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Abstract :

In this paper, an integrated multi-physics approach has been developed for the simulation of
switched reluctance based drivetrain systems. Two methods are presented - one concerning
the NVH modeling of such a motor, while the other focuses on a multi-scale thermal model
of an electric vehicle. Both methods stem from a detailed functional model of the switched
reluctance motor, which is then used as the main base for the thermal and NVH modeling
cases. The main objective is to present the design process of both methods and to show
how such a method can be used as a vehicle integration tool. Two simulation examples are
shown, one for the NVH aspects and the other for the energy management system, to

illustrate the capabilities of the methods.
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1. Introduction

With the electrification of road vehicles, several new design engineering challenges emerge.
New components and subsystems such as battery and electric drive systems are introduced and
performance parameters such as energy consumption get a new meaning because of the
intrinsic range implications. The specific nature of these components and their vehicle integration
requirements imposes to critically investigate the design engineering process itself and explore
new tools and approaches. In the present paper, such approach is illustrated for the specific
case of the design and vehicle integration of a Switched-Reluctance (SR) electric motor. Such
SR-based drive systems gain interest because of their robust and low-cost designs and the
absence of the need of rare earth materials. To develop such motors, it is a prerequisite to take
into account from the start not only component performance specifications, but also the vehicle
integration and vehicle performance requirements.

A multilevel modeling approach is proposed and illustrated for both a full electric vehicle (FEV)
and a hybrid electric vehicle (HEV) integration case. The model starts from a detailed functional
(1-D) motor model, the parameters of which are determined from an electromagnetic finite
element model of rotor and stator at various positions. This detailed 1-D model allows quantifying
torque and torque ripple, currents, efficiency and various types of losses. It forms the basis for
the motor design and the development of the motor controller.

To determine requirements of the motor on vehicle level, a computationally efficient behavioral
motor model is derived. This model computes the average functional characteristics such as
torque, rpm and current but also the heat production and temperature distribution of the motor. It
is integrated in a complete vehicle model that includes other components of the powertrain such
as the battery, a combustion engine in case of a HEV, and also other energy consumers and
heat producers, like HVAC, the inverter, and cabin thermal models. In this way, driving cycles
and scenarios can be simulated such that a global power consumption prediction can be
performed, cooling systems can be designed and typical motor operating conditions can be
derived. The same detailed functional model can also be used to calculate the phase currents
which, using an electromagnetic FEM model, yield the radial stator forces at each rotor position
(and time step). After transformation to the frequency domain and application to a structural
model, surface accelerations and hence acoustic contributions can be calculated, leading to a
noise, vibration and harshness (NVH) model. The result of the thus defined modeling approach
is that design parameters for the motor, the cooling system and the motor control can be linked
to multiple vehicle performance parameters. The paper will focus on the workflow and critical
design issues and show key simulation results. Vehicle integration validation tests will be
performed as a next step but are not part of this paper which focuses on the virtual powertrain

approach to design the motor and controls.

2. Introduction

2.1 THE SWITCHED RELUCTANCE MOTOR
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The switched reluctance motor (SRM) is a type of synchronous machine, but with particular
features - the stator windings make use of field coils, but no coil or magnetic material is present
on the rotor. The motor works by energizing two opposing stator poles, generating a magnetic
field. This magnetic field forces the rotation of the closest rotor poles to the position of minimum
reluctance, aligning them to the stator poles. Figures 1(a) and 1(b) show the energizing and
alignment of the stator and rotor poles. By energizing consecutive stator poles, continuous
rotation is generated on the rotor. The SRM functionality and modeling is thoroughly explained in
[1]. The switched reluctance motors are usually referred to by their number of stator and rotor

poles - hence, Figures 1(a) and 1(b) represent an 8/6 SRM (8 stator poles and 6 rotor poles).
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Figure 1: Switched reluctance motor functionality

The way that each phase is energized, also referred to as turn-on and turn-off angles or firing
angles, is an important part of the motor activation. The proper synchronization of the phase
currents with the rotor position minimizes torque ripple [2] and helps reduce current peaks and
consequently copper losses. A multi-physics modeling approach was used to create a simulation
model of a 12/8 SRM to be used in an integration case for both FEV and HEV systems, relating
to the vehicle thermal management and NVH properties. Figure 2 shows the workflow of the
modeling process, that stems from the electromagnetic motor model, that is used to create a 1D
functional model. This functional model can then be used in two different ways - acoustic
properties prediction or vehicle thermal model. The next sections will be dedicated to explaining
in more detail the whole process.

2.1.1 Motor Functional Model Design
The switched reluctance motor is a non-linear system mainly due to the non-linear inductance
profile, leading to a non-linear torque equation [3]. There are solutions available for the analytical
modeling of the SRM [4], [5], but a more detailed and precise model can be obtained by the use
of look-up tables containing the non-linear inductance profile and other important magnetic
characteristics (on [6], there is a good comparison between linearized models, non-linear
analytical models and models using look-up tables). Look-up tables gave the best results overall
and for this reason they were chosen as the method to represent the 1D 12/8 SRM system.
To obtain the magnetic characteristics for this virtual model, an electromagnetic finite element

model was used [7]. This model uses the stator and rotor geometry (Figure 3(a)) and material
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magnetic properties, as well as the coil characteristics such as the number of wire turns, to
obtain the steady state system response (Figure 3(b)), from which magnetic flux and torque can
be extracted for a given rotor angular position and current. If this calculation is carried out

for different rotor angles and/or currents, new flux and torque values are obtained.

This procedure can then be repeated multiple times to obtain flux and torque data for a discrete
range of current and rotor position values that cover the whole operating range of the SRM [8, 9].
Figures 4(a) and 4(b) represent the torque and flux linkage (magnetic flux) data obtained from
this kind of procedure - the O- position represents the rotor tooth when it starts been affected by
the magnetic field, while at 22.5- the rotor tooth is fully aligned with the stator tooth and the 45-
position is when the rotor tooth stops being under the influence of that magnetic field. Since each
phase individually has the same behavior for a given current and relative rotor position value and
assuming that magnetic flux superposition is true for all cases, the look-up table data can be
extracted only for a single phase and be replicated for the other phases.

PN NN I NN I NN NN I NN NN NN I AN NN NN SN NN EEEEE

Behavioral

Vehicle thermal
thermal model :> model <:1,,:|

Cooling
design

Motor EM
Design

NN EEEEEEEEEEIEEEEEEEEE
Lesssmssnsanssnsnnsnnnnnn

U

parameters

EM-FEM 1D functional
|:> motor model <:I

motor model

Stator NVH

EM FEM
motor model |:> FEM model :> model

Controls
design

Motor structural
design

Figure 2: Multiscale SR motor model for full vehicle integration
For this paper, JIMAG software is used [10] which is used to generated the look-up tables. Once
the look-up tables are obtained through consecutive finite element simulations, the complete
functional model can be implemented. This model has the SRM and its look-up tables, but is
complemented by the possibility of adding controls, power electronics, loads, activation angles
and losses model. The 1-D functional model was developed in the software LMS Imagine.Lab
AMESim [11], [12]. AMESim is a 1-D multi-domain simulation software that allows
for interactions between mechanical and electrical domains and is very suitable for the
simulation of FEV and HEV, integrating different physical domains. Figure 5 shows the 12/8

SRM system with 3 half-bridge converters and activation angle control.
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(a) 12/8 SR;ul Geometry (b) 1218 Sﬁl"ﬂ'l flux plot

Figure 3: SRM electro-magnetic finite element modeling - (a) stator and rotor geometry; (b)

magnetic flux plot
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(a) Phase torque in function of rotor angle and current - the | (b) Flux linkage in function of current and rotor angle - the
different lines represent current values going from 0 to 205 | curves represent the phase angles ranging from 0 to 45

Amperes degrees

Figure 4: Torque and flux plots for a single phase of the 12/8 SRM calculated by JIMAG
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Figure 5: 1-D functional model of a 12/8 SRM with half-bridge converters and controlled firing

angles from LMS Imagine.Lab

2.2 NVH Model
The acoustic analysis and noise contribution of the electric motors on FEV’s and HEV's is the

subject of many concerns in the automotive industry [13], [14]. For this reason, it is very
important to predict the acoustic properties of the vehicle as early as possible in the design
phase. The dominant cause of noise generated from the electric motors is considered to be the
stator vibrations caused by radial forces [15], [16]. The radial magnetic forces in the air gap
between rotor and stator teeth excite vibrations that are transferred through the structure to the
external surface of the motor and through the air. Basically, the SRM noise prediction can be
divided in 3 consecutive parts:

« calculation of stator radial forces;

e vibration or structure-borne transmission of the forces;

* noise generation.

A method was established to predict the acoustic contribution of an SRM by going through these
3 steps. By using the detailed 1-D model described in section 3.1.1, it is possible to calculate the
phase currents and motor rotor position of a given working or load condition. This data can be

used in JMAG to determine the magnetic forces in the air gap that act on the stator. The
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magnetic forces acting on the stator teeth are surface density and volume density magnetic
forces, but the latter can be neglected with respect to the surface forces [17]. This procedure can
be usually done for only one full rotation, given that the motor is working on steady state
conditions. The calculated forces are then divided into x and y directions and are transformed to
the frequency domain.

Subsequently, the structural modes of the stator are calculated by means of the finite element
method, NASTRAN in this case. Figure 6 shows some structural vibration modes of the 12/8
SRM stator. These vibration modes are used together with the magnetic forces generated
previously to calculate a modal-based forced response, which consists of the surface
accelerations of the stator based on the magnetic forces excitation. Finally, the calculated
accelerations are the boundary conditions to be used with the FEM AML direct method, used for

exterior problems.
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FIGURE 6: structural modes of stator
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FIGURE 7: Acoustic model of the system

The whole process of the acoustic prediction methodology is shown on Figure 8. Each step of
the method also shows the system inputs that can be modified, to check for improvements in the
final results. In the first step, the most important inputs are the material and coil magnetic
properties, as well as the stator and rotor geometry. For the 1-D simulation, the most important
parameters are the different control strategies that can be implemented, together with different
load conditions and/or operation cycles. The third step of the process is where the force
calculations take place, and on the last part of the process, the most important inputs are the
structural properties of the motor stator, which can affect directly the sound pressure levels

around the motor.
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Figure 8: process view

3.3 Behavioral Motor Model and Energy Management

The investigation and simulation of the global energy consumption of the FEV’s and HEV's is an
important stage in the development of these vehicles [18]. By estimating the different system
losses it is possible to dimension adequately the vehicle’s systems, such as motor and cabin
cooling or battery power consumption, based on the operating conditions [19]. Similarly, the
vehicle powertrain characteristics can be evaluated before prototyping, based on suitable driving
cycle scenarios [20].

To be able to obtain a computationally efficient simulation system that is able to compute the
global energy flow, a simpler motor model has to be used, that is able to provide the simulation
with just the necessary data needed for the losses computations. This behavioural model
contains data that can be extracted from a more detailed motor model, such as the one
described in section 2.1.1, or from real measurements. Three look-up tables are used in this
simpler model:

« Maximum motor torque in function of input voltage, rotary velocity and temperature

« Maximum generator torque in function of input voltage, rotary velocity and temperature

 Motor losses in function of torque, rotary velocity and temperature

The tables containing the maximum motor and generator torque can easily be obtained using the
detailed functional model (as in Figure 5), by running it under different conditions - rotary velocity,
input voltage and temperature. Then the average torque is extracted from the system and the
tables can be created. To obtain the losses table, a submodel that can compute the motor losses
was created. This submodel divides the losses in 3 different types - copper losses, core losses
and mechanical losses [21]. Copper losses are generated when the current goes through the coil,
iron losses are related to the magnetic flux that passes through iron (stator and rotor)

and mechanical losses are generated from friction. The losses table is computed in function of
the motor torque and rotary velocity, as well as temperature, since it also affects energy losses,
specially due to the coil resistance change with temperature.

Thereafter the 3 tables can be utilized in the SRM behavioral model that is included in a global
electric vehicle system specially designed to verify the system’s energy flow. The complete
energy flow model of this electric vehicle is seen on Figure 9. The system, which is a global EV
model, can be basically divided in 7 parts:

* Driver

« Vehicle

4 - 10
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« Switched reluctance motor
* SRM thermal model
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Energy Flow in an Electric Car using SRM
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Figure 9: AMESIm model of an electric vehicle with energy flow management

The Driver, ECU and Vehicle subsystems are used to simulate braking and acceleration
commands, as well as simple translational dynamics for the whole vehicle, given a constant load.
The Vehicle subsystem also includes an air-conditioning model that is able to regulate the cabin
temperature. Benchmark driving cycles consisting of input velocities are used to simulate
different operating conditions. The switched reluctance motor and its thermal subsystems -
inverter, battery and the SRM itself - are used to compute the temperature and energy losses in
the different component parts. To model the temperature distribution in the SRM, a lumped
thermal model of the SRM was used. This model uses a thermal equivalent circuit to model the
temperature distribution in the motor. The motor is divided into several thermal parts: frame,
stator yoke, stator teeth, rotor core, rotor teeth, coil windings and lateral windings, axial shatft,

bearings, internal air and air gap [22]. The whole thermal network is shown on Figure 10.

4 -11
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Internal air
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Figure 10: SRM thermal network
The thermal component of the SRM also allows for the cooling system to be connected to it.
There are two inputs that are connected directly to the frame and stator yoke, in a way that a
thermal network representing the cooling system can be created, based on a given geometry,
and its effect on the motor temperature can be visualized on the motor itself. The inverter losses
are modeled as a half-bridge with two types of components - diodes and transistors - and the
losses are also divided into two types - conduction and switching losses [23]. By using the motor
rotational velocity as input, the switching losses are calculated, and the conduction losses are
calculated based on peak and average current values.
Losses on the battery are estimated with a model that takes into account the internal resistance
of the battery, as well as the open circuit voltage. This model uses two look-up tables that
represent one cell of the battery, the first table containing the open circuit voltage in function of
the temperature and depth of discharge and the other containing the internal resistance in
function of temperature and depth of discharge. This data can also be obtained experimentally to
ensure good simulation precision.
2.4 SIMULATION EXAMPLES
Two simulations were carried out to verify both the NVH model of the SRM and the vehicle
thermal model of the electric vehicle.
2.4.1 Acoustic Analysis
Following the procedure described in section 2.2, an acoustic prediction of the SRM was carried
out for two working conditions, to evaluate the simulation method. The firing angles are very
important in the SRM with respect to maximum and minimum current, as well as torque
production and for this reason they were chosen as parameters to be investigated, to evaluate
their effect on the sound pressure levels produced by the motor. The two cases chosen were:
firing angles optimized to maximize torque and firing angles optimized to maximize torque and
minimize mean current levels. The objective was to evaluate if, by minimizing the coil current, a
significant improvement on the acoustic quality of the SRM would be seen, due to the reduction
of the magnetic field amplitude generated by the coil, leading to the decrease of the forces
exciting the stator teeth. The parameters used for the 1-D and 3-D simulations are shown on
Table 1. To control the torque generated by the motor, a simple PI controller was used, and the

chosen rotary velocity was guaranteed by attaching an auxiliary motor to the SRM shaft.

4 - 12
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Table 1: Acoustic Simulation Specifications

Parameter Value

Rotating velocity 6000 rpm
Torque 30 Nm
Minimum Frequency 200 Hz
Maximum frequency 3500 Hz

The sound prediction method used, as described in section 2.2 was the FEM method using AML
for the radiation. This method allows for the use of field point meshes, that let the system’s
response be visualized at that specific location. On Figure 11, the sound pressure levels of the
two simulation cases is shown for a planar field point mesh of 1.2m by 1.2m at 1604 Hz.

To better visualize the acoustic response over the whole frequency range, a spherical field point
mesh was used to obtain the acoustic power on all points around the stator and an average
value of the surrounding pressure levels is computed for each frequency. The resulting graph is
shown on Figure 12, where the acoustic power responses of both simulations are shown.

The simulation results show a clear difference between the acoustic properties on the two cases.
The minimization of the current has an important effect on the acoustic power response of the
SRM. However, on some frequency ranges the system with current minimization has higher

acoustic power levels. This happens because the current levels at that particular frequency band

are higher, even though the mean current levels are lower for that case.

(a) Sound pressure levels for the SRM on a planar field (b) Sound pressure levels for the SRM on a planar field
point mesh - system with torque maximization point mesh -system with torque maximization and current

minimization

Figure 11: Comparison of the sound pressure levels of the two simulation cases at 1604 Hz - (a)
SRM with firing angle optimization with regards to torque (b) SRM with firing angle optimization

with regards to torque and current

4 - 13
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Figure 12: Comparison of the acoustic power response of a 12/8 SRM at 6000 RPM and 30 Nm
torque - two firing angle strategies: (—) System response with maximized torque in respect to the
firing angles (—) System response with maximized torque and minimized current with respect to
the firing angles

2.4.2 Electric Vehicle Energy Management Simulation

To evaluate and test the global vehicle model, two simple cooling scenarios were used. Both
scenarios consider the use of a hypothetical cooling jacket that is meant to cool the SRM frame.
On the first case, the cooling fluid temperature is set as 35-C and on the second case it was
chosen as 45-C. The objective in this case is to observe the motor temperature with respect to
the cooling fluid temperatures. This sort of procedure can be very helpful on determining the
optimal specifications of the cooling circuit of the motor, so that on one hand the motor
temperature is kept within operational limits, and on the other hand no over-dimensioning of the
cooling circuit is done, avoiding wasting too much extra energy with it.

The simulations use the New European Driving Cycle (NEDC) as the operational conditions. This
driving cycle contains both an urban driving cycle and an extra-urban driving cycle, relating to
city and highway driving modes, respectively, with total duration of 1180 seconds. The vehicle

velocity (Km/h) in function of the total driving cycle time for the NEDC is shown on Figure 13.

4 - 14
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Figure 13: New European Driving Cycle used for the global electric vehicle simulation, with
urban and highway cycles The main motor and system losses (total SRM losses, copper, iron
and mechanical losses, battery and inverter losses), which are the same for both simulation
scenarios, are shown on Figures 13(a) and 13(b).

The temperature rise in the SRM is mainly caused by the heating of the copper windings.
Consequently, the windings and stator teeth are the most critical part to be monitored in the SRM.
To verify the effectiveness of the cooling circuit, the temperature rise was observed on the two
critical parts plus on the stator yoke, which is in direct contact with the frame and the cooling
circuit. Figure 14 shows the temperature rise for both simulation scenarios - cooling fluid and
jacket at 45-C and at 35-C Analyzing both simulation scenarios, the difference of the
temperature values in the SRM parts can be clearly seen. The temperature on the coil windings

is well influenced by the cooling circuit.
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(b) Battery and inverter losses for a NEDC simulation of the global vehicle system

Figure 14: Integrated electric vehicle system losses - simulation results
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Figure 15: Temperature rise on a NEDC cycle, analyzed at critical points of the Switched

Reluctance Motor - stator yoke, stator tooth and coil windings

3 Conclusion

A detailed functional model was created by means of an integrated approach that uses magnetic
finite element modeling to generate look-up tables that contain the non-linear inductance profile
and magnetic torque characteristics of a 12/8 SRM. The procedure includes the use of 1-D
simulations that allows for the quantification of essential parameters such as torque, phase
currents and rotor position. Following the description of the SRM modeling, two modeling

paths were shown - an NVH prediction approach and a global electric vehicle system to compute
losses and thermal management.

The NVH modeling procedure describes the process used to compute sound pressure levels of a
switched reluctance motor based on a 1-D simulation. An example was shown on how the

controlling aspect of the system can affect the radiated sound. This procedure allows the

4 - 16
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identification of the noise sources and how they affect the acoustic quality of the system.
Different types of control strategies can be analyzed, as well as different load conditions, to
better quantify the noise source. The structural parameters of the stator are also relevant, and
can be modified to verify the benefits in the system. Overall, the method allows for a further
investigation on how different system parameters, such as control strategy, current, loads,
velocity, torque, structural properties, and others, affect the one specific objective, which is the
acoustic property. Furthermore, trade-offs can be further investigated so that the optimal
parameters can be chosen based on system specifications.

The behavioral motor model and the energy management system, in the same way as the NVH
model, allow the computation of important design parameters. By using a detailed functional
model to obtain look-up tables instead of just using a simple average model, more simulation
precision is obtained. By extracting data from a more precise model, peak values that could
otherwise go unchecked are taken into account, leading to more realistic results. Once

again, the flexibility of the virtual design is the strong point. The two examples show how the
motor cooling system specifications can be defined based on driving cycle simulations - this way
the thermal properties of the motor can also be evaluated, such as the main source of heat
and/or losses, and how the material properties affect the distribution of the energy. Moreover, the
same kind of modeling can be applied to the cooling circuit system, allowing to determine the
effectiveness of the system, and avoid reaching threshold temperatures or high energy loss
states.

Future works on the method include the study of the trade-offs between acoustic quality
optimization and energy and efficiency management. The aim is to verify how the acoustic
improvements affect the efficiency of the system, and vice-versa - for instance, relating how firing
angles optimized for acoustic improvement influence the performance of the motor in the electric
vehicle. This sort of analysis is a very important aspect of the method, since it can allow
trade-offs to be dealt with in a very early stage of design.
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