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Abstract— A speed control scheme is presented for a 3-phase
surface permanent magnet synchronous machine with an open-
end stator winding fed by a three-phase inverter and a floating
bridge inverter. The latter is used to compensate for the reactive
power of the main inverter and to maximize the active power
received by the motor, without exceeding the available stator
current and DC-link voltage. To reduce the switching losses, the
DC-link voltage of the floating inverter bridge varies depending
on the operating condition of the motor and the controllability
requirements of the system. The experimental results show that a
significant improvement in the speed range at constant power is
achievable, proportionally to the DC-link voltage of the floating
bridge inverter.

Keywords— permanent magnet machines, motor drives, AC
motors, variable speed drives, pulse width modulation inverters,
multilevel systems.

I. INTRODUCTION

A high torque density makes Surface Permanent Magnet
Synchronous Machines (SPMSMs) suitable for industrial
applications if they are not required to operate over a wide
speed range. Interior Permanent Magnet Synchronous
Machines (IPMSMs), which use ferrite magnets and
compensate the resulting reduction in the flux level with the
reluctance torque due to the rotor anisotropy, are preferred in
spindle-drive applications.

Nevertheless, the use of a solid rotor core in SPMSMs has
several advantages, such as simplifying the manufacturing
process, better robustness and efficiency, and lower costs, so
several solutions to widen the motor speed range have been
developed and can be found in the literature. The simplest one
is the use of a step-up converter to boost the DC-link of the

(@nottingham.ac.uk michele.mengoni@unibo.it

Pericle Zanchetta
Dept. of Electrical and Electronic
Engineering
The University of Nottingham
Nottingham, U.K.
pericle.zanchetta
(@nottingham.ac.uk

main inverter. However, this topology requires adding some
bulk inductors at the input of the converter, and the boost ratio
is generally not higher than two [1]. Other solutions include the
use of two inverters to feed a motor with open-end windings
[2]. Two separated voltage sources can supply both sides of the
stator winding and increase the phase voltage. If two separated
power sources are not available, the inverters can share the
same DC-link [3]. However, this solution causes the problem
of the common-mode current, which can circulate in the drive.
A modulation strategy for this dual inverter was investigated in
[4], where two different technologies (Si and SiC) were
adopted for the switches of the main inverter and the floating
bridge, depending on the respective switching frequencies. The
problem of the zero-sequence current was thoughtfully
discussed in [5]-[6].

Finally, another dual inverter topology that is capable of
improving the performance of SPMSMs is the one represented
in Fig. 1, where the second inverter is a floating capacitor
bridge [7]-[8]. The drive presented in this paper is based on this
topology.

The dual inverter with a floating capacitor bridge not only
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Fig.1. Electric drive with a floating capacitor bridge and an open-end winding
machine.
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extends the motor speed range but can supply the machine with
a multi-level PWM voltage to reduce the current ripple, which
can be quite significant for PM machines with a low number of
turns and a small synchronous inductance [9]-[10]. The
floating inverter bridge can be used as a power factor
compensator of the main inverter, which can transfer the
maximum active power to the motor over the whole speed
range. The same topology has also been developed for
induction motors [11]-[12].

The control scheme of this configuration was analyzed in
[13]-[15]. In particular, [13] starts from the observation that a
series inductance can significantly change the constant power
speed range of an PM brushless machine, but it reduces the
base speed. Conversely, a floating capacitor bridge can be
controlled to operate as a variable inductance when needed.
The floating capacitor reference is initially set to zero. To
reduce the switching losses of the compensation inverter, the
floating-capacitor-voltage reference is raised to its nominal
value only when the motor current exceeds a threshold value.
Basically, a current-oriented reference frame is used to control
the floating capacitor converter, and the performance of the
drive is assessed for different inverter ratings.

Finally, some techniques to estimate the machine

parameters were discussed in [16].

The main contribution of the present paper is to improve
the results obtained in [13]-[15] and illustrate a field-oriented
control scheme that can fully exploit the torque and power
capability of a SPMSM with open-end windings. The analysis
is performed as a constrained optimization problem, where the
machine thermal current and the voltage ratings of the inverters
limit the torque capability. Also, to reduce the switching losses,
the DC-link voltage of the floating capacitor bridge is adjusted
depending on the operating condition of the motor. The motor
state corresponding to the maximum torque is identified
through a theoretical analysis of the operating conditions.

II.  SYSTEM MODEL

A. Machine and Floating Bridge Capacitor Equations

With reference to Fig. 1, , the voltage applied to the three-
phase stator winding can be expressed as follow:

V, =V, -V, (D

where Vg, V, and V, are the voltage space vectors of the

motor, inverter A and inverter B respectively.

The mathematical model of a SPMSM can be written in a
d-q reference frame with the d-axis aligned with the excitation
flux as follows:

. do
Vs = Rl —0Qg, + d;d 2
. do
Vg, = Ryig, + 00 + dtsq (3)
Psy = Lsigy + ¢, )

Psq = LSiSq (®)]

3 .
T :E p(PeISq (6)

where o is the angular frequency of the rotor speed in electric
radians, p is the number of pole pairs, T is the electromagnetic
torque, isq and isq are the d-q components of the stator current

vector I, @sq and @sq are the d-q components of the stator
flux vector ¢g, @e is the excitation flux, Ls and Rs are the

stator inductance and resistance respectively.
The voltage across the floating capacitor C is related to its
electrostatic energy, which varies at the following rate:

d(1 3.

—| =CE] |==1; -V, 7
¢ 1cer) 3 q .
where Eg is the DC-link voltage of inverter B and "-" is the dot
product, calculated by summing the products of the
corresponding d and q components of the first and second
vector.

B. Control Strategy

The control scheme for the floating capacitor is
implemented in a rotating reference frame that synchronous
with the stator current space vector Ig . The output voltage of
the floating bridge can be expressed as:

Ty = (V2 + jug )|:—| ®)

S

where v and vj are respectively the parallel and orthogonal

components of V, to Iy, which are proportional to the active
and reactive power of inverter B.

In this reference frame, (7) becomes

d(1 o) 3k
E[ECEBJ = 5||S|VB 9)
which shows that it is possible to control the derivative of the
energy in the floating bridge and, consequently, its voltage by
acting on the parallel component of V.

Therefore, v§ is zero at steady state, while the orthogonal

component vy is a degree of freedom that can be used to

control the reactive power of the floating bridge inverter.

The active power Pa of inverter A must be consistent with
the voltage and current capability of the power source. The
value of Pa is linked to the reactive power Qa through the
following expression

P2 +Q; - Gli'sl IvAlj (10)

At steady state, active power Pa includes the Joule losses,
the iron losses and the mechanical power delivered to the
motor (the active power transferred to inverter B is
negligible), while the right-hand side of (10) represents the
square of the apparent power of inverter A.

The reactive power Qa can be written as follows:



QA:%VA'ji_B =Qs +Qp (11)

where Qs and Qg are respectively the reactive power of the
SPMSM and inverter B.

Equation (11) shows that it is possible to nullify the
reactive power of inverter A if the reactive power of inverter B
is equal to -Qs, and therefore to maximize the transferable
active power in compliance with (10), given the values of
|\7A| and |is|.

By combining equations (2), (3) and (11) at steady state,
and by neglecting the voltage drop due to the stator resistance,
Qa can be expressed as follow:

3,. _ ~ 3 .
Qa EE(JG)(PS)' J19 +EVB s (12)

Equating (12) to zero and considering (8) leads to the
expression of the orthogonal component vy :

Vi =~ w_Tif | s (13)
S

Combining (8), (9) and (13) allows finding the expression
of V; as a function of the rotor speed o and of the motor state
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Equation (14) shows that V, is orthogonal to the stator

current at steady state. This equation is independent of the
type of machine and has been found also for induction motors
[12].

C. Current and Voltage Constraints

The torque characteristic is limited by the voltage and
current capability of the inverter and the SPMSM. At low
speed, the behavior of the machine is affected by the value of
the admissible stator current ly.x, which can be the nominal
thermal current of the machine at steady state or the nominal
current of the inverters in transient overload conditions. In
SPMSMs with NeFeB magnets and not operating in overload
conditions, Imax is usually lower than @e/Ls because the
thickness of the airgap does not allow the stator inductance to
reach values high enough.

Furthermore, above the base speed, the machine behavior
is constrained by the available DC-link voltage of inverters A
and B. These constraints can be expressed as follows:

|\7A| < VA,max (15)
V| <V (16)

where Vamax and Vg max depend on the available DC voltage of
inverters A and B, and on the modulation strategy. If space-
vector pulse-width modulation is used, the maximum voltages
generated by the two inverters in the linear range of
modulation are:

VA,max = ﬁ (17)
VB.max = % : (18)

Inequality (16) for inverter B, combined with (14), can be
rewritten at steady-state as a function of the components isq
and isq of the stator current vector by means of (4)-(5):

- i \Y
L |+ o, 7257 < —2me (19)
i S| |oo

Similarly, in steady-state operating conditions, if the
voltage drop due to the stator resistance is neglected, (8),
combined with (1)-(5) and (14), leads to the following
inequality for inverter A:

Isq

\Y,
< A, max (2 O)

Pe = |(D| .

i
Inequalities (19) and (20) are valid only if V; is given by
(14). In steady state conditions, if the rotor speed o is so that

vg given by (13) violates (16), the expression for V,
becomes:

Vg = J(Sgnvg,opl )\/B,max I—_| (21)

S

By substituting (21) in (12) and considering (13) and (19),
the reactive power Qa turns out to be different from zero,

i @

Qa= %[@( L, |i_S |2 +Q,ig, )+ (sgn Ve o )VB,max

and (20) must be replaced by the following inequality:

sgnvg _ \Y
(LS + ( g B,opt )\/B,max ]IS +(pe < A, max . (23)

Jof | o

The admissible domain of the stator current vector,
resulting from the voltage and current capability of the drive
can be plotted in a complex plane where the horizontal and
vertical axes are respectively isqg and isq, as shown in Fig. 2.

The current vectors satisfying the constraint on the stator
current are those delimited by a circle with constant radius
Imax. The curves coming from the voltage constraints (19) and
(20), which tend to reduce as o increases and depend on the
values of the system parameters, establish the domain of the
current vectors that can be injected into the machine at a given
speed. The area defined by (15) corresponds to a pair of
vertical angles (with a blue border), while the area defined by
(16) has a cardioid-like shape (with a green border). It is worth
noting that these curves are very different from those of a
traditional SPM motor drive and have a non-null intersection,
highlighted in green, even at high speed.

At a given speed, (6) says that the highest torque is
generated if the stator current isq reaches a maximum in the
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Fig. 2. Representation of the voltage and current constraints in plane isa-isq for a dual inverter drive. Curves (a), (b) and (c) are plotted at increasing values of ®>,
greater than- @wase. and lower that wer. Curves (d), (e) and (f) are plotted respectively at @="wrr, @="0pow (¢) and ©=®max (f).

admissible domain represented by a dashed area in Fig. 2.
Therefore, the analysis of the loci of Fig. 2 is essential for the
calculation of the torque capability of the drive.

C. Resulting Speed Ranges
The base speed mpase of a dual inverter system can be

calculated by (20) with isq equal to Imax and isq equal to zero.
\Y

A,max

Wpase = (24)

e

For a comparison, the base speed o,, of a SPMSM fed
by a single inverter can be approximately found under the
assumption that the electrical input power is totally converted
into mechanical power:

R

base 2 A,max * A,max COSCD (25)

base

where @pase is the phase angle between V, and i at the base
speed. If isq is equal to I, the magnitude of V, is Vamax,
combining (6), (24), (25), it turns out that

' —
O'hase = Dpase COS cDbase . (26)

Consequently, the base speed of a single inverter drive is
lower than that of a dual inverter drive and proportional to the

input power factor at the base speed.

Above the base speed up to a threshold value, the domain
obtained by intersecting the areas delimited by the three
curves of Fig. 2 is a circular sector, as shown in Figs. 2(a) and
(b). However, at higher speeds, the admissible operating
domain can be split into two parts, as shown in Fig. 2(c). The
first one (in green) is composed of operating states with unity
power factor. The second one (in yellow) is characterized by
operating states with a power factor lower than one because
the domain of (16) is disconnected, and (19) is replaced by
(21). For any value of torque between the yellow lines, there
always exists an operating state with unity power factor. If the
speed increases further, it is not possible to meet this condition
any more because the domain with a power factor lower than
one becomes predominant. Fig. 2(d) is drawn at speed wer,
when the curve of the voltage constraint of invert B becomes
tangent to the circle of the maximum current. Starting from
this speed, low values of torque cannot be generated at unity
power factor. The value of wpr can be found from (19) with isq
equal to -Imax:

B,max

Vv
Opp = 7)

(pe_LSImax .

Above @, , intersecting (19), considered as an equality,
with the current constraint allows calculating the minimum
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torque that can be generated at unity power factor.

2
TPF :_p(PeImax 1_(k+Mrj (2'8)
2 ®
where
k — LS Imax (29)
P
V
r= B,max (30)
VA,max

It can be noted that Tpg is proportional to the maximum
torque by a factor that is a function of the key parameters of
the electric drive.

Fig. 2(e) is drawn at speed wpow, at which the admissible
operating domain does not include any state with unity power
factor. This value of the rotor speed is the upper bound of the
constant power speed range. By intersecting (19), (20) and the
current constraint, its analytical expression of mpow can be
written as follows:

1+r?
= .
pow base
—rk+1+r’—k?

The motor can reach higher speeds than @pow, but the
power factor is lower than one for any torque. The maximum
speed is reached when the torque, hence the mechanical
power, becomes zero, as shown in Fig. 2(f). In this condition,
both inverters generate only reactive power. Considering (22)

(O]

(€2Y)

and neglecting the Joule and iron losses, (10) can be rewritten
as follows:

| (32)

%‘@65 'i_s +(Sgan,opt )VB,max |_s| ‘: %VA,max max *

Substituting (3) and (4) in (32) leads to the following
expression for the maximum speed of a dual inverter drive:

\Y +V

_ T Amax B,max

o = 33
(PE_LSImax ( )

max

Combing (1)-(4), (8) and neglecting the voltage drop on
the stator resistance, it is possible to calculate the maximum
speed that can be reached in the field-weakening operation by
the same machine fed by a single inverter. When isq is zero
and isq is equal to -Imax, one finds the following result:

\

A,max
O, =————. 34
(pe - LS Imax
Thus, the speed ratio in these two cases is equal to:
o Ve max
o ] (35)
®
max A,max

If the DC-link voltage of inverter B is twice that of inverter
A, the speed range of the dual inverter system is three times as
wide as that of a single inverter drive. Furthermore, this
asymmetric choice allows increasing the quality of the phase
voltage and makes the dual inverter system equivalent to a 4-
level multilevel NPC inverter in terms of generable voltage
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steps.

The resulting speed ranges and the power factors for the
same motor fed by a single and a dual inverter are shown in
Fig. 3, which has been plotted under the assumptions that the
voltage drop on the stator resistance and the iron losses are
negligible. The parameters adopted to draw the curves are
those of a low-power prototype used to carry out the
experimental results presented in Section V. The parameters
are listed in Table I.

As can be seen, the dual inverter system produces a
significant increase in the speed range of the drive. In a single-
inverter drive, above the base speed, a considerable fraction of
the stator voltage is necessary to inject a negative value of
current isg so as to reduce the back electromotive force that
limits the circulation of torque-producing current igqg.
Conversely, in the dual inverter system, the voltage generated
by inverter B to keep the unity input power factor, helps
compensate for the g-axis back-electromotive force, thus
extending the constant power speed range. If the speed
increases up to mpow, the voltage required to compensate for
the reactive power violates (19), and it is necessary to use the
voltage of the main power source as it happens in a single-
inverter system.

To clarify the exploitation of the available voltage in a
dual inverter system, Fig. 4 shows the voltages that can be
generated by inverter A, inverter B and the dual system. The
inner circle, in light green, represents the set of voltage Vj
applied to the stator winding of the machine in the constant
torque speed range. This circle slightly exceeds the voltage
hexagon of inverter A because a small amount of voltage is
demanded to inverter B to keep the power factor equal to one.

The mid circle area, in yellow, shows the voltage vectors
used in the constant-power speed range. The radius of this
area can be calculated by assuming that Vg is the vector

difference of V, and Vj, respectively with magnitudes equal
t0 Vamax and Vg max and orthogonal to one another.

If it is necessary to increase Vg further, the voltage vectors
V, and V; cannot be orthogonal any more and tend to the

operating condition where they are opposite to each other. The
voltage applied to the stator winding reaches its maximum
amplitude given by VamaxtVemax in the linear modulation.

This condition corresponds to the maximum speed (33), where
Vs is orthogonal to the stator current i_S and the output power

is zero.

III.  CONTROL SCHEME

The control scheme shown in Fig. 5 can be divided into
two parts. The first part concerns the control of the inverter A,
which is connected to the power supply. It includes the control
loops for speed, flux and stator currents. The aim of the
second part is to control the DC voltage of the floating bridge
and to compensate the reactive power of the motor.

A. Control of Flux, Speed and Stator Currents

PI regulators (a) and (b) control the d-q components of the
stator currents. Feed-forward signals are added to the output of
these regulators to compensate the back electromotive force of
the motor and the voltage generated by inverter B. To reduce
the effect of a mismatch in the machine parameters, a closed-
loop flux weakening strategy is used to regulate the stator
flux. PI regulator (c) defines the reference value of current isq
by comparing the voltage request of inverter A with Vamax. If
it is greater, the control system reduces isqrer and decreases the
stator flux. Finally, controller (d) chooses the reference value
isqret On the basis of the speed error. This value is bounded by

|2 i2

the value max ~ 15 ref

in order to satisfy the current

constraint in every operating condition.

B. Control of the Floating Capacitor and of the Reactive
Power

Regulator (e) keeps the DC-link voltage Eg at the reference
voltage Eg rer, whose level is adjusted depending on the voltage
resulting from (16), which is necessary to compensate the
reactive power of inverter A. Although the dc-link voltage of
the floating capacitor bridge is variable during the speed
transient, the control equation is approximately linear. In fact,
(7) can be rewritten as follows:

d(1
E[ECEéJ =P, (36)

where the active power Pg of inverter B is
P = Ke(Eaw —Ea): (37)

Combining (36) and (37), one finds a first-order differential
equation of E; ,

CEIvEI=EL, (8)
dt ’
where 7 is a time constant equal to
r=-S (39)
2K,

and K is the proportional grain of controller (e). To tune Kg,
it can be noted that the reference value for Eg ref is roughly \/g
times the optimal voltage Vg, that allows maintaining the

power factor of inverter A equal to 1. A coefficient Ky, greater
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Fig. 5. Block diagram of the control scheme for the open-ended permanent magnet machine fed by the dual-inverter system.

than one is used to consider that the transient term in (14) can
require a significant voltage margin

=3K,,

(D(Ps 's
N

Equation (40) reveals that the dc-link voltage of inverter B
is proportional to the motor speed. Therefore, to provide an
accurate tracking of Eg,rer, the value of T has to be chosen
much smaller than the duration of the mechanical transients,
which depend on the total inertia.

Since vg is proportional to the motor speed, Eg tends to
zero if the speed decreases, thus reducing the switching losses
of inverter B. It is worth noting that, if the current isq is kept
equal to zero, it is not possible to pre-charge the floating
capacitor until the torque is zero. In SPMSMs, in no-load
conditions, the stator current does not circulate, and the active
and reactive powers exchanged by inverter B are both zero.
The compensation of the reactive power Qa is achieved with
PI (f). The feed-forward signal vg given by (13) is added to
the output of PI (f) to improve the dynamic performance.

(40)

B ref

Both PI regulators (e) and (f) are implemented in the
reference frame aligned with the stator current space vector.

IV. EXPERIMENTAL RESULTS

Experimental tests have been carried out by means of a
small laboratory prototype to verify the feasibility of the
developed control scheme. The picture of the test bench is
shown in Fig. 6. It depicts the test bench, consisting of the
measuring instruments and the dual inverter (1), which feeds
the open-end winding brushless motor (2) coupled with an
electric machine (3) acting as a load. Inverter A is based on an
IGBT power module (FF400R12KT3IGBT) developed by
Infineon, whereas inverter B is based on a SiC power module
(BSM180D12P2C101) by Rohm. The switching frequency is
8 kHz. The commutation dead-time of inverter A is 2 ps,
while the commutation dead-time of inverter B is 1 ps. The
control board is the uCube system designed at the University
of Nottingham [17]. The parameters of the drive are the same
shown in Table I. The measured signals have been acquired,
transferred to a PC and plotted with Matlab.

Fig. 7 compares the behavior of a single inverter drive with
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ﬁg. 6. Picture of the test t bench, consisting of the measuring equipment and
the dual inverter (1), the open-end winding brushless motor (2) and an electric
machine (3) operating as a load.

TABLE I — PARAMETERS

Prated = 0.9kW Rs =0.24 Q
Is rated = 13 Apeak Ls =0.0012 H
Pe = 0.0852 Wb In = 0.03
Kg m?
Omrated = 1600 rpm Jc =0.19 Kg m?
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Fig. 7. Experimental behavior of the SPMSM drive during a speed transient
from zero to the maximum speed in case of single inverter (a) and dual
inverter (b). Time scale: 1s/div.

the dual inverter drive during a start-up transient. If the rotor
speed is below the base speed, current isq is zero and the
current isq is equal to the maximum value Imax to generate the
maximum torque. The phase angle @ between the current
vector and voltage vector is roughly constant with speed and
can be calculated as follows:

Ll

S " max

®.

tan ® = 41

In the flux weakening region, the power factor of a single
inverter drive rapidly decreases along with the q component of

time |s)
Fig. 8. Steady state behavior of the dual inverter system. Waveforms of the
reference voltage of inverters A and B (d-component in the stationary
reference frame), and motor phase current at the mechanical speed of 2.5®pase
(5 ms/div).

the stator current, thus limiting the overall performance.

Conversely, Fig. 7(b) shows that the compensation of the
reactive power of inverter A allows producing higher torque
values at high speed. Fig. 7(b) shows that, if the rotor speed is
twice the maximum speed achievable by the same motor fed
by a single inverter system, the power factor of inverter A is
unity. This means that the drive still operates in the constant
power speed range, below the value of the rotor speed given
by (31).

Fig 8 shows the waveforms of the d-component of the
reference voltage vectors of inverters A and B, in the
stationary reference frame, and the phase current of the
machine at a mechanical speed of 2.5wpase (4000 rpm) for the
dual inverter system. As can be seen, the stator current is
reasonably sinusoidal, and it is in phase with the reference
voltage of inverter A, as expected for a unity power factor.
Similarly, the waveform of the reference voltage of inverter B
is sinusoidal, but it leads the voltage waveform of inverter B
by 90 degrees.

The primary purpose of the developed drive is to extend the
speed range of the drive and not to improve the drive
efficiency. However, the analysis of the losses is essential to
assess the drive performance. Fig. 9 compares the trend of the
mechanical torque, the output power and the efficiency of the
drive when the machine is fed by a single inverter and the dual
inverter system, and the ratio Egmax/Eamax is equal to 2. The
efficiency was measured as the ratio of the output mechanical
power and the input electrical power. The input voltage,
filtered by a bank of capacitors, was generated by a LAB-HP-
E 15600 high power dc source, which can provide up to 15
kW at 600 V and 25 A. Since the input voltage was constant,
the current ripple did not affect the average value of the input
power, which could be measured with reasonable accuracy,
around 1%. The mechanical power was estimated with similar
accuracy as the product of the mechanical torque and speed.

Fig. 8 shows that the efficiency of the single-inverter
system is slightly higher than that of the dual-inverter system
at low speed. This fact merits some comments. In the low-
speed range, under the same conditions of speed, torque level,
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Fig.9. Performance of the drive fed by the dual inverter (red) and by a single
inverter (blue) systems.

and dc-link voltage, the dual-inverter drive generates more
losses than the single inverter drive, due to the switching and
conduction losses of the floating capacitor bridge. It is
difficult to evaluate the losses of inverter B because they are a
function of the stator currents and the variable dc-link voltage,
which is optimized by the control system depending on the
operating conditions.

However, since inverter B operates as a power factor
corrector, the mechanical power generated by the dual-inverter
system in the low-speed range can be slightly higher than that
produced by the single-inverter system. Equation (26) shows
that the base speed of a single-inverter drive is lower than that
of a dual inverter drive and proportional to the input power
factor at the base speed. Consequently, if the output power of
the dual-inverter system is Pm, the output power of the single-
phase system is P, cos® with a difference equal to

P,(l—-cos®,..).

base >

One can conclude that, despite the higher losses, the overall
efficiency of the dual-inverter drive in the low-speed range
may be higher or lower than the efficiency of the single-
inverter drive, depending on whether the increase in the output
power counterbalances or not the additional inverter losses.

Some simulation results carried out with PLECs showed

that, in rated conditions, the total power losses of inverter A
and B are respectively about 20 W and 10 W. The stator Joule
losses of the motor are about 60 W. Hence, the presence of
inverter B increases the drive losses by 12%.

In contrast, the theoretical value of cos®pase for the
laboratory prototype is 0.993, which makes the power
improvement negligible (about 5-6 W) and justifies the
slightly lower efficiency of the dual-inverter drive compared
to the single-inverter drive.

However, the dual inverter system allows obtaining a
threefold increase in the maximum speed of the machine. The
output power decreases only by 10% up to 3 times the base
speed. In the flux weakening region, while the power factor of
the single inverter drive rapidly decreases and its active power
drops to zero, the power factor of the dual inverter drive
remains constant. In these operating conditions, the
comparison between the single and dual inverter drives cannot
be performed because this speed range is far beyond the
maximum speed that the drive can reach when fed by a single
inverter.

V. CONCLUSION

A dual PWM inverter system feeding an open-end winding

SPMSM offers significant advantages in high-speed
applications. The floating bridge inverter acts as a power
factor compensator, allowing the primary inverter to operate at
unity power factor and to exploit the available power source to
generate active power only. The improvement in the resultant
drive consists in a significant extension of the constant power
speed range compared to the single-inverter application (up to
three in the experimental tests). Furthermore, the control of
the floating bridge voltage, according to the operating
conditions, allows reducing the switching losses of the second
inverter.
Below the base speed, the power factor of the main inverter
can be unity, above the base speed, the constant speed range
can be extended up to a speed value given by (29), which is
related to the DC-link voltage the floating inverter. Finally, a
further speed extension is possible, although the power factor
of the main inverter cannot be unity any more.
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