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Abstract: This paper presents a practical thermal model of a synchronous generator for high-power
applications. This model couples the lumped parameter thermal network and coolant network
together to utilize the impact of the coolant’s temperature rising over the machine. Furthermore,
the advanced multi-planes technique provides a more precise and higher resolution temperature
distribution of various machine sections. Therefore, the machines are divided into five planes; three
belong to the active part, and two are added to model the machine’s drive and non-drive end-regions.
Furthermore, the paper pays special attention to describing the challenges and providing solutions
to them during the heat transfer modeling and analysis. Finally, the analytical model is verified
using experimental results on a synchronous generator with a salient pole rotor and an open self-
ventilation (OSV) cooling system by comparing the analytical and experimental results. As a result,
good correspondence between the estimated and measurement results is achieved.

Keywords: AC machines; cooling; electrical machines; lumped parameter network; coolant network;
temperature measurement; thermal analysis

1. Introduction

Today, four-pole high megawatt solid salient rotor synchronous generators are widely
used as high-power machinery in industrial applications, such as the marine, renewable
energy, and oil and gas sectors. These four-pole synchronous machines with solid salient
pole rotors have several advantages, such as high efficiency and low noise and vibration,
but they need to have excellent thermal stability [1]. Therefore, it is necessary to investigate
the machine’s thermal stability by simultaneously developing a thermal analysis method
with electromagnetic design. The thermal modeling approach is classified into two main
groups: analytical and numerical thermal methods [2–5]. Each approach has its own
advantages and drawbacks. However, since the analytical approach is a rapid computing
method with acceptable accuracy, this method is mainly applied to the thermal modeling
of machines [6].

One of the standard cooling systems primarily implemented on high-power generators
is the open self-ventilated system. This cooling technique has advantages, such as being
cost-effective and a straightforward design [7]. In this system, a fan is integrated into
the rotor or mounted onto the shaft to provide differential pressure to create the airflow
and pass it from the air gap and various radial and axial cooling ducts embedded in the
rotor and stator. Since the performance of this cooling system significantly depends on the
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amount of the machine’s contact surface area with coolant, the radial and axial cooling
ducts are applied in the stator and rotor to increase the contact surfaces with coolant to
improve heat removal [4].

Various research studies have investigated the modeling of the heat transfer and tem-
perature distributions of OSV machines [8–11]. Most studies have implemented analytical
methods by developing the lumped parameter thermal network (LPTN) based on various
techniques, such as the generic cylinder element ([11–14]), which was proposed first by
Mellor et al. in [15], or the multiple planes technique ([16,17]). The advantage of the multi-
plane technique over the generic cylinder element is its higher accuracy and resolution.
Therefore, more heat transfer paths and nodes are defined in this method to check the
temperature and heat transfer distribution in the machine’s various parts, leading to higher
complexity and computation time. Moreover, most research studies have implemented the
multi-planes approach for low- to middle-range power machines.

Therefore, this paper presents the analytical LPTN of high megawatt machines with
an OSV cooling system using the multi-planes technique. The aim is to develop analytical
tools for thermal modeling of the OSV electrical machines, focusing on high megawatt
synchronous machines with solid salient pole rotors. The research focuses on existing
challenges and problems in ongoing method development, and attempts to propose a
solution to overcome these challenges. For this purpose, the analytical LPTN by multi-
planes technique is developed for a four-pole, two-megawatts synchronous generator with
a salient pole rotor with an ‘F’ insulation class.

2. Thermal Model Description

Analytical thermal models using multi-planes technique propose three-dimensional
(3-D) heat transfer modeling of a machine by developing LPTN in the axial and radial
directions. Moreover, this technique attempts to increase the precision and resolution of
the thermal model by enhancing the number of nodes and thermal paths; therefore, it
consists of a sizable LPTN. In this technique, the machine under investigation is divided
into several principal planes. As seen in Figure 1, the machine’s active parts are divided
into three planes (‘A’, ‘B’, and ‘C’), and the drive and non-drive machine’s end regions are
modeled by two other planes (‘D’ and ‘E’).

Moreover, as seen in Figure 1, the machine with the OSV cooling system includes
several radial cooling ducts in the end section of the stator active part (plane ‘C’). Hence,
plane ‘C’ is divided into several sub-plans to model the heat transfer in these sections.

In this technique, each plane consists of a radial thermal model connected to the
adjusted planes using interplane resistances, representing the axial thermal model. Further-
more, to develop the analytical thermal model using the multi-planes technique, the below
hypotheses have been assumed:

• In the machine under study, the air gap provides the primary airflow path for both
stator and rotor; it can be concluded that exchanging heat between the stator and the
rotor is negligible, and almost all heat fluxes are transferred to the ambient by the
airflow inside air gap. Therefore, it makes it possible to separately model the stator
and rotor.

• The heat and heat loss distributions are assumed to be uniform.
• Based on the machine’s periodical symmetries, a stator slot and one-quarter of the

rotor are analytically modeled.

2.1. Thermal Model in the Radial Direction

Figure 2a,b shows the radial LPTN proposed for the heat transfer modeling of the
stator and rotor for the case under study. As seen in Figure 2a, the stator analytical model
includes five nodes and eight thermal resistances among the nodes to model the heat
transfer in crucial machine parts. Furthermore, in Figure 2b, the rotor radial thermal model
includes seven nodes and nineteen thermal resistances. These resistances represent one of
the heat transfer phenomena: conduction, convection, and radiation.
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Figure 1. Multiple model plane thermal approach.

2.2. Axial Thermal Model

Figure 3a,b illustrates the axial thermal model or, in other words, the interplane
resistances to connect each plane to the adjusted planes for the stator and rotor, respectively.
To mitigate complexity and enhance resolution and clarity, for the stator part (Figure 3a),
only interplane resistances for the nodal points 0, 1, 4, 5, and 6, and for the rotor (Figure 3b),
the nodes 0, 1, 5, and 7, are presented; others are omitted in the figures. Moreover, some
other resistances with a blue color are added to the axial LPTN to model the airflow
(coolant) temperature rise during the passing of each plane to enhance the precision of the
thermal model and estimate the outlet coolant temperature.
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3. Determining the Critical Parameters of the Analytical Model

In the heat transfer mechanism, the heat fluxes are transferred by three thermal
phenomena: conduction, convection, and radiation [5]. These phenomena are modeled
by resistances in the analytical thermal model [18]. Hence, the thermal model’s accuracy
chiefly depends on the precise estimation of these parameters. However, due to the complex
shape of machine parameters, such as end windings, the air gap, and the slot, they cannot
be calculated by pure mathematical solutions. Therefore, it is necessary to apply some
assumptions and simplifications to reduce the system’s complexity and shape to overcome
these problems. Hence, this section aims to recognize the crucial parameters during the
analytical thermal modeling of OSV machines. As a result, these critical parameters for
the machine with an OSV cooling system are classified into two primary groups: critical
parameter of conduction heat transfer and critical parameter of convection heat transfer.

3.1. A Critical Parameter of Conduction Heat Transfer

Conduction heat transfer occurs in solid material by transferring the heat fluxes from
the hot side to the cold side due to molecular vibration. The general format of correlation
to estimate conduction resistance (Rcond) is expressed as follows:

Rcond =
L

kA
, (1)

where L is the conduction length, k represents the material’s thermal conductivity, and A is
the cross-sectional area.

The most challenging section in the conduction modeling is how to calculate the slot
conduction resistance. The slot is composed of several various materials with different ther-
mal conductivities. This section consists of the lowest thermal conductivity in the machine
structure, with the highest amount of heat losses by the joule losses. Therefore, accurate slot
modeling is essential in thermal analysis and temperature monitoring. Furthermore, most
of the materials inside the slot are temperature dependent, and they reduce the lifetime of
winding insulation materials and machine life by reaching their temperature threshold.

The most critical part of modeling conduction inside a slot is determining the ther-
mal conductivity of the slot. Several research studies have investigated and proposed
various solutions to calculate the thermal conductivity of a slot, such as a layer winding
approach [19–22], a cuboidal approach [21,23], an equivalent insulation approach [21], and
an equivalent thermal conductivity approach [24,25]. This research study applies the equiv-
alent thermal conductivity approach based on Hashin and Milton’s correlation. Hashin
and Milton proposed the equivalent thermal conductivity of a slot (ke), as follows [26,27]:

ke = kins
(1 + f1)kcu + (1 − f1)kins

(1 − f1)kcu + (1 + f1)kins
, (2)

kcu represents the copper thermal conductivity, kins equals the thermal conductivity of
insulation materials, f 1 and f 2 are the volume fraction of the conductor and the impregna-
tion in the slot, respectively (with f 1 + f 2 = 1). The other insulation materials are assumed
equivalent to the impregnation material, which is a well-justified assumption, as explained
in [26].

3.2. A Critical Parameter of Convection Heat Transfer

During the convection phenomenon, the fluid flow motion exchanges the heat between
two different media [28,29]. Therefore, this heat transfer mechanism removes the significant
parts of heat. In the analytical calculation, the convection resistance (Rconv) is expressed as:

Rconv =
1

hc A
, (3)

where hc is the convection coefficient, and A is the surface area.
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According to (3), the most challenging parameter in convection resistance calculation
is determining the convection coefficient (hc). The correct estimation of this factor greatly
impacts the accuracy of the thermal model. Therefore, it is mainly calculated using empirical
correlations. These correlations have been developed using dimensionless numbers, such
as Nusselt (Nu), Prandtl (Pr), and Reynolds (Re) numbers [30] and are primarily defined in
the following format:

Nu = aRebPrc, (4)

where a, b, and c are constants.
Ultimately, by calculating the Nusselt number from (4), the convection coefficient is

determined as follows [31,32]:

hc =
Nu.k

L
, (5)

where k is the fluid flow conductivity, and L is the characteristic length of the surface.
The heat is transferred by convection from the stator radial and axial cooling ducts, the

air gap, and the end regions for the case under study. The essential empirical correlations
to calculate the convection coefficients from the above regions are explained hereafter.

3.2.1. Radial and Axial Stator Cooling Ducts

The axial and radial cooling ducts embedded in the machines are assumed as stationary
ducts, and the Nusselt number is calculated using the Gnielinski correlation, which is
defined in the following format:

NuD =

(
fsmooth

8

)
(Re − 1000)Pr

1 + 12.7
(

fsmooth
8

)0.5(
Pr0.67 − 1

) , (6)

where fsmooth is a friction factor for a smooth wall and is estimated as:

fsmooth =
1(

1.82 log10 Re − 1.64
)2 , (7)

However, the machine surface is not purely smooth due to the manufacturing pro-
cess. Therefore, the effect of surface roughness should be applied during the calculation
procedure by defining the roughness Nusselt number (Nurough) as [33]:

Nurough

Nusmooth
=

(
f

fsmooth

)0.68 Pr0.215

, (8)

3.2.2. Air Gap

For analytical modeling of heat transfer in the air gap, the classical modeling method
using the Taylor number (Ta) is most often applied, and it is expressed in the following
format [34]:

Ta = Re

√
lg

ror
, (9)

where lg is the radial thickness of the air gap, ror is the rotor outer radius.
The flow condition in the air gap (laminar or turbulent) and the Nusselt number are

evaluated according to the range of the Taylor number (Ta) as [34]:
Nu = 2 Ta < 41 laminar mode
Nu = 0.212 Ta0.63Pr0.27 41 ≤ Ta ≤ 100 vortex mode
Nu = 0.386 Ta0.5Pr0.27 Ta > 100 turbulent mode

(10)
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However, the above correlations cannot be applied for modeling the air gap heat
transfer for OSV machines. This is because, unlike other cooling systems, the air gap faces
two-fluid flows in OSV machines: the axial flow driven by the fan and the rotational flow
due to the rotor rotational speed. This axial flow can positively impact the amount of heat
transfer by the convection phenomenon. However, in some cases, it has a negative footprint
on the vortices, reducing the heat transfer inside the air gap.

In this manner, the flow condition in the air gap for the machine with an OSV cooling
system is classified into four modes as follows [35]:

• Laminar flow;
• Turbulent flow;
• Laminar flow with Taylor Vortices;
• Turbulent flow with Taylor Vortices.

Thus, the correlations presented in Table 1 assess the heat transfer coefficient according
to the fluid modes.

Table 1. Correlations for computing the air gap convection coefficient [35,36].

Flow Modes Empirical Correlation Ref

Laminar Nu = 7.54 +
0.03

(
Dh
L

)
RePr

1+0.016
[(

Dh
L

)
RePr

]2/3
[37]

Turbulent NuD =

(
fsmooth

8

)
(Re−1000)Pr

1+12.7
(

fsmooth
8

)0.5
(Pr0.67−1)

[35]

Laminar with Taylor Vortices

Nu = Nuaxial + Nurotational

Nuaxial = 0.015
(
1 + 4.6 s

L
)( ri

rO

)0.45
Re0.8Pr1/3

Nurotational = 0.092
(

Ta2Pr
)1/3

[38]

Turbulent with Taylor Vortices
Ve =

√
U2 +

(
VT
2

)2

Nu = 0.03
(

DhVe
v

)0.8
[39]

3.2.3. End Regions

End regions count as the most challenging parts of analytical thermal modeling.
Therefore, this section comprises several parts that can be classified into five primary
sections: inner housing surfaces, stator teeth and yoke, end windings, rotor steels and end
rings, and shaft.

1. End Windings

The end windings are one of the challenging features of machine thermal modeling.
The end windings are cooled in the OSV machine by the radial and axial airflows generated
by the rotor end parts and the fan. For a high megawatt machine, the form-wound
configuration is mainly applied. As seen in Figure 4, contrary to conventional round
wires, the gaps among the end-windings are not filled by impregnation material in the
form-wound configuration. Hence, the conductors are in direct contact with the coolant.
Therefore, the convection coefficient of the end windings is not estimated by the traditional
correlation presented in [35,36]. Instead, the Churchill and Bernstein correlation [37],
applied for the cylinder in cross-flow, is utilized to overcome the problem. In this condition,
the Nusselt number is defined as:

Nu = 0.3 +
0.62Re0.5Pr0.33[

1 +
(

0.4
Pr

)0.67
]0.25

[
1 +

(
Re

282000

)0.625
]0.8

. (11)
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2. Yoke and stator teeth

The yoke and stator teeth are assumed to be flat non-rotational surfaces in a machine
end region. Depending on their location and their condition in contact with axial airflow,
two sets of empirical correlations are defined for calculating the Nusselt number for inlet
and outlet non-rotational surfaces, respectively, as [40,41]:

Nu = 0.592 Re0.5, (12)

Nu = 0.17 Re0.67. (13)

3. Rotor steels and end rings

The rotor steel and end rings are considered flat rotational surfaces, and the Nusselt
number in this manner is defined as [40,41]:

Nu = 0.28973
(

Re2
a + Re2

rot

)0.25
, (14)

This correlation involves the impact of axial and rotor rotation airflow by defining two
sets of Reynolds numbers represented by the axial airflow (Rea) and rotor rotation airflow
(Rerot), which are respectively defined as [40,41]:

Rea =
vairD

µ
, (15)

Rerot =
ωrotD2

4µ
, (16)

where vair is the axial airflow rate, ωrot is the rotor angular speed, D is the hydraulic
diameter, and µ is the dynamic viscosity of the airflow.

The critical point is in the inlet; both Reynolds numbers are calculated. However, only
rotor rotational Reynold numbers are computed in the outlet section, and the other one is
omitted as vair= 0.

4. Inner housing surfaces

The machine’s inner housing, located in the end region, is considered a cylindrical
non-rotational surface. Therefore, the Nusselt number correlation is the same utilized for
smooth surface ducts.

5. Shaft

The parts of the shaft located in the machine’s end region are considered cylindrical
rotational surfaces, and the Nusselt number is defined as [40,41]:

Nu = 0.6366 (RerotPr)0.5. (17)
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3.3. Modeling the Coolant Flow

There are various techniques by which to model the coolant flow. Generally, in the
electrical machine’s thermal model with an enclosed cooling system, such as a totally
enclosed fan-cooled system, coolant temperature is assumed to be constant [42]. Therefore,
using this hypothesis in the model provides good accurate temperature results. However,
contrary to the enclosed cooling system, an electric machine consists of an open-circuit
cooling system in OSV or through the ventilation cooling method; the coolant temperature
rise is significant [42]. Therefore, using the constant coolant temperature hypothesis leads
to a significant error in the final temperature results of the thermal model [42,43]. Hence,
predicting and modeling the coolant temperature in the machine’s different parts plays an
essential role in the LPTN’s accuracy [12].

In this method, the coolant network is developed to match the thermal network to
reduce computational complexity [43]. Figure 5 shows the stator coolant network; this
coolant network consists of 16 points by which to model the airflow paths. Accordingly,
the coolant enters from the inlet and gathers in node 1. Then, the coolant flow segregates
into two parts; one flows through the stator axial channels (node 2), and the other flows
from the air gap (node 3). According to the multi-planes approach, various nodes are set
to model the absorbed losses by coolant over passing planes. This process continues until
plane ‘C’. Plane ‘C’ is divided into several sub-planes to increase the resolution and match
the coolant network with the thermal model. Hence, the number of nodes rapidly increases
and follows the number of sub-planes.
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Figure 6 shows the rotor’s coolant network and the coolant temperature rising diagram
over passing planes to provide a holistic view of the coolant temperature growing process.
In this approach, the coolant temperature rising by absorbing the heat losses is linearly
hypothesized over the planes.
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The coolant and thermal networks are coupled to implement the effect of a coolant
temperature rise. Therefore, the coolant flow path is added to the thermal model by the
blue color resistances. As a result, the coolant flow resistance is estimated as follows [12]:

Rq =
1

ρqcp
, (18)

where ρ is mass density, cp is the coolant-specific heat, and q is the volume of the flow rate
of coolant.

4. Analytical Computation Approach

The generic MATLAB code is developed to couple the thermal model and coolant
network. Figure 7 shows and describes the various code’s steps in detail. The first step
reads the input parameters consisting of the machine’s dimensions, initial values, and
material thermal properties. Then, the variable parameters such as rotor speed and coolant
thermal characteristics are calculated. Next, conduction resistances in the radial and axial
directions for the stator and rotor are calculated and assigned to the LPTN model presented
in sections II and III. The convection coefficients are determined according to the analytical
hydraulic analysis values in step six. Then, the convective resistances are computed through
the model presented in sections II and III. In step 7, the coolant network’s resistances are
calculated, and, in step 8, the heat sources are defined as the current sources and injected
into the corresponding nodes. Finally, the conductance matrix, fluid matrices, and loss
matrix are developed, and the matrices’ models are solved by inversion theory. The
generation of the conductance, fluid, and loss matrices and the matric inversion solving
method are described here.
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In the analytical model analysis, the temperature matrix containing the temperature
of each node (T) is calculated utilizing the Matrix inversion technique, as follows [11]:

T = (G + Gfluid)
−1P (19)

where G and Gfluid are the thermal conductance and cooling matrices, respectively, and
P is the loss vector containing the power losses of each node. Moreover, the thermal
conductance (G) and cooling (Gfluid) as squared matrices are developed in the following
formats, respectively [12,44]:

G =


∑n

i=1
1

R1,i
− 1

R1,2

− 1
R2,1

∑n
i=1

1
R2,i

...
...

· · · − 1
R1,n

· · · − 1
R2,n

. . .
...

− 1
Rn,1

− 1
Rn,1

· · · ∑n
i=1

1
Rn,i

, (20)

Gfluid =


∑n

i=1
1

Rq1,i
0

− 1
Rq2,1

∑n
i=1

1
Rq2,i

...
...

· · · 0
· · · − 1

Rq2,n

. . .
...

− 1
Rqn,1

− 1
Rqn,1

· · · ∑n
i=1

1
Rqn,i

, (21)

5. Determining the Analytical Thermal Model Performance
5.1. Experimental Setup

An experimental verification stage was carried out to validate the created analytical
model and obtain details about the method’s accuracy in estimating the nodal temperature
machine’s key parameters. For this purpose, the analytical and experimental results for
the OSV AM 0560AF04 DAP synchronous machine, designed and constructed for wind
generator applications, are compared. Table 2 shows the nominal values of the machine.

Table 2. Rated values of the tested synchronous machine.

Parameter Unite Value

Rated Power kVA 2001
Rated Frequency Hz 50

Rated Voltage kV 11
Rated Current A 105

For this purpose, the machine underwent runs at the rated load and frequency. The
machine consists of the form winding configuration with an “F” insulation class. In
addition, RTD PT100 sensors equip the tested motor to record the temperatures of specific
parts of the machine, such as windings, inlet and outlet air, and ambient temperature.

5.2. Comparison of Analytical and Experimental Data

Table 3 presents the analysis of the analytical model using the multi-planes technique
at rated load and frequency. As expected, the hottest point is in the end windings of the
machine located at plane ‘E’ with a temperature of 112.5 (◦C). In this area, the airflow
temperature as a coolant is approximately 41 (◦C), about 10 degrees more than the inlet
coolant temperature. Moreover, the analytical results show the lowest temperature in
Plane ‘A’.
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Table 3. Analytical results of the thermal model.

Node’s Location Temperature (◦C)

Stator end winds located in-plane ‘D’ 107.1
Stator winding in plane ‘B’ 105.7

Stator end windings located in-plane ‘E’ 112.5
Stator yoke in-plane ‘A’ 97.4

Upperside of stator slot in-plane ‘A’ 106.8
Middle of stator slot in-plane ‘B’ 103.6

Downside of stator slot in-plane ‘A’ 100.4
Stator teeth temperature in-plane ‘A’ 98.8

Outlet coolant 41.1

The machine was run under its rate speed (1500-rpm) and at full load during the
experiment. Moreover, the inlet airflow, ambient and winding temperatures, and volumet-
ric cooling airflow rate were measured. Accordingly, the airflow temperature in the inlet
section and ambient temperature were 32 (◦C) and 28.3 (◦C), respectively. Furthermore,
the volumetric cooling air flow rate was 3.7 (m3/s). Table 4 presents the analytical and
measurement data for the stator winding and the outlet coolant. It is important to mention
that the stator winding temperature is the mean temperature of three-phase windings. The
deviation between the analytical and experimental results was above 1%, and there was
good agreement between the analytical and measurement data.

Table 4. Analytical and measurement data.

Name of Section Analytical Data (◦C) Measurement Data (◦C)

Stator Windings 103.6 104.8
Outlet Coolant 41.1 42.9

6. Conclusions

This paper investigated the thermal modeling of a synchronous generator with a
salient pole rotor for a high-power application. Therefore, the analytical LPTN using the
multi-planes method was proposed as an ideal method by which to develop the thermal
analysis tools to model the heat transfer of the machine to achieve the objectives established.
First, the fundamental principles of the heat transfer mechanism were explained, and
prevalent correlations and challenging factors in the thermal analysis were represented.
Moreover, different methods by which to overcome these challenges were demonstrated.
Furthermore, the principle of the coolant network and the way to couple it with the ther-
mal network were discussed in detail. Different methods were described to consider the
effect of the coolant temperature rising, and the best option to model the coolant temper-
ature rising for the OSV system was introduced. According to the results, the difference
between the inlet and outlet coolant temperatures was about 9 (◦C), and it had a great
impact on the final nodal temperature; implementing this impact on the thermal analysis
was essential.

Finally, the experiment was conducted to validate the analytical thermal model based
on the multi-plane’s technique. Obtained analytical and experimental data were in good
agreement. Therefore, the analytical model was successfully applied to estimate the ma-
chine temperature distribution, and the temperature difference between the analytical and
experimental data was about 1%.
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