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Letters

Design and Implementation of Luenberger Model-Based Predictive Torque
Control of Induction Machine for Robustness Improvement

Liming Yan and Xuding Song

Abstract—This letter proposes a Luenberger model-based predictive
torque control (LM-PTC) of induction machine to compensate prediction
error caused by mismatched parameters. In the traditional predictive
torque control (T-PTC), stator current, stator flux vector, and electromag-
netic torque are predicted in one sampling period by open-loop prediction
model, which will inevitably lead to prediction error by mismatched param-
eters, first. Inspired by the idea of closed-loop Luenberger observer, in the
torque and flux prediction, the feedback correction part is introduced into
prediction equations for LM-PTC. Second, the steady prediction errors of
T-PTC and LM-PTC are, respectively, analyzed with mismatched
parameter. Finally, the proposed LM-PTC is verified by the comparison
experiments including dynamic-state, transient-state, and steady-state
experiments.

Index Terms—Induction machine, mismatched parameter, model
predictive control, robustment.

I. INTRODUCTION

F OR power electronics and electric drive, finite control set-model
predictive control (FCS-MPC) has been widely studied by schol-

ars, because its exhaustive strategy is suitable for power electronic
systems, and discrete control strategy is suitable for digital systems
based on digital signal processor (DSP) [1], [2]. At present, there are
two main problems in FCS-MPC, one is how to improve the prediction
accuracy for mismatched prediction models, the other is how to design
the cost functions and the weight coefficients. The first question will
be discussed in this letter.

Scholars have made some research on the prediction accuracy of
FCS-MPC. In [3], model predictive current control with mismatched
parameters for three-phase inverter are analyzed, where current predic-
tion error equation is established. In [4], for interior permanent magnet
synchronous motor (IPMSM), the prediction errors of stator currents
with mismatched stator resistance and mutual inductance are deduced.
For the prediction errors caused by mismatched parameters, there are
two main compensation methods for model prediction errors. One is
model predictive control based on online parameter identification strat-
egy, the other is model predictive control based on active disturbance
rejection control (ADRC). The basic idea of the first method is to use
online parameter identification technology to observe the parameters
of induction motor or PMSM, and then refresh the parameters of the
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motor online, so as to improve the accuracy of the prediction model
and the control performance of the system. In [5], model predictive
power control of ac–dc active front ends with an adaptive online
parameter identification technique is proposed to mitigate performance
degradation caused by mismatched parameters. In [6], for the boost
converter, online inductor parameters identification by a small-signal
injection strategy is proposed to improve the accuracy of the prediction
model. In [7], an incremental prediction model is proposed to eliminate
the prediction error, where the inductance disturbance observer and
inductance extraction strategy are presented based on sliding mode
observer. In [8], model predictive current control of IPMSM with
online least squares system identification is proposed to improve the
control performance. The basic idea of the second method is to use
ADRC theory to observe the prediction errors caused by mismatched
parameters, and to compensate for the prediction errors by feedforward
method. In [9], ADRC-based model predictive current control strategy
is developed for PMSM, where ADRC is used to realize disturbance
estimation and compensation. In [10], a disturbance observer-based
model predictive torque control for induction motor is proposed to
eliminate to load torque disturbances and parameter uncertainties. In
[11], generalized proportional integral observer based model predictive
current control for induction motor is presented to observe and eliminate
time-varying disturbances. In [12], in FCS-PTC of induction machine,
extended high-gain state observer is proposed to take the place of
the proportional-integral controller, which further improves dynamic
performance.

The above methods are mainly used to passively eliminate or reduce
the prediction errors caused by mismatched parameters by combining
other methods (online parameter identification or ADRC). In this letter,
the prediction error is eliminated actively by modifying the prediction
model itself. It is well known that in closed-loop flux observer, the
correction compensation term is utilized to improve the accuracy of the
observer. Similarly, in this letter, on the basis of open-loop predictive
model of traditional predictive torque control (T-PTC), the correction
compensation term is introduced to form Luenberger model-based
predictive torque control, which is a closed-loop predictive model. In
addition, the analysis theory of the steady prediction error is established
in this letter by complex theoretical derivation. Section II introduces the
mathematical model of induction machine. In Section III, the steady
prediction error of T-PTC and LM-PTC with mismatched parameters
are theoretically analyzed. Section IV makes the experimental research
for T-PTC and LM-PTC, and Section V summarizes this letter.

II. INDUCTION MACHINE MATHEMATICAL MODEL AND T-PTC

In the stator reference frame, the mathematical model of induction
machine is shown as (1)–(3), where ψs = Lsis + Lmir and ψr =
Lrir + Lmis.Ls,Lr , andLm are stator inductance, rotor inductance,
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Fig. 1. (a) Block diagram of the T-PTC. (b) Execution of T-PTC in k sampling time. (c) Block diagram of the proposed LM-PTC. (d) Execution of the proposed
LM-PTC in k sampling time.

and mutual inductance, respectively

vs = Rsis +
d

dt
ψs (1)

0 = Rrir +
d

dt
ψr − jωrψr (2)

Te =
3

2
pIm

{
ψ̄sis

}
. (3)

Based on the above equations, the predictive equations of stator flux
linkage and electromagnetic torque in T-PTC are expressed as (4)–(6).
The equation (7) is the cost function, which is utilized to select the
optimal voltage vector. Detailed implementation of T-PTC is elaborated
in [11]

ψs(k + 2) = ψs(k + 1) + Tsvs(k + 1)−RsTsis(k + 1) (4)

is(k + 2) =

(
1− Ts

τσ

)
is(k + 1) +

Ts
τσ

kr
Rσ

·
(

1

τr
− jw

)

· ψr(k + 1) +
Ts
τσRσ

vs(k + 1) (5)

Te(k + 2) =
3

2
pIm

{
ψ̄s(k + 2) · is(k + 2)

}
(6)

g = |T ∗
e − Te(k + 2)|+ λψ ||ψs|∗ − |ψs(k + 2)||+Ismax.

(7)

The block diagram and the execution of the conventional T-PTC are
presented in Fig. 1(a) and (c), respectively. The T-PTC strategy mainly
consists of three parts, flux observer, toque and flux prediction, and the
cost function. In order to compensate for the time delay, the estimation
+ prediction approach is adopted and illustrated in Fig. 1(c).

III. LUENBERGER MODEL-BASED PREDICTIVE

TORQUE CONTROL

The induction machine equations with stator current is and stator
flux ψs as state variables are expressed in (8) and (9), whereA11,A21,
A12, and B are shown in (10) and (11), respectively

dis
dt

= A11is +A12ψs +Bus (8)

dψs
dt

= A21is + us (9)

A11 = − 1

σ

(
Rs
Ls

+
Rr
Lr

)
+ jωr, A21 = −Rs (10)

A12 =
1

σ

(
Rr
LsLr

− j
ωr
Ls

)
, B =

1

σLs
, σ = 1− L2

m

LsLr
. (11)

Therefore, stator flux observer of induction machine are expressed
in (12) and (13). K12 (K12 = k1 + jk2) and K34 (K34 = k3 + jk4)
are the parameters of observer

îs(k + 1) = îs(k) + Ts

[
A11 îs(k) +A12ψ̂s(k) +Bus(k)

]

+ TsK12

(
îs(k)− is(k)

)
(12)

ψ̂s(k + 1) = ψ̂s(k) + Ts

[
A21 îs(k) + us(k)

]

+ TsK34

(
îs(k)− is(k)

)
. (13)

In T-PTC, the predictive equations of stator current is(k + 2) and
stator flux ψs(k + 2) is shown in (4) and (5), and the concrete im-
plementation of T-PTC is shown in Fig. 1(a) and (c), where open-
loop torque and flux equations are applied. In this letter, Luenberger
model-based torque and flux predictions are proposed to compensate
for the prediction errors caused by mismatched parameters, which are
shown in (14) and (15). Because is(k + 1) cannot be measured in the
sampling time k, is(k + 1) can be estimated by Lagrange extrapolation
equation,

is(k + 1) =

n∑

l=0

(−1)n−l
[
n+ 1
l

]
is(k + l − n)

îs(k + 2) = Ts

[
A11 îs(k + 1) +A12ψ̂s(k + 1) +Bus(k + 1)

]

+ TsK12

(
îs(k + 1)− is(k + 1)

)
+ îs(k + 1) (14)

ψ̂s(k + 2) = ψ̂s(k + 1) + Ts

[
A21 îs(k + 1) + us(k + 1)

]

+ TsK34

(
îs(k + 1)− is(k + 1)

)
. (15)

The block diagram and the execution of the proposed LM-PTC are
presented in Fig. 1(b) and (d), respectively. The proposed LM-PTC
strategy mainly contains three parts, flux observer, Luenberger model-
based toque and flux prediction, and the cost function. Similarly, the
estimation + prediction approach is adopted to compensate for time
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delay, which is illustrated in Fig. 1(d). The part of Luenberger model-
based torque and flux prediction is proposed to eliminate the prediction
errors caused by mismatched parameters.

The parameter sensitivity analysis of Luenberger model-based
torque and flux prediction is to obtain an analytical relation between
the predicted flux and the actual flux, by taking the mismatched
parameters into account. This relation can be obtained in the steady
states. Owing to dis

/
dt = jωis, dψs

/
dt = jωψs in the steady state

of induction machine, the actual flux of induction machine satisfies the
following:

jωis = A11is +A12ψs +Bus (16)

jωψs = A21is + us. (17)

Similarly, in steady state, the predicted flux satisfies the following
(18) and (19), where the continuous Luenberger model-based torque
and flux predictions are adopted for convenient analysis. A∗

11, A∗
12,

A∗
21, andB∗ represent the mismatched parameters. For example,A∗

21 =
−R∗

s, and R∗
s is the corresponding mismatched parameter of Rs

jωîs = A∗
11 îs +A∗

12ψ̂s +B∗us +K12(̂is − is) (18)

jωψ̂s = A∗
21 îs + us +K34(̂is − is). (19)

By combining (16)–(19) and eliminating î, is, and us, the relation of
the predicted flux ψ̂s and the actual flux ψs is expressed in (20), where
A0, B0, C0, G, and H are presented as

A0ψ̂s + (B0G+ C0H)ψs = 0 (20)

A0 =
A∗

11 +K12 − jω

A∗
21 +K34

· jω +A∗
12,

C0 = −A
∗
11 +K12 − jω

A∗
21 +K34

+B∗ (21)

B0 =
A∗

11 +K12 − jω

A∗
21 +K34

·K34 −K12, G =
A12 + jωB

BA21 −A11 + jω
(22)

H =

[
jω(jω −A11)

A21

−A12

]/(
B +

jω −A11

A21

)
. (23)

Therefore, the predicted flux error |ψ̂s
/
ψs| and the predicted

flux angle error ρe are expressed in (24) and (27), where A01 =
Re(A0), A02 = Im(A0), B01 = Re(B0), B02 = Im(B0), C01 =
Re(C0),C02 = Im(C0),G1 = Re(G),G2 = Im(G),H1 = Re(H),
H2 = Im(H).

∣∣
∣
∣
∣
ψ̂s
ψs

∣∣
∣
∣
∣
=

√
q21 + q22 , ρe = angle

(
ψ̂s, ψs

)
= arctg

(−q2
/
q1
)

(24)

q1 =
−A01Z1 −A02Z2

A2
01 +A2

02

, q2 =
A02Z1 −A01Z2

A2
01 +A2

02

(25)

Z1 = B01G1 −B02G2 + C01H1 − C02H2 (26)

Z2 = B02G1 +B01G2 + C02H1 + C01H2. (27)

Similarly, by combining (16)–(19) and eliminating ψ̂s, ψs, and
us, the predicted current error |̂is

/
is| and the predicted current an-

gle error ρ
′
e can be deduced in (28)–(33), where A

′
01 = Re(A

′
0),

A
′
02 = Im(A

′
0), B

′
01 = Re(B

′
0), B

′
02 = Im(B

′
0), C

′
01 = Re(C

′
0),

C
′
02 = Im(C

′
0), H

′
1 = Re(H

′
), H

′
2 = Im(H

′
)

∣∣
∣
∣
∣
îs
is

∣∣
∣
∣
∣
=

√
(q

′
1)

2
+ (q

′
2)

2
, ρ

′
e = arctg

(
−q′2

/
q
′
1

)
(28)

q
′
1 =

−A′
01Z

′
1 −A

′
02Z

′
2(

A
′
01

)2
+

(
A

′
02

)2 , q
′
2 =

A
′
02Z

′
1 −A

′
01Z

′
2(

A
′
01

)2
+

(
A

′
02

)2 (29)

Z
′
1 = B

′
01 + C

′
01H

′
1 − C

′
02H

′
2 (30)

Z
′
2 = B

′
02 + C

′
02H

′
1 + C

′
01H

′
2 (31)

A
′
0 =

A∗
12 (A

∗
21 +K32)

jω
, B

′
0 = A∗

11 − jω − A∗
12K34

jω
(32)

C
′
0 =

A∗
12

jω
+B∗, H

′
=

(
jω −A11 − A12A21

jω

)/(
A12

jω
+B

)
.

(33)

From (24)–(27) and the (10)–(11), it can be seen that the parameters
of the computational formulas of the predicted flux error |ψ̂s

/
ψs| and

the predicted flux angle error ρe are Ls, Lm, Lr , Rs, Rr , L∗
s, L

∗
m,

L∗
r , R∗

s, R
∗
r , ω, ωr . In order to analyze |ψ̂s

/
ψs| and ρe under different

torques Te and speeds ωm conditions, ωr and ω should be computed
according to Te and ωm, first. The computing equations of ωr and ω
are presented in (34) and (35) [13]. Second, compute |ψ̂s

/
ψs| and ρe

based on (24)–(27). Third, Fig. 2 is made according to the predicted flux
errors and predicted flux angle errors calculated under different torques
and speeds. The plotting process is shown in Fig. 3. In particular, in
the analytical expressions of the predicted flux error |ψ̂s

/
ψs| and the

predicted flux angle error ρe, when K12 = 0 and K34 = 0, those are
the prediction errors of open-loop torque and flux prediction for T-PTC.
The above calculation process is also applicable to the calculation of
|̂is

/
is| and ρ

′
e

ωsr =
4

3p

Te

|ψsref|2
RrL

2
s

L2
m

(34)

ωr = pωm, ω = ωr + ωsr. (35)

Theoretical results of the prediction errors of T-PTC and LM-PTC
with R∗

s = 2.0Rs and L∗
m = 0.5Lm are presented in Fig. 2. It can

be seen that the flux prediction errors |ψ̂s
/
ψs| and the flux angle

prediction errors ρe of the proposed LM-PTC are smaller than those
of the conventional T-PTC whenR∗

s = 2.0Rs. When L∗
m = 0.5Lm, it

has the same rules. In addition, the prediction errors |ψ̂s
/
ψs| and ρe

has a very low sensitivity to the stator resistance, and a high sensitivity
to the mutual inductance.

IV. EXPERIMENTAL COMPARISON OF T-PTC AND LM-PTC

In this section, the comparative experiments are made to verify
the proposed LM-PTC on the experimental test of 2.2-kW induction
machine, which is shown in Fig. 4. The parameters of induction
machine are as follows: Rs = 2.68 Ω, Rr = 2.13 Ω, Lm = 0.275 H,
Ls = 0.283 H, Lr = 0.283 H, ωnom = 2772 r/min, |ψs|∗ = 0.71 Wb.
The experimental results are shown in Fig. 5. Fig. 5(a) and (b) are the
general performances of T-PTC and LM-PTC, respectively, where the
speed command varies from 2772 to −2772 r/min at 0.3 s. Fig. 5(c) and
(d) are the transient performances of T-PTC and LM-PTC, respectively,
where the load torque suddenly is exerted at 4.0 s. The response time
of the electromagnetic torque for LM-PTC are only 760 μs, which is
10.59% faster than that of T-PTC. Fig. 5(e) and (f) are the steady-state
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Fig. 2. (a) and (b) are flux prediction errors with R∗
s = 2.0Rs for T-PTC and LM-PTC, respectively. (c) and (d) are flux angle prediction errors with R∗

s = 2.0Rs
for T-PTC and LM-PTC, respectively. (e) and (f) are current prediction errors with R∗

s = 2.0Rs for T-PTC and LM-PTC, respectively. (g) and (h) are current
angle prediction errors with R∗

s = 2.0Rs for T-PTC and LM-PTC, respectively. (i) and (j) are flux prediction errors with L∗
m = 0.5Lm for T-PTC and LM-PTC,

respectively. (k) and (l) are flux angle prediction errors with L∗
m = 0.5Lm for T-PTC and LM-PTC, respectively. (m) and (n) are current prediction errors with

L∗
m = 0.5Lm for T-PTC and LM-PTC, respectively. (o) and (p) are current angle prediction errors with L∗

m = 0.5Lm for T-PTC and LM-PTC, respectively.

Fig. 3. Plotting process of the prediction errors for LM-PTC and T-PTC.

performances of T-PTC and LM-PTC, where the total harmonic distor-
tion (THD) of stator current of LM-PTC is 9.52% and that of T-PTC
is 12.16%. In Fig. 5(f), it is seen that the electromagnetic torque ripple
of T-PTC is 1.5 Nm. The electromagnetic torque ripple of LM-PTC is
1.0 Nm, which is 33.3% smaller than that of T-PTC. This is because
in each control cycle, the feedback correction mechanism improves the
prediction accuracy of the electromagnetic torque, and then reduces the
electromagnetic torque ripple.

The experimental results of LM-PTC and T-PTC with mismatched
parameters are illustrated in Fig. 6, where the speed command is
1500 r/min and the load torque is 3.5 N·m. Rs and Lm are the
measured parameters of induction machine, and R∗

s and L∗
m are the

mismatched parameters that are used in the LM-PTC controller and

Fig. 4. Experimental platform. (A) Computer. (B) DSP. (C) Power drive mod-
ule. (D) Induction machine. (E) PMSM. (F) Danfoss inverter. (G) Oscilloscope.

T-PTC controller. From Fig. 6(a) and (b), it can be seen that stator
current THD of LM-PTC withR∗

s = 2.0Rs is 9.83%, which is 27.56%
lower than that of T-PTC with R∗

s = 2.0Rs. From Fig. 6(a) and (c),
it can be seen that LM-PTC has a lower sensitivity to Rs, compared
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Fig. 5. Experimental comparison of T-PTC and LM-PTC. (a) General performance of T-PTC. (b) General performance of LM-PTC. (c) Transient performance
of T-PTC. (d) Transient performance of LM-PTC. (e) Steady performance of T-PTC. (f) Steady performance of LM-PTC.

Fig. 6. Experimental results of the proposed LM-PTC and traditional T-PTC with mismatched parameters. (a) LM-PTC with R∗
s = 2.0Rs. (b) T-PTC with

R∗
s = 2.0Rs. (c) LM-PTC with L∗

m = 0.5Lm. (d) T-PTC with L∗
m = 0.5Lm.
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with Lm. The experimental results are consistent with the theoretical
analysis in Section III.

V. CONCLUSION

It is known that FCS-PTC depends on the parameters, which leads
the torque and flux prediction error and then reduces the control perfor-
mance. Except for active disturbance rejection technology and online
parameter identification to compensate for the prediction error, this let-
ter proposes Luenberger model-based predictive torque control, where
the closed-loop torque and flux prediction equations can eliminate the
prediction errors. The analytical expressions of prediction errors with
mismatched parameters are first presented in this letter. Finally, the
experimental results verify the effectiveness of the proposed LM-PTC.
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