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Abstract—The main hypothesis proposed in this paper is that
by controlling the harmonic and zero-sequence components of
the current in nonsinusoidal permanent-magnet synchronous
generators (PMGs), additional energy can be obtained, thereby
increasing the machine power density without increasing the Joule
effect losses. Two different strategies are proposed for three- and
four-wire topologies; therefore, four different cases are analyzed.
The strategies consist in controlling the PMG stator currents,
following a function that depends on the waveform of the back
electromotive force (EMF). The current function is obtained from
the instantaneous reactive power theory. An experimental system
was built to validate the proposal. Experimental results prove that
it is possible to increase power in a tested PMG by 7% using
the four-wire topology in comparison with the conventional block
commutation and same losses. Higher power gain can be obtained
for machines with almost rectangular-shaped EMF waveforms.

Index Terms—Four-wire topologies, permanent-magnet (PM)
machines, power control.

I. INTRODUCTION

ERMANENT-MAGNET synchronous generators (PMGs)
are characterized by high power density due to the pres-
ence of high-energy magnets, for instance, neodymium—iron—
boron (NeFeB) or samarium—cobalt (SmCo), commonly used
to construct them. They can be also built with a high num-
ber of poles, which enables them to work at low speed. For
these reasons, they are suitable for direct-driven wind energy
systems [1]-[3]. PMGs usually operate at variable speed, and
power flow control is carried out by imposing the waveform
and amplitude of the stator currents using a power electronic
converter [4], [5].
While the waveform of the electromotive force (EMF) of a
PMG can have an arbitrary number of constituent harmonics,
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the most common classification is sinusoidal or trapezoidal
(6], [7].

Sinusoidal PMGs: In this type of machines, the stator cur-
rents have to be sinusoidal and synchronized with the rotor
in order to produce a ripple-free torque. This is the case of
the conventional field-oriented control. Moreover, to obtain a
good control of torque, it is necessary to know the rotor angular
position accurately to synchronize the stator currents [8].

Trapezoidal PMGs: In these machines, usually named brush-
less dc machines, the torque control is carried out by imposing
constant current in the intervals at which the EMF is also
constant. Therefore, it is necessary to know the rotor angles
for which the EMF shape changes (usually six angles). This
control strategy is known as block commutation, which has
been very popular due to its simple implementation. In practice,
it is very difficult to obtain an ideal trapezoidal waveform,
i.e., having a flat top for a span of 120°. Due to this, and
the fact that currents require some slope while commutating,
trapezoidal PMGs usually present a significant electromagnetic
torque ripple [9]-[12].

A PMG neither sinusoidal nor trapezoidal needs to be fed
with a particular current waveform to avoid electromagnetic
torque ripple. In order to reduce the torque ripple, some au-
thors [13], [14] proposed strategies based on the harmonics
injection method to generate the reference values of the stator
currents [15].

Other authors proposed strategies based on the instanta-
neous reactive power theory [16] to generate the current ref-
erences to avoid torque ripple in machines with arbitrary EMF
waveforms [17].

In most cases, PMGs are machines with three star-connected
windings; thus zero-sequence current cannot circulate. The
main hypothesis proposed in this paper is that by controlling
the current harmonic components, including the zero-sequence
component, additional power can be generated without increas-
ing the losses, thereby increasing the machine’s power density.

Some authors proposed the use of zero-sequence currents in
machines with more than three phases, such as in [18]-[20]. In
[21], the zero-sequence current is used to produce torque, which
was tested by simulation. However, only the third harmonic
is used in this case; thus, no advantage is taken from other
harmonic components.

It is suitable for the control strategies proposed in this paper
that almost rectangular-shaped waveforms, i.e., with high har-
monic content, are considered to design the generator. For these
waveforms, the high form factor and zero-sequence component
of the EMF contribute in increasing the generated power. On
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the contrary, a generator with sinusoidal EMF cannot generate
additional power.

In this paper, two control strategies are proposed to maximize
the average power generated by a PMG. These strategies consist
in controlling the stator currents, including the zero-sequence
component. The reference values of these currents are calcu-
lated using an algorithm deduced from the instantaneous reac-
tive power theory. The implementation of the algorithm requires
a converter to control the stator currents. Two different con-
verter topologies to feed the four-wire machine were explored
and evaluated. The first one consists of a four-leg converter
(4wEL), and the second one consists of a three-leg converter
plus the middle point of a dc-link capacitor bank (4wDC) [21].

The connection of the neutral point of the generator allows
the possibility of implementing a reconfigurable fault-tolerant
system [22]—[25], but this is not discussed in this paper.

This paper is organized as follows. Section II presents the
PMG model. Two different PMG power flow control strategies,
including the calculation of the reference values of stator cur-
rents and a block diagram for a practical implementation, are
proposed in Section III. The experimental results that validate
the proposed strategies that were obtained using a prototype
are given in Section IV. Finally, conclusions are drawn in
Section V.

II. PMG MODEL

A PMG can be represented by the following model in abc
variables [21]:

— - d - —
Ugben = Tslabe T L%Zabc + €abe (l)

Iy =1g +ip + ic 2)
where Uapen., ;abc, and €y, are the voltages, currents, and EMFs
of the stator phases, respectively; 4., is the neutral current; r is
the resistance of the stator windings; L is the stator inductance
matrix, which is composed of the phase inductances L in
the diagonal and by the mutual inductances M in the other
components. Thus,
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where 1, are the rotor fluxes linked by the stator, w is the
rotor angular speed (df/dt = w), and ¢, (6) are functions that
determine the waveform of the EMF. These functions depend
on the geometric distribution of the stator windings, as well as
on the shape and features of both the magnets and the stator
magnetic core.

To simplify the model, the following transformation is used:
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Fig. 1. Equivalent circuit of the PMG in the a0 reference frame.
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Fig. 2. (Solid) EMF waveform and (dashed) RMS value for the following
cases: (blue) sinusoidal, (red) generator IVS4500, and (black) ideal rectangular.

where f is a generic variable of the model (flux, current,
voltage, or EMF). Thereafter, the PMG model in 80 variables
can be described by the following equations:

ﬁaﬁo = TsiaBO + Lo%iaﬂo + 5(160 (5)
where U350, fa,go, and €,p50 are the voltage, current, and EMF
in 50 variables, respectively. L is the transformed inductance
matrix composed of Lo = diag[Ls — M, Ly — M, L, + 2M].
By inspection of (5), the equivalent circuit shown in Fig. 1 can
be proposed.

Equation (3), which defines the EMFs, can be written in
variables a30 as follows:

Eapo =w[pald) @s(8) o(6)]". (©)

Is important to note that the shape of the EMF waveform
determines the power density of the PMGs [26]. In Fig. 2,
three cases can be observed: the ideal sinusoidal waveform with
an RMS value of 1/4/2 p.u., the waveform of the generator
IVS4500 described in Section III-B with an RMS value of
0.866 p.u., and the ideal rectangular waveform with the max-
imum possible RMS value of 1 p.u.

III. POWER FLOW ANALYSIS AND CONTROL

The control strategies proposed in this paper are based on
the instantaneous reactive power theory [16]. This theory states
that, in a three-phase electrical system, the following instanta-
neous power components can be identified:

p=p+D
qg=q4+q
Po = Po + Po- @)

p is the instantaneous active or real power, ¢ is the instanta-
neous reactive or imaginary power, and py is the instantaneous
homopolar power. Each of them can be decomposed in the
mean term, designated by an overline (—), and the oscillatory
term, designated by a tilde (~).
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The components of the instantaneous reactive power, i.e., ¢
and ¢, represent the energy exchanged between the electrical
phases. They do not contribute to the energy transfer from the
generator. These components represent a power flow that stores
energy in nondissipative components (inductors and capaci-
tors). They do not produce mechanical torque in the generator
shaft, but they do produce losses. Therefore, it is desirable to
eliminate or at least minimize them.

The oscillatory components p and py do not contribute to the
mean energy transfer from the generator, but they represent an
oscillatory exchange of energy that produces oscillatory me-
chanical torque in the generator shaft. Then, it is also desirable
to eliminate or at least minimize them to avoid mechanical
stress.

The power components p and pg represent the mean power
flow from the generator. Therefore, it is desirable to maximize
the sum of these two components in order to maximize the
energy transferred from the generator.

It is important to notice that the continuous component of the
instantaneous homopolar power, i.e., py, cannot exist in absence
of the oscillatory component py [16]. Therefore, maximizing
the homopolar component py implies that an oscillatory com-
ponent pp must be accepted and, consequently, an oscillatory
torque in the generator shaft.

It will be demonstrated in this paper that it is possible to
compensate the torque oscillation produced by the homopolar
component py by adequately controlling the oscillatory active
component p.

In conclusion, the following control objectives can be stated:
by controlling the instantaneous power components, the follow-
ing is possible.

1) Maximize the total power Pr transferred from the gener-

ator by maximizing the following expression:

Pr = (p+p) + (Po + Po)- (8)
2) Minimize losses minimizing the following expression:
q=q+q €))

3) Minimize the torque ripple by minimizing the following
expression:
Posczﬁ'i_ﬁo- (10
Once the control objectives are defined, it is necessary to
determine which variables can be manipulated to fulfill them.
It can be demonstrated that the instantaneous power com-

ponents can be expressed in terms of the phase currents as
follows [16]:

3, . .
P ==(eala +esig)

g
q= §(€aiﬂ — egia)
Po = 3eqio- (11)

Equation (11) suggests that it is possible to control the
instantaneous power components by imposing the PMG stator
currents using a power electronic converter.
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A method to calculate the reference values for the stator
currents able to achieve the control objectives is proposed in
the following section.

A. Determination of the Reference Values for Stator Currents

The main purpose of this paper is to control the instantaneous
power components by imposing the adequate stator currents,
in order to reach the control objectives. The proposed strate-
gies can be treated as an optimization problem; therefore, the
Lagrange multiplier method [27] will be used to solve these
problems.

For each strategy, we define the following:

1) the objective or the function to be optimized, as f(Z);

2) the restrictions, as g(Z) = 0;

3) the free variables, as .

This method consists in building a function h(Z,\) as
follows:

h(E,A) = f(F) = A(g(T)) -

The PMG mechanical and core losses are not considered in
the following deductions because they are almost not influenced
by the free variables (the stator currents). In permanent-magnet
(PM) machines with surface-mounted magnets, the flux in the
stator core is mainly due to the PMs. The air gap and the
low permeability of the magnets count for a relatively high
reluctance path, and thus, the stator current contributes only
marginally to the flux. Consequently, the core losses mainly
depend on the machine design and the speed, but the influence
of the current waveform can be neglected.

1) Strategy I (Losses Minimization With Ripple-Free Torque
Restriction):

* Objective: minimize the PMG losses.

e Restriction: eliminate electromagnetic torque ripple.

* Free variables: stator currents.

The problem can be mathematically enunciated as follows:

12)

S 3 0 o .
f(laaZBaZO) : Pcu: §R (Zi+2%+lg)

. 3, . . .
9(ia,ip,10) PT=p+po=§(€a2a+€/325)+3€010~ (13)

_From (6) and the equation system that results from
Vh(Z, ) = 0, it is possible to solve the equations for the stator

Z
“x

current (iy, 5,) as follows:

L2 )
o = 3 (UA4w SOOL(Q)PT
L2 01 .
5 =30, ©s(0) Py
L2 1 .
20 :gwA4w(p0(9)PT (14)
where
Agw = [92(0) + 95(9) + 2¢05(0)] - (15)

The proposed method allows finding the reference currents
required to achieve a constant total power. In addition, by using
these references, the power is optimally shared between p and



CATUOGNO et al.: POWER FLOW MAXIMIZATION IN PMGs

RST

PosPpPo s

Optimization
Strategies

Fig. 3. Simplified block diagram of the implemented prototype.

Po, and the reactive power is ¢ = 0. The latter can be made
explicit by replacing the references (14) and the EMF (6) into
the reactive power in (11).

The practical implementation of this strategy imposes a four-
wire power electronic converter to control the current of the
three phases, including the zero-sequence component.

2) Strategy 2 (Maximization of the Total Power With Ther-
mal Limit Restriction):

¢ Objective: maximize the generated energy.

* Restriction: machine thermal limit of operation (P.,,).

e Free variables: stator currents.

The problem can be mathematically enunciated as follows:

. 3, . .
flia,ig): Pr=p+po= 5(%1& + egig) + 3epio

. 3. . )
9lia,ig) : Py = §R (zi + z% + z%) . (16)
_From (6) and the equation system that results from
Vh(#,A) = 0, itis possible to solve the equations for the stator

current (7, 50) as follows:

o 2Pcu
7’04 = Pa (0) 3A4w
ok / 2Pcu
w
, 2Py
* = . 17
ZO 900(0) 3A4w ( )

In this case, the proposed method allows obtaining the ref-
erence currents required to achieve the maximum generated
energy, disregarding the ripple. Here again, power is optimally
shared between p and p for the new objective, and the reactive
power is ¢ = 0. The latter can be made explicit by replacing the
references (17) and the EMF (6) into the reactive power (11).

The practical implementation of this strategy imposes a four-
wire power electronic converter to control the three phases plus
the neutral currents.

B. Practical Implementation

In order to implement the control strategies proposed in
the previous section, an experimental prototype was built
(see Fig. 3).

The experimental prototype has a four-wire PMG (three
phases plus neutral) connected to either a four-leg inverter

6569

3 wire Converter 4wEL 4wDC

TABLE 1
PMG PARAMETERS

Parameter | Value

p 5kW

Poles 16

Wn, 600 rpm

rs 0.215Q

Ls 1.12mH
Slots 48

vf 48V

f 80 Hz
Magnets Ferrite
Windings | Distributed

Fig. 4. Waveform of ¢, g0 (6) in the o30 reference frame.

(4wEL) or a three-leg inverter plus of the middle point of a dc-
link capacitor bank (4wDC). The PMG is an IVS4500 available
in our laboratory. Table I shows the main parameters of this
generator, and Fig. 4 shows the functions ¢,go experimentally
obtained at rated speed for the generator with no load, by
measuring the stator voltages as a function of the position and
dividing them by the speed [based on (3)].

The generator parameters were experimentally obtained by
performing open- and short-circuit tests.

A speed-controlled prime mover drives the generator. The
four-leg inverter (4wEL) is actuated by a pulsewidth modulator
(PWM). The inverter was implemented using insulated gate
bipolar transistors switching at 25 kHz. The controller was
implemented with a Texas Instruments digital signal processor
TMS320F28335 working at 150 MHz. The sampling frequency
of the control algorithm was 25 kHz and synchronized with the
PWM. The PMG shaft position is sensed by using an optical
encoder with 1024 pulses per turn.

As it was shown before, the proposed strategies require
knowing the functions ¢,p0(6), which can be experimentally
obtained. These functions were stored in a lookup table indexed
by the rotor position, as shown in Fig. 4.
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Fig. 5. Currents and power components for Case 1: Strategy 1 and three-wire
topology (experimental data). (a) Measured currents. (b) Power components.

The block Optimization Strategies shown in Fig. 3 represents
the algorithm (14) or (17) that generates the stator current
reference values. Fig. 3 also shows the blocks and signals that
represent the fast current control loop of the stator currents.

As it was stated, it is possible to implement an alternative
topology using a three-leg inverter while connecting the neutral
of the PMG to the midpoint of the dc-link capacitor bank
(4wDC), instead of using a fourth inverter leg.

IV. EXPERIMENTAL RESULTS

The control Strategies 1 and 2 proposed in Section III-A were
tested in the prototype described in Section III-B, and some
experimental results are presented in this section.

Topologies 4wEL and 4wDC produced the same results at
rated speed, as it was validated experimentally; therefore, only
results of one topology are shown in this paper.

Moreover, results obtained using the proposed strategies with
a conventional three-leg inverter are also shown to compare
them with those of the four-wire topologies.

In the following sections, first, the evolution of variables or
temporal analysis and then a comparative analysis of the studied
cases are presented.

In all the tests, the PMG runs at constant speed, i.e., w =
1 p.u., and the dc-link voltage stays at its nominal value, i.e.,
Vdc = 1p.u.

The base value for power is the one that produces the rated
losses using the standard block commutation.

A. Experimental Results

1) Case 1—Strategy 1 in a Three-Wire Topology (Losses Min-
imization With Ripple-Free Torque Restriction): In Fig. 5(a),
the measured currents in abc variables can be observed. These
currents are necessary to obtain the constant total power Pr.

Fig. 5(b) shows the waveforms of the power components for
this case. It can be observed that, as a result of applying the
proposed control strategy, the reactive power q is null, and due
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Fig. 6. Currents and power components for Case 2: Strategy 1 and four-wire
topology (experimental data). (a) Measured currents. (b) Power components.

to the absence of neutral connection, the homopolar power pg
is also null.

From the same figure, it can be concluded that the total power
Pr is 1.03 p.u., constant, and equal to the active power p.

Active power p and reactive power ¢ have small oscillations
due to switching deadtime and errors in the current control
loops.

2) Case 2—Strategy 1 in a Four-Wire Topology (Losses
Minimization With Ripple-Free Torque Restriction): Measured
currents in abc variables, which are necessary to obtain the
constant total power Pr, are shown in Fig. 6(a).

Fig. 6(b) shows the waveforms of the power components for
this case. It can be observed that, as a result of applying the
proposed control strategy, the reactive power ¢ is null.

It can be also observed in Fig. 6(b) that the homopolar power
po presents an oscillatory component. This power added to the
active power p, which also has an oscillatory component, results
in a constant total power Pr = 1.05 p.u. higher than the active
power p. Once again, the active power p and reactive power ¢
present small oscillations due to switching deadtime and errors
in the current control loops.

It is important to remark that the total power in Case 2 is
2% greater than that in Case 1, which demonstrates that by
controlling the homopolar current, an additional energy can be
generated.

Even for homopolar power py and active power p with
oscillatory components, the total power Pr remains constant,
which implies that at constant speed, the generated torque is
constant.

3) Case 3—Strategy 2 in a Three-Wire Topology (Maximiza-
tion of the Total Power With Thermal Limit Restriction): In
Fig. 7(a), measured currents in abc variables can be observed.
These currents are necessary to obtain the maximum total
power Pr.

The waveforms of the power components for this case are
shown in Fig. 7(b). The reactive power ¢ is null as a result
of applying the proposed control strategy, and the homopolar
power pyg is null due to the fact that the neutral is not connected.
In this case, the active power p shows an oscillatory component,
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Fig. 7. Currents and power components for Case 3: Strategy 2 and three-wire
topology (experimental data). (a) Measured currents. (b) Power components.
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Fig. 8. Currents and power components for Case 4: Strategy 2 and four-wire
topology (experimental data). (a) Measured currents. (b) Power components.

and therefore, the total power Pr presents one, too. This power
oscillation produces torque ripple on the generator shaft, which
may be harmful to the mechanical system as a whole.

4) Case 4—Strategy 2 in a Four-Wire Topology (Maximiza-
tion of the Total Power With Thermal Limit Restriction): Mea-
sured currents in abc variables, which are necessary to obtain
the maximum total power Pr, are shown in Fig. 8(a). It can be
seen that the current waveform tends to a square shape when
the generated power is higher.

Fig. 8(b) shows the waveforms of the power components for
this case. As in the previous cases, it can be observed that as
a result of applying the proposed control strategy, the reactive
power ¢ is null. It can be also observed that both the homopolar
power pg and the active power p present oscillatory components
like in Case 2. The addition of both results in a total power
Pr with the highest average value of all cases. However, unlike
Case 2, the total power presents an oscillatory component.

It is important to remark that the total power in Case 4 is 4%
greater than that in Case 3 and 7% grater than that with block
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TABLE 1I
EXPERIMENTAL RESULTS
Power in p.u. Average Pr | Ripple App

Case

Idcal Block Commu- 1 -
tation

Strategy 1/ 3-wire 1.03 0
Strategy 1/ 4-wire 1.05 0
Strategy 2 / 3-wire 1.03 0.118
Strategy 2 / 4-wire 1.07 0.136

commutation, which demonstrates that by controlling the zero-
sequence current, an additional energy can be generated.

B. Comparative Analysis of the Study Cases

Table II summarizes the experimental results presented in
the previous section. The proposed strategies were applied to
the IVS4500 generator, and the resulting total mean power
and the torque ripple are presented. The rated power using the
standard block commutation was calculated for the rated losses.
No ripple was calculated for this case, as an ideal commutation
was considered. All cases produce the same losses due to the
Joule effect in the windings.

The machine was driven at constant speed. Consequently,
the torque was calculated as the ratio between the generated
instantaneous power Pr and the rotor angular speed w.

The results summarized in Table II are for a given, for us
available, machine. However, it should be remarked that the
power gain depends on the waveform of the EMF. A waveform
that is nearer to a square shape would provide higher gains.

Machines with trapezoidal EMF and controlled with block
commutation present higher torque density than machines with
sinusoidal EMF and sinusoidal current waveforms [7]. In the
present paper, this advantage is raised even more by the pro-
posed algorithm.

The standard block commutation that is taken as a basis
of comparison also produces torque ripple [7]. Usually, the
torque ripple is filtered by the inertia of the generator. In most
cases, it is even very difficult to measure the torque ripple
[28]. However, the influence on the system performance, as, for
instance, in wind energy systems, depends on the system and
cannot be well pondered by the authors.

V. CONCLUSION

The main hypothesis proposed in this paper is that by con-
trolling the stator currents, including the harmonic and zero-
sequence components, of a nonsinusoidal PMG, additional
energy can be obtained without increasing losses.

Two different control strategies were proposed: The first
strategy aims at minimizing losses applying ripple-free torque
restriction. The second strategy aims at maximizing the total
power applying thermal limit restriction.

These two strategies were implemented in three- and four-
wire topologies; therefore, four different cases were analyzed
and implemented in an experimental system specially built to
validate these proposals.
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Strategy 1 is intended to extract continuous power from the
generator shaft while minimizing losses due to the Joule effect
in its windings.

Strategy 2 is intended to extract the maximum mean power
(disregarding ripple) from the generator, keeping the Joule
losses at a constant value and equal to the generator nominal
losses.

For the available PMG, the power gain obtained by taking
advantage of the harmonic components without using the zero-
sequence components (three-wire system) is 3% with respect
to the conventional block commutation. By taking advantage
of the harmonic and the zero-sequence components (four-wire
system), the gain is 5% for Strategy 1 and 7% for Strategy 2.

The power gain depends on the waveform of the EMF
Consequently, a machine could be designed with the aim of
maximizing this gain. Such a machine should have an almost
rectangular-shaped EMF waveform.

Finally, it is proved that Strategy 2 allows extracting more
mean power than Strategy 1, but it presents the disadvantage
of generating an oscillatory power and, consequently, a torque
ripple on the PMG shaft. Depending on the application, the
torque ripple can be filtered by the system inertia.
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