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ABSTRACT In this study, a dual-port wind-energy conversion system has been proposed. A double-fed
permanent-magnet synchronous generator (DFPMSG) forms the central part of the system, where the
concentrated single-layer winding configuration of the generator enables electric and magnetic isolation
between the ports. DFPMSG has two three-phase terminals out of the stator; one is connected directly to
the grid, whereas the other is tied to the grid through a back-to-back converter. This study investigates
design issues caused by the DFPMSG port with a direct grid connection. The unique design issues of
the proposed system include determining the slot/pole combination using wind data and determining the
minimum reactive power requirement for the port with a direct grid connection. Next, the load-sharing
capability among the ports of the proposed system is presented through a detailed investigation of three
schemes. Experimental work is presented for a 5-kW prototype DFPMSG system to illustrate the isolation
among the ports, minimized reactive power demand on the port with direct grid connection, and load-sharing
ability among the ports for different control schemes.

INDEX TERMS Double-fed machines, electric machine design, multi-port systems, permanent magnet
synchronous generators, wind energy.

I. INTRODUCTION
Multi-port energy conversion systems have undergone exten-
sive study recently in order to increase their fault-tolerance
capability and to utilize the system for several simultane-
ous goals [1]–[4]. Although multi-port systems are gener-
ally preferred in applications where power converters and
transformers are used together, it can also be applied to
electrical machines. For example, in distribution systems,
multi-port machine configurations provide isolation between
winding sets, as well as additional redundancy [5]. Fault
tolerance is also the driving motivation behind multi-port
electric machines [6], [7]. For example, electric aircraft and
micro-grid systems prioritize reliability in addition to high
efficiency and compactness [3]. Furthermore, some appli-
cations focus on operating individual machines in different
modes [8], [9]. In these modes, the machine may operate as a
motor and generator, either simultaneously or independently.

The associate editor coordinating the review of this manuscript and

approving it for publication was Yi Liu .

In the area of electric power generation, double-fed induc-
tion generators (DFIGs) are regarded as one of the earliest
multiport electric machine applications in wind-energy con-
version systems (WECS) [10]. These are preferred in WECS
for their advantages, such as partial-scale power converter
and low manufacturing cost [11]. The stator windings are
connected to the grid directly, while the rotor is connected
through a power converter. The rotor frequency, and thus rotor
speed, is controlled by the power converter [12]. This concept
supports a limited operation speed range (±30% synchronous
speed) and is eligible for semi-variable speed operation. The
main drawbacks of DFIG are its lower efficiency, gearbox
requirement, and regular maintenance [13].

Brushless Double Fed Machines (BDFMs) were proposed
at the turn of the last century and long before the era of power
electronics for the operation of adjustable speed motors [14],
[15]. Later, the concept was further developed and adapted for
wind energy systems and several successful implementations
have been reported [16], [17]. In [18] and [19], a variable
speed stand-alone operation for a ship shaft generation was
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reported, focusing on the control problems of the BDFM in
such an application. As an alternative to theDFIG, BDFMcan
be considered as a remedy for brush and slip ring problems
as these have been eliminated by a unique stator and rotor
design. The reduced size of the converter is also considered
an advantage inherited from the DFIG. The reactive power
amplification is also a noticeable feature, although it has some
limitations dictated by the speed range of the machine [17].
On the other hand, BDFMs are designed with relatively low
pole pair numbers, which still requires the use of a gearbox
before the generator. Moreover, inherent stability problems
have been reported in the literature [16] and [17]. The design
of BDFM is considered to be somewhat more challenging
than conventional induction machines. The optimization of
magnetic and electrical loading in the presence of winding
sets with different number of poles in the stator and unique
rotor cage structure are still challenging. As a result, 25% less
output for the same active volume has been reported [17]. In a
very recent design work [20], the pole number optimization
has been well elaborated and documented with many aspects
and performance metrics of BDFM.

Permanent-magnet synchronous generators (PMSGs),
as an alternative to DFIGs and BDFMs, are becoming pop-
ular for their higher efficiency, higher torque density, high
reliability, and wide operation speed range. Furthermore,
gearboxes can be eliminated such that PMSGs with high
pole numbers can operate efficiently at low speeds [21]. The
stator is connected to the grid through a full-scale power
converter, which can control the active and reactive power
at all operating points to obtain a robust grid connection [22].
However, PMSGs have some disadvantages, such as their
high initial cost due to their permanent magnets (PMs) and
full-scale power converter requirement [23].

Double-fed PM synchronous generators (DFPMSGs) have
become a popular research topic in the consideration of
the aforementioned pros and cons of DFIGs, BDFMs, and
PMSGs [24]–[30]. A concept study on DFPMSG has been
performed in [24]. An analytical model is created for the
simulation study of DFPMSG, and the operating condi-
tions are discussed. The results are verified through simula-
tion. In [25], a drive system for series-connected DFPMSM
operating at a constant rotational speed is presented. It is
mentioned that the machine design can be optimized to min-
imize losses. A control algorithm is developed to control
the active and reactive power on the grid side. In [26]–[28],
axial-flux PMSG with a double stator has been proposed
for wind-turbine applications. Various control algorithms are
performed on these machines. In addition to these works,
a recent study of DFPMSG has been conducted by the
authors [30]. In this study, the opportunities provided by the
DFPMSG are investigated, and simulation studies are carried
out for validation.

Owing to the increasing demand for reliable and cost-
effective energy conversion systems, DFPMSGs are receiving
more attention as multiport electrical machines with their

FIGURE 1. System diagram of the proposed concept.

isolated winding structure. Furthermore, the direct-drive abil-
ity inherited from the PMSG and the partial-scale power con-
verter inherited from DFIG have become unique features of
the proposed system. In this research, a dual-port WECSwith
DFPMSG is proposed. The DFPMSG includes two winding
sets that are electrically and magnetically decoupled from
each other. The winding sets are called power windings and
control windings, as shown in Fig. 1. The power windings are
connected to the grid directly, whereas, the control windings
are connected to the grid via a back-to-back power converter.
DFPMSG must rotate at a constant speed since the power
windings are connected directly to the grid.

As far as the contributions of this paper are concerned,
having a radial-flux, single air gap PMSG with an appropri-
ately wound isolated winding set can be considered as the
first contribution to achieve dual power generation channels.
Presenting the concept at the system level and solidifying the
design requirements for the given wind site data to maximize
efficiency is the second contribution. Finally, load sharing
scenarios within a wind energy system and proposed control
schemes are the third contribution of the proposed system.
The proposed concept is detailed in Section II. Subsequently,
the design requirements of DFPMSG are determined and
explained analytically and verified through finite-element
analysis. The system-control algorithms to manage power
flow are discussed in Section IV. Finally, the control algo-
rithms and design specifications are tested on a prototype
DFPMSG, and the results are presented.

II. PROPOSED CONCEPT
The proposed generator contains two magnetically and elec-
trically decoupled winding sets, named control and power.
The control winding is connected to the grid via a back-
to-back (AC/DC-to-DC/AC) converter allowing bidirectional
energy flow, whereas the power winding is directly connected
to the grid. The start-up process, synchronization, and main-
taining synchronism of the power winding are handled by
the control winding, which also provides the wind-power
distribution between the winding sets.

The proposed concept has two main drawbacks arising
from its direct grid connection. One is that the reactive power
generation of the power winding cannot be controlled during
operation, owing to the absence of the field winding and
power converter. This drawback can be overcome by consid-
ering the reactive power during the design of the generator

118954 VOLUME 9, 2021



A. Bakbak et al.: PMSG-Based Dual-Port Wind-Energy Conversion System

(the detailed study is provided in Section III). Moreover,
the DC/AC converter can supply the reactive power demand
to the extent its capacity allows. Another drawback is its lack
of maximum power-point tracking, as directly grid-connected
synchronous machines must rotate at a constant speed,
regardless of the wind speed. Therefore, power coefficient
of the wind-turbine blades will not be optimum for all wind
speed values. However, it is known that wind turbines with
MPPT feature cannot follow the maximum power point
beyond the rated speed where the rated output power is
fixed by the generator. Therefore, the MPPT feature alone is
not a good indicator for making a fair comparison between
fixed and variable speed wind turbines. Instead, long term
capacity factor should be analyzed, which depends also on the
turbine diameter, generator rated power and the probability
density function of the wind speed at the site. On the other
hand, the proposed DFPMSG does not need a gear box.
Moreover, the power winding can be connected to the grid
directly without needing a power converter, which signifi-
cantly reduces losses. These two improvements increase the
power efficiency especially beyond the rated speed, and in
turn, may increase the capacity factor significantly for opti-
mum designed systems. In the proposed DFPMSG system,
the optimum number of poles can be selected according to
the wind regime of the site, which also improves the capacity
factor.

A. KEY FEATURES OF THE PROPOSED SYSTEM
In addition to the common advantages of PMSG, the pro-
posed system has the unique features stated below.

• The cost of the power converter is about 7%-12% of the
total cost of the wind-turbine system at the MW power
level [11]. The reduction in initial cost and increase in
system efficiency can be achieved due to the decreased
rated power of the converter.

• Although the power winding set is uncontrollable,
the power winding set can be manipulated indirectly
by interfering with the torque produced by the control
winding. Thus, the power produced by the winding sets
can be arranged by transferring wind power to the grid
as efficiently as possible. Furthermore, the life of the
power converters can be extended, and the winding
temperatures can be maintained within safe limits via
thermal-management algorithms.

• Both the winding configuration and double-fed structure
improve the fault tolerance of the DFPMSG.

• Fixed-speed systems are less complex in terms of turbine
design and system control.

• Directly grid-connected generators without power con-
verters have difficulties synchronizing with the grid
and overcoming sudden wind-speed changes. Both grid
synchronization and oscillation damping in DFPMSGs
can controlled with the aid of a controllable winding
set.

B. ANALYTICAL MODEL OF THE MACHINE
Decoupling between winding sets for double-fed electrical
machines can be ensured by single layer concentrated wind-
ing topology [31]. Thus, winding sets of the DFPMSG can be
considered as two independent machines in terms of electrical
equations. Voltage and torque equations of PM machines
in [32] can be used separately for the power and control
windings.[

Vqs
Vds

]
=

[
Rs + pLq wLd
−wLq Rs + pLd

] [
iq
id

]
+

[
wλm
0

]
(1)

Te =
3
2
P
2

[
λmiq +

(
Ld − Lq

)
id iq

]
(2)

The angle used for the transformation of circuit variables to
the d-q reference frame is not the same for winding sets, but
has a fixed difference. The angle difference between winding
sets is given by (3).

θd =
4π × nc
Q× ts

, (3)

where nc is the number of coils per phase,Q is the slot number
and ts is the symmetry multiplier of the stator.

Although the winding sets of DFPMSG are electrically and
magnetically decoupled, the generated torques drive the same
rotor. Thus, the torque and speed may be related as

Te,power + Te,control + Twind = J
dw
dt
+ Bw, (4)

where Te,power is the torque generated by the power winding,
Te,control is the torque generated by the control winding, Twind
is the wind torque, J is the inertia of the rotor and B is friction
coefficient.

C. CONVERTER SYSTEM
The bidirectional converters used in the system are two-level
voltage-source inverters with six active switches. The grid-
and generator-side converters that control the power flow
by field-orientation control and space-vector modulation are
shown in Fig. 2. The d–q axis currents are regulated by
PI controller, whose coefficients are calculated with the
Ziegler–Nichols method [33].

The generator-side converter handles managing the wind
power by generating the desired torque commanded by the
control algorithm detailed in Section IV. Furthermore, Id is
controlled to obtain maximum torque per ampere.

The grid-side converter manages bidirectional power flow
while the control winding acts as a motor or generator. Power
flow control is realized by maintaining the voltage of the DC
bus at an adequate constant level. The power demand of the
generator side is provided by keeping the DC bus voltage
level steady. Further, the reactive power demand to maintain
a high power factor for the whole system can be provided by
the grid-side converter.
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FIGURE 2. Control diagram of the converters.

TABLE 1. Comparison of wind turbine generator concepts 1:Poor, 2:Fair,
3:Good, 4:Excellent.

D. COMPARISON OF DFPMSG WITH OTHER
GENERATOR SYSTEMS
The proposed concept is compared against direct-drive
PMSG and double-fed concepts for WECS in terms of cost
and operation. Comparison criteria and ratings are summa-
rized in Table 1.

• PM machines are more advantageous than conventional
induction machines (IM) in terms of torque density.
However, the torque density numbers are relatively
lower in BDFMs compared with the counterparts [34].

• Reactive power demand is met by power converters in
the systems with PMSG. DFPMSG is designed to have
a high power factor. Although the DFPMSG system
has reduced size converter, control winding can provide
relatively low reactive power demand.

• Since BDFMs are designed to interact two main har-
monic components, they have poor power quality. This
eventually causes additional torque ripple and unbal-
anced magnetic pull [35], [36].

• Considering the number of components, brushes, gear-
box and mechanical vibrations etc., DFIG is less reliable
than others [37].

• Directly grid-connected systems are weak in terms of
stability against sudden wind changes. Although the
proposed system has a direct grid connection, control
winding helps to assure stability.

• Direct drive systems have to produce higher torque than
geared systems to meet same electrical power. There-
fore, dimensions of the direct-drive generators should
be larger than geared systems. This makes direct-drive
systems to be disadvantageous in terms of generator
costs. Nevertheless, the gearbox and its maintenance
costs are eliminated. On the other hand, systems with
brushes have higher maintenance costs. Another factor
that determines the cost is the converter size. In this
respect, full scale systems are more disadvantageous.

• WECS with a full converter has full control over the
currents. Therefore, they can stay connected to the grid
when a short-circuit faults occur. On the other hand,
they cannot provide faults currents above the rated cur-
rent [38]. Having a partial-scale power converter in the
proposed system makes it disadvantageous with regard
to fault ride through (FRT), but advantageous as far as
the fault current magnitude is concerned. The disadvan-
tages of the proposed system for FRT can be compen-
sated with concentrated winding topology which yields
high self-inductance and low mutual inductance in the
generator [39].

• The DFPMSG is constant-speed WECS while DFIG
and BDFM are semi-variable speed and PMSG is
full-variable speed. The wide speed range, which allows
MPPT to be performed at low wind speeds, increases
energy harvesting. It should be emphasized that the
width of the speed range is not limitless and dictated by
the MPPT voltage range of the converter. In [40], drive
train efficiency comparison is made between BDFM,
DFIG and PMSG taking the efficiencies of gearbox, con-
verter and generator into account. Drive train efficiency
of the proposed system is similar to direct-drive PMSG
besides converter loss is lower than the PMSG.

In [21], it is shown that direct-drive systems have a higher
energy yield than geared systems. In [41], it is stated that
direct-drive systems are more advantageous in terms of cost
of energy which includes transportation, installation, and
maintenance cost, etc. for offshore wind turbines. Since the
proposed system is direct drive, it is anticipated to be superior
with regard to the cost of energy.

III. DESIGN REQUIREMENTS OF THE DFPMSG
In WECS, the rated power and speed of the generators
cannot be determined solely by electrical dynamics without
a mechanical aspect. Especially in directly grid-connected
PMSGs, pole numbers determines the operation speed that
directly affects the aerodynamic behavior of wind turbine.
Thus, the parameters such as the characteristic of the turbine
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and wind regime of the site must be taken into account when
determining the number of poles, in other words, rated speed.
In this section, first, the slot/pole combination determination
is described for directly grid-coupled PMSGs. The correla-
tion between the rated power and pole number selection is
also discussed.

A. RATED POWER AND RATED SPEED
Power captured from wind is related to the aerodynamic
model of the wind turbine. The mechanical power generated
by the wind is given by (5).

Pm =
1
2
ρAv3Cp(λ, β), (5)

where Pm is mechanical power, ρ is air density, A is the
swept area of turbine blades, v is wind speed and Cp denotes
the power coefficient of the wind-turbine blades. Cp can be
represented as the function given by (6) which describes the
nonlinear relationship between the blade pitch angle (β) and
tip speed ratio (λ) [42]. The coefficients of Cp for different
applications are given in [43].

Cp(λ, β)= c1

(
c2
λi
−c3β−c4βc5−c6

)
∗ exp

(
−c7
λi

)
(6)

λi =

[
1

(λ+ c8β)
−

c9(
β3 + 1

)]−1 (7)

Tip speed ratio can be expressed as

λ =
R ∗ ωm
v

, (8)

where ωm is the mechanical speed of the rotor and R is the
radius of the blades. The relationship between the electrical
and mechanical speeds is given by

ωm =
2
p
ωe, (9)

where p is the number of poles. As demonstrated by (9),
the rotor’s mechanical speed is dependent on pole num-
ber. Given that the electrical frequency is nearly constant
in directly grid-connected applications, the number of poles
in the generators determines the operation speed. There-
fore, the mechanical power Pm should be a function of pole
number, as well.

The mean mechanical power is computed using the proba-
bility distribution of wind speed, as follows:

Pmean =
∫ vco

vci
Pm(v)F(v)dv, (10)

where vci and vco are is cut-in and the cut-out wind speed
of the wind turbine, respectively, and F(v) is the probability
density function of the wind speed at the site.

The torque generated by thewind to keep the turbine blades
turning is not sufficient at low wind speeds. The minimum
wind speed, where themechanical power begins to take a pos-
itive value (cut-in speed), can be derived by finding the roots
of (5). The cut-out speed depends on whether the machine is

TABLE 2. Calculation parameters.

operating in the reliable wind-speed region, where the pitch
control of blades is stable. In addition, the thermal limit of the
machine and power angle stability limit of the generators are
other important factors determining the cut-out range of the
system.

Weibull distribution is widely used to fit the real
wind-speed data for estimation and analysis. Weibull distri-
bution is a two-parameter function, and is given by (11).

F(v) =
(
k
c

)(v
c

)k−1
exp [ −

(v
c

)k
], (11)

where v is the wind speed, k is the shape parameter and c is
the scale parameter. The parameters of the Weibull function
can be calculated using different methods that are detailed
in [44].

Another design decision of WECS is the capacity factor,
which is simply the mean power generated, divided by the
rated peak power of the generator. Typical capacity factor
values are between 20% and 40% [45]. Because the capacity
factor affects the initial cost and payback period, its deter-
mination is an economical optimization problem and is not
within the scope of this study. For both a fixed capacity factor
and fixed rated power, the annual mean power is calculated
for each possible number of poles using theWeibull function,
which is constructed with the wind data collected from a site
in Soke, Turkey, every 10 min for a year [46]. The shape and
scale parameters are calculated as 1.4803 and 4.657, respec-
tively, using the empirical method of Justus [47] according to
Soke wind data. Fig. 3 shows the annual mean mechanical
powers for different numbers of poles for a fixed capacity
factor of 0.3 and Fig. 4 shows the annual mean mechanical
powers for a fixed rated power of 5 kW. The parameters
using in the calculations are listed in Table 2. According
to calculations, the system with 4.8-kW rated power and
46 poles has the highest annual mean power. In the case
of 5-kW rated power, the annual mean power is increased
to 1468 W, whereas, the capacity factor remains nearly the
same. Also, the optimum number of poles does not change.

The trade-off between the initial cost and annual mean
power requires an economical optimization study. The capac-
ity factor of 0.2936 is within reasonable values; thus, the rated
power is selected as 5 kW and the rated speed is determined
per 46 poles.

B. MAGNETIC DECOUPLING BETWEEN WINDING SETS
The pole number cannot be determined without consider-
ing the winding factor of the generator. This enforces a
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FIGURE 3. Mean power versus pole numbers for fixed capacity factor.

FIGURE 4. Mean power versus pole numbers for 5-kW rated power.

decision regarding the slot and pole number combination,
rather than the pole number alone. The preferred winding
configuration of the generator is nonoverlapping concen-
trated windings with tooth-wound coils to ensure decoupling
between the winding sets, as well as for other advantages,
such as high-power density and high efficiency [39]. The
detailed calculation of the winding factor for fractional-slot
concentrated windings can be found in [48]. The slot/pole
combination of 48/46, which has a high winding factor, is an
appropriate choice, and also has a low unbalanced magnetic
force according to [49].

Specific to the proposed system, it is important that there
is no mutual inductance between the winding sets in order to
realize the dual port structure and control the power of the
winding sets. Reduction of the mutual inductance between
phases for fractional slot winding configurations of syn-
chronous machines is described in [50]. The ratio of Q/(2t)
has to be even for minimum mutual inductance in single
layer configurations. Where t is the greatest common divisor
of slot number and pole pairs. The slot/pole combination
of 48/46 fulfills this requirement.

The mutual inductance between any two phases can be
calculated as follows [51]:

Mab =
µ0rgl
g

∫ 2π

0
Na(θ )Nb(θ )dθ (12)

where µ0 is the permeability of air, rg is the airgap radius, l is
the machine active length, g is the air gap length, Na(θ ) and
Nb(θ ) are the winding functions of phases a and b.

The winding function of phase A of both winding sets is
shown in Fig. 5. In theory, there is no mutual inductance
between the winding sets, since the product of the winding
functions yields zero when (12) is evaluated to find mutual
coupling between control and power windings as devised in
the proposed system.

FIGURE 5. Winding functions of the same phase of winding sets.

C. BACK EMF AND SYNCHRONOUS INDUCTANCE
For machines directly connected to the grid, the back
EMF value is a critical parameter for synchronization and
power transmission. Similarly, the synchronous inductance
value affects the power transmission, stability limit, and
reactive power of the machine. These values should be
adjusted to the desired values based on parameters such
as the number of turns, machine dimensions, and magnet
dimensions.

The active and reactive power equations are given by (13)
and (14), respectively [52].

P =
3VTEA
XS

sin(δ), (13)

Q =
3VT
XS

(EA cos(δ)− VT ) , (14)

where VT is terminal voltage, EA is induced back EMF, δ
is the power angle of the generator and XS is synchronous
reactance.

The analogy between DC machines and PM machines is
explained in [32]. In DC machines, the induced back EMF is

EA = kmφ ωm, (15)

where km is the machine constant and φ is magnetic flux.
Because ωm is nearly constant and φ can be considered
constant, due to the direct grid connection and the PMs,
respectively, EA can be assumed constant during operation.
In addition, the grid frequency and voltage are assumed to be
constant. Thus, XS and VT are taken as constant during the
calculations. For the design stage of the generator, EA and
XS are dependent on factors including the number of turns,
diameter and length of the machine, and magnet thickness,
which are all known after designing the machine. Because of
this, the relation between the active power and power angle
are known after the design is completed. The power angle of
a generator that generates 2.5 kW is sketched for different EA
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and LS values in Fig. 6 using (13). The reactive power can be
calculated from (14) by using these power-angle values. The
reactive power of the same generator is given in Fig. 7 for
different EA and LS values. The generated power P, terminal
voltage VT , and electrical frequency are taken as 2500W, 220
Vrms, and 50 Hz in calculations, respectively. Half of the rated
power is used in the calculations because each winding set is
sized for half of the rated power.

FIGURE 6. Power angles for different back EMF and synchronous
inductance.

FIGURE 7. Reactive powers for different back EMF and synchronous
inductance.

In the design stage, the values of EA and LS could be
arranged so that reactive power is not produced when the
machine generates the rated active power. The value of EA
that sets the reactive power to zero is given by (16).

E?A =
VT

cos(δ)
(16)

Then, (13) is rearranged to isolate the power angle.

δ = arcsin
(

PXS
3VTEA

)
(17)

E?A can be expressed as follows after trigonometric
operations:

E?A =

√
9V 4

T + P
2X2

S

3VT
. (18)

The back EMF calculated from (18) is sketched in Fig 8.
The power factor is unity at the rated power for the machines
with the back EMF and LS values illustrated in Fig. 8. Further-
more, a smooth synchronization process can be confirmed
because the back EMF values along the line are close to VT .

FIGURE 8. Zero-reactive-power curve.

The back EMF and synchronous inductance values should
be selected near the values of the zero-reactive-power curve to
maintain a high power factor. Furthermore, the power angle
must be considered in the design process. A low power angle
yields an inefficient design, whereas a high power angle risks
exceeding the stability limit after a torque disturbance. The
machine parameters, such as the length, rotor diameter, and
number of turns, are arranged to achieve desired back EMF
and LS values according to the analytical findings.

D. OTHER PARAMETERS
In the previous section, the machine output power is cal-
culated according to the wind distribution data. The basic
parameters of the machine, such as its rated speed, torque,
rotor outer diameter, and the core length, are determined
depending on the output power. Both winding sets com-
prise an equal number of identical coils and provide equal
output power. The required nominal torque value under a
constant mechanical speed for a specified output power can
be calculated by (19).

T =
P
ω
=

5000
13.66

= 366.056Nm (19)

The stator structure of the proposed double-fed generator
is formed from modular E-cores, and the rotor structure con-
sists of modular surface-mounted PM poles. The conceptual
design and parameters of the modular machine are shown
in Fig. 9.

After the rotor diameter is calculated using the basic torque
equation, the pole width can be calculated by (20) depending
on the rotor outer diameter, number of poles, and magnet
height (hm).

ωp = (Dr − hm × 1.9816)× sin(
180
2× p

) (20)

The magnet width (wm) and the distance between magnets
(we) can be determined using equations (21) and (22) with
respect to the embrace ratio (e), respectively.

ωm = ωp × e (21)

ωe = ωp × (1− e) (22)

Because the stator and rotor geometries are polygons,
the stator inner diameter (Dsi) should be calculated by taking
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FIGURE 9. Basic concept of the modular PM machine.

the lowest airgap value. The E-core width (ωE−core) can be
calculated using (23) depending on the stator’s inner diameter
and the number of E-cores (NE−core). The outer diameter of
the stator (Ds) can be approximated using (24) depending on
the E-core height (hE−core).

ωE−core = Dsi × tan(
180

NE−core
) (23)

Dsi =
ωE−core

sin( 180
NE−core

)
+ hE−core × 1.9816 (24)

In [53], the authors perform a detailed study on the deter-
mination and optimization of the E-core dimensions in terms
ofmodularity and scalability. The generator parameters deter-
mined within the design study are given in Table 3.

E. FINITE-ELEMENT MODEL AND ANALYSIS
The proposed DFPMSG has been modeled in ANSYS/
Maxwell software, and electromagnetic analyses have been
performed. The DFPMSG model and the coil placement of
the winding sets are shown in Fig. 10.

The E-cores that form the stator are designed in the sim-
plest form possible to maximize the ease of manufacturing
and assembly. Therefore, the teeth and slots of the E-core
have a rectangular shape. The modular structure causes more
severe airgap permeance variation than that of conventional
surface-mounted PM machines. As shown in Fig. 9, in addi-
tion to the slot effect, a varying airgap length is inevitable
with the proposed E-core. The cogging torque and torque
ripple have been optimizedwith themagnet width andmagnet
skew angle. The magnet length is divided into three parts
and skewing is performed in three steps. Figure 11 shows the
average torque and torque ripple percentage variations for the
skew angle. At 0.4◦ of skew angle, the average torque value

TABLE 3. Machine design parameters.

FIGURE 10. Two-dimensional model of DFPMSG and coil arrangement.

reaches the desired value and the torque ripple percentage is
minimized.

The torque ripple percentage and average torque variations
depending on the magnet width are shown in Fig. 12 for a
constant magnet height constant. Considering the required
average torque value, the lowest torque ripple percentage is
obtained for a 21.9-mm magnet width.

The analysis results are obtained when one of the winding
sets is fully loaded. The induced back EMF and torque wave-
forms are given in Figs. 13 and 14, respectively. As seen from
Fig. 13, the peak value of the induced back EMF is 320 V.
The average torque is approximately 185 Nm, and the torque
ripple is approximately 3.5%.

In Fig. 15, the magnetic flux-density distribution of the
designedmachine under full load is depicted. The flux density
in the yoke of the rotor and E-cores is 400-500 mT, and is
approximately 1500 mT in the E-core teeth. According to the
flux-density distribution, magnetic saturation does not occur
in any region of the machine.

IV. SYSTEM-CONTROL ALGORITHM
A. START-UP AND GRID SYNCHRONIZATION
The proposed wind-powered generator system requires a
start-up sequence to connect theDFPMSG to the grid. For this
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FIGURE 11. Effects of skew angle on output torque.

FIGURE 12. Effects of magnet width on output torque.

FIGURE 13. Induced back EMF at rated speed.

FIGURE 14. Torque of a winding set at full load.

purpose, a back-to-back converter drives the DFPMSG as a
motor through the control winding, using grid power. The
control algorithm speeds up the DFPMSG from zero to syn-
chronous speed progressively and equates the frequency of
generated voltage to the grid frequency. Once phase syn-
chronization is achieved, the synchronization switch connects
the power winding to the grid without dangerous inrush
current. It should be noted that if the shaft (wind) power
of the DFPMSG is higher than the back-to-back converter’s
rated power, the speed cannot be regulated by the con-
verter. In this case, synchronization cannot be achieved, and

FIGURE 15. Magnetic flux-density distribution of DFPMSG.

more importantly, the speed may increase progressively and
reach a dangerous level for the converter. For this reason,
the pitch angle of the blades should be increased during
the start-up sequence to ensure that the shaft power remains
safely below the converter’s rated power. Once synchroniza-
tion is achieved, the rated power of power winding is added
to the control winding, and then the total power capacity
of the generator is considerably increased. Therefore, after
the start-up sequence, the pitch angle can be returned to its
original position.

B. TORQUE MANAGEMENT ALGORITHM
The DFPMSG operates at a constant shaft speed. How-
ever, if the wind speed reaches the rated value, the shaft
torque must be limited to below the generator’s rated torque
by controlling the pitch angle of the blades. In this paper,
it is assumed that the pitch-control system works well; thus,
the turbinemechanical power input is always under the gener-
ator rated power. While the machine is synchronized with the
grid and the input torque is below the rated power, grid fre-
quency dictates the mechanical speed. DFPMSG responds to
torque changes by increasing or decreasing the power angle.
Consequently, the speed-control system is not essential for
the proposed DFPMSG generator. At steady state, the torque
equation (25) becomes the following by ignoring friction
losses:

Te,power + Te,control + Twind = 0. (25)

If the winding currents are measured, electrical torques
can be calculated using (2). Thus, the wind torque can be
obtained from (25). It can be concluded from (25) that the
wind power is shared between the control and power wind-
ings. However, the power efficiencies for these power paths
are not equal. As can be seen from the measured efficiencies
shown in Fig. 16, the control winding’s power efficiency is
lower than that of the power winding, mainly due to back-
to-back converter losses.

In the steady-state operation, if the produced torque of the
control winding is changed slightly, the power winding takes
on the rest of the wind torque. Three different wind torque
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FIGURE 16. Fitted efficiency curves and experimental efficiency data of
the winding sets.

sharing schemes betweenwinding sets, without exceeding the
rated powers, are investigated.

• Scheme 1: The winding sets share the input wind power
equally.

• Scheme 2: Only the power winding generates energy
between 0 and 2500 W of input wind power. Above
2500 W of wind power, the power winding takes
2500 W, and control winding takes the remaining input
wind power.

• Scheme 3: The wind power is distributed to maximize
the overall efficiency.

The following equation is maximized to realize Scheme 3:

ηs =
Pcηcc + Ppηp

Pw
, (26)

where Pc, Pp, and Pw are the control winding, power wind-
ing, and input wind power, respectively; ηcc is the control
winding efficiency with the converter; and ηp is the power
winding efficiency.

The optimum system efficiency is found by an offline
brute-force search method according to experimental effi-
ciencies. The calculated system efficiencies for all schemes
are shown in Fig. 17. Scheme 3 provides higher system
efficiency than Schemes 1 and 2.

The block diagram of torque distribution to realize the
schemes is designed as shown in Fig. 18. The algorithm first
calculates electrical torques Te,power and Te,control using the
direct and quadrature components of the measured wind-
ing currents using (2) and then computes the wind torque
using (25). Afterward, the reference torque for the control
winding, T ?control , is calculated according to schemes using the
computed wind power. T ?control is converted to the Iq quadra-
ture current by multiplication with K (calculated using (2)).
The rate limiter prevents sharp dynamic power disturbances
and provides a soft power transition.

V. EXPERIMENTAL RESULTS
The prototype of the DFPMSG, whose parameters are given
in Table 3, is manufactured. The experimental setup to
verify the proposed concept, DFPMSG, and power con-
verters is depicted in Fig. 19. A four-pole, 11-kW rated
power, induction motor (IM) and a gearbox with gear ratio

FIGURE 17. Efficiencies of the schemes.

FIGURE 18. Block diagram of the control algorithm.

of 1:11 is used to emulate a wind turbine. A four-quadrant
motor driver (Schneider ATV930D11N4 with regenerative
unit) is used to control of the IM. The input torque is
measured by HBM T22 torque sensor mounted between
the induction motor and DFPMSG. Measuring range of
torque sensor is 1000-Nm with 0.5% sensitivity. The rotor
speed and position are measured by an 8192 pulse per
revolution incremental encoder. The output powers are
measured by power-quality analyzer and network analyzer.
Back-to-back (AC/DC-to-DC/AC) converter with 2.5-kW
rated power is used to bidirectional energy flow of control
winding.

A three-phase balanced current is applied to a winding
set, and the phase-phase voltage of the other winding set
is measured while rotor is locked, to determine the mutual
inductance. A screenshot of the scope is shown in Fig. 20.
It is measured that while 30.9% of the nominal current flows
through one winding set, 2.1% of the nominal back EMF
value is induced on the other winding set. The reason of exis-
tence of the mutual inductance, which should theoretically be
close to zero in classical one-piece stator structure, is that the
stator consists of E-cores which slightly increases the leakage
fluxes and mutual inductance.

Control performance of the converter control algorithm
(given in Fig. 2) are verified with experimental study.
In Fig. 21, a step function is applied to generator side
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FIGURE 19. Experimental setup. a) part 1, b) part 2, c) part 3.

FIGURE 20. Mutual inductance test.

converter’s Id and Iq reference while grid side converter is
keeping VDC bus about 700-V. Reference of Id is switched
from 0.5-A to 2-A while reference of Iq is constant. Id current

FIGURE 21. Dynamic response of the power converters a) to the
step-input of I?d b) to the step-input of I?q .

FIGURE 22. Torque and frequency oscillations while the synchronism is
starting.

settling time is measured as 2.2-ms (see Fig. 21 (a)). Refer-
ence of Iq is switched from 2.5-A to 4.25-A while reference
of Id is constant. Iq current settling time is measured as
4.1-ms (see Fig. 21 (b)). Keeping DC bus voltage steady is
successfully managed by grid side converter in both cases.
The experimental results confirm that the control method and
the selected PI coefficients are suitable.

Mechanical torque and electrical frequency variations in
the synchronization process are shown in Fig. 22. Synchro-
nization is accomplished with an overshoot of 5% and a
settling time of 500-ms for electrical frequency.

A step torque input is applied to the system for analyzing
the dynamic behaviour of the system. The measured mechan-
ical torque and electrical frequency variations are shown
in Fig. 23. The system manages to transfer the input torque
with the oscillation below 0.3-Hz in electrical frequency. The
fact of the matter is that step wind speed change is not natural.
Therefore, it is anticipated that the systemwill be less affected
under extreme wind speed changes like gusts.
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FIGURE 23. Dynamic behavior of the system for step input of mechanical
torque.

FIGURE 24. Phase A output power of a) power winding set b) control
winding through converter.

Both power winding and control winding through con-
verter are tested separately at rated power. The voltages,
currents, and instantaneous output powers are indicated
in Fig. 24. The power factor of the power winding is 0.94,
owing to the consideration of reactive power in the design
stage (see Fig. 24 (a)). Figure 24 (b) shows that the grid-side
converter works well and produces almost zero reactive
power.

Schemes 1, 2 and 3, as mentioned in Section IV, are
implemented in the system-control algorithm. The torque
distribution between winding sets is shown in Figs. 25, 26
and 27 for Schemes 1, 2 and 3, respectively, under varying
input torques.

Input torque varies with ramps between 0 and 330 Nm in
the experiment of Scheme 1 as shown in Fig. 25. Control
winding successfully manages the equal distribution of the

FIGURE 25. Torque-distribution scheme 1.

FIGURE 26. Torque-distribution scheme 2.

FIGURE 27. Torque-distribution scheme 3 (a) Experiment 1
(b) Experiment 2.

input torque between the winding sets. Experimental result
of Scheme 2 is shown in Fig. 26. The control winding does
not involve power sharing until the power winding reaches
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its nominal torque value of 183.12 Nm. The control winding
begins to take the remaining input power after 42 s. Thus,
the torque of the power winding is kept constant between
42 and 85 s. In the experimental implementation of Scheme 3,
two different torque profiles have been applied while the
input torque is ramp-like in the first experiment, it consists
of step variations in second experiment.

The control winding involves power sharing at 24 s
for experiment 1. After that, the control winding arranges
the torque distribution according to the optimum efficiency
curve. When step variation is occurred at input torque, power
winding response immediately for experiment 2. Then con-
trol winding takes the specific torque values according to
scheme 3 with a ramp of 30 Nm per second. The slope of the
ramp can be adjusted as steeper or more gradual according
to desired response. There are small ripples on the power
winding torque during torque sharing. The mutual inductance
between winding sets causes torque ripple, which does not
appear on the control winding side. This demonstrates the
robustness of the current regulators in the generator-side con-
verter. In summary, the results show that the input torque can
be shared freely between the winding sets within the limits.

VI. CONCLUSION
In this study, a dual-port WECS is proposed. The system
consists of a DFPMSG and back-to-back converter set sized
for half of the rated power of the generator. The pros and cons
of the system have been stated in terms of cost, efficiency,
and fault tolerance, etc. The machine specifications are deter-
mined as described by including the aerodynamic behavior of
the wind turbine and preexisting wind data. The drawbacks
of direct grid connection are minimized by considering the
reactive power and optimization pole number according to the
wind data during the design stage. The designed control algo-
rithm enables wind power to be shared between the winding
sets. This capability could also enable other control schemes,
such as thermal management and online maximum efficiency
tracking. The proposed concept and control algorithm are ver-
ified through experimental studies. The efficiency increase
provided by the directly grid-connected winding set would
be higher in small-scale WECS applications where converter
efficiencies are low. Moreover, the modularity of both the
machine and converter can be applied easily to the proposed
system.
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