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Abstract—This paper proposes a new predictive torque
control algorithm for synchronous reluctance motor drives with
the ability to track online the maximum torque per ampere
trajectory. An additional term is included in the cost function of
the predictive control algorithm which uses an adaptive
weighting factor to improve the dynamic behavior of the drive
system. As the derivative of torque with respect to the current
angle depends on the values of the apparent and incremental
inductances, the apparent inductances are estimated online based
on the values of the flux linkage and current components while
the incremental inductances are estimated using a recursive least
squares (RLS) algorithm. Experimental results validate the
proposed control algorithm and demonstrate a remarkable
performance both in steady-state and during transients, as well
as a reduction of the current ripple and audible noise.

Keywords—Synchronous reluctance motor drives; model
predictive control; maximum torque per ampere trajectory;
parameter estimation.

I. INTRODUCTION

Synchronous reluctance motors (SynRMs) combine a
rugged construction, absence of expensive permanent magnets
based on rare-earth materials, high efficiency, high torque
density and maximum speed only limited by mechanical
constraints. Moreover, modern SynRMs have rotors with flux
barriers optimized to achieve a high saliency ratio and a low
torque ripple, even with the motor operating with a high level
of magnetic saturation [1-4].

Traditionally, the control of SynRM drives has been based
on well stablished strategies like field oriented control (FOC)
[5] and direct torque control (DTC) [6-8]. More recently,
model predictive control (MPC) has emerged as a powerful
control method in the field of motor drives due to its intuitive
concepts and simplicity [9, 10]. The drawback of MPC is that
an accurate motor model must be used, meaning that in motors
like SynRMs, the dependence of the motor inductances along
the dg axes with the two current components has to be taken
into consideration in the motor model. This model includes two
apparent and three incremental inductances, which depend on
both current components [11]. The accuracy of the motor
model used in predictive control algorithms has a direct
influence not only on the dynamic performance of the drive but

also on the current and torque ripples which should be kept as
low as possible. Furthermore, in many applications, it is
desirable to operate the motor such that a maximum efficiency
is obtained for a given torque demand. This is accomplished if
the control system, in a direct or indirect manner, forces the
motor to operate along the maximum torque per ampere
(MTPA) trajectory [5, 12, 13]. Again, the accuracy of the
motor parameters is of paramount importance as the value of
the current angle that allows the operation along the MTPA
trajectory would be equal to 45 deg only if the motor
parameters were not affected by its operating conditions, which
is not the case in practice. Hence, due to saturation and cross-
magnetic saturation, the optimal current angle will change,
making its precise calculation a non-trivial task.

In [6] a control scheme was proposed for direct torque
controlled SynRMs. The proposed scheme consists of a
combination of MTPA control, maximum torque per flux
control and flux weakening control. For the MTPA control, the
magnetic saturation was neglected and the current angle was
set to 45 deg, thus leading to a non-optimal motor operation. In
[14], a predictive torque control (PTC) strategy is presented for
SynRMs. This algorithm imposes a constant stator flux to the
motor, which means that no MTPA trajectory is followed. In
[15], a hierarchical direct predictive control strategy was
proposed for SynRM drives. The two flux components are
modelled as nonlinear functions depending on both d- and ¢-
axis current components to account for saturation and cross-
saturation effects. Nevertheless, no online method was
implemented to deal with possible imprecisions in the values
provided by these functions. Moreover, no MTPA trajectory is
followed, as the input selection policy of the control algorithm
gives highest priority to the regulation of the d-axis current,
thus always preserving a certain flux level in the motor,
regardless of the load level. In [16], an active flux based finite
control set model predictive control strategy was proposed for
SynRM drives, where the variables under control are the active
flux and torque. Once again, the control system does not
impose any MTPA trajectory, meaning that the motor will not
operate at its maximum efficiency for a given torque demand.

In this context, this paper proposes a new predictive torque
control algorithm for SynRM drives which has the ability to
track automatically and in real-time the MTPA trajectory. For
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this purpose, an additional term is included in the cost function
of the control algorithm which evaluates the partial derivative
of the torque with respect to the current angle. As this partial
derivative depends on both apparent and incremental
inductances of the SynRM, in addition to the online estimation
of the apparent inductances found in other publications, a new
method is also implemented, using a recursive least squares
(RLS) algorithm, for the online estimation of the three
incremental inductances.

II. SYNRM MODELLING

A. Mathematical Model

The voltage equations of a SynRM, in a rotor reference
frame, are given by [17]
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where v, and v, represent the stator voltages, iz and i, are the
stator currents, vy and y, are the stator flux linkages, R; is the
stator resistance and w. is the rotor electrical angular speed.

The electromagnetic torque developed by the motor is
given by
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where p is the number of pole pairs.

Owing to the non-linear magnetic properties of the SynRM,
apparent and incremental inductances must be defined and
distinguished.

The apparent inductances along the d- and g-axis, L; and
L,, are defined by
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Both inductances are a function of the two current
components due to saturation and cross-magnetic saturation
effects.

On the other hand, the partial derivatives of the flux linkage
components with respect to the current components allow to
define the incremental inductances matrix, comprising self and
cross-coupling terms, as given by
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~ In a conservative system (i.e. neglecting the iron losses),
Ly, = Lyq - Similar to the apparent inductances, all incremental
inductances are dependent on both current components.

B. Parameter Identification

Due to the need for accurate motor parameters to use along
with a model predictive control algorithm, a simple yet robust
process was envisaged for the self-commissioning of the drive.

The process adopted here uses the stator phase currents and
the dc-link voltage, which are usually measured for control
purposes. The rotor position was also measured with an
incremental encoder. No rotor locking mechanism is necessary
and the estimation process is compatible with a rotor shaft
attached to the load as the average torque generated during the
identification tests is zero.

The inductances estimation process relies on the use of a dg
rotor reference frame, and involves the injection of an ac
current along one axis while injecting a dc bias current along
the other axis. In this way, it is possible to capture the
saturation characteristics of one axis while taking into account
the cross-saturation effects. The tests are repeated for different
values of the dc bias current and are conducted for both axes.

At this stage, a model predictive current control (MPCC)
algorithm is used for the purpose of imposing both current
components. A rough initial guess of the motor parameters is
sufficient to achieve the present objective.

The frequency of the ac current injection was chosen to be
30 Hz as higher frequencies produce noise and vibrations at the
motor coupling whereas lower frequencies might be unreliable
due to the small back-EMF voltage. The ac current injection
magnitude was held constant at 0.8x/, (80% of the motor rated
current) and the dc bias current was increased in steps from 0
up to 0.8x/,, enforcing an overload of 13% for a short period of
time. For each value of the dc bias current, the flux-current
relationship in the axis of the ac current injection was derived.

After averaging the ascending and descending
magnetization curves using polynomial fitting, the flux maps
shown in Fig. 1 are obtained.

The apparent and incremental inductances are finally
extracted from the flux maps as a function of the dg current
components.

III. MTPA TRAJECTORY TRACKING

A. Conventional Approach

The conventional approach to construct the MTPA
trajectory involves an offline numerical commissioning process
where the current angle that maximizes the torque for a given
stator current is determined in iterative steps. For this purpose,
in this work, the flux maps of the SynRM were obtained offline
as described in the previous section. This allows to evaluate the
magnetic saturation and cross-saturation of the motor and
obtain 2D lookup tables (LUTSs) containing the apparent and
incremental inductances as a function of the two current
components. With this information, the MTPA trajectory for
the motor under test can be determined offline, as shown in
Fig. 2.

At the operating points along the MTPA trajectory, the
variation of torque w.r.t. the current angle is zero. This is the
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Fig. 1. Flux maps exhibiting saturation and cross-saturation characteristics:
a) d-axis; b) g-axis.
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Fig. 2. MTPA trajectory obtained using an offline numerical approach.

criteria to determine if the optimal current angle ¢, has been
reached.

B. Proposed Method for MTPA Trajectory Tracking

The online MTPA trajectory tracking algorithm proposed
in this paper searches for the maxima on the locus of torque
plotted as a function of the current angle (see Fig. 2), for a
given stator current magnitude:
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For a constant stator current magnitude I :|id + jiq| , the
dg current components in a rotor reference frame, and the
corresponding derivatives w.r.t. the current angle, are given by
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The derivatives of the stator flux linkages w.r.t. the current
angle in terms of the incremental inductances are given by
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From (3), the derivative of the torque w.r.t the current angle
is given by
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Taking (8)-(9) into account, and after some mathematical
manipulations, the current angle satisfying (6) can be obtained
by solving the equation
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It should be pointed out that data from only the present
operating state is sufficient to state if the MTPA condition has
been met.

The surface plot in Fig. 3 shows the values given by (10),
evaluated using the inductance values stored in the LUTs. The
desired MTPA trajectory lies on the valley of the surface
shown.

It is observed that the torque slope expression in (10) is
dependent on the apparent and incremental inductances. Hence
any error in the estimation of these parameters will influence
the correctness of the estimated optimal current angle. In order
to evaluate the sensitivity of the MTPA trajectory to the errors
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Fig. 3. Derivate of torque with respect to the current angle at constant stator
current.



in these parameters, the optimal current angle is reevaluated
under simulated parameter errors at two different load torque
conditions, 5 N.m and 19 N.m (26% and 100% of rated
torque). An error of +£30% is introduced separately in each
parameter while maintaining the values of the other parameters
accurate. Fig. 4 shows the variation of ¢, as a function of the
parameters error.
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Fig. 4. Optimal current angle sensitivity to parameter errors.

The error in the cross-incremental inductance Lq,™ has an
insignificant impact and hence it is not shown. Among the four
parameters evaluated in Fig. 4, Ly and L/™, owing to their
higher magnitude, are seen to have the greatest influence on the
optimal current angle, with a maximum deviation of 4 deg and
6 deg at a torque level of 19 N.m and 5 N.m respectively. The
g-axis inductances, L, and L,™, have less influence on the
results, with a deviation of less than 1 deg at rated torque for a
+30% parameter error.

To achieve immunity from parameter errors and guarantee
an accurate tracking of the MTPA trajectory, an algorithm for
the online estimation of all motor inductances is incorporated
into the proposed control system, as described later on.

IV. PREDICTIVE TORQUE CONTROL WITH MTPA TRAJECTORY
TRACKING

A. Predictive Torque Control

The block diagram of the proposed control system
encapsulating all functionalities is shown in Fig. 5.

The torque reference is obtained either from an external
command or from the speed controller, depending on the drive
operating mode.

In general terms, the measured motor currents and the
stator voltages, calculated with the dc-link voltage and
switching state of the inverter (including dead-time
compensation), are used in the prediction model to estimate the
different quantities at instant k+/. Those quantities are then
predicted for instant k+2, for each one of the possible
switching states of the inverter. The predictions are evaluated
and the switching state S that minimizes the cost function g is
applied at instant k+1.

Let us define S as
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Fig. 5. Proposed predictive torque control algorithm with MTPA trajectory
tracking and inductances estimation.
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The discretized form of the motor voltage equations,

considering the cross-saturation effects, after some
manipulations are given by
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where T is the sampling period.

The stator flux at instant £ is calculated using a hybrid flux
observer (HFO) which relies on the current and voltage models
of the motor. The flux components are then estimated for
instant k+1 using

Wy (k+1) =y, (k) + T, (vy (k) = Ryiy (k) + @, (k) (k) (14)
i, (e +1) =9, (k) + T, (v, (k) = Ryi, (k) — 0, (k) (k) , -~ (15)
while the torque is estimated by
- 3 ~ 2 ~ 2
Te(k+1):Ep(y/d(k+l)zq(k+1)—://q(k+1)ld(k+l)) . (16)
The currents, stator flux and torque can now be predicted
for instant k+2, for each one of the different voltage vectors

that can be applied to the motor, using the equations presented
in (12)-(16), shifted one sample ahead.



The MTPA trajectory tracking is accomplished by
evaluating the torque slope expression in (10), using the
predicted currents for instant k+2. As the inductances are
nearly constant in the near vicinity of the present motor
operating point, it is a justifiable assumption to use the
inductance values estimated for instant £ in the torque slope
predictions. The cost function used by the predictive control
algorithm is defined in (17), which besides minimizing the
torque error, tracks the MTPA trajectory due to the tendency in
each control cycle to select the inverter switching state that
leads to a minimum or null torque slope.

2
; 2 (dr
g=(T"-17(k+2)) +;{d—¢(k+2)J +C.  (17)

In (17), x is an adaptive weighing factor, as defined in (18),
intended to accommodate deviations from the optimal
trajectory, which is desirable during transients for improved
dynamic performance of the drive.
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The constraint C=C+C, comprises two terms: the
overcurrent protection C; to ensure that the safety current limits
are respected, and orientation protection C, to confine the

operation of the motor to the first and fourth quadrants of the
dq current plane.

{O < il (k+2)<i,

oo < otherwise

(19)

0 <= i/ (k+2)>0
oo & otherwise

B. Online Apparent and Incremental Inductances Estimation

The apparent inductances of the SynRM are estimated
dividing the flux components, given by the HFO, by the two
current components, according to (4).

A recursive least squares (RLS) algorithm with a forgetting
factor A is employed in the estimation of the incremental
inductances. The inputs of the RLS algorithm are the motor
supply voltages, measured currents, rotor electrical angular
speed and the estimated apparent inductances. The equations
for estimating the self- and cross-incremental inductances
along the d-axis are given by
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In the previous equations, y is the output matrix, ¢ is the

vector of measures, @ is the vector of estimated parameters
and P is the covariance matrix.

P(k) = %{P(k ~1)-

The covariance matrix P is initialized with a large value,
typically in the range of 100 to 10000. The forgetting factor
gives a exponentially decrease of the weight of previous error
samples and it determines the reactivity of the RLS algorithm
to the parameter variations. A value slightly smaller than 1 was

chosen in the present work.

Equations (20)-(22) were used for the online estimation of
the incremental inductances associated to the d-axis. A similar
approach was adopted for the g-axis.

V. EXPERIMENTAL RESULTS

A. Experimental Setup

The proposed algorithms were validated using a SynRM
drive. The parameters of the SynRM used in the tests are
shown in Table 1.

TABLEI. SYNRM PARAMETERS

Parameter Symbol Value

Rated power Pn 3 kW

Rated voltage Un 355V

Rated current I 79 A

Rated frequency o 50 Hz
Rated speed i 1500 rpm
Rated torque T 19.1 N.m

Stator resistance Rs 1.2Q

The control system was implemented in a dspace 1103
platform, using a sampling time of 60 us.

B. MTPA Trajectory Tracking Validation

The first test is to prove the ability of the MTPA algorithm
to precisely track the optimal trajectory. This is done by
validating the experimental results against the MTPA trajectory
obtained from the offline numerical approach. Since the
numerical approach uses the inductances values stored in the
LUTs, the same inductances values were also used in this
experimental validation, for a fair comparison of the results
obtained with both approaches.

Fig. 6(a) shows the reference torque curve applied during
the test. Fig. 6(b) shows the corresponding MTPA trajectory,
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Fig. 6. Experimental validation of the online MTPA trajectory tracking

algorithm: (a) reference torque; (b) numerical (offline) and online obtained
MTPA trajectories.

traced at two different speeds. An excellent correlation is
observed between the experimental curves and the offline
MTPA trajectory, thus demonstrating the effectiveness of the
proposed online MTPA trajectory tracking algorithm.

Fig. 6 also illustrates the system response to a torque step
from no-load to rated torque. The current component i, is
observed to have a transient overshoot of nearly 30% before
reaching its steady-state value. Owing to the smaller time
constant along the g-axis, i, increases rapidly until the stator
current reaches the rated value, when the overcurrent
protection is called into action. The adaptive gain x plays a
crucial role in allowing the transient deviation from the optimal
trajectory by lowering the gain for the torque slope term in the
cost function, thus utilizing the full range of current limit to
achieve superior dynamic response.

C. Online Inductances Estimation

The values of the apparent inductances estimated based on
the information provided by the HFO and the two current
components show good consistency wr.t. the motor operating
speed and are in good agreement with the values stored in the
2D LUTs. The two estimated cross-incremental inductances,
Ly and Ly, obtained with the RLS algorithm, show close
resemblance to each other and the mean value of the two is
used in the prediction model and in the MTPA trajectory
tracking algorithm. For the operation of the drive in the first
quadrant, the variations in L’ are confined between zero at
no-load and -7 mH at rated torque.

The steady-state values of the self-incremental inductances,
obtained with the RLS algorithm for different drive operating

points, are shown in Fig. 7.

It can be discerned from these results that the RLS
estimates of the self-incremental inductances at different motor
speeds are consistent. The estimated L) has a small deviation
from the corresponding LUT value in the low torque region
while they almost coincide in the medium and high torque
regions. On the other hand, a small offset between the online
estimation and the LUT value is observed for L’:C .

0.2

0 5 10 15 20
T (N.m)

Fig. 7. Variation of the online estimated self-incremental inductances with
load torque.

The current distortions are a good indicator of the accuracy
of the incremental inductance values, as a more accurate motor
model leads to smaller current distortions. Fig. 8 shows a
comparison of the total harmonic distortion (THD) of the dg
current components using the incremental inductances values
provided by the LUTs and from the online RLS algorithm.

12t THD of i, with LUT
_ — - —THD of i with RLS
S THD of i with LUT
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S8 \ - oz, W .
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Fig. 8. Impact of the incremental inductances values on the current
distortions.

The decrease in the THD of i, is evident in Fig. 8, implying
that the values of the incremental inductances obtained with the
RLS algorithm are more accurate than the values stored in the
LUTs. The THD of i, appears to be very much uninfluenced by
the method of obtaining the incremental inductances values.
The decrease in the audible noise emitted by the motor when
the incremental inductance values used by the control system
are switched from the LUTs to the RLS algorithm was easily
discernible, especially in the low torque region. This is in good
agreement with the decrease of the current distortions in the
low torque region granted by the RLS algorithm.



D. Optimal MTPA Trajectory Convergence

The optimal current angle ¢,,, estimated online for
different motor speeds and different load conditions, is shown
in Fig. 9.

0 5 10 15 20
T (N.m)

Fig. 9. Optimal current angle values for the offline and online MTPA
trajectories.

A good match is observed in the convergence of the
optimal current angle curves, which is in compliance with the
results obtained for the inductances estimated values presented
in the previous subsection. In the low torque region, the
optimal current angle deviates slightly from the value obtained
with the numerical approach, being the origin of this attributed
to the discrepancy between the estimated values of

L obtained with the LUTs and with the RLS algorithm.

VI. CONCLUSION

This paper presented a new method for the online tracking
of the MTPA trajectory in a SynRM drive subjected to a
predictive torque control strategy. The method is based on the
inclusion of an additional term in the cost function of the
predictive control algorithm, with an adaptive weighting factor
for improved dynamic performance. Moreover, in addition to
the apparent inductances estimation, a RLS algorithm was used
to estimate the motor self- and cross-incremental inductances,
thus ensuring a system with a high robustness against
variations in these parameters, which are unavoidable in
motors working with a high level of magnetic saturation. The
proposed method allows the drive to operate automatically
along the MTPA trajectory when running in steady-state and
without any prior knowledge of the motor inductances. At the
same time, a very good dynamic performance is obtained
during transients granted by the adaptive weighting factor.

As a whole, the proposed control system allows the drive to
operate with a smaller current ripple, lower audible noise and
smaller prediction errors. Finally, although this work was
developed for SynRM drives, it can be adapted for other types
of motors, namely for [IPMSM drives.
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