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Direct-Grid Slip–Synchronous Permanent-Magnet

Wind Generator
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Abstract—In order to simplify and increase the reliability
of wind generators, a new type of a direct-drive directly grid-
connected wind generator known as a slip–synchronous
permanent-magnet generator (SS-PMG) is proposed. It consists of
two integrated generating units, i.e., a directly turbine-connected
slip PMG unit and a directly grid-connected PM synchronous
generator unit. The main aim of this paper is to determine if
this generator is stable under transient wind turbine and grid
conditions. A transfer function model is developed to evaluate
the dynamic performance of the wind generator system. The
transient response of a single 15-kW grid-connected system is
evaluated. It is shown that the generator is very stable under
transient turbine torque conditions. Furthermore, it acts as a filter
to prevent voltage flickering due to oscillatory turbine pulsations.
A very important design aspect to take into account is the torque
ripple characteristics of the slip PM generator as torque ripple
can be transferred to the grid current under certain conditions.
Simulated and dynamically measured results are shown for a
series of 15-kW SS-PMG prototypes.

Index Terms—Dynamic response, permanent-magnet generator
(PMG), power systems, stability, wind power generation.

I. INTRODUCTION

MOST wind turbine generators currently installed consist
of a directly grid-connected variable-speed doubly fed

induction generator, with a gearbox and a partially rated power
electronic converter. With gearbox failures being costly and
leading to long downtimes, gearless direct-drive full-variable-
speed permanent-magnet generators (PMGs) that are connected
to the grid via a full-rated power electronic converter are con-
sidered in several new installations. However, due to the steep
rise in the price of PM materials in recent times, synchronous
generators with wound rotors and smaller medium-speed PMGs
that are operated with a gearbox having a lower gearing ratio
are also considered. Although not as severe as gearbox failures
and with the components affected easier to replace, electrical
failures are the most common type of failure for wind generator
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systems. Thus, it is clear that, if the gearbox and the power
electronic converter are removed from the drivetrain, the reli-
ability of wind turbine systems can be increased significantly.
This means that maintenance requirements, the income loss
due to downtime and, thus, the operating cost will be reduced
accordingly. In particular, for systems with limited access such
as offshore wind turbines where some studies suggest that the
operation and maintenance costs can be more than 20% of the
total cost of a wind farm, the aforementioned aspects can play
a significant role.

In order to reduce the complexity of the drivetrain, there
are experimental proposals in literature where a synchronous
generator is directly connected to the grid. An example of
such topologies is the spring and damper system proposed by
Westlake et al. [1] to damp power angle oscillations. Research
is also being conducted on the directly grid-connected syn-
chronous generator that is operated in conjunction with a hydro-
dynamically coupled gearbox. The gearbox has a variable speed
input and a fixed speed output at the generator side. The work
done in [2] explains the modeling and the transient response of
such a system. Another direct-grid PM wind generator topology
reported in literature is the concept proposed in [3], where
a partially rated converter is placed in the star point of the
generator. Power fluctuations can be then actively damped by
means of this converter.

Another much simpler directly grid-connected and direct-
drive wind generator topology is the slip–synchronous PMG
(SS-PMG) that has been only very recently proposed in [4].
The SS-PMG is based on the concept that was first introduced
in 1926 by Punga and Schon [5], which was known as the
permanent-magnet induction generator (PMIG). It was initially
proposed to improve the power factor of conventional induction
machines. Within the last decade, the PMIG was also suggested
to be used as a gearless direct-drive utility-scale wind generator
in [6] and [7]. The PMIG can be also operated as a direct-drive
variable-speed doubly fed PMG with a partially rated converter,
as proposed in [8]. Several other research works on the PMIG
concept exist, with the contribution of each more thoroughly
discussed in [4].

Many of the issues regarding the direct grid connection of
the SS-PMG have been already addressed in [9]–[12]. In [9],
the synchronization of the SS-PMG to the grid is discussed,
and in [10], low-voltage ride through (LVRT) techniques for the
SS-PMG are evaluated. The reactive power flow characteristics
and the compliance of the SS-PMG with the relevant grid code
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specifications are studied in [11] and [12]. For the reactive
power control of the SS-PMG, a tap-changing transformer con-
figuration that makes use of an electronic tap-changing scheme
is proposed, which is much more reliable and efficient than con-
ventional tap-changing transformers, as discussed in [11]. It is
also known that the high-voltage dc (HVDC) transmission with
a central voltage source converter (VSC) is currently gaining
significant interest due to the expansion of offshore wind farms.
The central VSC connects the ac wind-farm collection grid to
the mainland ac grid via an HVDC link. It is proposed in [13]
that the frequency and voltage of the ac collection grid side of
the central VSC, which consists of several SS-PMGs in this
case, be made variable, mitigating the fixed speed drawback of
the SS-PMG.

Although many of the grid connection aspects of the SS-
PMG have been already addressed and it has been shown that
the SS-PMG is a viable wind generating alternative, the stability
of this generator regarding turbine and network disturbances is
still questioned. This issue has never been fully addressed and
is investigated in this paper. If the SS-PMG does not offer a
stable grid connection in a wind generating setup, no utility
will allow the connection of such a system. The aim of this
paper is to thoroughly characterize the dynamic behavior of
the SS-PMG system to turbine and grid disturbances, and to
torque ripple disturbances within the machine itself. The d-q
modeling of this type of generator receives special attention in
this paper. A 15-kW wind turbine system is used as a case study,
for which simulated and dynamically measured results are
presented.

II. SS-PMG TECHNOLOGY EVALUATION

The SS-PMG consists of two integrated generating units,
i.e., a slip PMG with a short-circuited rotor, which is similar
to an induction-machine cage rotor directly mounted to the
turbine, and a PM synchronous generator (PMSG) unit, with its
stator terminals directly connected to the grid. These two units
are mechanically linked via a common free-rotating PM rotor,
with separate sets of magnets for each of the generating units.
Fig. 1(a) and (b) shows the section diagram and an example of
the SS-PMG generating system, respectively. The common PM
rotor rotates at a synchronous speed in accordance with the grid
frequency. The turbine-connected slip rotor rotates at a relative
slip speed with regard to the PM rotor. Torque is generated be-
tween the slip rotor and the PM rotor, and counter torque is gener-
ated between the stator and the PM rotor. Thus, power transfer
takes place from the turbine to the slip rotor and then via the
PM rotor to the stator and the grid. The steady-state operation
of the system is thoroughly discussed and analyzed in [4].

The main characteristics of the SS-PMG, as opposed to other
wind generator systems, can be summarized as follows.

• With no gearbox or full-rated power electronic converter,
the SS-PMG comprises an extremely simple drivetrain.
The PMSG unit is similar to the PM generators typically
used in the wind industry, which are considered highly
reliable. Furthermore, due to the second slip PMG unit
operating at a much lower relative slip speed, the SS-
PMG is even more reliable than the PMSG. With the gear-

Fig. 1. (a) Cross section and (b) example of the new concept SS-PMG [4].

box and the full-rated power electronic converter being
the components mostly considered in the analysis of the
reliability of a wind turbine, the SS-PMG has a major
advantage in this regard.

• The SS-PMG has several favorable grid-voltage support-
ing capabilities. As in [2], the directly grid-connected
synchronous generator can provide the highest amount of
reactive power compensation with respect to other wind
generator topologies currently in use.

• Due to the fixed speed drawback of the SS-PMG, it is true
that, for particularly low-wind-speed sites, the SS-PMG
might not be a viable alternative. However, for good wind
sites, the difference in the total energy capture with fixed
speed versus that of variable speed turbines is not that
significant, which makes the use of the SS-PMG system
more attractive. It is also possible for the SS-PMG to be
operated as a variable-speed wind generator, as proposed
in [8] and [13]. The viability of these system proposals,
however, still requires further investigation.

• Because the SS-PMG consists of two direct-drive genera-
tors, it is a concern that this generator will be less efficient.
However, conventional systems consist of either a gearbox
or a converter in conjunction with a generator, or both
and a generator. This means that the total efficiency is
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calculated as ηtotal = ηgear × ηs × ηconv, whereas for the
SS-PMG, it is calculated as ηtotal = ηs × ηr. (The effi-
ciency of the PMSG unit is indicated by ηs and that of the
slip PMG unit by ηr). The efficiency of the grid-connected
PMSG is similar to that of the direct-drive PMGs currently
in use. For the slip PMG, a value of ηr = 97% is shown
in [14] to be easily achievable. In [4] and [14], the total
system efficiency values for the SS-PMG are given in the
range of ηs = 91%–92%, which is similar to those of other
wind generating systems.

• A major concern of the SS-PMG system is the increase in
mass due to the addition of the second direct-drive PMG.
However, in [12] and [14], it is found that the increase in
the active mass and PM content is about 1.5 p.u., with
1 p.u. indicating the active mass only of the PMSG unit.
The total tower top mass increase for small-scale SS-PMG
systems is estimated at about 10%–20%, as in [14].

• It is also a concern that, by adding the second genera-
tor unit to the design, the complexity of the generator
increases significantly. However, it should be noted that
the slip rotor of the second generator is similar to a con-
ventional aluminum cage rotor with simple construction.
Furthermore, due to the low slip speed and almost zero
electrical frequency, solid magnets, yokes, and conductors
can be used, and very little wear can be expected on the
bearings. The axial separation of the two machine units, as
proposed in [4] and as shown in Fig. 1, allows for the easy
assembly of the complete SS-PMG, which significantly
is not more complex than the assembly of conventional
PMSGs.

Thus, due to the slip PMG unit being simpler and smaller
than the PMSG unit, the cost increase of adding the second
generator unit is not as significant as would be expected. In
the calculation of the initial component cost of the direct-drive
direct-grid SS-PMG, it should be taken into account that the
cost of the power electronic converter needs to be omitted.
Furthermore, the cost savings incurred over the lifetime of the
wind turbine due to the reduced operation and maintenance cost
of the SS-PMG needs to be taken into account. Currently, the
SS-PMG seems very favorable for small-scale wind generation,
with attempts to commercialize this technology currently under
way. Whether high-power SS-PMGs are feasible is still open
to question, but studies are being currently conducted regarding
the applicability of this technology for utility-scale systems.

III. DYNAMIC WIND GENERATOR ASPECTS

To evaluate the dynamic behavior of the SS-PMG under
transient torque conditions and transient grid disturbances,
information on the characteristics of these disturbances is re-
quired. Furthermore, some knowledge of the relevant standards
and grid codes, as in [15], is required in order to obtain an
idea of what is expected of the SS-PMG system regarding its
dynamic behavior when connected to the grid. In this section,
the three main types of disturbances in a wind generator setup
are described.

A. Turbine Transients

As explained in the literature, there are torque disturbances
in a wind generator system, which could cause, among other
things, serious voltage flickering. This is an important aspect
in wind power generation, and its effect should be kept as
low as possible. Typical methods to asses flickering are spec-
ified according to international standards and guidelines, as in
the International Electrotechnical Commission (IEC) 61400-21
standard, and in general, wind generators need to comply with
all the aspects within the IEC Technical Specification 61400
series. The application of this standard is thoroughly discussed
in [16]. Flickering is caused by several stochastic and periodic
power fluctuations prevalent in wind generator systems, as
discussed in [17] and [18]. These fluctuations are mainly low
frequency in nature and mostly correspond to multiples of the
rotational frequency of the turbine. The rotational frequency is
defined as ft = (nt/60), where nt is the rotational speed of the
turbine in revolutions per minute. The disturbance frequency
components are defined in multiples of the rotational frequency
as nft, where n gives the harmonic order of the disturbance.
The most common turbine disturbances are caused by the
influence of wind shear and tower shadowing at n = 3, and
tower oscillations at n = 1. Furthermore, the rapid changes in
wind speed, e.g., gusts and turbulence caused by the turbine
itself, and the wake effect caused by different wind turbines on
one another can be causes of flickering. For a nonsite-specific
modeling of the wind conditions, including turbulence intensity,
the parameters in the IEC 61400-1 standard that makes use of
the Kaimal spectrum, as explained in [19], can be used.

B. Generator Torque Ripple Transients

Another important factor that needs to be taken into account
is the effects of the cogging torque and the load torque ripple
on the system. In [20], a direct-drive PM wind generator is
evaluated, where it is mentioned that the cogging torque should
not be more than 1.5%–2% of the rated torque. In some studies,
it is even specified to be as low as 0.5%. It is mentioned that,
at very low rotational speeds, a clear resonance frequency point
is prevalent. Although the resonance area is mostly below the
operating speed range of the turbine, it could cause serious
damage to the system if it becomes too severe as the rotor speed
goes through resonance during start-up. Furthermore, under
certain conditions, there are frequency components that can
excite the natural frequencies of the whole turbine and tower
structure, which could cause serious resonance in the physical
structure and increase the fatigue loading of the system.

C. Grid Voltage Transients

As specified in all grid codes, the ability of the generator to
stay connected during grid faults is of extreme importance. A
typical LVRT specification is given in Fig. 2. The main issue
of synchronous generators with a direct grid connection is the
ability of the generators to stay in synchronism after major
voltage drops [2]. Furthermore, it is stipulated in [15] that
the generator needs to be able to handle frequency variations
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Fig. 2. LVRT specification for wind energy facilities [15].

Fig. 3. Per-phase equivalent circuit of the SS-PMG.

between 47 and 52 Hz at a rate of change of 0.5 Hz/s. There are
also several harmonic components present in the grid voltage,
which could influence the dynamic behavior of the SS-PMG.

IV. MODELING OF THE SS-PMG

Due to the SS-PMG consisting of two electromagnetically
separated generating units, it can be also modeled as two in-
dependent decoupled machines. A per-phase equivalent circuit
is shown in Fig. 3. The rotor winding is short-circuited and is
mechanically connected to the turbine, and the stator terminals
are connected to the grid. A voltage is induced in the stator
windings at grid frequency in the steady state, and in the short-
circuited slip rotor, a voltage is induced at slip frequency. In
this circuit, the slip rotor is referred to the grid frequency, and
the slip speed is taken as positive in the generator mode. The
modeling of the generator is done in the d-q reference frame
that is fixed to the PM rotor, for both the grid-frequency and
slip-frequency generator components.

A. Modeling Equations

The d-q equivalent circuits of the slip PMG and the PMSG
are shown in Fig. 4. Note that a positive current is taken as
flowing out of the machine. Hence, the d-q dynamic equations
of the slip PMG and the PMSG fixed to the PM rotor are given,
respectively, by

0 = −Rriqr − Lqr
diqr
dt

− ωsleLdridr + ωsleλmr

0 = −Rridr − Ldr
didr
dt

+ ωsleLqriqr (1)

Fig. 4. D-Q equivalent circuits of (a) short-circuited slip PMG and (b) grid-
connected PMSG.

vqs = −Rsiqs − Lqs
diqs
dt

− ωmeLdsids + ωmeλms

vds = −Rsids − Lds
dids
dt

+ ωmeLqsiqs (2)

where ωsle is the electrical slip speed equal to ωsle = p/2(ωt −
ωm), and ωt and ωm are the turbine and PM rotor angular
velocities, respectively [see Fig. 1(a)]. Subscripts r, s, and e
refer to the slip PMG rotor, the PMSG stator, and the electrical
speed, respectively. Hence, (Lqr, Ldr) and (Lqs, Lds) are the
d-q inductances of the slip PMG and the PMSG, respectively,
and the flux linkages due to the PMs are indicated by λmr and
λms, respectively. The d-q inductances of the slip PMG and the
PMSG are determined in general by

Lq =
λq

−Iq
+ Le Ld =

λd − λm

−Id
+ Le. (3)

For inductance calculations, it is important that the end effects
in the PMs and the end-winding inductance, i.e., Le in (3),
are taken into account. Le is calculated using the methods
presented in [21]. For accurate simulation, the d-q inductances
are obtained from a 2-D or 3-D finite-element (FE) analysis.
Although these inductances are shown to vary during different
load conditions caused by saturation and cross-coupling effects,
they are taken as constant to simplify the dynamic modeling.

The torque generated by the slip PMG and that by the PMSG
are given, respectively, by

τr =
3

4
p [(Lqr − Ldr)idriqr + λmriqr] (4)

τs =
3

4
p [(Lqs − Lds)idsiqs + λmsiqs] . (5)

The dynamics of the turbine (plus the slip rotor) and the PM
rotor are expressed by

τt − τr − brωt = Jt
dωt

dt
(6)

τm = τr − τs − bsωm = Jm
dωm

dt
(7)
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Fig. 5. Top-level transfer function of the grid- and turbine-connected SS-PMG wind energy system.

where τt is the torque generated by the turbine, τm is the
resultant torque acting on the PM rotor, and Jt and Jm are the
inertia of the turbine (plus the slip rotor) and the PM rotor,
respectively, as shown in Fig. 1(a). The friction coefficients
are indicated by br and bs for the slip PMG and PMSG units,
respectively.

B. Modeling Implementation

From the given mathematical equations, a complete trans-
fer function simulation model of a single grid-connected SS-
PMG wind energy system is obtained, as shown in Fig. 5.
The simulation model is implemented in Matlab Simulink.
The input parameters of the system are wind speed vw and
grid voltages vabc at a certain frequency fs, where Vp is the
peak voltage value. The function generator in Fig. 5 gives the
torque–speed curves of the turbine versus the wind speed and
the rotational speed. Voltages vabc are transformed to vdqs using
the Park transformation Kp. In Fig. 5, the outputs are grid
currents iabc, which are calculated using the inverse Park trans-
form K−1

p .
The disturbances, as discussed in Section III, are injected into

the system from three main sources: 1) the turbine disturbances,
e.g., from tower shadowing, tower oscillations, and turbine
shear, which are indicated by the block function Dt in Fig. 5;
2) the torque ripple disturbances caused by the interaction
between the slip rotor and the stator with the common PM rotor,
which are indicated by Dr and Ds, respectively, in Fig. 5; and
3) the grid voltage disturbances such as frequency variations,
amplitude variations, and harmonics, which are indicated by
Dg. The turbine-disturbance torque signal is indicated by τdt,
and the torque ripple by τdr and τds for the slip PMG and
the PMSG, respectively. Furthermore, these disturbance signals
are dependent on ωt, ωsl, and ωm. Thus, to determine the
disturbance signal to be injected into the system, an amplitude
and harmonic order n needs to be specified, which is coupled
to a disturbance function. The amplitudes of the turbine, slip
PMG, and PMSG torque disturbances are indicated by Tdt,
Tdr, and Tds, respectively. For the torque ripple disturbances,
the amplitude and the harmonic order of the torque ripple
waveform are determined from the FE analysis. Fig. 6 shows

Fig. 6. General modeling for each torque disturbance function, namely, Dt,
Dr, and Ds in Fig. 5.

Fig. 7. Case-study 15-kW SS-PMG, with a nonoverlap SL winding PMSG
unit and a nonoverlap DL winding slip PMG unit, being field tested.

the modeling of the disturbance functions as done for Dt, Dr,
and Ds in Fig. 5. The input is the relevant angular speed that
is multiplied with the harmonic order n of the disturbance.
First, ωdn is integrated to obtain the position θdn where the
sinus value is obtained and then multiplied by the harmonic
disturbance amplitude TdN of the specific signal.

V. CASE STUDY SS-PMG

The turbine and SS-PMG parameters for a 15-kW wind
turbine system, as shown in Fig. 7 and as used in this paper,
are given in Table I. For the PMSG, a nonoverlap single-layer
(SL) winding is used due to the easy manufacturing of this
machine, as shown in Fig. 8(a). For the slip PMG, a nonoverlap
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TABLE I
EVALUATED PARAMETERS OF THE WIND TURBINE SYSTEM

Fig. 8. (a) SL PMSG, (b) SL slip PMG, (c) DL slip PMG, and (d) brushless-dc
slip PMG prototypes.

double-layer (DL) winding is used, as shown in Fig. 8(c).
In [14], the nonoverlap winding has the advantage of much
easier construction and a lower torque ripple, as opposed to
conventional overlap cage windings, although it has a higher
mass and PM content. There are also other slip PMG topologies
that are evaluated, such as a nonoverlap SL slip PMG, as shown
in Fig. 8(b), and a novel brushless-dc slip PMG topology, as
in [14] and as shown in Fig. 8(d). These different slip PMGs
have different torque ripple properties, which gives a better
indication of the dynamic effects of the torque ripple on the
SS-PMG wind turbine system.

VI. SIMULATION RESULTS

For the dynamic simulations, the prototype SS-PMG, with
parameters as given in Table I, is used. Some of the machine
parameters in Table I are also varied in order to gain a better
understanding of the effect of each of these parameters on the
stability of the system.

A. Transient Turbine Torque Conditions

The transient turbine torque conditions refer to the torque
response of the SS-PMG due to changes in wind speed and due
to turbine disturbances, as discussed in Section III.

Fig. 9. Simulated torque response for a rated wind speed (11 m/s) step input
for 0.5×Rr and 1×Rr for the SS-PMG.

Fig. 10. Simulated stator current response for a rated wind speed (11 m/s) step
input for 1×Rr for the SS-PMG.

Fig. 11. Simulated stator power angle and the PM rotor speed response for a
rated wind speed (11 m/s) input for 1×Rr for the SS-PMG.

In Fig. 9, the transient response of the stator counter torque
τs is shown for a turbine torque input step from 0 to the
rated torque at τt = 1000 N · m. The corresponding stator grid
current response is shown in Fig. 10, and the power angle and
the PM rotor speed response are shown in Fig. 11. Such a severe
torque step will seldom occur in a real application, but this gives
an adequate indication to the stability of the system regarding
turbine torque changes. For this severe torque step, a very stable
overdamped response is observed for the case-study SS-PMG.

The same simulation is repeated for a change in the internal
resistance of the slip PMG Rr by reducing it by about 50%,
which can typically occur if the conducting material of the slip
PMG is changed from aluminum to copper. This will decrease
the rated slip by the same amount from 3% to 1.5%. A clear
overshoot is observed in Fig. 9, in this case for the slip PMG.
As explained in [4], the rated slip coincides with the rated
efficiency of the machine; thus, a lower slip value leads to
higher efficiency but less stability. Moreover, what is important
in this case is the inductance value of the PMSG stator. It
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Fig. 12. Frequency response of Δτs/τdt for Jt = 150 kg · m2 (laboratory
test setup) and the Jt = 330 kg · m2 (7.2-m turbine) of the SS-PMG system.

Fig. 13. Simulated torque τs response of the SS-PMG system for a 7.5-Hz
disturbance in turbine torque τt (typical tower shadow effect).

is found that, if the stator inductance is decreased by more
than 50% of the given value for the nonoverlap SL winding
machine, the system becomes unstable for this transient torque
step input. This reduction in inductance can typically occur
if a nonoverlap DL PMSG or a conventional overlap winding
PMSG is used for the grid-connected stator. By changing the
resistance, inductance, and inertia of the common PM rotor, the
electrical and mechanical time constants are influenced, which
in turn dictates the damping ratio of the system.

In Fig. 12, the bandwidth of the system is shown with τt
as the input and τs as the output. The frequency response is
shown for the values of the turbine and the slip PMG inertia,
with Jt = 330 kg · m2 corresponding to the turbine system with
a swept diameter of 7.2 m and with Jt = 150 kg · m2 corre-
sponding to the laboratory test setup, which includes the inertia
of the driving machine and the gearbox. For the laboratory test
system, a bandwidth of just below 1 Hz is observed, and for
the turbine system, a bandwidth of about 0.3 Hz is observed.
Typical disturbances, as discussed in Section III, will generate
the turbine torque pulsation frequencies of nft, with n = 1 and
n = 3. For all practical purposes, the speed of the turbine can be
taken as constant with a maximum variation of only 3%, which
corresponds to the rated slip. Thus, at the rated turbine speed
of 150 r/min, ft = 2.5 Hz. It is clearly shown in Fig. 12 that
all the disturbances with a frequency of 2.5 Hz and higher are
well above the cutoff frequency of the system. This explains the
zero torque output response in Fig. 13 for a turbine-disturbance
torque input of 7.5 Hz that is typically caused by the tower
shadowing effect. This is a significant result for the proposed
fixed-speed SS-PMG wind turbine system as possible voltage

Fig. 14. FE-predicted NL and FL torque ripple, and the measured NL torque
ripple versus the electrical angle for the SL slip PMG.

Fig. 15. FE-predicted NL and FL torque ripple, and the measured NL torque
ripple versus the electrical angle for the DL slip PMG.

Fig. 16. FE-predicted NL and FL torque ripple, and the measured NL torque
ripple versus the electrical angle for the brushless-dc slip PMG.

flickering on the grid due to tower shadowing, wind shear, tower
oscillation, and yaw error will not occur.

B. Generator Torque Disturbances

Internal generator disturbances refer to the torque ripple
interaction between the slip PMG plus the PMSG stator and
the common PM rotor, and these are modeled in Figs. 5 and
6. Due to the much smaller inertia of the common PM rotor,
the bandwidth is much higher. This could be problematic par-
ticularly because the torque ripple frequency of the slip PMG
is very low due to the fact that the slip PMG operates at slip
frequency. Figs. 14–16 show the torque ripple characteristics
of the nonoverlap SL and DL winding slip PMGs, and the
brushless-dc slip PMG, respectively. The no-load (NL) cogging
torque and the full-load (FL) torque ripple are shown in each of
the cases. Clearly, it is necessary to evaluate a large spectrum
of torque ripple characteristics. With slip frequency fsl equal to
sfs, the torque ripple frequency for the slip PMG is calculated
as nfsl, where n is the harmonic order. For the slip PMG, the
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Fig. 17. Frequency response of Δτs/Δτdr for the inertia of the PM rotor
equal to the Jm × 0.5, Jm × 1.0, and Jm × 2 of the SS-PMG system.

torque ripple frequency will vary with the slip. In Figs. 14–16,
the main harmonics identified are at n = 1, 6, 12, and 30.
Differences are also observed in some cases for n between the
FL torque ripple and the NL cogging torque. Furthermore, in
most cases, the FL torque ripple is higher than the NL cogging
torque, particularly for the nonoverlap SL slip PMG. The torque
ripple frequency for the PMSG is fixed as the common PM
rotor rotates at a fixed speed. It is found that, due to the very
high frequency of this ripple component with nfs = 300 Hz
for n = 6, and fs = 50 Hz, it has no effect on the dynamic
performance of the system.

Fig. 17 shows the bandwidth of the torque ripple disturbance
input for Δτs/Δτdr, where Δτs is the ripple component in
the PMSG torque response. The bandwidth is shown for the
different values of the PM rotor inertia. A clear resonance value
is observed in all three cases, with the frequency value at which
this resonance occurs dependent on the size of Jm. For the case
study system, a resonance is observed at about 15 Hz. The rated
slip of the system and the value of the harmonic order n for the
torque ripple waveform will determine if this resonance area
falls within the operating region of the slip PMG. However,
although the operating range of the slip PMG is below the
resonance area, the torque ripple disturbance is still transferred
to the grid current at Δτs/Δτdr = 1.

From the observed torque ripple characteristics, it is clear
that the low-frequency torque ripple of the slip PMG is passed
through the system to the grid current over the whole load
range of the SS-PMG. Although it is not found to dynamically
destabilize the system in any way, it could cause flickering
effects on the grid if the unwanted disturbance frequency is
in the range where flickering is a concern. Thus, it is essential
that the torque ripple is minimized to the lowest possible value
in the design optimization of the slip PMG.

C. Grid Voltage Disturbances

The disturbances from the grid relates to the variations in the
voltage and frequency, as discussed in Section III. Fig. 18 shows
the effect on stator torque τs and PM rotor speed ωm when
a 2% fifth-order harmonic is added to the voltage waveform.
This leads to a high-frequency oscillation in τs, which is not
transferred to the rest of the system, as can be seen in the
PM rotor speed in Fig. 18. Fig. 19 shows the effect of varying
the frequency between 47 and 52 Hz at a rate of 0.5 Hz/s, as
specified in [15], on τs and on ωm. No oscillatory behavior is
observed.

Fig. 18. Simulated PM rotor speed and the stator counter torque response
for a 2% fifth-order harmonic in the voltage waveform at rated power for the
SS-PMG.

Fig. 19. Simulated PM rotor speed and the stator counter torque response
for a variation in grid frequency for 47 ≤ fs ≤ 52 Hz at a rate of change of
0.5 Hz/s at rated power for the SS-PMG.

Fig. 20. Simulated peak stator current response for three-phase, two-phase
and single-phase grid faults, as shown from left to right, at rated power for the
SS-PMG with the inductance values reduced by 45%.

For the LVRT analysis of the system, the voltage specifi-
cation given in Fig. 2 is used. The aim of this paper is only
to determine if the SS-PMG is stable under transient grid
voltage conditions and not to evaluate the techniques to limit
the short-circuit current, as done in [10]. For a three-phase fault
condition, it was found that the case-study SS-PMG with a
nonoverlap SL winding [see Fig. 8(a)] could not handle the
three-phase fault, and the system became unstable. This is
because the value of power angle Δ exceeds 180◦ as the peak
torque that the generator is capable of is not sufficient to keep
the generator in synchronism, and pole slipping occurs. Pole
slipping is mentioned as undesirable in [2]. However, it does
not matter if the generator is pulled back into synchronism
and the system becomes stable again. In this case, the d-q
inductances of the PMSG unit are reduced by a factor of
0.55× (Lds, Lqs). This is typically the case if the nonoverlap
SL winding is replaced by a nonoverlap DL winding. This



1746 IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 50, NO. 3, MAY/JUNE 2014

Fig. 21. Simulated PM rotor speed and the power angle response for a three-
phase grid fault at rated power for the SS-PMG with the inductance values
reduced by 45%.

Fig. 22. Measured stator current response and the input torque for a step input
from 0 to 1000 N · m for the brushless-dc slip PMG used in the SS-PMG.

Fig. 23. Measured instantaneous stator current and torque at partial load and
resonance frequency, with the SL slip PMG used in the SS-PMG.

reduction in inductance, however, means that the peak fault
current increases significantly. From left to right in Fig. 20, the
peak current response is shown for the three-phase, two-phase,
and single-phase grid faults for the SL PMSG unit, with its
inductance modified. The three-phase fault is clearly shown to
be the most severe for the SS-PMG. Fig. 21 shows the responses
of ωm and Δ to the three-phase fault.

VII. MEASUREMENTS

For the laboratory testing of the SS-PMG, it is connected
through a gearbox to the drive motor that is controlled by a
variable frequency drive. Fig. 22 shows a step input in the
torque and the resulting stator grid current response correspond-
ing to the simulated turbine torque input step in Fig. 9. It
should be noted that the torque sensor is placed between the
inertial components of the gearbox and the slip rotor. With the
inertia of the gearbox much larger than that of the slip rotor,
the resulting measurement will reflect the torque interaction

Fig. 24. Measured instantaneous stator current and torque at FL for the
brushless-dc slip PMG SS-PMG.

Fig. 25. Measured RMS grid current and the RMS current oscillation fre-
quency content for the case-study 15-kW SS-PMG, as in Fig. 7, with a
nonoverlap SL winding PMSG unit and a nonoverlap DL winding slip PMG
unit, during field testing to obtain the bandwidth of the system, as in Fig. 12.

between the slip rotor and the common PM rotor. Due to the
large gearbox inertia, the torque input step is done on a different
test bench with a smaller driving motor and gearbox, as such a
small step time could not be realized on the larger test bench
used for the other measurements. However, it is found that
the couplings used on the smaller test bench causes several
unwanted dynamic effects, which explains the observed ripple
component in the input torque in Fig. 22.

Fig. 23 shows the measured input torque and the output grid
current at a load of about 0.6 p.u. using the nonoverlap SL slip
PMG. At this load point, the torque ripple frequency is within
the resonance area, as shown in Fig. 17. The results are a severe
oscillation in the torque and a high distortion in the grid current.
These effects are clearly undesirable in a grid-connected wind
turbine system. In Fig. 24, the measured torque and grid current
for the brushless-dc slip PMG are shown at a rated load. In this
case, the torque ripple frequency corresponds to a value higher
than that of the resonance area, and very little distortion of the
grid current is observed. Furthermore, no dynamic effects from
the test bench are observed as is the case for the smaller test
bench in Fig. 22. Fig. 25 shows the measured RMS grid current
and the oscillation frequency content in the RMS current for the
SS-PMG during the field testing for a 10-s window. Although
the wind site is not optimal due to the very high turbulence
intensity, as clearly shown in Fig. 25, it gives a very good
indication of the stability of the SS-PMG. Furthermore, in
the oscillation frequency content of the measured RMS grid
current, it is clearly shown that only the very low-frequency
components are transferred to the grid, as predicted in Fig. 12.
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VIII. CONCLUSION

The transfer function model that is developed for the SS-
PMG in this paper has been shown to give a good indication of
the dynamic characteristics of the system. From the simulated
and measured responses of the case-study 15-kW SS-PMG
system, it is shown that the system remains stable even for
large step inputs in the turbine torque. Interesting findings
include the effects of the per-phase resistance of the slip PMG
and the inductance of the PMSG on the stability of the SS-
PMG. It is found that, when replacing the aluminum winding
of the slip rotor with copper, the damping ratio of the system
is clearly reduced. Furthermore, it is found that the SS-PMG
wind generator system has a very low bandwidth (< 1 Hz).
This causes the system to act as a filter against turbine torque
pulsations caused by tower shadowing, wind shear, and tower
oscillation, preventing voltage flickering from occurring, which
is a huge advantage. A problematic dynamic disturbance is
the torque ripple of the slip PMG. The high-frequency torque
ripple of the PMSG is shown to be filtered out and is not a
factor. It is shown that the torque ripple of the low-frequency
slip PMG is passed to the grid current over the entire load
range. Thus, it is essential that the torque ripple of the slip
PMG should be minimized to the lowest possible value in the
design optimization. The torque ripple, however, is shown to
not destabilize the dynamic operation of the SS-PMG in any
way. It is furthermore shown that the SS-PMG is sensitive to
grid voltage changes. Grid harmonic voltages are shown to
cause the harmonic currents of the same order to flow in the
PMSG unit, but they do not influence the dynamic operation
of the rest of the system. The response of the SS-PMG to grid
faults is shown to largely depend on the inductance value of the
PMSG unit. During low-voltage conditions, the directly grid-
connected PMSG supports the grid voltage using the reactive
current, which is much higher than the reactive current support
that is provided by other wind generator topologies.
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