper presented a new robust nonlinear controller for 
induction motor. ADRC is used to implement the state 
estimation and achieve robustness against motor 
parameter's change and load variation. The major 
advantage of the proposed method is that the closed loop 
characteristics of the motor drive system do not depend on 
the exact mathematical model of induction motor. No 
derivative calculation is needed either. From simulation 
and experiment results, it is observed that proposed 
ADRC control system is robust against the modeling 
uncertainty and the external disturbance. These results 
open new perspectives on utilization of nonlinear 
controllers on field orientation, and promote a new stream 
of studies on developing different structures of this class 
of controllers. 

/// 
J , . ,  

D Z  D O  0 1  0 .  0 0  0 8  9 "  t 2  , L  

Time ( 5 )  

Fig. 4 actual (solid line) and estimated (dashed line) rotor 
angular speed U I 

Fig.5 actual (solid line) and estimated (dashed line) rotor angular 
speed derivative 
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Fig. 6 dynamic speed responses of ADRC (solid line) and PID 
controller (dashed line) due to load torque change (from 

0 - 15 N . ,,, ) atrated speed 

2 0  . , 
0 0  0 6  i o  1 6  2 0  

Time ( 5 )  

Fig. 10 dynamic speed responses of induction motor when 
starting up under rotor resistant change (from 1.92Q- 1 .Ono--- 

ADRC (solid line); PID controller (dashed line) 

1 0 8  t D O  1 1 0  1 I ,  I l l  I11 
* O  

Time is) 

Fig. 7 dynamic responses of speed regulation at low speed (1  0 
r/min) --- Using ADRC (solid line); Using PID controller 

(dashed line) 

l o o  1 0  

Time ( 5 )  

(a) ADRC 
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~ O O J  , , , , , , , , , . , 

Time ( 5 )  

Fig. 8 dynamic speed responses of induction motor (changed 
from 120 to 240dmin)--- ADRC (solid line); PID controller 

(dashed line) 

Fig. 9 dynamic speed responses of induction motor (changed 
from 120 to -120r/min) --- ADRC (solid line); PID controller 

(dashed line) 

(b) PID Controller 
Fig. 1 1 dynamic speed responses of induction from 120 to 
240rimin under rotor resistant change (from 1.92n- 1 .On) 

.150 . , . , 
2 0  2 5  3 0  3 5  I O  4 5  5 0  

Time(s) 

(a) ADRC 
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(b) PID Controller 
Fig. 12 dynamic speed responses of induction from 120 to 

-120r/min under rotor resistant change (from 1.92Q- 1 .On) 

L 
(b) PID Controller 

Fig. 13 dynamic speed responses of induction from 120 to 
240r/min under rotor resistant change (from 1.92R-2.5R) 

,5* 

,so +--, 

, s o  

E 2 ,BO c:!;J. so 

I L  
160 
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(b) PID Controller 
Fig. 14 dynamic speed responses of induction from 120 to 

-120r/min under rotor resistant change (from 1.92Q-2.5Q) 
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