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Abstract—This paper presents the low speed position estima-
tion scheme for an IPM machine controlled by model predictive
control with finite control set. The career signal injection is not
viable as there is no PWM to superimpose it with PWM for this
type of control. The pulse vector injection technique requires
current derivative sensors which makes the overall scheme
less attractive. This paper utilizes the inherent high frequency
vector injection of the model predictive control to extract the
position information. It is shown that the high frequency current
response is amplitude modulated with respect to the position. A
demodulation technique based on the reactive power estimation
is proposed. The simulation results at various initial positions
confirm the validity of the proposed position estimation scheme.

I. INTRODUCTION

The simplest and widely used industrial technique for
controlling AC induction motor is v/f control. This technique
has slow dynamic responses and it lacks steady state accuracy
mainly due to the fact that the torque and flux are not directly
controlled. The independent control of torque and flux produc-
ing current components in dq frame for field oriented control
(FOC) technique overcomes these drawbacks. However, the
cascaded current and speed PI controllers in FOC may slows
down the dynamics especially if they are not well tuned. The
torque is directly controlled by controlling the magnitude and
direction of flux vector in direct torque control (DTC). By
exploiting high flux dynamics and as the control is realized by
hysteresis controllers and switching table, the torque response
of DTC is much faster than FOC. In contrast to the FOC
realized by PWM, DTC has higher ripple currents.

Even though the model predictive control (MPC) was
originally developed for process industries with a very slow
sampling rate, it has been recently started applying in power
electronics and motor drives applications with the help of
modern fast processors [1]. The MPC predicts the control
input sequence which minimizes the cost function over a
prediction horizon. The first input of the predicted sequence
is only applied to the plant at the current sampling time
and then the process is repeated for entire sampling times.
The control sequence is predicted offline in explicit MPC
and online in implicit MPC [2]. The memory requirement to
store the control input for the entire operating period is the
main drawback of the explicit MPC. The minimization of cost
function is a nonlinear optimization problem, and therefore

the computational requirement to solve online is the main
challenge in implicit MPC [2].

The continuous MPC mentioned in the previous paragraph
predicts the input sequence form the infinite possibilities. In
contrast, the control input sequence corresponding to minimum
cost function is chosen from the set of possible sequences
for the case of MPC with finite control set (FCS) [2][3].
The possible sequences are based on the switching states
of the inverter in the case of MPC for motor drives. The
computational requirement is less for MPC with FCS that
makes it a best candidate for online optimization. The MPC
with FCS is applied to control torque and flux components
in αβ reference frame like in DTC is known as MPDTC
[4][5][6]. The torque and flux errors with respect to their
reference and predicted values are minimized in the form of
a cost function. The position information is required if the
MPC is carried out in dq reference frame unlike the case of
αβ frame. The control in dq frame is convenient for online
optimization as the associated mathematical models becomes
simpler. The optimized operation with MTPA and minimum
loss can be incorporated in MPC by adding the corresponding
terms in the cost function [7].

The position estimation is carried out differently for low
and high speeds. The low speed position estimation is done
by exploiting magnetic nonlinearities in the electromagnetic
structure (saturation, saliency, slot harmonics, etc). The back
emf is utilized for the position estimation at high speed.
The signal injection methods are the most reliable approach
available so far at low speeds [8]. The sinusoidal or square
wave high frequency signals are injected at dq or αβ frame.
The first one is known as pulsating injection and the second
one is rotating injection. The PWM is used to superimpose
the high frequency signals to the fundamental excitation.
The high frequency responses of the signals are modulated
by magnetic nonlinearities. The nonlinearities are position
dependent. Therefore with a proper demodulation technique
the position information can be extracted. The saliency of the
rotor is exploited for the position estimation of the interior
permanent magnet motors. The saliency dependent inductance
varies double as the frequency of the fundamental. Hence
exists a π ambiguity in the position estimation [8]. The polarity
detection is used to compensate for this ambiguity [8][9].
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The high frequency signal injection is not compatible with
MPC with FCS as there is no PWM to superimpose the high
frequency signal with the fundamental excitation.

The pulse vector injection applies sequential positive and
negative pulse vectors by modifying the fundamental PWM
[8][10]. One of the most popular pulse vector injection tech-
nique is indirect flux detection by online reactance measure-
ment (INFORM) [11]. The three space voltage vectors and
their corresponding negative vectors are applied sequentially
over three PWM cycles. The current derivative responses
from all the three phases are processed to get the position
information. The PWM responses without any modification is
also used estimate the position [8]. This technique doesn’t have
any additional current ripple due to injection. The pulse vector
injection can be integrated with fundamental excitation vectors
of MPC with FCS to estimate the position. As there is no
PWM to synchronize pulse vector injection in MPC with FCS,
it has to be applied sequentially with a fixed frequency. The
current ripple and requirement of current derivative sensors
makes this scheme less attractive.

The MPC with FCS applies six active voltage vectors of
a two level inverter in accordance with the vector which
produce minimum cost function. The frequency of the vectors
is varying and always much higher than the fundamental fre-
quency. The high frequency voltage vectors produce arbitrary
current response. The amplitude of the responses is modulated
with the position. The position information can be extracted
from the high frequency response with a proper demodulation
technique. This paper analyzes the high frequency response
and also proposes a demodulation technique based on the
reactive power estimation. The section II presents the MPC
with finite control set. The position estimation scheme is
described in section III. The simulation results and conclusion
of the work are presented in sections IV and V respectively.

II. MODEL PREDICTIVE CONTROL WITH FINITE CONTROL
SET

The MPC with FCS chooses a sequence corresponding
to minimum cost function from all the possible switching
sequence of a two level inverter. A sequence consists of
switching states in accordance with the possible transition.
The possible switching transitions of a two level inverter is
given in Fig. 1.

The cost functions for all the possible sequences corre-
sponding to the last switching state are computed for a given
prediction horizon N at the current sampling time. The first
input of the sequence which produces minimum cost function
is only applied to the plant in the next sampling time. This
process is repeated for the entire sampling intervals and Fig. 2
illustrates the process.

The MPC with FCS can be used to control torque and
flux, and operate at MTPA and minimum loss by adding the
appropriate terms in the cost function. The currents id and
iq are controlled in this work. Then, the cost function would
be the error between the reference and measured feedback
of id and iq. The prediction horizon is chosen as N = 1.

Fig. 1: Admissible switching transitions of a two level inverter.

Fig. 2: Illustration of MPC with FCS (N- prediction horizon, s-
sequences, u- control input/switching states, and k- sampling
time).

The general motor control scheme with MPC with FCS is
given in Fig. 3. The measurement delay for the currents
is compensated by estimating the current from the machine
model. The sequence selector selects the possibles switching
states based on the previous state. A sequence has only one
input as N = 1. The switching state which produces minimum
cost function is chosen as the control input by the cost
minimization block. The selected control input is then applied
to the machine at the current sampling time.

III. POSITION ESTIMATION SCHEME

The voltage vectors which are applied to the electric ma-
chine by MPC with FCS are

Vn =

Va

Vb

Vc

 ; n = 0− 7 (1)

where Vn is the voltage vector, and Va, Vb and Vc are its abc
phase components. The subscript n indicates the voltage vector
corresponding to six active and two null switching states. The
vector diagram showing all the states is given in Fig. 4.

The estimated dq axes rotates with an angle θe from the
stationary axis. It has angle offset of ∆θ from the actual dq
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Fig. 3: MPC with FCS control scheme.

Fig. 4: Voltage vectors.

axes as shown in Fig. 5. The voltage vectors in estimated dq
axes is

Fig. 5: Actual and estimated dq axes.
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(2)

The voltage vectors in actual dq axes is[
vd
vq

]
=

[
cos(∆θ) sin(∆θ)
−sin(∆θ) cos(∆θ)

] [
vde
vqe

]
(3)

The voltages Vdq has fundamental DC (at steady state)
and high frequency components. The latter component results
in high frequency current response. In the high frequency
response, the inductance effect is much dominant as compared
to the resistance and hence it is usually neglected. The cross

coupling and back emf terms are also negligible as the speed is
low or at standstill. Consequently, the high frequency machine
model becomes [

vdh
vqh

]
=

[
Ld 0
0 Lq

]
p

[
idh
iqh

]
(4)

The high frequency current response from (4) can be found
as [

idh
iqh

]
=

∫ [
vd/Ld

vq/Lq

]
dt (5)

The current response in estimated dq axes is[
ideh
iqeh

]
=

[
cos(∆θ) −sin(∆θ)
sin(∆θ) cos(∆θ)

] [
idh
iqh

]
(6)

=[
vdeh(

cos2(∆θ)
Ld

+ sin2(∆θ)
Lq

) + vqehcos(∆θ)sin(∆θ)( 1
Ld − 1

Lq )

vqeh(
cos2(∆θ)

Lq
+ sin2(∆θ)

Ld
) + vdehcos(∆θ)sin(∆θ)( 1

Ld − 1
Lq )

]
(7)

The high frequency response currents idqeh is modulated
with the position. The standard demodulation techniques used
for carrier signal injection cannot be implemented for this
scheme. The main reason is that the high frequency voltage
component is an arbitrary waveform. The demodulation by
estimating reactive power is proposed in this paper. The high
frequency reactive power is

qhe = vdehiqeh − vqehideh (8)

= vdevqe(
1

Lq
− 1

Ld
)+sin(2∆θ)(

1

Ld
− 1

Lq
)(v2deh−v2qeh) (9)

The first part of (9) is high frequency component which can
be eliminated by a LPF. The second part becomes zero if the
Ld = Lq . Therefore this technique can be used only for IPM.
The term sin(2∆θ) becomes 2∆θ when ∆θ ∼= 0. Therefore, a
linear observer like PLL can be used to estimate the position
constantly.

The complete demodulation scheme is presented in Fig. 6.
The estimated dq axes components of current measurement
(idqe) are passed through a LPF to get fundamental compo-
nents (idqef ) . Then, idqef is subtracted from idqe to get high
frequency components (idqeh). The high frequency voltage
components vdqeh are also found in the similar way. Then, the
reactive power is found (qeh) by multiplying respective voltage
and current components. The output of LPF by passing qeh is
sin(2∆θ) which is fed to PLL. The PLL output is speed and
the estimated position is found by integration.

IV. SIMULATION RESULTS

The simulation is carried out in MATLAB Simulink to
analyze and validate the proposed position estimation scheme.
The reference IPM parameters used for simulation is given in
Table I. The operating condition used for simulation is iq =
1.25 A, id = 0 A, θini= 0o, ω= 40 rad/s (elec), unless otherwise
is mentioned.
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Fig. 6: Demodulation scheme.

TABLE I: IPM Parameters

DC link voltage 300 V
Phase resistance 0.4 Ω
d-axis inductance 10.2 mH
q-axis inductance 12.8 mH

The voltage vectors in estimated dq axes is shown in
Fig. 7. These voltages have both the fundamental DC and high
frequency terms as shown in Fig. 8. It is seen that the high
frequency voltage component is fairly well enough to create
high frequency current response.

Fig. 7: Voltage vectors in estimated dq axes.

The actual current in estimated dq axes is shown in Fig. 9.
Its fundamental and high frequency components are given in
Fig. 10. The simulation for different reference idq currents
are also carried out. It is found that there is enough high
frequency component in the current responses even at zero
current reference value.

The high frequency reactive power is shown in Fig. 11. The
position error goes and settles to a very low value (steady state
error) after the initial transients are over as shown in Fig. 12.

The estimated position with zero initial actual position angle
is shown in Fig. 13. The position estimation for initial angle
30o, 60o and 90o are shown in Fig. 14, Fig. 15 and Fig. 16
respectively. The position estimation converges to very low
steady stater error in all the cases.

The position estimation with a negative step change in speed
is given in Fig. 17. The estimated position follows the actual

Fig. 8: High frequency and fundamental components of volt-
age vectors in estimated dq axes.

Fig. 9: Currents in estimated dq axes.

Fig. 10: High frequency and fundamental components of
currents in estimated dq axes.

position even at speed transition. The estimated and actual
speed is given in Fig. 18.
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Fig. 11: High frequency reactive power.

Fig. 12: Position error.

Fig. 13: Position estimation with zero initial position angle.

V. CONCLUSION

This paper presents position estimation scheme for IPM
machine controlled by MPC with FCS. The inherent high fre-
quency voltage vector injection of MPC with FCS is exploited
to extract the position information. The high frequency current
response is modulated with position. It is shown that MPC with

Fig. 14: Position estimation with 30o initial position angle.

Fig. 15: Position estimation with 60o initial position angle.

Fig. 16: Position estimation with 90o initial position angle.

FCS always have sufficient high frequency current component
even at zero current reference. The demodulation technique
by estimating high frequency reactive power is also proposed.
The simulation results at various initial position confirm the
validity of the proposed scheme. The next step of this work
will be a thorough investigation of the proposed scheme by
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Fig. 17: Position estimation with a negative step change in
speed.

Fig. 18: Estimated and actual speed.

experiment in the entire operating region.
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