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A New Robust Algorithm to Improve the Dynamic
Performance on the Speed Control of
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Abstract—A nonlinear auto-disturbance rejection controller
(ADRC) has been developed to ensure high dynamic performance
of induction motors in this paper. By using the extended state ob-
server (ESO), ADRC can accurately estimate the derivative signals
and precise decoupling of induction motors is achieved. In addi-
tion, the proposed strategy realizes the disturbance compensation
without accurate knowledge of induction motor parameters. The
simulation and experimental results show that the proposed con-
troller ensures good robustness and adaptability under modeling
uncertainty and external disturbance. It is concluded that the
proposed topology produces better dynamic performance, such
as small overshoot and fast transient time, than the conventional
proportional/integral/derivative (PID) controller in its overall
operating conditions.

Index Terms—Auto-disturbance rejection controller (ADRC),
extended state observer (ESO), robustness.

I. INTRODUCTION

THE FIELD-oriented control (FOC) technique is widely
used in high performance motion control of induction

motors. Because of torque/flux decoupling, FOC achieved good
dynamic response and accurate motion control as dc motors.
However, in real-time implementation, precise decoupling
which requires accurate motor parameters cannot be com-
pletely achieved due to significant plant uncertainties. These
uncertainties include external disturbances, unpredictable pa-
rameter variations, and unmodeled plant nonlinear dynamics.
Consequently, this will deteriorate the dynamic performance
of flux and speed significantly. Generally speaking, the perfor-
mance of this control system depends on the accuracy of the
mathematical model of induction motors [1].

This paper introduces a new configuration called auto-distur-
bance rejection controller (ADRC) into the control of induc-
tion motors. The auto-disturbance rejection controller, which
is inherently suitable for dealing with the system uncertainties,
generates very good static and dynamic performance, even in
the presence of a large and fast variation of motor parameters
and load disturbances. The core of ADRC is the extended state
observer (ESO), which is based on the concept of generalized
derivatives and generalized functions. Using the extended state
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Fig. 1. Control system of induction motor using PID controllers.

observer, the ADRC can realize accurate decoupling of induc-
tion motors. In addition, the impact of external disturbances and
parameter variations could also be estimated and compensated
by the ADRC. Therefore, the accurate knowledge of the in-
duction motor model is not required. As a result, the design of
ADRC is inherently independent of the controlled system model
and its parameters. Therefore, this controller has the advantage
of good adaptability and robustness. This paper presents a de-
tailed comparison of the ADRC and the conventional propor-
tional/integral/derivative (PID) controller under different oper-
ating conditions based on simulation and experimental results.
It is shown that the proposed controller can provide not only
good speed regulation, but also excellent speed dynamic per-
formance under large variations of drive system parameters and
load conditions.

II. CONTROL STRATEGY

A. Limitations of Conventional Vector Control in Speed
Regulation of Inductor Motor

In the conventional FOC, PID regulators are used to con-
trol the flux magnitude, rotor speed, and currents independently
(shown in Fig. 1), where represents the overall effect of
external disturbances, parameter variations, and plant nonlinear
dynamics. The part surrounded by dashed line is the system/ob-
ject under control. In PID controllers, the derivatives of the sig-
nals are required in order to achieve control objectives, such
as reduced response time and reduced overshoot during tran-
sient conditions. Unfortunately, the derivatives of signals are
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difficult to retrieve because of noise. Furthermore, due to non-
linearities and uncertainties existing in the induction machine
drive system, it is difficult for the conventional PID controller
to achieve good static and dynamic performance for different
operating situations. As a consequence of these phenomena, a
degradation of drive performance occurs.

To avoid these problems, a great deal of research has been
done involving alternative control techniques. In recent years,
adaptive methods and predictive PID controllers have become
more attractive in the improvement of the robustness and dy-
namic performance of control systems [2]–[6]. However, they
are very complex and require knowledge of model parameters
and model states. As a consequence, they require high compu-
tational intensity in real-time implementation.

One effective way to design a controller is to get rid of the
restriction of the mathematical model. This would promote a
new structure of controllers. Based on the theory of nonlinear
feedback and generalized derivatives, ADRC is introduced in
this paper.

B. Advantages of Nonlinear Feedback Compared With Linear
Feedback

In many respects, a nonlinear system has some high efficient
characteristics compared to a linear system. To give a simple ex-
ample, consider the system , where is the
disturbance and the control signal is designed to stabilize
the whole system. Using the linear feedback control ,
at the steady-state , the steady-state error of the closed
loop is (assuming ). By choosing non-
linear feedback control sign , , where
sign is the signum function. The magnitude of steady-state
error is reduced to . This indi-
cates that a proper nonlinear feedback control can significantly
reduce the effect of disturbance compared with linear feedback.

Giving another example, for system , where the
input signal is and is a constant related to the system. A
feedback control is designed, so that
the state variable can converge to the input signal
quickly. Assuming input (constant), the linear feed-
back control law is chosen as ( is the
feedback coefficient). Then, the steady-state error of the system

is converged to . Appendix A
gives the detailed derivation.

However, if a nonlinear feedback control is chosen as
sign , the steady-state

error will be smaller than , as shown
in Appendix A. Appendix A also illustrates that in condition

, , and , which is normally the case, the
steady-state error of nonlinear feedback will be much
smaller than that of linear feedback using the same feedback
coefficient . For example, if , , and ,
the steady-state error, by using linear feedback, is

. By using nonlinear feedback, and assuming
, the steady-state error

.

Fig. 2. Block diagram of Z (t) order ADRC.

The above examples show that the nonlinear feedback control
has the ability to greatly constrain the influence of system mod-
eling and disturbances. They demonstrate that there exists some
kind of control strategy, which is independent of the mathemat-
ical model of controlled system. Considering one extreme situ-
ation, when , this control system is equivalent to sliding
mode control. It has been shown that sliding mode control has
robustness and is independent of disturbances and modeling un-
certainties. This example indicates that if the nonlinear feedback
control is properly designed, it is possible for a nonlinear feed-
back control system to achieve robustness and adaptability to
disturbances and uncertainties.

C. Principle of ADRC

Based on the nonlinear feedback, the nonlinear auto-distur-
bance rejection controller (ADRC) is introduced to achieve high
dynamic performance in the overall operating range. It is com-
posed of three parts (shown in Fig. 2): 1) nonlinear differentiator
(ND), 2) extended state observer (ESO), and 3) nonlinear state
error feedback control law (NLSEF) [7]. The essential part of
ADRC is the extended state observer.

Generally speaking, to control any th order nonlinear
system, th order ADRC is needed. For any given input
reference signal , the th order nonlinear differentiator
generates the preconditioned transition process and it’s
first to th derivatives (shown in Fig. 2).
Based on the theory of a generalized derivative and nonlinear
feedback algorithm, the key part of th order ADRC is
the th order extended state observer (ESO). As shown
in Fig. 2, the state variables of ESO, and ,
will successfully converge to the observed state variable
and its derivatives. In addition, the th state of ESO,

, reveals the information about the overall influence
of external and internal disturbances .

By comparing the difference between the outputs of the non-
linear differentiator and those of extended state observer

, (shown in Fig. 2) nonlinear state error feed-
back control law is used to drive the state trajectory to the
desired reference signal. Furthermore, with the help of modeling
uncertainty and disturbance observation , online com-
pensation is made by . Details of
each part of ADRC will be discussed in Sections III–V.

1) Structure of Extended State Observer (ESO): Based on
the theory of generalized derivative and generalized functions,
ESO is a nonlinear configuration for observing the states and
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disturbances of the system under control without the knowledge
of the exact system parameters. Giving an example, for any ar-
bitrary th order nonlinear system

(1)

where represents the arbitrary system function, is an
unknown disturbance, is the control law, is the mea-
surable state variable, and is the coefficient of control law. Its
state space equation can be written as

... (2)

where , .
Unlike the full order ( th order) state observer, ESO utilizes

th order (full order plus 1) state observation to achieve
state and disturbance estimation [shown in (3)]. After startup,
the output of the ESO will converge quickly and ac-
curately to the observed states . The initial values
of are all set to be zero

...

...

(3)

where , sign is the signum function. The
exponential is usually set to be

. and the scaling factor determine
the convergence speed of ESO. The parameter determines the
nonlinear region of the ESO.

Nonlinear state feedback in the ESO is used to achieve lin-
earization of nonlinear systems [shown in (3)]. As mentioned
previously, the derivative signals are often difficult to obtain be-
cause of noises. But in the ESO, lower order derivatives (such as

) are obtained by integrating the higher order
derivatives . The differential operation is
no longer needed. As a result, the differential signal is noise free.
The generalized derivatives of given signals will be accurately
achieved.

Furthermore, if we define
, where represents

the system modeling uncertainty and represents the un-
known disturbance, then (2) can be rewritten as

... (4)

where is the variation rate of system uncertainty and distur-
bance .

Subtracting (4) from (3), the dynamic error equation is de-
fined as

... (5)

where is and is .
For any boundary , when the nonlinear functions

and their related parameters , , and are properly se-
lected to constrain the function of system uncertainties and
disturbances, the system (5) is asymptotic stable. Under this
condition, the state variables of ESO, , , will
quickly converge to the observed state variables and its
derivatives . Furthermore, the signal
of th state variable reveals the information
about the overall impact of external disturbances and plant
uncertainties imposed on the system under control. Based on
this information, compensation and elimination of disturbances
and model uncertainties can be achieved. If the variation rate

has some boundary, the overall effect of the external and
internal disturbances imposed on the system can be
observed by successfully, even though the mathe-
matic expression and accurate parameters of and
may be still unknown. It will greatly enhance the robustness
of the control system against the modeling uncertainties and
disturbances.

By using the ESO, the whole nonlinear system is decomposed
into integrators in cascade, so the feedback linearization is re-
alized. Similar to input-output feedback linearization, the ESO
can be treated as some kind of dynamic feedback linearization.
However, its architecture and performance are not determined
by the actual expression of system under control, but only af-
fected by the range of its variation rate. Therefore, this observer
has good robustness and adaptability. This is the main advan-
tage of this configuration.

2) Structure of Nonlinear Differentiator (ND): The second
part of ADRC is a th order nonlinear differentiator. The objec-
tive of ND is to define a desirable transition response when the
input changes. Its input is the reference signal , the output of
ND is the premodulated reference signal and its deriva-
tive (as shown in Fig. 2).

The mathematic model of nonlinear differentiator is given as
(6), shown at the bottom of the next page, where is the given
input reference signal, is the premodulated signal of ,

are the modulated first to th order
derivatives of , and is the signum function. is the
scaling factor of ND. It influences the converge speed of ND.

are the fine tuning factors of ND. and serve
the same function as that in ESO.

In the conventional PID controller, it is hard to achieve fast
response and reduced overshoot at the same time. This is be-
cause the PID controller utilizes the original given signals di-
rectly. Any sharp change (step change) in the given signal could
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lead to overshoot in the output. In the th order nonlinear differ-
entiator, the given input signal is regulated to a continuous
smooth curve , whose derivatives are
also continuous, smooth, and finite. That means ND can smooth
the sharp changes in the input signal, so that the ADRC could
still maintain no overshoot during the fast transient process,
even though the input signal may change suddenly.

It can be seen from (6), that the mathematical function of the
nonlinear differentiator is a nonlinear structure with linear in-
tervals near the original point. The merit of this topology is that
it can fully utilize the nonlinear characteristics for large signals.
At the same time, the phenomenon of chatting near the origin
is avoided. In the linear intervals, the nonlinear differentiator
acts as a very good low pass filter. Similar to ESO, lower order
derivatives [such as ] are also achieved by
integrating the higher order derivatives .
The contained noises are all constrained, not enlarged, so that
ND can get high quality derivatives as well.

3) Structure of Nonlinear State Error Feedback Control
Law (NLSEF): As shown in Fig. 2, the nonlinear differ-
entiator generates the arranged transition process and its
derivatives . The outputs of extended state observer

estimate the states of a controlled system. By
comparing the difference between the outputs of nonlinear
differentiator and those of extended state observer (shown in
Fig. 2), the nonlinear state error feedback control law is
used to drive the state trajectory to the desired reference signal.
Its mathematic expression is given as

sign

(7)

where .
is the scaling factor of NLSEF. and are the

variable parameters of NLSEF and they serve the same function
as that in ESO and ND.

It can be seen from (7), that the nonlinear feedback structure
is adopted. In addition, this configuration is independent of the
object model. Furthermore, with the help of modeling uncer-
tainty and disturbance estimation , online compensa-
tion is made by [where is the
coefficient of control law in (1)]. The robustness of the system
is guaranteed.

4) Advantages of ADRC: From the previous sections, it can
be seen that ADRC has many advantages.

a) The generalized derivatives of given signals can be ob-
tained accurately.

b) With the help of nonlinear differentiator, ADRC could
maintain no overshoot during the fast transient process,
even though the input signal may change suddenly.

c) By using ESO, the whole nonlinear system is decomposed
into integrators in cascade. Decoupling and dynamic
feedback linearization are realized.

d) ADRC utilizes the online estimation and compensation to
eliminate the steady-state error between input and output.
Therefore, integrators are no longer needed. The desired
behaviors of the control system such as tracking, regula-
tion, and stability are guaranteed.

e) With the help of ESO and NLSEF, the system uncer-
tainties and external disturbance could be estimated and
compensated instantaneously and accurately. The control
system’s robustness is guaranteed.

f) The architecture and performance of all parts of ADRC
are not determined by the actual mathematic model of the
system under control, but only affected by the range of
its variation rate. Therefore, ADRC has robustness and
adaptability against the external disturbance, variation of
system parameters, and model changes.

III. ADRC FOR INDUCTION MOTOR

Based on induction motor model that uses the rotor flux syn-
chronous reference frame ( – axis), the state space model of
a squirrel case induction motor can be described by four non-
linear differential equations. Here, the -axis rotor flux is equal
to zero

(8a)

(8b)

(8c)

(8d)

where
;

;

;

;

;
-axis ( -axis) stator voltage;

...

sign
(6)
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-axis ( -axis) stator current;
-axis ( -axis) rotor flux;

rotating speed of the coordinate;
rotor angular speed;
load torque;
stator and rotor resistance;
stator, rotor, and mutual inductance;
rotor inertia;
pole pairs.

It is shown from the previous equations that

1) the system is nonlinear due to the coupled parts between
state variables;

2) the performance of the whole system will be deteriorated
by the variation of motor parameters and load conditions.

Here, it is assumed that , , , , and their derivatives
exist and are continuous. As it is shown in (8a)–(8d), the rotor
flux loop is mainly controlled by (8a) and (8b) and the speed
loop is affected mainly by (8c) and (8d). However, these two
loops have some coupled parts, which could lead to sluggish
dynamic response both in the speed loop and the flux loop.

In PID control scheme (shown in Fig. 1), the flux loop uses
two PID controllers in cascade to control the rotor flux and

-axis current, the speed loop uses two PID controllers in cas-
cade to control the rotor speed , and -axis stator current .
Reference [8] provided a method to design an optimal PID con-
troller based on frequency domain analysis theory. It also con-
siders the sampling delay as , where is the sampling
period. This method is used to design the optimal PID con-
troller for the induction motor control in this paper. The crite-
rion is to achieve widest bandwidth and still maintain 50 phase
margin. In the experiment, due to noises coupling and the pa-
rameter variation of the induction motors, the parameters have
been refined. The following refined parameters are used both
in the simulation and experiments. For the inner loop of speed
subsystem , , and . For the
outer loop of speed subsystem , , and

. For the inner loop of flux subsystem ,
, and . For the outer loop of flux sub-

system , , and .
In this paper, auto-disturbance rejection controllers (ADRC)

are introduced to substitute the function of PID controllers to
achieve high dynamic performance in the overall operating con-
ditions (as shown in Fig. 3). As compared to the conventional
PID scheme (as shown in Fig. 1), the control system includes
two separate control loops: 1) the flux loop which uses one
third-order ADRC to control the rotor flux and 2) the speed loop,
which uses two second-order ADRC in cascade to control the
rotor speed , and -axis stator current , respectively. These
controllers are robust against load and parameter disturbances.
In addition, precise decoupling and linearization of induction
motor is realized by using ADRC. Good torque/speed response
can be maintained without precisely knowing the position and
magnitude of rotor flux. Therefore, similar to direct torque con-
trol (DTC), the accurate flux observation in the control system is
not required. This is one of the major advantages using ADRC
into induction motor control.

Fig. 3. Control system of induction motor using ADRC.

In this section, the application of ADRC into flux control loop
is discussed in detail. By differentiating (8b), and combining
with (8a), the secnd-order derivative of flux is derived as

(9)

As reported in (9), the third term
contains the information about the rotor speed, -axis and -axis
current. In this term, the product of rotor speed and -axis cur-
rent is the coupled part between flux loop and
speed loop. This coupled part would deteriorate the control per-
formance. If the whole third term
(including the coupled part ) is regarded as the
modeling uncertainty or internal disturbance of system, the fol-
lowing substitution is made:

(10)

where .
Equation (10) shows that the flux loop could be considered as

a second-order subsystem. To control the rotor flux, a third-order
ADRC is used. It is composed of three parts: 1) second-order
nonlinear differentiator (ND), 2) third-order extended state ob-
server (ESO), and 3) nonlinear state error feedback control law
(NLSEF) (as shown in Fig. 4). Here, represents the dis-
turbances imposed on the flux subsystem. Their configurations
are given in detail to illustrate how ADRC is used for induction
motor control.

A. Second-Order ND for Flux Control

The flux loop is considered as a second-order subsystem, so
second-order ND is used in the flux control loop (as shown in
Fig. 4). It will arrange the flux transition process according to
the input reference flux and the system under control. Its math-
ematic model is given as

(11)
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Fig. 4. Block diagram of third-order ADRC used in the flux control loop.

where is the given reference signal of rotor flux,

and are the arranged flux transition process and its
derivative (shown in Fig. 4). Parameters , , , , and function

are defined in Section II-C2.

B. Third-Order ESO for Flux Control

In the flux control loop, a third-order ESO is utilized to
achieve state and disturbance estimation (shown in Fig. 4). Its
mathematic model is derived as

(12)

where , .
is the observed flux by using flux observer and it is the

input of ESO. and are the estimated
rotor flux and its derivative by using ESO (shown in Fig. 4).
The third-order state of ESO reveals the overall influence of
modeling uncertainty . The definition of parameters ,

, , and function are all given in Section II-C1.

C. NLSEF for Flux Control

The NLSEF used in the flux control loop is to drive the rotor
flux to the given reference flux. Its mathematical model is given
as

(13)

(14)

where , ,
, and is the third-order state of ESO. The

parameters , , , , and function are defined in
Section II-C3.

Similarly, when ADRC is applied to the speed control loop,
the external load and the coupling part between the speed loop
and flux loop can also be treated as internal disturbance. There-
fore, (8c) and (8d) can be rewritten as

(15)

where represents the external load torque
imposed on the system, and

is the coupled part between the flux and speed control
subsystem.

In the speed subsystem, as shown in (15), the configuration
of its control system is composed of two second-order ADRCs.
One is used for speed regulation and another is used for -axis
current control (shown in Fig. 3). Their structure and mathe-
matical model are all similar to that of flux subsystem. Here,
two second-order ESOs are used to estimate the rotor speed,
-axis current, and their derivatives. The model uncertainties

and are observed by the second-order states of
ESO and separately.

According to the theory of ADRC [7], because the variation
ranges of , , and are finite, the external
load disturbance and the coupled parts between the flux loop
and speed loop can be completely estimated and compensated
by ESO and NLSEF. Therefore, the dynamic equations of the
whole system are simplified as

(16)

where , , and are the control signals before compen-
sation, and the given control signals after compensation can be
defined as

(17)

(18)

(19)

Here, , , and
are considered to be correction or compensation items. They are
estimated by ESO, and then compensated by NLSEF separately.

It can be seen that due to the compensation made by NLSEF
[shown in (17)–(19)], the whole system of the induction motor
is simplified as (16). There is no coupled part between the flux
control subsystem and speed control subsystem. The impact
of external load disturbances is also eliminated. Therefore, the
decoupling of the rotor flux and speed control loop is achieved.
Furthermore, this dynamic feedback linearization method
doesn’t need the actual expression of the mathematical model
of induction motors. The robustness and adaptability of the
control system is significantly improved.

As it is mentioned above, the dynamic model of the induc-
tion motor is precisely decoupled into two linear subsystems:
1) flux subsystem and 2) speed subsystem (shown in Fig. 5). It
is obvious from Fig. 5, that the precise decoupling of flux/speed
control and exact linearization can be achieved if ESO achieves
the state and model disturbance estimation accurately. So, it is
convenient to use a third-order ADRC to give out the flux con-
trol signal , and use two second-order ADRC in cascade to
send out the speed and current control signal and sepa-
rately [9] (shown in Fig. 3).

{It is observed, that rotor resistor and load torque changes
most frequently when the induction motor is operating. For the
ADRC presented in this paper, only the variation of rotor resis-
tance and load torque are considered. Nevertheless, ADRC can
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Fig. 5. Equivalent dynamic mathematical model of induction motor (a) flux
subsystem and (b) speed subsystem.

also be used to compensate the variation of other parameters.
Then, (10) (15) can be rewritten

(20)

(21)

where , , and
, , and are the induction motor coefficients when rotor

resistant is changed. is the load torque change.
Based on (20) and (21), the external load change and internal

parameter variation are all treated as disturbances imposed on
the controlled system. Due to the fact that the variation range of
load and parameter change is finite, then by properly selecting
the functions and related parameters of ESO and NLSEF, we can
accurately estimate and compensate the overall influence of pa-
rameter variation and external disturbance. These functions and
parameters of ADRC are all independent of the object under
control. Therefore, the closed loop motor drive system under
ADRC control does not depend on the accurate mathematical
model of induction motors. It has good robustness and adapt-
ability to parameter variation and load disturbance. This is the
chief reason why ADRC is utilized here. In Appendix B, the
function of the ADRC parameters are analyzed and the method
to adjust the parameters of ADRC is given. In Appendix C, all
the values of ADRC parameters for the induction motor control
used in this paper are listed.

Fig. 6. Rotor flux dynamic response during startup by using ADRC.

IV. SIMULATION AND EXPERIMENTAL RESULTS

Computer simulation and experiments were conducted to
evaluate the performance of the proposed ADRC by using a
three-phase 2.2-kW induction motor. The parameters of the
induction motor are listed as

H

H H Polepairs

kg m Rated Speed rpm

A. Simulation Results

All simulations were done with a load torque change applied
to the induction motor. The program language for simulation
is C . To see the influence of the proposed controller, the
performances of ADRC and conventional PID controller were
compared under the same conditions.

Fig. 6 shows the startup waveform of the rotor flux. The ref-
erence of rotor flux is set to be 1.05. It is demonstrated that
by using third-order ADRC, the rotor flux is successfully con-
trolled. Fig. 7(a) shows the actual and estimated rotor angular
speed during startup and load change. At s, load
torque N m is applied to the induction motor. Com-
pared to the steady-state value of rotor speed, the speed change
caused by load disturbance is very small. Therefore, it is not
obvious in Fig. 7(a). Fig. 7(b) shows the derivative of rotor an-
gular speed including the actual value and the value estimated
by ESO. The simulation traces show that there is almost no dif-
ference between the observed values and its reference signals.
These figures indicate that the extended state observer can suc-
cessfully track the state variables of the induction motor and
their derivatives.

Fig. 8 shows the dynamic responses of ADRC and PID
controller at rated speed. A step load change N m is
applied to the induction motor at s. By using ADRC,
the speed response shows no overshoot and it settles down
quickly to a steady-state without any steady-state error. In
addition, under the control of ADRC, the peak value of speed
vibration (1.5 rpm) due to sharp change of load torque is smaller
than that of the conventional PID controller (1.8 rpm). The
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(a)

(a)

Fig. 7. (a) Actual (solid line) and estimated (dashed line) rotor angular speed.
(b) Actual (solid line) and estimated (dashed line) rotor angular speed derivative.

Fig. 8. Dynamic responses of ADRC (solid line) and PID controller (dashed
line) due to load torque change (from 0–15 N � m) at rated speed.

setting time of ADRC (0.01 s) is smaller than that of the PID
controller (0.02 s) as well. All of these results verify that by
using ADRC, the estimation and compensation of the impact of
load disturbance is implemented efficiently and no integration
operation is needed.

In order to evaluate the dynamic performance of ADRC under
a wide operation range, the parameters of the ADRC and PID
controller have been optimized at rated speed (1430 rpm). Then,

(a)

(b)

Fig. 9. (a) Dynamic responses of speed regulation at low speed
(10 rpm)—Using ADRC (solid line); Using PID controller (dashed line).
(b) Startup curve of rotor speed at low speed setting (10 rpm)—Using ADRC
(solid line); Using PID controller (dashed line).

Fig. 10. Configuration of experimental setup (dual-CPU flexible control
system).

the same controllers are applied to regulate the induction motor
at low speed (10 rpm) without changing their parameters. A
step load change N m is applied to the induction
motor at s. By comparing Figs. 8 and 9(a), we can see
that under different operating conditions, ADRC can still main-
tain its excellent dynamic performance, such as fast response
time, no overshoot, and robustness to load disturbances. So it
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Fig. 11. Implementation of the load for induction motor.

doesn’t need to adjust the parameters of ADRC for different op-
erating points. From Fig. 9(b), we can see that by using PID con-
troller, the startup curve at low speed setting is worse than that
of ADRC. The overshoot occurs and the settling time is longer
as compared with that of ADRC. But by using ADRC, it main-
tains its good startup characteristics (fast and no overshoot) both
at high and low speed [as shown in Figs. 7(a) and 9(b)].

B. Experimental Results

A prototype was built for the same induction motor and con-
troller parameters as used in the simulations. In order to verify
the dynamic performance of the designed ADRC, experiments
were performed on the dual-CPU flexible control system (shown
in Fig. 10). The cores of the control system are a host personal
computer (PC) and a TMS320C30 DSP development board. The
user interface, PWM pulse generation, and A/D data acquisi-
tion were controlled by the host PC. The DSP deals with the
control algorithm, parameter estimation, and state observation.
The host PC transfers the feedback data such as the sensed cur-
rent, voltage, and rotor speed to the DSP through the dual-port
RAM. The C30DSP processes the data from the dual-port RAM
and returns the PWM control commands back. In the experi-
mental implementation, the required time for the DSP to execute
all the tasks is approximately 160 s. The switching frequency
of the PWM signal is 5 kHz. The A/D board is designed with
AD7874 12-b chips, which integrate sample and hold circuits
and an analog multiplexer (MUX). A 4 K 16-b FIFO buffer was
used to help the PC in importing the sampled data. In this paper,
a dc generator is used as the load of the induction motor (shown
in Fig. 11). The field current of the dc generator is constant.
The load torque can be changed by changing the armature re-
sistor. Using this circuit, the torque will be kept constant when
the induction motor rotates in the positive direction. Unfortu-
nately, due to the limitation of this load system, the load torque
is proportional to its rotating speed when the induction motor
rotates in the negative direction. This causes the asymmetries in
ADRC performance shown in Fig. 16(a). It should be noted that
if a proper load system is used, there will be no asymmetries as
shown in Fig. 16(a).

Figs. 12 and 13 show the speed response curves of the induc-
tion motor with load torque N m while the setting rotor
speed is changed. In Fig. 12, at s, the setting speed
is changed to 240 rpm, and at s the setting speed is
changed back to 120 rpm. In Fig. 13, at s, the setting

Fig. 12. Dynamic speed responses of induction motor (changed from 120 to
240 rpm)—ADRC (solid line); PID controller (dashed line).

Fig. 13. Dynamic speed responses of induction motor (changed from 120 to
�120 rpm)—ADRC (solid line); PID controller (dashed line).

speed is changed to rpm, and at s, the setting
speed is changed back to 120 rpm. The chatting in the speed re-
sponse of PID controller (shown in Fig. 13) is due to the fact that
its tuning is dependent on parameters and conditions. It could
not work well under different operation conditions without mod-
ifying its parameters. For ADRC, it can precisely monitor the
variation tendency of rotor speed and compensate it in advance.
As a result, it achieves better dynamic performance and adapt-
ability than a PID controller over wide speed range.
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Fig. 14. Startup curve of the induction motor when the given rotor resistant is
changed to 1.0 
 (original value: 1.92 
)—ADRC (solid line); PID controller
(dashed line).

Fig. 15. Dynamic speed responses of induction motor from 120 to 240 rpm
when the given rotor resistant is changed to 1.0 
 (original value: 1.92 
).
(a) ADRC. (b) PID controller.

As mentioned before, the variation of motor parameters may
have great influence on the control system performance. In order
to verify the robustness of ADRC under parameter variations,
the rotor resistor changes are imitated by resetting the value
of given rotor resistance in the model of the induction motor

Fig. 16. Dynamic speed responses of induction motor from 120 to�120 rpm
when the given rotor resistant is changed to 1.0 
 (original value: 1.92 
).
(a) ADRC. (b) PID Controller.

to be approximately 50% lower (from 1.92 to 1.0 ) or 25%
higher (from 1.92 to 2.5 ) than that of the actual rotor resis-
tance, respectively. All these rotor resistance values of induc-
tion motor have been reset before the induction motor starts
up. After that, we operate ADRC and PID controller under the
same working situations. In Fig. 14, we can see that ADRC
can maintain much better dynamic performance than that of
PID controller such as no overshoot and small transient time
during startup. Figs. 15–18 show the dynamic speed response
of inductor motor using ADRC and conventional PID controller
when the given rotor resistance is changed. In Figs. 15 and 17,
at s, the setting speed is changed to 240 rpm, and at

s, the setting speed is changed back to 120 rpm. In
Figs. 16 and 18, at s, the setting speed is changed to

rpm, and at s, the setting speed is changed back
to 120 rpm. It can be seen that the dynamic performance of PID
controller changes at different rotor resistant settings. Under
some operating conditions, the dynamic performance of the PID
controller deteriorates significantly, its transient time prolonged,
and some oscillation emerges during acceleration and deceler-
ation. At the same time, ADRC can still maintain good speed
regulation in spite of parameter changes. From these figures, it
can be noted that ADRC can achieve robustness and adaptability
to external and internal disturbances. Its dynamic performance
is better than that of PID controller under all operating condi-
tions and different system parameters.
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Fig. 17. Dynamic speed responses of induction motor from 120 to 240 rpm
when the given rotor resistant is changed to 2.5 
 (original value: 1.92 
).
(a) ADRC. (b) PID Controller.

V. CONCLUSION

In this paper, the auto disturbance rejection controller
(ADRC) has been applied to the induction motor control. The
basis of ADRC is the extended state observer and nonlinear
feedback control. The state estimation and compensation of
the change of motor parameters and load variations are im-
plemented by ESO and NLSEF. By using ESO, the complete
decoupling of the induction motor is obtained. The generalized
derivatives of given signals are achieved accurately. The major
advantage of the proposed method is that the closed loop char-
acteristics of the motor drive system do not depend on the exact
mathematical model of the induction motor. Comparisons were
made in detail between ADRC and conventional PID controller.

It is concluded that the proposed control algorithm produces
better dynamic performance than the PID controller. As verified
with simulation and experimental results, the proposed ADRC
control system is robust against the modeling uncertainty and
the external disturbance in various operating conditions. These
results open new perspectives on utilization of nonlinear topolo-
gies on vector control. It is indicated that such scheme can be
applicable to industrial application where high dynamic perfor-
mance is required.

Fig. 18. Dynamic speed responses of induction motor from 120 to�120 rpm
when the given rotor resistant is changed to 2.5 
 (original value: 1.92 
).
(a) ADRC. (b) PID Controller.

APPENDIX A
STEADY-STATE ERROR ANALYSIS

This appendix analyzes the steady-state error for linear con-
trol systems and nonlinear control systems. In the second ex-
ample of Section II-B, a first-order system is
used. Without losing generality, it can be assumed that
and the reference value of is , where is constant and .

By using the linear feedback control , where
, in the steady-state, . Then, it can be understood

that .
Therefore, the steady-state error under linear feedback

is

(A1)

From (A1), it can be seen that

(A2)

For the nonlinear feedback sign ,
, is chosen to be the same value as that used in the

linear feedback.
Without losing generality, we can assume that in the steady-

state, and the steady-state error under nonlinear
feedback control, is . Otherwise, if in
the steady-state, , from the function
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, then it is understood that at this condition
. The system will be in the dynamic transients again.

In the steady-state . Then

(A3)

Dividing both sides of (A3) by , the following equation can
be derived:

(A4)

When considering , (A4) can be rewritten as

(A5)

By rearranging (A5), the following relation can be derived:

(A6)

Multiply both sides of (A6) by , the relation of steady-state
error under nonlinear control can be derived as:

(A7)

Comparing (A2) and (A7), it can be observed that if ,
, and

(A8)

For example, if , and , then
, , and
.

The previous analysis verifies that if is selected large
enough, by using nonlinear feedback, the steady error of the
system is much less than that of using linear feedback.

APPENDIX B
ADJUSTMENT OF THE ADRC PARAMETERS

The parameters of ADRC have a big influence on the dynamic
performance of the controlled system. Therefore, it is very im-
portant to adjust these parameters properly. In this appendix, the
method to adjust the parameters of ADRC used in this paper is
given. For simplicity, the flux control loop is used as an example.
The adjustment methods for the other loops are the same.

A. Adjustment of Nonlinear Differentiator (ND)

The parameter modification of ND is for the purpose of op-
timizing the design trade off between fast transit process and
overshoot. The parameters of ND which determine its perfor-
mance are , , , and [shown in (11)]. is the converge rate
coefficient and is regulated according to the required dynamic
response time. The larger the is, the faster converges to

. However, if is too large, the noise in the signal will impact
the robustness of the controller. Furthermore, if is too large,
the function of defining transient response profile will be lost,

and the output of ND will be almost the same as its input signal.
Therefore, it cannot solve the conflict between fast response and
no overshoot. As a result, should satisfy the conditions that for
the given step signal in the input, its output signal is continuous,
smooth, and its derivative is finite. is the fine tuning factor of
ND. It affects the converge speed of .

in (11) is the width of linear area in the nonlinear function
of ND. It plays an important role to the dynamic performance of
ND. The larger the is, the wider the linear area. But if the is
too large, the benefit of nonlinear characteristics would be lost.
On the other hand, if is too small, high frequency chatting will
happen just the same as in the sliding mode control. Generally,
in ND, is set to be approximately 10% of the variation range
of its input signal.

is the exponent of tracking error. In order to decrease the
calculation time in real-time implementation, is set to be equal
to , , and . The smaller the ,
the faster the tracking speed, but the more calculation time is
needed. In addition, very small will cause chatting. In reality,
selecting will provide a satisfactory result.

B. Adjustment of Extended State Observer (ESO)

It can be observed from (12), that the structure of ESO
is mainly based on the switching functions

. The role and regulation method of and
are similar to those in nonlinear differentiator. In the simula-

tion and experiment, it is found that if the functions of ESO are
selected as and

,
the system can maintain good dynamic performance. At the
same time, the calculation time is significantly decreased (this
means for function , , and

). For , is set to be approximately 1%
of the variation range of its input signal and is set to be 1/2.

Different to nonlinear differentiator, the estimation speed of
rotor flux and its derivatives are mainly influenced by

. The larger is, the faster converges to .

The larger the is, the faster converges to . The larger

the is, the faster converges to . However, if is too
large, the robustness against the noises will be deteriorated. In
addition, is also affected by sampling frequency of the
control system. In general, is set to be one to four times that
of the sampling frequency , , and . By
choosing , higher order state ob-
servation will converge to the actual value more quickly
than lower order state observation . Therefore, the stability
of ADRC system will be guaranteed.

C. Adjustment of Nonlinear State Error Feedback Control
Law (NLSEF)

It can be observed from (13), that the response speed of the
flux loop can be regulated by and . Increasing and
will speed up the system response. Similarly, care should be
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taken to ensure that and should not be too large in order
to avoid overshoot. The role and regulation method of and
in NLSEF are similar to that in ESO.

D. Some Notes

It should be noted that ADRC is a highly nonlinear structure.
Its parameters, including exponent parameter , the linear area
width , and other parameters such as , and , all affect the
performance of ADRC. At the present time, there are no good
rules/methods to determine the parameters for nonlinear con-
trollers and linear controllers.

The parameter selection method proposed in this appendix
is only a starting point. The performance of the ADRC system
can be further improved by adjusting these parameters using
computer simulations and/or experimental prototypes. Usually,
in most cases, the final numbers of the ADRC parameters are
close to the selected number by using the parameter selection
method proposed in this appendix.

APPENDIX C
ADRC PARAMETER VALUES

In this appendix, all the values of ADRC parameters for the
induction motor control used in this paper are listed.

A. Flux Subsystem

The ADRC used in flux subsystem is composed of a second-
order ND, a third-order ESO, and a second-order NLSEF. Their
constructions are listed as follows.

1) ND

where is the given reference signal of rotor flux.
, , , and .

2) ESO

where .
For , , , and .
For , , , and .
For , , , and .

3) NLSEF

where , , , and .

B. Speed Subsystem

The control configuration of speed subsystem is composed of
two second-order ADRC. One is used for speed regulation and
another is used for -axis current control.

1) Speed Control Loop:

a) ND

where is the given reference signal of rotor speed.
, , and .

b) ESO

where ,
and is the reference signal of -axis current.

For , , , and .
For , , , and .

c) NLSEF

where , , , and
2) -Axis Current Control Loop:

a) ND

where , , and .
b) ESO

where .
For , , , and .
For , , , and .

c) NLSEF

where , , , and .
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