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Wind is one of the most compelling forms of indirect solar energy. Available now, the conversion of wind 

power into electricity is and will continue to be an important element of energy self-sufficiency planning. This 
paper is one in a series intended to report on the development of a new type of generator for wind energy; a 
compact, high-power, direct-drive permanent magnet synchronous generator (DD-PMSG) that uses direct 

liquid cooling (LC) of the stator windings to manage Joule heating losses. The main param-eters of the subject 
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makes it possible to account for uneven heat loss distribution in the stator 
ling system. Transient calculations reveal the copper winding temperature 
ty cycle during variable-speed wind turbine operation. The cooling 
ooth-coil design was predicted via finite element analysis. An instrumented 
tooth-coils embedded in a lamination stack was built and laboratory tested 
dicted and measured results were in agreement, confirming the predicted 
-PMSG cooling technology approach as a whole.
1. Introduction

In recent years, intensive research efforts have focused on the
development of high power electrical generators for wind turbine
applications. Today, most land-based wind turbines have power
ratings from 1.5 MW to 3 MW, and wind turbines designed for
offshore applications are typically 3 MWe5 MW. Sustaining the
rapid growth inwind energy will require developing wind turbines
with even higher power ratings, and there are several development
projects under way targeting power ratings up to 15 MW (e.g. Sway
10 MW wind turbine [1], Azimut Project of 15 MW wind turbine
[2]).

Over the past decade, direct-drive (DD) electrical generators
have become pervasive in wind turbines rated below 4 MW. They
are now being used in higher power wind turbines. DD electrical
generators enable direct coupling to the turbine blades, eliminating
the gear box. The primary reason for the rapid acceptance of DD
technology has been the energy savings associated with running an
electrical generator at a lower speed, as well as the general reli-
ability of such a drive system [3].

A review of electrical generators for DD wind turbines has been
presented in Ref. [4]. As a result of progress in power electronics,
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software engineering, and materials; permanent magnet synchro-
nous generators (PMSGs), made from modern rare earth magnet
materials, are receiving increased attention for DD wind turbine
applications.

The most unique feature of DD wind turbine electrical genera-
tors is their size. They operate below 30 rpm (typically 10e15 rpm
at 3 MW) and feature a relatively large diameter to length ratio. DD
wind turbine electrical generators look like large diameter, slender
rings. The large diameter allows high torque to be developed.
Furthermore, substantial structural reinforcement is required to
support the high torque developing in high power DDwind turbine
electrical generators. Larger diameter and the need for adequate
structural reinforcement leads to a truly massive structure. There-
fore, one of the main problems facing the designers of large-power,
large diameter DD wind turbine electrical generators is how to
minimize its size and weight.

Size reduction of wind turbine electrical generators is ultimately
limited by the ability to remove heat from the stator windings. The
application of direct liquid cooling of the stator winding enables
operation of the electrical generators at a higher output for a
particular generator size as compared to an air cooled generator of
the same size. Therefore, liquid cooled electrical generators may be
smaller than forced air cooled electrical generators having the same
rated power.

This paper is one in a series intended to report on the concept
development of a new type of generator for wind energy; a
compact, high-power DD-PMSG that uses direct liquid cooling (LC)
of the stator windings to manage high Joule heating losses.

Cooling of the 8 MW LC DD-PPMSG is examined in more detail
in this paper, and both steady-state and time-dependent temper-
ature distributions were calculated and validated. There are typi-
cally three approaches used to predict the thermal performance of
electrical machines: making calculations using simplified mathe-
matical models, applying numerical method and taking experi-
mental measurements. For instance, Farsane et al. [5] described an
experimental cooling study for a closed electric motor. Based on
measurements, modifications were suggested, and a new prototype
casing was realized. Fenot et al. [6] studied, experimentally, flow
and local heat transfer in the air gap of an open four-pole syn-
chronous motor. Based on their heat transfer measurements, a
correlation for heat transfer was derived corresponding to the rotor
pole, rotor slot, and stator. However, for large electrical machines, it
is cost prohibitive to build a full-scale prototype to make compre-
hensive thermal performance measurements.

Computational fluid dynamics (CFD) would be useful to under-
stand heat transfer performance, and a number of CFD models of
electrical machines have been developed. For instance, Srinivas
et al. [7] used a CFD model to calculate the heat distribution in a
switched reluctance motor with natural cooling. Jungreuthmayer
et al. [8] modeled PMSM fluid flow and found good correspondence
between temperatures predicted by the CFD analysis and values
measured experimentally. Recently, CFD was used to evaluate the
thermal performance of a 35 kW in-wheel motor operating in oil-
cooled mode [9]. Kolondzovski et al. [10] applied 3D computa-
tional analysis to investigate the temperature rise phenomena in a
high-speed permanent magnet machine. However, CFD is compu-
tationally intensive, and therefore the approach is not feasible
when repeated calculations are required or for large complex
electrical machines.

Thermal analysis with lumped parameters could be applied as a
preliminary approach to predicting the approximate thermal per-
formance of large electrical machines. To date, research papers have
been published describing lumped parameter thermal models of
electrical machines equipped with indirectly cooled multi-turn
coils [11e13]. An equivalent thermal circuit for a multi barrier
interior PMSM was reported in Ref. [11] that assumed no circum-
ferential heat flow and temperature variance only in the radial di-
rection. Nerg et al. [12] described a lumped parameter thermal
model for radial-flux electrical machines of high power density
under steady state thermal conditions. That model has been
applied to a high-speed induction motor, and a low-speed PMSM
and PMSG in considerably different size categories. In Ref. [13], the
authors have proposed a lumped parameter thermal model for
axial flux permanent magnet machines. The model was validated
by comparing results to experimental data. In Ref. [14], the thermal
network method based on two-dimensional heat conduction in
hollow cylinder geometry was applied to build the thermal model
of an electric motor and to calculate its maximum temperature rise.
An analytical layered thermal model to calculate the temperature
distribution in the winding of an oil-filled transformer with zigzag
cooling ducts is described in Ref. [15]. However, there have been
few papers published that describe the application of lumped
parameter models to analyze the forced cooling of stator windings
composed of form wound copper conductors.

The authors of Ref. [16] presented a lumped parameter model of
an LC DD-PMSG using the equivalent thermal conductivity of the
stator windings. Here, we extend their lumped parameter thermal
model to include the detailed thermal model of the stator slot and
to include the previously excluded coolant flow arrangement. As a
result, the new model more accurately estimates temperatures by
accounting for the non-uniform distribution of copper losses
resulting from the skin effect. The proposed lumped-parameter
thermal model is suitable for integration with the algorithm pre-
sented in Ref. [17] to optimize LC DD-PMSG design.

2. Design and cooling concept of the LC DD-PMSG

The large air gap diameter of a high-power wind turbine
generator, e.g. 5 m or more, requires segmented construction. The
rotor and stator magnetic circuits are divided into some number of
identical units. These units are connected electrically in series or in
parallel to get desired voltage levels. There are many variations for
the number of units in this basic design, including 6, 8, 10, 12 units,
and so on. This paper focuses on an 8 MWouter rotor LC DD-PMSG
constructed of 12 identical stator and rotor segments. Stator air-gap
diameter and active stator length are 6.93 m and 1.15 m respec-
tively. Each of the stator segments has 12 slots. The total number of
slots for the 12 stator segments of the generator is, therefore, 144.
The rotor comprises 10 magnet poles per segment for a total of 120
permanent magnet poles (60 pole pairs). This configuration results
in a rated frequency of 10e12 Hz, which is still acceptable for the
cyclic loading of the converter’s insulated-gate bipolar transistors.
The combination of 60 pole pairs and 144 stator slots results in a
fractional slot concentrated non-overlappingwinding (or tooth-coil
winding) in which each winding phase coil is concentrated around
individual teeth and thus does not span adjacent teeth or coils,
simplifying direct liquid cooling. Such a machine works at the fifth
harmonic of the stator current linkage using it as the means of
electromechanical power conversion. The fundamental harmonic is
of minimal significance [18]. Fig. 1 shows a detailed view of the LC
DD-PMSG. This LC DD-PMSG has liquid-cooled windings in the
stator and rotor-surface-mounted permanent magnets. Both the
stator and rotor are based on a laminated steel structure.

A tooth-coil winding architecture offers the most straightfor-
ward approach to direct liquid cooling of the stator conductors.
Each tooth-coil is an elongated continuous two-layer winding of
copper that is shaped to fit into the slots on either side of a lami-
nated stator tooth. See a photo in Fig. 2. The cross section of the
wound conductor is rectangular. Since it forms a closed loop, the
tooth-coil itself can be used as a coolant transport conduit. Stainless



Table 1
Tooth-coil characteristics.

Number of turns in tooth-coil 10
Conductor length 1.4 m
Conductor size (width � height) 18 mm � 15 mm
Cooling hole diameter 5.5 mm
Weight per tooth coil 58 kg
Number of cooling circuit per tooth-coil 1

Fig. 1. Concept design of the active regions and supporting structures of the LC
DD-PMSG.
steel tubing embedded within the copper at its centerline serves as
the coolant channel. The stainless steel (316 series) offers high
electrical resistivity, good mechanical strength, and corrosion and
erosion resistance. Tooth-coil coolant enters the inner winding
layer from the bottom, draws heat out of the copper, and leaves the
coil again from the bottom of the outer layer.

The copper is wrapped with a thin layer of insulation to elec-
trically isolate adjacent conductors. The two winding layers for
each tooth-coil form two conductor columns on either side of the
tooth. Between each conductor column and between the tooth-coil
and the stator laminations are another more substantial layer of
insulation.

Each tooth-coil is connected to the cooling loop via the stainless
steel tubing through an electrically isolating coolant manifold. The
manifold can be made of Ultem polyetherimide (PEI). Electrical
connections are made using terminal lugs (shown in the photo of
Fig. 2). Table 1 gives relevant characteristics for an 8 MW LC
DD-PMSG tooth-coil.

3. Layered lumped-parameter thermal model

An accurate evaluation of temperature distribution is necessary
to design a liquid cooled generator with an acceptable thermal
performance margin. Lumped parameter thermal model was used
to carry out the required thermal analysis. The lumped parameter
thermal model neglects axial temperature variation. The heat
transfer paths between the different generator parts are repre-
sented using thermal resistances at constant temperature. The heat
flow paths defined for the equivalent steady-state lumped param-
eter thermal model of the LC DD-PMSG are shown in Fig. 3.

A portion of the heat localized within each stator tooth flows
through the slot and tooth-coil insulation material, through the
Fig. 2. Liquid-cooled tooth-coil shown without insulation.
copper, and into the coolant. Heat also flows along the stator teeth
to the air gap and along the stator tooth to the yoke. Some of the
heat generated in the permanent magnets of the rotor can flow into
the rotor, and some can flow into the stator through the air gap.

The stator laminations are bound tightly together with a num-
ber of tensioned rods passing through them. This construction in-
creases the total surface area of the laminations exposed to the
convecting cooling air, which enhances heat removal since the
additional heat transfer is proportional to the increase in surface
area.

Temperature distribution analysis began by assigning the
following losses or heat source values for an 8 MW LC DD-PMSG.
The losses are subdivided into the contributions by the various
parts, i.e., the stator yoke and teeth, the rotor yoke, the permanent
magnets, stator winding, and the air gap. Table 2 reports the loss
division at the rated load.

Because of the negligible stator iron losses in a low-speed,
low-frequency generator; the steady-state temperature rise in
the stator winding depends mainly on the copper losses. The
complex heterogeneous structure of indirectly air-cooled stator
windings is usually replaced with a single homogeneous material
that reproduces a representative thermal behavior. Equivalent
thermal conductivity is used [19]. However, to improve temper-
ature prediction accuracy, a detailed thermal model of the stator
slot is developed, in which all the adjacent conductors in the
cooling circuit are modeled separately with a corresponding
equivalent convective thermal circuit. The convection thermal
circuit is executed so that, for each cooling circuit, the outlet
coolant temperature of each preceding conductor becomes the
inlet coolant temperature of the subsequent conductor. Heat
transfer from the end windings is not modeled separately. End
windings were taken into account by increasing coolant channel
length by factor kew.
4. Analysis of heat transfer performance

4.1. Limiting temperature

The minimum inlet coolant temperature of a liquid cooled
winding is limited by the strength of the conductor insulation
material. If the cooling liquid is too cold, thermal shock may lead to
insulation failure. On the other hand, if the inlet coolant tempera-
ture is too high, heat will not be effectively removed, and there is an
even greater danger of insulation failure. According to Ref. [20], the
recommended water temperature range at the inlet of a direct
liquid cooling circuit is from 33 �C to 50 �C. According to Ref. [21],
the temperatures range from 45 �C to 50 �C. Coolant temperature at
the coil outlet is usually maintained below 80 �C to provide a suf-
ficient margin to ensure that stator conductor temperatures do not
exceed safe levels even during abnormal operating conditions.
According to the international standard for rotating electrical ma-
chines (IEC 60034-1 [22]) coolant outlet temperatures must not
exceed 90 �C in any event. Coolant temperature rise, the difference
between outlet and inlet temperatures, must be kept below 30 �C at
rated power assuming an average ambient temperature of 35 �C.



Fig. 3. Steady-state thermal network for the LC DD-PMSG (P e losses notation; x1 e x3, x5 e x7, x9, x12 e x16, x17, x19, x21, x23, x25, x27, x28, x29, x31, x33, x35, x37, x39, x40, x41, x43, x45, x47,
x49, x51, x52, x53, x55, x57, x59, x61, x63, x64, x65, x67, x69, x71, x73, x75, x76 e x80, x82 e heat flows notation; x4, x8, x11, x18, x20, x22, x24, x26, x30, x32, x34, x36, x38, x42, x44,
x46, x48, x50, x54, x56, x58, x60, x62, x66, x68, x70, x72, x74, x81 e temperature of the corresponding nodes, Tamb e ambient temperature, DT e coolant temperature rise, Tci e inlet coolant
temperature).

Table 2
Electromagnetic and mechanical losses of the studied 8 MW LC DD-PMSG.

Power loss component Value (kW)

Stator copper winding loss, PCu 550
Stator tooth iron loss, Pst 5
Stator yoke iron loss, Psy 3.7
Eddy current losses in permanent magnets, PPM 30
Rotor yoke iron, Pry 1
Air gap friction loss, Pag 1.5
4.2. Steady state thermal loads

Copper temperature is a function of coolant temperature, so the
temperature of the coolant must be known to predict copper
temperature. Two equations describing heat transfer in single
phase steady state flow are used to evaluate outlet coolant tem-
perature. Equation (1) relates to the physical change in the coolant
brought about by the heat transfer system. Equation (2), an
expression of Newton’s law of cooling, is system related and con-
siders cooling system specifics such as flow and heat transfer sur-
face area.

PCu�c;jkR;j ¼ cp;crcScchyc

0
BBB@Tco;j �

Pj�1
i¼1 PCu�c;ikR;i
ccrcScchyc

1
CCCA; (1)

PCu�c;jkR;j ¼ Pcchlskewac

0
BBBB@TCu;j �

Pj�1

i¼1
PCu�c;ikR;i

ccrcScchyc
þ Tco;j

2

1
CCCCA; (2)

where cp,c is coolant heat capacity, j is the index of the conductor
belonging to the coolant circuit, kR is the factor for electrical re-
sistivity increase as temperature increases, ls is stator length, PCu-c is
heat removed by the coolant, Scch is the cooling channel cross-
sectional area, Tco is coolant outlet temperature, TCu is conductor
average temperature, ac is heat transfer coefficient, Pcch is cooling
channel hydraulic perimeter, rc is coolant density, and yc is coolant
velocity.
The heat transfer coefficients for convection rely on the proven
empirical convection correlations models available in heat transfer
literature [23].

In Equations (1) and (2), the inlet coolant temperature of the jth
conductor depends on the total heat removed by the coolant having
flowed through adjacent (j � 1) conductors of the cooling circuit.
These equations interact in a related way, and the heat transfer
balance equations can be written as:

TCu;j �
PCu�c;jkR;j

Pcchkewlsac
¼ 1

2
PCu�c;jkR;j
cp;crcScchyc

þ
Pj�1

i¼1 PCu�c;ikR;i
cp;crcScchyc

; (3)

where the heat PCu-c,j is evaluated from the thermal circuit
iteratively.
4.3. Transient thermal loads

Short term generator current overloading may increase the
temperature of the stator winding to dangerous levels. Theoretical
temperature transient calculations have been made by Kazovskij
[20]. Temperature does not respond immediately to changes in



generator load. Its time variation follows an exponential law, where
the steepness of the curve decreases with time. The transient
temperature solution for the copper conductor can be written as
follows.

TCu tð Þ ¼ TCu;kj¼1 1� e�t=s0
� �

þ TCu;kjs1e
�t=s0 ; (4)

TCu;kj¼1 ¼ PCu�ckR
lskew

x
rccp;cScchyc

þ 1
acPcch

� �
; (5)

TCu;kjs1 ¼ TCu;kj¼1k
2
j kR; (6)

where kj is the current density increase factor, TCu is the conductor
steady-state temperature, x is the distance measured along the
cooling channel from the coolant inlet position, and s0 is the
thermal time constant.

Because of the consistent thermal barrier created by slot insu-
lation as well as the low heating velocity of the stator core, copper
heating is independent of stator core heating at the beginning of
transients. The difference between the copper losses dissipated
before and after overloading will heat the winding. The thermal
time constant s0 depends on the copper and coolant properties.

s0y
rCucp;CuSCu
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1þ rccp;cScch

rCucp;CuSCu

þ
�
rccp;cScch þ rCucp;CuSCu

�
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!
;
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where cp,Cu is copper heat capacity, lcch is the total length of the
cooling circuit, SCu is the copper cross-section area, rc is copper
density.

Existing requirements [24] for hydro generator design with
directly cooled stator windings dictate the need for continuous
operation over a definite period of time during operations with
increased stator current density. Hydro generator manufacturers
provide guidance on how long liquid-cooled generators can
continue to operate with rated cooling conditions in the event of
increased stator current (Table 3).
4.4. Fault of coolant supply to the stator winding

A failure of the pump or a break in the coolant lines can result in
a loss of coolant to the stator winding. In the absence of coolant
circulation, stator winding temperatures increase considerably.
According to [24], a hydro power generator with directly cooled
stator winding should be capable of operating without injury for
60 sec at 50% of its rated current following a loss of coolant event.
The same criterion is applied here. Copper and coolant temperature
Table 3
Permissible operation durations for over currents based on rated
coolant flow properties.

Operation duration Stator current (%)

Continuous 110
15 min 115
6 min 120
5 min 125
4 min 130
3 min 135
2 min 140
1 min 150
20 sec 200
distributions with respect to time are described by the following
equations [25].
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where mc is the coolant mass, and mCu is the copper mass.
5. Validation of the model and results

The developed analytical models have been applied to a design
of an 8 MW LC DD-PMSG to predict thermal performance. Water
was selected as the coolant. The conductor dimensions were
adjusted to the values shown in Table 1. According to Table 4, the
generator achieves its rated power at approximately 81 �C coolant
average temperature at the outlet of the tooth-coil. With a flow
velocity of 1 m/sec a round tube removes on average 0.9 W/cm2

with a mean tooth-coil temperature rise of approximately 40 �C.
With the form-wound structure of the studied LC tooth-coil

stator winding, hot spots are always in a predictable location at
the slot portion of the stator laminations. As a result, hot spot
temperature can be calculated and duplicated from one stator slot
to another. Therefore, steady-state thermal 2D FEA (Flux 2D,
Cedrat) was carried out for a one slot pitch model to assess LC DD-
PMSG thermal performance at its rated load steady-state condition.

The 2D approach was chosen based on an assumption of planar
heat flow. This assumption is relevant for active liquid cooling,
because heat flow is almost purely radial due to the effective liquid
cooling mechanism. The slot pitch model consisted of 20 liquid-
cooled hollow copper conductors with associated heat fluxes in
terms of copper loss, slot insulation, wedge, stator yoke, and stator
tooth with associated heat flux in term of stator iron loss. Air
convection was applied to the inner and outer stator surfaces. The
defined convection coefficient of 8500 W/(m2 K) for inside the
copper hollow conductors was approximately equal to a water
velocity of 1 m/s. Fig. 4 shows the temperature distribution results,
which agree well with the results from the analytical thermal
model (see Table 4).

The results of the transient analysis, presented in Fig. 5, were
computed using the procedure described in Sections 4.3 and 4.4.
The transient model enables prediction of the time evolution of
stator winding temperature. The calculated thermal time constant
was 236 sec. The maximum temperatures of each conductor with
respect to time can be determined from Fig. 5. The initial total
copper loss was 550 kW. The effect of increasing temperature on
the electrical resistivity of copper conductors, and therefore the
copper losses, was accounted by the kR factor. For the first case, the
current density increase factor kj was set to 1.1. The coolant velocity
was 1m/s. The results show the generator can operate continuously
without reaching the temperature limit. For the second case, the



Table 4
Calculated steady-state temperatures at rated load at different parts of 8 MW LC DD-PMSG.

Conductor number in the coolant path
(initial copper losses)

Copper (liquid)
temperature, �C

Conductor number in the coolant path
(initial copper losses)

Copper (liquid)
temperature, �C

Cond. 1 (150 W) 42.6 (42.0) Cond. 11 (250 W) 63.7 (63.1)
Cond. 2 (150 W) 44.5 (43.9) Cond. 12 (250 W) 66.3 (65.7)
Cond. 3 (160 W) 46.3 (45.8) Cond. 13 (215 W) 66.3 (65.7)
Cond. 4 (160 W) 48.1 (47.6) Cond. 14 (182 W) 68.4 (68.0)
Cond. 5 (184 W) 50.1 (49.6) Cond. 15 (182 W) 70.7 (70.3)
Cond. 6 (184 W) 51.9 (51.4) Cond. 16 (160 W) 72.6 (72.2)
Cond. 7 (222 W) 54.1 (53.5) Cond. 17 (160 W) 73.2 (72.9)
Cond. 8 (222 W) 56.1 (55.6) Cond. 18 (160 W) 74.5 (74.1)
Cond. 9 (283 W) 58.7 (58.1) Cond. 19 (147 W) 79.5 (79.2)
Cond. 10 (283 W) 61.1 (60.5) Cond. 20 (147 W) 81.1 (80.8)

Stator tooth, �C 52.7
Stator yoke, �C 51.5
Permanent magnet, �C 67.7
Air gap, �C 67.3
Rotor yoke, �C 57.0
current density was increased by a factor of 2. Within 20 sec, the
copper conductor heats up from the rated operational temperature
to the temperature limit of 90 �C.

Installed in a variable-speed wind turbine, the LC DD-PMSG is
supposed to be operated according to its torque curve (Fig. 6).

Generator speed varies between 3 and 11 rpm. Once the wind
turbine rotor reaches the rated 11 rpm speed, generator torque is
increased until the generator is producing its maximum rated
power.

Fig. 6 illustrates that generator output power, which depends on
wind speed, varies significantly. The actual duty cycle of an LC DD-
PMSG during operation is complex. However, it can be approxi-
mated with a train of square pulses of power with different am-
plitudes and time durations (see Fig. 7). The copper temperature
response to the duty-cycle was obtained according to Equation (4)
in a discretized form (see Fig. 7). The initial temperature at the
power square wave is taken from the final time moment of the
previous square wave.

The 8 MW LC DD-PMSG can operate at even higher loads and
remain within safe thermal operating limits without modifying the
cooling system. The rated point of this machine type is defined by
its economic optimum rather than thermal limits as in traditional
machines. Naturally, efficiency falls as the machine becomes
overloaded.
Fig. 4. Steady-state temperature
Fig. 8 shows that copper and coolant temperatures increase at
approximately 0.05 �C per s when there is no coolant flow and 50%
of generator rated current is applied.

Therefore, the studied LC DD-PMSG can operate without coolant
circulation for about 60 s at 50% of its rated current.

6. LC tooth-coils prototype

To validate the simulation results and to demonstrate the liquid-
cooling technology with its applications in a stator implementa-
tion, a small prototype with two liquid-cooled tooth-coils was
designed, built, and tested at the Lappeenranta University of
Technology. The specific goals for the prototype were to prove the
feasibility of manufacturing the LC DD-PMSG tooth-coils and
demonstrate the effectiveness of direct liquid cooling of the stator
copper conductors. The instrumented loop provided thermal per-
formance data to clarify the dependence and distribution of tem-
peratures within the coils as well as to make comparison between
theoretical and practical results.

Fig. 9 is a photo of the instrumented small prototype. It was
located in a room free of forced air movement and oriented so the
slot conductors were horizontal. The apparatus comprises the coils
(1), the inlet and outlet coolant manifold (2), connection to the
power source (3), a coolant reservoir (4), the pump (5), the heat
predicted by 2D FEA model.



Fig. 5. Conductor temperature distribution with coolant velocity 1 m/s for current density increase factor kj ¼ 1.1 and kj ¼ 2.
exchanger (6), coolant filters (7), a volumetric flow transducer (8),
conductor temperature measurement RTDs (9), coolant pressure
transducers and thermocouples (10), the power control system
(11), and the data acquisition and processing system (12). All the
instruments were calibrated prior to testing. The coolant was
ECOCUT HS, a polyalphaolefin (PAO) heat transfer fluid.
Fig. 6. 8 MW LC DD-PMSG output torque curve drawn on the generator efficiency
map.

Fig. 7. Duty cycle of a variable speed wind-turbine equipped with LC DD-PMSG and LC
stator winding temperature response.
Each tooth-coil in the prototype is formed from a 5.2 m long
continuous copper conductor with a cross-sectional height of
13 mm and width of 15.6 mm. There are 4 turns per tooth-coil
forming two rows and four columns structure. Coolant conduits
(316 series stainless steel) are embedded in the conductor copper.
The conduits have an inner diameter of 4 mm and a wall thickness
of 1 mm. Each coil was first formed, and then the copper was
wrapped with a layer of glass-fiber insulation tape (Remikaflex
45.021). A second insulating wrap covered the active lengths,
bundling four straight lengths of copper conductors on each side
and electrically insulating the coil from the steel laminations. The
steel laminations were laser cut from SURA� M400-50A coated
electrical steel. The lamination stack was bound tightly with 8
hollow 316 series stainless steel tensioning rods. Plastic caps (PEI)
secured the coils within the lamination slots.

The two tooth-coils were hydraulically connected to the cooling
loop in parallel by bolting them to the PEI electrically isolating inlet
and outlet coolant manifold. All stainless steel tubing connections
were via orbital welds or compression fittings. The steel-to-plastic
interfaces were sealed with Buna-N double-seal o-rings (quad
seals). Two concentric seals at each hydraulic connection offered 4
sealing surfaces to guarantee leak-free operation.

Electrically, the tooth-coils were connected in series. Incoming
power was connected to the outer terminal lug of the first coil, and
outgoing power was connected to the outer terminal lug of the
second coil. The series connection was made using a copper bridge
between the coils fastened to the inner terminal lugs.
Fig. 8. Temperature rate of the copper and coolant when coolant is not circulated.



Fig. 9. Experimental setup: (1) liquid cooled tooth-coil; (2) inlet and outlet coolant
manifold; (3) wires from the power source; (4) storage tank; (5) pump; (6) heat
exchanger; (7) filter; (8) flow indicator, (9) thermocouple; (10) pressure indicator; (11)
control system; (12) data processing system.

Fig. 10. Measurement results for a 5 h period.
To realistically evaluate the performance of a low-speed DD
generator, a 1110 A, 11 Hz power supply should have been used to
produce characteristic system losses. Such a system was not avail-
able, and a higher frequency system was used to produce losses in
the tooth-coil conductors with lower current. The power source
was a variable frequency 550 Hz synchronous generator capable of
Fig. 11. Steady-state temperature p
generating currents up to 150 A, and operating continuously at
104 A (limiting by fuses overheating). To maximize joule heating,
testing was carried out using the highest current and frequency
that could be sustained for long periods: 104 A and 540 Hz. The
losses achieved using this arrangement were not sufficiently high.
To further increase losses and elevate system temperatures, a 5 mm
thick steel plate was set on top of the laminations above the coils to
act as a source of eddy current loss heating. While no longer a
precise emulation, the test setup can still be regarded as indicative.
It made it possible to observe how effectively the cooling system
could remove heat.

With power on and the plate in position, 75 W of heat was
produced in each coil and 3.1 kW of heat was produced in the solid
plate. Three RTDs (Resistance Temperature Devices) were installed
on each coil to monitor copper temperature at the inlet, outlet, and
middle of the conductor length. Inlet and outlet coolant tempera-
ture was monitored using Type K thermocouples. Fig. 10 shows the
temperatures measured over a 5 h period.

On the left in Fig. 10, where the temperature curves are rela-
tively flat, the coolant loop is operating normally with 2.05 l/min
coolant flow through each coil. Coolant pressure at each inlet is
2.5 Pa. At the approximate time of 15:40, the pump was switched
off causing the coolant flow to stop. The result is the rapid increase
in copper temperatures and drop in coolant temperatures shown
near the right side of the plot. At 16:16, the pump was switched
back on and measured temperatures quickly stabilized once again.
For the duration of testing, all thermocouples were continuously
monitored and recorded at 1 s intervals.

A 2D finite element model was prepared as shown by Fig. 11,
taking into account the geometry of each part of the prototype.

Table 5 gives a summary of the steady-state results recorded
during the experiment and calculated from the analytical and
finite-element models.

Predicted and measured temperatures reveal similar trends and
show no significant differences, supporting the suitability of the
developed models. The difference between measured and calcu-
lated results is below 5% and within the measurement error of
�1 �C. These are accurate results, considering the thermal model
does not deal with the axial direction. Results reveal that because
power losses in the copper conductors are uneven, copper tem-
perature at the middle of each tooth-coil length could be similar or
even higher than copper temperature at its end, the coolant outlet.
Actual copper temperatures at the coil inlets and outlets were
lower than calculated temperatures. This may be due to the addi-
tional convective cooling provided by the terminal lugs and the
copper bridge. Despite the low copper tooth-coil heating observed
during the laboratory test, the performed thermal test demon-
strates the effectiveness of direct liquid cooling. When the pump
was switched off, in the second test, coolant circulation ceased, and
redicted from 2D FEA model.



Table 5
Comparison between measured and calculated temperatures.

Measurement location Averaged measured temperature
(between 14:10 and 14:30), �C

FEA, �C Analyt., �C Analytical (3 kW per tooth-coil,
without solid plate), �C

Inlet oil temperature, �C 41.3 40.1 40 40
Outlet oil temperature, �C 43.0 42.9 43.0 83.2
Solid plate, �C e 640 603.6 e

Steel lamination, �C e 55.7 55 72.9
Copper temperature (near oil inlet), �C Coil A

40.3
Coil B
39.3

42.5 41.2 46.8

Copper temperature (middle of tooth-coil length), �C 42.5 41.9 44.9 43.7 85.2
Copper temperature (near oil outlet), �C 41.9 41.8 44.4 43.7 86.4
copper temperatures began increasing rapidly at 0.015 �C per s. The
predicted temperature rate, based on Equation (8), was 0.02 �C,
which is good agreement between calculated andmeasured values.
To emphasize the direct liquid cooling capability of the tooth-coil
design, the last column in Table 5 gives calculated temperatures
for 3 kW power losses in a similar tooth-coil. The temperature
difference between the inlet and outlet steady-state temperatures
is 43.2 �C, and based on Equation (1), the heat transferred by the oil
is 2.9 kW, showing that direct liquid tooth-coil cooling is extremely
effective and a relatively simple cooling approach.
7. Conclusion

Thermal modeling of the 8 MW LC DD-PMSG was performed
on the basis of an analytical thermal model, which makes it
possible to account for uneven heat loss distribution in the stator
conductors and conductor cooling arrangement. A steady-state
thermal analysis with the rated thermal loading predicted a
maximum temperature in the liquid-cooled tooth-coil winding
under forced water cooling of 81 �C for a cooling water flow of
1 m/s. The thermal results for both the analytical thermal model
and the finite element analysis were similar. To analyze generator
thermal behavior under variable loading, an analytical transient
thermal model was driven by a pulsed load. The thermal load was
a square wave that varied with time. Results showed that LC DD-
PMSG power capacity may be increased without changing the
cooling system.

A comparison between analytical results and finite-element
calculation pointed out the suitability of the developed analytical
models. Therefore, the proposed analytical thermal models can be
incorporated into the electromagnetic LC DD-PMSG model to
perform a multiphysics analysis.

An instrumented small prototype with two liquid-cooled tooth-
coils was built to providemeasurement data to validate predictions.
The prototype coils were tested with 104 A of alternating current,
which produced 75 W of copper loss heat in each coil. No anoma-
lous heating was observed. The prototype demonstrated the ability
of effective direct cooling of the tooth-coils. When coolant circu-
lation ceased, copper temperature began increasing rapidly.

The prototype showed the technical feasibility of the LC tooth-
coil design. Furthermore, this combined theoretical and experi-
mental study strengthens the presumption that the proposed
cooling approach makes an LC DD-PMSG possible and can solve the
problems associated with large dimensions of future high-power
DD wind turbine generators.
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