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Abstract—Different modulation techniques need to be combined
in medium-voltage high-power variable-speed drives as the fun-
damental output frequency changes. Due to this fact, transitions
between different modulation techniques are required in a real-
time converter operation. However, these transitions may generate
phase overcurrent due to changes in the switching patterns. This
article presents a method that analyzes and models the modulation
transitions. It also identifies the optimal fundamental period angle
interval where the transition should take place to minimize or
eliminate any overcurrent. The proposed method is generic and
can be extrapolated to any converter topology and modulation tech-
nique. It is demonstrated for transitions between selective harmonic
elimination pulsewidth modulation and space vector modulation on
a three-level neutral-point-clamped converter through simulations
and experimentally validated in a 45-kW scaled-down converter
and 6.5-MW full-scale drive.

Index Terms—AC motor drives, modulation, overcurrent
protection, power converter.

I. INTRODUCTION

THE use of power converters in medium-voltage (MV)
high-power (HP) applications has drastically increased due

to their capabilities, such as improved output waveform quality,
efficiency, reliability, and modularity [1]–[3]. To achieve an
increase in voltage and power ratings, the use of multilevel
converter topologies and their related modulation techniques
plays an essential role [4]–[9].
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One of the most common MV and HP uses for multilevel
converters is that of variable speed drives, typically found in
different fields, such as industrial applications (pumps, fans,
compressors, etc.), mining, marine propulsion, and railway trac-
tion [8]–[13]. These applications require the combination of
different modulation techniques to achieve the highest available
power ratings as the fundamental output frequency changes
[14]–[16]. Two modulation techniques commonly used in the
literature to synthesize the output voltage in variable speed drives
are as follows.

1) Space Vector Modulation (SVM) or SVM Pulsewidth Mod-
ulation (SVPWM): A digital implementation that controls
the three-phase converter through the designed switching
sequence [5], [17]–[19]. It can be applied in SVM or
SVPWM variants. This modulation technique is used for
low fundamental output frequencies, where the switching
frequency to fundamental output frequency ratio is high.

2) Selective Harmonic Elimination (SHE) PWM: A precal-
culated modulation technique that eliminates low-order
harmonics, improving voltage quality. Selective harmonic
mitigation is considered as a particular case of SHE, where
low-order harmonics are not completely eliminated but
just mitigated [20]–[26]. SHE is used for higher output
frequencies due to its synchronous characteristic, its lower
switching losses, and higher voltage quality.

These modulation techniques are identified as the most com-
mon ones in medium-voltage high-power converters [14]. Due to
this reason, SVM and SHE are considered in this article. On the
contrary, the proposed analysis and technique can be extended
to any other modulation type.

Transitions between modulation techniques may be needed in
variable speed applications due to the following reasons.

1) Output Voltage Quality: As the fundamental output fre-
quency increases, the switching frequency to fundamen-
tal frequency ratio of SVM decreases, which increases
the harmonic distortion. Conversely, SHE generates har-
monics with a frequency proportional to the fundamental
output frequency; hence, as it increases, the waveform
quality improves, [20], [21], [25]. Therefore, as the output
frequency increases, it is preferable to move from SVM
to SHE and vice versa.

2) Thermal Limitations: Thermal restrictions depend on
the converter current and the semiconductor switching
frequency [14], [27]–[30]. While SVM has a constant
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switching frequency, the switching frequency of SHE
increases with the output frequency and number of an-
gles. Due to the latter one, the number of angles in an
SHE pattern can be reduced as the fundamental frequency
increases, thus maintaining the switching frequency below
the thermal limits of the semiconductors [14], [29].

3) Output Filter Limitation: When an output filter is used,
the employed SHE tables should be able to eliminate (or
mitigate) harmonics at lower frequencies than the filter
cutoff frequency to avoid possible resonances. Therefore,
transitions between SHE patterns with different number
of firing angles could be required as the output frequency
increases/decreases.

When using different modulation techniques, the transition
from one to another becomes critical as it produces a transient
overcurrent that may exceed converter ratings, thus triggering
the overcurrent protection.

This article proposes a technique to minimize the overcur-
rent produced in case of modulation transitions in variable
speed drives. Owing to the proposed work in this article, any
modulation technique can be combined in order to accelerate
the converter up to nominal frequency. Even voltage/second
strategy [31] is an approach that can be applied in classical SVM
methods; this type of technique is not possible to generally be
extended to any other modulation type. To the best knowledge
of the authors, this is the first time that a generic modulation
transition algorithm is proposed in the literature. The main
contributions are as follows.

1) An analytical approach is presented to combine different
modulation techniques. Dependencies of the overcurrent
with different circuit parameters are analyzed.

2) An offline algorithm is proposed to minimize the over-
current under modulation transitions. It estimates the op-
timum angle range where the transition between the two
modulation techniques needs to take place to minimize the
transient overcurrent.

The analysis has been done for a three-level converter. How-
ever, extrapolation of the methodology for any number of output
voltage levels is straightforward. The inputs of the proposed
analysis are: converter output voltage frequency spectrum, and
load characteristics. Calculations needed to obtain these points
may vary depending on both converter topology and modu-
lation technique. Once converter output voltage is obtained,
the proposed analysis is applicable for any converter topology
or modulation technique. This analysis is also applicable for
overcurrents in voltage source converters (VSC) or overvoltages
in current source converters, whose operation is analogous. VSC
case is analyzed in this article.

The rest of this article is organized as follows. Section II
develops the mathematical analysis of the current transient when
the modulation technique is changed. In Section III, the proposed
algorithm to calculate the transient overcurrent waveform when
there is a transition between modulation techniques is intro-
duced. Besides, a study of the overcurrent dependence on the
input parameters is introduced as well. Section IV presents a
case study and simulation results to test the developed algorithm.
In Section V, experimental results are presented for a full-scale

Fig. 1. Modulation transition scheme for each phase of a multiphase system.

MV drive and a voltage scaled-down testbench. Finally, Section
VI concludes this article.

II. MODULATION TRANSITION ANALYSIS

To change the output voltage and frequency of an MV variable
speed drive, a modulation change might be needed. To analyze
this scenario, the simplified scheme illustrated in Fig. 1, where
a voltage source (emulating the converter output) supplies an
inductive–resistive load (i.e., asynchronous motor), is used.
At a given time instant, the voltage source changes from the
switching patterns provided by Modulation A to those provided
by Modulation B, creating a transient in the output current.

Generally speaking, the output voltage synthesized by the
initial modulation technique for a generic Phase X is defined as
follows:

VAX
(t) =

j∑
h=i

[VA,hsin (hωt+ γ + ϕA,h)] (1)

where VA,h is the amplitude of the h harmonic component of
the output voltage, ω is the output frequency expressed in rad/s,
t is the time in seconds, and ϕA,h and γ = {0, 4π

3 , 2π
3 } are

the initial phase shift for the h harmonic and the phase angle
component, respectively, expressed in radians. The same Fourier
series expansion defines the output voltage synthesized by the
switching patterns of Modulation B by just replacing VA,h

by VB,h and ϕA,h by ϕB,h.
The equivalent load impedance can be expressed as

Zn,h = Zh ∠θh (2)

whereZh and θh are the impedance module and phase expressed
in Ohms and radians, respectively, for every h harmonic [32].

The output current for Phase X when a transition from Mod-
ulation A to B takes place can be expressed as

iX (t) =

j∑
h=i

[
VB,h

Zh
sin (hωt+ γ + ϕB,h + θh)

]

+RX (T0) e
−t

Rload
Lload (3)

where T0 is the instant where the transition occurs and RX

is the amplitude of the transient overcurrent for each phase.
Said amplitude, given by (4), is calculated as the difference
between the output current generated by the voltage waveforms
associated to both modulation techniques at the instant of the
transition between modulations. It takes this form due to the
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Fig. 2. Overcurrent waveform calculation process for N-phase systems.

inductive–resistive [Lload and Rload, respectively, in (3)] na-
ture of the considered loads, i.e., asynchronous motors and
permanent-magnet synchronous machines. Equation (4) pro-
vides an analytical expression to calculate the overcurrent in
each phase. The transition time T0 to minimize the overcurrent
can then be calculated. However, this implies dealing with the
addition of multiple harmonics that makes its interpretation and
mathematical manipulation quite complex. Besides, all phases
should be considered simultaneously for the calculation of T0.
Due to these facts, it is convenient to develop a numerical
overcurrent minimization algorithm to calculate T0.

III. PROPOSED OVERCURRENT MINIMIZATION ALGORITHM

The proposed offline overcurrent minimization algorithm is
split into the following three steps.

1) First step evaluates the maximum overcurrent in any of
the output phases when there is a transition between two
modulation techniques.

2) Second, the dependencies of overcurrent with the electric
parameters are determined.

3) Finally, the required T0 to minimize the overcurrent is
assessed. Issues regarding practical implementation are
also addressed in this step.

Note that the proposed method is based on how to calculate
the optimal time instant in order to execute the change from one
given modulation scheme to another. The voltage and frequency
where this transition needs to be done are assumed to be already
evaluated as in [14]–[16].

A. Overcurrent Calculation Algorithm for the Modulation
Transition

The process to calculate the overcurrent is represented in
Fig. 2. First, the voltage amplitude, fundamental frequency, and
modulation index at which the transition between modulations
will take place need to be set. Once defined, the voltage wave-
forms for Modulation A and B for one fundamental period are
obtained and their harmonic decomposition is calculated. Note
that the main inputs used in the calculation are the harmonic
components of the voltage waveforms. These can be obtained
directly in the frequency domain (regardless of modulation
technique) or calculated through a time-domain waveform.

Once both voltage waveforms are generated and their har-
monic components are calculated, a load model that accurately
represents the load behavior needs to be defined. With that

Fig. 3. Transition ranges for minimum overcurrent for the analyzed three-
phase system. (a) SVM to SHE11 transition at 14 Hz, (b) SHE11 to SHE9
transition at 20 Hz, (c) SHE9 to SHE7 transition at 38 Hz, and (d) SVM to
SHE7 transition at 14 Hz.

purpose, an impedance frequency model is created, setting dif-
ferent impedances for each harmonic of the fundamental output
frequency [32]. This model has different impedance formulation
depending on the frequency as follows.

1) At the fundamental frequency, the operating current, volt-
age, and power factor are used to define the impedance
value.

2) Higher order harmonics are modeled applying an
impedance that is equal to the leakage inductances of the
connected motor.

Then, having the voltage waveforms and the load model ex-
pressed in the frequency domain, the currents associated to each
voltage waveform are obtained, so that the following equation
can be calculated:

RX (T0) =

j∑
h=i

[
VB,h

Zh
sin (hωT0 + γ + ϕB,h + θh)

−VA,h

Zh
sin (hωT0 + γ + ϕA,h + θh)

]
. (4)

Two different cases are considered as follows:
1) transition from an SHE pattern to another one with differ-

ent number of angles;
2) transition from SVM to SHE, or vice versa.
Even though the scenario presented in Fig. 1 and (4) can be

applied to both cases to calculate the overcurrent, each of them
presents some singularities that must be taken into consideration.
Results for both cases are shown in Fig. 3. Fig. 3(a) shows
SVM to SHE11 transition, Fig. 3(b) and (c) shows SHE to
SHE transitions, and, finally, Fig. 3(d) shows the SVM to SHE7
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Fig. 4. Low harmonic spectrum of the currents and overcurrent at the SVM
to SHE transition. (a) SVM to SHE11 strong influence of the 23rd and 25th
harmonics and (b) SVM to SHE7 weaker harmonic influence.

transition to prove how the noneliminated current harmonics
influence the resulting overcurrent waveform.

1) Transition Between Different SHEs: SHE is a syn-
chronous modulation strategy in the sense that the amplitude
and phase of the generated voltage harmonics are univocally
defined and are independent of the fundamental frequency.
Consequently, (4) can be unambiguously determined regardless
the time instant when the transition between the modulations
takes place and the value of the fundamental frequency.

Therefore, to determine the maximum transient overcurrent,
calculation of RX(t) according to (4) for any time instant t within
a fundamental period is made for all the phases of the converter.

As a case study, a three-phase system is considered, where
X = {U,V,W}. Then, their absolute values are taken and the
maximum one is selected.

Fig. 3(b) shows the maximum overcurrent amplitude when a
transition from SHE11 to SHE 9 takes place at any time instant
within a fundamental period (where the number of SHE means
the number of angles in the first quarter of period). As it can
be observed, there is a repeatability of 60° in the overcurrent
pattern, which can be explained since the positive and negative
half-periods of the same phase create the same absolute value
of the overcurrent. This means that when a transition among
two SHE patterns is performed, the optimum time instants with
minimum overcurrent are found every sixth of the fundamental
period.

2) Transition Between SVM and SHE: A similar approach
can be followed to analyze the transition between SVM and
SHE. For the sake of simplicity, SVPWM is considered in this
article as a particularization of SVM. This assumption is made
as its performance and harmonic spectrum can be considered
similar to those of the SVM digital implementation [33]–[35].
The objective is to achieve voltage harmonic magnitudes and
phases as given in (1).

When variable speed drives are considered, SVPWM behaves
as an asynchronous modulation. The noninteger ratio between
the switching and the fundamental frequency affects the symme-
try of the voltage signals resulting in different voltage waveforms

in every fundamental period. Due to this fact, it is necessary
to consider the phase shift between the modulation and carrier
signals to determine the harmonics of the voltage waveforms
that define the overcurrent. Depending on the phase shift, the
maximum and minimum overcurrents will take different values
and will be generated at different time intervals. Therefore, to
consider this uncertainty in the calculation algorithm, a para-
metric sweep of the phase shift from 0° to 360° is performed
and a global overcurrent waveform is defined as the envelope
(maximum) of the individual overcurrent waveforms of each
considered phase shift. This way, a worst case scenario analysis
is performed which guarantees that the maximum overcurrent
will be always equal or smaller than that provided by the algo-
rithm.

Unlike the previous case, the periodicity of the overcurrent
cannot be generally assessed for the transition between SVM
and SHE. It depends on the switching frequency of SVM and
the number of angles of SHE. Fig. 4 shows the current spectrum
of two possible SVM to SHE transitions. According to (4), the
dominant harmonics of the overcurrent waveform that define its
periodicity will be those that are not mutually canceled between
the two modulation strategies. Fig. 4 illustrates that the first
noncanceled predominant harmonics are different in both cases.
Consequently, the periodicity of the overcurrent waveform is not
the same.

B. Input Parameter Dependence

The overcurrent directly depends on the operating point where
the converter performs the modulation transition. This operating
point is defined by different parameters defined as follows:

1) dc bus voltage (Vdc);
2) rated output voltage (VLLrms);
3) rated output frequency (fo);
4) SHE patterns;
5) switching frequency if SVM;
6) control task time;
7) transition operating points (voltages and frequencies);
8) power factor of the load at the transition;
9) amplitude of the output current at the transition;

10) load parameters (leakage inductances, etc.).
The first seven parameters are predefined by the used con-

verter, and completely define the synthesized output voltage that
is needed to obtain the currents. The last three parameters are
defined by the load and will determine the magnitude of the
overcurrent; although the exact value of those parameters might
not be available.

Due to this fact, the load parameter dependence of the over-
current is analyzed by means of a parametric analysis of these
three parameters, as illustrated in Fig. 5. The horizontal axis
represents the phase angle of the first output phase that can
be translated to time depending on the output fundamental
frequency. The vertical axis represents the overcurrent waveform
obtained considering the three-phase system, since one output
phase might be near the zero crossing point, whereas the others
have high current values.

The effect of the power factor of the load in the overcurrent
is analyzed in Fig. 5(a). It is observed that the power factor does



9988 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 9, SEPTEMBER 2021

Fig. 5. Overcurrent at the transition from SHE11 to SHE9, output frequency
20 Hz. (a) Power factor where Ibase = 1000 A, (b) rms value of the output
current where Ibase = IU, and (c) rotor and stator leakage inductances where
Ibase = 1000 A.

not modify the overcurrent. This is explained since the power
factor only affects the angle of fundamental voltage and current;
the harmonics maintain the phase whichever the power factor
is. Therefore, according to (4), the overcurrent is not affected.
Hence, all the power factor plots in Fig. 5(a) are overlapped.

Fig. 5(b) shows the variation of the normalized overcurrent
(overcurrent/amplitude of the fundamental) as the fundamen-
tal current changes. As expected from (4), the same over-
current is generated regardless of the amplitude of the fun-
damental output current. Besides, the periods of time during
which the overcurrent is minimum remain the same inside the
fundamental period. Consequently, it is not necessary to take
into account the amplitude of the fundamental output current
for the calculation of the optimum transition time between
modulations.

Finally, the impact of the total leakage inductance of the motor
is analyzed in Fig. 5(c). Decreasing the leakage inductance
results in a greater current ripple, while increasing it reduces
the current ripple. Therefore, for the same fundamental output
current, higher overcurrent is expected when the total leakage
inductance is smaller. However, the overcurrent maximum and
minimum points remain located at the same time instants.

C. Overcurrent Minimization Algorithm

The previous analysis has shown that the load power factor,
the amplitude of the output current, and the leakage inductance
can be neglected to calculate the time instant when the transition
between modulations should take place to minimize the overcur-
rent. This simplification reduces the calculation complexity.

Utilizing the methodology described in Section III-A, the
proposed overcurrent minimization algorithm implements an
offline calculation of the overcurrent, due to the modulation
transition, throughout the fundamental period as depicted in
Fig. 3. Through this calculation, the transition angle (equivalent
to the transition time instant) that minimizes the overcurrent is
obtained. However, due to real-time implementation constraints,
there is a minimum sampling period that should be considered
for the calculation of the transition angle that is defined by the
control task period. The proposed algorithm needs to calculate a
range of transition angles with a duration of at least one control
task period. In this way, it is assured that there is always an
optimum transition angle within a fundamental period at the
sampling time period defined by the control task. Minimum
integral average per control period (Tc) equation is defined in
the following equation:

IAV E,Tc =

M−N∑
i=1

[
ΔOv (i) ·Δϕ (i)

2

]
(5)

where M is the total number of points used and N is the number of
points for the sliding window. Minimum integral index i is saved,
once the whole waveform has been analyzed. Additionally,ΔOv
is the overcurrent variation [see (4)] inside the sliding window at
the starting point i.Δϕ is the angle variation in a sliding window.

This is implemented applying a sliding window, whose width
is equivalent to a control task period, over the overcurrent cal-
culated previously (see Fig. 3). The selected range of optimum
angles is defined so that it provides the minimum average over-
current value over the sliding window. In addition, if surrounding
angles provide less overcurrent than the average value, the
optimum angle range is expanded to include these angles. Fig. 3
illustrates in blue the overcurrent along the fundamental period,
the minimum range found is plotted in green, and the expanded
range is plotted in red. The figure evaluates the transition for
different modulation techniques and operating points, which
could be an example of an acceleration switching pattern in a
real power converter.

IV. SIMULATION RESULTS

A. Case Study

A three-level (3L) neutral–point-clamped (NPC) [7]–[9] con-
verter is simulated using the scheme of Fig. 6, where instead
of capacitors, dc sources simulate an ideal dc bus; this means
that the floating neutral point (0 in Fig. 6) is always balanced. In
this way, there will be no unbalanced neutral floating point that
affects the results.

The case study presented in this article represents a 3L NPC
drive that, without a proper modulation transition management,
can register serious overcurrent during its operation, resulting in
emergency stops of the converter.

The operating conditions and modulation characteristics are
summarized in Table I . The proposed methodology is applied
to three different transitions: SVM to SHE11, SHE11 to SHE9,
and SHE9 to SHE7. Their respective transition frequencies are
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Fig. 6. 3L NPC voltage source converter connected to an inductive–resistive
load.

TABLE I
CASE STUDY PARAMETERS

TABLE II
SHE TABLES AND TRANSITION FREQUENCIES

TABLE III
ANGLE RANGES FOR OPTIMUM MODULATION TRANSITIONS

displayed in Table II. Note that for different converter implemen-
tations, the SVM switching frequency may vary, along with the
control task period. Therefore, different widths for the optimum
angle range should be considered.

The results obtained with the proposed algorithm are shown in
Table III, where Range0, Range1, and Range2 are the optimum
transition angle ranges found for SVM to SHE11, SHE11 to
SHE9, and SHE9 to SHE7 transitions, respectively. Note that
these results are specific of the set of SHE firing angles used.
Therefore, different sets of firing angles for the same operating
conditions [20] will result in different optimum angle ranges.

A further study of the transitions is conducted at different
modulation indices (and frequencies considering a V/f control).

Fig. 7. Transition evaluation at different operating points. (a) SVM to SHE11
transition. (b) SHE11 to SHE9 transition. (c) SHE9 to SHE7 transition.

Fig. 7 shows how the normalized overcurrent changes as the
modulation index increases for the transitions among SVM to
SHE11, SHE11 to SHE9, and SHE9 to SHE7, respectively.

Transition angles are represented between 0° and 120° for the
SHE cases, although they can be replicated up to six times in the
same fundamental period. This is due to the fact that between
some SHE tables, the optimum range is centered at 60°.

As seen in Fig. 7(b) and (c), when SHE transitions are consid-
ered, the minimum overcurrent angle remains constant for every
modulation index.

In Fig. 7(a), a similar behavior is observed, although variations
can be noticed due to the changes in the carrier to output
frequency ratio, as it has been explained in Section III-B. Con-
sequently, in the case of SHE to SHE transitions, the frequency
and modulation index can change while the optimum transition
angle will remain constant. This fact is true in case of SVM to
SHE transitions, when just small variations of frequency and
modulation index are regarded.
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Fig. 8. MV drive simulation. (a) Overcurrent in the SVM to SHE11 transition
at 14 Hz and (b) overcurrent in the SHE11 to SHE9 transition at 20 Hz.

Fig. 9. MV drive simulation applying the transition control algorithm.
(a) SVM to SHE11 transition. (b) SHE11 to SHE9 transition. (c) SHE9 to SHE7
transition.

B. Transition Control Algorithm Simulation

Figs. 8 and 9 show electromagnetic transient simulations
when a 3L NPC drive, using the data from in Table I, is operated
without and with the proposed modulation transition manage-
ment, respectively. In Fig. 8(a), a transition between SVM and
SHE11 takes place, which produces a transient overcurrent that,
despite considerable, it is not large enough to surpass the over-
current converter limits. Fig. 8(b) shows a transition between
SHE11 and SHE9, which produces a considerable transient
overcurrent as well. In this case, the overcurrent peak surpasses
the overcurrent protection limit set for the converter. In a real
converter, this issue may imply a complete emergency shut down
of the converter.

Fig. 10. Experimental scaled-down converter.

TABLE IV
SCALED-DOWN EQUIPMENT PARAMETERS

These results confirm that serious overcurrent might happen
when changing the modulation technique on variable speed drive
applications.

Fig. 9 shows the current waveforms during transitions from
SVM to SHE11, SHE11 to SHE9, and SHE9 to SHE7. These
results are obtained under the same previous working conditions,
but when the transition between modulations is performed at the
optimum time instant according to the proposed algorithm. In all
the three cases, the transient overcurrent is minimized, proving
the ability of the proposed modulation transition algorithm to de-
termine the optimum time instant and to minimize the transient
overcurrent.

V. EXPERIMENTAL RESULTS

A. Scaled-Down Converter

In order to completely validate the proposed method, an
experiment is conducted using a scaled-down converter (see
Fig. 10 and parameters in Table IV). In the next section, the
algorithm is applied to the actual MV converter from Table I,
showing how critic it can be in demanding applications.

The optimum transition ranges are calculated and applied
in the same way as in Section IV. First, the converter imple-
ments the modulation transition at a nonoptimal instant that
produces a significant overcurrent (see Fig. 11). Several signals
are represented; Vu and Iu are the oscilloscope measured output
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Fig. 11. Scaled-down experimental results without applying the transition
control algorithm. (a) SVM to SHE11 transition at 20 Hz. (b) SHE11 to SHE9
transition at 38 Hz. (c) SHE9 to SHE7 transition at 43 Hz.

Fig. 12. Scaled-down experimental results applying the transition control
algorithm. (a) SVM to SHE11 transition at 20 Hz. (b) SHE11 to SHE9 transition
at 38 Hz. (c) SHE9 to SHE7 transition at 43 Hz.

voltage and current of phase U of the converter, respectively;
Iv and Iw are, respectively, the currents of phases V and W
registered and filtered by the controller. As it can be noticed, the
ripple of these currents is slightly attenuated due to the filter,
resulting in lower measured overcurrent.

In Fig. 11(a), an overcurrent takes place when SVM is re-
placed by SHE11 in phase U. In Fig. 11(b) and (c), the over-
current takes place in phases V and W. The peaks are clearly
observed, even though just the filtered signals are displayed,
which provides lower overcurrent values than real ones.

In Fig. 12, the optimal transition angles are applied. Compar-
ing to Fig. 11, the transient overcurrent during the modulation
transitions is greatly reduced. In this way, the maximum ratings
of the converter are never exceeded.

B. Medium-Voltage Converter

Field results were also obtained for the MV drive described
and modeled in Section IV (see Fig. 13 and parameters in
Table I). These results, obtained from a full-scale commercial

Fig. 13. Ingedrive MV500 3L NPC full-scale converter.

Fig. 14. SHE11 to SHE9 transition on a real MV drive at 20 Hz. (a) Transition
without algorithm. (b) Transition applying the algorithm.

power converter working in a real mining application, comple-
ment the experimental results obtained from the scaled-down
converter of Section IV-A.

Results are much more visual on the Ingedrive MV500 than
in the laboratory scaled-down equipment. This is due to the
smaller inductance of the MV motor connected to the drive. As
it can be noticed in Fig. 14(a), if the modulation transition is not
controlled by the proposed algorithm, it produces an overcurrent
(2840 A) that surpasses the converter current ratings, resulting in
an emergency stop, making it impossible to further increase the
output frequency, thus, no registers could be obtained to show
the transition without the overcurrent minimization algorithm.

However, in Fig. 14 (b) the transition algorithm is applied
and no overcurrent takes place, ensuring the safe operation of
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the drive. If Figs. 8 and 14 are compared, a difference in the
current amplitude can be noticed from the simulation to the real
application. The simulation results were performed with no load,
due to the uncertainty of the load (active power and power factor
values) of the application. However, as explained in Section III-
B, the optimal transition range is independent of the power factor
and current amplitude. These results demonstrate the suitability
of the proposed method in a real application.

VI. CONCLUSION

This article has presented a mathematical analysis and a
method to minimize the transient overcurrent in variable speed
drives when there is a transition between different modulations.
It provides the optimum angle (time instant) when the transition
should take place to minimize the overcurrent. Besides, the
dependence of the transient overcurrent on different converter
and load parameters has been analyzed as well, improving the
applicability of the proposed method to a real converter.

The method has been successfully proven in a 3L NPC drive
with different modulation transitions, i.e., SVM to SHE or SHE
to SHE with different number of firing angles. However, it
is general and can be applied to any converter topology and
modulation technique.

Simulation and experimental results illustrate the effective-
ness of the proposed method to limit the modulation transition
overcurrent.
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