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ABSTRACT Predictive current control of induction motors can effectively avoid performance deterioration
of control caused by delays in the current loop and improve the dynamic performance of current control.
However, owing to measurement errors and parameter changes, deviations can appear between the predictive
controller parameters and the actual motor parameters. Thismight lead to static current error, which can cause
problems, including decrease in system’s efficiency, inability to deliver nominal torque, and to operate in
torque control mode, among others. Based on an induction motor model, this paper quantitatively analyzes
the influence on current control stability caused by errors in the predictive control model parameters.
In addition, we present the mathematical relation between errors in model parameters and static current error,
and propose an algorithm to eliminate this type of error. The algorithm corrected the parameters for predictive
control using dq axis current feedback and eliminated the static error caused by parametermismatch. Through
experimental results, the stability and effectiveness of the proposed method were shown.

INDEX TERMS Static current error elimination, induction motor, parameter correction, predictive current
control.

I. INTRODUCTION
Induction motors present advantages such as low cost and
high reliability, being widely used in industrial applica-
tions. Usually, the complete electrical drive of induction
motors considers a cascade control loop, composed of two
internal PI-current controllers and one external PI-speed
controller. The existence of sampling delays of the digi-
tal control system, pulse width modulation (PWM) update
delays, dead zone delays, and filter delays, limited the pos-
sibility to improve the system dynamic response speed [1].

Using a predictive control algorithm can effectively avoid
the deterioration of control performance caused by delays,
since it can provide high dynamic performance and low cur-
rent harmonics [2]–[6].

Predictive current control can be divided into three classes,
namely, direct predictive control (DPC), two-configuration
predictive control (2PC), and PWM predictive control (PPC).
The approach of PPC is sometimes called dead-beat con-
trol [7]–[12]. DPC is a direct approach, having the advan-
tage of a fast response on motor stator current, but with the
drawback of a high current ripple. PPC largely reduces real-
time constraints, has constant switching frequency, and can
reduce current ripples. In addition, it can be noted that the
detailed method of duty-cycle calculation for PPC is easy to

implement without additional sine and cosine computations.
The performance of 2PC is similar to PPC, but it presents a
higher current ripple [13].

Predictive current control can achieve a good dynamic
response of the motor stator current, but still some prob-
lems exist. All of the above predictive control schemes rely
on the predictive model and the exact knowledge of the
electrical parameters of the real motor. However, in a prac-
tical situation, errors in parameters measurement probably
exist. Moreover, electrical parameters of motors vary dur-
ing drive operation due to thermal, deep-bar, and saturation
effects. Consequently, the difference between model parame-
ters and actual parameters lead to current oscillation or static
error. Current oscillation producesmechanical oscillation and
drive alarm, whereas static error of current leads to prob-
lems such as reducing drive system efficiency, inability to
deliver nominal torque under conditions of rated speed, and
inability to work in torque control mode. Therefore, it is
needed to improve the control algorithm, improve the robust-
ness of predictive current control, and eliminate the static
error.

In [15] a robust control method is proposed. This method
can prevent current oscillation due to inductance parameter
error, but is not able to avoid static current error.
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In [16], in order to eliminate the negative effects of param-
eter errors, PI control is used in the d-axis current, and an
integral part is added to the q-axis predictive current con-
trol. Although this method is able to eliminate the static
current error, the dynamic performance of predictive control
is severely weakened by integral saturation effects.

Based on amathematical model of the inductionmotor, this
paper proposes a novel predictive current control algorithm
for induction motors, which quantitative analyzes the influ-
ence of parameter errors on the stability of current control.
In addition, we present the mathematical relation between
model parameter errors and static current error, and present
an algorithm to eliminate the static current error.

II. INDUCTION MOTOR MODEL
In the case of indirect vector control, the d-axis reference
frame is aligned with the rotor flux. An inductionmotor stator
is classicallymodeled by a state-space equation, written in the
d-q rotor reference frame:

uds = (Rs −
Ls
Lr
σω2

seT
2
r Rr )ids + pLsids − ωreLsσ iqs

uqs = (Rs +
Ls
Lr
Rr )iqs + p(Ls −

L2m
Lr

)iqs + ωreLsids. (1)

In this state-space model, uds and uqs are, respectively,
the d- and q-axis stator voltage, ids and iqs are, respec-
tively, the d- and q-axis stator currents, Rs is the stator-phase
resistance, Rr the rotor-phase resistance, Ls the stator-phase
inductance, Lr the rotor-phase inductance, Lm the mutual
inductance, p the differential operator,ωse the stator electrical
speed, ωre the rotor electrical speed, σ the magnetic leakage
factor, σ = 1 − L2m/LsLr , and Tr the rotor time constant,
Tr = Lr/Rr .

For convenience, (1) can be rewritten as

pi = Ai+ Bu, (2)

where

i =
[
ids iqs

]T u =
[
uds uqs

]T
A =

−
Rd
Ls

ωre
L1
Ls

−
Rq
L2

−ωre
Ls
L2

 B =


1
Ls

0

0
1
L2


Rd = Rs −

Ls
Lr
σω2

seT
2
r Rr Rq = Rs +

Ls
Lr
Rr

L1 = Lsσ L2 = Ls −
L2m
Lr
.

III. PWM PREDICTIVE CONTROL
A typical PWM predictive control scheme is shown in Fig. 1.
It can be noted that, compared to a classic current control
scheme, the PI controller has been replaced by a PWM pre-
dictive controller.

If the sampling period T is short enough to consider that the
angular rotation during T is negligible, the induction motor

FIGURE 1. Scheme of PWM predictive current control.

can be modeled in discrete time by from (2) using the Euler
formula, obtaining
ids(k + 1)− ids(k)

T
iqs(k + 1)− iqs(k)

T

=
−

Rd
Ls

ωre
L1
Ls

−
Rq
L2

−ωre
Ls
L2


 ids(k)
iqs(k)



+


1
Ls

0

0
1
L2


 uds(k)
uqs(k)

, (3)

where ids(k+1) and iqs(k+1) are, respectively, the
d- and q-axis reference stator currents at time k+1, ids(k) and
iqs(k) are, respectively, the d- and q-axis actual stator currents
at time k .
From (3), we deduce the stator current difference equations ids(k + 1)

iqs(k + 1)

 =
 1−

RdT
Ls

ωre
L1T
Ls

1−
RqT
L2
−ωre

LsT
L2


 ids(k)
iqs(k)



+


T
Ls

0

0
T
L2


 uds(k)
uqs(k)

 (4)

and then obtain the stator voltages uds(k)
uqs(k)

 =

Ls
T

0

0
L2
T


 ids(k + 1)

iqs(k + 1)



+

Rd −
Ls
T

−ωreL1

ωreLs Rq −
L2
T


 ids(k)
iqs(k)

. (5)

A space vector PWM generator is used to translate u∗ds(k)
and uqs∗(k) into switching signals that are then applied to
an inverter switch generator. Ideally, at time k+1, currents
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ids(k+1) and iqs(k+1) will be equal to the reference cur-
rents i∗ds(k) and iqs

∗(k), respectively. Therefore, based on the
discrete-time model in (5), the reference voltage vector is
obtained as[

u∗ds(k)
uqs∗(k)

]
=

 Ls
T

0

0
L2
T

[ i∗ds(k)iqs∗(k)

]

+

Rd − Ls
T

−ωreL1

ωreLs Rq −
L2
T

[ ids(k)iqs(k)

]
, (6)

where i∗ds(k) and iqs
∗(k) are, respectively, the d- and q-axis

reference stator currents at time k , u∗ds(k) and uqs∗(k) are,
respectively, the d- and q-axis stator voltage reference at
time k .

FIGURE 2. Operation principle of PPC.

The basic operating principle of PPC is shown in Fig. 2.
Here, the currents ids(k) and iqs(k) are different to the
corresponding reference currents i∗ds(k) and iqs∗(k) at time
k . This error is used to calculate the reference voltages
u∗ds(k) and uqs

∗(k) in (6), which are applied to the load at
time k .

IV. ERROR ANALYSIS OF MODEL PARAMETERS
A. INFLUENCE OF PARAMETER L2 ERROR ON STABILITY
Usually, the parameter L2 of a predictive current controller
differs from the actual parameter of the motor. In this section,
we denote L2 as the motor actual inductance and L2′ as the
predictive current controller inductance. Then, by replacing
L2 with L2′ in (6) we have

uqs∗(k) =
L ′2
T
iqs∗(k + 1)+ (Rq −

L ′2
T
)iqs(k)+ Lsωreids(k).

(7)

Ideally, uqs∗(k) = uqs(k); hence,

L2
T
iqs(k + 1)+ (Rq −

L2
T
)iqs(k)+ Lsωreids(k)

=
L ′2
T
iqs∗(k + 1)+ (Rq −

L ′2
T
)iqs(k)+ Lsωreids(k).

(8)

Then, the difference equation for the q-axis stator current
is

iqs(k + 1) =
L ′2
L2
iqs∗(k + 1)+

L2 − L ′2
L2

iqs(k). (9)

The transformation of (9) into a discrete domain transfer
function is as follows

iqs(z)
iqs∗(z)

=
L ′2
L2

z
z− (1− L ′2/L2)

, (10)

and the characteristic root of this system is obtained as

z = 1− L ′2/L2. (11)

When the pole is within the Z plane unit circle, i.e., 0 <
L2′ < 2L2, the discrete control system can be kept stable,
since usually, the error between parameters should be limited
to two times.

B. INFLUENCE OF PARAMETER L2 ERROR ON STATIC
CURRENT ERROR
In this section 1iqs is the static error of q-axis current iqs,
i.e., the difference between iqs and iqs∗:

1iqs(k + 1) = iqs∗(k + 1)− iqs(k + 1). (12)

From (9) and (12) we obtain

1iqs(k + 1) =
L2 − L ′2
L ′2

[iqs(k + 1)− iqs(k)]. (13)

Obviously, since the control sampling period is very short,
we can consider the difference between iqs(k+1) and iqs(k) as
being iqs(k + 1)− iqs(k) ≈ 0; therefore, the influence of the
parameter error on the static current error is negligible.

C. INFLUENCE OF PARAMETER Rq ERROR ON STABILITY
Usually, the parameter Rq of a predictive current controller
is different to the actual motor parameter. In this section,
we denote Rq as actual resistance of motor and Rq′ as the
predictive current controller resistance. Then, by replacing
Rq with Rq′ in (6), we obtain

uqs∗(k) =
L2
T
iqs∗(k + 1)+ (Rq′ −

L2
T
)iqs(k)+ Lsωreids(k).

(14)

Ideally, uqs∗(k) = uqs(k) and from (6) and (14), we obtain

iqs(k + 1) = iqs∗(k + 1)+
T
L2

(R′q − Rq)iqs(k), (15)

whose Z transform is

iqs(z)
iqs∗(z)

=
L ′2
L2

z

z− T
L2
(Rq′ − Rq)

. (16)

When the pole is within the Z plane unit circle,
i.e., Rq − L2/T < Rq′ < Rq + L2/T , the discrete control
system can be kept stable.
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D. INFLUENCE OF PARAMETER Rq ERROR ON STATIC
CURRENT ERROR
From (12) and (15) we obtain

1iqs(k + 1) =
T
L2
iqs(k)1Rq, (17)

where 1Rq = Rq − Rq′, and 1iqs(k+1) is proportional to
iqs(k) and 1Rq. On the other hand, when iqs(k) is close to
zero, i.e., the motor is at no load operation, 1iqs(k+1) is
also close to zero. In other words, when the motor is at no
load operation, even if the actual current is different to the
reference current, this does not depend on the parameter Rq
error.

TABLE 1. Parameter RQ error and current error.

When iqs is positive, if parameter Rq′ of the predictive con-
troller is less than actual parameter Rq, then 1iqs is positive,
i.e., the actual current iqs is less than the reference current iqs∗;
if parameter Rq′ of the predictive controller is greater than
actual parameter Rq, then1iqs is negative, i.e., the actual cur-
rent iqs is greater than reference current iqs∗. Under conditions
of negative iqs, the relationship between the static current
error and the parameter error is converse as shown in Table 1.

E. INFLUENCE OF PARAMETER Ls ERROR ON STABILITY
Now we consider the case that parameter Ls of predictive
current controller is different to the actual motor parameter.
In this sectiončwe denote Ls as the actual motor inductance,
Ls′ as the predictive current controller inductance, and define
1Ls = Ls−L ′s. Then, by replacing Ls by Ls′ in (6), we obtain

iqs(k + 1) = iqs∗(k + 1)+
T
L2

(L ′s−Ls)ωreids(k). (18)

It can be seen from (18) that a deviation of Ls will not cause
iqs to be out of control; in other words, even if the deviation
of Ls is large, current iqs will not oscillate

F. INFLUENCE OF PARAMETER Ls ERROR ON STATIC
CURRENT ERROR
From (12) and (18), we obtain

1iqs(k + 1) = 1Ls
T
L2
ωreids(k). (19)

Thus, 1iqs(k+1) is proportional to 1Ls, ωre, and ids(k).
When the motor runs forward (i.e., ωre > 0), if param-

eter Ls′ of predictive controller is less than actual Ls, then
1iqs is positive, i.e., actual current iqs is less than reference
current iqs∗; if parameter Ls′ of predictive controller is greater
than actual Ls, then 1iqs is negative, i.e., actual current iqs is
greater than reference current iqs∗. Under conditions of motor

TABLE 2. Parameter Ls error and current error.

FIGURE 3. Predictive current control with static error elimination
algorithm.

backward rotation, the relationship between current static
error and parameter error is converse, as shown in Table 2.

In principle, the upper and lower parts of (6) are the same,
L1 in (6) corresponds to Ls in sections E and F, Rd in (6)
corresponds to Rq in sections C and D, Ls in the upper part
of (6) corresponds to L2 in sections A and B, so the derivation
using L1, Rd , and Ls will not be repeated here.

G. STATIC CURRENT ERROR ELIMINATION
In summary, error of parameters Ls′ and Rq′ of the predictive
controller can cause static current error1iqs. When the motor
runs at no load operation, static current error 1iqs is caused
by a deviation of parameter Ls′ and not by parameter Rq′.
In this paper, we used (20) when the motor ran in no load

operation, then adjusted the parameter Ls′ of the predictive
controller through the static current error 1iqs, to finally
obtain a convergence of parameter Ls′ of the predictive con-
troller to the actual value, in order to eliminate the static
current error 1iqs. Equation (20) is given by

Lsf = L ′s + KiL
k∑
n

[iqs∗(n)− iqs(n)], (20)

where Lsf is the final convergence of parameter Ls of pre-
dictive controller; Ls′ is the initial value of the predictive
controller, i.e., it is the unadjusted value of parameter Ls; and
KiL is an integral factor.
After parameter Ls finally converges to the actual value,

with the motor running in stable load operation, if there is
still static current error 1iqs, then it is caused by deviation
of parameter Rq′. We used (21) when the motor ran in sta-
ble load operation, through the static current error 1iqs to
adjust parameter Rq′ of the predictive controller, until it is
finally converged to the actual value. The equation we used is
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FIGURE 4. Setup of the test platform.

FIGURE 5. Static current error and parameter error 1Ls. (a) Motor rotates
forward, (b) motor rotates backwards.

given by

Rqf = Rq′ + KiR
k∑
n

[iqs∗(n)− iqs(n)], (21)

FIGURE 6. Static current error and motor load for (a) 1Ls = 0 and
(b) 1Ls = 40% Ls.

FIGURE 7. Static current error and motor speed.

where Rqf is the final convergence of parameter Rq of the
predictive controller; Rq′ is the initial value of parameter Rq,
i.e., it is the unadjusted value of parameter Rq; and KiR is an
integral factor.

A diagram of the predictive current controller with static
error elimination is shown in Fig. 3.

When the parameters Lsf and Rqf of the predictive con-
troller are equal to the actual parameters of the motor,
the static current error is eliminated. Considering that a
sudden change of current iqs has led to a change of param-
eters Lsf and Rqf , it is necessary to avoid adjusting these
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FIGURE 8. Static current error and motor load when 1Rq = −100%Rq.

FIGURE 9. Static current error and parameter error 1Rq.

parameters during the transient operation of motor. Instead,
parameter Lsf should be adjusted while the motor is running
in stable no load operation, whereas parameter Rqf should be
adjusted while the motor is running in stable load operation.

V. EXPERIMENTAL RESULTS
In this paper, the proposed PPC is experimentally tested on
an inverter-fed induction motor drive platform. The control
and system parameters are shown in Table 3; the frequency
of STM32F103 board, which was the inverter CPU was
of 72 MHz. Fig. 4 shows the setup of the test platform.

Experimental results are shown in Fig. 5 to Fig. 13, is
is the motor stator current, 1iq is the static error of q-axis
current iqs, 1Ls/Ls is the ratio between the parameter Ls
deviation and the actual value. Fig. 5a) shows the results
under no load condition, with the motor rotating forward
at 40% of the rated speed, the d-axis current id remains
at 3.78 A, and the parameter Ls′ of the predictive current
controller is set to 140%, 120%, 100%, 80%, and 60% of

FIGURE 10. Predictive control parameter Ls′ correction when (a) Ls′=2Ls
with no correction and (b) Ls′=2Ls with correction.

the actual motor parameter Ls, i.e., 1Ls is −40%, −20%,
0%, 20%, and 40%, respectively, whereas the remaining pre-
dictive controller parameters are consistent with the actual
motor parameters. Fig. 5(a) shows that the static error of q-
axis current is proportional to the deviation of the parameter
Ls, when the speed is constant. In Fig. 5(b), the motor rotates
backwards, whereas the other experimental conditions are the
same as in Fig. 5(a). Fig. 5(a) and Fig. 5(b) present opposite
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TABLE 3. Ratings and parameters of the motor.

behaviors, since for the same values of 1Ls/Ls, the absolute
value of the static current error is the same, but the sign of the
error is opposite, which is consistent with (19).

Fig. 6(a) shows the results under no load condition, with
the motor rotating forward at 40% of the rated speed, the
d-axis current id remains at 3.78 A, and the parameter Ls′ of
the predictive current controller is consistent with the actual
parameter Ls. In Fig. 6(b), parameter Ls′ is 60% of actual
parameters Ls, with the other experimental conditions being
the same as in Fig. 6(a). When the motor load increases
gradually from no load to rated load, in Fig. 6(a)1iq remains
zero, whereas in Fig. 6(b) 1iq remains at 0.65 A. The exper-
imental results show that, no matter whether parameter Ls′ is
consistent with the actual parameter Ls, 1iq will not change
with q-axis current iq, in other words,1iq does not vary with
the motor load.

In Fig. 7 under the no load condition, the motor speed
increases from zero to 800 rpm and parameter Ls′ is 80%
of Ls. It can be seen that the increase of motor speed produces
and increase in the current static error.

In Fig. 8, parameter R
′

q is 200% of Rq, the motor remains
at 40% of the rated speed, and the motor load gradu-
ally increases from 0% to 100% of the rated load. Again,
an increase in the motor load produces an increase the static
current error, which is consistent with (17).

In Fig. 9, under rated load condition, the motor rotates
forward at 40% of the rated speed, parameter Rq′ is 100%,
200%, 300%, and 400% of Rq, i.e., 1Rq/Rq is 0%, −100%,
−200%, and −300%, respectively, whereas the other pre-
dictive controller parameters are consistent with the actual
motor parameters. The ratio 1Rq/Rq describes the relation
between the deviation of parameter Rq′ and the actual value.
Fig. 9 shows that current static error 1iq is proportional
to 1Rq, which is consistent with (19).
In Fig. 10 to Fig. 13, the motor operation and the load

conditions are the same, described as follows. Under no load

FIGURE 11. Predictive control parameter Ls′ correction when
(a) Ls′ = 0.5Ls with no correction and (b) Ls′ = 0.5Ls with correction.

condition, the motor goes from zero to 40% of the rated speed
in 0.4 s and then it rotates at a constant speed with and instant
100% of the rated load on motor during 1.5 s, followed by a
sudden unload.

In Fig. 10(a), parameter Ls′ remains constant at 200%of the
actual motor parameter Ls, whereas in Fig. 10(b), parameter
Ls′ is gradually adjusted from 200% of Ls to Ls according
to (20).
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FIGURE 12. Predictive control parameter Rq′ correction when (a) Rq′ = 2Rq with no correction and (b) Rq′ = 2Rq with correction.

FIGURE 13. Predictive control parameter Rq′ correction when (a) Rq′ = 0.5Rq with no correction and (b) Rq′ = 0.5Rq with correction.

In Fig. 10(a), 1iq is zero with null motor speed, remains
proportional to the motor speed, and does not depend on iq.
In Fig. 10(b), the initial condition of Ls’ is 200% of Ls,
with the acceleration of the motor, Ls’ gradually decreases,

and approximately after 0.7 s Ls’ reaches the value of Ls
and remains within a small range of fluctuation from that
value. In the motor acceleration, despite of a decrease in Ls’,
the motor speed increases fast, producing an increase in1iq.
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However, the amplitude variation of1iq in Fig. 10(b) is much
smaller than that in Fig. 10(a).Afterwards, Ls’ continues to
decrease and 1iq also decreases, until Ls’ reaches the value
of Ls, when 1iq goes to zero.

In Fig. 11(a), parameter Ls′ remains at 50% of the actual
motor parameter Ls, whereas in Fig. 11(b), parameter Ls′ is
gradually adjusted from 50% of Ls to Ls according (20). The
waveforms of Fig. 10 and Fig. 11 are opposite; hence, these
will not be repeated here.

In Fig. 12(a), parameter Rq′ remains at 200% of the actual
motor parameter Rq, whereas in Fig. 12(b), parameter Rq′

is gradually adjusted from 200% of Rq to 100% Rq accord-
ing to (21). Except from Rq′, the other parameters of the
predictive current controller are consistent with the actual
parameters.

In Fig. 12(a), when the motor has no load, 1iq is zero and
remains proportional to q-axis current iq, whereas 1iq does
not depend onmotor speed. In Fig. 12(b), within the first 0.4 s,
the motor accelerates and iq remains at 3.0 A, whereas Rq′

decreases slowly. Afterwards, the motor rotates at constant
speed, but Rq′ does not converge to Rq because iq is close to 0
and, consequently, Rq′ stops converging. On the other hand,
when the motor load suddenly increases, iq increases rapidly
to 12.8 A, Rq′ continues decreasing and eventually converges
to the actual value of Rq, and remains in that value within a
small range of fluctuation. The reduction of Rq′ produces a
decrease in 1iq until it reaches zero.

In Fig. 13(a), parameter Rq′ remains at 50% of the actual
motor parameter Rq, whereas in Fig. 13(b), parameter Rq′ is
gradually increased from 50% of Rq to 100% of Rq according
to (21). The waveform of Fig. 12 and Fig. 13 are opposite;
hence, these will not be repeated here.

VI. CONCLUSION
When the model parameters of predictive current controller
are different from the actual motor parameters, a negative
impact on the control performance appears, leading to static
current error between the reference current and the actual
current. In this study, we proposed an error correction method
applied to predictive current control for induction motors that
could effectively eliminate the static current error. Experi-
mental results verified the feasibility and effectiveness of this
method.
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