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Abstract—The paper deals with optimal design and control
of electric drives. A hybrid multilevel inverter drive structure
is proposed in order to reduce converter switching losses and
motor switching induced losses. Analysis demonstrates that low
order harmonics may be generated by these type of converters
when employing inappropriate control approaches. It proposes
a control approach that features low tracking distortion over
full range of operating points, during transients and inverter
capacitor voltage imbalances, while minimizing switching losses.
Proposed multilevel inverter control scheme is integrated into an
MPC control scheme that optimally controls the drive.

I. INTRODUCTION

Multilevel converters have been introduced in order to
overcome silicon device voltage limits and reduce waveform
distortion [1]-[4]. Hybrid multilevel inverters have been intro-
duced in order to combine several complementary circuits in
order to obtain better overall performance [5]-[8]. For some
topologies, the hybridization is obtained by combining three-
level H-bridge cells of different voltage ratings. These power
converter structures feature a relatively large number of cells.
As many isolated transformer windings as cells are required
to provide the required isolated voltage sources, generally
through rectifiers in order to reduce the overall complexity
of the power supply. As a consequence these topologies are
best suited for applications with no energy recovery.

Topologies combining a three-level inverter with three-
level H-bridge cells have been introduced to diminish [6] or
eliminate [7] the need for isolated power supplies. They are
best suited for vehicle applications, where it is desired to
recover energy during braking. Appropriately designed and
controlled, they can feature increased energy efficiency and
reduced harmonic distortion [6], which also results in reduced
motor losses.

Several control strategies have been proposed in order to
reduce the inverter switching losses. The difficulty is to control
the inverter optimally over its full range of operation. Some
previously proposed control strategies feature low switching
losses but also some low harmonic distortion, especially at
full magnitude, during transients or with capacitor voltage
imbalances. For drive applications, it is necessary to operate
the inverter over its full range of magnitudes with little
distortion in order to obtain satisfactory control performance.

This paper proposes to use the topology introduced in [6]
to design a high dynamic performance high energy efficiency
multilevel drive (see Fig. 1). The objectives are to feature low
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switching losses, low conduction losses, close to zero motor
ripple losses and high dynamic performance employing a sen-
sorless control scheme. A strategy to avoid the low-frequency
distortion introduced by the multilevel inverter operation is
proposed. It allows satisfactory performance of the observers,
which are particularly sensitive to inverter distortion.

II. TOPOLOGY OVERVIEW
A. Concepts

The drive topology is shown in Fig. 1. It is comprised of a
“higher voltage cell”, an IGBT three-phase two-level inverter
connected in series with “lower voltage cells”, three 3-level
MOSFET H-bridge inverters. The properties that are relevant
for the energy efficiency and harmonic distortion depend on
the voltage ratio between the higher and lower voltage cells.
They are described in [6] for three-phase inverters.
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1) Even space-vector distribution: An important property
is to design an inverter that features an even distribution of
the space vectors in order to feature the same low ripple
magnitude over the full range of operation of the inverter: for
this topology, the largest ratio that allows obtaining this space-
vector uniformity property is 4. A very important property



to design an inverter that features low switching losses is to
be able to switch the higher voltage cell at the fundamental
switching frequency.

2) Low switching losses: The ability of the hybrid inverter
to be operated with low switching losses is measured by the
concept of optimized modulation domain, which is the set that
contains the reference space vectors that can be synthesized
without switching the high voltage cell (featured by gray and
cross hatched areas in Fig. 4(a)-(c)). The largest ratio that
practically allows obtaining a compact optimized modulation
domain (without holes) is 3 (example featured in Fig. 4).

3) Simple and efficient power supply: Another important
property is to feature a power breakdown, such that most of
the power flows from the higher voltage cell in order to reduce
the power solicitation on the lower voltage cell [6]. This is
obtained by having the largest voltage magnitude synthesized
by the higher voltage cell, which suggests that the highest
possible voltage ratio that allows switching the high-voltage
cell at reduced switching frequency must be selected: 3 in the
present case.

B. Semiconductor switches’ selection

This section describes how to realize the topology of Fig. 1
with off-the-shelf silicon devices and motors. The maximum
line-to-line voltage for this ratio is Umax = 5/3upc =
1.67upc. In sine operation the phase voltage is about
0.96 upc. Two different switching devices of similar current
ratings, with voltage ratings in the selected ratio have to be
selected to optimally use the switching devices. To realize
an AC drive that would feature the same voltage and current
ratings as a conventional 2-level 3-phase with 600 V" at the DC-
link (230 V. RMS phase voltage) a combination of 600 V' IGBT
with 200V DC-link or 250 V' MOSFET should be selected.
The DC-link voltage would optimally be upc nom = 360V
for the higher voltage cell and %c1nom = UC,2mn0m
Uc,3nom = 120V for the lower voltage cells, yielding 245V
maximum RMS phase voltage, which perfectly matches the
application requirements. It has to be noted that these voltages
can be slightly modified without significantly affecting the
overall system performance.

III. CONTROL SYSTEM OVERVIEW

The control system comprises two cascade observers, a
motor torque controller and a multilevel inverter controller
(see Fig. 2). A standard MRAS structure is employed as
flux and speed observer. A linear observer is employed to
compensate delay and improve control scheme performance.
The model predictive torque controller determines the inverter
reference space-vector to be synthesized in order to optimize
dynamic performance (optimal in the sense that it minimizes
the tracking error through the control objective cost function.
The inverter reference space-vector is employed to synthesize
a PWM pattern that minimizes distortion and switching losses.
The two latter parts are discussed in more details in the
following sections.
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Fig. 2. Control system overview

IV. MOTOR CONTROL

The model predictive torque control scheme proposed in [9]
is suitable for multilevel drive. The control law is synthesized
by computing the solution to a finite time constrained optimal
control problem that is formulated by writing:

1) a cost function,
2) a model of the system dynamics,
3) a set of inequality constraints.

A. State and disturbance observer

The rotor flux is estimated through a MRAS observer. The
state is defined employing the stator currents and rotor flux in
rotor flux coordinates:

. is
Tptilk = Lz} ’?1} (D
rk+1

A linear observer is employed in order to compensate the
computational time delay by predicting the next state from
the currently applied stator voltage:

€ = ts g — CZpp—1

Tk = Thjk—1 + Lo €k 2

Wik = Wyig—1 + Ly €k

Tpp1)k = Ad T + Baus i + W

This observer also estimates a disturbance term, which ac-
counts for model mismatch. This term reflects the parameter
mismatch and the neglected terms that are due to the rotor and
flux angular velocities. The feedback gains can be synthesized
optimally using Kalman filter framework.

B. Constrained optimal control problem formulation

1) Cost function: The control objective is to minimize the
tracking error between the target and the actual state over the



prediction horizon:

N
J = Z (wk+”|k o :rtarvk)T Q (wk+n|k - mtar,k) 3)
n=1

+ (u:,k+n—1 - Us,tar,k)T R (U;k+n_1 - us,tar,k)

The cost function is selected to tailor the closed-loop system
behaviour by capturing the control trade-offs through the
matrix @ and R.

2) Model equality constraints: The initial motor electrical
state is obtained from observer (2):

Thik = Tryilk (4a)

The sequence of future states is predicted from the initial state
using a model that features the time varying velocity dependent
part of the motor dynamics as a disturbance term:

Thintilk = Ad Thgn|k T Balls kyn + Wipnp-  (4b)

This model enters as a set of equality constraints in the
optimal control problem. The role of these model depending
constraints is to link the predicted states and manipulated
control variables. The target is obtained by adding equality
constraints that specify the relation between the target, the
reference and the disturbance at steady state:

e A R
C 0 Utar,k I Yret,k

The disturbance wy, | is obtained from the same observer
that allows obtaining the initial state (4a) (see [9]). Employing
this formulation allows to ensure offset free torque and flux
control (see [10] for existence and stability).

3) Inequality constraints: For the considered problem, the
constraints are the maximum admissible current

(40)

is7d,k+n < imax,k: (Sa)
and the maximum available inverter voltage
Hul ., 1 < Kyupck (5b)

(5b) is a linear matrix inequality constraint that expresses the
output voltage capability of the inverter, which is approximated
by a polygon of radius upc x [11].

C. Explicit model predictive controller

The optimal stator voltages are found by solving the CFTOC
problem defined by the cost function and the constraints
formulated in (3)-(5) at each sampling instant. The correspond-
ing optimization problem is a quadratic program (QP). The
optimal solution is a piecewise affine map between the initial
state and the stator voltages that can be computed off-line [12]
on the form:
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The CFTOC problem (3)-(5) is formulated using Yalmip high
level optimization language under Matlab [13]. The associated
QP is solved parametrically using the multi-parametric toolbox
(MPT) [14] yielding the control law (6). The number of
regions R depends on the number of inequality constraints
and on the length of the prediction horizon. It is about 100 for
the proposed control scheme. (6) can be effectively computed
by running a binary search tree where an affine function is
evaluated at each node [15].

V. MULTILEVEL PULSE WIDTH MODULATION

The explicit model predictive torque controller (6) computes
the optimal average stator voltage that must be applied to the
motor at each sampling period. The role of the multilevel
pulse width modulator is to generate a voltage pattern that
produces an effect as close as possible to this optimal average
stator voltage by modulating the inverter available voltage
levels. Different modulation strategies may be employed to
reach different objectives in terms of obtained voltage and
flux distortions, required number of inverter transitions and
scheme complexity. In this work, digital asymmetrical trian-
gular carrier technique is employed as it is simple and allows
obtaining very low distortion both for the voltage and flux for
three-phase systems [16].

VI. MULTILEVEL INVERTER CONTROL

The modulator provides an ideal pattern defined by space
vectors and time intervals to be applied by the inverter. Due
to the space vector redundancies, there are several similar
ways of synthesizing the chosen voltage pattern, that lead to
ideally identical line-to-line voltage profile. These different
ways of generating the same voltage pattern are however not
equivalent from the point of view of the converter losses. The
role of the inverter control strategy is to select the voltage
pattern in a sensible way that allows minimizing the losses
or optimizing some other objective. Due to the unavoidable
imbalance between the cell voltages, the the time intervals
for which the feasible space vectors have to be applied need
to be readjusted to reduce low frequency distortion. It may
sometime not be possible to provide sufficient stator voltage
with the selected pattern. It may therefore sometime be advised
to rearrange the pattern obtained by the pulse width modulator
in order to reach the desired voltage or reduce switching losses.
The latter however seriously increases the scheme complexity
for a marginal benefit.

A. Control approaches for reduced switching losses

Several different strategies may be considered to reduce the
converter switching losses.

1) Synergetic approach: In this approach, a transition level
is employed to take decisions when to switch the large voltage
cell [17]. This approach naturally features low switching losses
at steady state. The transition level can be adjusted in order
to adjust the power flow between the cells. This allows to
employ rectifiers to supply the low voltage cells [5] with some
restrictions.



The approach is however not optimal during transients: it
can yield excessive switching losses during operation around
the transition level.

2) State-space optimal approach: In [18], an optimal state
machine is built from the state space representation to yield
optimal switching.

The limit of this approach is that the state machine becomes
large and more difficult to build for 3-phase inverters with
many levels.

3) Minimum switching strategy: The synergetic approach
can be extended to deal with space vectors and to avoid
excessive switching during transients, as described in [6].

The strategy can be framed as follows. The value of the large
voltage cell currently applied space vector vy , needs to be
stored as state variable. At each sampling instaht, one checks
if the lower voltage cell contribution u; « can be sufficient to
allow reaching the reference from the stored high voltage cell
state. u 4 j; is not switching as long as w;, , is sufficient to reach
reference as illustrated in Fig. 3(a). When it is not anymore the
case, as illustrated in Fig. 3(b), it is then necessary to switch
the large voltage cell to reach the reference. A transition of the
higher voltage cell to a new switching state from which the
low voltage cell contribution is sufficient is required. A way
to maximize the chance the reference is reachable from the
new selected higher voltage cell switching state is to select
the high voltage cell space vector that is the closest to the
reference as illustrated in Fig. 3(c). This approach ensures
minimum switching losses.

(a)

(c) (d)

Fig. 3. (a) Reference is reachable by u, j without switching v4 . (b)
Reference is not reachable without switching v 4 . (¢) v A,k is switched to
reach reference. (d) Reference cannot be reached employing this strategy.

The limit of this approach is that the space vectors that do
not belong to the optimized modulation domain (see hatched
areas in Fig. 4(a)) are not directly reachable employing the

described approach. The space vectors out of the optimized
modulation domain are not feasible without modulating the
higher voltage cell, as illustrated in Fig. 3(d). Different
clipping strategies can be applied to obtain a feasible volt-
age pattern that reduces the resulting distortion. The present
strategy instead selects the closest space vectors that can be
synthesized without modulating the higher voltage cell: see
how sine reference of Fig. 4(b) is truncated in Fig. 4(c) and the
resulting distortion represented in time domain on Fig. 4(d).
This distortion obviously reduces the control quality.

B. Proposed minimum switching and distortion strategy

The only way to synthesize a vector in the hatched areas
of Fig. 4(a) is to generate a PWM switching pattern that
includes switching of the higher voltage cell (modulation of
the space vector u,4 and upj in Fig. 5(a)). Doing this
switching at the PWM frequency increases the losses for the
maximum magnitude trajectories that cross these areas, which
significantly increases the overall losses. Furthermore, this
high frequency switching may not be feasible if the switches
of the high voltage cell are too slow.

The proposed strategy to avoid the mentioned drawbacks
is stated as follows. When exiting the optimized modulation
domain, a reduced magnitude vector is applied for several
switching periods by saturating the low voltage cell, repre-
sented by the combination of the vectors v i + v4. The
error €, j, that is caused by the saturation is integrated:

(7a)
(7b)

€a,k = Uref,k — VAk — Va,k
Ea,k—i—l = Za,k + €a,k

When the reference enters again in the optimized modulation
domain, the integrated error is compensated by applying a cor-
rection in the other direction, represented by the combination
of the vectors vg  + vy 1 such that:

VB k + Vb k + Yk — Uref,x = 0 (8)

If the reference, remains out of the optimized modulation
domain for more than a given number of switching periods,
determining the minimum admissible switching period for the
high voltage cell, then the same correction procedure is applied
by switching the high voltage cell. The resulting current and
flux ripples are increased but this scheme considerably reduces
the low frequency distortion, while maintaining the switching
frequency of the high voltage cell low thus ensuring low
overall losses.

One has to ensure that the correction can be obtained in
one switching period in order to minimize the distortion.
This means that the correction vector has to belong to the
optimized modulation domain. The first condition to ensure
the correction is feasible is to maintain the switching period
of the high voltage cell below some value. There are several
way of clipping the low voltage cell reference that affect the
feasibility of the correction. A simple way of ensuring the
correction is always feasible is to always generate a vector of
the similar module as the reference vector, such that correction
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(d) actual averaged time domain line-to-line voltages

Applying optimal modulation strategy for reduced switching losses V.A.3, some high magnitude space vectors are not in the optimized modulation

domain and thus not accessible, resulting in truncated trajectory of (c) and low frequency distortion visible in (d).
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Fig. 5. To reduce harmonic distortion it is necessary to (a) modulated the
high voltage cell or (b) correct the distortion at a slower switching frequency

in phase only is required, not in magnitude. This means that
the reference is clipped along the axis that is parallel to the
outer bound reachable by the inverter as shown in Fig. 5(b).
This also allows to have a simple correction procedure.

VII. EXPERIMENTAL RESULTS

The proposed multilevel inverter drive was build and control
scheme was validated on a 750 W drive system that com-
prises two coupled motors. The complete control scheme is
implemented on a 32-bit 40 MHz floating point DSP, which
demonstrate its practical feasibility. Initial experimental mea-
surements are shown in Fig. 6 for a fast start-up transient
for the induction motor. DC-link voltage is one third of the

nominal voltage for this test, such that full inverter magnitude
is reached at 32 Hz electrical frequency. It can be seen that
the line-to-line voltage features 11 levels at full magnitude
(see Fig. 6(g)), dynamic performance is very good and little
distortion is observed on the currents (Fig. 6(f) and (h)), which
confirms effectiveness of the proposed strategy. The higher
voltage cell switches only at fundamental switching frequency
as shown in Fig. 6(c), while the lower voltage cells improve
the voltage quality (see Fig. 6(d)) switching one third of the
DC-link voltage at 4 kH z.

VIII. CONCLUSION

A drive system has been proposed that features reduced
switching losses and ripple. It has been shown that state-of-
the-art control strategies for reduced switching losses cause
low harmonic distortion for large magnitude voltage required
to operate the drive at high speed with nominal torque. A
strategy has been proposed to modify the inverter control
and modulation strategies in order to eliminate these low
order harmonics while retaining the converter low switching
loss feature. High dynamic performance can be obtained by
employing an model predictive control scheme. Experimental
results confirm that high dynamic performance and current
quality can be obtained while featuring low switching losses.
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