
IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 12, DECEMBER 2021 14237

Flux Linkage-Based Direct Model Predictive Current
Control for Synchronous Machines

Sebastian Wendel , Graduate Student Member, IEEE, Petros Karamanakos , Senior Member, IEEE,
Philipp Gebhardt, Armin Dietz, and Ralph Kennel , Senior Member, IEEE

Abstract—This article presents a flux linkage-based direct model
predictive current control approach that achieves favorable per-
formance both during steady-state and transient operation. The
former is achieved by computing the optimal time instants at which
a new switch position is applied to the converter. To this end, the
future current behavior is not computed based on the machine
inductances or inductance look-up tables; instead, flux linkage
maps are utilized to predict the trajectory of the magnetic flux
linkage, and subsequently of the current. This is advantageous
for electric drives with noticeable magnetic nonlinearity in terms
of saturation and/or cross-coupling effects. Hence, by using flux
linkage maps in the prediction process, the evolution of the stator
current can be calculated more accurately, enabling the controller
to make better switching decisions. Moreover, the discussed pre-
dictive controller exhibits excellent dynamic performance owing
to its direct control nature, i.e., the control and modulation tasks
are performed in one computational stage rendering a dedicated
modulation stage redundant. Three different drive systems based
on permanent magnet synchronous motors are examined to demon-
strate the effectiveness of the presented control approach.

Index Terms—AC drives, direct control, finite control set
MPC (FCS-MPC), flux linkage maps, implicit modulator, model
predictive control (MPC), SoC FPGA, synchronous machines.

I. INTRODUCTION

F INITE control set model predictive control (FCS-MPC),
also known as direct model predictive control (DMPC),

computes the constrained optimal switch position based on a
predefined cost function, and, subsequently, it directly applies it
to the power converter. By doing so, the control objectives, such
as output reference tracking and minimization of the switch-
ing frequency, are met, while very fast transient responses are
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achieved due to the direct control principle of DMPC. Moreover,
when long prediction horizons are implemented, the closed-loop
stability margin is improved [1]. The same applies to the sys-
tem performance, as highlighted by the reduced total harmonic
distortion (THD) of the variables of concern for a given average
switching frequency fsw [2].

Nowadays, readily available powerful control platforms, such
as system-on-a-chip field-programmable gate arrays (SoC FP-
GAs), facilitate the real-time implementation of long-horizon
DMPC with control frequencies fcf up to several hundred
kHz [3]. However, in power electronic systems with time con-
stants of just a few ms—or even μs—such as small electric
drives, the granularity of switching may still be too low for an
acceptable torque and current ripple. In particular, as reported
in [4, Section V], the control frequency should be about two
orders of magnitude higher than the average switching frequency
for a favorable performance.

As can be understood, a combination of high switching gran-
ularity, as realized, e.g., with carrier-based pulsewidth mod-
ulation (CB-PWM) or space vector modulation (SVM), and
fast dynamic response of DMPC seems beneficial. Therefore,
introducing the concept of variable switching points (VSPs), i.e.,
time instants within the control intervalTcf at which the converter
switches change state (also referred to as switching instants), to
the DMPC problem is meaningful. In doing so, DMPC can apply
more than one switch position to the converter within one Tcf.
Thus, higher switching granularity can be achieved, which, in
turn, allows for a reduction of the current and torque distortions.
Motivated by this, several works have adopted the notion of VSP
and combined it with DMPC, see, e.g., [5]–[18]. Owing to the
introduced VSPs, these approaches can implement up to four
different switch positions in one control interval Tcf. For exam-
ple, MPC-based methods, such as in [15], decide on whether
to apply one or two new switch positions within one Tcf, in [6]
and [9] two different switch positions are implemented, whereas
four different switch positions (akin to SVM) are implemented
in [12]–[14], [18].

All previous approaches, when designed for electrical drives,
see, e.g., [5]–[7], [10], [13]–[15], use prediction models that rely
on knowledge of the (absolute) motor inductances for computing
the optimal switch positions and the corresponding VSPs. This
might be accurate enough for drives based on induction mo-
tors or permanent magnet synchronous motors (PMSMs) with
surface mounted magnets (SPMSMs) operating in the linear
region of the magnetic circuit. However, when machines with a
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strong nonlinear magnetic circuit are of concern, such as interior
PMSMs (IPMSMs), the prediction model accuracy degrades.
Especially when considering highly utilized IPMSMs, which
are getting more and more popular due to the associated reduced
manufacturing cost and weight, it is evident that an accurate pre-
diction model is crucial since saturation effects appear already
in the nominal range [19]. Such a need becomes even more
prominent given that cross-coupling effects are almost always
present and cannot be neglected for most IPMSM designs [20].

In case of conventional DMPC, there are several approaches
that address the adverse impact of an inaccurate inductance on
the controller performance; see, e.g., [21]–[25]. For instance,
a cost function is proposed in [22] where an integral term
of the current-tracking error is added to equip the control
scheme with an element of integrating nature. The associated
control gains, however, are tuned heuristically, implying that
optimal performance for the whole operating regime is not
ensured. Zhang et al. [23] superimpose an observer, but due
to the convergence of the algorithm—which requires several
fundamental periods—it is not suitable for dynamic processes.
In [24] and [25], model-free—also called nonparametric—MPC
is used to tackle potential model mismatches. In principle, these
model-free approaches are based on the difference between the
last measured and previously predicted current. Moreover, they
have to be averaged over several samples to avoid a negative
influence of measurement outliers. Thus, parameters that are
initially determined inaccurately or are slowly varying, e.g.,
due to temperature drifts, can be compensated for very well.
However, in case of, e.g., an increasing current reference, a
significant degree of saturation can be reached within a few
control steps. If this event is to be covered, i.e., predicted over
the horizon, the knowledge of previous control steps does not
provide any valuable information. As a result, an accurate pre-
diction of the system state becomes challenging since saturation
can cause a highly nonlinear behavior. Hence, based on the
above, it can be claimed that for a dynamic, accurate prediction, a
different approach needs to be devised that will enable accurate
predictions both during transients and in steady state, shortly
after a transient.

To address the aforementioned issue, some works aim to
increase the modeling accuracy instead of correcting simple
models by adding averaged model deviations from the past.
For example, Štumberger et al. [20] proposed the use of dif-
ferential inductances Ldd, Ldq , Lqq , and Lqd. Using the latter
for the prediction model of DMPC, however, introduces four
three-dimensional maps, which implies higher memory require-
ments for storing them, which ensues increased computational
effort for traversing and using them. Moreover, due to their
dependency on the changes in the current, they are susceptible
to noise-contaminated current measurements, as explained later
in the article.

Motivated by the above, the novelty of this article relates to the
design of an MPC algorithm—named variable switching point
predictive current control (VSP2CC)—that employs the notion
of VSPs and bases the prediction process on flux linkage maps. In
doing so, the developed control method is intuitively accessible
since the flux linkage directly describes the machine behavior.

Fig. 1. VSP2CC with current reference tracking for a two-level VSI with a
PMSM.

Moreover, it comes with modest computational requirements as
only two maps are required, in contrast to the four maps required
for an inductance-based prediction model. Thanks to the above,
the proposed VSP2CC algorithm can accurately predict the
future stator current behavior even for magnetically nonlinear
IPMSM drives over the entire operating range. This enables
the calculation of more effective VSPs, which means that the
proposed VSP2CC method can achieve favorable steady-state
system performance—quantified by the stator current THD—as
well as very fast dynamic responses, limited only by the available
dc-link voltage. Moreover, by employing a simple but inherent
online flux linkage map identification, the proposed MPC algo-
rithm becomes more robust to system parameter variations since
it adjusts the flux linkage maps during operation. Thus, it does
not require detailed prior knowledge of the machine inductances.

The rest of this article is structured as follows. Section II
introduces the drive system and the proposed prediction model.
Section III presents an identification method which adapts the
flux linkage of the PMSM in a time-uncritical task during oper-
ation. The proposed flux linkage-based direct MPC algorithm is
presented in Section IV, while its resource-efficient implemen-
tation on an FPGA is provided in Section V. The performance
of the introduced control method is assessed in Section VI for
three different drive systems. Finally, Section VII concludes the
article.

II. CONTROL MODEL

The proposed flux linkage-based VSP2CC approach is devel-
oped for drives that consist of a three-phase two-level voltage
source inverter (VSI) and either an SPMSM or an IPMSM; see
Fig. 1.

The modeling of the drive system is performed in thedq-plane,
i.e., a two-dimensional reference plane which rotates with the
electrical angular speedωel. With the knowledge of the rotor flux
angle ϕ, the matrix

K(ϕ) =
2

3

[
cos(ϕ) cos

(
ϕ− 2π

3

)
cos
(
ϕ+ 2π

3

)
− sin(ϕ) − sin

(
ϕ− 2π

3

) − sin
(
ϕ+ 2π

3

)
]

is used to transform any three-phase variable ξabc = [ξa ξb ξc]
T

into a two-dimensional variable ξdq = [ξd ξq]
T through the op-

eration

ξdq =K(ϕ)ξabc. (1)
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Note that, as indicated in Fig. 1, the mechanical rotor position
ϕm is measured, and used to compute the mechanical angular
speed ωm. The latter relates to the electrical angular speed with
ωel = pωm, where p is the number of pole pairs.

A. Nonlinear Model of the Drive System

The drive system is controlled by directly manipulating the
switches of the VSI. Given that the single-phase switch position
assumes values ux ∈ {−1, 1}, with x ∈ {a, b, c}, the output of
the inverter in the dq-plane is

vdq,inv =
Vdc

2
K(ϕ)uabc (2)

where uabc ∈ {−1, 1}3 is the three-phase switch position and
Vdc the dc-link voltage. Note that the 23 = 8 possible switch
positions result in seven unique voltage space vectors (SVs).
Specifically, two of the switch positions, i.e., uabc = [111]T

and uabc = [−1−1−1]T , short-circuit the load, and thus they
correspond to two SVs, named zero SVs, that are redundant. The
remaining combinations lead to unique SVs called active SVs.
As can be seen in Fig. 1, the VSI output voltage vabc,inv is equal
to the stator voltage vabc, i.e., vabc,inv = vabc =

Vdc
2 uabc in the

abc-plane. Hence, according to (2), it holds that vdq,inv = vdq ,
with vdq = [vd vq]

T being the stator voltage in the dq-plane
given by

vdq(t) = Rph(ϑ)idq(t) +
dψdq(t)

dt
+ ωel(t)Qψdq(t) (3)

where idq = [id iq]
T is the stator current, and ψdq = [ψd ψq]

T

is the flux linkage whose d-component is ψd(t) = ψ∗d(t) +
ψPM(ϕ, ϑm), where ψPM is the permanent magnet flux constant.
Note that the flux linkages on the d- and q-axis depend on the
respective currents and the electrical rotor position ϕ, while
the permanent magnet flux linkage ψPM varies with ϕ and the
magnet temperature ϑm. Finally,Rph is the stator resistance, and

Q =

[
0 −1
1 0

]
. It is worth mentioning that even if saturation

and cross-coupling effects increase through the use of highly
utilized synchronous machines, (3) includes these effects. For
example, as shown in [20], [26, p. 20], the flux linkage change
can be described by

Δψd =
dψd(t)

dt
=
∂ψ∗d
∂id︸︷︷︸
Ldd

did(t)
dt

+
∂ψ∗d
∂iq︸︷︷︸
Ldq

diq(t)
dt

+
∂ψd
∂ϕ︸︷︷︸
Λd≈0

dϕ(t)
dt︸ ︷︷ ︸
ωel(t)

(4a)

Δψq =
dψq(t)

dt
=
∂ψq
∂iq︸︷︷︸
Lqq

diq(t)
dt

+
∂ψq
∂id︸︷︷︸
Lqd

did(t)
dt

+
∂ψq
∂ϕ︸︷︷︸
Λq≈0

dϕ(t)
dt︸ ︷︷ ︸
ωel(t)

.

(4b)

Respecting cross-coupling effects by using the flux linkage is
in theory more accurate [27] since it avoids the calculation of
derivatives required to derive the differential inductances Ldd,

Ldq , Lqq , and Lqd. As can be deduced from (4), these induc-
tances depend on the current changes, and hence their computa-
tion is susceptible to noise-contaminated current measurements.
To avoid such adverse complications, an online identification of
the flux linkage is adopted in this work; see Section III.

B. Inductance-Based Prediction Model

When MPC for PMSM-based drives is employed to con-
trol the stator current, the common practice is to compute the
evolution of the latter based on the (time-varying) absolute
inductances Ld and Lq [3]. Specifically, by applying forward
Euler discretization to (3), and with the help of (4), the predicted
current idq(k + 1) is given by

idq(k + 1) = TcfL
−1
(
vdq(k)−Rphidq(k)

− ωel(k)

(
QLidq(k) +

[
0

ψPM

]))
+ idq(k)

(5)

where Tcf
1 is the control interval andL = diag(Ld, Lq). Hence,

when constant inductances are assumed, (5) leads to less ac-
curate predictions and, consequently, to potential performance
deterioration.

C. Flux Linkage-Based Prediction Model

Using a flux linkage-based prediction model, the above men-
tioned issue can be addressed on the basis of (3). By employing
again forward Euler discretization, the voltage equation (3)
gives2

vdq(k)=Rphidq(k) +
Δψdq(k + 1)

Tcf
+
ωel(k)

2
QΣψdq(k + 1)

(6)

where Δψdq(k + 1) = ψdq(k + 1)−ψdq(k) and Σψdq(k +
1) = ψdq(k) +ψdq(k + 1). Assuming a constant electrical
speed ωel and stator resistance Rph during one control inter-
val Tcf, and after some algebraic manipulations shown in the
Appendix, the flux linkage at time step k + 1 is given by

ψdq(k + 1) ≈ Tcf
vdq(k)−Rphidq(k)−ωel(k)Qψdq(k)

1 +
1

4
T 2

cf ω
2
el(k)

+ψdq(k). (7)

As can be seen, the above expression shows that the future
behavior of the drive has been decoupled from the machine
inductances, adding a high degree of robustness to variations in
them. Finally, it should be mentioned that (7) is also used for the

1The interlock time (here 200 ns) is compensated for according to [28].
2To compensate for discretization errors introduced by the forward Euler

method at high speeds, i.e., when ωel(ψdq(k + 1)−ψdq(k)) ≈ 0 does not
hold, using the average flux linkage over k and k + 1 in (6)—instead of the flux
at step k, i.e., ψdq(k)—can improve the prediction accuracy; see [19]. For the
speeds considered in the following, however, using the average flux does not
offer any significant benefits compared to using ψdq(k).
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compensation of the delay time, i.e., the time interval between
the measurements occur and the execution of the control action,
caused by the real-time system.

III. FLUX LINKAGE MAP IDENTIFICATION

The flux linkage can be described in two ways. First, an-
alytically, by identifying a (high-order) polynomial function.
With such an approach, self-saturation can be easily described,
while bivariate polynomials can be used for the modeling of
cross-saturation effects [29]. However, it is not trivial which
polynomial order describes the nonlinearity satisfactory enough;
a heuristic choice is to use a third to fifth-order polynomial [29],
which may be computationally intractable in real time. Because
of this as well as for implementation reasons (see Section V-B),
a second method is preferred, which uses flux linkage maps.
The identified three-dimensional flux linkage maps represent the
value of the flux linkage components ψd and ψq as a function of
the motor current components id and iq . In this way, the maps
provide information about linearity deviations including self-
and cross-saturation.

There is a variety of approaches for online identification of
the flux linkage maps; see, e.g., [26, p. 52], and [30]. However,
the method proposed in this article uses an online flux linkage
map identification, which enables the adaptation of the maps in
a time-uncritical task during operation. The advantage of this
method is its ease of implementation; it allows a simple and fast
start-up by first using the linear parameters, i.e., the absolute
inductances, while nonlinear effects are taken into account later
in the process. It must be mentioned, however, that iron losses
are not taken into account. Moreover, to avoid adding a fourth
dimension in the generated maps—and thus keep the mem-
ory and computational requirements low—position-dependent
changes (i.e., spatial harmonics) are neglected. As a result, the
last term in (4) can be neglected, implying that a small prediction
error is introduced. Such an error, however, can be regarded
acceptable, especially when considering that winding effects,
magnet arrangement, and manufacturing imperfections, which
can lead to an unequal air gap—and thus an unequal air-gap
field—are negligible within a small tolerance band [31].

A. Data Acquisition

The identification algorithm is initially based on the linear
machine parameters Rph, Ld, Lq , and ψPM, which describe the
machine behavior sufficiently well for operation at low currents.
With these parameters—which can be predetermined either by
using an offline identification process or merely the datasheet
values—the initial flux linkage ψdq,init is found by

ψdq,init = Lidq +

[
ψPM

0

]
. (8)

Subsequently, during operation, the flux linkage maps are
adapted step by step to cover the nonlinear behavior of the
magnetic circuit at higher currents. Due to the temperature
dependency, Rph must be identified online in regular intervals.
Since the temperature-dependence coefficient of Rph and ψPM

can be determined offline in advance, it is possible to compensate
for the temperature drift of both parameters during operation.
In doing so, the algorithm is able to calculate the present flux
linkage after rearrangement of (3), i.e.,

ψdq = Q
−1
vdq −Rphidq −

dψdq
dt

ωel
(9)

by utilizing the voltage, current, and rotor position measure-
ments and/or estimates. Neglecting the rotor angular dependency
of the flux linkage by averaging the measurements over several
complete rotor rotations [26, p. 25] and by assuming steady-state
operation,3

dψdq

dt ≈ 0 results. On this basis, (9) can be simplified
to

ψdq = Q
−1 vdq −Rphidq

ωel
. (10)

Using (10), the flux linkage combinations can be calculated
and are subsequently stored in the RAM (see Section V-A)
together with the actual current idq , and the actual winding tem-
perature ϑ. The actual winding temperature is calculated based
on the online identified Rph, a reference value Rref—which is
measured at reference temperatureϑref—and an offline identified
relative temperature-dependence coefficient αR,4 by using

ϑ =
1

αR

Rph −Rref

Rref
+ ϑref. (11)

If the offline identified temperature-dependence coefficient
of the permanent flux linkage αψ is obtained at the same
temperature at which αR is determined, it can be assumed that
ϑm ≈ ϑ holds in thermal steady state.5 This assumption allows
to use the online tracked winding temperature for the permanent
magnets. Therefore, during operation, an offset ΔψPM—caused
by a temperature drift Δϑ of ψPM—is calculated based on the
actual winding temperature. As with the resistance, the calcu-
lation of ΔψPM uses an offline-identified relative gradient of
the regression line, i.e., αψ , and a reference flux linkage ψPM,ref

which leads to

ΔψPM = αψψPM,refΔϑ. (12)

Sinceψd depends onψPM, the flux linkage map on thed-axis is
adapted for temperature drifts. Therefore, the flux linkage map,
stored in the RAM, is adjusted according to the offset ΔψPM,
i.e., whenever the temperature is updated, the ψd map is shifted
along the ψd-axis. Finally, it should be mentioned that the offset
is independent of the current combinations. This ensures that the
flux linkage map is always up-to-date with regard to the actual
temperature.

3Detection of steady-state operation in real time is performed by specifying
an acceptable degree of deviation (e.g., ±1%) of the variables of concern from
their nominal value.

4Either the temperature-dependence coefficient of the winding material, e.g.,
copper (αR = 0.00393 1/K) can be used, or, as it is done in this work, αR is
determined offline by measuring the resistance at two defined temperatures.

5The assumption applies to almost all small drives due to their low thermal
resistance. If this is not valid, an estimation of the rotor temperature is necessary;
see, e.g., [32]–[34].
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Fig. 2. Schematic interpolation and extrapolation ranges for identification of
arbitrary maps based on scattered data sets, including the triangle mesh (shown
as red area) on which the gradient calculation is based. Points A, B, C, and D
are considered known.

B. Interpolation and Extrapolation

For the generation of the flux linkage maps, data points are
required that describe the (nonlinear) relationship between the
stator current and flux linkage. The number of these points
should be big enough to sufficiently describe the aforementioned
relationship, but also relatively small to avoid increased memory
requirements. Hence, due to RAM limitations, the identification
algorithm must avoid storing congruent or similar measure-
ments. Therefore, data pairs whose projected distance ε does
not exceed a minimum distance threshold εmin are merged. The
projected distance ε between two arbitrary points in an arbitrary
three-dimensional system, with the arbitrary axes x, y, and z,
can be described by

εi =
√

(xi+1 − xi)2 + (yi+1 − yi)2 (13)

where x and y can represent id and iq , respectively, while the
z-axis can represent any of the flux linkage components (ψd or
ψq).

Following, based on the initial flux linkage calculated with (8),
the flux linkage maps are adapted iteratively using the stored data
sets. If a minimum number of measured values is stored in the
RAM, the identification algorithm starts interpolating between
the individual measurements and extrapolating in the outer area
toward the map border; see Fig. 2. In doing so, the flux linkage
maps cover a wide range of current values, rendering the method
useful over a broad span of operating points.

There is a variety of interpolation and extrapolation methods,
e.g., spline [31], bicubic spline [35], Kriging [36], [37], radial ba-
sis function [27], and several triangle-based methods [38]. How-
ever, most of them are quite complex and resource-intensive for
real-time implementations. For this purpose, the proposed iden-
tification approach uses an inverse distance weighting (IDW)
algorithm suitable for interpolation and extrapolation. A detailed
description can be found, e.g., in [39]. Using the conventional
IDW, the to-be-found z-values are calculated at the pairs of the
searched (x, y)-positions using

z(x, y) =

∑(
1
εi

)r
z(xi, yi)∑(
1
εi

)r . (14)

Fig. 3. Schematic solution of the map identification problem using an IDW
approach. The red circles are sampled points on which the IDW is based. (a)
Conventional IDW approach. (b) Adapted IDW approach.

According to (14), the influence of the measured values in the
vicinity of the to-be-found points is inversely proportional to
their distance, which is weighted by the factor r.6 By applying
conventional IDW, the solution to the described problem of
an unknown surface with four initial scattered values results
in a map shown in Fig. 3(a). As can be seen, the calculated
surface exhibits strong curvatures and is not monotonically
nondecreasing. This behavior is implausible within the scope of
flux linkage maps. For this reason, the IDW method is adapted
by exploiting the knowledge of the flux linkage behavior. This
is done by weighting and averaging the gradient of the surface
instead of the z-values themselves. This is reasonable from a
physical point of view, since the gradient of the flux linkage
maps corresponds to the partial inductances. The latter change
only in a monotonic manner, even if the electrical machine is
characterized by strong saturation and cross-coupling effects.

Given the above, two steps are required to determine the local
surface equations between the scattered measurements. First, a
local gradient is calculated at the position of each sample. This
procedure corresponds to the formation of a triangular plane
defined by a sample and its neighboring points. Considering the
possibility of triangular meshing several triangular points may
result for a given number of samples. For example, as shown
with the red area in Fig. 2, for four sampled points, i.e., A, B,

C, and D, four triangles (see
�

ABC and
�

BCD on the left-hand

side as well as
�

ACD and
�

ABD on the right-hand side of Fig. 2)
and thus four local normal vectors result. Note that the latter
indicate the surface gradient. As a result, a normal vector n and
a known supporting point suffice to establish a plane equation.
To this aim, the normal vectors are determined based on the
known points of each triangle. For example, the normal vector

of the triangle
�

ABC at point A is given by

n = b× c (15)

where b = 
AB and c = 
AC.

6Commonly, the distance between the known and to-be-found points is
quadratically penalized (i.e., r = 2) to reduce the influence of points located
further away.
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Second, a plausibility check is performed. Due to the fact
that the differential inductance cannot be negative, negative
components of the gradient are prevented along the main axis
(id-axis for ψd-map, and iq-axis for ψq-map). In doing so,
map errors resulting from corrupted measurements are avoided.
Finally, after determining the normal vectors for each grid point,
the z values are calculated for all grid coordinates with

n(x, y) =

∑(
1
εi

)r
n(xi, yi)∑(
1
εi

)r . (16)

As can be seen in the above expression, all normal vectors
are taken into account according to their distance, i.e., inversely
proportional to the distance from the searched grid point. Hence,
thanks to the proposed modifications, the adapted IDW approach
results in a monotonic flux linkage map, as depicted in Fig. 3(b).

C. Impact of Parameter Uncertainties

To determine the influence of the individual parameters on
the identification of ψd and ψq , the tolerance of the results
is determined by estimating the error propagation. For this
purpose, the maximum possible error Δζ given by

Δζ =

κ∑
l=1

∣∣∣∣ ∂ζ∂wlΔwl
∣∣∣∣ (17)

can be calculated based on the partial derivatives of the vari-
able of concern, i.e., ζ, after w with respect to the number of
parameters κ in the system.7 More concretely, for calculating
the maximum measurement error, i.e., Δψd,ζ and Δψq,ζ , (10)
is partially differentiated with respect to each of the varying
parameters, i.e., Rph, idq , vdq, and ωel, which leads to

∂ψd
∂Rph

= − iq
ωel

,
∂ψq
∂Rph

=
id
ωel

(18a)

∂ψd
∂iq

= −Rph

ωel
,
∂ψq
∂id

=
Rph

ωel
(18b)

∂ψd
∂vq

=
1

ωel
,
∂ψq
∂vd

= − 1

ωel
(18c)

∂ψd
∂ωel

= −vq −Rphiq
ω2

el
,
∂ψq
∂ωel

=
vd −Rphid

ω2
el

. (18d)

Hence, with (18), the maximum possible error for each flux
linkage component is calculated with

Δψdq,ζ =

∣∣∣∣Qidqωel
ΔRph

∣∣∣∣+
∣∣∣∣Rph

ωel
QΔidq

∣∣∣∣
+

∣∣∣∣− 1

ωel
QΔvdq

∣∣∣∣+
∣∣∣∣−ψdqωel

Δωel

∣∣∣∣ . (19)

The course of the maximum measurement error determined
from error propagation is shown in Fig. 4 for motor M4, the
parameters of which are provided in Table III. Analyzing (19)
and by visual inspection of Fig. 4, the following assessment can

7Note that (17) represents the worst-case scenario in which the individual
measurement deviations Δw do not compensate for each other.

Fig. 4. Typical course of the maximum measurement error determined from
error propagation on the example of motor M4. For a better understanding of
the possible error, Fig. 5 shows the identified flux linkage.

be made for the measurement uncertainty of the flux linkage
identification.

1) It gets bigger with increasing current due to the uncertainty
in the estimated resistance.

2) It increases with decreasing speed due to the decreasing
induced voltage, which in turn is measured in a very poor
measuring range.

3) It is adversely affected by unmodeled effects, i.e., higher
order harmonics and iron losses. Specifically, it increases
at higher speeds due to the increasing influence of iron
losses. For this reason, a speed range of ωm ∈ [5, 20]% of
the nominal speed is recommended for the test machines
under consideration. Note that in order to be able to use
the proposed online identification method also at higher
speeds, an additional term must be included in (10) to ac-
count for the iron losses—if pronounced—during steady
state, e.g., by using a voltage error term [26, p. 25], or a
parallel resistance [40]–[42].

4) It increases as the measurement/estimate of the rotor
angle becomes less accurate. An insufficient phase shift
correction—which is necessary for the compensation of
the voltage-measurement filter—as well as an increasing
misalignment of the rotor position due to frictional effects,
introduces inaccuracies in the transformation from the
three-phase to the dq-plane; see (1).

Notwithstanding the above, when considering the afore-
discussed influencing factors, any nonlinearities in the flux link-
age can be relatively easily identified online and used to optimize
the prediction accuracy. Fig. 5 shows the identified flux linkage
maps for test motors M3 and M4 (see Table III). As can be seen,
the initially assumed linear machine model can be optimized in
real time during operation. Finally, implementation details and
further relevant information are provided in Section V.

IV. FLUX LINKAGE-BASED DIRECT MODEL PREDICTIVE

CURRENT CONTROL WITH VARIABLE SWITCHING POINT

The main control objective of the presented VSP2CC method
is to reduce the current ripple during steady-state operation.
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Fig. 5. Identified flux linkage maps with 20×20 grid points. (a) ψd(id, iq)
for motor M3. (b) ψq(id, iq) for motor M3. (c) ψd(id, iq) for motor M4. (d)
ψq(id, iq) for motor M4.

Moreover, the controller has to exhibit very fast dynamic behav-
ior to quickly tackle changes in the current references [15]. To
this end, the optimization problem decides in real time whether
one switch position is applied for the whole control interval (sim-
ilar to the conventional FCS-MPC), or a VSP with a combination
of two switch positions is implemented instead. Furthermore, as
shown in the sequel, by utilizing the proposed flux linkage maps
in the prediction process, the proposed controller is suitable for
nonlinear machines and significantly improves their overall per-
formance. Algorithm 1 shows the pseudocode of the discussed
MPC method.

A. Preselection Based on the Deadbeat Control Action

To keep the computational complexity of the proposed direct
MPC method modest [4] so as to render its real-time imple-
mentation with the desired (high) control frequencies possible,
a preselection method—introduced as “heuristic preselection”
in [7]—is employed.8 This method utilizes the deadbeat control
action so as to reduce the search space. As a result, instead of

8Note that even though such an approach may lead to suboptimal results [4],
the results acquired with the proposed method (see Section VI) do not impact
optimality.

TABLE I
CANDIDATE VOLTAGE SVS DEPENDING ON γ(k) = ∠vdq,db(k)

evaluating eight candidate switch positions (i.e., seven SVs) at
each prediction step, only four candidate switch positions (i.e.,
three unique SVs) are taken into consideration. The deadbeat
solution is given by

vdq,db(k) = L
i∗dq(k)− idq(k)

Tcf
+Rphidq(k)

+ ωel(k)

(
QLidq(k) +

[
0

ψPM

])
. (20)

With (20), the angle of the desired voltage vector vdq,db(k)
that drives the current to its reference within one control interval
Tcf can be found with

γ(k) = arctan2(vdq,db(k)) + ϕ, {γ ∈ R | 0 ≤ γ < 2π}.
(21)

Depending on the angle γ of the deadbeat solution (20), the
triangular sector (one out of the six) wherein vdq,db(k) lies is
found. Thus, only two active and two zero SVs that form the
sector are candidate solutions, as presented in Table I.

B. VSP2CC With Inductance-Based Prediction Model

The VSP2CC algorithm presented in [15] evaluates the evolu-
tion of the stator currents based on (5) for different combinations
of the three unique candidate SVs over a horizon ofNp steps. For
the first prediction step, the three candidate SVs are evaluated
by taking into account two possibilities, namely, either one SV
is applied to the inverter for the whole Tcf (i.e., similar to the
conventional FCS-MPC), or two SVs are implemented within
one Tcf by introducing one VSP tz, with 0 < tz < Tcf. For the
prediction steps further in the horizon, i.e.,Np > 1, however, the
concept of standard FCS-MPC is employed, meaning that only
three candidate solutions are considered from the second step of
the horizon onwards. In doing so, the computational complexity
is kept at bay, since the total number of candidate solutions to be
enumerated is 3Np+1. This number is significantly smaller than
32Np which is the number of candidate solutions in case one
VSP is introduced at each prediction step. Hence, the adopted
concept facilitates the real-time implementation of the proposed
VSP2CC method, as shown in Section V.

The computation of the VSP tz in the first prediction step is
based on the calculation of the current gradients for id and iq .
To this aim, the following assumptions are made.
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Fig. 6. Flux linkage- and inductance-based VSPs tz resulting by the intersec-
tion of two possible trajectories of the q-component of the stator current idq .
The measured current is obtained when L-VSP2CC is used while saturation
occurs. For simplicity, only the q-component of the current is shown.

1) Due to the very small Tcf (i.e., 10 μs), the saturation
does not affect the slopes during one control interval Tcf.
Therefore, the slopes are assumed to be piecewise linear.

2) The rotor angleϕ is kept constant during one interval Tcf.9

Note that the possible values of the stator voltage (2) are
updated at each prediction step.

3) Nonlinear time-varying parameters, such asRph,ψPM, and
ωm, do not affect the current slopes due to the significantly
larger associated time constants as compared with Tcf.

Taking into account the above assumptions, the piecewise
constant current slopes over one Tcf are given by [6], [43], [44]

mdq(k) =
idq(k + 1)− idq(k)

Tcf
=

Δidq(k)

Tcf
. (22)

Moreover, the aforementioned assumptions imply that the
current slopes at time stepsk andk + 1 are the same. By denoting
these slopes with the subscripts n1 and n2, respectively, the rms
current error on the d- and q-axis over one control interval Tcf

is [7]

erms2,n1,n2(tz) =
1

Tcf

(∫ tz,n1,n2

0

‖idq,0 +mdq,n1
t− i∗dq‖2

2 dt

+

∫ Tcf

tz,n1,n2

‖idq,tz +mdq,n2
t− i∗dq‖2

2 dt

)
(23)

where i∗dq is the reference value of the stator current. An illus-
trative example of the resulting error area is shown in Fig. 6.
Expression (23) is calculated for each voltage SV combination
for the first step of the prediction horizon, i.e., nine combinations
in total. The variable switching point tz,n1,n2

, which minimizes
the current ripple for each SV combination, can be obtained by
setting the derivative of (23) equal to zero, i.e., derms2/dtz = 0.
This yields

tz,n1,n2
= Tcf

an1,n2
+ bn1,n2

cn1,n2
+ dn1,n2

(24)

9For machines with many pole pairs, the variation of the rotor position within
oneTcf may affect the VSP calculation at high speeds. For example, whennm =
4000 rpm, p = 4, and Tcf = 10μs, the rotor position change is ϕ ≈ 0.017 rad
in one Tcf, leading to a possible voltage variation up to 1.8%.

where
an1,n2

= (Δid,n2
−Δid,n1

)(2id − 2i∗d +Δid,n2
)

bn1,n2
= (Δiq,n2

−Δiq,n1
)(2iq − 2i∗q +Δiq,n2

)
cn1,n2

= (Δid,n1
−Δid,n2

)(2Δid,n1
−Δid,n2

)
dn1,n2

= (Δiq,n1
−Δiq,n2

)(2Δiq,n1
−Δiq,n2

).
Observing (24), it is evident that when the same voltage

SV is evaluated for both time steps k and k + 1, the current
slope remains constant over the whole Tcf. This implies that
the associated switching time is tz,n1,n2

= 0, i.e., only one
switch position uabc is applied within one Tcf. As a result,
either one switch transition occurs within Tcf, or switching is
avoided altogether in case the previously applied switch position
is the same. Furthermore, it should be mentioned that voltage
SV combinations that lead to current trajectories that do not
intersect at all within Tcf, or lead to tz,n1,n2

> Tcf, are excluded
as infeasible.

C. VSP2CC With Flux Linkage Map-Based Prediction Model

In contrast to [15], the flux linkage is used for the current
prediction in this work. To this end, the following expressions
are utilized:

fψ : R2 → R2, (id, iq)→ (ψd, ψq) (25a)

f−1ψ : R2 → R2, (ψd, ψq)→ (id, iq). (25b)

First, (25a) is used to map the current idq(k + �− 1), with � =
1, . . . , Np, into the corresponding flux linkage. This procedure
is done only once after the current measurement. Second, the
predicted flux linkage is computed with (7). Subsequently, (25b)
is used to get idq(k + �). The procedure of the reverse mapping
is performed after each individual prediction step, since the
optimization problem underlying VSP2CC (see Section IV-D)
optimizes the current behavior. Thanks to the utilization of the
flux linkage maps and the decoupling of the prediction process
from the system inductances, an optimized gradient calculation
can be acknowledged, especially when considering nonlinear
PMSMs. This is exemplified in Fig. 6, where the current trajec-
tory computed with the inductance-based prediction model (5)
results in a suboptimal tz, causing an unnecessary high current
ripple, as compared with that computed with the proposed
method.

As explained in Section III, the nonlinear functions fψ and
f−1ψ are stored in flux linkage maps and identified online during
operation. At this point, an important distinction must be made
when using the online parameter identification method, as each
map exists in two copies, i.e., in the RAM of the processor
and the FPGA. Regarding the former, the flux linkage maps in
the RAM are accessed by the processor and are modified in a
time-uncritical task with the identification procedure described
in Section III. However, since the prediction procedure and the
subsequent optimization process are fully implemented on the
FPGA, the maps are also stored there so that can be directly used
without introducing any communication delays. This, however,
may tax the computational and memory resources required for
the proposed algorithm. To address this, methods that alleviate
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Fig. 7. Motor M3: Comparison of interpolation methods for prediction using
i∗d = −1A, i∗q = 14A at steady state with a speed of nm = 100 rpm.

the computational load are implemented, as explained in the
sequel.

1) Interpolation: The online identification of the flux linkage
maps is performed on a processor in a time-uncritical manner
by—theoretically—using any kind of interpolation and extrap-
olation methods, e.g., IDW or cubic spline. For the FPGA
implementation, however, interpolation and extrapolation are
relatively complex.10 For this reason, the use of linear interpo-
lation is recommended due to its resource efficiency and dra-
matically reduced calculation time inside the FPGA, as shown
in Section V-B. Moreover, as can be seen in Fig. 7, such an
interpolation method is accurate enough despite its simplicity.
When considering the test motor M3 (see Table III), a 16× 16
map and a current range of [−20, 20]A, the maximum deviation
is 3mA, which is negligible for the considered measurement
range. Hence, no performance deterioration is observed com-
paring with the cubic spline method.

2) Extrapolation: Considering resource efficiency and con-
trol frequencies of fcf = 100 kHz (with fcf = 1/Tcf), extrap-
olation on the FPGA is complex and thus it is better to be
avoided. Since, for reasons explained above, only interpolation
is performed on the FPGA, the resulting flux linkage maps must
cover the entire measurement range to allow for prediction of
the current trajectories over the whole operating current range.
For this reason, the maps are generated in the processor using
both interpolation and extrapolation so as to cover the whole
measurement range of the current sensors as described in Sec-
tion III. Following, these maps are transferred from the processor
to the FPGA during operation so that they will be available for
all the steps of the prediction process. Hence, not performing
extrapolation on the FPGA during the prediction has no adverse
effects since the required information is readily available.

10Note that an option to avoid interpolation altogether is to use flux linkage
maps with a very big number of sampling points. In this way, (valuable) digital
signal processing (DSP) slices needed for interpolation on the FPGA remain
available for other functionalities; see Section V-B. However, as mentioned
before, storing these points in the RAM is not practical due to the very long
latency associated with the memory access. Storing them in the FPGA registers
is also a poor choice from an implementation point of view since a significant
amount of resources would be required for an acceptable degree of granularity.
For example, considering the chip in Section V, all available look-up tables
(LUTs) of the FPGA would be used for one 256× 256 map. Maps with lower
granularity, e.g., a 100× 100 map, would result in a granularity of 400 mA
for a current range of [−20, 20]A, which is not accurate enough. It is therefore
preferred to use linear interpolation instead.

D. Optimization Problem

The cost function is designed such that to minimize the current
ripple while controlling the switching frequency. Moreover, it
should take into account the possibility of applying one or two
voltage SVs (i.e., switch positions) in the first prediction horizon
step. On this basis, the formulated cost function to be minimized
in real time is11

J(k) =

k+Np−1∑
�=k

(
‖y∗(�+ 1)− y(�+ 1)‖2

2 + f̂(idq(�+ 1))

+ λu‖Δ[ūTabc(�− 1)ūTabc(�)]
T ‖1

)
(26)

where

f̂(idq(�+ 1)) =

{
4 if ‖idq(�+ 1)‖2 > imax

0 if ‖idq(�+ 1)‖2 ≤ imax

(27)

with y∗ = [i∗Tdq i
∗T
dq ]

T ∈ R4 being the reference vector and y =

[iTdq,tzi
T
dq,Tcf

]T ∈ R4 the output vector. The sequence of manip-
ulated switch positions over a finite horizon of Np ∈ N+ time
steps is defined as

U(k) = [ūTabc(k)ū
T
abc(k + 1) . . . ūTabc(k +Np − 1)]T ∈ U

(28)

where ūabc = [uTabc,0u
T
abc,tz ]

T and U = {−1, 1}6Np . More-

over, Δ[ūTabc(�− 1)ūTabc(�)]
T with Δ =

[
0 −I I 0

0 0 −I I

]
,

where 0 and I are, respectively, the zero and identity matrices of
appropriate dimensions (here 3× 3), denotes the penalization of
the control action, and consequently, of the switching frequency,
which is weighted by λu > 0. Finally, (27) represents a hard
constraint on the stator current, implemented as a protection
mechanism, with “4” being the maximum current in per unit
(p.u.).12

Inspecting (26), it can be seen that the cost function is designed
to account for both possibilities when solving the VSP2CC
problem, namely that either two or one switch positions can
be implemented within one control interval Tcf. In the former
case, the algorithm uses the pair of switch positions (i.e., voltage
SVs) and the corresponding current errors of iq and id which are
calculated at the time instants tz andTcf, respectively. In the latter
case, due to tz = 0, the first current term of (26) for idq uses the
same current error as the second term at Tcf in order to enable
a comparable cost, i.e., idq,tz = idq,Tcf . Furthermore, in contrast
to the cost function in [15], (26) uses the squared �2-norm for
the tracking errors to avoid any closed-loop stability issues as
well as for performance improvement [45]. Finally, since the
d-axis current is not controlled to zero when IPMSMs are of

11Note that, in order to reduce the switching frequency (and thus the switching
losses), while keeping the computational load modest, the reference tracking
error term is calculated only for one zero voltage SV (i.e., v0), whereas the
switching error term considers both v0 and v7. Following, the zero voltage
SV that results in less switching effort—with respect to the previously applied
voltage SV—is chosen.

12Theoretically, a soft constraint is to be preferred since it can avoid feasibility
problems when solving (26).
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concern, the current limit (27) is based on the amplitude of the
stator current.

With cost function (26) and the mapping functions (25a)
and (25b), the VSP2CC problem is stated as

minimize
ūabc ∈U

J (see (26))

subject to (25a), (25b), (27). (29)

Solving (29) yields the optimal switch position(s) ūabc,opt

which is (are) to be applied at the corresponding optimal switch-
ing time instant(s), i.e., t = 0 and/or tz,opt. Note that according
to the receding horizon policy, the elements of the switching
sequenceU that correspond to the predictions stepsNp ≥ 2 are
discarded. In doing so, feedback is provided and a degree of
robustness to system uncertainties is achieved [46].

E. Assessment of Influencing Factors

The utilization of the flux linkage maps in the prediction
process, i.e., theψ-based—in comparison to theL-based [15]—
prediction, is particularly advantageous for (small) drives with
saturation and cross-coupling effects for several reasons. More
specifically, MPC with anL-based prediction model suffers from
the following pitfalls.

1) The bigger the phase resistance Rph, as is the case, e.g.,
with small motors (ironless winding), the bigger the volt-
age drop across it. This, in turn, can lead to a significant
prediction error. Since in case of theL-based prediction the
inductance appears in the denominator of (5), a decrease
in it results in an underestimated voltage drop across Rph.
A reduced inductance due to saturation, e.g., by half,
erroneously leads to a predicted voltage drop across Rph,
which is half than it actually is.

2) The larger the ratio between Ld and Lq , the more signif-
icant the prediction error when saturation happens. How-
ever, if the ratio remains constant over the entire operating
range, such effects may cancel each other in the term ωelL
of (5).

3) For inductances that are almost equal (Ld ≈ Lq), the
impact of ωel on the prediction error is nonexistent on
the d-axis and relatively small on the q-axis.

4) Assuming a constantϑm, the lower theωel is, the bigger the
prediction error. This is due to a lower back-emf voltage at
low speed which leads to a more significant voltage drop
across the resistance and inductances. In other words, the
increased current change causes an increase in the pre-
diction error within one Tcf. This, however, as mentioned
above, affects only the q-axis.

5) The less ψd is affected by ψPM, i.e., more reluctance
difference, the bigger the prediction error on the q-axis.

6) For a given IPMSM and saturation effect, the prediction
error increases with a longer control interval Tcf or higher
dc-link voltage Vdc.

The impact of several parameter mismatches on L-VSP2CC
is experimentally evaluated in Fig. 8 for motor M1; see Table III.
As can be seen, the current THD ITHD of DMPC is mostly
adversely affected by an inductance inaccuracy, with saturation

Algorithm 1: Flux Linkage-Based VSP2CC.

1: function ūabc,opt, tz,opt = ψ-VSP2CC(idq , ϕ, Np, ωel,
Vdc)

3: ψdq(k−1)← idq(k−1) using (25a)
4: ψdq(k)← predict using (7) �delay time comp.
5: idq(k)← ψdq(k) using (25b)
6: vdq,db(k)← deadbeat solution using (20) �search

space reduction
7: γ(k)← ∠vdq,db(k) using (21) �sector of candidate

vdq(k)
8: for � = 1, . . . , Np do
9: vdq(k + �−1)← based on ϕ(k + �−1) and Vdc(k)

�three candidate SVs based on γ(k)
10: for j = 1, . . . , 3 do �one SV within Tcf

11: ψdq,j(k + �)← predict using (7)
12: idq,j(k + �)← ψdq,j(k + �) using (25b)
13: ‖idq,j(k + �)‖ ← idq,j(k + �) using (27)

�current constraint
14: if � = 1 then
15: mj(k + �)← using (22) �idq gradients
16: end if
17: end for
18: if � = 1 then �VSP for Np = 1
19: for n1 = 1, . . . , 3 do
20: for n2 = 1, . . . , 3 do
21: if n1 = n2 then �one SV within Tcf

22: idq,n1,n2(k + �)← idq,j(k + �)
23: else �VSP for two SVs
24: tz,n1,n2(k + �)← (24) �VSP
25: ψdq,n1,n2

(k + �)← predict with (7)13

26: idq,n1,n2(k + �)← ψdq,n1,n2
(k + �)

27: ‖idq,n1,n2(k + �)‖ ←
idq,n1,n2(k + �) using (27) �current
constraint

28: end if
29: end for
30: end for
31: end if
32: ūabc,opt(k), tz,opt(k)← solve (29)
33: end for
34: end function

(i.e., 0.5L) indicating the worst-case scenario. More precisely,
if the inductance is used in the prediction model and it is halved
due to saturation in the real-world system (i.e., the machine), the
electrical time constant τel is also halved resulting in an actual
current which is double than its predicted value. Similar results
have been reported in, e.g., [47], for conventional DMPC. The
proposed ψ-VSP2CC, however, avoids such pitfalls, enabling
a more accurate calculation of the current trajectories, and,
consequently, of VSPs, thanks to which the current ripple can
be significantly decreased (see Section VI). The main benefit of
ψ-VSP2CC is also visualized in Fig. 6, where the positive effect
of an improved current prediction accuracy is exemplified.
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Fig. 8. Motor M1: Trade-off between stator current ITHD and fsw with
different parameter mismatches for Np=2 with fcf=100 kHz (experimen-
tal results). (a) i∗d = 0 A, i∗q = 5.0 A, nm = 200 rpm. (b) i∗d = 0A, i∗q =
12.16A, nm = 3000 rpm.

Finally, it is worth mentioning that a mismatch in Rph and/or
ψPM may negatively affect the reference tracking behavior of
all DMPC methods, i.e., an offset occurs, especially at higher
speeds. Even though this adverse impact may be small for the
investigated machines, it can be addressed by the proposed al-
gorithm since deviations due to temperature changes are tracked
and updated online; see Section III-A.

V. IMPLEMENTATION OF HETEROGENEOUS ALGORITHMS

New and powerful heterogeneous calculation platforms be-
come more and more popular as well as affordable, as shown,
e.g., in [48]. The main advantage of such solutions is the im-
plementation of the time uncritical—but yet complex—parts
of an algorithm on a processor, whereas the time critical parts
that can be parallelized are implemented on an FPGA by using
high clock frequencies with low jitter and low latency [3], [49];
see Fig. 9. Splitting an algorithm into routines and procedures
based on their best possible execution is thus recommended.
On this basis, such an implementation approach is adopted in
this work. Specifically, the parameter identification and flux
linkage map adaption, as shown in Section III, are performed
on the processor. In contrast, the current control loop (see
Section IV) is implemented exclusively on the FPGA along with
the analog-to-digital (ADC) oversampling, interlock times, and
other smaller tasks, as explained in the following.

A. Platform and Test Bench

The proposed evaluation uses a Zynq-7000 (XC7Z020) SoC
FPGA in combination with the HDL-Coder from MathWorks, as
described in [3] and [15]. Two ARM A9 processors exist. One of

Fig. 9. Schematic representation of the heterogeneous calculation platform
with interaction between BareMetal and FPGA.

the processors runs a FreeRTOS operating system for communi-
cation tasks. The other runs BareMetal, which provides an inter-
rupt service routine (ISR) with fcc = 10 kHz. The BareMetal
core reads in the ISR all measurements from the FPGA, detects
steady-state operation, and calculates the flux linkage changes,
as described in Section III-A. In addition, the flux linkage maps
are adapted in the main routine in a time-uncritical manner,
whereby the interpolation/extrapolation methods (e.g., IDW)
can be used; see Section III-B. The processor parameterizes
the MPC algorithm implemented on the FPGA by writing the
references and parameters, i.e., Rph, flux linkage maps, λu.

The MPC algorithm is entirely implemented on the FPGA
with a sampling/current control frequency of fcf = 100 kHz.
To fully utilize the resources of the control platform as well
as to implement the controller in a computationally efficient
manner, the following principles are adopted. First, slow time-
varying calculations are outsourced to the ISR—which runs in
the processor—to save resources. For example, the denominator
in (7) indicates the need to perform a division which is a compu-
tationally demanding task for the FPGA. However, since the de-
nominator depends on the speed, it can be assumed to be constant
within several Tcf. Hence, to avoid the division, the reciprocal
value of the denominator is calculated on the processor and fed
into the FPGA at the beginning of the prediction/optimization
procedure.

Second, for divisions that cannot be outsourced to the proces-
sor, and thus have to be done on the FPGA, a cautiously chosen
bit size is used to keep the required computational resources
modest. This applies, e.g., to the division in (24).

Third, efficient resource streaming and sharing is imple-
mented on the FPGA. Therefore, subsequent prediction steps use
the resources of the previous steps. Furthermore, as explained
in Section IV-C, the flux linkage maps used in the prediction
process are fully implemented on the FPGA and are updated
by the processor by using the flux linkage maps stored in the
RAM. Since the use of such maps is more resource-intensive
compared to a simple multiplication that an inductance-based
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Fig. 10. Timing sequence of the proposed heterogeneous computing.

Fig. 11. Test bench: (1) motor speed encoder, (2) test motor (PMSM), (3)
torque measuring shaft, (4) load speed encoder, (5) load machine, (6) HMI for
the load machine, (7) SoC platform, combined with the VSI.

prediction would require, resource streaming is used. This allows
both mapping tasks, i.e., (25a) and (25b), to be implemented only
once, but they can be used in all prediction steps. However, even
though linear interpolation is used for the maps in the FPGA,
only 40 ns—using a 25 MHz clock—are required for each
conversion. Therefore, the additional time through streaming
is manageable. It should be noted that the flux linkage maps
in the RAM, accessed by the processor, typically have a more
precise granularity. Hence, more complex interpolation and
extrapolation strategies than those implemented on the FPGA
can be employed, as explained in Section IV-C. Nonetheless, as
mentioned in that section, since each map exists in two copies, it
is possible to avoid extrapolation for the FPGA implementation.
This means that if, e.g., the measuring range of the current sensor
is [−30, 30]A, the processor uses IDW to calculate a flux linkage
map that covers a range [−32, 32]A with a step size of 1A. The
derived data are finally written to the FPGA at any update rate
to improve the FPGA-implemented flux linkage maps.

Fig. 10 summarizes the interaction between the mentioned
tasks and illustrates the timing behavior. Oversampling with
a factor of eight is implemented for reading the ADCs, but

TABLE II
RESOURCE AND TIMING EVALUATION FOR NP = 2

TABLE III
MOTOR AND SYSTEM PARAMETERS IN THE LINEAR REGION

it is not required for the current sensors used, and it is thus
inactive. The data acquisition is triggered immediately before a
possible switching transition to avoid possible oscillations. The
conversion and readout are subsequently performed.

For the subsequent comparison in Section VI, the two
VSP2CC approaches, i.e., L-VSP2CC (inductance-based) and
ψ-VSP2CC (flux linkage-based), are evaluated on the proposed
platform. For reasons of comparison, a conventional control
solution, i.e., field-oriented control (FOC) with conventional
SVM, is also implemented. A two-level VSI in combination with
the Zynq-SoC is used for the implementation and experimental
verification. The test bench is shown in Fig. 11.

B. Resource and Timing Evaluation

Table II shows the required total resources and the achieved
timing when implementing the algorithm on an FPGA with a
basic clock frequency of 100 MHz. The individual calculations
are highlighted with the same colors as in Fig. 10. Even if the
resources depend on the specific way of implementation (sharing
and streaming), the provided information provides insight since
it can indicate the required resources and/or computational load
for an increased horizon and/or more complex cost functions.
The fixed-point value range is chosen based on a normalized
(p.u.) scaling. It should be mentioned that for the comparison of
the two predictive approaches, apart from the prediction process
itself [i.e., (5) as opposed to (7)], all intellectual property (IP)
cores are identical and use the same clocks. This means that, e.g.,
the ADC readout, the cost function, and the deadbeat solution
are completely identical.

The main difference between the two VSP2CC approaches is
the use of flux linkage maps in case of the ψ-based method.
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Fig. 12. Motor M3: Three-phase stator current spectrum at i∗d=− 5.0A, i∗q=18.03A, andnm=200 rpm (experimental results). (a)L-VSP2CC: fsw ≈ 10.2 kHz,
ITHD = 1.85%. (b) ψ-VSP2CC: fsw ≈ 10.3 kHz, ITHD = 1.48%. (C) FOC: fsw = 10.0kHz, ITHD = 1.49%.

Fig. 13. Motor M4: Three-phase stator current and corresponding spectrum at i∗d=− 5A, i∗q=14A and nm=200 rpm (experimental results). (a) L-VSP2CC:
fsw ≈ 13.17 kHz. (b) ψ-VSP2CC: fsw ≈ 10.0 kHz. (c) FOC: fsw = 10.0 kHz. (d) L-VSP2CC: ITHD = 5.28%. (e) ψ-VSP2CC: ITHD = 1.90%. (f) FOC:
ITHD = 1.81%.

At this point, it is worth mentioning that flux linkage maps
are preferred to polynomial solutions for reasons related to
resource efficiency; see Section III. Specifically, for the bivariate
extension, two terms (one for self- and one for cross-saturation)
and, therefore, two multiplications, are required for each poly-
nomial order. Moreover, a third term describes the impact of
the permanent magnets. Thereby, it can be concluded that when
comparing the calculation effort of both options and taking into
account the subsequent FPGA implementation, the flux linkage
maps constitute a computationally cheaper method. Finally,
FOC requires only about half of the resources needed for the
proposed direct MPC algorithm.

VI. PERFORMANCE EVALUATION

The good steady-state and dynamic behavior of the L-
VSP2CC was shown in [15]. Therein, low current distortions
and fast transient responses for a PMSM-based drive system
were presented. As shown in this section, such features remain
in place with the proposed VSP2CC scheme that utilizes flux
linkage maps (i.e., ψ-VSP2CC). Moreover, such a favorable
performance is even more pronounced with nonlinear machines.
To show this, one PMSM with (mostly) linear behavior, i.e.,

motor M1, and two nonlinear machines (M3 and M4) are used as
case studies. The parameters of the systems under consideration
are provided in Table III, while the flux linkage maps of motors
M3 and M4 are shown in Fig. 5(a)–(b) and (c)–(d), respectively.
Motors M1 and M3 are commercial ones, whereas motor M4 is
a self-built prototype with tooth coil winding and a resulting
fractional slot winding, making the spatial harmonics in the
machine design more pronounced. Finally, FOC serves as a
benchmark for comparing the performance of the proposed
ψ-VSP2CC as well as that of the L-VSP2CC [15]. Note that
for a fair and meaningful comparison, in all the examined cases
that follow, the weighting factor λu in the DMPC methods is
adjusted such that (approximately) the same average switching
frequency fsw results for operation under the same conditions.

A. Steady-State Performance—Stator Current

Figs. 12 and 13 present the steady-state performance of mo-
tors M3 and M4, respectively, with both VSP2CC approaches
and FOC. Fig. 13 shows the three-phase stator currents and
corresponding harmonic spectra, whereas Fig. 12 focuses only
on the harmonic distortions. The chosen operating point—as
indicated by the current reference values—is in the range of
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Fig. 14. Motor M4: Single-phase stator current at i∗d = −5.0A, i∗q=14.0A,
nm=200 rpm, fsw ≈ 16 kHz, and Np=2. For comparison, an operating point
without saturation, i.e., i∗d=0A, i∗q=5.0A, is shown (experimental results).

Fig. 15. Motor M3: VSP2CC at∠ψdq = 30◦ withfsw ≈ 11.5 kHz andnm =
100 rpm (simulation results).

Fig. 16. Motor M3: VSP2CC at∠ψdq = 60◦ withfsw ≈ 11.5 kHz andnm =
100 rpm (simulation results).

current saturation. Moreover, to clearly demonstrate the benefits
of ψ-VSP2CC, operation at low speed, i.e., low modulation in-
dex, is shown since parameter inaccuracies, e.g., inductance mis-
matches, have a stronger impact on the system performance in
such operating conditions; see Fig. 8. As can be seen, when con-
sidering the current THD as a performance metric, ψ-VSP2CC
outperforms L-VSP2CC, while it is similar to the conventional
control solution, i.e., FOC with SVM. The improved steady-state
performance is even more pronounced with the prototype motor
M4 due to its stronger nonlinear magnetic behavior. Finally, it
should be pointed out that due to the rather linear nature of
motor M1, L-VSP2CC and ψ-VSP2CC—on the basis that the
inductances are correctly identified—exhibit identical behavior
(see the results in Fig. 8), and, thus, further analysis on this drive
system is omitted hereafter.

The improved steady-state behavior is further demonstrated
in Fig. 14,where the phase current for two different operating
points is shown when using L- and ψ-VSP2CC. Due to the
saturation caused by an increasing reference current, the current
ripple and THD of L-VSP2CC also increases. At this point it
is worth mentioning that the THD contains low- and high-order
harmonics, see, e.g., the harmonic spectra in Fig. 13. The former
are generally due to the geometry and winding concept of the
machine, while the latter due to the switching behavior. As
a result, besides the typical low-order harmonics, such as the
fifth and seventh, the M4 prototype also exhibits the second
and fourth harmonic due to the fractional slot winding. As
explained in Section III, the flux linkage maps are identified by
averaging over all rotor positions and several turns for memory
and computational reasons. Thus, neither the flux linkage maps
nor the inductances, i.e., neither of the discussed approaches,
take into account the low-order harmonics.14 However, despite
the unmodeled spatial harmonics, i.e., the unaddressed low-
order harmonics, the harmonics due to switching are signifi-
cantly less withψ-VSP2CC as compared to those ofL-VSP2CC,
while they are similar to those of FOC with SVM. This is also
reflected in the current THD of the three methods.

For better understanding and deeper insight, Figs. 15 and 16
show the steady-state behavior of the id and iq currents for
the nonlinear motor M3. As can be seen, L-VSP2CC leads to
an unnecessarily high current ripple (see the measured current
shown with the blue line) and—consequently—high THD due
to the poor prediction of tz (see the predicted current shown
with the light blue line) resulting from a mismatch between the
values of the prediction-model and real-world inductance. In
contrast, the proposed ψ-VSP2CC, which uses the flux linkage
maps [see Figs. 5(a) and (b)] in the prediction, computes the
VSP instant tz so that the current ripple (red line) is significantly
lower, even in the case of saturation. As a result, the current THD
also reduces. Such a behavior is also experimentally verified,
e.g., by comparing the current ripple of motor M4; see Fig. 17.

Based on the presented results, it can be observed that the
current ripple is also affected by the position of the rotor flux
vector within the triangular sectors formed by the voltage SVs.
As mentioned in, e.g. [50], the current ripple is higher when the
flux vector is located in the middle of each sector. This is the
case regardless of the modulation/control method used since it
depends on the relative position of the flux vector with respect
to the voltage SVs. More specifically, the closer the flux is to
the voltage SVs, the smaller the voltage difference between the
induced and applied voltage, and, consequently, the smaller the
current ripple. However, as can be seen in Figs. 15 and 16, there is
a significant difference in the current prediction performed by the
two VSP2CC methods. For example, in the middle of the sector,
e.g., at 30◦, the current error on the q-axis is more dominant for
L-VSP2CC, whereas at the sector borders, e.g., at 60◦, it is the
other way around, i.e., the d-axis error is bigger. Considering the
flux linkage maps in Figs. 5(a) and (b), it can be noticed that the

14To keep the computational effort low, while still considering the spatial
harmonics, an alternative is to use a voltage correction term, similar, e.g., to [26,
p. 25]
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Fig. 17. Motor M4: Single-phase stator current ripple (a) for the operating
point in Fig. 13 and (b) at nm=800 rpm, for VSP2CC with Np=2 and FOC
with SVM (experimental results). (a) i∗d = −5A, i∗q = 14A, nm = 200 rpm,
fsw ≈ 10 kHz. (b) i∗d = −5A, i∗q = 14A, nm = 800 rpm, fsw ≈ 16 kHz.

Fig. 18. Motor M3: Current for the first sector at i∗d = −5A, i∗q = 14A at
steady state for VSP2CC with Np=2 at nm = 100 rpm (simulation results).

saturation effect on the q-axis is more pronounced than that on
the d-axis. Since for the chosen case studies the q-component
of the reference current prevails, i.e., |i∗q| > |i∗d|, when it is
aligned with a voltage SV, then a suboptimal prediction has a
stronger adverse effect on the system performance. As a result,
L-VSP2CC produces an even higher current ripple at the middle
of each sector; see Fig. 18. On the other hand, as can be seen
in the same figure, ψ-VSP2CC successfully tackles this issue,
thanks to the more accurate current prediction.

B. Steady-State Performance—Performance Trade-Off Curves

To further elucidate the potential performance benefits of the
proposed MPC method, the steady-state performance trade-off
curves between current THD (ITHD) and switching frequency
(fsw) are analyzed in Fig. 19 for the three different control

Fig. 19. Motor M4: Trade-off between ITHD and fsw for VSP2CC withNp=2
and FOC with SVM (experimental results). (a) i∗d = 0A, i∗q = 5A, nm =
200 rpm. (b) i∗d = 0A, i∗q = 15A, nm = 200 rpm. (c) i∗d = −5A, i∗q =
14.0A, nm = 200 rpm. (d) i∗q = 0A, i∗q = 5A, nm = 800 rpm. (e) i∗d =
−5A, i∗q = 14A, nm = 800 rpm.

approaches when using motor M4. The evaluation shows that
the more heavily the control effort is penalized (i.e., the lower
fsw gets by increasing the value of λu), the more important
the prediction model accuracy becomes. This means that at
lower switching frequencies fsw, the difference in current THD
generated by L- and ψ-VSP2CC becomes bigger.

It is also evident that a bigger voltage margin is required
for operation at higher speeds, implying that VSP2CC employs
active voltage SVs more frequently than zero voltage SVs. As
a result, the impact of a VSP-based MPC scheme is not that
strong. On the other hand, for low-speed operation, where zero
voltage SVs are mostly used and active SVs are only required
for a shorter duration, the advantage of VSP2CC is obvious,
since a VSP can lead to low current ripple while achieving a
low switching frequency (compared to conventional DMPC [4]).
Even though this trend is, at first, independent of the VSP2CC
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Fig. 20. Trade-off between ITHD and iq for ψ- and L-VSP2CC with Np=2,
ψ-VSP2CC with Np=5, and FOC with SVM (experimental results). (a) Motor
M3: i∗d = 0A, fsw ≈ 16 kHz,nm = 200 rpm. (b) Motor M4: i∗d = 0A, fsw ≈
10 kHz, nm = 200 rpm.

method used, i.e., L-VSP2CC [15] or ψ-VSP2CC, once satu-
ration and cross-coupling occur at higher values of the current
reference, ψ-VSP2CC can still compute VSPs that enable cur-
rent ripple reduction. As a result, ψ-VSP2CC shows the biggest
performance improvement at lower speeds; see Fig. 19.

In addition, Fig. 20(a) shows that a visible difference between
the two VSP2CC approaches due to the nonlinear magnetic
behavior starts at motor M3 in the range of the nominal current,
i.e.,
√
2IN = 12.02 A. For motor M4, such discrepancies in the

current THD are even more pronounced and become evident at
lower currents since saturation starts already at 4 A, as shown
in Fig. 20(b). Furthermore, a longer prediction horizon, e.g.,
Np=5, is required for operation at a very low modulation index,
i.e., at very low currents and speeds, to achieve a comparable
THD with FOC with SVM.

Given the presented results for the steady-state operation of
the examined drive systems, it can be claimed that the pro-
posed ψ-VSP2CC method clearly outperforms the L-VSP2CC
discussed in [15]. The current distortions, as quantified by the
current THD, significantly decrease, especially when machines
with nonlinear magnetic behavior are of concern. Moreover, the
proposed method achieves the same steady-state behavior as
FOC with SVM. It is worth mentioning, however, that by further
increasing the sampling/control frequency so as to increase
the ratio between the sampling and switching frequencies, the
switching granularity can be further improved. This will lead
to an even better performance of ψ-VSP2CC, as reported in [4,
Section V].

C. Transient Performance

Besides the steady-state behavior, the transient behavior of the
drive systems is of interest. Richter [26] and Kellner [35] showed
that the dynamic behavior of nonlinear machines can be im-
proved by compensating at least for the delay time independently
of the control approach used. However, by accounting for the

Fig. 21. Motor M3: Single-phase stator current during transient with i∗d = 0A,
i∗q = 8A at nm = 0 rpm and fsw ≈ 10 kHz (experimental results).

nonlinear model in the prediction and optimization processes,
an even more significant improvement can be achieved.

This is demonstrated in Figs. 21 and 22, where, as it can be
seen, VSP2CC—regardless of the prediction method—provides
faster current responses than FOC. Both VSP2CC approaches
have the freedom to initially use only active voltage SVs,
whereas FOC with SVM has to implement zero SVs which
detract from the transient response. To improve the transient
performance of the latter, i.e., to reduce (avoid) the turn-on
time of the zero SVs and thus to exploit the available voltage
margin more effectively, it is common practice to change the
SVM pattern depending on the operating point, e.g., alternating
between continuous SVM at low speeds (i.e., at low modu-
lation indices) and discontinuous SVM or switching with the
fundamental frequency at high speeds (i.e., at high modulation
indices). However, it is not straightforward how to define a
suitable criterion based on which the SVM pulse pattern is
chosen, although a hysteresis band can be implemented to avoid
toggling [51]. Furthermore, even if the PI controllers in the inner
loop of FOC were tuned according to the modulus optimum
method such that a high bandwidth is achieved, the transient
performance of FOC can be improved by tuning them more
aggressively. This improvement, however, will be realized at
the expense of current overshoots.

Comparing the VSP2CC approaches, the improved gradi-
ent calculation achieved with ψ-VSP2CC leads not only to
an improved THD at steady state, but also to less oscillation
during transients. When saturation is present, L-VSP2CC cal-
culates suboptimal switching points once the current reaches its
reference, resulting in unnecessarily high current ripple—see
Fig. 22(a)—and torque ripple; see Fig. 22(b). At higher speeds
[see Fig. 22(c)], the voltage amplitude is bigger, so an accurate
VSP is less important and the negative influence is smaller. Note
that in Figs. 21 and 22, the d-axis is aligned with the a-phase
at the beginning of the transient. Hence, the a-phase current
initially rises, while b- and c-phase currents decrease.

Finally, the performance of the proposed and benchmark
controllers are tested under changes in the speed. Specifically,
Fig. 23 shows the phase currents and torque when the load
machine changes the speed. As can be seen, all controllers
exhibit good behavior, although the quality of the current and
torque with ψ-VSP2CC is clearly higher (i.e., less ripples), as
also demonstrated in Section VI-A.
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Fig. 22. Motor M3: Three-phase stator current and electromagnetic torque
for L- and ψ-VSP2CC and FOC during transient operation for an i∗q step
change when i∗d=0A, fsw ≈ 20 kHz, Np=2. For clarity, the FOC currents
are not shown in (c). The same color codes for the currents are used as in
Fig. 13 (experimental results). (a) Step-change from i∗q=0A to i∗q=16.0A at
nm=200 rpm. (b) Electromagnetic torque for a step change from i∗q=0A to
i∗q=16.0A. (c) Step-change from i∗q=0A to i∗q=18.24A at nm=3000 rpm.

D. Final Assessment

The combination of the two performance criteria for non-
linear IPMSMs, i.e., THD and transient response, shows the
great advantage of the presented approach. More specifically,
ψ-VSP2CC can be executed at a frequency of 100 kHz, but
it operates the drive system at a switching frequency much
lower than that, depending on the operating point. This can be
achieved by adjusting the weighting factor λu which determines
the trade-off between the current distortions and the switching
frequency. Such an ability to adapt the switching frequency
depending on the operating point (e.g., at different motor speeds)
is particularly advantageous for electric drives, as switching only
takes place when required. As a result, unnecessary switching
power losses can be avoided. FOC, on the other hand, makes
decisions at a much lower frequency rate, which is double of
the (constant) switching frequency, regardless of the operating

Fig. 23. Motor M3: Three-phase stator current during a load speed change
fromnm=200 to 2000 rpm with i∗q=18.03A, i∗d=0A. fsw ≈ 20.0 kHz before
the transient occurs and Np = 2 (experimental results). (a) L-VSP2CC with
λu = 0.09. (b) ψ-VSP2CC with λu = 0.07. (c) FOC with kp=2.0, Ti,id =
2.0ms, Ti,iq = 3.2ms. (d) Electromagnetic torque during speed change. (e) Ro-
tor shaft speed of the load machine.
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point. In addition, when using FOC, the PI gains must be adapted
depending on the operating point.

The above imply that the proposed ψ-VSP2CC shifts the
control effort from the design to the computational stage. The
latter, nevertheless, is simplified, thanks to the control platform
used; see Section V. Finally, it is important to point out that
by adopting even more powerful control platforms that are
readily available [48], the performance of ψ-VSP2CC can be
further improved by increasing the control frequency and thus
the granularity of switching [4].

VII. CONCLUSION

This article presented an extension of the VSP2CC algorithm
published in [15], which uses the flux linkage instead of the
machine inductances for the stator current prediction. In doing
so, the prediction accuracy, and thus the effectiveness of the
implemented MPC algorithm, are tellingly enhanced when ma-
chines characterized by pronounced nonlinear phenomena, such
as saturation and cross-coupling, are of concern, e.g., highly uti-
lized IPMSMs. As a result, the drive performance, as quantified
by the current distortions (i.e., current THD), is significantly
improved. Such a favorable steady-state performance of the drive
is also assisted by other inherent characteristic of VSP2CC, most
notably its high granularity stemming from the introduction of
a VSP within the control interval. Moreover, thanks to the direct
nature of the control scheme, very fast transients are achieved
with very short settling times.

To support the aforementioned claims, simulation and ex-
perimental results demonstrated the potential benefits of the
proposed method. As shown, the control algorithm in question
clearly outperforms the VSP2CC method, which bases its pre-
diction on the machine inductances. Moreover, it achieves simi-
lar steady-state performance with FOC while exhibiting superior
dynamic behavior. All thing considered, it can be stated that
ψ-VSP2CC is an interesting alternative to established control
methods.

Finally, it is worth mentioning that, thanks to the versatility
of the proposed method, its adaptation to other control tasks is
possible. For example, the identified flux linkage maps can be
used for maximum torque per ampere in base speed region and
maximum torque per voltage in the field weakening region, as
shown for nonlinear PMSM, e.g., in [52], [53]. However, if the
use of the flux linkage leads to a significant increase in the com-
putational load, thus making the real-time implementation of the
proposed MPC algorithm challenging, an alternative approach
is to use LUTs for the absolute inductances. In this way, (self-)
saturation effects can be—to some extent—respected and the
prediction error is—at least partially—minimized. Future work
includes compensation for the rotor position dependency and
iron loss effects to increase the prediction accuracy of VSP2CC.

APPENDIX

A detailed derivation of the flux linkage change is provided
hereafter. Using (6), the flux linkage change at time step k + 1

is [19]
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After rearranging and collecting terms, it yields
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Further simplifications are valid. First, given that Tcf 
 1,
it holds that ωel,maxTcf 
 1, where ωel,max is the maximum
electrical speed. In light of this, the last term of (31a) and (31b)
can be neglected. Second, the denominator of the first term can
be assumed to be constant and equal to one, sinceω2

el,maxT
2
cf ≈ 0.

However, since the formula should be valid in general, only the
first assumption is implemented, whereas the second is not. Due
to extreme conditions such as high speed drives at low sampling
and control frequencies (e.g., ωel = 1000 rps and Tcf = 1ms),
the aforementioned denominator can be greater than one. For
this reason, the denominator is calculated on the processor and
is kept constant for one complete prediction process, since the
mechanical angular velocity can be assumed to be constant dur-
ing the prediction process of the electrical model. With the above
manipulations, assumptions, and simplifications, (7) results.
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