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Abstract—As cascaded proportional-integral controllers involve
complicated tuning work, many efforts have been focused on direct
controllers. Direct torque control and predictive torque control are
both feasible solutions. However, bigger ripples or weighting fac-
tor designs are not easily solved. In this paper, a direct current
controller that uses an extended high-gain state observer is pro-
posed. The integral controller is removed from the system by using
a disturbance estimation technique, which improves the system’s
performance with a variety of loads. A direct current controller
without weighting factors is proposed as the inner controller. Un-
like existing direct control methods, all phase currents are consid-
ered equally in the controller, which ensures a high current control
quality. The simulation and experimental results verify that the
proposed method performs well both in steady and transient states.

Index Terms—AC machines, fast speed control, state observer.

I. INTRODUCTION

E LECTRICAL machine systems are the key components
of almost all intelligent equipment. Different machine

topologies have been developed for various applications. Gen-
erally, induction machines and PMSMs are the most-used
machines [1]–[7]. The field-oriented control (FOC) method
decouples the flux and torque control, and has become the
most widely used motor control method. However, the cas-
caded proportional-integral (PI) structure has many parameters
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that must be tuned. For an adjustable speed system, there are at
least six PI parameters for the proportional and integral parts.
Furthermore, it is impossible to reach the shortest settling time
when disturbances are present. The bandwidth of the inner cur-
rent PI control limits the dynamics of the outer speed loop [1],
[2]. Direct torque control (DTC) uses a look-up-table (LUT)
and two hysteresis controls (torque and flux magnitude); this
solves some disadvantages of the inner loop and makes the
system much faster [3]–[5]. However, the problems generated,
such as bigger torque ripples and complicated LUT, especially
for multi-level converters, remains unsolved [4]–[7].

Model predictive control (MPC) is an alternative method for
power electronics and electrical drives [8]–[12]. As a promising
branch of MPC, finite-control-set MPC (FCS-MPC) has been
attracting more and more attention. FCS-MPC incorporates the
mathematic model of an applied inverter into the design of the
control system [13]–[16]. The control signals of the insulated
gate bipolar transistors (IGBTs) are pre-defined by a cost func-
tion. One of the main advantages of FCS-MPC is the unlimited
bandwidth of the inner control loop. Principally, it is possible to
achieve a fast outer speed loop without disrupting the stability of
the whole system. Currently, the most popular FCS-MPC is pre-
dictive torque control (PTC) [17], [18]. Many research efforts
have been made for PTC in various applications like induction
machines and synchronous machine systems. Many improved
methods have been proposed for reducing torque ripples or sim-
plifying the calculations for long predictions.

The design of weighting factors for PTC systems is still an
open question. In the PTC method, at least one weighting factor
must be calculated. Furthermore, it is impossible to use one
constant value to satisfy different operation points, which means
a proper variable weighting factor should be calculated. It is not
easy to build a function for this case, though some proposals have
been put forward. Almost all existing PTC methods continue to
use a PI controller for the outer speed control, this is a slow way
to solve the disturbance problem both in theory and in practice
[21], [22].

In this paper, a direct current control is proposed. By imple-
menting the concept of FOC, which uses decoupling methods in
the dq-axis, the direct current control method uses the references
transferred from current values in rotating reference frame. We
design a cost function using the current errors between the
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predicted currents and their references. The basic principle of the
direct current controller is that every phase current is controlled
with the same importance. Unlike PTC method, the proposed
current control method considers phase currents as the con-
trolled variables in the cost function, With this design, there are
no weighting factors in the cost function. In classical predictive
current control (PCC), the cost function handles stator current
errors in the α and β axes as the main consideration, the PCC
system has no weighting factor. In our experience, classic PCC
works. However, it has not been optimized so as to truly control
each phase current equally. In other words, an equal control of
the α and β axes does not lead to an equal control of each phase
of a, b, and c. The proposed method guarantees the high quality
of currents in all axes, which is essential for the control of drives
systems, especially low-power drives.

Furthermore, a disturbance estimation based technique is re-
searched for substituting the outer PI loop [29]–[36]. In pro-
cess controls, the disturbance estimation based method has been
widely researched and investigated. It has been proved that it is a
very good strategy for solving the problems of load disturbance
and uncertainties [19], [23]–[28]. The considered disturbance
observer means that the integral part is no longer required. In
this paper, by considering the features of induction machines, an
extended high-gain state observer based direct current control
method is presented. The proposed system uses a load distur-
bance based technique as the outer speed controller and applies a
direct current controller as the inner loop. The proposed control
structure eliminates integration from the motor control system.
Fast dynamics are guaranteed. Moreover, there is no weighting
factor for the inner controller. Very good current qualities are
obtained easily in various applied ranges. The experimental re-
sults are presented to verify the effectiveness of the proposed
strategy.

This paper is structured as follows. Section II presents the
mathematical model of the induction machine. Section III gives
the design of the proposed control method. Section IV provides
the experimental results. Section V presents the conclusion of
this paper. Some calculations for the current controller are pre-
sented in the Appendix.

II. HARDWARE SYSTEM MODEL

A squirrel-cage induction machine (IM) serves as the test mo-
tor for this paper. It is described by a set of classic electrical and
mechanical equations in stationary reference frame as follows:

υs = Rs · is +
d

dt
ψs (1)

0 = Rr · ir +
d

dt
ψr − j · ωe · ψr (2)

ψs = Ls · is + Lm · ir (3)

ψr = Lr · ir + Lm · is (4)

dω

dt
=
Te
J

− TL
J

− Bω

J
(5)

Te =
3
2
· p · Im(ψ∗

s · is). (6)

Fig. 1. Block diagram of disturbance observer based PCC scheme.

In the above equations, υs is the stator voltage vector; and ψs
and ψr represent the stator flux and rotor flux, respectively. is
and ir are the stator and rotor currents, respectively. Rs and Rr

are the stator and rotor resistances, respectively. Ls , Lr , and
Lm are stator, rotor, and mutual inductances, respectively; ω,
and ωe are the mechanical and electrical speeds, respectively.
p is the number of pole pairs, TL is load torque, B is viscous
friction coefficient, J is the moment of inertia, and Te denotes
the electromagnetic torque.

III. INTEGRATION ELIMINATION BASED

DIRECT CURRENT CONTROL

In this paper, we focus on high performance control sys-
tem design. The control system includes two main parts: the
inner controller and the external controller. Traditionally, both
controllers use the PI method. However, this method has the
disadvantage of requiring extensive parameter tuning work due
to its cascaded PI structure. It also presents the problem of slow
dynamics because the inner bandwidth limits the external one.
In our system, as shown in Fig. 1, a direct current control using
a cost function without any weighting factors is proposed as
the inner controller, and a disturbance observer based scheme
is designed as the external speed controller. With this design
of control system design, we try to achieve high quality per-
formance of current and torque in both steady and transient
states. The theory design and test results will verify the proposed
system.

A. Inner Controller: Direct Current Control Without
Weighting Factors

The inner controller directly generates the control signals
for the inverter. FOC uses continuous voltage references to
carry out a pulsewidth modulation that will control the status
of the switches. The current controller in a FOC system refers
to at least four parameters for inner PI controllers. DTC applies
direct switching signals through a pre-defined LUT. With the
exception of the LUT design, the DTC method has at least
two parameters for torque and flux hysteresis controllers. PTC
takes all feasible switching vectors into consideration in the
controller design. The one that minimizes the cost function will
be selected as the output. The PTC method has at least one
weighting factor to be tuned in the cost function, which is used
to weight the importance of torque and stator flux magnitude.
However, according to our experience, it is impossible to
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maintain the system’s stability at different operation points
when using constant values for weighting factors.

From another view of control, a multi-phase machine has
multi-phase currents. If we could achieve more exact control
of every phase current, especially for low power machines, the
machine could be expected to perform very well. By considering
this idea and one step prediction, a cost function that consists of
N phase currents is designed by considering all phase current
errors equally as follows:

gj =
N∑

p=a

{|i∗p − îp(k + 1)j |} (7)

where p denotes phase and is equal to a, b, c, . . .. The symbol
j expresses the number of vectors. For the applied two-level,
three-phase inverter, there are eight possible switching signals,
but only produces seven different voltage vectors. Thus, for
this proposed method, j = 0, . . . , 6, which means that the cost
function must be considered and calculated seven times within
every control period in order to select the optimal switching
control signal. The three phase currents are considered equally
important. Therefore, there are no weighting factors in the cost
function.

From (7), it can be seen that the cost function is very interest-
ing and practical. The controller is very simple to understand.
This idea could be used in almost all motor systems. For three-
phase motors,N is equal to a, b, and c. The most important point
is that there are no parameters to be tuned. Every phase current
is controlled equally, and this is done with accuracy at each of
the different operation points. In this paper, we use a three-phase
induction machine as the test object. In the implementation, we
need to consider the time-delay problem and system constraints.
To simplify the system design, we only consider over-current
protection for system safety. The cost function is designed as
follows:

gj =
N∑

h=1

{|i∗a − îa(k + h)j | + |i∗b − îb(k + h)j |

+ |i∗c − îc(k + h)j | + Im (k + h)j} (8)

where h is the prediction horizon. Im (k + h) is the term to
constrain the currents. It generates an unlimited value when the
tested switching states generate an over-current prediction value.
Therefore, the switching vectors that cause system over-current
will never be selected as the output. In a real system, consider-
ing the time-delay problem, we set h equal to 2 to compensate
for one-step predictive control. Long step predictions could fur-
ther improve the system performance. However, there must be
more efforts to overcome the model’s parameter problem that
is caused by multi-step errors. This falls outside the scope of
this paper and is left for a future work. The calculations of the
predictive variables like i(k + 1), the time-delay compensation
i(k + 1) and the reference i∗a,b,c are presented in the Appendix
of this paper.

B. External Speed Controller: Extended High-Gain State
Observer Based Speed Control System

As we know, the cascaded control structure for IM systems
is widely used in most industrial applications. The PI controller
is designed in the speed loop; it is described as

ėω = ω̇r − ω̇ = −kti∗q + dω (t), kt =
3pLm0ψr
2Lr0J0

dω (t) = −3pLm0ψr
2Lr0J0

i∗q +
3pLmψr
2LrJ

iq − TL
J

− Bω

J

kti
∗
q = −kp · eω − ki ·

∫
eω . (9)

From (9), it is easy to see that the disturbances are canceled by
an integral term. Notice that the lumped disturbances are caused
by torque, friction, and so on. The integral effect has two dis-
advantages. First, it cannot deal with many complex conditions.
For example, the resistance and inductance parameter values are
time-varied with operation temperature and current; they are not
constant values. Second, this feedback regulation is slow. The
speed drop or ripples injected by disturbances are settled by an
integration process, which is slow. The feed-forward compen-
sation scheme could be introduced as a good solution that can
estimate the disturbance within one sampling interval.

For observing the lumped disturbances caused by torque
load changes and parameter variation, based on the speed
mathematical model (5), the speed equation can be rewrit-
ten as ω̇ = kti

∗
q + dω (t), kt = 3pLm 0 ψr

2Lr 0 J0
where i∗q is the q-axis

current reference, and the lumped disturbance is denoted as
dω (t) = − 3pLm 0 ψr

2Lr 0 J0
i∗q + 3pLm ψr

2Lr J
iq − TL

J − Bω
J . On the basis of

the disturbance estimation technique, the disturbance estimation
d̂ω (t) is designed as

{
ż1 = kti

∗
q + z2 + (α1/ξ)(ω − z1)

ż2 = (α2/ξ
2)(ω − z1)

(10)

where z1 = ω̂, z2 = d̂ω (t), and α1 , α2 , ξ > 0.
Assumption 3.1: For the induction motor system, suppose

that lumped disturbances d(t) are constants or bounded in steady
state, i.e., lim

t→0
ḋ(t) = 0 or ≤ l.

Lemma 3.1 (see [38]): Consider a nonlinear system ẋ =
F (x,w), where x(t) and w(t) are the system state and con-
trol input, respectively, and are input-to-state stable (ISS). If
the input satisfies lim

t→0
w(t) = 0, then the system states satisfy

lim
t→0

x(t) = 0.

For the system of (10), define
{
eω (t) = (ω − z1)/ξ

ed(t) = dω (t) − d̂ω (t).
(11)

Taking the time derivative of eω (t), ed(t) yields
{
ξėω (t) = ed − α1eω

ξėd(t) = ξḋω − α2eω .
(12)
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Fig. 2. Simplified diagram for IM control system in frequency domain.

The Lyapunov function is defined as follows:

Ved =
ξ

2
e2
d +

α2ξ

2
e2
ω (13)

where ξ, α2 > 0.
Taking the time derivative of Ved , using (12) yields

V̇ed = ed(ξḋω − α2eω ) + α2eω (ed − α1eω )

= − α1α2e
2
ω + ξed1 ḋω . (14)

If the induction motor system satisfies Assumption 3.1, then
the error system (12) is ISS. Noting that lim

t→0
ḋω (t) = 0, accord-

ing to Lemma 3.1, then it can be concluded that lim
t→0

ed(t) =

0, lim
t→0

eω (t) = 0, where α1 , α2 > 0, and the error states of (12),

will converge to the desired equilibrium point asymptotically.
Fig. 2 shows the simplified diagram for control system in

frequency domain, F (s) denotes the speed controller, C(s) =
1

Tc S+1 is the transfer function of current loop, G(s) = 1
JS de-

scribes the control object. Then, based on these function, the
frequency analysis is proceed, the transfer function of PI con-
trol based open-loop system could be derived as

Gp(s) =
ki + kpS

JTcS3 + JS2 . (15)

The proposed controller based open-loop system transfer func-
tion could be derived as (16) shown at the bottom of this page.

From Fig. 3, it could be seen that fast transient response is
achieved with larger parameter value using PI method. However,
the phase margin become small and results in an overshoot, even
cause the system instability. There is a tradeoff for system ra-
pidity and stability. The proposed control scheme is investigated
and it may improve the system performance for better results
shown in Fig. 4.

IV. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Results

The main induction motor parameters used in these tests are
given in Table I. The main motor has rated power of 2.2 kW
with one pole pair. It has rated torque of 7.5 Nm with a nominal
current of 4.61 A. More details are listed in Table I. They are
obtained from the motor tested in the laboratory. The sampling

Fig. 3. Bode plots of PI method based control system.

Fig. 4. Bode plots of the proposed algorithm based control system.

frequency is 16 kHz. The parameters selected for the extended
high gain state observer-direct current control (EHGSO-DCC)
controller are kp = 0.06, α1 = 10, α2 = 100.

To investigate performance of the proposed algorithm, the
simulation work includes both transient and steady states.
Comparison of the proposed current control and the classical
one is discussed in this part to show the advantages of the

Gd(s) =
kpktξ

2/α2S
2 + kpktξα1/α2S + kpkt

ξ2JTc/α2S4 + (ξ2J/α2 + ξα1JTc/α2)S3 + (ξα1J/α2 + (1 − kt)JTc/α2)S2 + ((1 − kt)J + k2
t )S

(16)
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TABLE I
PARAMETER VALUES OF INDUCTION MOTOR

proposed system. In [9] and [18], a cost function of classical
PCC is presented as following:

gj =
N∑

h=1

{|i∗α − îα (k + h)j | + |i∗β − îβ (k + h)j |

+ Im (k + h)j}. (17)

In this cost function, currents are calculated in iα , iβ frame.
It has no weighting factor, but it does have a coefficient. We
often ignore this point by traditionally using a weighting factor
of one. The cost function in (17) cannot express exactly the
equal control of each phase current as the proposed method in
this paper did. At some operation points, in (17), a coefficient
unequal to one could get better results than the value of one (no
weighting factor). Plenty of tests have verified this point during
our work. It means that the classical method with (17) has a
problem of adaptable weighting factor design. However, the use
of proposed (8) guarantees good performance at all operation
points without weighting factors. In. Figs. 5 and 6, classical PCC
with coefficient of one and the proposed method are compared.
From the general view of rotating from zero to high speed with
a full load disturbance, speed, torque, and current are depicted.
As a response of full external torque loaded, driving current
increased synchronously. Direct current methods guarantee a
fast and stable performance during this dynamic process. From
pictures, it may conclude that both methods achieves accepted
results with stable speed, low torque ripples and high current
qualities. For direct control methods like DTC, operation
point of low speed with big load is challenging. To verify the
effectiveness of the proposed system, behavior at 300 rpm with
full load is investigated. The performance of speed, torque, and
phase current under (17) and the proposed (8) are depicted in
Figs. 7 and 8, respectively. The torque ripples in Fig. 7 with
classical method are around 2.2 Nm, which is bigger than a
value of 1.9 Nm in Fig. 8 with the proposed algorithm. With

Fig. 5. Speed, torque, and ia waveforms at full load when in high speed
operation under classic method.

Fig. 6. Speed, torque, and ia waveforms at full load when in high speed
operation under proposed method.

a calculation of current total harmonic distortion (THD), the
proposed method has result of 3.9%, which is slightly better
than 4.5% in the classical scheme. The reason could be ana-
lyzed in theories. Though both methods using the same current
predictions, different cost function decides the final results. In
(17), errors in α and β are evaluated. However, a coefficient
lacks of standard or optimized formers. A fixed weighting
factor cannot work with the best results at different operation
points. An adaptable value is not easy to be defined. In (8), the
cost function considers three phase currents. Without weighting
factors, each phase current is considered with the same
importance equally, which is expected in machine systems.
The following sections present experimental results of the
proposed method for proving the effectiveness.
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Fig. 7. Speed, torque, and ia waveforms at full load under classic method.

Fig. 8. Speed, torque, and ia waveforms at full load under proposed method.

B. Experimental Results

The proposed EHGSO-DCC method has been verified on an
experimental setup, as shown in Fig. 9. The platform includes
two induction motors. The tested motor is driven and controlled
by a Servostar 620 inverter, which opens the gates of the IGBTs
for the real-time Pentium computer system. The load machine is
driven by a Danfoss inverter. The current feedback information
is obtained via the A/D data card from current sensors measure-
ment. This system adopts a 1024-point incremental encoder for
obtaining position information. Table I provides the parameters
of the induction motor. It uses C program for the controller
implementation. The implementation of the whole program is
less than 50 μs, which is less than the sampling interval 60 μs.

Fig. 9. Experimental setup description.

Fig. 10. Current waveforms of a, b, c phases under classic method (THD =
8.79%).

The first set of test is for performance comparison between
the classic method and proposed method. As we know, motor
has worse current results under condition of zero load, to inves-
tigate the behaviors of currents, an operation point of full speed
without load is selected. To take a close look at the three phase
currents in steady state, experimental results of classical method
and the proposed one as depicted in Figs. 10 and 11, respectively.
It can be seen that the three phase currents of the proposed cur-
rent controller have equal and the same qualities, which could
also be concluded from the cost functions design. The THD
resulted of the proposed method is 5.87%, which is better than
the classic method of 8.79%. In addition, in real operations, the
motor always works with loads. The performance at full speed
with a sudden full load disturbance is verified. This test is very
interesting, because it considers the nominal values of speed and
load; we observe not only steady behaviors but also a dynamic
process in this operation. Figs. 12 and 13 show the results for
the classical method and the proposed one, respectively. It could
be seen that the proposed method resulted in about one percent
(30 r/min) speed drop at the point of full load injected which is
smaller than about four percent (110 r/min) in classic method. It
could be concluded that the proposed extended high-gain state
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Fig. 11. Current waveforms of a, b, c phases under proposed method (THD
= 5.87%).

Fig. 12. Speed, id , and iq waveforms at 2700 r/min with 7 Nm load disturbance
under classic method.

observer works well for solving the problems of load disturbance
and uncertainties. The ripples of id and iq for the proposed one
and the classical method are around 0.2 and 0.8 A, respectively.
The ripples are partly generated by mechanical system when the
motor rotates at high speeds. Lower current ripples verified that
the new cost function helps the improvement of current qualities.

The second set of test is developed to observe the performance
in the whole speed range for proposed method. The motor is op-
erated to rotate from nominal speed to minus nominal speed. As
a current controller, we observe speed, id and iq in this opera-
tion. Fig. 14 shows the results. From the picture, we see that the
proposed method works in a very big speed range. id has slight
ripples that are less than 0.1 A. iq has some oscillations, less
than 1.0 A, which reflects the ripples of electromagnetic torque.
This is normal when a motor rotates at a high speed. In the cost
function, every phase current is controlled equally. Fig. 15 gives
the result for a close look at the torque step process. The load
changes from 2 to 7 Nm, the torque, iq , id , and switching vectors
are observed. The pictures show that the dynamic process is very
fast. The settling time is less than 0.3 ms. The reason can be seen
in the switching vectors shown in the picture. During the dy-
namic process, only non-zero vectors are selected, which is the

Fig. 13. Speed, id , and iq waveforms at 2700 r/min with 7 Nm load disturbance
under proposed method.

Fig. 14. Speed, id , and iq waveforms at full speed reversal process.

direct reason for the implementation. However, the theory can
be explained by the design of the proposed method. The inner
controller uses a direct current control method, which ensures
an unlimited bandwidth. Furthermore, the designed outer speed
controller has no integral part. As discussed, the integral part
is a slow process. Therefore, the proposed system is compara-
tively very fast. The following efforts will therefore be focused
on the load impacts at different operation points in steady state.
The test goes from low speed to full speed with load torque.
At first, the motor rotates at 300 r/min. Then, a 7 Nm load is
added to the system. Fig. 16 shows the resulting effects in the
behaviors of speed, id , and iq . It can be seen that the proposed
method works well. The ripples on id and iq are less than 0.1 and
0.5 A, respectively. According to our experience, on the same
test benches, even DTC is difficult to work under this condition.
The reason is easy to find as DTC assumes an adequately high
speed reference. The proposed direct current control method has
no problem in this case, either in theory or in the test results.
Next, the motor rotates at 1500 r/min with a full load. Fig. 17
presents the effects on speed, id , and iq . Compared with behav-
iors at 300 r/min, the ripples are slightly bigger as oscillation
resulted from a middle speed range. However, id , and iq ripples
are still less than 0.1 and 0.6 A, respectively. It can therefore be
concluded that the proposed system works in a very wide speed
range with full loads, which is essential to drive systems.
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Fig. 15. Torque, iq , id , and switching waveforms with a torque sudden altering.

Fig. 16. Speed, id , and iq waveforms at 300 r/min with 7 Nm load.

Fig. 17. Speed, id , and iq waveforms at 1500 r/min with 7 Nm load.

Fig. 18. Current reference of i∗q is generated based on the EHGSO observer.

V. CONCLUSION

A disturbance estimation based direct current control method
for the induction system has been proposed in this paper. The
proposed method solves two problems. First, an inner current
controller without weighting factors simplifies the system’s tun-
ing process. Second, this method eliminates the integral part,
which is a slow process. An EHGSO observer method is de-
signed as the speed controller of the IM system. From a theoret-
ical standpoint, the performance of the proposed system is fast
and stable. The tests verified that the proposed method works
with the expected results in the whole speed range with both
zero and full loads. The future work will investigate this direct
current control strategy for the applications of multi-phase drive
systems.

APPENDIX

After defining the cost function in (8), the next step is to cal-
culate the reference values of ia,b,c . As in FOC, we first calculate
the current reference values in dq frame. The current reference
i∗d is set to be a constant value, which is calculated by i∗d = |ψr

∗|
Lm

.
An EHGSO observer based direct current control method for the
induction system has been studied in this paper. By utilizing the
disturbance estimation technique, an EHGSO-DCC controller
has been developed. The load disturbance rejection ability is
improved by the proposed design. The control system stability
analysis of the EHGSO-DCC method is also given. The sim-
ulation and experimental results show that it not only makes
the states of the closed-loop system obtain high qualities of
steady state performance and dynamic response, but also pro-
vides expected load disturbance rejection ability against torque
load disturbances without sacrificing nominal performance.

The current reference i∗q for the speed controller is designed
by the following:

i∗q = Msat

(
kp(ωr − ω̂) − d̂ω /kt

M

)
(18)

which is generated by the disturbance estimation based feed-
forward controller, as shown in Fig. 18.

The current protection item Im (k + h) is defined as

Im (k + h) =

{
0, if|i(k + h)| ≤ |imax |
r � 0.

If the current absolute value of |i(k + h)| is higher than its
limited maximum value |imax |, no switching vector can be se-
lected. That is to say, it can prohibit the induction motor system
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from over-current operation. Thus, the constraint problem of
the control system is addressed; this is also the advantage of
the MPC method. In this paper, we consider only the one-step
predictive FOC by using N equal to one. However, taking into
account the algorithm of time-delay compensation, (k + 2) is
used in the actual implementation.

The novel control scheme is described in Fig. 1; the cost
function plays the key part in this predictive control algorithm.
For the cost function of the predictive FOC method, the next-
step stator flux ψ̂s(k + 1), rotor flux ψ̂r (k + 1), and the current
must be calculated based on the system model. The aim of this
section is to design the flux and current observers. Based on the
feedback of stator current and voltage information, the stator
flux and the rotor flux equations are rewritten as follows:

d

dt
ψs = υs −Rs · is (19)

ψr =
Lr
Lm

(
ψs − LsLr − L2

m

Lr
is

)
. (20)

Combining (2)–(4), is andψr , the rotor flux observer is designed
as follows:

d

dt
ψ̂r =

LmRr

Lr
· is −

(
Rr

Lr
− j · ωe

)
· ψr . (21)

Based on the Euler discretization method, the discrete time rotor
flux observer is rewritten as

ψ̂r (k + 1) = ψ̂r (k) + Ts(−
(
Rr

Lr
− j · ωe

)
· ψr (k)

+
LmRris(k)

Lr
. (22)

The stator current observer is designed as follows:

˙̂is = − L2
mRr

(L2
m − LrLs)Lr

is +
Lr

L2
m − LrLs

Rsis

− Lr
L2
m − LrLs

υs − Lm
L2
m − LrLs

(
Rr

Lr − jω

)
ψr (23)

and the discrete time formation of the stator current observer is

îs(k + 1) =
(

1 − TsL
2
mRr

(L2
m − LrLs)Lr

)
îs(k) +

TsLrRs îs(k)
L2
m − LrLs

− TsLr
L2
m − LrLs

υs(k) − TsLm
L2
m − LrLs

(
Rrψr (k)
Lr − jω

)

(24)

where Ts is the sampling period. In the real systems, considering
the time-delay problem, i(k + 2) is used in the predictions so
as to reduce the errors.

In the cost function, the current values in a, b, c frame are
obtained by the inverse Clark and inverse Park transformations

as follows:

⎛

⎜⎝
a

b

c

⎞

⎟⎠ =

√
2
3

⎛

⎜⎜⎝

cos(θ) − sin(θ)

− 1
2 cos(θ) +

√
3

2 sin(θ) 1
2 sin(θ) +

√
3

2 cos(θ)

− 1
2 cos(θ) −

√
3

2 sin(θ) 1
2 sin(θ) −

√
3

2 cos(θ)

⎞

⎟⎟⎠

(
d

q

)

where θ is the rotating angle.
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