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Predictive Stator Flux and Load Angle Control of
Synchronous Reluctance Motor Drives

Operating in a Wide Speed Range
Hazem Hadla and Sérgio Cruz, Senior Member, IEEE

Abstract—This paper presents a new simplified finite-
control-set model predictive control strategy for syn-
chronous reluctance motors operating in the entire speed
range. It is a predictive control scheme that regulates the
stator flux and the load angle of the synchronous reluctance
motor, incorporating the ability to operate the drive in the
field-weakening region and respecting the motor voltage
and current limits as well as the load angle limitation
needed to operate this type of motor in the maximum
torque per voltage region. The proposed control strategy
possesses some attractive features, such as no need for
controller calibration, no weighting factors in the cost func-
tion, good robustness against parameter mismatch, and
smaller computational cost compared to more traditional
finite-control-set model predictive control algorithms.

Simulation and experimental results obtained using a
high-efficiency synchronous reluctance motor demonstrate
the effectiveness of the proposed control scheme.

Index Terms—Field-weakening operation, high-
performance drives, model predictive control, synchronous
reluctance motors.

I. INTRODUCTION

THE advances in the rotor design of synchronous reluc-
tance motors (SynRMs) lead to significant improvements

in their performance, namely in the reduction of the torque ripple
and increase of efficiency. In applications where a low motor
price, high reliability, and fast dynamic response are impor-
tant features, SynRMs are now looked as a serious alternative
to induction motors (IMs) and permanent magnet synchronous
motors (PMSMs) [1]. The absence of permanent magnet materi-
als in the rotor makes SynRMs more cost effective than PMSMs
of the same size. Moreover, SynRMs are particularly suited
for high-speed applications, where the motor has to operate in
the field-weakening (FW) region, as the maximum speed of a
SynRM is limited solely by mechanical constraints rather than
by the electric motor parameters [2].
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Traditionally, the control of motor drives and SynRM drives
in particular, is based on strategies like field-oriented control
(FOC) [3] and direct torque control (DTC) [4], [5]. More re-
cently, model predictive control (MPC) has emerged as a pow-
erful control method in the field of power electronics and motor
drives, due to its intuitive concepts and simplicity, allowing at
the same time to take into account several constraints in a very
effective way. Due to these advantages, MPC has been proposed
for the control of two- and three-level converters [6], [7], ma-
trix converters [8], IM [9] and PMSM drives [10], among other
applications.

Finite–control-set MPC (FCS-MPC) is nowadays the most
popular type of MPC as it takes advantage of the discrete nature
of the power converter, being the optimization problem inherent
to MPC algorithms solved by the evaluation of a cost function
for a finite number of possible actuations [11].

In [12], a predictive torque control strategy is presented for
SynRMs. This algorithm, known as direct mean torque con-
trol, is a kind of DTC that calculates the switch-on time of
the switches in a way that the steady-state value of the mo-
tor torque is reached at the end of the control cycle. In [13],
a hierarchical direct predictive control strategy was proposed
for SynRM drives. The main difference between this strategy
and the conventional FCS-MPC algorithm lies in the process
of obtaining the solution to the minimization problem, being
the optimal voltage vector applied to the motor obtained from
a hierarchical selection policy. In [14], an improved model-free
predictive current control method is presented to control the cur-
rent of the SynRM and to avoid the existence of current spikes
that a model-based predictive current control method involves
[15]. In [16], a simplified FCS-MPC algorithm was proposed
for SynRMs, where the active flux and torque of the motor are
the variables under control.

Very often the control systems based on FCS-MPC methods
do not take into account the operation of the drive in the
FW region. However, the torque and speed requirements of
some applications, for instance traction drives, make this an
important feature. The majority of the research work reported
in the literature for the control of SynRMs and PMSMs able to
operate in the FW region was developed considering FOC and
DTC strategies [4], [5], [17]–[19]. The direct-flux vector control
(DFVC), whose control system regulates directly the stator
amplitude and torque (through the control of the q-axis current)
in a stator-flux-oriented reference frame was proposed to

0278-0046 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.



HADLA AND CRUZ: PREDICTIVE STATOR FLUX AND LOAD ANGLE CONTROL OF SYNCHRONOUS RELUCTANCE MOTOR DRIVES OPERATING 6951

control SynRMs in a wide speed range [20], [21]. In the DFVC
system, two proportional-integral (PI) regulators are required
to regulate the stator flux and the q-axis current plus a third PI
regulator to handle the operation of the drive in the maximum
torque per voltage (MTPV) region, which occurs when the
motor pull-out torque has been reached and the load angle has
to be limited to avoid system instabilities. Of course, the use
of PI controllers always involves some tuning effort which
ideally should be avoided. Having this in mind, Boazzo and
Pellegrino [22] presented a model-based version of the DFVC
for PMSM drives, which avoids the use of PI regulators by
generating the inverter reference voltages from the flux linkage
and q-axis current set points, using an elaborated inverse motor
model.

To this date, the development of FCS-MPC strategies for
synchronous motor drives able to operate in the FW region is
very scarce. In [23], a FCS-MPC strategy was developed for
PMSMs in order to achieve optimal performance and ability to
operate in the FW region. Nonetheless, the cost function used
has three terms in order to take into account different criteria,
each term having a weighting factor; hence, requiring again
significant tuning effort which is still considered one of the
complex tasks of FCS-MPC algorithms. As far as FCS-MPC
strategies specifically proposed for SynRM drives, no work has
been reported yet in the literature.

This paper proposes a novel FCS-MPC strategy for SynRM
drives, able to operate in the entire speed range: constant torque
region, constant power region, and MTPV region (constant load
angle region). The proposed control structure ensures an excel-
lent dynamic performance and a smooth transition between the
different operation regions. Moreover, it exhibits a high robust-
ness against motor parameter variations. In addition to these
aspects, the proposed control system relies on a simplified ver-
sion of the traditional FCS-MPC algorithms, where a reference
voltage vector is generated, thus avoiding the use of weighting
factors in the cost function.

The main contributions of this paper can be summarized as
follows: 1) control system with no PI regulators; 2) the MTPV
limit is tackled with a very simple saturation block; 3) the cost
function does not need any weighting factors; and 4) the refer-
ence voltages are obtained in a direct manner using the motor
model in a reference frame aligned with the stator flux vec-
tor, without any modification, on contrary to what was done
in [22].

II. MATHEMATICAL MODEL OF THE SYNRM

The control system proposed in this study is based on the
direct control of the motor stator flux ψs and load angle δ, using
a reference frame aligned with the stator flux vector, labeled
as dsqs in Fig. 1. The dq rotor reference frame is used in the
current model of the stator flux and load angle observer and to
estimate the motor inductances, as detailed later on.

The voltage equations of the SynRM in the dsqs reference
frame are given by

uds = Rsids +
dψs
dt

(1)

Fig. 1. Reference frames used in the analysis of the SynRM.

uqs = Rsiqs +
(
dδ

dt
+ ωr

)
ψs (2)

where uds , uqs , ids , iqs are the ds-axis and qs -axis components
of the stator voltages and currents, respectively, Rs is the stator
winding resistance, ψs is the stator flux linkage, and ωr is the
electric angular rotor speed.

The instantaneous angular supply frequency ωe is related to
ωr by

ωe =
dδ

dt
+ ωr . (3)

Of course, in steady-state conditions, ωe = ωr . In transient
conditions and considering a discretization time step relatively
small, which is always the case when dealing with predictive
control algorithms, the approximation ωe � ωr does not intro-
duce any significant errors and will be considered.

The electromagnetic torque can be expressed as a function of
the load angle by

Te =
3
4
p

(
1

Lq (id , iq )
− 1
Ld (id , iq )

)
ψ2
s sin 2δ =

3
2
pψsiqs

(4)
where Ld , Lq represent the apparent inductances of the stator
windings and p is the number of pole pairs. To take into account
the saturation and cross-magnetic saturation in the SynRM, the
apparent inductances are here considered a function of both
current components in a rotor reference frame. The apparent
inductance values can be obtained offline and stored in 2-D
lookup tables or estimated online. This subject will be addressed
in more detail in the next section.

III. PREDICTIVE STATOR FLUX AND LOAD ANGLE CONTROL

A. Proposed Control System

The proposed predictive control system relies on a FCS strat-
egy which ensures that the stator flux magnitude and load an-
gle of the SynRM follow the corresponding reference values.
The choice of the load angle as a control variable instead of
the electromagnetic torque has some advantages, namely to en-
sure a smooth transition between the operation of the drive
in the constant power region and MTPV region, as discussed
later on.
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Fig. 2. Proposed predictive stator flux and load angle control system
for SynRM drives.

A general diagram of the proposed control system is shown
in Fig. 2, being described in more detail in the following sub-
sections.

1) Prediction Model: By choosing ψs and δ as state vari-
ables, (1), (2) can be rewritten as

dψs
dt

= uds −Rsids (5)

dδ

dt
=
uqs −Rsiqs

ψs
− ωr . (6)

These equations, after discretization using a forward Euler
algorithm, allow to obtain the estimated values of ψs and δ, for
instant k + 1

ψ̂s (k + 1) = ψ̂s (k) + Ts [uds (k) −Rsids (k)] (7)

δ̂ (k + 1) = δ̂ (k) +
Ts

ψ̂s (k)

[
uqs (k) −Rsiqs (k) − ωr ψ̂s (k)

]
.

(8)

In the equations above, Ts is the sampling period and the
estimated quantities ψ̂s(k) and δ̂(k) are obtained with a stator
flux and load angle observer.

As with any conventional FCS-MPC strategy, the actuation
delay of one sampling period would lead to the necessity of
predicting the values of the state variables for the sampling in-
stant k + 2, considering all possible voltage vectors that can be
applied to the motor by inverter (seven different voltage vectors
in the case of a two-level inverter) [24]. Nevertheless, a sim-
plified FCS-MPC algorithm proposed for two-and three-level
power converters in [25] and [26], and more recently adapted to
SynRM drives [16], can avoid this procedure. The idea of this
algorithm is to reduce the computation time by eliminating the
need of the seven predictions and calculate instead the reference
voltage vector u∗(k + 1) that applied to the motor at instant
k + 1 would force the state variables to reach the corresponding
reference values at instant k + 2.

Adopting a similar concept here, it is considered that the
reference values of ψs and δ, calculated at the sampling instant

k by the FW algorithm, are reached by the system at instant
k + 2. This is equivalent to establish the following relations

ψs (k + 2) = ψ∗
s (k) (9)

δ (k + 2) = δ∗ (k) . (10)

Taking into account (9), (10), and the discretization of (5),
(6), for instant k + 1, and solving the obtained equations for the
voltage components at instant k + 1, yields

u∗ds (k + 1) = Rsîds (k + 1) +

(
ψs (k + 2) − ψ̂s (k + 1)

Ts

)

(11)

u∗qs (k + 1) = Rsîqs (k + 1) +
ψ̂s (k + 1)

Ts

×
(
δ (k + 2) − δ̂ (k + 1)

)
+ ωr ψ̂s (k + 1) .

(12)

The predicted current values needed for the calculation of the
reference voltages in (11) and (12) are first estimated for instant
k + 1, in a rotor reference frame, by solving

îd (k + 1) = id (k) +
Ts
Linc
d

[
ud (k) −Rsid (k) + ωr L̂q iq (k)

]

+
Linc
dq

Linc
d

(
iq (k) − îq (k + 1)

)
(13)

îq (k + 1) = iq (k) +
Ts
Linc
q

[
uq (k) −Rsiq (k) − ωr L̂did (k)

]

+
Linc
dq

Linc
q

(
id(k) − îd(k + 1)

)
(14)

and, subsequently, transformed to the stator flux reference frame
by ⎧⎪⎪⎪⎨

⎪⎪⎪⎩

îds (k + 1) = cos δ̂ (k + 1) îd (k + 1)
+ sin δ̂ (k + 1) îq (k + 1)

îqs (k + 1) = − sin δ̂ (k + 1) îd (k + 1)
+ cos δ̂ (k + 1) îq (k + 1)

. (15)

In (13) and (14), the superscript “inc” is used to denote incre-
mental inductances.

The final stage of the simplified FCS-MPC algorithm is the
choice of the actuation voltage vector at instant k + 1, which
is selected based on the minimization of a very simple cost
function g representing the square of the Euclidean distance
between the reference voltage vector, whose components are
given by (11), (12), and each one of the voltage vectors that
the inverter can apply to the motor

g = |u∗ds (k + 1) − udsn |2 +
∣∣u∗qs (k + 1) − uqsn

∣∣2 ,
n = 0, 1, ..6. (16)

The simplified FCS-MPC strategy requires less computation
time compared to more traditional FCS-MPC approaches as
instead of seven predictions for the stator flux and load angle,
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Fig. 3. Regions and limits of operation of a SynRM drive.

a reference voltage vector is calculated only once and a much
simpler cost function is evaluated at the end, without the need
to tune any weighting factor.

It should be noted, however, that similarly to other tradi-
tional FCS-MPC strategies, the proposed cost function leads to
a variable switching frequency of the inverter. This may be un-
desirable in certain applications (e.g., due to the need to reduce
the switching losses, in order to reduce the cooling requirements
of the inverter; when using output dv/dt filters in the inverter,
etc.). The switching frequency is higher when the drive runs
at very low speeds, during which it can reach the maximum
theoretical limit of 1/(2Ts). The reduction of the switching fre-
quency can be achieved by including an additional term in the
cost function [6]. Due to the limited space available, this topic
is not addressed in detail in this paper, being the cost function
used the one presented in (16).

2) FW Operation: The operation of the drive in the entire
speed range, including FW, is here considered.

As far as speed is concerned, the SynRM drive can operate in
three different regions: region I (constant torque region), where
the motor is able to develop rated torque, and operation in the
FW region, which comprises region II (constant power region)
and region III (MTPV region) (see Fig. 3).

In region I, below base speed, the stator current has to be
limited due to the thermal constraints of the motor and inverter.
When the base speed is reached, the motor voltage is the rated
one and it cannot be increased further, hence the stator flux has
to be reduced with the increase of speed and the drive enters
into region II. In this region, because the maximum current is
the rated value but the stator flux is inversely proportional to
speed, the maximum torque developed by the motor will be in-
versely proportional to speed as well, while the maximum power
is still the rated one. The load angle in this region increases with
speed until, at very high speeds, it reaches the stability limit of
δ = 45deg. From this point on, the load angle cannot be in-
creased further to ensure drive stability and this is the additional
restriction for the operation of the drive in region III (MTPV
region). It should be noted that on the contrary to PMSMs, the
maximum speed of a SynRM will be limited solely by the load
torque or by mechanical constraints. From the electrical point
of view, the maximum speed of the drive would be infinity.

Fig. 4 presents a block diagram illustrating how the differ-
ent limitations are imposed by the control system, ensuring

Fig. 4. Limits of operation and generation of the reference quantities
in the proposed predictive control system.

the stable and safe operation of the drive in the entire speed
range.

The reference value of the stator flux is the rated one (or an op-
timum flux level, as detailed later on in Section III-A4) until the
stator voltage limit umax is reached. The limit is the minimum
value between the maximum output voltage the inverter can pro-
duce from the available dc-link voltage udc(umax = udc/

√
3),

and the rated voltage of the motor (which will be case of the
SynRM used in the experimental tests, as it has a rated voltage
smaller than the maximum available voltage). In mathematical
terms, this is equivalent to set the reference flux as [27]

ψ∗
s =

√
u2

max − (Rsids)
2 −Rsiqs

|ωr | . (17)

In regions I and II, the current has to be limited at all times to
a maximum value ismax . The current component ids is respon-
sible for the magnetization of the motor, hence the current limit
must be imposed on the qs-axis current component

iqsmax =
√
i2smax − i2ds . (18)

This limit will be translated into a maximum torque the motor
can develop, given by

Tmax =
3
2
pψ∗

s iqsmax . (19)

The above limitations, in conjunction, ensure the safe opera-
tion of the drive in regions I and II.

The reference value of the load angle δ∗ is needed in the
predictive control algorithm. Moreover, it has to be limited when
the drive enters into region III.

The reference load angle is calculated by

δ∗ =
1
2
sin−1

⎡
⎣ 4T ∗

e L̂dL̂q

3p
(
L̂d − L̂q

)
ψ∗2
s

⎤
⎦ (20)

where T ∗
e is either the reference torque set by the user (drive

operating in torque control mode) or the torque generated by
the speed controller, after passing through the torque limitation
block. This load angle must then be limited to an appropriate
maximum value to ensure a smooth transition between regions II
and III and to guarantee at the same time the stability of the drive
in region III. Usually, with other control approaches, like in [20]
and [21], the load angle is limited with the aid of a PI regulator.
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Fig. 5. Stator flux and load angle observer.

Here, instead, as the load angle is directly controlled, it is very
easy to limit the reference load angle by a simple saturation
block with a specified limit δmax . If full-drive capabilities are to
be explored, this limit should be set to δmax = ±45 deg, where
the positive and negative values apply to the cases when the
machine operates as a motor or generator, respectively.

3) Stator Flux and Load Angle Observer: The control
system uses a hybrid stator flux observer, which comprises a
voltage model and a current model of the SynRM, as shown in
Fig. 5.

The current model allows to estimate reliably the stator flux at
low speeds and uses the values of the motor inductances, mea-
sured offline and stored in 2-D lookup tables, while the voltage
model dominates at medium and high speeds, allowing to esti-
mate the stator flux in those regions in a way almost independent
of the errors that may exist in the values of the motor induc-
tances. To improve the accuracy of the voltage model, the dead-
time of the inverter is compensated in the calculation of voltages
uαβ using a procedure identical to the one presented in [28].

The flux observer provides the amplitude ψ̂s and the phase
angle θ̂s of the stator flux. The load angle δ̂ is estimated as
the difference between the flux phase angle and the measured
electrical rotor position θr .

4) Stator Flux Level Optimization: The control system
proposed in this paper is aimed at obtaining a high-performance
drive, with a very good torque response. That is achieved if
the stator flux level is maintained at its rated value, indepen-
dently of the motor load level. However, in certain applications,
it may be preferable to operate the drive such that the motor
copper losses are minimized. This is achieved if, for a given
torque demand, the current amplitude is minimized. The con-
dition corresponding to the maximum torque to current ratio
is usually known as the maximum torque per ampere (MTPA)
trajectory. In current-controlled systems, the implementation of
the MTPA trajectory is more or less straightforward. With the
proposed control system, the MTPA trajectory has to be trans-
lated into an optimal stator flux reference value, thus requiring
some additional analytical work.

Let us consider an equivalent circuit of the SynRM, in a rotor
reference frame and including the iron losses, represented by
the iron losses resistance Rc . It can be shown that the power
losses in the motor are given by

Pe =
3
2

u2
s

Rs +Rc
+

3
2

RsRc

Rs +Rc

⎡
⎣
(
ψd

L̂d

)2

+

(
ψq

L̂q

)2
⎤
⎦ .

(21)

The previous equation contains a first term that roughly rep-
resents the iron losses, and a second one that is directly related
to the stator copper losses. The motor used in this study is a high
efficiency one, therefore, and for the sake of simplicity, the first
term will be neglected and it is considered that only the losses
given by the second term can be minimized. Let us now define
M as

M =

(
ψd

L̂d

)2

+

(
ψq

L̂q

)2

. (22)

In a rotor reference frame, the electromagnetic torque devel-
oped by the SynRM can be given by

Te =
3
2
p

(
1
L̂q

− 1
L̂d

)
ψdψq . (23)

By solving (23) for ψq and using the result in (22), one can
write M as a function of ψd . The value of ψd that minimizes M
is obtained by solving ∂M/∂ψd = 0, yielding

ψopt
d = L̂d 4

√√√√ 4T 2
e

9p2
(
L̂d − L̂q

)2 . (24)

The optimal value ψopt
d is calculated using (24) considering

Te = T ∗. The optimal value ψopt
q is then calculated using that

result in (23). With these two flux components, the optimal
stator flux level used in the control system (see Fig. 4) can be

calculated by ψopt
s =

√
(ψopt

d )
2

+ (ψopt
q )

2
.

B. Parameters Mismatch

In MPC algorithms, the accuracy of the motor parameters
is of paramount importance to achieve a superior performance
with regard to drive stability, high motor efficiency, low-current
ripple, and good motor tracking of the reference values set by
the controller. This is particularly important when dealing with
a SynRM where saturation and cross-magnetic saturation are
nonnegligible phenomena, affecting directly the values of the
motor inductances.

When dealing with the motor inductances, one has to dis-
tinguish two types of inductances used by the control system:
1) incremental inductances, used in (13) and (14), and 2) appar-
ent inductances used in (13), (14), and (20).

The values of the incremental inductances govern the transient
behavior of the motor and are defined as the slope of the tangent
to the flux maps, at the considered operating point.

By definition, the incremental inductances are given by

Linc
d =

∂ψd(id , iq )
∂id

, Linc
q =

∂ψq (id , iq )
∂iq

, Linc
dq =

∂ψd(id , iq )
∂iq

.

(25)
On the other hand, the apparent inductances, at the considered

operating point, are given by

Ld =
ψd(id , iq )

id
, Lq =

ψq (id , iq )
iq

. (26)

In this study, the values of the apparent inductancesLd andLq
are stored in 2-D lookup tables obtained offline. Based on these
tables, the incremental inductances used by the control system,
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at the operating point (id , iq ) = (id0 , iq0), are calculated using
the approximate relations

⎧⎪⎪⎨
⎪⎪⎩
Linc
d � ψd (id 0 +0.2,iq 0 )−ψd (id 0 ,iq 0 )

0.2

Linc
q � ψq (id 0 ,iq 0 +0.2)−ψq (id 0 ,iq 0 )

0.2

Linc
dq � ψd (id 0 ,iq 0 +0.2)−ψd (id 0 ,iq 0 )

0.2

. (27)

In the proposed control strategy, errors introduced in the val-
ues of the incremental inductances lead to errors in the values of
the predicted currents for instant k + 1 but they do not affect the
motor steady-state tracking capability of the reference values
set by the control system. Several simulation and experimental
tests have shown that the sole effect of incremental inductance
errors as high as 40% is the increase of current and torque rip-
ples, without affecting the steady-state performance of the drive
system. Hence, considering these results, no error compensa-
tion mechanism was included for the values of the incremental
inductances.

On the other hand, the apparent inductance errors have a much
higher influence on the performance of the proposed control
system. The values of Ld and Lq , stored in the 2-D lookup
tables and used by the current model of the stator flux observer,
are inevitably affected by some uncertainty, being the source of
some errors in the estimated stator flux and load angle values in
the low-speed region. In the medium- and high-speed regions,
the voltage model stands, almost eliminating the influence of
inductance values mismatch in the outputs of the stator flux and
load angle observer.

The inductance values are also used in the current prediction
equations and, more importantly, in the calculation of the ref-
erence load angle using (20). In the first case, the inductance
values mismatch does not affect significantly the operation of
the drive, as the currents are neither directly controlled nor eval-
uated in the cost function. On the contrary, the calculation of the
reference load angle is significantly affected by the inductances
errors, especially the error in Lq , leading the SynRM drive to
operate with a torque and a load angle quite different from the
ones set by the control system. To minor these effects, the pre-
diction model and the reference load angle generation block use
inductance values estimated online by

L̂d =
ψ̂d
id
, L̂q =

ψ̂q
iq

(28)

with all variables expressed in a rotor reference frame. Both
inductances can be reliably estimated as long as the currents
have a reasonable minimum value, say 1 A, to avoid divisions by
zero or estimated inductance profiles with a high-noise content.
In practice, id is always much higher than this minimum value,
allowing the estimation of L̂d at all times, while the estimation of
L̂q has to be disabled when the motor operates at very low-load
levels, using in those cases the values stored in the corresponding
lookup table.

The changeover between the estimated value L̂q and the
one obtained with the lookup table (LLUT

q ) needs to be gradual
and smooth in order to prevent any instability or bumps
in the operation of the SynRM. The transition process was

Fig. 6. Simulated results for the reference load angle and electromag-
netic torque set by the control system (red plots) versus the correspond-
ing motor quantities (blue plots) when the SynRM drive is accelerating
with a load torque of 5 N�m and with −20% detuning in Ld and Lq .
(a) Without inductance estimation (speed range: 450 to 2550 r/min). (b)
With inductance estimation (speed range: 450 to 2440 r/min).

implemented according to the following conditions

Lq =⎧⎪⎪⎨
⎪⎪⎩

LLUT
q ; |iq | < itraq

LLUT
q

(
1− |iq |−it r a

q

Δ iq

)
+ L̂q

|iq |−it r a
q

Δ iq
; itraq ≤ |iq | ≤ itraq + Δiq

L̂q ; |iq | > itraq + Δiq
(29)

where itraq = 1A, Δiq = 0.2A.
In order to illustrate the importance of estimating the val-

ues of the apparent inductances, Fig. 6 shows some simulation
results obtained with an error of −20% introduced in both in-
ductance values used by the control system. As can be seen,
without the online inductance estimation procedure, the torque
and load angle of the motor is much lower than the refer-
ence values set by the control system, which may even prevent
the drive from starting if the starting load torque is high. When
the inductance online estimation procedure is activated, the con-
trol and actual motor variables are much closer, allowing to
operate satisfactorily the drive in the entire speed range, thus
increasing significantly the robustness of the control system to
parameter uncertainties.

It must be highlighted here that under the presence of a
positive error in the apparent inductances, if no online induc-
tance estimation procedure was used, the control system would
not be able to limit the motor current to the maximum value
ismax used in (18). Hence, the online inductance estimation
procedure also plays an important role in the current limitation
process.

Besides the errors in the motor inductances, it is known that
due to motor temperature variations, the stator resistance varies
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Fig. 7. Main steps involved in the implementation of the control
algorithm.

TABLE I
SYNRM DRIVE PARAMETERS

Rated power 3 kW Rated torque 19.1 N�m
Rated voltage 355 V Rated speed 1500 r/min
Rated current 7.9 A Rated efficiency 90.4%
Rated frequency 50 Hz Rated stator flux 0.923 Wb
Rated dc-link voltage 560 V Sampl. period Ts 40 µs

Kp 0.15
Speed loop

Ti 0.66

over time. The error in value of the stator resistance used by the
control system affects mainly the voltage model of the stator flux
estimator at low speeds. Nevertheless, in the proposed control
system, a hybrid flux estimator is used, where the current model
dominates at low speeds. For this reason, in this paper, no sta-
tor resistance variation compensation mechanism is proposed.
Nevertheless, if desired, the flux observer used here can be ex-
tended by including a stator resistance adaptation law, similar
to one presented in [29] for salient PMSMs.

This section ends with the presentation in Fig. 7 of a flowchart
containing the main steps involved in the implementation of the
proposed control system.

IV. OBTAINED RESULTS

The performance of the proposed control system was verified
with a SynRM drive operating in different conditions, using a
simulation model implemented in Simulink, and an experimen-
tal setup.

The nameplate data of the SynRM used in the tests and some
control parameters are listed in Table I.

The experimental setup consists in a dSPACE 1103 platform
to control the SynRM drive system, which comprises a
high-efficiency (IE4) SynRM, coupled to an auxiliary 7.5-kW
induction motor fed by an inverter to act as a controlled
mechanical load. An incremental encoder of 1024 ppr, a
Yokogawa WT3000 precision power analyzer, and a torque
sensor complement the setup.

The values of the apparent inductances stored in the 2-D
lookup tables were obtained offline using the VI method

Fig. 8. Apparent inductances of the SynRM used in the simulation
model and in the experimental tests.

Fig. 9. Experimental results for the steady-state operation of the
SynRM at a speed of 700 r/min with rated load torque.

mentioned in [30]. According to this method, one winding
is supplied by a controllable dc source, while the other two
windings, series connected, are supplied by a variable ac
voltage source. The tests were conducted at different current
values and with the rotor in two fixed positions: along the
d-axis and along the q-axis of the stator windings. Hence,
the inductances measured take into account the saturation and
cross-magnetic saturation of the SynRM, phenomena quite
evident in the obtained results shown in Fig. 8.

A. Constant Torque Operation

In this section, the proposed control system is validated in
the constant torque region. For this purpose, three different con-
ditions are analyzed: steady-state operation, speed reversal ma-
neuver, and torque step response. In these three tests, the dc-link
voltage was set to the rated value.

Fig. 9 shows the experimental results obtained for the steady-
state operation of the SynRM drive, operating at 700 r/min with
rated load torque.

The results show that the motor currents are almost si-
nusoidal, with a very small total harmonic distortion factor
(THD = 0.95%). The stator flux is almost constant and follows
with precision the reference value. The load angle and the
electromagnetic torque exhibit low ripples, if compared with
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Fig. 10. Speed reversal maneuver with the SynRM operating at no-
load. From top to bottom: Stator flux, rotor speed, load angle, electro-
magnetic torque, and stator current waveform. (a) Simulation results. (b)
Experimental test.

other alternative control approaches like DTC, demonstrating
the very good steady-state performance of the proposed
predictive control approach.

The second test carried out is a speed reversal maneuver
from a speed of 1300 to −1300 r/min, with the SynRM initially
operating at no-load (see Fig. 10).

The obtained results reveal that there is a decoupled control
of the stator flux and electromagnetic torque developed by the
SynRM. It is visible that the load angle and electromagnetic
torque profiles are identical, which is an expected result as the
stator flux level is fixed and set to the motor rated value. In
general, we see that all simulation and experimental results
agree very well.

To further assess the dynamic response of the proposed pre-
dictive control strategy, Figs. 11 and 12 show the obtained re-
sults for a torque step response from no-load to rated torque, at
a speed of 700 r/min. In this test, the SynRM drive is operated
in torque control mode, by setting manually the value of the
reference torque, while the auxiliary induction motor drive is
operated in speed control mode in order to maintain the speed
roughly constant during the test.

As can be seen, the torque response is very fast, as the drive
only takes approximately 1.5 ms to increase the SynRM torque
from no-load to the rated value (19.1 N�m).

As a whole, these results demonstrate that the excellent
steady-state and dynamic responses of the proposed control
system when the motor operates in the constant torque region.

Fig. 11. Torque step response of the SynRM drive operating at 700
r/min. The torque step is 19.1 N�m. (a) Simulation results. (b) Experi-
mental test.

Fig. 12. Zoomed version of the torque step response shown in Fig.
11(b), showing the variation of the reference torque and actual motor
torque in the vicinity of t = 0.2 s.

B. FW Operation

In this section, the drive is tested in the FW region to prove the
ability of the control system to impose the current and voltage
limitations as well as the load angle limitation (MTPV region),
hence demonstrating the ability of the drive to operate at very
high speeds, and ensuring the stability of the drive in the entire
speed range.

In the tests here reported, the dc-link voltage was lowered to
190 V, thus forcing the drive to enter into the FW region at 510
r/min.

The results obtained for the acceleration of the SynRM from
100 to 1280 r/min with a load torque of 6 N�m are shown in
Figs. 13 and 14.

When the acceleration process is initiated, the motor devel-
ops the rated torque and draws the rated current. The drive is
operating in region I as marked in Figs. 13 and 14. The ro-
tor speed increases during the acceleration phase and so does
the required voltage to maintain the stator flux constant at its
rated value. With the increase of rotor speed, the voltage limit
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Fig. 13. Simulation results for the acceleration of the SynRM from 100
to 1280 r/min, with a load torque of 6 N�m. (a) Speed, torque, and stator
flux waveforms. (b) Amplitude of the stator current and load angle.

imposed by the inverter is finally reached and, from this point
on, the stator flux has to be decreased, forcing the drive to en-
ter into FW operation. The drive now operates in region II,
where the motor torque decreases with speed, while the current
is maintained nearly at its rated value. On the other hand, in
this region, the load angle increases until it reaches the limit
of 45 deg. This is the point where the MTPV limit is reached,
setting the beginning of region III. In this region, the current has
to be decreased to respect the load angle limitation, leading to
an accelerated reduction of the maximum torque the motor can
develop in this high-speed region.

From the simulation and experimental results shown, it is
clear that the proposed predictive control strategy ensures very
stable and smooth transitions from region I to region II and
from region II to region III, without the need of any elaborated
controller tuning process.

C. Optimal Stator Flux Level

To demonstrate the increase of the SynRM efficiency when
it operates with an optimal stator flux level, thus minimizing
the stator copper losses for a given torque demand, some ex-
perimental tests were conducted at different torque reference
values, for a speed of 700 r/min. The motor efficiency was mea-
sured with the aid of the torque sensor and the precision power
analyzer.

The obtained results are shown in Fig. 15.
As can be seen, the increase of the motor efficiency is higher

for lower torque values, where the stator copper losses represent
a higher percentage of the input power. For higher torque values,

Fig. 14. Experimental results for the acceleration of the SynRM from
100 to 1280 r/min, with a load torque of 6 N�m. (a) Speed, torque, and
stator flux waveforms. (b) Amplitude of the stator current and load angle.

Fig. 15. SynRM efficiency with and without stator flux level optimization
(SynRM running at 700 r/min).

the gain in terms of motor efficiency is smaller, being null if the
motor operates at rated torque.

A final remark to highlight that the implementation of the
proposed control algorithm requires a relatively low computa-
tional effort, as the execution time in the digital control platform
was around 30 μs, which can be considered a small value for a
predictive control strategy.

V. CONCLUSION

A new simplified FCS-MPC strategy has been presented and
successfully tested in this paper, through several simulations
and experimental tests. The proposed control algorithm has sev-
eral advantages compared to conventional schemes, such as the
use of a simple cost function without any weighting factors
to be tuned, and a smaller computational cost achieved by the
simplification in the prediction stage of the proposed control al-
gorithm. In addition, the control strategy retains the advantages
of direct flux and load angle (torque) control. The transitions
between the different regions of operation of the drive, includ-
ing FW, are straightforward, ensuring at the same time a good
torque dynamics. The MTPV limit is easily exploited due to the
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explicit prediction of the load angle, ending with a simple yet
effective and powerful control strategy for SynRMs. The drive
can operate at maximum dynamic performance, using the rated
stator flux, or emulate the MTPA trajectory by setting the refer-
ence flux to an optimal level which minimizes the motor copper
losses.
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