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Abstract—This contribution presents a direct model predictive
current control approach that achieves favorable performance
during transients while minimizing the torque and current ripples
at steady-state operation by increasing the granularity at which
switching can be performed. To meet the control goals, an
optimization problem is solved in real-time that decides whether
only one discrete voltage space vector or a combination of two is
selected. In the latter case, a variable switching point, i.e., a time
instant within the control interval at which the converter switches
change state, is computed. The proposed method is advantageous,
e.g., for electric drives in machine tools, in which, depending
on the operating point, fast dynamics and a low torque ripple
are important. The approach is evaluated at the example of a
two-level voltage source inverter driving a permanent magnet
synchronous machine.

Index Terms—Variable switching point predictive current con-
trol (VSP2CC), direct model predictive control (DMPC), finite
control set model predictive control (FCS-MPC), SoC FPGA.

I. INTRODUCTION

The basic principle of finite control set model predictive
control (FCS-MPC), also named as direct model predictive
control (DMPC), is to find the constrained optimal discrete
voltage space vector (SV), which minimizes a pre-defined cost
function. By doing so, the control objectives, such as output
reference tracking, are met, while very fast transient responses
are achieved due to the direct control nature of FCS-MPC.
Moreover, when long-horizon FCS-MPC is considered, two
features are prominent. First, an improved steady-state system
performance can be achieved, as indicated by a reduced total
harmonic distortion (THD) of the variables of concern for a
given average switching frequency (fsw). Second, the stability
of the system can be improved.

Nowadays, new and powerful calculation platforms, such
as system-on-a-chip field-programmable gate arrays (SoC FP-
GAs), enable an online calculation of FCS-MPC with a long-
horizon up to control frequencies (fc) of several hundred
kHz [1]. However, especially for small electric drives with
electrical time constants of just a few ms or even μs, the
granularity of the switching instants may be still too low for
an acceptable torque ripple. Although such a low granularity
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might be acceptable during transient operation since a highly
dynamic behavior is of greater importance, for steady-state
operation it has an adverse effect. Specifically, since one SV
is applied to the converter for the whole control interval
Tc = 1/fc, the theoretical maximum fsw is limited to half of
fc. Therefore, the minimization of the torque ripple at steady-
state becomes more challenging.

Consequently, a modulator, such as carrier-based pulse
width modulation (CB-PWM) or space vector modulation
(SVM), seems to be advantageous compared to FCS-MPC,
since the state of the converter switch positions can change
at any time instant within Tc. Therefore, owing to the higher
granularity of modulator-based schemes, lower torque ripple
can be achieved for the same fc as with conventional FCS-
MPC. Based on the above, it can be concluded that introducing
a variable switching point (VSP) (also referred to as switching
instant) to FCS-MPC seems meaningful. In doing so, FCS-
MPC can apply to the converter more than one SV within
one Tc. Thus, higher switching granularity—and consequently
lower torque ripples—can be achieved.

FCS-MPC with two SVs during one Tc was introduced in,
e.g., [2]–[5]. In [2] a so-called variable switching point pre-
dictive torque control (VSP2TC) and in [3] a variable switch-
ing point predictive current control (VSP2CC) are presented.
However, the approaches in [2], [3], [6]–[8] for VSP2TC and
VSP2CC use only one-step prediction horizon, i.e., Np = 1.
Furthermore, in [3] only one transition per Tc is considered,
since a combination of the previous and one new SV is applied.
On the contrary, long-horizon VSP2CC (Np = 5) is evaluated
in [9], showing improved performance of the drive system,
but only in simulation. In [4] a so-called modulated MPC
(M2PC) is introduced. Methods such as [4], [5] solve the
optimization problem in two sequential steps, first the optimal
SVs are chosen and second their application time is computed.
The sequential structure, however, can lead to suboptimal
results. Furthermore, strategies such as the one introduced in
[10], although achieving fixed fsw and deterministic harmonic
spectra—making them suitable for grid-tied converters—do
not exhibit the fast response of FCS-MPC during transients
and the resulting three VSPs enforce switching—and switch-
ing losses—even if it is unnecessary, e.g., during transients.

However, all previous strategies always apply two (or more)
SVs within each control interval. The VSP2CC-based method
proposed in this paper, however, allows the controller to
choose in real-time, based on the cost function, whether a
single or two SVs are to be applied within one Tc. With this



degree of freedom, during transients, the maximum available
voltage can be applied to the inverter, either by implementing
one active or a combination of two active SVs. At steady-state
operation, on the one hand, one active SV can be changed into
a zero one (or vice versa) at the computed VSP, thus reducing
the current and torque ripples. On the other hand, a zero SV
can be applied for the full Tc. Furthermore, by adopting a
two-step horizon (Np = 2) the drive performance is further
improved, as indicated by the presented experimental results.

II. CONTROL MODEL

The proposed VSP2CC approach is evaluated with a three-
phase two-level voltage source inverter (VSI) and a permanent
magnet synchronous machine with surface mounted magnets
(SPMSM). The saturation is neglected.

A. Nonlinear Model of the Drive System
The continuous-time controlled system can be described by

(1) and (2) in the dq-frame, where Rph is the stator resistance,
Ld and Lq the inductances, ΨPM the permanent magnet flux
constant, ωm the mechanical angular speed, p the number of
pole pairs.

vd(t) = Ld
did(t)

dt
+Rphid(t)− ωm(t)pLqiq(t) (1)

vq(t) = Lq
diq(t)

dt
+Rphiq(t) + ωm(t)pLdid(t)

+ ωm(t)pΨPM

(2)

B. Prediction Model
By discretizing (1) and (2) with forward Euler discretization,

the prediction model of the drive is derived, as shown in [1].

id(k + 1) =
Tc

Ld

(
vd(k)−Rphid(k)

+ ωm(k)pLqiq(k)
)
+ id(k)

(3)

iq(k + 1) =
Tc

Lq

(
vq(k)−Rphiq(k)

− ωm(k)p
(
Ldid(k) + ΨPM

))
+ iq(k)

(4)

Note that the resulting (3) and (4) are also used for the
compensation of the delay time—between the time instant the
measurements occur and the execution of the control action—
caused by the real-time system.

III. DIRECT MODEL PREDICTIVE CURRENT CONTROL
WITH VARIABLE SWITCHING POINT

The proposed controller aims to reduce the current ripples
while achieving excellent dynamic behavior. To this end, it
decides in real-time whether no switching, one full SV (similar
to the classical FCS-MPC) or a VSP with a combination of two
SVs is selected. Fig. 1 shows the structure of the algorithm.

A. Pre-selection Based on the Dead-Beat Control Action
First, a pre-selection method—introduced as “heuristic pre-

selection” in [3] and [6]—which utilizes the dead-beat control
action is adopted to minimize the computational burden. By
doing so, the search space is reduced from eight candidate
SVs to three, as shown in, e.g., [3]. More specifically, based
on the dead-beat control action, the angle of the desired voltage
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Figure 1. Block diagram of the proposed VSP2CC.

vector vvvdb(k), that drives the current to its reference, can be
calculated based on

v∗d (k) = Ld
i∗d(k)− id(k)

Tc
+Rphid(k)− ωm(k)pLqiq(k), (5)

v∗q (k) = Lq
i∗q(k)− iq(k)

Tc
+Rphiq(k) + ωm(k)pLdid(k)

+ ωm(k)pΨPM.

(6)

γ(k) = arctan2(v∗q (k), v
∗
d (k)) + ϑel, {γ ∈ R|0 ≤ γ < 2π}

(7)
Using (7), the triangular sector (one out of the six) wherein

vvvdb(k) lies can be determined. Subsequently, the two active
SVs and one zero SV that form the sector are selected based
on the following principle

SVSVSV (k) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

sv1, sv2, sv0/7 if 0 ≤ γ(k) ≤ π
3 (I)

sv2, sv3, sv0/7 if π
3 < γ(k) ≤ 2π

3 (II)
sv3, sv4, sv0/7 if 2π

3 < γ(k) ≤ π (III)
sv4, sv5, sv0/7 if π < γ(k) ≤ 4π

3 (IV)

sv5, sv6, sv0/7 if 4π
3 < γ(k) ≤ 5π

3 (V)

sv6, sv1, sv0/7 if 5π
3 < γ(k) ≤ 2π (VI).

(8)

Thus, only these three SVs are candidate solutions for the
subsequent MPC problem. Moreover, to reduce the switching
frequency (and thus switching losses) the zero SV (sv0 or
sv7) that results in less switching effort—with respect to
the previously applied SV—is considered. Finally, it is worth
mentioning that even though there is a possibility that the
reduction of the search space based on the location of the
dead-beat control action on the plane can lead to suboptimal
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Figure 2. Variable switching points by the intersection of two iq current trajectories for Np = 2.

results, the simulation and experimental results based on the
chosen case study do not show any suboptimal performance.

B. Proposed VSP2CC Concept
The proposed algorithm evaluates a horizon of Np steps by

calculating the stator currents for different combinations of the
three candidate SVs based on (3) and (4). For the first pre-
diction step, the three candidate SVs are evaluated by taking
into account two possibilities: either one SV is applied to the
inverter for the whole Tc (i.e., akin to the conventional FCS-
MPC), or two SVs are executed within one Tc according to the
principles of VSP2CC. For the prediction steps further in the
horizon, i.e., Np > 1, the algorithm theoretically has the ability
to evaluate all the possible SV combinations by employing the
VSP2CC concept (nine in total). This implies that two SVs can
be applied in each prediction step. By doing so, nonetheless,
the possible solutions to be enumerated are 32Np , i.e., the
optimization problem can become computationally intractable
for Np > 1. To overcome this issue, the concept of standard
FCS-MPC is employed for steps Np > 1, meaning that only
three candidate solutions are considered from the second step
of the horizon onwards, see the light red calculations on the
right-hand side of Fig. 1. As a result, the MPC algorithm has
to evaluate only 3Np+1 possible solutions in total. As can be
understood, the aforementioned simplification greatly reduces
the computational complexity, thus facilitating its real-time
implementation. Finally, it should be stressed out, that owing
to the receding horizon, only the first element (i.e., control
action) of the solution is implemented. From a performance
point of view, this means that the first step of the horizon
is the one with the greatest significance. Hence, adopting the
standard FCS-MPC for Np > 1 does not adversely affect the
system performance.

To decide which SVs meet the control objectives, as men-
tioned in the beginning of this section, the slopes of id and
iq are calculated. Before doing so, the following assumptions
are made:

• The saturation does not affect the slopes during one
period Tc. Therefore, the slopes are supposed to be linear.
However, in case the used SPMSM has a noticeable sat-
uration effect during one Tc (i.e., 10 μs), this assumption
is dropped, and the adopted approach needs to be refined.

• The rotor angle ϑel is kept constant during one period
Tc. However, for machines with many pole pairs when
operated at high speed, the slopes change during one Tc.
For example, when nm = 4000 rpm, p = 4 and Tc =

10 μs, ϑel can change around 0.01657 rad, which can lead
to a voltage error of 1.8%.

• Non-linear time-varying parameters, such as Rph, ΨPM
and the state ωm have significantly bigger time constants.
Therefore, their variation does not affect the slope of the
currents over one Tc.

By assuming constant current slopes for the entire period
Tc, as seen in [7]–[9], (9) computes the slope of the resulting
current trajectory for each of the three SVs.

mmmdq(k) =
iiidq(k + 1)− iiidq(k)

Tc
=

Δiiidq(k)

Tc
(9)

Taking the previous assumptions into account, the same
slopes are assumed at time steps k and k + 1. By denoting
these slopes with the subscripts n1 and n2, respectively, the
rms current error on the d- and q-axis can be calculated over
the whole period Tc with (10) [3], [6].

erms2,n1,n2(t) =
1

Tc

(∫ tz,n1,n2

0

(id +md,n1t− i∗d)
2dt

+

∫ Tc

tz,n1,n2

(id +md,n2t− i∗d)
2dt

+

∫ tz,n1,n2

0

(iq +mq,n1t− i∗q)
2dt

+

∫ Tc

tz,n1,n2

(iq +mq,n2t− i∗q)
2dt

)
(10)

An illustrative example of the resulting error area (in red)
is shown in Fig. 2 with a combination of sv3 and sv1 for
iq. Expression (10) is calculated for each SV combination
including the single SVs as shown in Fig. 1. The variable
switching point tz,n1,n2 , which minimizes the current ripple for
each SV combination, can be obtained by setting the derivative
of (10) to zero, i.e., derms2/dtz = 0. This yields

tz,n1,n2 =
an1,n2 + bn1,n2

cn1,n2 + dn1,n2
where (11)

an1,n2 = (md,n2 −md,n1)(2id − 2i∗d + Tcmd,n2),
bn1,n2 = (mq,n2 −mq,n1)(2iq − 2i∗q + Tcmq,n2),
cn1,n2 = (md,n1 −md,n2)(2md,n1 −md,n2),
dn1,n2 = (mq,n1 −mq,n2)(2mq,n1 −mq,n2).

To further simplify the calculation of tz,n1,n2 , so as to allevi-
ate the associated computational effort, (9) is utilized. This is
advantageous for the subsequent implementation (especially in
fixed point) on an FPGA, as described in Section V. In doing
so, Tc is set as a common factor, whereat the range of the
values tz,n1,n2 is reduced considerably, resulting in
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Figure 3. Simulation: Reference current step and the the resulting voltage space vectors for i∗q with i∗d = 0 A by using VSP2CC with λu = 0.2.

tz,n1,n2 = Tc
an1,n2 + bn1,n2

cn1,n2 + dn1,n2
where (12)

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 (12), it is evident that when the SVs at k and
k+1 are equal, the same current slope is considered over the
whole Tc resulting in a switching time of tz,n1,n2 = 0. In this
case, the chosen SV will be applied for the full period Tc. By
doing so, only one switching transition occurs within Tc, or
when the previously applied SV is the same, then switching is
avoided altogether. Furthermore, SV combinations that result
in current trajectories that do not intersect at all within Tc, or
lead to tz,n1,n2 > Tc are excluded as infeasible.

C. Optimization Problem
The cost function decides if only one SV, a combination of

two of them or no switching at all is applied, based on

JJJf (k) =

k+Np−1∑
l=k

|iiiq,tz(l + 1)− iii∗q(k)|+ |iiiq,Tc(l + 1)− iii∗q(k)|

+ |iiid,tz(l + 1)− iii∗d(k)|+ |iiid,Tc(l + 1)− iii∗d(k)|
+ f̂(iiidq(l + 1)) + λuΔUUU(l).

(13)

f̂(iiidq(l + 1)) =

{
4 if |id(l + 1)|+ |iq(l + 1)| > imax

0 if |id(l + 1)|+ |iq(l + 1)| ≤ imax
(14)

For computing the optimal SV(s), the predicted currents are
inserted in (13) by taking into account the hard constraint
(14), where “4” is the maximum current in per unit (p.u.)1.
The cost function takes into account that either two SVs, or

1Theoretically, a soft constraint is to be preferred since it can avoid
feasibility problems when solving (13).

one SV can be applied. In the former case, the algorithm uses
the pair of SVs and the corresponding current errors of iq
and id are calculated at time instants tz and Tc. In the latter
case, due to tz = 0, the first current term of (13) for id and
iq uses the same current error as the second term at Tc in
order to enable a comparable cost. Moreover, the term ΔUUU
is used to penalize switching transitions. By adjusting the
weighting factor λu ≥ 0 the average switching frequency can
be lowered (at the expense of higher current ripples). In this
work, λu = 0 for the standard FCS-MPC, while λu > 0 for
the VSP2CC so that a comparison—in terms of current THD
and ripple—between the two methods at almost equal average
fsw is possible.

IV. SIMULATION RESULTS

Fig. 3 shows the simulation results for id and iq during
start up with the parameters from Table I with fsw ≈ 15 kHz
(λu = 0.2). As can be seen, the algorithm decides at the
beginning to use only one active SV to achieve an as fast
response as possible. For λu = 0, two active SVs during one
Tc would be applied to reduce the current ripple in the d-axis.
In the same figure the application time of SVn1 is also shown
as percentage of Tc for each discrete time step. As observed, in
steady-state operation, the ripple is minimized by using two
SVs (one active and one zero) or by applying just a single
zero SV. This case occurs, e.g., for t < 0.165ms, where a
zero SV is applied consecutively for several full periods until
t = 0.165ms. In the period, starting at this instant, two SVs
are applied; first a zero vector, followed by an active one. As a
result, the number of switching transitions is minimized while
keeping the current ripple acceptable.

V. EXPERIMENTAL RESULTS

The proposed algorithm is implemented on the FPGA of
a Zynq-7000 (XC7Z020) SoC, which is shown in Fig. 4,
via the HDL-Coder from MathWorks, as introduced in [1].
The processor is used for the parametrization of the MPC
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Figure 4. Test bench - (1) motor speed encoder, (2) test motor (SPMSM), (3)
torque measuring shaft, (4) load speed encoder, (5) load machine, (6) HMI
for the load machine, (7) SoC platform, combined with the VSI.

algorithm (i.e. Rph, L or λu) and the communication. So far,
all previous VSP2C(T)C methods [2], [3], [6]–[9] were only
on a simulation level or implemented on the processor. In
contrast to Fig. 4, a shunt measurement is used instead of
the the fluxgate current sensors, since these inherently exhibit
oscillations at high sampling frequencies. The FPGA imple-
mentation is advantageous, since high clock frequencies (e.g.
100 MHz) can be used for both parallel and serial calculations.
This enables high sampling and calculation frequencies for
long prediction horizons. As described in [1], the algorithm
is parallelized when possible, and implemented in serial only
when necessary. Furthermore, for an efficient implementation,
resource streaming is used for the for-loops and the fixed point
value range is chosen based on a normalized (i.e., p.u.) scaling.
So far, a floating point implementation of the algorithm on the
FPGA is not efficient. In addition, since divisions are not really
efficient in real-time at all (and especially with FPGAs), the
bit size and fixed point value range of the required division in
(12) is kept as small as possible.

Table I
MOTOR AND SYSTEM PARAMETERS

Description Symbol Value Unit
Rated torque TN 47 Ncm
Winding resistance Rph 0.07 Ω
Winding inductance Lph =Ld =Lq 0.375 mH
Voltage constant ku 6.6 mV/rpm
Pole pair number p 4
DC link voltage Vdc 24 V
Sampling and control frequency fc 100 kHz

A. Current Measurements
Figs. 5(a) - (b) and Fig. 5(c) show the phase current and

phase current ripple for VSP2CC with dead-beat pre-selection
and standard FCS-MPC, respectively, when a reference current
of i∗q = 6 A and i∗d = 0 A at nm = 450 rpm with Np = 2 are
concerned. Figs. 7-8 show the phase current with i∗q = 1 A
and i∗d = 0 A at nm = 200 rpm for FCS-MPC and VSP2CC with
Np = 2, respectively. As expected, FCS-MPC and VSP2CC
have slightly different average fsw and thereby produce differ-
ent current ripples depending on the operating point. There-
fore, in the case of VSP2CC, λu is increased to achieve a
comparison between standard FCS-MPC and VSP2CC at an
almost equal average fsw, shown in Table II. Moreover, Figs. 7-
8 show, that for an almost equal average fsw, a reduced current
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(a) Reference current step for VSP2CC from i∗q = 1 A to i∗q = 6 A.
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(b) VSP2CC ripple at i∗q = 6 A.
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(c) FCS-MPC ripple at i∗q = 6 A.

Figure 5. Single-phase stator current for VSP2CC with λu = 0.2, fsw = 21 kHz
and FCS-MPC with fsw = 20 kHz at nm = 450 rpm.

ripple and lower current THD can be achieved with VSP2CC.
The spectrum of the VSP2CC approach is shown in Fig. 6,
as calculated over 20 fundamental periods. It is expected to
achieve much better results once oversampling is used for the
current measurement, since the measurement accuracy has a
strong impact.

Table II
THD FOR FCS-MPC AND VSP2CC

Np = 2 avg. fsw THD nm i∗q
FCS-MPC 24 kHz 3.3 % 1520 rpm 6 A
λu = 0.0 38 kHz 2.31 % 1520 rpm 6 A
λu = 0.1 31 kHz 2.69 % 1520 rpm 6 A

FCS-MPC 22 kHz 2.5 % 720 rpm 6 A
λu = 0.0 37 kHz 1.43 % 720 rpm 6 A
λu = 0.1 26 kHz 1.72 % 720 rpm 6 A
λu = 0.2 22 kHz 2.01 % 720 rpm 6 A

FCS-MPC 20 kHz 3.13 % 450 rpm 6 A
λu = 0.0 38 kHz 2.07 % 450 rpm 6 A
λu = 0.1 26 kHz 2.08 % 450 rpm 6 A
λu = 0.2 21 kHz 2.29 % 450 rpm 6 A

FCS-MPC 15 kHz 11 % 200 rpm 1 A
λu = 0.0 34 kHz 3.2 % 200 rpm 1 A
λu = 0.1 19 kHz 6.59 % 200 rpm 1 A
λu = 0.2 14 kHz 7.88 % 200 rpm 1 A

In general, at high speed or for high reference currents (in
contrast to low speed and/or for small reference currents) a
higher voltage margin is required. This implies that with direct
MPC (FCS-MPC and VSP2CC), more active SVs are used,
whereas zero SVs are less frequently utilized. The other way

Figure 6. Current spectrum of VSP2CC with λu = 0.2 for i∗q = 1.0 A.
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Figure 7. Single-phase stator current for FCS-MPC with fsw = 15.8 kHz at
nm = 200 rpm.
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Figure 8. Single-phase stator current for VSP2CC with λu = 0.2,
fsw = 14.3 kHz at nm = 200 rpm.

around, for low speeds and/or small i∗, where zero vectors
are mostly used, the advantage of VSP2CC is obvious, since a
VSP, i.e., a time instant within the control interval at which the
converter switches change, is chosen. This effect is apparent
in Fig. 9. In addition, it has to be mentioned, that the current
slopes are minimal steeper at increased speed and currents.

B. Resource and Timing Evaluation
Tab. III shows the required total resources and the achieved

timing when implementing the algorithm on an FPGA with a
clock frequency of 100MHz. Even if the resources depend on
the specific way of implementation (sharing and streaming),
the provided information is useful since it can indicate the
required resources and/or computational load for an increased
horizon or more complex cost functions.

Table III
RESOURCE AND TIMING EVALUATION FOR NP = 2

Resources LUTs Block RAMs Flip-Flops DSP-Slices
28804 38 28337 126

Total timing Sampling Dead-Beat Prediction Optimization
3.4 μs 1.0 μs 0.2 μs 2.16 μs 0.04 μs
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(a) Close-up view of the single-phase stator current at lower current.
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Figure 9. Single-phase stator current for VSP2CC with λu = 0.1, fsw = 19 kHz
at nm = 200 rpm.

VI. CONCLUSION

The presented VSP2CC algorithm enables a high granularity
for the switching instants. Thus it can significantly reduce
the current ripple, and thereby indirectly the torque ripple
depending on the operating point. Moreover, it comes with
all FCS-MPC advantages, such as direct consideration of
constraints, or the possibility to apply only active SVs during
transients. The latter allows for the fastest possible dynamic
operation of the drive, limited only by the available DC
link voltage margin. Future work includes the comparison of
the proposed VSP2CC approach with field oriented control
(FOC) with SVM. Furthermore, longer horizons, the impact
of parameter inaccuracy, and current oversampling for higher
accuracy will be evaluated in detail.
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