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Overmodulation Strategies for an
Open-End Winding Induction Motor Drive
with a Floating Capacitor Bridge

Albino Amerise, Michele Mengoni, Member, IEEE, Luca Vancini, Gabriele Rizzoli,
Luca Zarri, Senior Member, IEEE, and Angelo Tani

Abstract — This paper considers a 3-phase induction
motor with open-end windings fed by a primary bridge
connected to the main power source and a floating bridge.
The floating bridge supplies the motor with the required
reactive power, while the primary inverter only exchanges
active power with the main power source. This greatly
extends the speed range over which the drive can operate
at rated power. To further utilize the input power source, the
primary inverter can work in the overmodulation region,
and the floating bridge, acting as a harmonic compensator,
improves the quality of the current flowing through the
motor phases. Also, the paper includes some
considerations on the sizing of the floating capacitor. Three
different overmodulation techniques are evaluated and
compared in terms of peak torque/power and efficiency.
The highest performance is obtained when the main
inverter generates a six-step voltage waveform, which
increases motor power by almost 20% and ensures a
broader speed range at maximum efficiency.

Index Terms - Induction motor drives, AC motor drives,
variable speed drives, pulse width modulated inverters,
multilevel systems, six-step modulation.

[. INTRODUCTION

mong the available solutions, the motors with higher

power density are those with rare-earth magnets,
which allow reducing the current flowing through the stator
windings and achieving higher efficiency and compactness
compared to the other motors with similar torque. However, the
spread of electric vehicles based on motors with rare earth
magnets could be limited by a shortage of raw materials and
increased prices. For this reason, current research is focused on
solutions that allow eliminating or reducing the amount of
magnetic material [1].

The Induction Machine (IM) is an alternative to permanent
magnet motors. It has advantages such as robustness, overload
capability, and low cost due to a consolidated technology and
wide availability in the market. However, the magnetizing
current affects the efficiency, reduces the power factor of the
drive, and increases the stator Joule losses.

The use of power electronics can improve the low power
factor of electric drives based on induction motors. The
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performance of the system can benefit from an additional
inverter feeding the rotor winding [2]. Controlling the rotor
voltage provides new degrees of freedom, which can be used to
generate the electromagnetic torque and vary the power flow
between the stator and rotor [3]. However, the doubly-fed
induction machines that use slip rings involve additional
maintenance and cost. Instead, the rotor inverter can be
mounted on the shaft and use a floating capacitor to store energy
[4]. This solution avoids the slip rings and achieves high
performance, but the technical complexity inevitably increases.

The advantages of the rotor inverter can be partially
achieved by using a secondary bridge connected to the stator
winding in an open-end configuration (Fig. 1). In the induction
motor, a considerable amount of the stator current is used to
magnetize the air gap and provide reactive power to the motor.
As a result, the inverter cannot provide the maximum active
power even at the rated current. However, a floating-capacitor
bridge connected to the second side of the stator winding can
compensate for this reactive power. In 2004, a control scheme
for active cancelation of the leakage reactance was developed
to extend the constant-power speed range of electric vehicles
[5]. Since then, different papers have focused on the control of
open-end winding induction motors with a floating capacitor
bridge.

Two lines of research have emerged. In the first one, the
floating capacitor bridge is used only to compensate for the
motor reactive power and boost the voltage [6]-[7]. The
essential advantages of this solution are as follows:

1) lower stator current at low speed and higher torque in the
flux-weakening operating region

2) constant-power speed range extended by a factor directly
proportional to the ratio of the DC-link voltage of the floating-
capacitor bridge to that of the main inverter

3) operation at constant power factor even at higher speeds
in the decreasing power speed range, if the control scheme is
further modified [8].

By actively controlling the DC link, efficiency values
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Fig. 1 - Dual inverter system with a floating capacitor bridge.
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comparable to those of a conventional drive can be achieved
due to the simultaneous increase in the output power. To further
reduce the switching losses, the DC link voltage of the floating-
capacitor bridge can be lower than the rated value when the
voltage boost is not needed [9]. The motor control system is
usually implemented in a rotor flux-oriented reference frame,
but other solutions are possible, and the use of a reference frame
that rotates synchronously with the stator current vector [10]
has been reported to offer noteworthy advantages in terms of
tuning and performance.

The second line of research considers the dual-inverter
system for open-end windings as a multilevel inverter.
Obtaining the typical multilevel voltage waveform of the motor
voltages allows improving the current quality but poses some
constraints on the inverter configurations and switching
patterns, such that the voltages generated by the main inverter
and the floating-capacitor inverter are not entirely independent.
Therefore, balancing the floating capacitor is one of the major
challenges. This problem has been addressed in several papers
[11]-[13], where different methods are reported to use the
redundant switching states of the converter to reduce the
voltage distortion or extend the voltage margin.

It is worth mentioning that the rated voltage of the floating
capacitor significantly affects the behavior of the electric drive
[14]. The applications that aim to extend the constant-power
speed range choose a ratio of the floating capacitor voltage and
the main DC-link voltage equal to 1:1 or higher [5]-[10].
Conversely, if the dual inverter system is treated as a single
multilevel converter for better voltage quality [11]-[14], the
ratios lower than or equal to 1:1 are preferable to ensure the
controllability of the floating capacitor voltage [15].

To improve the drive performance in high-speed
applications, it is necessary to make the best use of the available
voltage source. It is well known that the highest output voltage
of a three-phase inverter is achieved when it operates in the six-
step mode.

In a dual inverter system, when a multilevel modulation is
used, the main inverter often operates with a six-step mode,
while the second inverter has a higher frequency and different
types of switches [11]-[13]. Alternatively, a modulation based
on selective harmonic elimination has been proposed to reduce
the switching frequency of the main inverter [14]. In both cases,
the low-frequency operation of the main inverter is a
consequence of the multilevel modulation rather than a decision
to increase the operating range. Conversely, if the dual inverter
system is conducted as two independent converters, little
research has been carried out regarding the overmodulation
operation. Since the two converters are independent of one
another, the overmodulation of the main inverter can interfere
with the operation of the floating capacitor bridge acting as a
power factor corrector.

The present paper continues the research line started in [16]-
[17] and illustrates how the overmodulation feature can be
integrated into the control scheme of the electric drive. The
main contributions of this work are briefly described hereafter.

- There are several overmodulation techniques for three-
phase inverters, which differ in the calculation of the output
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voltage as a function of the reference voltage [18]. In this paper,
the best performing overmodulation strategies are adapted for
an open-end winding motor drive and compared.

- The modulation index increases smoothly up to the extreme
condition of the six-step operation of the main inverter, without
affecting the operation of the floating-capacitor inverter.
Bolognani’s modulation technique is wused to avoid
discontinuities in the operation of the electric drive [19].

- The output power increases by about 20% and, at the same
time, the waveform of the stator current does not worsen
significantly because a specific control scheme for the floating-
capacitor bridge, acting as a series active filter, is used to cancel
the voltage distortion.

The proposed induction motor drive is developed for high-
speed applications. According to the recent directives of the
European Commission for reducing dependence on rare-earth
elements, magnet-less motor drives, such as the induction
motor, can become an enabling technology in the immediate
future, despite lower efficiency and torque density.

The paper is organized as follows. Section II illustrates the
model of the dual-inverter drives, the operating constraints, and
the characteristics of the overmodulation strategies. Section III
focuses on the control system, which is split into two parts,
namely the control system for the main inverter and the
floating-capacitor bridge. Section IV presents some
considerations on the minimum capacitance of the floating
bridge inverter. Finally, Section V shows some experimental
results, which demonstrate the feasibility of the developed
control scheme and its effectiveness.

Il. SYSTEM MODEL

A. Dual Inverter Drive Equations

In a d-q reference frame whose d axis is aligned with the
rotor flux vector, the model of an induction machine is as
follows:

A

i%:&%+%%+m@s (1
da

O=RR&+j&u—aMg¢R+7%§ (2)

@s = Lt + Mip 3)

Pr = Lglg + M1 “4)

where w is the angular frequency of the rotor flux vector, w,, is
the electric angular speed of the rotor, s is the stator voltage
vector, Ig and Iy are the stator and rotor current vectors, @s, @g
are the stator and rotor flux vectors, Lg, Lz and M are the self-
and mutual inductances.

The difference between the output voltages of the primary
inverter U, and the secondary inverter Uz is the motor phase
voltage v (Fig. 1):

Ug = T, — Dg. (5)

The derivative of the electrostatic energy stored by the
floating capacitor of the Inverter B can be expressed with the
following equation:

d /1 3
where Ej is the voltage across the capacitor and the symbol "-"
is the dot product operator defined as the sum of the products
of the corresponding d-q components of both operands.
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In steady state conditions the voltage across the floating
capacitor is constant. Therefore, according to (6), the voltage
vector Uy and the stator current vector Ig are orthogonal.

In general terms, ¥z can be decomposed into the sum of two
vector components, parallel and orthogonal to Ty, that contribute
respectively to the instantaneous active power and reactive
power exchanged by inverter B:

Ig
ﬁB = (17 +]vB |— | (7)

where vy is zero in steady state operating conditions, and vg
can be chosen to compensate the reactive power of the motor.

B. Voltage and Current Constraints

The stator current cannot exceed a limit value, I,,,,,, Which
can be chosen equal to the thermal current of the motor or the
rated current of the inverters. The former choice is usually made
in steady-state operating conditions, whereas the latter refers to
transient overload conditions.

The voltages generated by inverters A and B are bounded by
the values Vj a0y and Vg gy

1Ual < Vamax (®)
|ﬁB| < VB,max (9)
Depending on the modulation strategy, these values are
proportional to the available DC-link voltages, E4 and Ej. If the
Space Vector Pulse Width Modulation (SVPWM) is used in the
linear range, the voltage limit Vj,4, and Vg e, are
respectively E,/v/3 and Eg/v/3. Conversely, if the main
inverter operates in the overmodulation region, Vy 4, raises up
to a value that depends on the implemented overmodulation
strategy, as explained in the next section.

C. Overmodulation Strategies

The set of admissible voltage vectors modulated by the
inverter A can be represented as a hexagon domain in the v, —
Vap plane, as shown in Fig. 2. The corner points correspond to
the six active voltage vectors of the inverter, whose magnitude
is 2/3 of DC-link voltage. Inside the hexagon, it is possible to
distinguish a linear region, bounded by the inscribed circle with
radius E, /v/3, and a nonlinear region. If the reference voltage
vector rotates without leaving the linear region, the output
voltage vector matches the reference vector apart from the high-
frequency component.

In contrast, a rotating reference voltage in the nonlinear
region causes the overmodulation of the inverter at least for
some values of the phase angle. When this happens, the voltage
generated by the inverter contains several odd harmonics with
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Fig. 2 - Admissible voltage vectors of inverter A represented in the
complex plane.
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Fig. 3 — Ml for different modulation methods as function of MI*.

low frequencies other than the fundamental component. The
amplitude of the fundamental component of the phase voltage
depends on the overmodulation strategy and can reach 2/ E,
if the six-step modulation is used.

Hereinafter, the modulation index MI is defined as the
magnitude of the actual fundamental component of the output
voltage vector divided by the DC-link voltage E4, while MI* is
the magnitude of the reference voltage normalized to E4.

Several overmodulation strategies are possible [18]. Fig. 3
plots the modulation index MI for the most common strategies
as a function of MI*. The modulation index MI increases
linearly up to 1/+/3. In the linear region (green curve), the
output voltages coincide with the reference voltages, and no
overmodulation occurs. Above this threshold value, an
overmodulation strategy is necessary because the modulation of
the reference voltages may be impossible.

The Minimum Phase Error (MPE) method (blue curve)
generates an output voltage vector having the same phase as the
reference voltage vector and travelling along the sides of the
hexagonal domain shown in Fig. 4a. If MI”* is greater than 2/3,
MI reaches a value of 6/m2, which corresponds to an increase
by 5.3 % compared with the linear modulation [20]-[22].

The Minimum Distance (MD) method (orange curve)
applies the voltage vector located on the hexagon contour that
minimizes the distance from the reference voltage, as shown in
Fig. 4a. The index MI tends to 2/m when MI* tends to infinity.

With Bolognani’s (Bs) method [19], the index MI reaches
2/m when MI* is equal to 2/3. To illustrate the Bs modulation,
let us consider a reference voltage vector rotating in the
counterclockwise direction, as shown in Fig. 4b. The reference
voltage vector crosses the hexagonal contour in two points, B’
and B”, symmetrically disposed with respect to the bisecting
line of the considered 60-degree sector. When the reference

Vap Vap

™ _ E— T .
% Vareq

Ua,MD _
VAMPE

Epc\V3 a) Epc 2\3 b)
Fig. 4 — Overmodulation strategies. MPE and MD methods (a).
Bolognani’s method (b).
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voltage vector is outside the hexagon, the inverter generates the
voltage vector corresponding to B’ or B” depending on whether
the reference voltage vector is in the first half or the second half
of the sector. As the magnitude of the reference voltage vector
increases, the two points B’ and B” approach the hexagon
vertexes, and the inverter operates in the six-step mode when
MI" reaches 2/3 (the trajectory of the reference voltage is the
circumscribed circle).

With MD and Bs methods, the index MI reaches a value of
2/m but the latter achieves this result for MI* equal to 2/3,
while the former requires a reference voltage that tends to
infinity, which cannot be obtained in practice. For this reason,
the MD method will not be considered in the following.

In conclusion, Vy 14y is equal to 131 E, and n—62 E4 respectively
for BS and MPE overmodulation strategies. It is worth noting
that the overmodulation of the primary inverter does not affect
the voltage limit Vp .4, of the floating capacitor bridge, which
is constant. Further details regarding the practical
implementation of the Bs and MPE strategies can found in the
Appendix.

I1l. CONTROL SYSTEM

Although the main inverter can operate in the six-step mode,
the control scheme for an open-end winding motor illustrated
in [8]-[9] makes the vector control of the stator current possible
but cannot avoid the resulting harmonic distortion.

Conversely, in the present paper, the floating capacitor
bridge is used not only as a reactive power compensator, but
also as a harmonic compensator, ensuring high quality stator
currents even in six-step operation.

The control scheme of the dual inverter system is shown in
Fig. 5. Two different parts related to the control of inverters A
and B can be identified. The fundamental aspects of the control
system can be found in [8], while the distinctive elements are
illustrated hereafter.

A. Control of the Primary Inverter

The upper part of Fig. 5 concerns inverter A. A rotor flux-
oriented control scheme is used. Through PI controller (a), the
motor speed error generates the setpoint of the g-axis stator
current, which in turn is regulated by PI controller (b).

The rotor flux is adjusted by comparing the voltage setpoint
of the two inverters with Vj a0, and Vp 4. If the voltage
request of inverter A exceeds Vj 4y, a reduction in the rotor
flux is necessary to allow the field-weakening operation.

However, reducing the rotor flux due to an excessive
voltage demand for inverter B is a choice that requires some
explanations. Fig. 6 shows how the voltage constraints (A) and
(B) in the isq — is, plane limit the allowable current values at
high speed and low torque. Fig. 6 is drawn assuming that the
speed is 2.5 times the base speed wpqse, and the torque is 10%
of the maximum torque. In this condition, inverter B imposes
the most stringent condition [9]. Adjusting the rotor flux to
consider the voltage demand of inverter B brings the drive to
the operating point P’, characterized by a power factor equal to
1 and a lower stator current. If the level of the rotor flux is
selected only in function of the voltage demand of inverter A,
the operating point is P”, which corresponds to a non-unity
power factor and, consequently, higher stator currents.

© 2022 |[EEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

The control loop of the rotor flux generates the setpoint for
the d-axis component of the stator current, which is adjusted by
PI controller (d).

The total output voltage of inverter A is obtained from
Vsd,req aNd Vsg req by adding the back electromotive force jw@g
and the voltage applied by the inverter B.

Finally, the input of the non-linear saturation block (A) is
the reference voltage expressed in the stationary reference
frame a — 3, while the output is a voltage vector forced to stay
within the admissible hexagon of Fig. 2, generated according to
the adopted overmodulation method.

B. Control of the Floating Bridge

The lower part of Fig. 5 refers to inverter B. The control
scheme is implemented in a reference frame whose d-axis is
aligned with the stator current vector in order to treat separately
the active power, which is responsible for the variation of the
voltage across the floating capacitor, and the exchanged
reactive power, which is controlled in such a manner that the
primary inverter operates with unity power factor.

Not only inverter B works as a reactive power compensator
but also as a harmonic compensator when inverter A
overmodulates.

The stator voltage (5) can be rewritten as follows:

Vs = Uy — Vg = (Vg1 + AT,) — Up (10)
where vy, is the component of 74 at the fundamental frequency,
and Av, is the voltage disturbance generated by the
overmodulation.

When inverter A operates in overmodulation, the voltage v
applied to the motor can still be sinusoidal if inverter B cancels
the distortion Ay, produced by the main inverter. In other
words, the tasks of inverter B consist in regulating the power
factor of the primary power source and improving the quality
of the stator current.

The voltage of inverter B can be rewritten as follows:

Vg = Upy + Avp (11
where 7p; is the fundamental component, and Avy is a
compensating term that cancels Av,.

The quantity Av, could be obtained by a notch filter with a
resonant frequency equal to the fundamental frequency ®
applied to the voltage of inverter A. However, to simplify the
design of the filter and improve the convergence rate, the notch
filter is applied to the difference of the voltage vector at the
output and the input of saturation block (A), which implements
the selected overmodulation strategy according to Fig. 4. If the
requested voltage stays in the hexagonal region, this difference
coincides with A, and is zero in the linear modulation range.
Conversely, if the requested voltage is outside the hexagonal
region, the difference contains a residual fundamental
component, which the notch filter can easily remove.

A bank of N resonant controllers is used to improve the
quality of the stator current resulting from the limited
performance of the notch filter and the inverter nonlinearities.
The transfer function of the bank of resonant controllers is as
follows:

26,8

Rres Z Ren(s) = Z 52 + (bnw)?

The resonant frequencws in (12) depend on the angular

(12)
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Fig. 6 — Representation of the motor operating condition in the plane
isq, isq for a dual inverter drive at w = 2.5 wpage @nd T = 0.1 Ty,

frequency of the rotor flux vector and are multiple of 6w. Such
a transfer function, in the stator reference frame, cancels the
harmonic components of the phase currents at frequencies
(6n+ 1w, withn = 1,2,...,N.

In this paper, a single resonant regulator is used to
simultaneously cancels the harmonic components at angular
frequencies + 5w and —7w. Therefore, a regulator with a
resonance frequency set at 6w and implemented in the reference
frame synchronous with the rotor flux is sufficient to improve
the quality of the current. Further resonant regulators can be
added to the control scheme, but experimental evidence
suggests that there is no significant advantage justifying the
increased complexity and computational burden. Besides, the
literature shows that the main harmonic components produced
by the non-linearity of the inverter are precisely the 5th and 7th
harmonic components [23].

The control system calculates the fundamental component
Vg, according to (7). The component vgl, which keeps the DC-
link voltage Ep constant, is adjusted by the proportional

I -

Vamax

I

Vbmax

regulator (f), whereas the component v3; is chosen in such a
way that the reactive power of inverter A is equal to zero.
Previous research has already proved that the theoretical value
of v depends on the operating conditions and is as follows [8]:
s s (13)

|z

In practice, the actual value of vg; can differ from (13) due
to the inverter nonlinearities, the parameter mismatch and the
voltage saturation of inverter B.

L = —
UBl,opt -

V. REMARK ON THE SELECTION OF THE FLOATING
CAPACITOR

Selecting the capacitor bank of the floating inverter involves
several aspects, such as the hold-up time required by the
application and the admissible voltage ripple on Cy. Generally,
the requirement on the hold-up time is the most important for
selecting the DC-link capacitance value.

The hold-up time in inverters indicates the amount of time
the electric drive can control the output power within a specified
range after the loss of the input supply power. When this
happens, energy is drained from the DC capacitor bank, and the
DC-link voltage drops. The higher the required hold-up time
and the output active power, the higher the necessary energy
stored in the DC link capacitor.

In the proposed application, the floating capacitor bridge is
used as a power factor corrector, and the active power
exchanged with the electric machine ideally compensates only
for the losses of the converter. However, in the field weakening
region, the modulating index of the main inverter A is close to
its maximum value, and the anti-windup algorithm of the
regulators only allows a minimal voltage margin for the control
of the stator currents. In this condition, the variation of the
current Iy is mainly controlled by inverter B. A step variation
of ig, partly requires the energy stored in Cp. After an amount

©
UB(1)ref = T -
Back-emf , a £, ol
. mnsation . Uy, [0,4, [
s

SVPWM A

v Ja1iaAU|

Observer for
stator and
rotor fluxes,
angular
frequency w,
and torque T.

3-phase
induction motor

g Javanu

Fig. 5. Block diagram of the RFO control scheme for the open-ended induction machine fed by the dual-inverter system.
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of time that depends on the control bandwidth of the system, the
active power is again provided by the main inverter of the drive.

The following method can be used to estimate the required
capacitance Cp under the worst scenario of the motor drive.
When the machine approaches the field weakening region, the
rotor flux is equal to its rated value @g,, and the modulating
index of the main inverter is close to its maximum value. The
mechanical power in this condition can be expressed as follows:

3 M
(14)

B, = E PWmn E (de,niSq-

In this operating condition, a variation of the setpoint of the
g-axis current Aigg ¢ is tracked by the current control loop.
This behavior can be generally represented by a first-order
transfer function, where the time constant 7. represents the
bandwidth of the closed-loop current control. The variation AP,
of the mechanical power has the same dynamic response as the
current control loop and can be expressed in the Laplace and

time domains as follows:
3 M

APm = E pwm,n a <de,n

AiSq,ref

1+71.s (15)

3 M _ _t

APm(t) = Epwm,n L_(de,nAlSq,ref (1 —e TC)-
R

The power AP, is temporarily sustained by the energy stored
in the floating capacitance Cp. As soon as the PI controller (f)
of the capacitor voltage detects a variation of E3, the setpoint of
v,'; changes to restore the charge of the capacitor. The
bandwidth of the voltage control loop can be identified by the
time constant T,,, which is generally ten times higher than 7. as
in any cascaded control scheme. The expression of the power

absorbed from the capacitor Cp can be approximated as follows:
t

AP (t) = AP, (t)e ™

3 M St T,
APp = Epwm,nL_(de,nAiSq,ref (e W —e Tt )
R

(16)

The energy variation AWj variation of capacitor Cs can be
calculated by integrating APy over the time interval [0, oo]:

(17

Capacitor Cp discharges from the initial value Ep ¢ to the
value Ep pin. The amount of energy supplied by inverter B
during this transient condition equals the variation of energy
stored in Cp.

Cp
AWg = 7 (Elg,ref - Eg,min)

3 M . T Ty
AWp = Epwm,na(de,nAlSq,ref (Tv + T+ Ty)-

(18)

To ensure that the capacitor voltage does not drop below
Eg min> Cz must not lower than the following value:

o> 2 AWy 19)
B = - _ - 5
(Eé,ref - Eg,min)
By substituting (17) in (19), it follows:
M T.T
3pWmn 7 PranAl T, + —°
CB > mn LR Rdn=R'Sqref ( v T, + Tv). (20)

(Eé,ref - Eg,min)
Finally, if 7, < 7, (20) can simplify as follows:

© 2022 |[EEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

TABLE I - MOTOR PARAMETERS

Pratea =1kW Ry =1.0Q

[S,rared =10 Apcak Rr = 1.2Q

Isd rated = 5.8 Apeak Ls =0.138 H
O, = 600 l‘pm LR = 0138 H
o =0.110 M =0.130H
Iin =0.03 Kg m? p =2

E, =150V Eg =300V

M ,
3pwm,n L_ PRrdan Als‘q,ref Ty
Cp > i (21)

(Elg,ref - Elg,min)

Inequality (21) describes the constraint for sizing the floating
capacitor of the secondary inverter. Increasing the bandwidth of
the voltage regulator results in a reduction in the size of the
capacitor. It is worth noting that the stability limits of the
control system prevent 7,, from being too small.

V.EXPERIMENTAL RESULTS

Some experimental tests have been carried out with a small-
scale laboratory prototype consisting of a 4-pole three-phase
induction motor coupled to a DC motor used as load. A
dSPACE DS1104 platform controls inverters A and B, whose
switching frequency is set to 5 kHz. Table I shows the
parameters of the electric drive. In order to verify the
performance of control systems with the overmodulation
features, the control scheme described in [8] is used as a
benchmark. In fact, the open-ended induction motor drive
developed in [8] uses the same hardware as in this paper but
with a primary inverter working in the linear modulation region.

A. Transient Operation

The transient response of the dual inverter system following
a rotor speed step command from zero to five times the base
speed is shown in Figs. 7a, 7b, and 7c¢ for linear modulation,
MPE overmodulation, and Bs overmodulation, respectively.
The maximum torque achieved at nominal rotor flux and
maximum current is applied until the motor reaches the base
speed, which depends on the DC link voltage and the selected
modulation strategy. The Bs modulation in Fig. 7c¢ has a wider
speed range with constant torque due to the voltage boost from
the six-step operation. This voltage boost allows the drive to
develop higher torque also in the constant power speed range
and reach the reference speed much faster than linear
modulation and slightly faster than MPE modulation.

B. Steady-state Operation

The waveform of the voltage generated by inverter A is
shown in Fig. 8a for linear operation, and in Figs. 8b and 8c for
overmodulation with Bs method. Fig. 8 has been obtained when
the motor is just above the base speed. So, an increase in the
load torque causes the stator voltage to cross the boundaries of
the linear region shown in Fig. 3.

In Fig. 8a, the unity power factor is achieved by means of
inverter B that operates as a reactive power compensator. When
the required current increases from 50% to 100% of the rated
value, the magnitude of U, rises and inverter A enters the
overmodulation region. The floating-capacitor bridge generates
the reactive power required by the motor, so inverter A has a
unity power factor. If the maximum torque is required, inverter
A operates in six-step mode. The stator voltage and current
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: : )
Fig. 7. Behavior of the open-ended induction motor during a speed
transient from zero to five time the base speed for the linear (a), MPE
(b) and Bs (c) modulations. Rotor speed (600 rpm/div), isq .r (1 A/div),

isqrer (2 A/div), and phase current (3 A/div).

increase to maximum values, and the voltage harmonics
generated by inverter A become significant. However, the
waveform of the stator voltage appears to be sinusoidal due to
the compensating effect of inverter B.

Fig. 9 shows the waveforms of the output voltage vectors of
inverters A and B as functions of time and as trajectories in the
o-p plane. Inverter A uses the MPE method in Fig. 9a and the
Bs modulation in Fig. 9b. The voltage vector of inverter A
moves along the sides of the voltage hexagon, while voltage
vector of inverter B travels along a trajectory like a distorted
circle. Fig. 9b shows that the six-step operation of inverter A
with Bs modulation results in a significant increase in the
voltage harmonics that inverter B must generate to compensate
for the distortion of the stator current. The two overmodulation
strategies have slightly different harmonic contents, but the
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Usq, '

)
Fig. 8. Waveforms of a-component of the voltage vectors of inverter A,
inverter B, and the motor when Bs modulation is used at the base
speed. Load current is 50% (a), 75% (b) and 100% (c) of the rated
current. v,, (30 V/div), vg, (60V/div), vs, (90 V/div), i, (5 A/div). Time
scale: 20 ms/div.

control system ensures a sinusoidal waveform of the stator
current for both. The harmonic compensation of the line current
consists of two contributions. The most significant is the
feedforward compensation of the harmonic distortion produced
by the primary inverter, while the second is due to the resonant
regulators. In practice, the resonant regulators have a limited
impact and are necessary to compensate for inverter non-
linearities (i.e., dead times and voltage drops on power
switches).

To validate the effectiveness of the harmonic compensation,
some measurements of the phase current have been carried out.
Fig. 10 shows the Total Harmonic Distortion (THD) of the
measured phase current for different rotor speeds with the
maximum torque complying with the voltage and current limits.
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a)

Fig. 9. Loci of the voltage vectors 7, and 7 in the stator reference frame
a — B when the motor operates in the flux weakening speed range (50
V/div) with a) minimum phase error modulation and b) Bs modulation.
Time scale: 20 ms/div.

Costant torque region Field weakening region
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THD
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Fig. 10. Total Harmonic Distortion of the phase current for different rotor
speeds.

The THD is about 3% regardless of the adopted overmodulation
strategies or the mechanical speed. Therefore, the
overmodulation techniques do not significantly affect the
harmonic content of stator voltage and current. For these
reasons, in the experimental tests, the same gains of the
regulators in the control system are used for both Bs and MPE
overmodulation strategies.

C. Performance and Efficiency Comparison

The active power of the main inverter can be written as

follows:
(22)

Py = E VamaxImax cos(¢@)

where @ is the displacement angle between the output voltage
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Fig. 11. Motor torque and mechanical power as a function of the rotor
speed. Torque and speed are normalized values respect to the rated
torque and the base speed.

Efficiency linear

Torque [p.u]

Rotor speed [p.u] a)

Efficiency MPE

2
Rotor speed [p.u] b)

Efficiency Bs

Rator speed [p.u] : c)

Fig. 12. Experimental results. Efficiency of the proposed drive with (a)
Linear modulation (b) Minimum phase error modulation (c) Bolognani’s
modulation. Torque values are expressed in p.u. of the maximum
torque, speed values are expressed in p.u. of the base speed of the
motor with linear modulation.

vector of inverter A and the motor current vector. The floating-
capacitor bridge allows the main inverter to operate at unity
power factor over the whole motor speed range and increases
the maximum active power delivered to the motor at least by
10% in comparison to the same motor fed by a single inverter
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[9].

The overmodulation of the primary inverter allows
increasing Vj 4, Wwithout compromising the stator current
quality, and therefore the active power delivered to the motor
rises further.

The performance of the dual inverter drive for the three
different modulation methods is shown in Fig. 11. The different
depths in the constant torque speed ranges should reproduce the
same difference in the DC link exploitation. However, while the
value of Vj ;qy is respectively 6/m? and 2 /7 E, for MPE and
Bs modulation, it is conventionally set to a value slightly
smaller than E,/+/3 for the linear modulation to ensure a
voltage margin for a better dynamic control.

The base speed for the two methods that work in the
nonlinear region is hence amplified in comparison to the linear
modulation, as well as the maximum output power, which
shows an increase of 15% and 20% for the MPE and the Bs
modulation respectively.

In Fig. 12 the efficiency of the drive, measured as the output
mechanical power divided by the input electrical power at the
DC link of the primary inverter, is shown in a torque-
mechanical speed plane. A torque meter by Straiger Mohilo is
used to measure the output torque and the rotor speed, while a
digital power meter Yokogawa WT2030 is used for the input
power.

The Bs modulation in Fig 12(c), in addition to the wider
operation range, shows also a higher efficiency at high speed,
due to the reduction of the switching frequency allowed by the
six-step operation. It is worth noting that the switching losses
of the main inverter are negligible in six-step operating
conditions because the switching events occur during the zero-
crossing of the current due to the unity power factor. Therefore,
inverter A operates in zero-current switching conditions.

The MPE presents a wider operation range in comparison to
the linear modulation, but it does not come with an efficiency
improvement.

VI. CONCLUSION

This paper presents the development and validation of a
dual-inverter induction motor drive with a floating- capacitor
bridge. The drive can operate under overmodulation conditions.
The floating bridge, which has been used as a power factor
compensator in previous papers, is also used as a harmonic
compensator to ensure high current quality even under the
extreme conditions of six-step modulation of the primary
inverter. The performance of the proposed drive has been tested
with different overmodulation methods showing how they
exploit the available voltage of the main power source.
Bolognani's modulation achieves the six-step waveform with a
finite MI and a smooth transition from linear PWM. The output
power increases by 20% over the flux-weakening region
compared to using the linear modulation.

In addition, the six-step voltage waveform enables an
increase in both the value and speed range of the maximum
efficiency due to a reduction in switching losses.

APPENDIX

According to the Bs overmodulation strategy, the output
voltage vector has the lowest phase error among the admissible
vectors with the lowest magnitude error. In practice, whenever
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U4 req €Xceeds the linear region, represented by the hexagons of
Figs. 2 and 4, the output voltage is kept equal to the value it has
in the crossing point, as shown in Fig. 4(b). If the requested
voltage increases further, the inverter quickly tends to the
square-wave operation that uses only the six configurations at
the vertexes of the hexagon. Among all the presented strategies,
only Bs overmodulation obtains six-step operation with a finite
modulation index. The analytical description of Bs strategy
requires some trigonometric calculations. An easy way to
highlight the relationship between the amplitudes of ¥ ,..4 and
U4 rer is the graphical representation in Fig 3.

Conversely, an analytical formulation can be provided for the
MPE overmodulation strategy. It consists in dividing the
requested voltage Vi ,eq Of each inverter leg by a
normalization factor, which does not affect the phase angles but
only the amplitude of the space vector v, so that the
modulating signals fit the interval [0,1].

UAk,req
m,?X(UAk,req) - mkin(vAk,req)

Equation (A1) is a practical solution to calculate the voltage
Vector U, ,..¢ for a given value of U y.¢q.

Vakref = (k=123) (A]
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