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Abstract—This paper presents a variable switching point pre-
dictive current control (VSP2CC) method for induction machines
(IMs) driven by a three-level neutral point clamped (NPC)
inverter with a heuristic preselection of the optimal voltage vector.
Enumeration-based model predictive control (MPC) methods
are very simple, easy to understand and, in general, offer the
possibility to control any nonlinear system with arbitrary user-
defined terms in the cost function. However, the two most
important drawbacks are the increased computational effort
which is required and the high ripples on the controlled variables
which limit the applicability of these methods. These high ripples
result from the fact that in enumeration-based MPC algorithms
the actuating variable can only be changed at the beginning of
a sampling interval. However, by changing the applied voltage
vector within the sampling interval, a voltage vector can be
applied for a shorter time than one sample, which results in
a reduced ripple. Since this strategy leads to an additional
overhead which is crucial especially for multilevel inverters, it
is combined with a heuristic preselection of the optimal voltage
vector to reduce the calculation effort. Experimental results are
provided to verify the proposed strategy. Furthermore, it will
be shown experimentally that a conventional enumeration-based
MPC method will lead to very low switching frequencies and high
current ripples at low machine speeds; this significant drawback
can be overcome with the proposed VSP2CC strategy.

I. INTRODUCTION

Today, field oriented control (FOC) [1] and direct torque
control (DTC) [2], [3] are mostly used for controlling three-
phase electrical machines. FOC makes use of modulators,
whereas DTC utilizes hysteresis controllers for both flux
and torque, and outputs a switching state which is directly
commanded to the inverter. Because of the absence of a
modulator, DTC is known to show a faster transient response
than FOC, whereas it normally produces higher current, flux
and torque ripples.

Although model predictive control (MPC) [4], [5] methods
have been widely used for more than 40 years in process
and chemical engineering, the application of such strate-
gies to electrical drive systems and power electronics has
just recently been gaining more popularity [6]–[13]. MPC-
based algorithms can be divided into modulation-based and
enumeration-based MPC strategies [14]–[17]. The two main

drawbacks of enumeration-based MPC methods are the high
computational complexity due to the complete enumeration
of all control inputs, i.e. the switching states, and the high
ripples on the controlled variables compared to modulation-
based approaches.

With regards to the first problem, in [18] a heuristic voltage
vector preselection has been proposed that can be effectively
applied to MPC schemes where a longer prediction horizon
is required, since it can significantly reduce the necessary
computations. Furthermore, as shown in [19], this strategy can
be successfully applied to the current control loop of induction
machines (IMs).

The second problem of enumeration-based strategies comes
from the fact that a switching state is applied for at least
one whole sampling interval, resulting in high ripples. If a
modulator is used, active voltage vectors which in general
lead to higher ripples than the zero ones can be applied for
a much shorter time. Hence, in order to reduce ripples on
the controlled variables, in [20]–[22] an MPC strategy, called
variable switching point predictive torque control (VSP2TC),
was introduced showing promising results. According to this
algorithm, a variable switching point (VSP) in time tsw, with
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Fig. 1. Three-level neutral point clamped (NPC) voltage source inverter
driving an induction machine (IM).



0 ≤ tsw ≤ Ts, where Ts is the sampling interval, is calculated
in order to minimize the torque ripple. However, it should
be mentioned that calculating a VSP further increases the
computational burden, resulting in a limited applicability of
such methods, especially for multilevel inverters.

To overcome the previously mentioned drawbacks of
enumeration-based methods, in this paper the basic principle
that was used for the torque ripple minimization in VSP2TC is
applied to the current control loop of an IM. Furthermore, the
proposed VSP strategy is combined with a heuristic preselec-
tion of the optimal voltage vector so as to reduce the required
computations. In a first step the continuous-valued solution
of the optimization problem (assuming that the continuous-
valued voltage vector is applied for a whole sampling interval)
is determined. Then, the three discrete-valued voltage vectors
that can be produced by the inverter and which are closest
to this continuous-valued optimum are considered for the
MPC algorithm. Subsequently, an optimization problem is
formulated according to which a VSP is calculated such that
the squared rms current error for both α and β components of
the stator current is is minimized. In this way, current ripples
can be effectively reduced and the necessary calculation effort
is even less compared to a complete enumeration of all
possible voltage vectors.

Moreover, the presented control scheme comes with an ad-
ditional advantage. In general, for enumeration-based methods
the real switching frequency per device is much lower than
half the sampling frequency, while it also highly depends on
the operating point. Especially at low machine speeds the
switching frequency per IGBT can reach values around 100 Hz
whereas it can be several kHz at higher speeds. The proposed
method increases the switching frequency, especially at these
operating points, and delivers significantly improved currents
while not affecting the dynamic response of the system.

The introduced algorithm is applied to an IM fed by a three-
level neutral point clamped (NPC) inverter. In addition, the
necessary dc-link voltage balancing algorithm can be easily
included into the cost function. It should be pointed out that
the proposed strategy is very promising for low-voltage (LV)
drives where, in contrast to medium- (MV) and high-voltage
(HV) drives, a good quality of the controlled variables is much
more important than low switching frequencies.

The paper is organized as follows: Section II gives an
overview of the physical system; in Section III the control
algorithm with heuristic preselection and the VSP calculation
is described. Section IV contains experimental results to verify
the proposed method and in Section V the conclusion and an
outlook to further work is given.

II. PHYSICAL SYSTEM

A. Three-Level NPC Inverter

Fig. 1 shows the three-level NPC inverter connected to an
IM. DC+ and DC- are the positive and negative dc-link rails,
respectively. NP is the neutral (zero) point. Ideally, the two dc-
link capacitor voltages vc1 and vc2 are equal to 0.5Vdc, where
Vdc is the dc-link voltage. Every phase has two complementary
pairs of switches (Sj1/Sj3 and Sj2/Sj4, j = {a, b, c}), i.e. if
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Fig. 2. Voltage vectors of a three-level NPC inverter and the corresponding
switching states

one of the two complementary switches is on, the other one
has to be off and vice versa. The inverter can produce the
voltages −0.5Vdc, 0 V and 0.5Vdc in every phase. This leads
to 33 = 27 switching possibilities which are modeled with
−1, 0, 1 corresponding to the phase voltages −0.5Vdc, 0 V
and 0.5Vdc, respectively.

By using the Clarke transformation, a variable in the three-
phase abc system (ξabc = [ξa ξb ξc]

T ) can be transformed to
ξαβ = [ξα ξβ ]T in an equivalent but linearly independent αβ
coordinate system, resulting in 19 unique voltage vectors (see
Fig. 2—positive switching states are denoted with p, negative
ones with n), through ξαβ = Kξabc, with

K =
2

3

[
1 − 1

2 − 1
2

0
√
3
2 −

√
3
2

]
. (1)

As already mentioned, the two dc-link capacitor voltages
shown in Fig. 1 have to be close to their reference values of
0.5Vdc. However, if a current is drawn from the neutral point,
these voltages will change. Thus, a voltage balancing algo-
rithm has to be implemented in order to keep these voltages
balanced. In other words, the voltage difference should be

∆vc = vc1 − vc2 = 0 . (2)

Note that positive or negative switching states do not affect
the voltage balance. By applying Kirchhoff’s current law and
utilizing the differential equation of a capacitor, the neutral
point voltage balancing mechanism can be described by

d∆vc
dt

=
1

Cdc

∑
j=a,b,c

inj , (3)



where inj is the neutral point current in phase j. This current
is equal to the phase current if a zero switching state is applied
in this phase, otherwise it is zero.

B. Induction Machine
According to [23] the basic equations of an IM can be

written in a coordinate system which rotates with an arbitrary
angular velocity ωk as

ψs = lsis + lmir , (4a)
ψr = lmis + lrir , (4b)

vs = rsis +
dψs

dt
+ jωkψs , (4c)

vr = rrir +
dψr

dt
+ j(ωk − ωr)ψs . (4d)

Stator variables are marked in the form (∗)s while rotor
variables are denoted in the way (∗)r. ψs and ψr are the fluxes,
is and ir the currents, rs and rr the resistances, ls and lr the
inductances and lm is the mutual inductance between stator and
rotor. vs is the applied stator voltage and vr the rotor voltage
(vr = 0 for a squirrel-cage IM). j is defined as j =

√
−1. ωr

is the rotor rotational speed

ωr = pωm , (5)

where p is the number of pole pairs and ωm is the mechanical
machine speed.

For ωk = 0 the coordinate system is stator-fixed, i.e. the
coordinates are given in the αβ system. In order to obtain a
more compact system representation, it is quite common to
describe the αβ system with complex numbers where the real
part corresponds to the α axis and the imaginary part to the
β axis.

According to [24], (4) can be rewritten in the form

τσ
dis
dt

+ is = −jωkτσis +
kr

rσ

( 1

τr
− jωr

)
ψr +

1

rσ
vs , (6a)

τr
dψr

dt
+ψr = −j(ωk − ωr)τrψr + lmis , (6b)

where the coefficients are given by τσ = σls
rσ

and rσ = rs +

k2r rr with kr = lm
lr

, τr = lr
rr

and σ = 1− l2m
lslr

.
The mechanical machine torque is given by

Tm =
3

2
p(ψs × is) =

3

2
p(ψr × ir). (7)

Finally, the mechanical differential equation can be stated as

dωm

dt
=

1

J
(Tm − T`) (8)

where T` is the mechanical load torque and J the inertia.

III. HEURISTIC VARIABLE SWITCHING POINT PREDICTIVE
CURRENT CONTROL (VSP2CC)

A. Stator Current Equations
First, the continuous-time equations for the stator current

have to be developed. (6a) can be rewritten as

dis
dt

= − 1

τσ
is +

1

rστσ
(vs − vemf) , (9)

with the back-EMF voltage

vemf = −kr(
1

τr
− jωr)ψr . (10)

For the rotor flux estimation (6b) is used (ωk = 0):

τr
dψr

dt
+ψr = jωrτrψr + lmis . (11)

As it can be seen from (9), the current control loop is a linear
first-order system with an external disturbance. The back-EMF
voltage vemf is changing slowly over the sampling interval and
hence, it can be assumed as constant for the whole prediction
horizon.

By using the forward Euler approximation, the equations
for current prediction, back-EMF and rotor flux estimation, as
given by (9), (10), and (11), respectively, can be discretized
with the sampling interval Ts.

B. Block Diagram of the Control Algorithm
Fig. 3 shows the block diagram of the proposed variable

switching point predictive current control (VSP2CC) algorithm
with heuristic voltage vector preselection. As the three phase
currents in the machine are balanced, only two of them
have to be measured. Furthermore, it is necessary to measure
the machine speed. The torque reference is generated by a
conventional speed proportional-integral (PI) controller, while
the reference value for the rotor flux magnitude is set to
a constant value which can be limited if field-weakening
operation is desired. Reference values are denoted with a star
superscript: (∗)∗.

In FOC the PI controllers for both the field- (d) and torque-
producing (q) currents are operating in the dq coordinate
system which is aligned with the rotor flux. However, for the
enumeration-based predictive current control (PCC) algorithm
the control task is executed in the stationary αβ system; in
order to do the enumeration in dq coordinates, it would be
necessary to transform all possible voltage vectors to this
system, too. Thus, it is computationally cheaper to transform
the current references i∗sd and i∗sq to the αβ coordinate system.
For this operation the rotor flux angle ϕ has to be calculated.
Besides, the rotor flux ψr is also necessary to estimate the
back-EMF voltage vemf. Furthermore, the dc-link capacitor
voltages vc1 and vc2 have to be measured in order to perform
the voltage balancing.

C. Heuristic Voltage Vector Preselection
In order to obtain the continuous-valued solution for the

optimization problem, the voltage balancing is not considered.
Thus, a linear or `1-norm cost function can be set up:

J1 = |i∗sα − isα(k + 1)|+
∣∣i∗sβ − isβ(k + 1)

∣∣ , (12)

where k is the current sample. Since the current control loop of
an IM is a two-dimensional linear first order system with the
back-EMF voltages vemf which are considered as “external”
disturbances, the optimization task can be solved via linear
programming. However, linear programs (LPs) are also time-
consuming. For this reason the calculations are done offline
utilizing multiparametric programming [25], [26] with the
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Fig. 3. Block diagram of the heuristic variable switching point predictive current controller (VSP2CC).

Multiparametric Toolbox (MPT) [27] for Matlab. The system
states (the αβ currents is(k), their references i∗s and the
back-EMF voltages vemf(k)) are used as parameters. After
the offline solution is calculated, a six-dimensional polytope
structure can be obtained. In every polytope a certain piecewise
affine control law is valid. Finding the optimal solution for the
LP then reduces to a simple search for the correct region in
state space. However, as the obtained number of polytopes is
usually quite high, an exhaustive search over all regions would
not be feasible in real-time. For this reason a binary search
tree according to [28] is created. This binary search tree makes
an efficient region search possible, even in real-time.

The heuristic preselection strategy is based on the assump-
tion that the discrete-valued optimum is normally close to
the continuous-valued optimum. Because of this, for every
predicted time step only the three closest voltage vectors
with respect to the continuous optimum are used for the
optimization. The αβ plane with the 19 voltage vectors in
Fig. 2 can be divided into 24 regions. After the determination
of the correct region only the three voltage vectors at its
corners are taken into account for the following discrete-valued
optimization (instead of all 19 ones).

Basically, the region can be determined in the same way as
for space vector modulation (SVM). However, for multilevel
inverters it can become a quite complex issue to find the
correct sector in which the optimal continuous voltage vector
lies. Basically, the same strategies to detect the sector which
are used for SVM can be applied as well. By taking a closer
look at the voltage vectors in Fig. 2, it can be seen that
all regions are triangles which also holds true for multilevel
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Fig. 4. Principle of the VSP calculation.

inverters. Triangles are nothing else than convex polytopes.
Because of this the region can also be found using a binary
search tree.

D. Calculation of the Variable Switching Point
Fig. 4 illustrates the basic principle of the VSP calculation.
The squared rms current error is given by

erms2 =
1

Ts

 tsw∫
0

(i∗s − is(t))2dt+

Ts∫
tsw

(i∗s − is(t))2dt

 , (13)
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where i∗s is the current reference and tsw is the variable
switching point. Note that is at time instant t = 0 is the
measured stator current. In order to simplify the calculations,
it is assumed that the current slopes are constant over the
whole sample. The current slopes can easily be calculated by
doing another set of predictions; one for the currently applied
voltage vector (which will be kept until tsw is reached) and
the one which has to be tested.

After some calculations, the VSP can be calculated such that
the squared rms current error is minimized; the final equation
for tsw results to

tsw =
A+B

C +D
, (14)

with

A = (m2α −m1α)(2isα(0)− 2i∗sα + Tsm2α) ,

B = (m2β −m1β)(2isβ(0)− 2i∗sβ + Tsm2β) ,

C = (m1α −m2α)(2m1α −m2α) , and
D = (m1β −m2β)(2m1β −m2β) ,

where m1 are the current slopes of the currently applied
voltage vector and m2 those of the new voltage vector which
is tested.

E. Final Optimization and Voltage Balancing
When the VSP for a tested voltage vector/switching state

(from the heuristically reduced set of voltage vectors) has been
calculated, an `2-norm (quadratic) cost function is used for the
final optimization:

J2 = (i∗s − is(k + nint))
2

+ λ∆vc(k + nint)
2+

+ (i∗s − is(k + 1))
2

+ λ∆vc(k + 1)2 ,
(16)

where nint = tsw/Ts ∈ [0, 1], and λ is the weighting factor for
the voltage balancing.

Because of the reduced set of voltage vectors it has to be
checked if the dc-link capacitor voltages can still be balanced.

The sum of all three phase currents is zero (balanced circuit)
and positive and negative switching states do not affect the
voltage balancing. Thus, no matter which zero switching state
(ppp, 000 or nnn) is chosen, the voltage balance will not be
affected. By taking a closer look at the voltage vectors on the
inner hexagon in Fig. 2, one of the two possible switching
states produces one zero switching state in one phase, the
other possible switching state applies two zero switching states
but in the other two phases. Because of this the voltage
balancing for these voltage vectors can be done by choosing
the appropriate switching state. Considering the outer hexagon,
the switching states at the corners (pnn, ppn, npn etc.) do
not affect the capacitor voltage. Thus, the only remaining
switching states which can lead to voltage unbalances are p0n,
0pn, np0, n0p, 0np and pn0. However, it can also be seen
that all these voltage vectors belong to regions which also
contain voltage vectors of the inner hexagon—because of this
the voltage balance can be ensured despite the heuristically
reduced set of voltage vectors.

IV. EXPERIMENTAL RESULTS

Several experiments have been performed in order to ver-
ify the proposed control algorithm and to demonstrate its
potentials. The experimental setup shown in Fig. 5 consists
of a three-level NPC inverter driving a 2.2 kW squirrel-cage
IM whose parameters are shown in Table I. The real-time
computer system is an improved version of the one described
in [29] with a 3.4 GHz Pentium 4 CPU [30].

Fig. 6 shows the transient response of the proposed control
algorithm. For this reason the speed reference was stepped
down from 2000 rpm to 1000 rpm at time t ≈ 40 ms. As it
can be seen in Fig. 6, the speed reference change results in
a step change of both stator currents. It is clearly visible that
the controller has no problems to track its references. After
the normal delay of two samples (one due to the calculations
and one resulting from the fact that the optimization has to
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Fig. 6. Experimental results of a three-level NPC inverter driving an IM for a step change in the speed reference at t ≈ 40 ms.

TABLE I
PARAMETERS OF THE INDUCTION MACHINE

Parameter Value

Nominal power Pnom 2.2 kW

Synchronous frequency fsyn 50 Hz

Nominal current |is,nom| 8.5 A

Power factor cos(ϕ) 0.86

Nominal speed ωnom 2830 rpm

Number of pole pairs p 1

Stator resistance rs 2.1294 Ω

Rotor resistance rr 2.2773 Ω

Stator inductance ls 350.47 mH

Rotor inductance lr 350.47 mH

Mutual inductance lm 340.42 mH

Inertia J 0.002 kg
m2

be performed for the next sample) the currents quickly follow
their references within three samples.

The second experiment was conducted in order to compare
the steady-state currents at 100 rpm for the proposed strategy
to a predictive current control (PCC) strategy without a vari-
able switching point. The experiment was conducted with a
sampling interval of Ts = 62.5µs. The result can be seen in
Fig. 7. It is clearly visible that the proposed control algorithm
has a significant influence on the quality of the controlled

currents. At this operating point the VSP2CC strategy can op-
erate with a much higher switching frequency (fsw ≈ 1.9 kHz)
than the conventional PCC algorithm (fsw ≈ 850 Hz). This
higher switching frequency results in less current ripples at
this operating point. The same experiment was repeated at full
nominal speed (2830 rpm). The results can be seen in Fig. 8. At
this operating point the VSP2CC strategy (Fig. 8(a)) leads to
nearly the same switching frequency as plain PCC (Fig. 8(b))
and the current ripples are in the same range.

Finally, the results of the last experiment are shown in
Fig. 9. It was conducted in order to investigate more deeply
the effect of the VSP2CC strategy on the switching frequency
depending on the operation point of the system. Thus, the
average IGBT switching frequency was measured in steps of
10 rpm from 0 rpm to full nominal speed (2830 rpm) for both
control methods. It is clearly visible that VSP2CC leads to
much higher switching frequencies at low machine speeds and
thus also to decreased current ripples. While the switching
frequency for VSP2CC is always higher than 900 Hz, it goes
down to less than 100 Hz for the conventional PCC algorithm.
As verified in the previous experiment, for higher machine
speeds the switching frequencies are nearly the same for both
strategies.

V. CONCLUSION AND FURTHER WORK

In this paper a variable switching point predictive current
control (VSP2CC) of induction motors (IMs) with heuristic
voltage vector preselection was introduced. It provides an
effective solution for the two main drawbacks of enumeration-
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based model predictive control (MPC) methods, i.e. the high
calculation effort and large ripples on the controlled variables.
The experimental results clearly verify that the controller
shows excellent behavior during transients and in steady-
state. Further developments of the proposed method are the
extension to five-level inverters.
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