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A unique direct driven permanent magnet synchronous generator has been designed and constructed. Results from simulations as
well as from the first experimental tests are presented. The generator has been specifically designed to be directly driven by a vertical
axis wind turbine and has an unusually low reactance. Generators for wind turbines with full variable speed should maintain a
high efficiency for the whole operational regime. Furthermore, for this application, requirements are placed on high generator
torque capability for the whole operational regime. These issues are elaborated in the paper and studied through simulations.
It is shown that the generator fulfils the expectations. An electrical control can effectively substitute a mechanical pitch control.
Furthermore, results from measurements of magnetic flux density in the airgap and no load voltage coincide with simulations.
The electromagnetic simulations of the generator are performed by using an electromagnetic model solved in a finite element
environment.

1. Introduction

The use of wind power is increasing all over the world, and
there are several different types of electrical systems available
for converting the wind power to electricity, but no single
technology is dominating the market [1]. In this paper
a direct driven permanent magnet (PM) synchronous gen-
erator is presented [2–4]. The generator presented here has
been specifically designed to be directly driven by a vertical
axis wind turbine (VAWT) [5] and to be placed on ground
level. One of the advantages of using a VAWT is that it is
omnidirectional; that is, it can accept wind from any direc-
tion and does not need a yawing mechanism. The present
vertical axis turbine is a straight-bladed Darrieus turbine [6].
A presentation of the design of the same type of wind turbine
can be found in [7]. A more extensive presentation of the
generator type, generator experiments, and verification of
simulations can be found in [8, 9].

A direct driven generator is spared from losses, mainte-
nance, and costs associated with a gearbox. However, direct
drive yields a larger generator than with a generator connect-
ed through a gearbox. For a vertical axis wind turbine where

the generator can be placed on ground level, the size and
weight are of less concern. The generator can therefore be op-
timized considering efficiency and cost instead of focusing
on lowering the weight. Thus, the vertical orientation of the
axis allows for a general study of generator design freed from
weight and size constrains.

The presented generator is unique in several ways. It is
a permanent magnet generator with many poles and a large
diameter. It is cable wound, which means that the stator has
circular cables. It has a relatively high voltage. The generator
is designed to have a low rotational speed, since it is directly
coupled to a vertical axis wind turbine. The generator also
has an unusually high overload capacity in order to enable
electrical control and braking of the turbine. Furthermore,
it has a low reactance, in order to fulfil the design require-
ments. The electromagnetic simulations of the generator are
performed by using an electromagnetic model. The model
is described by a combined field and circuit equation model
and is solved in a finite element environment.

This paper presents the generator design objectives, re-
sults from generator simulations, and results from initial tests
of the generator. Two important features of this type of
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generator is the high efficiency over the whole operational
regime and the desired overload capability. Therefore, these
aspects have been investigated more thoroughly in simulat-
ions by taking wind turbine aerodynamic behaviour into
consideration. In addition, experiments have been perform-
ed to verify the simulations. Designing, building, and testing
of the generator were done at Uppsala University during
2009. The generator was installed in a 200 kW VAWT in 2010,
which has been built in Falkenberg, Sweden.

2. Theory

2.1. Electromagnetic Model. Electromagnetic simulations us-
ing the finite element method (FEM) are performed in order
to simulate the generator’s behaviour at different loading
conditions. In the simulations the electromagnetic field in-
side the generator is assumed to be axisymmetrical and is
therefore modelled in two dimensions. Three-dimensional
effects such as end-region fields are taken into account by
introducing coil end impedances in the circuit equations of
the windings. The permanent magnets are modelled by sur-
face current sources.

The electromagnetic model is described by a combined
field and circuit equation model. The field equation (1) orig-
inates from Maxwell’s equations,
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and σ is the conductivity, μ is the permeability, Az is the axial
magnetic potential, and ∂V/∂z is the applied potential. The
right-hand term of (1) corresponds to the current density
constituted by the current density in the armature and a cur-
rent density representing the permanent magnets. The mag-
netization curve of the stator steel is modelled as a nonlinear,
single-valued curve, that is, μ in (1) is not constant for the
stator steel, taking saturation into account. The circuit equa-
tions are described by

Ia + Ib + Ic = 0,

Uab = Ua + RsIa + Lend
s

∂Ia
∂t
−Ub − RsIb − Lend

s
∂Ib
∂t

,

Ucb = Uc + RsIc + Lend
s

∂Ic
∂t
−Ub − RsIb − Lend

s
∂Ib
∂t

,

(2)

where Ia, Ib, and Ic are the conductor currents, Uab and
Ucb are the terminal line voltages, Ua, Ub, and Uc are the
terminal phase voltages obtained from solving the field equa-
tion,Rs is the cable resistance, and Lend

s represents the coil end
inductance.

After a generator geometry is decided, the generator parts
are assigned different material properties such as conductiv-
ity, permeability, density, and sheet thickness. The electro-
magnetic model is solved in the finite element environment
ACE [10]. The mesh is finer close to critical parts such as the
airgap and coarser in areas like the yoke of the stator. Since
the generator is symmetric, only a few poles have to be
modelled.

Simulations can be performed either in the stationary
mode where the results are given for a fixed rotor position
or in a dynamic mode including the time dependence and
thereby giving more accurate results. The simulations have
been verified by comparison with experimental results for a
generator similar to the one studied here [8, 9].

2.2. Electromagnetic Losses and Efficiency. The electrical effi-
ciency, η, of a generator is found from

η = Pel

Pel + Plosses
, (3)

where Pel is the electrical output power and Plosses are the total
electromagnetic losses found from.

Plosses = PFe + PCu, (4)

where PFe are the iron losses and PCu are the copper losses,
see below. The iron losses per cubic meter stator steel can be
found from the following equation [11, 12]:

PFe,vol = k f khyB
2
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where k f is the stacking factor, khy is the hysteresis losses co-
efficient, keddy is the eddy current losses coefficient and kexc

is the excess losses coefficient, Bm is the peak magnetic flux
density, f is the frequency, and Prot,vol denotes the rotational
losses [13]. The eddy current losses coefficient can be calcu-
lated according to

keddy = π2 σd
2

6
, (6)

where σ is the conductivity and d is the steel thickness, so
the eddy current losses are dependent on the steel thickness
squared and can be decreased by choosing thinner steel
plates. The coefficients for hysteresis and excess losses khy and
kexc are found from the loss characteristics specified from the
steel manufacturer [14].

The iron losses have to be multiplied with the total stator
steel volume, Vs, and a loss correction factor to find the total
losses:

PFe = 1.5 · PFe,volVs. (7)

In the simulations a loss correction factor of 1.5 is used for all
iron losses. The loss correction factor represents differences
in the theoretical modelling of iron losses and experimental
measurements, caused for instance by stray losses, and the
value of 1.5 is verified for a similar generator in [15].

The copper losses consist of resistive losses and a small
amount of eddy current losses in the copper conductors and
can be written as

PCu = 3RsI
2 + P

eddy
Cu , (8)

where Rs is the cable resistance, I is the current, and P
eddy
Cu

denotes the eddy current losses in the conductors. The eddy
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Table 1: Wind turbine characteristics.

Rated output power (kW) 200

Rated rotational speed (rpm) 33

Swept area (m2) 624

Tower height (m) 40

Number of blades 3

current losses in the cables are included in the simulations
but only constitute a small amount of the total copper losses.

Eddy current losses in the PMs and in the iron ring that
the PMs are mounted on are expected to be small as they are
subjected to mostly DC magnetic field and are therefore
neglected.

The mechanical losses in a direct driven electric machine,
consisting of friction in couplings and bearings and windage
losses, are usually small. Here, mechanical losses are not con-
sidered.

3. Method

3.1. Wind Turbine Characteristics. The generator was de-
signed to be used together with a VAWT with characteristics
presented in Table 1. The vertical axis turbine is a three-
bladed turbine with a cross-sectional area of 624 m2. The
VAWT does not have a pitch control. It is passively stall con-
trolled by control of the rotational speed through the gen-
erator. Therefore, the generator needs to be robust and has a
large maximum torque. The required overload capability was
chosen from aerodynamic simulations in order to ensure stall
control capability.

The variable speed turbine will be controlled according
to the control strategy presented in Table 2. At wind speeds
between 4 and 6 m/s the turbine will be run at a higher speed
than optimum in order to limit the operational speed win-
dow from 18 to 33 rpm, that is, 0.55 to 1 p.u. This is impor-
tant for structural dynamic purposes. At wind speeds be-
tween 6 and 10.9 m/s, the wind turbine is controlled for op-
timum aerodynamic efficiency. The rotational speed is kept
constant at 33 rpm for wind speeds between 10.9 and
11.7 m/s. At wind speeds above 11.7 m/s, the rotational speed
is controlled to stall the turbine. Thereby an even power pro-
duction of 200 kW can be achieved from wind speeds of
11.7 m/s up to the shut-down wind speed.

3.2. Generator Design Objectives. The most important gener-
ator design objectives were as follows:

(i) a design adapted to the turbine,

(ii) a design adapted for diode rectification,

(iii) low speed (i.e., direct drive),

(iv) high overload capacity,

(v) high efficiency,

(vi) high reliability and low need for maintenance,

(vii) low cost.

Table 2: Control strategy.

Wind speed (m/s) Rot. speed (rpm) Control rule

0–4 0 Not operated

4–6.0 18 Speed regulation

6.0–10.9 18–33 Optimum eff. reg.

10.9–11.7 33 Stall regulation

11.7–25 28–33 Constant power reg.

>25 0 Shut down

The directly driven turbine operates at variable speeds.
Therefore, the generator should be designed to have a high
efficiency for all operational speeds and loads. In a study, the
average losses for several variable speed generators, similar to
this generator, were compared [16]. The result showed that
the generator with highest average efficiency also had a rather
high overload capability, low load angle, and low reactance.

A generator designed with a low load angle can handle a
higher power than it is rated for. Thus, low load angle enables
electrical braking of the turbine and also the possibility to ex-
tract more energy in high wind speeds. The turbine’s power
absorption can thereby be controlled electrically. This electri-
cal power control can replace an active mechanical power
control of the wind turbine, such as pitch control. Further-
more, the electrical control responds much faster than the
mechanical control and is not subject to mechanical wear.

A variable speed generator needs a frequency converter
before it is connected to the grid, allowing the voltage and
current levels to be chosen freely. The converter consists of a
rectifier and an inverter. For this concept, diodes will be used
for rectification, which is a cheap and reliable option with
low losses. When using diodes instead of an active rectifier no
reactive power can flow to or from the generator. Therefore,
the generator needs to have a low load angle throughout the
operational regime.

The generator is designed with a low reactance which
gives a machine that fulfils several of the requirements:

(i) low reactance implies a low load angle, which enables
the use of diodes for rectification,

(ii) high efficiency [16],

(iii) high overload capability, which enables electrical
control,

(iv) low voltage drop even at high loads.

3.3. Simulations. The electromagnetic simulations of the
generator using the finite element method (FEM) are per-
formed by using the model described in Section 2.1. Station-
ary simulations are performed to dimension the generator
in order to save time during the iterative design process.
Dynamic simulations are then performed to verify the cho-
sen design and to simulate the generator in different modes
of operation. All presented results are from dynamic simu-
lations. The generator model is connected to a resistive load,
which gives a good estimate for modelling the braking torque
since the generator is connected to the dump load before
the rectifier by a circuit breaker. For modelling the efficiency
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and armature reaction, this is a simplification but will give
rather accurate results. However, the copper losses could be
expected to be slightly higher during diode rectification due
to current peaks. The efficiency is modelled according to the
theory described in Section 2.2. The generator has been
simulated with a varying rotational speed and a varying load
sweeping through a wide range of values to cover the whole
operational interval as well as extreme cases of braking at
higher rotational speeds than expected during normal oper-
ation.

The electrical efficiency at different wind speeds has been
calculated by using the values found from FEM simulations
of the generator for varying load and speed and combining
these with the control strategy presented in Table 2. A theo-
retical curve of the aerodynamic efficiency and its dependen–
cy on wind speed and rotational speed is used in the simu-
lations. The aerodynamic efficiency is calculated using com-
plex aerodynamic models for vertical axis wind turbines
[17]. An average value of the losses in the generator is cal-
culated using the results from the calculations of the
electrical efficiency at different wind speeds and assuming a
Rayleigh distributed wind speed with an average wind speed
of 6.7 m/s.

The turbine torque is derived from theoretical calcula-
tions based on complex aerodynamic models [17]. The un-
likely load case called “extreme coherent gust with direction
change” in IEC standard 61400-1, where the wind speed
increases by 15 m/s in 10 seconds, is considered [18]. This is
an extreme operational case which is unlikely to occur.

3.4. Experiments. Experiments were performed after the gen-
erator was constructed. A Gauss/Teslameter (Sypris Model
7010) was used to measure the magnetic flux density in the
airgap at high accuracy. The generator was accelerated, and
several measurements of the voltage were done at a rotational
speed of 18.5 rpm. An oscilloscope (Tektronix TDS2014) and
high voltage probes (Tektronix P5120) were used to measure
the voltage.

4. Results and Discussion

4.1. Generator Characteristics. The generator characteristics
were derived by dynamic simulations using the electromag-
netic model described in Section 2.1. The mechanical design
of the generator, developed in SolidWorks, has been focused
on finding a stiff design which can maintain the airgap and
withstand large airgap forces during faulty conditions.

The stator winding consists of PVC insulated circular
cables. The circular shape gives an evenly distributed electric
field in the cables and hence makes better use of the insu-
lation material [19]. In large machines, a cable wound gener-
ator is of great interest since it enables the use of higher oper-
ating voltage than for traditionally wound machines [19].
A generator with high rated voltage and consequently a low
rated load angle has a high maximum torque [20].

The low reactance is achieved by choosing a relatively
high voltage for the given power rating, that is, a low rated
load angle. The generator has 36 poles, and the armature

Table 3: Generator characteristics at rated conditions.

Active power (kW) 225

No load L-L voltage (V) rms 839

Load L-L voltage (V) rms 810

Current (A) rms 160

Electrical efficiency (%) 96.7

Speed (rpm) 33

Torque (kNm) 65

X/R-ratio (p.u.) 0.17

Load angle (◦) 9.9

is wound as a wave winding with 5/2 slots per pole and
phase and six cables per slot. The winding is divided into two
parallel current paths.

The rotor of the generator is equipped with large, sur-
face-mounted, arched, high-energy magnets made of Neo-
dymium Iron Boron. The stator consists of steel laminations
with a thickness chosen as a compromise between losses in
the stator steel and cost. The generator is rated at 225 kW
as the wind turbine system is designed to deliver 200 kW to
the grid at rated speed. The higher rating of the generator
accommodates for some losses in the electrical system as
well as possible deviations between the simulation programs
(aerodynamic and electrical) and reality. The generator
power rating is given in kW rather than the more conven-
tional kVA, since the generator will be rectified through dio-
des. The generator characteristics are presented in Table 3,
where L-L voltage means line-to-line voltage. The voltage
drop is only 3.3% at rated conditions. The ratio between the
machine reactance, X , and the rated load, R, the X/R-ratio,
is 0.17 p.u., where typical generator values for the X/R-ratio
are in the range of 1.7 to 3.3 p.u. [21]. The load angle is less
than 10 degrees at rated operation.

The maximum torque of the generator is 218 kNm,
which is 3.3 times the rated torque. The generator overload
capability is used in two different ways when the wind tur-
bine is operated. First, it is used to control the DC level volt-
age at high power. Second, the generator can be connected
to a dump load that will brake the turbine in a few seconds
from any operating regime. Thereby an electrical control is
established and the overload capability makes the operation
at rated power level safe and reliable.

During manufacturing a few deviations occurred from
the original design. All the simulations presented here are
based on the actual generator geometry as opposed to the
theoretical design. A picture of the generator and the mag-
netic flux density in the designed generator from dynamic
simulations is shown in Figure 1.

4.2. Results from Simulations

4.2.1. Efficiency. The generator has been simulated for all dif-
ferent rotational speeds and power levels appropriate to find
the efficiency over the whole operational regime when the
turbine is operated according to the chosen control strategy;
see Table 2. The result can be seen in Figure 2.
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Figure 1: The constructed generator during experiments to the left and the magnetic flux density (T) in the generator to the right.
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Figure 2: Electrical efficiency of the generator at different wind
speeds.

The strange shape of the curve is a result from the dif-
ferent control strategies. At wind speeds above 11.7 m/s the
rotational speed needs to be decreased in order to limit the
power absorption to 225 kW by stall regulation. The voltage
will then decrease and the current will increase, resulting in
increasing copper losses and lower efficiency. The efficiency
is shown to be high, above 96% for all wind speeds above
6.6 m/s. The generator efficiency is kept high even when the
turbine is operating in the aerodynamic stall regime. For
wind speeds above 11.7 m/s, the amount of losses remains
roughly constant. The average efficiency during operation
becomes 96.0%, which is close to the rated value of 96.7%.

4.2.2. Brake Capacity. The dump load, rated at 1.1Ω, is de-
signed to brake the turbine efficiently over the entire opera-
tional regime. A figure of the braking torque from the gener-
ator when connected to the dump load at different rotational
speeds can be seen in Figure 3 together with the turbine
torque. The dump load can brake the turbine for all ex-
treme loads at rotational speeds up to 37.1 rpm. However,
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Figure 3: Generator braking torque with a dump load of 1.1Ω per
phase and the turbine torque at an extreme gust.

a rotational speed well above 33 rpm will not be reached
since the dump load is triggered immediately if the rotational
speed exceeds 33 rpm.

The torque changes with different rotational speeds,
which is an inherent characteristic of a fixed resistive load.
The braking procedure will automatically be smooth, since
the braking torque decreases with decreasing rotational
speed. If the rotational speed would increase uncontrollably
both the turbine torque and the braking torque would in-
crease. However, as long as the rotational speed does not
increase above 37.1 rpm, the dump load will be able to brake
the turbine even for an extreme gust.

The intrinsic passive stall control of the turbine works as
a self-protection for the generator and the shaft as well as for
the electrical system. The generator and the shaft are pro-
tected against too high currents and torques as long as the
generator is able to control the turbine speed. If the rotational
speed is kept constant and the wind speed increases rapidly,
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Figure 4: Visualisation of the small armature reaction for a constant
rotational speed of 33 rpm shown as voltage drop in the L-L voltage
at increasing power.

the turbine will start to stall and absorb less power; that is,
no high currents will be reached. If the turbine speed, is not
longer controlled and exceeds the rated speed the dump load
will be triggered. However, high currents and torques can still
be reached during faults such as short circuits.

4.2.3. Armature Reaction. Results from simulations of the
voltage drop at a fixed rpm and varying load is shown in
Figure 4. The armature reaction is low, which is a result of the
low reactance. The low voltage drop is an important feature
for a generator connected to diodes. If the voltage drop would
have been large, the current would have been increased at
high loading, resulting in increased resistive losses.

4.3. Experimental Verification of Simulations. The magnetic
flux density has been measured along a tangential line in the
middle of the generator airgap for two adjacent magnets; see
Figure 5. The flat shape of the magnetic flux density is due
to the wide and flat magnets. The jagged shape of the mag-
netic flux density is caused by the stator teeth; see Figure 1.
In both Figures 1 and 5 it can be seen that about five teeth are
opposite to each magnet. The experiments correspond very
well with simulations. However, in the experiments the mag-
netic flux density is smaller for the magnet with the positive
flux than for the magnet with the negative flux. This is
probably due to the rather large tolerances of remanence for
the magnets.

The no-load phase voltage has been measured at
18.5 rpm; see Figure 5. Results from experiments coincide
with simulations. However, the amplitude of the measured
voltage is slightly lower for the negative voltage than for the
positive voltage. This is due to the generator slowly deceler-
ating while the measurements were made. The rms value of
the no-load phase voltage at 18.5 rpm was 271.3 V according
to the simulations and 269.8 V in the experiments. The ex-
perimental result corresponds to a line-to-line voltage at
rated speed of 838 V, which was expected from simulations
to be 839 V.
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Figure 5: (a) The magnetic flux density in the generator airgap.
(b) Phase voltage at 18.5 rpm. Experimental results are compared
to simulations.

5. Conclusions

A unique direct driven permanent magnet synchronous gen-
erator is presented, and the design objectives are motivated.
Some important design features are analysed. It is concluded
that the efficiency remains high during the whole operational
range. Furthermore, the braking torque, calculated for a re-
sistive load of 1.1Ω, shows that the generator can brake the
turbine during the whole operational regime even in extreme
loads, which makes operation safe and reliable. Thereby, elec-
trically induced stall control has been demonstrated, made
possible by the low load angle of the machine and the result-
ing overload capacity. Furthermore, simulations confirm that
the voltage drop in the generator is low due to its low reac-
tance.
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Results from experiments verify the simulations. The
generator is now installed in a 200 kW vertical axis wind tur-
bine built in Falkenberg, Sweden.
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[15] F. Bülow, S. Eriksson, and H. Bernhoff, “No-load core loss
prediction of PM generator at low electrical frequency,” Re-
newable Energy. In press.

[16] S. Eriksson and H. Bernhoff, “Loss evaluation and design opti-
misation for direct driven permanent magnet synchronous
generators for wind power,” Applied Energy, vol. 88, no. 1, pp.
265–271, 2011.

[17] I. Paraschivoiu, Wind Turbine Design with Emphasis on Dar-
rieus Concept, Polytechnic International Press, Quebec,
Canada, 1st edition, 2002.

[18] International standard IEC 61400-1, 3rd edition, 2005–08.
Wind turbines—part 1: design requirements, International
Electrotechnical Commission, Switzerland.

[19] M. Leijon, M. Dahlgren, L. Walfridsson, L. Ming, and A. Jaksts,
“A recent development in the electrical insulation systems
of generators and transformers,” IEEE Electrical Insulation
Magazine, vol. 17, no. 3, pp. 10–15, 2001.

[20] P. Kundur, Power System Stability and Control, The EPRI Power
System Engineering Series, McGraw-Hill, New York, NY, USA,
1994.

[21] T. A. Loehlein, “Calculating generator reactances,” white pa-
per, power topic #6008, Technical information from Cummins
Power Generation, 2006.



International Journal of

Aerospace
Engineering
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2010

Robotics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Active and Passive  
Electronic Components

Control Science
and Engineering

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 International Journal of

 Rotating
Machinery

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation 
http://www.hindawi.com

 Journal ofEngineering
Volume 2014

Submit your manuscripts at
http://www.hindawi.com

VLSI Design

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Shock and Vibration

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Civil Engineering
Advances in

Acoustics and Vibration
Advances in

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Electrical and Computer 
Engineering

Journal of

Advances in
OptoElectronics

Hindawi Publishing Corporation 
http://www.hindawi.com

Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Sensors
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Modelling & 
Simulation 
in Engineering
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Chemical Engineering
International Journal of  Antennas and

Propagation

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Navigation and 
 Observation

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Distributed
Sensor Networks

International Journal of


