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SUMMARY

The purpose of my thesis is to establish a simple thermal model for a Parker

GVM 210-150P motor and a SEVCON Gen4 Size8 inverter. These models give tem-

perature variations of critical components in the motor and the inverter. My thesis

will help Georgia Tech’s EcoCAR-3 team in understanding the physics behind ther-

mal modeling and why thermal study is necessary. This work is a prerequisite for

Software in the Loop (SIL) simulations or Hardware in the Loop (HIL) simulations

for a hybrid electric vehicle.

ix



CHAPTER I

INTRODUCTION

1.1 Overview

EcoCAR-3 is the most recent of the US Department of Energy’s Advanced Vehicle

Technology Competition series. The objective of this competition is to redesign a

Chevrolet Camaro as a hybrid electric vehicle to reduce its environmental impact

while maintaining the performance expected from this car. We are also tasked with

retaining safety and protection, and high consumer standards of the Camaro. We will

be using an electric motor, an inverter and an energy storage system in conjunction

with the traditional powertrain.

A torque request will be generated by the vehicle’s supervisory controller in re-

sponse to accelerator and brake pedal positions. Our inverter will operate in torque

mode so that the motor output torque matches the commanded value. To ensure

maximum performance of the inverter and the motor, we as users of these products

have to strictly observe the electrical, mechanical and thermal limits. It is apparent

that failures can be prevented by avoiding stressful operation. The purpose of my

thesis is to estimate the losses in a motor and an inverter that are fed into ther-

mal models for computing critical average temperature rises. Temperatures must not

be allowed to exceed limits to avoid failures. Figure 1 outlines the basic approach

employed in this thesis.

1.2 Thesis Organization

Chapter 2 gives an overview of the physical system. This chapter explains in detail

the three modes of heat transfer, analogies between voltage and temperature, and
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analogies between current and heat flow. Chapter 2 also gives an interpretation of

thermal resistances and thermal capacitances. Finally, it highlights a simple yet

effective procedure for thermal modeling.

Chapter 3 explains in detail the proposed motor thermal model, elaborating on

every component of the thermal network, i.e. independent heat flow source (losses),

independent temperature source (reference), thermal resistance and thermal capaci-

tance. This chapter ends with a section on thermal model verification where operating

conditions from the datasheet are reproduced using the proposed model to check its

accuracy.

Chapter 4 explains in detail the proposed inverter thermal model, elaborating on

every component of the thermal network. This chapter ends with a section on thermal

model verification where operating conditions from the datasheet are reproduced

using the proposed model to check its accuracy.

The thesis concludes with Chapter 5 which discusses inferences made from the

proposed motor and inverter thermal model. This chapter also proposes future work.

Finally, Appendix A describes the relationship between torque, speed and current

and Appendix B contains listings of the MATLAB codes for simulation purposes.

Figure 1: Overview of the thermal modeling system.
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CHAPTER II

PHYSICS OF HEAT TRANSFER AND THERMAL

MODELING

2.1 Physical System

Our EcoCAR-3 team is using the physical arrangement shown in Figure 2 for cooling

the Motor Generator Unit (MGU). We have a separate cooling arrangement for every

component of the MGU. However, the cooling system for the inverter and the energy

storage system (ESS) share a reservoir. The cooling requirements of the components

of the MGU are mentioned in Table 1.

The objective of this chapter is to summarize and explain the physics behind

thermal modeling and heat transfer from popular textbooks [1] and [3].

Figure 2: Physical cooling system schematic adapted from [2].
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Table 1: Component Cooling Information adapted from [2]
Component Temperature

Requirements
Coolant Type Flow Rate Pressure

Drop
Motor Max winding

temperature
180 ◦C

50/50 water and
ethylene glycol

5 L/min 70 kPa

Inverter Max junction
temperature
155 ◦C

50/50 water and
ethylene glycol

5 L/min 67 kPa

2.1.1 System Components

2.1.1.1 Pump

A centrifugal pump converts input power to kinetic energy by accelerating liquid in a

revolving device - an impeller. The fluid accelerates radially outward and a vacuum

is created at the impeller’s eye that continuously draws more fluid into the pump.

The energy from the pump’s prime mover is transferred to kinetic energy. The kinetic

energy of a liquid coming out of an impeller is converted to pressure energy by the

pump casing.

2.1.1.2 Radiator

Radiators are heat exchangers used to transfer thermal energy from one medium

to another for the purpose of cooling and heating. The majority of radiators are

constructed to function in automobiles, buildings, and electronics. The radiator is

always a source of heat to its environment. In hybrid electric vehicles, the radiators

will be used to cool the coolant which takes heat from the engine, motor, inverter

and ESS.

2.1.1.3 Motor

An electric motor is a machine that converts input electrical energy to mechanical

energy and vice versa. Our team has selected a permanent magnet synchronous

motor. We will discuss the motor in detail in Chapter 3.
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Figure 3: Inverter cooling system adapted from [2].

2.1.1.4 Inverter

An inverter is a device which converts DC power to AC power and vice versa. Since

we want to run an AC electric motor, we need an inverter to convert DC supply from

the battery to controllable AC supply for the motor. We will discuss the inverter in

detail in Chapter 4.

2.1.2 Motor and Inverter Cooling System

Figure 3 and Figure 4 show the inverter and motor cooling system respectively. The

reservoir is the highest point in the cooling loop. The radiator, fan and pump are

placed below the motor and the inverter.

2.2 Thermal System

A block diagram of a thermal system is shown in Figure 5. A thermal network is an

arrangement of thermal resistances and thermal capacitances. By keeping track of

the heat generated, we can predict the temperature behavior of various nodes in the

thermal network. Subsection 2.2.1 explains the thermal components in detail.

5



Figure 4: Motor cooling system adapted from [2].

2.2.1 Thermal Variables

2.2.1.1 Temperature

The temperature of an object is a measure of mean kinetic energy of molecules of that

object. Since a molecule cannot have negative kinetic energy, absolute temperature

of an object cannot be negative. SI unit of temperature is kelvin (K). Temperature

at a node in a system is represented by θi. Temperature is a potential and it obeys

Figure 5: Thermal system.
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the path law given by

∑
loop

Aij =
∑
loop

Ai − Aj = 0 (1)

where Ai is the potential and Aij is the potential difference. Path law implies that

potential differences Aij between nodes i and j can be found by adding potential

drops across branches along any path from node i to node j i.e. Aij is independent of

the path. Kirchoff’s voltage law is the path law in electrical domain.

2.2.1.2 Heat Flow

If two objects of different temperatures are brought in contact with each other, tem-

perature of the hotter object decreases and of the cooler object increases. These

changes in temperature are explained by a transfer of heat energy from a hotter ob-

ject to a cooler object. Quantity of heat in an object is represented by H. Therefore,

q ≡ dH
dt

, denotes rate of heat flow into the object. Heat flow obeys the node law i.e.

sum of flows directed into a node is zero; i.e., energy is conserved. Node law is defined

by (2). Kirchoff’s current law is the node law in electrical domain:

∑
node

θi = 0 (2)

Node law can be easily inferred from the first law of thermodynamics. Equivalent

statements of the first law of thermodynamics are listed below:

1. Energy can neither be created nor can it be destroyed.

2. Increase in amount of energy stored in a control volume must equal amount of

energy that enters the control volume, minus the amount of energy that leaves

control volume.

3. Rate of increase of thermal and mechanical energy stored in a control volume

must equal the rate at which thermal and mechanical energy enters the control
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volume, minus the rate at which thermal and mechanical energy leaves the con-

trol volume, plus the rate at which thermal and mechanical energy is generated

within the control volume.

Only in case of conduction and convection the flow of heat between two points in

a system proportional to the temperature difference between the points in the same

way that electric current is related to voltage difference. The fundamental difference

being, heat flow q is a flow of thermal power; as H itself is the thermal energy.

Amount of heat H delivered to an object is positive if it causes temperature of an

object to rise. SI unit of heat H is joule (J). While the SI unit of heat flow rate q is

watt (W).

2.2.2 Modes of Heat Transfer

Heat transfer is defined as thermal energy in transit due to spatial temperature dif-

ference. There are three modes of heat transfer. Each mode has been explained in

detail in this subsection.

2.2.2.1 Conduction

Whenever there is a temperature gradient in a stationary medium, solid or a fluid,

heat transfer occurs via conduction. At the microscopic level, heat energy is trans-

ferred through random molecular motion or diffusion and is enhanced by collisions.

The conduction phenomenon is accurately described by Fourier’s law, which says,

conducted heat flux (heat flow per unit area) is oriented in the direction of greatest

rate of decrease of temperature and is proportional to the rate of decrease. Fourier’s

law is given by

q = −kA∂θ
∂x

(3)

where A is the isothermal surface area perpendicular to direction of heat flow (m2);

k is the transport property “thermal conductivity” (W/mK) and is characteristic of
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the conduction medium; and q is the heat transfer rate in watts (W).

2.2.2.2 Convection

Convection refers to the heat transfer that will occur between a surface and moving

fluid when they are at different temperatures. Energy transfer occurs through dif-

fusion and bulk motion of the fluid. Transfer of heat from a hot object to a cooler

object by circulation of fluid is convection. Regardless of the nature of convection heat

transfer process, the appropriate rate equation is given by Newton’s law of cooling

q = hA(θs − θ∞) (4)

where A is the isothermal surface area perpendicular to the direction of heat flow (m2);

θs is the surface temperature (K); θ∞ is the fluid temperature (K); h is the convective

heat transfer coefficient (W/m2K) and depends on surface geometry, nature of fluid

motion, fluid thermodynamics and transport properties; and q is the heat transfer

rate in watts (W).

2.2.2.3 Radiation

Thermal radiation is the energy emitted by matter that is at a non zero temperature

in form of electromagnetic waves. Radiation does not require a material medium. In

fact it is most efficient in vacuum. According to the Stefan Boltzmann law, the power

emitted by a real body is given by q = εσAθ4s , where θs is the absolute temperature

of surface (K); A is the isothermal surface area perpendicular to direction of heat

flow; σ is the Stefan-Boltzmann constant with a value of 5.67 × 10−8 W/m2K4 and

dimensionless ε is the emissivity of the body. Net energy transfer from a hot body to

the environment through radiation is given by

q = εσA(θ4s − θ4sur) (5)

where θsur is the absolute temperature of surrounding (K). Because σ is very small,

only large temperature differences will contribute to significant amount of energy
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transfer. Typically, for our vehicle, the temperature differences are going to be in the

order of 140 K. Hence we can safely neglect heat transfer via radiation. However,

in many applications radiation could turn out to be more important than common

belief.

2.2.3 Thermal Resistance

Similar to Ohm’s law for electrical systems, we have θij = Rthq for thermal systems.

Experimentally, it has been shown that heat is conducted from an isotherm at tem-

perature θi to another isotherm at temperature θj, the rate is proportional to the

temperature difference θi − θj or θij and θi > θj. Here the proportionality factor Rth

is the thermal resistance of an object between the isotherms. Rth is an impedance;

i.e., a ratio of temperature difference (potential) to heat transfer rate (flow). An ideal

thermal resistor is defined as lumped element that obeys linear temperature flow

relation. Thermal resistances are used to represent all three transfer phenomenon.

2.2.4 Thermal Capacitance

The ability of an object to store heat is indicated by its specific heat capacity, cp,

which is the amount of heat needed to increase the temperature of 1 g of substance by

1 ◦C. Consider a homogeneous object at temperature θi and mass m. If temperature

of the object is raised by δθi, the heat stored in the object increases by δH = mcpδθi.

Heat transferred to the body is given by

q = mcpθ̇i (6)

We can substitute temperature difference θio in (6) if θo is constant reference temper-

ature. Then we can express (6) in terms of an impedance

θio = (1/sCth)q (7)

where s is the Laplace operator and Cth is the thermal capacitance of an object given

by Cth = mcp. According to (6), we can continue removing heat from an object
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as long as we lower its temperature. Since we can’t reduce the temperature below

absolute zero, we view absolute temperature as the absolute amount of heat stored

in an object. Hence mcpθio is amount of heat necessary to raise temperature of an

object from θo to θi. This derivation is based on an important assumption that there

is no thermal gradient in the object.

2.2.5 Thermal Sources

2.2.5.1 Ideal Independent Temperature Source

An ideal independent temperature source maintains a specified temperature difference

θio relative to the reference node, regardless of the thermal system connected across

its terminals. One terminal of the temperature source is always the reference node.

It is similar to the idea of an ideal voltage source which maintains constant potential

difference irrespective of the current drawn. However, the difference lies in the power

drawn: for an electrical system power is V I but for a thermal system the power drawn

is q.

2.2.5.2 Ideal Independent Heat Flow Source

An ideal independent heat flow source maintains a specified heat flow q from the

reference node to node i, regardless of the thermal system connected to node i. It is

similar to the idea of an ideal current source which maintains a constant current flow.

2.2.6 Lumping Procedure for Thermal Systems

1. Draw a pictorial diagram.

2. Identify isothermal surfaces of significant interest. One of these nodes must be

reference node which is usually at ambient temperature.

3. Insert lumped thermal resistors between nodes that are connected by objects

with significant thermal conductance.
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4. Attach lumped thermal capacitors to the nodes representing objects of high

thermal mass and/or high specific heat. Thermal capacitors must be connected

to reference node, which need not be isolated at a single location.

5. Insert ideal thermal sources between appropriate nodes and reference node.

6. Draw a thermal circuit. Treat all points connected by solid lines as a single

node.

7. Solve the thermal network.

12



CHAPTER III

MOTOR THERMAL MODELING

3.1 Introduction

A Permanent Magnet Synchronous Motor (PMSM) with high power density and high

operating efficiency designed with rare earth based magnets is an attractive choice for

hybrid electric vehicle. We have selected and purchased Parker’s GVM 210-150P for

our application. Predicting the temperature of the motor is of interest to our team

for several reasons. Motor failure can result in the failure of the entire system with

severe economic consequences, even threat to personal safety; i.e., injury or death.

Motors must be operated within the manufacturer specified temperature range to

minimize the risk of demagnetization of permanent magnets and/or failure of stator

winding. Consequently, the primary goal of developing a motor thermal model is to

enable simulation of the system including temperature variation.

Beyond simulation, another motivation for thermal modeling would be online

temperature estimation. The Parker motor comes with switch type and linear type

temperature sensors built into the stator winding. Temperature estimation software

would provide protection in the event that the built in sensors fail. Avoidance of

excessive winding temperatures is essential since, as pointed out in [11], 27% of motor

failures are due to compromised insulation integrity.

As discussed in Chapter 2, a thermal model of a motor will consist of a lumped-

parameter thermal network of thermal resistances and capacitances. This thermal

network will be fed from heat flow sources to be described in the following section.

13



3.2 Loss Modeling

Losses determine the heating of an electric machine. The principal sources of heat

will be copper losses, iron losses and friction losses. These are discussed in detail

below.

3.2.1 Dissipation Mechanisms

3.2.1.1 Copper Losses

Copper losses Pr are losses caused by resistance of the stator windings. The power

dissipated is given by

Pr = R(θm1)(i
2
d + i2q) (8)

where R(θm1) is the per phase resistance of the motor windings at temperature θm1,

and id and iq are components of currents flowing through these winding as described

in Appendix A.

3.2.1.2 Iron Losses

Iron losses occur within the magnetic material of a magnetic circuit. They have two

components: eddy current losses and hysteresis losses. The first empirical equation

to govern iron power losses, proposed by Dr. Steinmetz in 1892, is P = k1B̂
β, where

B̂ is the peak flux density, k1 and β are statistically fitted coefficients to experimental

data.

Eddy Current Losses According to Faraday’s law of electromagnetic induction,

closed path emfs are induced in the stator core because of the rotating magnetic

field in the motor. According to Ampere’s law, these currents will flow in the stator

core in closed paths. They are called eddy currents or Foucault’s currents. Finally,

Lenz’s law suggests that the current flows in a way so as to oppose the magnetic field

producing it. Circulating eddy currents will face resistance and will dissipate energy

14



in the form of heat. Neglecting saturation, eddy current losses in sinusoidally excited

material are given by Pe = k2V f
2τ 2B̂2 [8], where k2 is a constant of proportionality

dependent on characteristics of iron and units used, V is the volume of iron, f is the

frequency, τ is the lamination thickness, and B̂ is peak flux density. We can infer

that Pe ∝ ω2(λ2d + λ2q) where ω is rotor speed, and λd and λq are flux components as

described in Appendix A [4]. Therefore the equation describing eddy current losses

in our motor will be given by

Pe = keω
2(λ2d + λ2q) (9)

where ke is a constant of proportionality dependent on characteristics of iron and units

used, volume of iron, and lamination thickness. However Parker’s catalog claims to

have practically eliminated eddy current losses by using ultra thin lamination in their

motor design [6].

Hysteresis Losses Cyclic energy conversion from one form to another and back to

original form does not give the same amount of energy but less; i.e., some amount of

energy is dissipated or lost as heat. In an electric motor, the changing magnetic field

interacts with stator core which is iron. Iron is a ferromagnetic material i.e. whenever

magnetic field is applied it will get magnetized. But when the field is removed it

retains some of its magnetism. When the magnetic field reverses, extra work has

to be done to overcome the retained magnetism. Hence we need to account for

hysteresis losses in our model. The empirical equation that describes hysteresis losses

is given by Ph = k3V fB̂
n [8], where k3 is a constant of proportionality dependent on

characteristics of iron and units used; V is the volume of iron; f is the frequency; n

is the exponent, usually its value is 2; and B̂ is peak flux density. We can infer that

Ph ∝ ω(λ2d + λ2q). Therefore the equation describing hysteresis losses in our motor
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will be given by

Ph = khω(λ2d + λ2q) (10)

where kh is a constant of proportionality dependent on characteristics of iron and

units used, and volume of iron.

3.2.1.3 Friction Losses

In permanent magnet synchronous motors, mechanical losses are due primarily to

viscous friction and are proportional to ω2 [8]. Therefore they can be modeled by

Pf = kfω
2 (11)

where kf is the constant of proportionality known as the viscous friction coefficient.

3.2.2 Loss Model Validation

We can model total power losses Pt in the permanent magnet synchronous motor by

Pt = R(θm1)(i
2
d + i2q) + keω

2(λ2d + λ2q) + khω(λ2d + λ2q) + kfω
2 (12)

but we need to compute all constants of proportionality.

The datasheet [7] indicates that the phase resistance at 25 ◦C is R25 = 0.009255

ohms. In operation, the phase resistance will be larger due to an increase in temper-

ature. For example, winding temperature under rated conditions is 140 ◦C and the

corresponding phase resistance may be computed to be R140 = 0.0134 ohms using

R(θ1) = R(θ0)(1 + α(θ1 − θ0)) (13)

where α is the temperature coefficient of resistance of copper.

The datasheet also provides data for moving losses with no current flow. In

general, such losses would consist of eddy current losses, hysteresis losses and fric-

tion losses, where the flux that determines iron loss is permanent magnet flux only.
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Datasheet values for moving loss and speed result in following constraint equations

on the coefficients of proportionality:
P1

...

Pn

 =


ω2
1(λ2d,1 + λ2q,1) ω1(λ

2
d,1 + λ2q,1) ω2

1

...
...

...

ω2
n(λ2d,n + λ2q,n) ωn(λ2d,n + λ2q,n) ω2

n



ke

kh

kf


This is a non-negative linear least squares problem, since all constants of propor-

tionality are known to be non-negative from physics. The solution to this problem

is

ke = 0 W·s2·rad−2·Wb−2

kh = 27.453 W·s·rad−1·Wb−2

kf = 0.0024 Nm·s·rad−1

where the zero value of ke is consistent with Parker’s claim to have practically elimi-

nated eddy currents, and the value of kf is consistent with the value of viscous friction

coefficient mentioned in [7]. RMSE for the proposed moving loss model is 13.48 W,

indicating a good fit. Figure 6 shows the modeled moving losses.

3.3 Thermal Modeling

3.3.1 Proposed Model with Network Topology

A simplified sketch of the cross section of our motor is shown in Figure 7. Black

arrows indicate the direction of heat flow by conduction from winding to the stator

core and from the stator core to the cooling jacket. The isothermal surfaces of sig-

nificant interest to us are the winding at a temperature θm1 and the stator core at a

temperature θm2 because these are the major contributors of losses in a permanent

magnet synchronous motor. We do not consider the rotor as a node of interest because

our motor uses Samarium Cobalt as permanent magnet, which has a Curie temper-

ature of around 700 − 800 ◦C. Therefore modeling of rotor temperature variation is

unnecessary.
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Figure 6: Motor moving losses.

Thermal resistance Rm1 will lump the infinite possible heat flow paths between

the winding and the stator core, similarly Rm2 will lump the heat flow paths between

stator core and cooling jacket. Since the winding and stator core have significant

thermal mass and both contribute to losses, they will be associated with a thermal

capacitor Cm1 and Cm2 respectively, and ideal independent heat flow sources P1 and

P2 respectively. The third isothermal surface (node) will be the cooling jacket, which

is assumed to be at a constant temperature with time and this node will be connected

Figure 7: A sketch of heat flow in the motor.
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Figure 8: Proposed motor thermal network.

to an ideal independent temperature source θm3. These observations and inferences

result in the thermal network shown in Figure 8. The state space model describing

the thermal network in Figure 8 is given by (14)θ̇m1

θ̇m2

 =

 −1
Rm1Cm1

1
Rm1Cm1

1
Rm1Cm2

−( 1
Rm1Cm2

+ 1
Rm2Cm2

)


θm1

θm2

+

 1
Cm1

0

0 1
Cm2


P1

P2

+

 0

θm3

Rm2Cm2


(14)

where P1 represents the copper losses, θm1 represents the copper winding tempera-

ture, P2 represents the combination of iron losses and friction losses, θm2 represents

temperature of the stator iron and θm3 represents temperature of the coolant. For

simplicity in computing thermal model parameters, we assume that copper losses do

not change with temperature.

3.3.2 Thermal Model Parameters

3.3.2.1 Thermal Resistance

At steady state, the network in Figure 8 reduces to the network in Figure 9. The

Parker datasheet provides the thermal resistance between winding and coolant i.e.

Rm1

P1

−

+

θm1

Rm2

P2

−

+

θm2

+
−θm3

Figure 9: Motor thermal network at steady state.
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Rm1 +Rm2 = 0.052 ◦C/W, and also provides the thermal resistance between winding

and core i.e. Rm1 = 0.037 ◦C/W [7]. We can compute Rm2 by applying principle of

superposition. The computed value of Rm2 is 0.015 ◦C/W.

3.3.2.2 Thermal Capacitance

The proposed thermal network is linear time invariant. We can capitalize on this fact

and use the definition of eigenvalues for computing the thermal capacitances. The

datasheet provides two time constants. Copper winding time constant τ1 and stator

core time constant τ2 are given as:

τ1 = 150 s

τ2 = 606 s

The eigenvalues will be real and negative:

λ1 =
−1

τ1

λ2 =
−1

τ2

Solving for the eigenvalues of A matrix in (14) by |λI − A| = 0 gives a quadratic

equation in λ with the sum of the roots given by

1

Rm1Cm2

+
1

Rm2Cm2

+
1

Rm1Cm1

= −λ1 − λ2 (15)

and product of the roots given by

1

Rm1Rm2Cm1Cm2

= λ1λ2 (16)

Solving (15) and (16) simultaneously generates

Cm1 = 4903.6 J/◦C

Cm2 = 33401 J/◦C

20



3.3.3 Thermal Model Validation

The motor rated torque at zero speed is 146.56 Nm; the peak torque at zero speed

is 256.82 Nm. The proposed model was coded in MATLAB and simulated for 5000 s

at rated condition to produce a steady-state winding temperature of 140 ◦C. Since

we do not know how Parker computed id and iq to generate their data, we provide

a reasonable strategy in Appendix A in order to obtain the heat flow sources as

previously modeled. The results reported in Table 2 exhibit small errors that may be

due to differences between assumed and implemented excitation strategy.

Table 2: Winding Temperature at Rated Condition
Torque
(Nm)

Speed
(rad/s)

Computed Winding
Temperature (◦C)

Percent
Error

146.37 34.83 137.9 -1.5
144.71 182.87 137.7 -1.64
143.26 261.24 137.7 -1.64
139.35 409.27 137.7 -1.64
121.05 548.6 140.1 0.071
84.5 714.06 139.6 -0.28
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CHAPTER IV

INVERTER THERMAL MODELING

4.1 Introduction

We have purchased SEVCON’s Gen4 Size8 water cooled inverter. The main function

of the inverter is to control power to the permanent magnet synchronous motor present

in our hybrid electric vehicle. The Gen4 Size8 employs a 6 switch IGBT bridge

consisting of 6 transistors and 6 anti-parallel diodes. The inverter is designed with

minimum thermal resistances and with an ability to protect itself if temperatures are

excessive. As end users of this product, we must understand the duration for which

we can push the inverter to its limits without exceeding the temperature constraints.

Intrinsic temperature of a semiconductor is the temperature above which recti-

fication functionality of IGBT switches is lost; i.e., the p-n junction is shorted out

[5]. SEVCON has not provided us with the intrinsic temperature but they have given

the maximum IGBT junction temperature. From experience it is less than the in-

trinsic temperature of an IGBT. Above the maximum IGBT junction temperature,

reliability of the product is not guaranteed by the manufacturer. Hence, it is our

responsibility to develop a thermal model of the inverter to ensure its proper use.

4.2 Loss Modeling

Losses determine heating of the inverter. The principal sources of heat will be switch-

ing losses, conduction losses and quiescent losses. These are discussed in detail below.
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4.2.1 Dissipation Mechanisms

4.2.1.1 Switching Losses

Heat is dissipated in the power semiconductors during the turn on interval, ton, and

the turn off interval, toff . Given the switching frequency, fs, the switching power loss

can be approximated by 1
2
VdcIrmsfs(ton + toff ) [5]. Rewriting the equation we get

Ps = ksVdcIrms (17)

where ks is a proportionality constant dependent on ton, toff and fs. The notation

Vdc and Irms are clarified in Appendix A.

4.2.1.2 Conduction Losses

During operation, inverter leg currents pass through either power transistors or power

diodes. Transistor conduction losses can be approximated with on state zero current

collector emitter voltage and collector emitter on state resistance. Similarly, diode

conduction losses can be approximated by a forward voltage drop and an on state

resistance. Therefore, we can model the conduction losses by

Pc = kc1Irms + kc2I
2
rms (18)

where kc1 is dependent on the transistor’s on state zero current collector emitter

voltage and the diode’s forward voltage drop, while kc2 depends on the on state

resistances of the transistor and its anti-parallel diode.

4.2.1.3 Quiescent Losses

The inverter draws power under no load and no switching but enabled condition.

These losses are the quiescent power losses and are given by

Pq = ko (19)

where ko is the quiescent power consumption of the inverter.
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4.2.2 Loss Model Validation

We can model total power loss P in the inverter by

P = ko + ksVdcIrms + kc1Irms + kc2I
2
rms (20)

but we need to compute all constants of proportionality.

The SEVCON Gen4 Size8 application note provides losses at various currents for

a bus voltage of 175 V and 300 V [10]; our application uses a bus voltage of 350

V. These values result in the following constraint equations on the coefficients of

proportionality:


P1

...

Pn

 =


1 VdcIrms,1 Irms,1 I2rms,1
...

...
...

...

1 VdcIrms,n Irms,n I2rms,n





ko

ks

kc1

kc2


This is a non-negative linear least squares problem, since all constants of propor-

tionality are known to be non-negative from physics. The solution to this problem

is

ko = 29.7208 W

ks = 0.013

kc1 = 1.7095 V

kc2 = 0.0147 ohms

RMSE for the proposed inverter power loss model is 10.17 W, indicating a good

fit. Figure 10 shows the modeled inverter power losses at a bus voltage of 350 Vdc,

300 Vdc and 175 Vdc.
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Figure 10: Inverter losses at 350 Vdc.

Figure 11: A sketch of heat flow in the inverter.

4.3 Thermal Modeling

4.3.1 Proposed Model with Network Topology

A simplified sketch of the inverter is shown in Figure 11. The black arrows indicate

the flow of heat from the device junction to the coolant via the cooling plate. The

isothermal surfaces of interest to us are the device junction at temperature θi1, the

cooling plate at temperature θi2, and the coolant at temperature θi3. We assume

negligible thermal mass of the power transistor and its anti-parallel diode. The only

significant contribution to the thermal mass is made by the cooling plate, therefore,

the cooling plate is associated with a thermal capacitor Ci. Since the only source of
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Figure 12: Proposed inverter thermal network.

loss is the power transistor and its anti-parallel diode, we associate an ideal indepen-

dent heat flow source with the device junction node. The third node, which is the

coolant, is assumed to be at a constant inlet temperature, therefore, it is connected to

an ideal independent temperature source. A thermal resistance Ri1 will lump the heat

flow paths between the device junction and the cooling plate, while thermal resistance

Ri2 will lump the heat flow paths between the cooling plate and the coolant. These

observations, assumptions and inferences result in the thermal network in Figure 12.

Equation (21) describes the proposed inverter thermal model

θ̇i2 =
Ri2P − θi2 + θi3

CiRi2

(21)

where P is the sum of switching losses, conduction losses and quiescent losses.

4.3.2 Thermal Model Parameters

4.3.2.1 Thermal Resistance

At steady state the proposed inverter thermal network reduces to the network in

Figure 13. The SEVCON application note gives the value of Ri2 at a flow rate of

2.5 lpm. In the context of the steady state thermal network, the operating condition

described by the current flow of 257 Arms, and bus voltage of 300 Vdc, results in the

variables assuming the values of

θi1 = 145 ◦C

P = 2448.1 W
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Figure 13: Inverter thermal network at steady state.

while the constants in the steady state thermal network have the values of

θi3 = 65 ◦C

Ri2 = 0.0186 ◦C/W

From the available information we can compute θi2 by:

θi2 = Ri2P + θi3 = 110.53 ◦C

Finally, Ri1 can be calculated by:

Ri1 =
θi1 − θi2

P
= 0.014 ◦C/W

4.3.2.2 Thermal Capacitance

The SEVCON Gen4 Size8 application note specifies that the inverter can be op-

erated at a current flow of 300 Arms, bus voltage of 300 Vdc and a flow rate of

2.5 lpm for 120 s. This implies that at 120 s, the device junction temperature will

be θi1 = 145 ◦C. The power loss in the inverter at 300 Vdc and 300 Arms will be

P = 3038.3 W. With this knowledge, we can calculate thermal capacitance Ci from

(22):

θi1 = Ri1P + θi3 +Ri2P (1− e
−t

Ri2Ci ) (22)

The computed value of thermal capacitance is Ci = 5935.2 J/◦C. The cooling plate ar-

rangement is made of aluminum. Aluminum has a specific heat capacity of 900 J/kgK.

We can compute the mass of the cooling plate using the relation m = Ci

cp
= 6.6 kg,

which is less than the mass of the inverter 10 kg. This is a simple reality check.
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Table 3: Model Predicted Junction Temperature at 300 Vdc
Current
(Arms)

Simulation
Time (s)

Computed
Junction
Tempera-
ture (◦C)

Percent
Error

190 3000 118 -
257 3000 144.61 -0.27
300 120 144.84 -0.11
400 10 136.53 -5.8

Table 4: Model Predicted Junction Temperature at 175 Vdc
Current
(Arms)

Simulation
Time (s)

Computed
Junction
Tempera-
ture (◦C)

Percent
Error

220 3000 117.74 -
292 3000 144.75 -0.17
300 200 140.31 -3.23
400 45 145.05 0.03

4.3.3 Thermal Model Validation

The proposed model was coded in MATLAB and simulated for the time constraints

mentioned in the application note. Table 3 and Table 4 show computed junction

temperature for a bus voltage of 300 Vdc and 175 Vdc respectively. We were able to

develop a reasonable inverter thermal model given the limited data from the manu-

facturer.
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CHAPTER V

CONCLUSION

In this thesis we not only explained the basics of heat transfer, thermal modeling and

losses, but also applied these concepts to develop thermal model for the permanent

magnet synchronous motor and the inverter. We estimated the power losses in the

motor and the inverter, and fed them into the thermal models to simulate average

temperature rises of critical components.

5.1 General Conclusions

1. Motor and inverter thermal models provide an effective and efficient way to

estimate average temperature rises via simulations. They can aid the selec-

tion process of a motor and an inverter, and form an integral part of on line

temperature estimation scheme.

2. The procedure developed to model the motor power losses and the inverter

power losses is simple yet generic. The power loss models are completely scal-

able.

3. The motor and inverter thermal model will vary according to the purpose and

objective of the designer. However, the procedure used to develop the lumped

parameter thermal models is standard and effective.

5.2 Specific Conclusions

1. GVM 210-150P uses Samarium Cobalt based permanent magnets. If the mag-

nets were not made of high temperature rare earth based materials, then it

would have been imperative to simulate rotor temperature rise.
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2. We are confident that at rated conditions the motor can be operated indefinitely,

but it would be interesting to know if the inverter limits the motor operation

at rated condition or not. Secondly, we could also figure out whether the in-

verter or the motor limits the ensemble level operation at higher torques. For

the interpretations to make sense, it is necessary to mention the operating con-

ditions. The motor operating conditions are: bus voltage of 350 Vdc, coolant

flow rate of 5 lpm and coolant temperature of 60 ◦C; the inverter operating

conditions are: bus voltage of 350 Vdc, coolant flow rate of 2.5 lpm and coolant

temperature of 65 ◦C. Table 5 shows the time to reach critical temperature in

the motor and the inverter at various torque and speed values. As we increase

the requested torque to values closer to the peak torque, we can observe that

the inverter is the limiting component. We would also like to remind that the

strategy described in Appendix A to select motor currents does not account

for magnetic saturation, hence, at torque values closer to the peak torque, the

time required to reach critical winding temperature would occur earlier than

predicted.

3. The SEVCON application note mentions that the long term rating of the in-

verter will be limited by DC link capacitor temperature. Therefore, we can

conclude that at an ensemble level, the inverter will be a limiting component in

our application.

4. Our team has decided to operate the inverter at a coolant flow rate of 5 lpm.

Therefore, we could expect a better performance from the inverter than reported

in Table 5.

5.3 Recommendations for Further Research

Next logical step in this direction would be to improve the inverter thermal model;

i.e., collect more useful data and compute thermal resistance of the cooling plate
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Table 5: Time to Reach Critical Temperatures
Torque
(Nm)

Speed
(rad/s)

Current
(Arms)

Time to crit-
ical junction
temperature(◦C)

Time to crit-
ical winding
temperature(◦C)

146.37 34.83 193.2 Indefinite Indefinite
121.05 548.6 180.5 Indefinite Indefinite
200 300 264 200 278
255.83 200.28 337 53 130

of the inverter at 5 lpm. The motor and inverter thermal model can be integrated

in a Simscape based motor torque control simulation to adjust requested torque in

response to temperature rise. Also these models can be part of an on line temperature

estimation scheme.
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APPENDIX A

SOME THEORETICAL RESULTS

A.1 Voltage Limits

Our motor is WYE connected. Assume converter leg voltages vA, vB and vC . Given

the source imposed physical limitations on converter leg voltages:

0 ≤ vA ≤ Vdc

0 ≤ vB ≤ Vdc

0 ≤ vC ≤ Vdc

The maximum length of the dq voltage vector is given by [9]:

Vmax =

√
3

8
Vdc

where Vdc is the bus voltage of the inverter. This result is derived assuming sine

triangle modulation, however, SEVCON uses space vector modulation which results

in a more favorable bus voltage utilization.

A.2 Current Limits

Assume converter leg currents iA, iB and iC . Given the physical limitations on con-

verter leg currents due to the maximum allowable current permitted to flow through

the switches

|iA| ≤ Ileg,max

|iB| ≤ Ileg,max

|iC | ≤ Ileg,max
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where Ileg,max is the maximum leg current. The maximum length of the dq current

vector is given by [9]:

Imax =

√
3

2
Ileg,max

A.3 Torque Control

If a requested torque is strictly less than the capability limit at the given speed, then

there will be an infinite number of current vectors that achieve the requested torque.

Therefore, a rule for selecting dq current components must be established. Here the

focus will be on minimizing copper losses, and the rule is sometimes referred to as

MTPA or maximum torque per amp [9].

Reference

Current

Selector

Tref

ω

iq,ref

id,ref

Since torque depends on q-axis current but not d-axis current, the rule for selecting

an appropriate reference value for q-axis current is straightforward:

iq,ref =
Tref
ΛN

.

where Λ =
√

3
2
Λm and Λm is the maximum value of permanent magnet flux, and

N is number of pole pairs. The rule for selecting an appropriate reference value for

d-axis current involves two cases, low-speed operation where flux weakening is not

needed, and high-speed operation where flux weakening is needed. These two cases

are expressed by

id,ref =


0 , ω ≤ ω0,ref

−Λ

L
+

√(
Vmax

NωL

)2

− i2q,ref , otherwise

where L is the effective inductance, and ω0,ref is given by

ω0,ref =
Vmax

N
√

Λ2 + L2i2q,ref

.
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The threshold speed ω0,ref is defined such that continuity is imposed at id,ref = 0.

A.4 RMS Inverter Leg Current

We have used MTPA to compute motor currents id and iq. The rms value of current

through an inverter leg will be given by [9]:

Irms =

√
i2d + i2q
√

3
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APPENDIX B

LISTINGS OF MATLAB PROGRAMS

B.1 Code for Motor Thermal Model

1 % Motor Thermal Model

2 % User Inputs : Torque ( Tref ) and Speed ( wref )

3 % Inputs f o r s c a l a b i l i t y : Battery Voltage (Vdc) and I n i t i a l Temperatures

4 % For motor opera t i on both below and above base speed

5 % Outputs : Winding Temperature and Case Temperature

6

7 c l c

8 c l o s e a l l

9 c l e a r a l l

10

11 %% Motor and Inv e r t e r E l e c t r i c a l Parameters

12 R=0.009255; % Winding r e s i s t a n c e in ohms

13 L=1.37∗10ˆ−4; % Winding inductance in henry

14 lambda=0.0729; % Permanent mgnet f l u x l i nkage in V/rad/ s

15 N=6; % Pole pa i r s

16 Vdc=350; % Nominal bat te ry vo l tage

17 ILegMax=400∗ s q r t (2 ) ; % Maximum current a l lowed through i n v e r t e r l e g

18

19 %% Motor Thermal Network Parameters

20 % Thermal Res i s t ance s (Rth) in degree C/W

21 R1=0.037; %Rth between winding and case

22 R2=0.015; %Rth between case and coo lant

23 % Thermal Capacitances (Cth ) in J/ degree K

24 C1=4903.6; %Cth o f winding

25 C2=33401; %Cth o f case
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26 % Heat Sources in W

27 P1=0; %i n i t a l i z e d Copper Losses

28 P2=0; %i n i t a l i z e d Moving Losses

29

30 %% Enter the torque @ motor sha f t (Nm) and ro to r speed ( rad/ s )

31 Tref=input ( ’ Enter the torque in N−m : ’ ) ;

32 wref=input ( ’ Enter the speed o f the ro to r sha f t in rad/ s : ’ ) ;

33

34 t i c

35 %% Compute id and iq us ing Maximum Torque Per Ampere (MTPA)

36 Vmax=sq r t (3/8) ∗Vdc ;

37 Imax=sq r t (3/2) ∗ILegMax ;

38 % q ax i s r e f e r e n c e cu r r en t s

39 I q r e f=Tref /(N∗ lambda ) ;

40 % In f l u en c e o f cur r ent l im i t s

41 i f ( I q r e f ˆ2<Imaxˆ2)

42 di sp ( ’ Currents computed are va l i d ’ )

43 end

44 % In f l u en c e o f vo l t age l im i t

45 wmaxref=Vmax/(N∗L∗ I q r e f ) ;

46 % Onset o f f l u x weakening

47 w0ref=Vmax/(N∗ s q r t ( lambdaˆ2+Lˆ2∗ I q r e f ˆ2) ) ;

48 % d ax i s r e f e r e n c e cu r r en t s

49 i f ( wref < w0ref )

50 I d r e f =0;

51 e l s e

52 I d r e f=(−lambda/L)+sq r t ( (Vmax/(N∗wref ∗L) )ˆ2− I q r e f ˆ2) ;

53 end

54

55 %% Thermal model

56 % I n i t i a l i z i n g temperature v a r a i b l e s

57 theta3=60; % Maximum coo lant i n l e t temperature in degree C
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58 theta1 (1 )=theta3 ; % I n i t i a l winding temperature

59 theta2 (1 )=theta3 ; % I n i t i a l case temperature

60 % The 2 node system

61 h=1; % Step s i z e in seconds

62 t =3000; % Total s imu la t i on time

63 % Losses

64 ke=0; % Eddy l o s s e s constant o f p r opo r t i o n a l i t y

65 kh=27.453; % Hys t e r e s i s l o s s e s constant o f p r opo r t i o n a l i t y

66 kf =0.0024; % Fr i c t i on l o s s e s constant o f p r opo r t i o n a l i t y

67 P2=ke ∗( wref ˆ2∗ ( (L∗ I d r e f+lambda ) ˆ2+(L∗ I q r e f ) ˆ2) )+kh∗wref ∗ ( (L∗ I d r e f+lambda

) ˆ2+(L∗ I q r e f ) ˆ2)+kf ∗wref ˆ2 ;

68 % Euler i t e r a t i o n s

69 f o r i =1:1 : t

70 P1=R∗(1+3.93∗10ˆ−3∗( theta1 ( i )−25) ) ∗( I d r e f ˆ2+ I q r e f ˆ2) ; %copper l o s s e s

71 w slope ( i )=(P1/C1)−( theta1 ( i ) /(C1∗R1) )+(theta2 ( i ) /(C1∗R1) ) ;

72 theta1 ( i +1)=theta1 ( i )+h∗( w s lope ( i ) ) ;

73

74 c s l o p e ( i )=(P2/C2)+(theta1 ( i ) /(C2∗R1) )−( theta2 ( i ) /(C2∗R1) )−( theta2 ( i

) /(C2∗R2) )+(theta3 /(C2∗R2) ) ;

75 theta2 ( i +1)=theta2 ( i )+h∗( c s l o p e ( i ) ) ;

76

77 end

78

79 toc

80

81 f i g u r e (1 )

82 p lo t ( 1 : t , theta2 ( 1 : t ) )

83 t i t l e ( ’ Aggregated case temperature ’ )

84 x l ab e l ( ’ time in seconds ’ )

85 y l ab e l ( ’ Temperature in degree C ’ )

86 f i g u r e (2 )

87 p lo t ( 1 : t , theta1 ( 1 : t ) )
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88 t i t l e ( ’ Aggregated winding temperature ’ )

89 x l ab e l ( ’ time in seconds ’ )

90 y l ab e l ( ’ Temperature in degree C ’ )

B.2 Code for Inverter Thermal Model

1 % Inve r t e r Thermal Model

2 % User Inputs : Torque ( Tref ) and Speed ( wref )

3 % Inputs f o r s c a l a b i l i t y : Battery Voltage (Vdc) and I n i t i a l Temperatures

4 % For motor opera t i on both below and above base speed

5 % Outputs : Junct ion Temperature and Cool ing p l a t e Temperature

6

7 c l c

8 c l e a r a l l

9 c l o s e a l l

10

11 %% Motor and Inv e r t e r E l e c t r i c a l Parameters

12 Rs=0.009255; % Winding r e s i s t a n c e in ohms

13 L=1.37∗10ˆ−4; % Winding inductance in henry

14 lambda=0.0729; % Permanent mgnet f l u x l i nkage in V/rad/ s

15 N=6; % Pole pa i r s

16 Vdc=350; % Nominal bat te ry vo l tage

17 ILegMax=400∗ s q r t (2 ) ; % Maximum current a l lowed through i n v e r t e r l e g

18

19 % Inve r t e r Thermal Network Parameter

20 %Thermal Res i s t ance s (Rth) in degree C/W

21 R1=0.014; %Rth between junc t i on and heat s ink / basep l a t e

22 R2=0.0186; %Rth between heat s ink / basep l a t e and coo l i n g j a ck e t

23 %Thermal Capacitances (Cth ) in J/ degree K

24 C1=5935.2; %Cth o f ba s ep l a t e / heat s ink

25 %Heat Sources in W

26 P1=0; %Losses in IGBTs

27

28 %% Enter the torque @ sha f t (N−m) and ro to r speed ( rad/ s )
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29 Tref=input ( ’ Enter the torque in N−m : ’ ) ;

30 wref=input ( ’ Enter the speed o f the ro to r sha f t in rad/ s : ’ ) ;

31

32 t i c

33 %% Compute id and iq us ing Maximum Torque Per Ampere (MTPA)

34 Vmax=sq r t (3/8) ∗Vdc ;

35 Imax=sq r t (3/2) ∗ILegMax ;

36 % q ax i s r e f e r e n c e cu r r en t s

37 I q r e f=Tref /(N∗ lambda ) ;

38 % In f l u en c e o f cur r ent l im i t s

39 i f ( I q r e f ˆ2<Imaxˆ2)

40 di sp ( ’ Currents computed are va l i d ’ )

41 end

42 % In f l u en c e o f vo l t age l im i t

43 wmaxref=Vmax/(N∗L∗ I q r e f ) ;

44 % Onset o f f l u x weakening

45 w0ref=Vmax/(N∗ s q r t ( lambdaˆ2+Lˆ2∗ I q r e f ˆ2) ) ;

46 % d ax i s r e f e r e n c e cu r r en t s

47 i f ( wref < w0ref )

48 I d r e f =0;

49 e l s e

50 I d r e f=(−lambda/L)+sq r t ( (Vmax/(N∗wref ∗L) )ˆ2− I q r e f ˆ2) ;

51 end

52

53 % Thermal Model

54 %I n i t i a l i z i n g temperature v a r a i b l e s

55 theta3=65; % Maximum coo lant i n l e t temperature in degree C

56 theta2 (1 ) =65; % i n i t i a l heat s ink temperature

57 theta1=65; % i n i t i a l j unc t i on temperature

58 %The 2 node system

59 h=1; % Step s i z e in seconds

60 t =3000; % Total s imu la t i on time
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61 %IGBT l o s s e s

62 ko=29.7208;

63 ks =0.013;

64 kc1=1.7095;

65 kc2=0.0147;

66 I e f f=sq r t ( ( I d r e f ˆ2+ I q r e f ˆ2) /3) ;

67 P1=ko+ks∗Vdc∗ I e f f+kc1∗ I e f f+kc2∗ I e f f ˆ2 ;

68 %Euler i t e r a t i o n s

69 f o r i =1:1 : t

70 h s l ope ( i )=(P1/C1)−( theta2 ( i )−theta3 ) /(R2∗C1) ;

71 theta2 ( i +1)=theta2 ( i )+h∗( h s l ope ( i ) ) ;

72 end

73

74 toc

75

76 theta1=R1∗P1+theta2 ( i ) ;

77 f i g u r e (1 )

78 p lo t ( 1 : t , theta2 ( 1 : t ) )

79 t i t l e ( ’ Aggregated heat s ink p lus ba s ep la t e temperature ’ )

80 x l ab e l ( ’ time in seconds ’ )

81 y l ab e l ( ’ Temperature in degree C ’ )
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