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Abstract: Model predictive current control can achieve fast dynamic response and satisfactory steady-state performance for
induction motor (IM) drives. However, many motor parameters are required to implement the control algorithm. Consequently, if the
motor parameters used in the controller are not accurate, the performance may deteriorate. In this paper, a new robust predictive
current control is proposed to improve robustness against parameter mismatches. The proposed method employs an ultra-local model
to replace the mathematical model of the IM. Additionally, to improve the control performance, a linear extended state observer is

developed for disturbance estimation. Experimental tests confirm that satisfactory tracking performance can still be obtained although

the motor parameters may not be accurately set in the controller.
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1 Introduction

Induction motors (IMs) are widely used in
industrial fields due to their advantages, such as
simple structure, high reliability, easy maintenance,
and ability to adapt to various complex environments.
At present, the high-performance control algorithms
for IMs used in industrial fields include field-oriented
control (FOC) ) and direct torque control (DTC) 2
The FOC

performance, but

can achieve acceptable steady-state

proper  proportional-integral
parameters should be designed. The DTC can achieve
fast dynamic performance with a simple structure;
however, classic switching table-based DTC presents
relatively high torque ripples ) In recent years, model
predictive control (MPC) 5] has received increasing
attention owing to its simple principle, fast transient

and flexibility in handling nonlinear
6-7]

response,

constraints and multiple variable control [
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studied MPC and
proposed new methods to improve its performance or

Many researchers have

reduce the control complexity. In Ref. [8], a model
predictive flux control is proposed to eliminate
weighting, and the amount of calculations is
significantly reduced. In Ref. [9], the design of the
weighting factor for stator flux is optimized to reduce
torque ripples. Although the MPC exhibits satisfactory
steady-state performance and fast dynamic response, it
is highly dependent on the precision of motor
parameters because these are required for predicting
the evolution of the control variable.

In practical application, the motor parameters can
change under different working conditions. For example,
the stator and rotor resistances can change with
temperature variations (91 When the motor parameters
used in the predictive controller do not conform with their
actual values, the derived voltage vector may not be the
optimal; consequently, the overall control performance
deteriorates. To resolve these problems, several methods
for increasing robustness have been investigated in the
existing literature, including online parameter adaption [11],

disturbance observer [12], extended state observer (ESO) [
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and model-free control (MFC) o4

An online adaption method can be applied to
track the actual model parameters. In Ref. [15], an
online parameter estimation scheme based on a
discrete-time dynamic model was developed to
estimate the stator inductance, stator resistance, rotor
flux linkage, and load torque. In Ref. [16], an online
identification method based on a reference model,
which estimates the motor parameters by nullifying
the current estimation error, is presented. Compared
with online identification based on Kalman filter, this
method improves convergence dynamics and overall
system stability. However, during steady state, the
simultaneous estimation of multiple model parameters
based on the fundamental motor model is infeasible .

The disturbance observer and ESO have also
received considerable attention in the field of motor
control. These methods can improve the robustness of
the control system by observing and compensating for
the lumped disturbance. In Ref. [13], a disturbance
observer is investigated for the predictive torque
control of IM drives subject to load disturbance,
parameter errors, and digital delay. In Ref. [17], a robust
speed and flux estimation is developed to reduce the
impact of external disturbance and internal estimation
error. Using the observer-based method, the motor can
still maintain satisfactory control performance despite
motor parameter variations and external disturbances.
However, most of the above techniques are developed
based on the machine mathematical model, and motor
parameters are still required ',

Recently, various MFC schemes have been
introduced to improve parameter robustness for motor

drives. Lin et al. !

proposed a model-free predictive
current control (MFPCC) based on the information of
the previous current difference. Although this method
does not require any motor parameters, it necessitates
current sampling twice in one control period.
Therefore, proper timing to trigger analog-to-digital
conversion for current measurement is necessary to
avoid the switching harmonics, which can increase
implementation complexity in the sampled current.

Fliess et al. "

combined the principles of MFC and
intelligent proportional-integral-derivative controllers.
The method exhibits satisfactory robustness against

unknown disturbances and parameter mismatches. The

basic idea of this strategy is that the system is defined
as an ultra-local model, which is estimated using
differential algebra. In Ref. [14], an ultra-local
model-based model-free current control (MFCC),
which only relies on the input and output data of the
controlled system and achieves satisfactory control
performance for a surface-mounted permanent-magnet
synchronous machine drive, is proposed. However, up
to five parameters require tuning.

In this paper, a new robust predictive current
control (RPCC) method based on the ultra-local model
and a linear extended state observer (LESO) is
investigated for IM drives. The work contribution can
be highlighted by the following points.

(1) In the proposed strategy, the unknown part in the
ultra-local model is estimated using the LESO. Compared
with the conventional MFCC, the proposed RPCC
reduces the amount of calculations. Further, it only uses
two control parameters, thus simplifying the tuning effort.

(2) In existing literature, observers are used to
estimate the influence of mismatched parameters
based on the mathematical motor model. These
methods still require knowing the motor parameters.
The proposed method introduces an ultra-local model;
it can estimate the total unknown part of the system
without the motor model. Hence, applying the control
scheme to other motors is convenient.

The effectiveness of the proposed RPCC is validated
by experimental tests performed on a 2.2 kW IM drive.

2 IM drive system model

The voltage and flux equations of IM described by

. . 21
space vectors in a stationary frame can be expressed as 2]

. dy
u=Ri+— 1
N sS dt ( )
d
w=Ri +% — joy. 2)
l/,.Y :LS iS +L)W l.V (3)
Wr :Lnl iS +Lr i}’ (4)

where w_, u , i, i, ¥ , and w, are the stator
voltage vector, rotor voltage vector, stator current
vector, rotor current vector, stator flux vector, and
rotor flux vector, respectively; R, R, L, L,

L, ,and w,are the stator resistance, rotor resistance,

stator inductance, rotor inductance, mutual inductance,
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and electrical rotor speed, respectively.
Based on Egs. (1)-(4), the current dynamics can

be derived in the stationary frame as follows (211

di :_(RS+(L,"/L, PR ] ,

1+
dt oL

s
5

o=1-L,/(LL,) (6)

3 Principle of proposed method

The proposed RPCC combines the MFC, LESO,
and predictive current control. The control diagram of
the proposed method is shown in Fig. 1. The details of

L 1 1 i i
n | Lo |yt —u ) the proposed RPCC and LESO are explained in the
oL L \T. oL, following sections.
ref ref ref
Iyd R DBPCC based on U, . 2-level
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Fig. 1

3.1 Ultra-local model of IM

In Ref. [20], an MFC theory that defines a
single-input single-output system is proposed in the
form of a first-order ultra-local model

y=Ftau ™
where u# and y are the input and output variables,
respectively; @ is the weighting factor of the input

variable; F contains uncertain parameters and
disturbances. The hat ¢ -’ denotes variable
differentiation.

By comparing Egs. (5) and (7), the stator current

dynamics can be rewritten as follows

di
L_p +ou,
de
R+(L,/LYR )\, L (1 |
F=—| — [ +——| ——jo, |y,
oL, oL L \T

1
a=—

oL,

(®)

Although a contains motor parameters, the

desired control performance can still be achieved by

adjusting F' when the motor parameters change. Thus,

F should be accurately estimated to ensure satisfactory
control performance.

In Ref. [22], differential algebra 23 g applied to

Control diagram of RPCC

estimate F using the input and output data over a short
time. The estimated value ( ) can be calculated by
Eq. (9) [22,24]

A 3' np T .
ey L (- 20)i (o) +
aa(nFTvc _U)us (J))da ©)

where T, is the control period, and 7, is the number
of control periods. The estimation of F is relatively
complicated, and the selection of 7, and 7, may

considerably vary in different applications 1

3.2 Introduction of LESO

The ESO only requires a relative degree of the

[25]; hence, it can be used without the motor

system
model.

By using the ESO to estimate the unknown part
of the system in RPCC rather than using differential
algebraic parameter identification techniques, the
performance of RPCC has been improved, and the
implementation has been simplified.

The ESO can be divided into nonlinear extended
state observer (NLESO) and LESO, which has better
parameter robustness ) and simpler structure. Thus,
the LESO is used in this study.

The control objects of a first-order system can be

defined as 7
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y=ay+w+bu+byu
—

(10)

where V, 4, and @ are the output and input
variables and disturbance, respectively; @ and b
are unknown, and b, is known; f denotes the total
disturbance  including external and internal
disturbances.

Selecting state variables x, =) and x,=f,

Eq. (10) can be rewritten in a state equation form

X, =x,thu
%, = f (1)
y=x

According to the model-independent controller
presented in Ref. [28], the corresponding continuous
LESO of the system can be expressed as

err: Zl - y
Z =z, +bu—pe, (12)
Z‘Z = _ﬁZerr

where z—>x, % is a state vector of the observer,
and B, and B, are the gain vectors of LESO. The
location of closed-loop poles of LESO can be adjusted
by parameters B, and f,. To ensure stability and
satisfactory performance, selecting the proper S5 and
3, values is necessary.

From Eq. (12), the following equations can be

derived
z=Az+Bu+K(y-z
{ (v=2) (13)
z,=Cz
where
z:
Z
01
A =
0
C :[1 0]
K {ﬂl }
p
Then, Eq. (13) can be rewritten as
z=|A-KC|z+|B,K |u
[rolwer okl ”
Yo =%

where wu,=[u,y]' and y, are the combined input
and output variables, respectively.

The characteristic equation of LESO can be
derived from Eq. (14) as

|sI —(A— KC)|=s"+B,5+5, (15)
where I is the identity matrix.
To simplify the parameter tuning, the roots of Eq.
(15) are set as §,,= —@, (28] Then, Eq. (15) can be
rewritten in terms of its roots as

s2+ﬁls+,b’2=(s+a)0 )2 (16)

where @y is denoted as the bandwidth of the observer 28],

Solving Eq. (16), the values of S, and /S, are obtained
as follows

=2
fpa -

:Bz :wg
The selection of the observer bandwidth is
explained in the following section.

3.3 Parameter design of LESO

Based on Egs. (8) and (12), the LESO with the
stator current as the state vector can be described as

err = zl - is
4 =2, +tou —fe, (18)
z’Z = _ﬂZerr

where zlzis is the observed value of the stator
current, and z2=ﬁ is the estimated value of
disturbance F.

In digital implementation, the stator current,
’l:s(k—’_l) , and the disturbance, F (k+l), can be
calculated by discretizing Eq. (18) as

e, (k) =i (k)i (k)
i (k) =i, (k)+ T, (F (k) +om, (k) - Bye, (k)
F(k+1)=F (k)= Be, (k)

19)
where [, =T =201, and B,=T,_p, :ngsc are
the discrete gains of the observer.

The structural diagram of the RPCC is shown in
Fig. 2.

To select the proper observer gain, assume that
inductance error does not occur. The relationship
between the real current and the set value can be
expressed as follows
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Fig. 2 Structural diagram of RPCC in z domain
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iswf (Z) Z4+(ﬁ01 _2)Z3+(1+Tsugoz _1301)22

The characteristic equation of the system is as

(20)

follows

Z4+(ﬂm _2)Z3+(1+Tscﬂoz _ﬂm)z2 =0 (21)
Considering fo1=2woTs and /)’02=w02Tsc, the roots
of the characteristic equation are solved as follows

z,=0 (22)
zy, =1-a T, (23)
Then, wo can be computed from Eq. (23) as
follows
1-z,,
D= (24)

sc

To ensure stability, wo should be selected to
satisfy |Z3~4|<1. Generally, when g is extremely
small (z;, approaches 1), the dynamic performance
is inadequate. When wo is extremely large ( z;4
approaches —1), the robustness of the system is
decreased ™. In this work, Z;, is setto 0.5, and the
corresponding @ is 5000 when the sampling

frequency is 10 kHz.
3.4 Prediction of current and voltage

Combining Egs. (8) and (19), the stator voltage
vector at the kth instant can be derived as follows

u, (k)= LB 27 (1) i (k)

o oT,
However, there is usually a one-step delay in the

(25)

sc

. To compensate for the

digital control system
influence of digital delay, the stator voltage vector

reference has to be calculated using Eq. (26)

W= F(k+1) . i (k+2)—i (k+1)
a oT,

sc

where is(k-i-l) can also be obtained by the LESO
according to Eq. (19).

(26)

i, (k) =i, (k) 4T, (F (k) rou, (k) @7)
The reference stator current vector in the
stationary frame at the (k+2)th instant can be

expressed as

i (k+2)=(i7] +jity Jexp(jO,™) (28)
0:2=0} + 20T, %

where 6 is the position of the rotor flux linkage
vector at the kth instant, and @ is the rotational
speed of the rotor flux linkage vector.

4 Experimental results

To verify the advantages of the proposed RPCC,
it is compared with the deadbeat predictive current
control (DBPCC) and conventional MFPCC on a
two-level inverter-fed IM drive platform. The
conventional MFPCC represents an MFPCC that uses
differential algebra (Eq. (9)) to estimate the ultra-local
model; Fig. 3 shows the experimental setup. The
machine and observer parameters applied to the test
are listed in Tab. 1. The control algorithm is
implemented on a 32-bit floating DSP TMS320F28335,
and the sampling frequency is 10 kHz. In the
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experimental results, the stator current is sampled by a
current probe. The motor speed and g-axis and d-axis
currents are obtained via an on-board digital-to-analog
converter. All data are acquired by a scopecorder
(YOKOGAWA DL850) and plotted on a personal
computer using Matlab.

“ise - mass

| =
Current source of ma- 8
gnetic powder brake

(b) 2.2 kW IM and magnetic powder brake
Fig. 3 Experimental setup of two-level inverter-fed IM drive

Tab.1 Machine and control parameters

Parameter Value
DC-bus voltage U,/V 540
Rated power Py/kW 22
Rated voltage Uy/V 380
Rated frequency fy/Hz 50
Rated torque 7/(N'm) 14
Number of pole pairs N, 2
Stator resistance Rg/Q 3.065
Rotor resistance R,/Q 1.879
Mutual inductance L,/H 0.232
Stator inductance L/H 0.242
Rotor inductance L,/H 0.242
Flux amplitude reference /Wb 0.85
Control period Tsc/ps 100
Observer parameter o 50.5
Observer parameter 5000

4.1 Dynamic performance

The performance during the transient process is

tested for the DBPCC, conventional MFPCC, and

proposed RPCC. The results when the motor starts
from standstill to 1 500 r/min with no load and with
inaccurate parameters set in the controller are shown in
Figs. 4 and 5. From top to bottom, the curves in these
figures represent the motor speed, g-axis current (i),
d-axis current (iz), and one-phase stator current (i,).
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(c) Proposed RPCC
Fig. 4 Starting response from standstill to rated speed

when all parameters increase to three times normal values

The responses when all parameters (stator
resistance R,, rotor resistance R,, stator inductance Lj,
rotor inductance L,, and mutual inductance L,,) used in
the controller become three times their normal values
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are shown in Fig. 4. The results when all parameters
are half of their nominal values are presented in Fig. 5.
For the DBPCC, significant current ripples or tracking
errors are observed when the parameters are not
accurate. As shown in Figs. 4b and 5b, although the
conventional MFPCC can achieve a fast starting
response when the motor parameters are not accurate,
some ripples are observed in the dg-axis current during
motor acceleration. The dynamic responses of the
proposed RPCC with different parameter mismatches
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(c) Proposed RPCC
Fig. 5 Starting response from standstill to the rated speed

when all parameters become half of normal values

are shown in Figs. 4c and S5c. The figures clearly show
that the proposed RPCC can achieve the best performance
without the influence of parameter mismatches.

4.2 Steady-state response

The steady-state responses of the DBPCC,
conventional MFPCC, and proposed RPCC with accurate
motor parameters are shown in Fig. 6. Based on the figure,
all methods can achieve a stable operation. However, the
conventional MFPCC exhibits slightly larger current
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Fig. 6 Responses at 1 500 r/min with rated load

and accurate parameters
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ripples. The total harmonic distortions (THDs) of
the current at different speeds with the rated load
are shown in Fig. 7. The steady-state performance
of the proposed RPCC is comparable with that of
the DBPCC when the model parameters are
accurate. The RPCC clearly has a lower stator
current THD than the conventional MFPCC at all

testing points.

6 —
I DBPCC [___]Conventional MFPCC RPCC

sk
_ 4fF
9
g B -
R 5
5
3
L 2 R

I -

1 | 1 1 Il S
0 150 300 600 900 1200 1 500

Speed/(r/min)
Fig. 7 THD of stator current at different speeds without

parameter mismatches for DBPCC, conventional MFPCC
and the proposed RPCC

Performance comparisons with parameter errors
are also conducted. The steady-state responses of the
DBPCC, conventional MFPCC, and proposed RPCC
with inaccurate motor parameters are shown in Figs.
8-11. In these figures, A//l=n pu denotes that all
model parameters used in the control algorithm are n
times their actual values. A similar description is
applied to resistance (R, and R,) and inductance (L,
L,, and Ly,).

The results at 150 r/min under the rated load with
smaller estimated motor parameters for the DBPCC
are shown in Fig. 8a. The results show that the
performance under low-speed operation is not
significantly affected when the motor parameters set in
the control algorithm are smaller.

The results at 150 r/min under the rated load with
larger estimated motor parameters for the DBPCC are

shown in Fig. 9a. Larger stator resistance results are

observed in certain deviations of the dg-axis current. If
the rotor resistance is large, the DBPCC can still
achieve satisfactory control performance. However, if
the inductance is large, significant ripples in the
dg-axis current are observed. From the foregoing tests,
the DBPCC is found to be sensitive to overestimated

inductance at a low-speed operation.
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Fig. 8 Responses at 150 r/min with rated load

with smaller parameters

In contrast, Figs. 8b and 9b indicate that the

conventional MFPCC can achieve stable operation
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with different motor parameter errors.

The results for the proposed RPCC are shown in

Figs.

8c and 9c. Compared with the differential

algebra method, the LESO can more accurately

estimate F ; hence, the proposed RPCC can achieve a

better steady-state performance.
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with larger parameters

The results at 1 500 r/min under the rated load for
the DBPCC are illustrated in Figs. 10a and 11a. If the
inductance is less than the accurate value, the system

finally loses stability. If the inductance is larger than

the accurate value, distinct stator current harmonics

are observed.

The results at 1 500 r/min under the rated load
for the conventional MFPCC are shown in Figs. 10b
and 11b. The conventional MFPCC exhibits
acceptable parameter robustness, and satisfactory
performance can still be achieved despite parameter
mismatches.
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ig/A
>

and smaller parameters

The results shown in Figs. 10c and 1llc are
consistent with those shown in Figs. 8c and 9c. The
proposed RPCC can achieve better steady-state



Yongchang Zhang et al.: Robust Predictive Current Control of Induction Motors Based on Linear

Extended State Observer 103

performance under parameter mismatches.
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with larger parameters

Conclusions

In practical implementation, motor parameters

may change under different working conditions and

environments. The conventional predictive current

control is sensitive against parameter mismatches

because many motor parameters are used in the

algorithm. If large parameter errors exist, both the
dynamic and steady-state performance levels
deteriorate. To resolve this problem, the RPCC method
for IM drives based on the ultra-local model and
LESO is proposed in this paper. Compared with the
DBPCC, the proposed method uses the input and
output data of the system without requiring an accurate
system model. Hence, it is robust against the
estimation errors of motor parameters. The
experimental results validate that the proposed RPCC
achieves satisfactory control performance over a wide

speed range even with parameter mismatches.
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