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Abstract
Today the Permanent Magnet Synchronous Machine (PMSM) is widely used for high per-
formance applications and for different handheld products. The use of rare earth metals
in the machines permanent magnets, such as in the NdFeB, do however introduce draw-
backs. The magnets are expensive and have a big environmental impact, they also give
health issues to the workers. Due to these problems, it is of interest to look into machines
that are free from rare earth magnets, such as Synchronous Reluctance Motors (SynRM).

In this thesis work, a SynRM is designed along with a connected drive system with the
goal to achieve the same mechanical performance as a PMSM used in handheld applica-
tions today. The performance increase by adding ferrite magnets to the rotor structure
in the SynRM is also studied. The motors are compared in performance, size, cost, and
efficiency. The efficiency is analyzed both for the motor and the drive systems inverter.

The final SynRM design achieves the same mechanical performance as the reference
PMSM with a reduction in manufacturing costs of 56%. However, the motor is 65%
heavier and 52% longer than the PMSM motor. The lower power factor of the SynRM
result in that a higher voltage and more current is needed to achieve the same mechanical
performance. The power factor and power density is improved with the addition of ferrite
magnets in the rotor. The losses are also higher in both the SynRM and in the inverter
that drives it. To achieve a good control of the motor, estimated inductance values are
used to frequently update the motor control based on the operating point of the SynRM.

Keywords: Synchronous Reluctance Motor, Handheld Application, Drive System, Voltage
Source Inverter, Performance Comparison, Cost Comparison, Mechanical Strength, Power
Factor.
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1
Introduction

Today’s increase of electrified products urges an increase in production volumes for elec-
tric machines. This change highlights the importance of an optimized machine design.
In general, an optimized design can entail improved machine performance, lower costs
in production, and a decrease in the environmental impact. More specifically, the com-
monly used Permanent Magnet Synchronous Machine (PMSM) use permanent magnets
in the rotor as a part of creating the torque. Those magnets constitute a majority of the
machine’s part of the environmental impact. The magnets also entail further costs and
supply risks to the motor manufacturing [1]. This calls for alternative machine designs,
using less or no permanent magnets in the rotor. Such an alternative, having no rotor
magnets, could be a Synchronous Reluctance Machine (SynRM). The SynRM will be in
focus for this master thesis. The motor design also connects to the design of the electric
drive system, here meaning the design of the inverter and the motor control.

1.1 Background
Husqvarna AB develops and sells different handheld, gardening, and foresting machines.
Such machines are currently driven by a combustion engine. But there is today an in-
creased interest in electrifying those machines. The development requires further research
and design of electric machines, and different motor designs need to be reviewed.

The permanent magnets in a PMSM are typically NdFeB magnets due to their high
magnetic performance. Besides the light rare earth metal neodymium, a fraction of the
heavy earth metal dysprosium is added for the alloy to withstand higher temperatures. In
some applications, SmCo magnets are used due to their higher stability at higher temper-
atures [2]. The extraction methods for rare earth metals often have a big environmental
impact. This issue follows the entire process from the extraction to the complete product
of a permanent magnet. Ore minerals containing rare earth metals are typically found on
all continents and the global resources are known to be relatively large, at 1.2 · 108 metric
ton. Compared to copper with known reserves of 8.3 · 108 metric ton [1]. The rare earth
metals are however historically indicated as rare due to the difficulties in extracting the
metals from the minerals [3]. The industry of rare earth metals leads to various pollution
and it is also reported as toxic, giving health issues to the workers [4].

Even though rare earth metals are widespread globally, 80% of the rare earth metals
are mined in China [2]. China also possesses a majority of the industry and supply chain
to produce permanent magnets [3]. One reason behind the dominance of production in
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1. Introduction

China is the differences in standards and regulations of environmental and social aspects
compared to other nations, and compared to what existed in nations that previously had
a bigger role in the mining of rare earth metals [3].

Effects are emerging from the fact that the production of permanent magnets is bound to
a single country. It affects the market and can lead to potential shortages [3]. Different
approaches are suggested to avoid such market issues. One suggested area is research and
development in motor technologies. The importance of such development is addressed
by e.q the automotive industry and by the market of wind turbines [5], [6]. Further de-
velopment of the SynRM would contribute to the suggested research area. Furthermore,
replacing PMSMs with a SynRM would completely avoid all issues connected to the rare
earth metals and the permanent magnets made from these. Which motivates the design
and development of a SynRM and the use of SynRMs in handheld applications.

1.2 Purpose
The overall purpose is to evaluate the potential of using a SynRM for driving Husqvarna
handheld machines. This assessment should create a basis of performance data that are
relevant for the application. The evaluation will also embody the actual design of a SynRM
and inverter circuit, with a related control system connected. The design work should
be based on models where relevant features are parameterized. The drive system should
then be simulated with dynamic models to analyze the complete system performance. The
purpose is also to compare the SynRM with a PMSM. During the project, a cost analysis
will be performed based on the SynRM design compared to an already existing PMSM at
Husqvarna. This is done to support a bigger purpose and to do a more general evaluation
of the SynRM. For the same reason, the project will also reflect on the environmental and
ethical aspects of using SynRM instead of a PMSM.

1.3 Scope
In this project, no physical implementation of a motor design or drive system will be made.
The time will not be there to design a motor system and to later build it. Another aspect of
the motor and the drive design that will not be considered is a thermal analysis. A cooling
system will also not be developed. However, some aspects of thermal analysis will be taken
into account to design a motor that can be realistically cooled. This includes accounting
for the current density in the winding design and fill factor so as to not create a machine
that cannot be realistically cooled. Similar applies to the inverter design where the power
dissipated will be analyzed to not damage the selected components. The drive system
design will involve the implementation of an inverter design where switching components
can be validated. Since the purpose is to evaluate the drive system performance, only the
vital components of the low voltage system will be considered.
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1. Introduction

1.4 Social, environmental and ethical aspects
An important aspect of developing a new product is to evaluate the ethics around the
product itself and the process of how the product is developed and manufactured. The
ideal case is to make a product that is profitable and solves a problem, while still being
ethically sound. A goal of this project is as mentioned previously, to evaluate a solution
to the ethical problems with rare earth magnets. The social, environmental and ethical
aspects will be discussed from three key aspects. Aspects that are part of the reason why
the project is of interest, problems related to the work process and what effects the result
of the project could have.

1.4.1 Reasons for the project
Increased know-how is a key part of addressing several social, environmental, and ethical
issues. This project aims to gain know-how in a technical solution that avoids permanent
magnets and thus relieves the problematic extraction and market issues of permanent
magnets. Consequently, it reduces the impacts of such extraction and production.

1.4.2 During the work
Since no physical models will be made and the project is done completely in simulation
software there will not be any relevant ethical aspects or sustainability problems during
the work process itself.

1.4.3 Aspects of the results
If a SynRM could replace a PMSM it would reduce the environmental and social issues
related to permanent magnets as was discussed previously. This is one of the most im-
portant reasons for designing electrical machines without rare earth magnets. Another
reason why PMSMs are widely used is because of their high energy efficiency [7]. From
an environmental aspect, this is important since far from all electricity production is from
renewable or low carbon emission sources. In the European Union alone, which is one of
the world’s largest electricity producers, only 54.4% of electricity produced in 2019 came
from renewables or nuclear power [8]. The combustion sources produce greenhouse gases
which are not ecologically sustainable. With the results in hand, it is therefore interesting
to compare the efficiency with existing PMSMs. If the efficiency is significantly lower, the
absence of magnets must be weighed against the loss in efficiency.
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2
Theory

In this chapter relevant theory to understand the work and the result will be presented.
The concept of torque production due to reluctance difference is explained along with the
governing equations for a SynRM and a PMaSynRM. The theory behind controlling a
SynRM is also presented.

2.1 Basic reluctance concept
A magnetically conductive material always wants to align with a magnetic field so that
the total reluctance is minimized. This is why a compass always points towards magnetic
north. The path of least reluctance is here defined as the d-axis, and consequently, this
axis wants to align with the magnetic field. The q-axis is instead defined as the direction
of most reluctance and the ideal alignment is orthogonal to the flux path to achieve the
least reluctance [9].

The two objects in figure 2.1 are both in steel. This steel has a much lower reluctance
than the surrounding air. Since object 1 is symmetric, the magnetic flux lines, represented
by Φ experience the same reluctance in all directions. The rectangular shape of object
2 results in more steel in one direction, naturally, labeled as the d-axis, and less in the
other, that is the q-axis. If the object is not aligned with the magnetic field, a torque
will be produced to align the d-axis with the field to make the total reluctance as small
as possible. The size of this torque depends on the load angle δ, with more torque for a
higher angle. It is this phenomenon that is utilized to produce torque and rotation in a
SynRM.

Figure 2.1: Basic reluctance concept
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In the SynRM the stator windings produce the magnetic field. The AC 3-phase currents
create a sinusoidal field that rotates with a synchronous speed ωr. The rotor rotates to
always align the path of least reluctance (d-axis) with the field. Whenever the δ 6= 0 a
torque is produced by the machine. The torque leads to electrical energy being converted
into mechanical energy [9].

2.2 Reluctance and inductance
When designing a SynRM the reluctance is maximized in q-axis and minimized in d-axis.
The relation between inductance and reluctance is described in the equation

L = N2

R
(2.1)

where L is inductance, N is the number of turns and R is the reluctance. To produce
torque in a SynRM there must be a difference in the inductance in d-axis (Ld) and the
inductance in the q-axis (Lq). Ld and Lq are changed by changing the amount of reluctance
in d- and q-axis respectively. This is the core principle of the rotor design for a SynRM.
Ld and Lq can be calculated with the relations,

Ld = N2
d

Rd

· np
Nparallel

(2.2)

Lq =
N2
q

Rq

· np
Nparallel

(2.3)

where Nd and Nq are the equivalent number of turns in the d- and q axis, Rd and Rq

are the reluctances in the d and q axis, np is the number of pole pairs and Nparallel is the
number of parallel branches in the stator windings. Nd and Nq can be calculated as,

Nd = Nq = Nturnkwqr (2.4)
where Nturn is the number of turns per coil, q is the number of slots per pole per phase, kw
is the winding factor and r is the number of layers. The reluctance can be modeled using
mathematical expression, this is however quite inaccurate and a FEM program should
be used. Also, the reluctance in both axes is dependent on the level of saturation in the
magnetic circuit.

2.3 Electrical and mechanical equations
Here the electrical equations of the SynRM will be presented along with the governing
equations relation to the IPF and the performance of a SynRM motor. The relation
between the load torque and electrical torque is also presented.

2.3.1 SynRM motor circuit
A SynRM can be described in the time-frame, the αβ−frame and in the dq-frame. In
the dq-vector space, the electrical circuit is shown in figure 2.2 and the voltage equations
becomes
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Vs = Ve +RsIs (2.5)

Ve = dΨ
dt

+ ωrΨ (2.6)

where Rs is stator resistance, Rc is the equivalent core resistance for a given load, Vs is
the voltage applied to the stator, Ve is the stator electromotive voltage or internal voltage
of the stator windings after the voltage drop due to losses. Is is the stator current, Ψ is
the flux linkage and ωr is the rotor electrical angular velocity.

Figure 2.2: dq-vector circuit

When the dq-vector is split into its individual components, namely the d- and q-axis, the
governing stator voltage equations becomes,

Ud = Rsid + dψd
dt
− ωrψd (2.7)

Uq = Rsiq + dψq
dt

+ ωrψq (2.8)

where Ud and Uq is the stator voltage in the d- and q-axis respectively, ψd and ψq is
the flux linkage in the d- and q-axis respectively, and id and iq is the current in the d-
and q-axis respectively. The voltage equations can be rewritten by using the relationship
between inductance and flux linkage,

Ψ = LI (2.9)

or in the dq-frame,
ψd = ψd(id, iq) = Ld(id, iq)id (2.10)

ψq = ψq(id, iq) = Lq(id, iq)iq (2.11)

so that Ud and Uq can be calculated as

Ud = Rsid + Ld
did
dt
− ωrLqiq (2.12)

Uq = Rsiq + Lq
diq
dt

+ ωrLdid (2.13)
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The resulting dq-circuits can be seen in figure 2.3.

Figure 2.3: SynRM circuit in dq-frame

ψd and ψq and by relation Ld and Lq are dependent on the operating point as well as
cross-coupling effects between the axes. Meaning that the inductances vary with the cur-
rent level. Cross saturation occurs between the d- and q-axis as well. This is due to that
when there is a current in the d-axis this will also induce flux in the q-axis and vice versa.
This effect also leads to iron saturation which in turn affects the inductance in the other
axis even more [9].

Electromagnetic torque is produced by the product of flux linkage and the current that
flows through the coil,

Te = Ψi (2.14)

where Te is the electromagnetic torque. With the relations in (2.10) and (2.11) the torque
for the SynRM is as follows

Te = 3np
2 (Ld − Lq)idiq (2.15)

where np is the number of pole pairs in the machine. The governing equations for the
SynRM consists of two parts. Aside from the electrical part there is also the mechanical
part. The relation between the Te and the load torque TL can be described as

J

np

dωr
dt

= Te − TL (2.16)
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where J is the moment inertia coefficient. TL can consist of several different torques, but
is usually modeled as one part external load (Text) and one part speed dependent load
due to friction (Tfric) [10]. The friction load is calculated as

Tfric = DΩr (2.17)

where D is the friction coefficient and Ωr is the mechanical angular velocity of the SynRM.
The definition of TL is then

TL = Text + Tfric (2.18)

2.3.2 Saliency ratio and performance
Saliency ratio (ξ) is commonly used to judge the performance of a SynRM. It is defined
as

ξ = Ld
Lq

(2.19)

The saliency becomes important when discussing the internal power factor of a SynRM. In
figure 2.4 the phasor diagram of the SynRM can be seen that corresponds to the SynRM
circuit shown earlier in figure 2.2.

Figure 2.4: Phasor diagram SynRM
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For the angles in figure 2.4 the following holds [11]
βc = β + δ (2.20)

π

2 + δ = ϕi + βc (2.21)

where ϕi is the internal phase angle, ϕ is the phase angle, βc current angle, δ is the load
angle and β the torque angle. From this relation the internal power factor (IPF) of the
SynRM can be calculated as

IPF = cosϕi = cos(π2 + δ − βc) = − cos (βc + arctan (ξ cot (βc))) (2.22)

When studying the phase diagram in figure 2.4 it becomes clear that the IPF and the
power factor (PF) are closely related, the PF is calculated as,

PF = cosϕ = Pe
S

(2.23)

where Pe is the active electrical power produced in the SynRM and S is the apparent
power. A high value for IPF will mean a high value for PF since the difference comes
down to the effects of Rs and Rc on the stator voltage of the machine. From (2.22) it
is clear that it exists an optimal current angle βc that yields a maximum IPF. It can be
shown that this occurs when βc =

√
ξ [11] and the IPF becomes

IPF = ξ − 1
ξ + 1 (2.24)

The torque equation (2.15) can be rewritten as

Te = 3np
2 (Ld − Lq)I2

mag

sin (2βc)
2 (2.25)

where Imag is the magnitude of the current and if the internal power factor is plotted
against βc for different values of saliency it is clear when comparing figure 2.5 and the
torque equation (2.25) that the maximum torque angle at 45° for the equation does not
coincide with the optimal angle for IPF. The operating point of 45° is also known as
the maximum torque per ampere (MTPA) operating point. The motor is therefore not
operating at ideal IPF when working at maximum torque.

Figure 2.5: IPF vs current angle for given saliency ratios
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The torque is determined by the difference in inductance while the IPF is determined by
the saliency ratio. However, when looking at (2.10) and (2.11) it is clear that Ld and Lq
are dependent on the size of the individual currents id and iq meaning that the maximum
torque angle is not necessarily at 45°. Especially the angle can become larger when the
steel is saturated and there is cross saturation between the two axes [12]. In this project,
the torque is studied at the maximum torque angle determined by using FEM simulations
and the PF and torque is calculated at this specific operating point.

2.3.3 Core material
Steel is considered to be a soft magnetic material. Meaning that it has a high permeability.
A soft magnetic material is what is used when manufacturing motor cores since it creates
paths of low reluctance and low loss. The grade of the steel mainly affects the iron losses
of the machine. A higher grade leads to more losses and vice versa. However for steels
that are not alloyed with rare earth elements, the losses are quite similar [12]. The steel
in the rotor also has another important property to consider which is its yield strength.
In a SynRM, the flux barriers are sources of structural instability [13]. But, the addition
of structural supports can cause leakage flux paths that will decrease the reluctance
difference between the d- and q-axis. So a higher strength steel in the rotor can improve
the performance of a SynRM, by the rotor not requiring extra or larger supports that can
lead to leakage flux paths.

2.3.4 Magnets
A magnet material is defined by its BH-curve, such as the one in figure 2.6. Magnetic ma-
terials that are used for permanent magnets are called hard magnetic materials, meaning
that the BH curve around the origo is wide compared to other magnetic materials and are
hard to demagnetize. Hard magnetic materials will keep their residual magnetic flux even
after an external field has been removed and this is where the name of Permanent Magnet
(PM) comes from. This residual magnetic flux is called remanence (Br). Another defining
property of the material is the magnetic materials coercivity (Hc) or coercive force. This
describes the external magnetic field intensity needed to bring the magnetization of the
material down to zero. The magnetization (M) of the material relates to the flux density
as

B = µ0(H +M) (2.26)

where µ0 = 4π · 10−7 is the permeability constant, H is the magnetizing field and B the
magnetic flux density.
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Figure 2.6: Typical BH curve of a permanent magnet material

2.3.5 PMaSynRM motor circuit
To reach a power factor of more then 0.9 for a SynRM the saliency ratio would have
to be larger then 20, which is not feasible [11]. The power factor in a SynRM can
however be improved by the addition of magnets, thus making a SynRM into a Permanent
Magnet assisted Synchronous Reluctance Machine (PMaSynRM). By adding magnets the
characteristics of the machine is slightly altered. In a PMaSynRM magnets are placed
in the direction of the q-axis flux. This means that the q-axis flux linkage is given an
extra component [14]. The d-axis flux linkage equation, (2.10), remains the same, but the
q-axis becomes

ψq = ψq(id, iq) = Lq(id, iq)iq − ψpm (2.27)

where ψpm is the permanent magnet flux linkage. The magnet essentially counteracts the
flux already in the q-axis, making the ψq even smaller which leads to a higher torque.
The flux from the magnets also help to saturate the steel in the q-axis which in turn leads
to a lower value for Lq increasing the torque even further. The stator voltage equations
becomes

Ud = Rsid + Ld
did
dt
− ωrLqiq + ψpmωr (2.28)

Uq = Rsiq + Lq
diq
dt

+ ωrLdid (2.29)

and the circuit diagram changes with an added voltage component from the magnet,
shown in figure 2.7.
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Figure 2.7: PMaSynRM circuit in dq-frame

The resulting torque becomes

Te = 3np
2 (ψpmid + (Ld − Lq)idiq) (2.30)

or if written with current magnitude and current angle

Te = 3np
2 (ψpmImag cos βc + (Ld − Lq)I2

mag

sin (2βc)
2 ) (2.31)

From (2.31) it can be shown that the MTPA angle will still be in the first quadrant(0−90°),
but that the MTPA angle will no longer be 45°. Even before saturation is taken into
account the maximum torque angle will slightly decrease. The relation between Te and
TL is the same for the PMaSynRM as for the SynRM and follows (2.16) and (2.17).

2.4 Motor losses
The losses in any electrical motor consist mainly of two parts. The core losses in the rotor-
and stator material, and the losses in the winding due to the resistivity of the conductors
in the stator.

2.4.1 Winding losses
Winding losses, also known as copper losses or Joule losses, are the losses caused by the
resistance in the windings in the motor stator. When current flows through this resistance
a voltage drop occurs. The winding losses can be calculated as,

PWinding = 3I2
rmsRs (2.32)

where PWinding is the total joules losses, Irms is the RMS phase current.
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2.4.2 Core losses
The core losses in an electric machine consist of several different losses. The two main
parts are the hysteresis losses and the eddy current losses. The hysteresis losses are caused
by changing polarization in the material due to the change of magnetic field when the
field is rotating. Hysteresis losses are affected by the microstructure of the material and
its properties. Eddy current losses are the losses caused by the flux alternating in the
magnetic material. This induces currents in the lamination known as eddy currents. The
thickness of the lamination along with the conductivity of the core material affects the
size of these losses. Aside from Hysteresis and Eddy current losses, there are also excess
losses that are a collection of all other losses in the core material. Excess losses depend
on that their will be nonuniform distribution of the flux density in the lamination. This
is caused by nonlinear diffusion of the flux density and skin effect[15]. Hysteresis-, eddy
current- and excess losses can be calculated for electric sheet per kilogram as

pfe = khB
2
mf + π2σcondd

2

6 (Bmf)2 + 8.67ke(Bmf)1.5 (2.33)

where pfe is losses per kilogram, kh is the hysteresis losses coefficient, ke is the excess loss
coefficient, Bm is the magnetic flux density magnitude, σcond is the conductivity of the
core material, d is the thickness of one electrical sheet and f is the frequency. Equation
(2.33) is useful to describe what affects the core losses. However, the losses are most
easily determined with aid of FEM software since it is difficult to find the exact values
analytically.

2.5 Drive system
A drive system for the electric machines consists of a control system, often implemented
on a microcontroller, and the voltage source inverter. The principal theory behind the
inverter and the control system are explained in this section.

2.5.1 Control theory
To design the control system for the SynRM, the motor circuit described in section 2.3.1
is regarded as two coupled process models in the laplace domain, labeled as Gd(s), Gq(s),
for the d-voltage and q-voltage respectively [10],

Gd(s) = 1
Rs + sLd

(2.34)

Gq(s) = 1
Rs + sLq

(2.35)

a current input system for the SynRM then yields the expressions

id = Gd(s)(Ud + ωrLqiq) (2.36)

iq = Gq(s)(Uq − ωrLdid) (2.37)
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Gx will be used when Gd and Gq are referred to in common. The process Gx(s) is modified
to G′x(s). G′x(s) utilizes a decoupling term to compensate for the coupled back-emf term,
ωrLxix. G′x(s) also includes active dampening to reduce the impact of disturbances.

The process is identified to be a first order system and the control design can then be
accomplished by a standard internal model control (IMC) setup, shortly described by

Gcl = i

iref
= Fc(s)G′x(s)

1 + Fc(s)G′x(s)
= αc
αc + s

(2.38)

where Fc is designed to be a PI controller,

Fc(s) = kp + ki
s

(2.39)

and Gcl indicates the current control closed loop system. αc is the control system band-
width. Designing the current controller then yields,

Fc(s) = αc
s
G′−1
x (s) (2.40)

Finally, the active dampening Rax, followed by the control parameters kpcx and kicx can
be derived as

Rax = αcL̂x − R̂s (2.41)
Kpcx = αcL̂x (2.42)

Kicx = αc(R̂s +Rax) (2.43)
The control loop is illustrated in figure 2.8. The decoupling term is described by the feed
forward (ff) term.

Figure 2.8: Current controller with a PI-regulator

A speed controller for the motor can be implemented in a similar way to the current
controller. The controller is also a PI-controller as in equation (2.39). The proportional
speed gain (Kpω) and the integral speed gain (Kiω) are determined by the inertia and
friction of the motor. The bandwidth of the speed controller (αω) should be 10 times less
than that of the current controller since the current dynamics should be much faster then
that of the speed controller [10]. With this in mind the current controller can be seen as
ideal and the gain becomes 1, see figure 2.9. Just as with the current controller active
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dampening (Da) is used to prevent overshoots of the speed. The active damping and the
gain coefficients are calculated as

Da = αωĴ + D̂ (2.44)

Kpω = αωĴ (2.45)

Kiω = α2
ωĴ (2.46)

The full control loop can be seen in figure 2.9

Figure 2.9: Speed control loop

2.5.2 Operation modes
The motor model of the SynRM, described in the d- and q-frame by (2.12) & (2.13) can
in combination with the system limits be used to describe the operation areas in terms of
torque and speed. Algorithms can be used to maximize the operation towards a higher
torque or a higher speed.

In the constant torque operation, a MTPA-algorithm can be used to operate the mo-
tor as described in section 2.3.2. The torque is then maximized for all speeds up to the
base speed of the motor.

With increasing speeds, the back emf voltage also increases. The speed can only increase
up to the point where the back emf voltage is equal to the magnitude of the inverter
voltage. At this maximum point, the motor operates at the base speed, ωn. If a bigger
portion of the maximum inverter voltage, Umax, is donated to the q-axis voltage, the
motor can operate at higher speeds, up to ωmax. When going from operation in speeds
up to ωn to ωmax, the motor leaves the constant torque operation and field weakening
is obtained. One way to illustrate the operation modes is by the voltage ellipse and the
current circle, both plotted in the current plane, see figure 2.10.

More specifically, the system limits are described by the maximum current Imax,peak and
the maximum inverter voltage Umax, where

I2
max,peak = i2d + i2q (2.47)
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U2
max = U2

d + U2
q (2.48)

Then using (2.12) & (2.13), at steady state the derivate terms are zero and since the resis-
tive drops are small compared to the back EMF the stator resistances are also neglected
[16]. The voltage limit can be written as

U2
max = (ωrLdid)2 + (ωrLqiq)2 (2.49)

To describe the voltage ellipse, (2.49) is derived to form

i2d
a2 +

i2q
b2 = 1 (2.50)

where
a = Umax

ωrLd
(2.51)

b = Umax
ωrLq

(2.52)

What then happens with increasing ωr is that the voltage ellipse shrinks. The blue dotted
line in fig 2.10 represents the motor voltage at ωn and the black dotted line represents the
motor voltage at ωmax. The red circle represents the maximum allowable current.

Figure 2.10: Operation modes for the SynRM, illustrating the current circle and the two
voltage ellipses at different electrical speeds

The motor will operate at a point where the voltage intersects with the current. When
the blue dotted line intersects with the maximum current the motor operates at ωn and
maximum torque. When the speed increases the point of intersection will have to be
shifted to a point at a bigger βc-angle. This is then the operation in field weakening
and the generalized angle for this operation is βFW . Using (2.49) in combination with
trigonometric identities, βFW can be calculated as

βFW = acos

√√√√U2
max − ω2

rL
2
qI

2

ω2
rI(L2

d − L2
q)

(2.53)
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2.5.3 Inverter model
By the principles of a half-bridge converter, a variable sinusoidal voltage can be con-
structed from a DC voltage . Combining three such converter legs realizes the topology of
the commonly used three-phase voltage source inverter for drive applications [17]. As de-
sired for a drive application, the output voltage is adjustable in frequency and magnitude,
which is realized by a switching scheme and the switching states sa, sb, sc, driving the
six switching devices. The topology is illustrated in figure 2.11, where the three output
phase voltages are labeled ua, ub and uc and the constant input DC voltage is represented
by a battery voltage, Ubatt.

Figure 2.11: The topology of a three phase inverter

The six switching devices are in figure 2.11 illustrated by n-type MOSFETs. But also
other types of transistors can be used in a hardware implementation. The lower switches
have an inverter gate (NOT-gate) at their gate port to illustrate that the switching state
is at this point inverted compared to at the gate at the top switches. Thus, the definitions
of the states can be expanded to s+

x and s−x for the positive and negative (inverted) signal
respectively.

The output voltage is sinusoidal in the sense that the output value approximates a si-
nusoidal voltage. A time-instant value will be ±Ubatt/2, controlled by a pulse width
modulation (PWM) signal. The PWM frequency, fPWM is governed by a triangle wave
defined by a amplitude Utri and a frequency ftri, where fPWM = ftri. The amplitude of
the approximated phase voltage ux is governed by the duty cycle, dx. Where dx is defined
by a reference voltage Ux,ref calculated by the relation,

dx = Ux,ref
Ubatt

+ 0.5 (2.54)

The duty cycle is then compared with the triangle wave to set the pulse width of the
switching states, this is illustrated in fig 2.12. A useful definition when discussing the
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switching scheme is the amplitude modulation ratio, ma, defined as

ma = Ux,ref
Utri

(2.55)

The phase voltage from the inverter with a inductive load form an sinusoidal phase current
is, with a frequency f . The current is typically not a pure sinusoidal signal. The signal
will typically be distorted and in addition to the fundamental component is1 (with f1 = f)
it will also contain harmonic components isn with the n order of harmonic frequencies,
fn, where fn = nf1. The total amount of distortion of a current or a voltage can be
quantified by the total harmonic distortion (THD). For the current it is defined as [17]

%THDi = 100
√√√√∑
n6=1

(
isn
is1

)2
(2.56)

Figure 2.12: Illustration of the triangle wave comparison.

2.5.4 Inverter losses and blanking time
The drive system entails power losses and thus heat being dissipated. The MOSFET
switching is of certain interest in this context. Starting with the power losses in the
inverter, Pl,inv, it can typically be modeled by two components, the conduction losses,
Pcon and switching losses Psw, thus,

Pl,inv = Pcon + Psw (2.57)

The averaged conduction losses correspond to a typical ohmic loss and can be defined by
the resistance when the MOSFET is in the region of fully conducting, RDSon, and the
averaged operating source- drain current IDrms, according to,

Pcon = RDSonI
2
Drms (2.58)
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When modeling the switching losses the switching process is approximated to be linear,
this also corresponds to a worst-case calculation, it is well suited for engineering calcula-
tions and an inverter application. The process is well explained in literature, for instance
in [18], and here briefly reviewed. As the gate- source voltage, UGS, reaches the threshold
voltage the drain- source voltage UDS starts to drop and the drain current rises to its final
value, IDon, this current is defined by the load in the application and the rising transient
occurs under a time instance, tri. After the reverse recovery of the diode, and the time trr,
the voltage over the MOSFET eventually drops from the supply voltage, UDS = UDD, to
UDS = RDSonIDon. During this phase, occurring during the time tfu, UGS is clamped at
a defined plateau value. This for accounting for the gate-drain capacitance. The voltage
fall time, tfu is of certain importance when implementing the MOSFET. One applied
visualization of this complete switch cycle is illustrated in figure 2.13.

Figure 2.13: The voltage over the MOSFET and the current through the load, plotted
over the period of one falling voltage and one rising voltage.

The aforementioned reverse recovery of the diode accounts for the time instance where the
minority carriers in the diode are to be dissipated and the charge Qrr needs to be released,
this charge is dissipated by the MOSFET and hence yields a loss of power, annotated as
EonMrr. The fact that the current through the MOSFET rises before the drain- source
voltage drops entails a stored energy, commonly known as the switch-on energy, EonM .
The total energy losses during turn on, Eon, can then be calculated as,

Eon =
∫ tri+tfu

0
uDS(t) · iD(t)dt = EonMi +EonMrr = UDDIDon

tri+ tfu

2 +QrrUDD (2.59)

The MOSFET switch off, where the current is turned off and the voltage rises gives a
similar energy loss, but the losses in the diode can be neglected,

Eoff =
∫ tru+tfi

0
uDS(t) · iD(t)dt = UDDIDoff

tru+ tfi

2 (2.60)

The product of the switching frequency, fSW , and the switching energies gives the related
loss in terms of power,

Psw = fsw(Eon + Eoff ) (2.61)
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In the switching process of each MOSFET, the total turn-on and turn-off times are of
interest. It is used to design the gate driver in an inverter application and corresponds
to the blanking time, used to avoid current shoot-through. As indicated above, the total
switching time originates from the internal capacitance in the device. In an applied study
it is usually more straight forward to use the time instances [19]. The total turn-on time
ton is defined as the sum of the current rising time tr and the turn on delay td(on). The
total turn-off time toff is defined as the sum of the current fall time tf and the turn-off
delay td(off) [17].
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3
Design Approach for the SynRM

In this Chapter the design approach of the SynRM concepts and the PMaSynRM are
presented. Important design variables are presented and explained along with how they
are used to describe the rotor geometry. In figure 3.1 a typical rotor geometry for a
SynRM is shown and the parts of the rotor are highlighted.

Figure 3.1: Description of different parts of the rotor
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3.1 TLA and limitations
A reoccurring problem with the SynRM design in this project is that the motor that is
being designed is relatively small compared to existing SynRMs. In this project, a SynRM
is developed for use in handheld applications such as chainsaws while their most popular
use is in replacing Induction Machines (IM) for pump applications and automotive use
[20]. The small size will lead to problems due to manufacturing limitations. With man-
ufacturing limitations, it is meant how small a profile in the rotor and stator lamination
can be made. Because the idea of the SynRM is to keep the cost down it is assumed that
the motor will be transversally laminated anisotropic (TLA), and not based on axially
laminated anisotropic (ALA) since ALA is more complex and more expensive than TLA
[20]. TLA means that the laminations are sheets with the shaft as the center axises and
ALA means that the lamintions are instead in layers out from the shaft towards the edge
of the motor. With TLA an assumption was made that due to production tolerances,
no profile in the stator or rotor should be smaller than 0.5 mm. This means that the
tangential ribs in the rotor will initially have a thickness of 0.5 mm.

3.2 Air gap length
It is important to keep the air gap length as low as possible for a SynRM. This is because
more air in the magnetic-flux path leads to more reluctance which in turn leads to a lower
inductance value, see (2.2) and (2.3). In [21] it is shown that Ld is affected by the size
of the air gap while Lq is not. This is because there already is a lot of reluctance in the
q-axis direction because of the flux barriers so the extra flux barrier that is the air gap
gives a negligible affect. A smaller Ld when Lq remains constant will according to (2.15)
lead to less torque production.

3.3 Insulation ratio
The insulation ratio(Kw) describes the relationship between the amount of air and the
amount of iron in the direction of either the d- or q-axis. See figure 3.1. This ratio is the
main design factor to produce more torque with a SynRM. Since the this ratio is directly
related to the size of Ld and Lq [22]. Mathematically the insulation ratio is defined as

Kw = Amount of air
Amount of iron (3.1)

The insulation ratio is a way to describe the relationship between the need for flux barriers
and much reluctance in the direction of the q-axis while also not making the flux paths
along the d-axis too thin so that the steel becomes saturated and Ld starts to decrease.
Usually, the ideal insulation ratio is somewhere between 0.6-0.8 [22], [23], but it can be
much lower, down to 0.2 depending on barrier shape [24]. This will be the main design
aspect for any barrier concept for a SynRM.
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3.4 Number of flux barriers
Two factors are of interest when choosing the number of flux barriers (h). The torque
production and the torque ripple. There are no simple rules for setting the optimal
number of flux barriers. The insulation ratio between the steel and air is the main factor,
but it is known that the torque and power factor increases with an increased number of
barriers [25]. In [22] a general rule for the number of barriers is presented based on the
minimization of torque ripple. It states that

nr = ns ± 4 (3.2)
where nr is the number of rotor slots per pole and ns is the number of stator slots per pole.
Rotor slots in this case mean the sum of all endpoints of flux barriers. With endpoints
it is meant where the flux barriers meet the tangential ribs. So twice the value of the
number of flux barriers. In general +4 is optimal to reduce the torque ripple. However,
this is limited by manufacturing limitations, depending on the size of the rotor. This is
discussed when the number of barriers is chosen for each design.

3.5 Rotor slot pitch angle
Torque ripple is an inherent problem in SynRMs. When the machine spins the reluctance
path is not constant. The torque ripple in a SynRM comes from the changing reluctance
when a rotor slot passes a stator slot opening [26], [22].

There are different methods for torque ripple reduction such as the constant rotor slot
pitch or more complex methods such as asymmetric barrier design [26]. However, since
it is not the focus to design only a low torque ripple machine the constant rotor slot
pitch angle will be used to try to minimize the torque ripple without affecting the torque
production and power factor too much. The rotor barrier endpoints will be equally dis-
tributed along the periphery of the rotor. Since this has been shown to minimize the
torque ripple [22]. The flux barrier endpoints are calculated as

θi = (2h− 1)αm
2 (3.3)

Where θi is the position angle of each barrier, see figure 3.3, and αm is the rotor slot
pitch angle. To introduce another degree of freedom, the rotor displacement angle βs is
introduced [23]. βs is controlled to minimize the torque ripple of the machine and αm is
calculated as

αm =
π

2np
− βs

h+ 1/2 (3.4)

where βs is treated as a design variable for the design of the SynRM.

3.6 Approach to the rotor geometries
To design the rotor for the SynRM, two concepts were adopted for the rotor design. The
first one utilizes circular flux barriers in the rotor, see figure 3.2. The second approach
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instead uses straight flux barriers with arms at an angle to the tangential flux barrier, see
figure 3.3.

3.6.1 Circular flux barriers
For the circular flux barriers, the size of the flux paths and flux barriers are constant along
their arcs and only one insulation ratio can be properly defined along the q-axis(Kwq).
The design parameters for the circular flux barriers can be seen in table 3.1 and in figure
3.2.

Table 3.1: Geometric design parameters for circular flux barriers

Parameter Description
Wq,1 Width of flux barrier 1
Wq,2 Width of flux barrier 2
Wq,3 Width of flux barrier 3
Wq,4 Width of flux barrier 4
βs Rotor displacement angle

Figure 3.2: Geomtry parameters for SynRM with circular flux barriers
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In the case of circular flux barriers, the relation between the insulation ratio in the q-axis
and the width of the flux barriers is as follows

Kwq = Wq,1 +Wq,2 +Wq,3 +Wq,4

Rrotor −Rshaft − (Wq,1 +Wq,2 +Wq,3 +Wq,4) (3.5)

where Rrotor is the radius of the rotor and Rshaft is the radius of the shaft. The point A in
figure 3.2 represents the center point of the flux barriers and it is aligned on the q-axis so
that the flux paths become symmetrical. The endpoints of the rotor slots are controlled
by βs and αm and calculated using (3.3)

3.6.2 Straight flux barriers
The second concept for the flux barriers is to use straight barriers in 3 segments. For this
design, another parameter can be introduced which is the insulation ratio in the d-axis. A
potential problem with the circular design approach is that it is not ideal for the flux paths
to retain the same thickness. It is therefore of interest to study the straight flux barrier
concept as well. The concept also leads to the possibility of more easily implementing
magnets into the rotor design to create a PMaSynRM.

Figure 3.3: Parameters for SynRM design with Straight flux barriers
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This design concept is parameterized according to figure 3.3. Immediately it is decided
that the arm angles α1 to α3 are set 135° since this is a suitable value to achieve the
highest torque possible [9]. However, a problem with this design concept is that there will
be a lot of varying parameters compared to the approach with circular flux barriers. To
solve this problem a simplified model is used that can be seen in more detail in [23]. The
model makes several simplifications to minimize the design variables to three variables.
These simplifications are as follows

• The windings in the stator is seen as ideal
• The effect of the distribution of MMF are not considered
• The effects of saturation, stator slotting effects and drop of magnetic potential in

the iron are all neglected.
The rotor slot pitch angle and the rotor displacement angle βs are used in the same way
as for the first design to control the torque ripple and are calculated according to equation
3.4.

3.6.2.1 Flux barrier sizing in d-axis and q-axis

The motor magnetic force (MMF) experienced by the rotor is assumed to be sinusoidal in
both d- and q-axis. When this is true a step function can be derived for the MMF in each
axis direction for each flux path in the rotor [23] as in figure 3.4. With h flux barriers the
average MMF in each axis experienced by the rotor segment can be calculated as

fd,i = 1
∆θi

∫ θi

θi+1
cos θdθ = sin θi+1 − sin θi

θi+1 − θi
i = 0, ..., h− 1 (3.6)

fq,i = 1
∆θi

∫ θi

θi+1
sin θdθ = cos θi − cos θi+1

θi+1 − θi
i = 0, ..., h− 1 (3.7)

Where fd,i is the p.u. MMF in the d-axis, fq,i is the p.u MMF in the q-axis and the angles
are defined as in figure 3.3. It should be noted that θ0 is the same as −θ1 because the flux
path along the d-axis is only half and shared with another pole. The important thing is
that fq,1 = 0.

(a) d-axis MMF (b) q-axis MMF

Figure 3.4: p.u MMF in d- and q-axis
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By assuming that the permeance across each individual barrier is constant a relation can
be determined between the average MMFq and the width of the barriers along the q-axis
[23]. This relation is as follows

Wq,i

Wq,i+1
= ( ∆fq,i

∆fq,i+1
)2 i = 0, ..., h− 1 (3.8)

This relationship only holds for the assumption stated earlier and potentially other as-
sumptions about the permeance distribution could be made [23]. There are now h − 1
equations, but to determine the width of all the flux barriers along the q-axis an equation
for the sum of all the flux barrier widths is introduced. The insulation ratio along the
q-axis together with the size of the rotor can be used to determine the sum of all flux
barrier widths in the q-axis. The sum is calculated as

k∑
i=1

Wi,q = Rrotor −Rshaft

1 + 1/Kwq

(3.9)

To have almost constant flux density throughout the flux paths the thickness of the flux
path have to be proportional to the average size of the MMFd in a given flux path. This
results in two relations between the MMFd of the flux barrier- and flux path widths in
the q-axis. The relations are as follows

2Sq,1
Sq,2

= fd,1
fd,2

(3.10)

Sq,i
S1,i+1

= fd,1
fd,2

i = 2, ..., h (3.11)

where Sq,i is the width of the flux path along the q-axis. The multiplication with 2
in (3.10) comes from the fact that the flux path aligned with the d-axis is shared with
another pool. It can also be shown to be a product of how the angles are defined in (3.6).
Another equation still needs to be defined for the sum of all the flux path widths so that
each width can be calculated. The sum is calculated as

k+1∑
i=1

Si,q = Rrotor −Rshaft

1 +Kwq

(3.12)

With this, the placement and width of all flux barriers along the q-axis can be determined.
For the flux barriers in the d-axis, it is assumed that the width is proportional to the width
of the flux barriers in the q-axis

Wq,i

Wq,i+1
= Wd,i

Wd,i+1
(3.13)

Now a reference point for the segments and width of the flux barriers in the d-axis must
be defined. This is done by introducing an imaginary point C on the circumference of the
rotor, see figure 3.3. This point is defined by assuming that βs = αm

2 and calculating αm
for this point. In this case, the rotor slot pitch angle is

α
′

m =
π
2p

h+ 1 (3.14)
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Further, point C is defined as 3
4α

′
m from the q-axis. Point C is positioned along the

conventional path [23] along the dotted line from C to the d-axis. The position of C is
not changed with a change in βs so the insulation ratio in the d-axis can be calculated
along the imaginary line from point C to the d-axis. This gives the final relation needed
to calculate the width of the flux barriers as

k∑
i=1

Wi,d =
Rrotor( π2p)
1 + 1/Kwd

(3.15)

where Kwd is the insulation ration in the d-axis direction, see figure 3.3. Now the rotor
geometry is defined by only three parameters seen in table 3.2. So, in the end, this design
approach will yield fewer design variables than in the case with circular flux barriers.

Table 3.2: Geometric design parameters for Straight flux barriers

Parameter Description
Kwq q-axis insulation ratio
Kwd d-axis insulation ratio
βs Rotor displacement angle positions

3.7 Mechanical considerations
Because the rotor of a SynRM contains a lot of air and is not as solid as in other electrical
machines, the rotor becomes mechanically weak. The main force that acts on the structure
is the centripetal force (Fc) from when the machine is rotating, described as

Fc = mrΩ2
r (3.16)

where m is the mass and r is the radius of a given point in the rotor. Another important
load case for the application of the motor in this project is a sudden stop of the rotor.
Meaning that a large braking torque is applied to the shaft

Tb = mr2aΩ (3.17)

where Tb is the braking torque and aΩ is angular acceleration in rad/s2

To counteract these mechanical loads the thickness of the tangential rib can be changed
and radial ribs can be added between the flux paths along the q-axis [25],[9]. These pa-
rameters are shown in figure 3.5 where wt,i are the tangential ribs and wr,i are the radial
ribs.
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Figure 3.5: Radial and tangential ribs

The dimensioning operating point for the radial ribs is when the motor is operating at
max speed. The need for the radial ribs are dependent on the size and speed of the motor.
Mechanical strength is measured in stress (σ) or alternatively von Mises stress (σv) which
is the equivalent tensile stress. This stress is a summation of all stress in a given point
from all dimensions. For 2D and 3D von Mises stress can be calculated as

σv =
√

(σxx − σyy)2 + (σyy − σzz)2 + (σzz − σxx)2 + 6(σxy + σyz + σzx)2

2 (3.18)

where σxx is the stress in the x-axis, σyy is the stress in the y-axis, σzz is the stress in the
z-axis, σxy is the stress in between the x-axis and the y-axis, σyz is the stress in between
the y-axis and the z-axis and σzx is the stress in between the z-axis and the x-axis. Usually
a safety factor between 2 and 3 is desirable for a SynRM rotor [13]. Meaning that the
maximum von Mises stress on the rotor in any point should be 2 to 3 times less then the
yield strength (σv) of the material [13]. Typically the yield strength for steel is between
300 and 470 MPa.

From a performance point of view, ideally, there should be no radial- or tangential ribs
since these will be paths that the flux can take resulting in leakage flux and less torque
production in the motor [25]. The tangential ribs will always be present since obviously
the flux paths need to be connected to the rest of the rotor.
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3.8 Magnet assisted
For a concept with straight flux barriers, it becomes reasonable to add magnets to the
rotor. However, it is not always best to simply add magnets in all possible locations in
the rotor. Placing magnets along the q-axis and the arms of the rotor will always yield
the most torque [27], but placing magnets only along the q-axis can increase the torque
without significantly increasing the torque ripple. Placing magnets in only the arms com-
pared to only along the q-axis is not ideal since the torque gain will be less compared
to if the magnets were only placed along the q-axis of rotor [27]. Torque ripple will also
increase when magnets are placed only in the arms compared to only along the q-axis [27].

Placing magnets closer to the rotor core is also beneficial due to that the magnets get
less demagnetized from the stator flux. This is important, especially for the ferrite mag-
nets since they are more susceptible to demagnetization than neodynium magnets [27].
Demagnetization effects are however something that has not been studied in this report
and was considered to be outside the scope since the main focus was not to design a
PMaSynRM.
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In the this chapter, the starting point for the analysis will be explained. The performance
demands for the SynRM will be presented. A reference SynRM had been made before the
project start, the relevant features of this motor will be presented. The outer dimensions
for the drive system will also be presented, such as battery voltage.

4.1 Reference IPM motor
The reference point of the project was a PMSM that was of the type IPM motor in use
for handheld applications today. From this motor, the maximum torque, base speed, max
speed, and outer diameter were set as fixed design parameters for the SynRM project.
The goal was that the SynRM would fit within the same diameter space and that the
mechanical performance should be achieved with the SynRM as well. The p.u. values
mentioned in the report will all be in relation to this machine’s outer diameter, stack
length, torque, and maximum speed. It was decided that it would not be realistic to
match the torque ripple of the IPM motor since SynRMs have inherently more torque
ripple than an IPM motor. Because of the application however, and the very low torque
ripple of the IPM, it was decided that a goal was to keep the torque ripple below 10 %.
In table 4.1 the performance parameters are shown for the IPM motor.

Table 4.1: Reference IPM motor Performance parameters

Parameter Value
Max torque 1.0 [p.u]
Torque ripple 2.3 %
Phase voltage RMS at base speed and max torque 33.23 [V]
Phase Current RMS at max torque 46.1 [A]
PF at base speed max torque 0.835
Efficiency at base speed max torque 94.7 %
Stack length 1.0 [p.u]

4.2 Reference SynRM
Before the start of the project, a SynRM reference design had been made as a starting
point for the project. This design had not been fully tested and was therefore imple-
mented in JMAG-designer so that a fair as possible comparison could be made with the
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design produced in this project. The design specifications and performance result for the
reference design can be seen in tables 4.2 and 4.3.

Table 4.2: Reference SynRM design parameters

Parameter Value
Stack length 1.81 [p.u]
np 2
Q 24
N 5
r 2
y 5
Fill factor 52.9%
Stator steel M330-50A
Rotor steel M270-35A
Air gap length 0.35 [mm]
Imax 60 [A]

Table 4.3: Reference SynRM Performance parameters

Parameter Value
Max torque 0.96 [p.u]
Torque ripple 42.7 %
Phase Voltage RMS at base speed and max torque 44.2 [V]
PF at base speed max torque 0.527
Efficiency at base speed max torque 85.1 %

The maximum RMS current used for the reference SynRM was larger than that of the
IPM motor since an early assumption was that due to the SynRM’s problems with low
power factor the current would need to be higher to achieve the same torque. The higher
current with a lower power factor also means that voltage would not have to increase as
much to compensate for the reactive power. The outer diameter of the stator was the
same as that of the IPM motor.

4.3 Motor and drive system specifications
The drive system will be evaluated from a system perspective where the power flow is
of certain interest. Mainly high power carrying components and related parameters will
be assessed with the aim to verify components’ dimensions and to minimize losses. In
this system perspective, a battery will represent the power input and the motor shaft
power will be addressed as the final delivery and the outermost component of the system
boundaries.
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4.3.1 Drive
The specifications that will dimension and limit the drive system are derived from the
battery voltage and also an expected maximum power. The values are presented in table
4.4. Besides the actual battery voltage, the 3-phase RMS current for the motor is used
as the second metric for this dimensioning. Reactive power in the system is also of
interest since it affects the component selection, however, it is not regarded as a system
requirement but rather a unit to analyze.

Table 4.4: System specification for the drive system

Imax,rms 60 [A]
Ubatt 94 [V]

35



4. Case Setup

36



5
Motor Design

In this section the design process for designing the SynRM will be explained. Challenges
and different design choices will be discussed and motivated. The overall analysis approach
for the SynRM is described by the flowchart in figure 5.1.

Figure 5.1: An overview of the SynRM Design process
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All FEM simulations were made using JMAG-designer. The geometries were set up and
parameter sweeps were performed to study the performance and in the end find the best
possible design. For every individual case created by the parameter sweeps, the torque is
calculated at the maximum torque angle. The d-axis of the rotor was aligned with the
a-phase. All models made in JMAG-designer was a 2D model in order to speed up the
design and analysis process.

5.1 Stator
The most crucial part of the SynRM design is the design of the rotor itself. This is be-
cause the rotor is the main difference between a normal IPM motor and a SynRM. For
this reason, it was decided that the same stator would be used as the one presented for
the reference SynRM design in the case setup. This also resulted in a rotor of similar
size which lead to a more fair comparison between the designs. The only difference for
the stator design was that the winding pitch (y) was changed to be full pitch with the
possibility of changing the pitch later. This was done since theoretically for full pitch,
the motor torque would be the highest. Since according to (2.2), (2.3) and (2.4) the dq-
inductance will be higher, resulting in a higher torque. Ideally, a SynRM should have 2 or
3 pole pairs [20]. However due to problems with saturation and manufacturing limitations
because of the small size of the SynRM, it was decided that the SynRM would have 2 pole
pairs. Since the stator used in this project has 6 slots per pole. The number of barriers
suggested according to (3.2) would be 1 to 5 barriers when no manufacturing limitations
are taken into account. Another aspect that was kept constant from the reference SynRM
was the same air gap thickness at 0.35 mm. Based on what was discussed in section 3.2
it was also desirable to keep the air gap thickness very low.

The stator from the SynRM reference design was also known to give a reasonable current
density for its maximum current. Another aspect that was also studied for the stator was
the effect of different steels on the performance of the machine. Initially, the steel was
kept the same, but this steel was quite a low grade and therefore the final design was also
evaluated with the same steel as in the rotor.

5.2 Rotor material
As was discussed in section 3.7, a problem with SynRMs is the mechanical stress due to
there being a lot of air in the rotor and not a lot of structural support. If profiles are made
thicker to help with mechanical stress. It will inevitably lead to a smaller power factor
due to leakage flux or too small an insulation ratio between steel and air. Therefore the
rotor steel was chosen as M270-35A since the yield strength was high at σv = 450MPa,
see appendix A.2. The losses and magnetic conductivity of the steel are also important as
was presented in section 2.3.3. M270-35A was chosen with the goal that the higher yield
strength would lead to radial ribs not being needed and therefore the SynRM would not
lose performance due to more leakage flux.
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5.3 Stack length
Since SynRMs, in general, have a poor PF and lower power density [28]. It was decided
that initially a longer stack length would be used for the analysis. The stack length was
set to 58% larger than the reference IPM motor. Later the stack length was changed to
achieve the same torque result as the IPM motor since the motor power density and size
were also of importance. By decreasing the length of the motor, the voltage needed for a
given base speed would also decrease.

5.4 Performance parameters and operating point
The operating point that the SynRM was designed for was the base speed (ωn) with the
maximum current to operate at max torque. As mentioned earlier the current angle used
was the maximum torque angle. At this operating point, the torque and torque ripple
was studied. It was also of interest to study the power factor and voltage requirements
at this operating point. The voltage and power factor aspects were important since the
motor was intended to be used in a handheld application. Less power factor means a
larger motor and an increase in voltage could mean that a larger battery would need to
be used which was considered undesirable for a handheld product. The base speed for
this machine, ωn, is 73.8% of ωmax. At this operating point, the performance parameters
that have been studied are

• Average max torque
• Torque ripple %
• Efficiency
• Power Factor
• Voltage

Since all the tests were done for maximum current and speed, the winding losses only
changed with change of the pitch. The main difference in efficiency came from the change
in rotor design which led to different levels of iron loss.

5.5 Design 1
Design 1 was implemented according to section 3.6.1 with circular flux barriers. The
design procedure for the design 1 is presented in the flow chart in figure 5.2.
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Figure 5.2: Rotor design 1 flow chart

The number of barriers selected for this case was 4 since this was the most amount of
barriers that could be implemented without any manufacturing constraints in that certain
profiles became too thin while still having some margin for design iterations.

For the design 1, the flux barriers were initially all set to have the same thickness. When
the flux barriers have a constant thickness along the pole, the ideal insulation ratio is
somewhere between 0.6-0.7 [29]. For the initial design an insulation ratio of 0.7 was used.

A good starting value for βs is βs = αm/2 [23]. This results in that αm = 9°. The
initial design was implemented and analyzed in JMAG-designer. The results were then
used as the baseline for design 1. With the initial design made the rotor slot pitch angle
was studied by varying βs to reduce the torque ripple. The center point A was treated
as a constant parameter. The value was set so that the inner most flux barrier would be
reasonably close to the shaft without the flux path along the d-axis becoming to thin at
the thinnest point. The center point was 26 mm from the origin on the q-axis.

When it comes to the size of the flux barriers it was decided that an optimization tool
in JMAG-designer would be used since the thickness of the barriers have to be changed
individually. This was a drawback of this design since it was harder to concretely say
how the barrier thickness should change in relation to each other compared to design 2.
The optimization tool lets the barrier size vary within a given span and the goal was to
maximize the torque while also trying to minimize the torque ripple. The algorithm used
was the Multi-Objective Genetic Algorithm(MOGA). An in-depth explanation of how the
algorithm works can be found in [30]. In this project, it allowed for the handling of more
than one parameter, namely the torque and the torque ripple, to be taken into account
while trying to find a good width for each of the flux barriers. The algorithm works in
generations where for each generation it was given, a population size of 10nvar where
nvar was the number of changing parameters. With each generation, the algorithm would
improve the guess for the current population values based on the results of the previ-
ous generation. The number of generations was dependent on how quickly the algorithm
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converges. In this case, it was 15 generations. Making for 600 different cases.

5.6 Design 2
Design 2 was implemented according to section 3.6.2. The individual design process for
design 2 is presented in figure 5.3

Figure 5.3: Rotor design 2 flow chart

For this case, the number of flux barriers was limited to 3 since with the presented model
in section 3.6.2 it was not feasible to implement anymore than this. The outer barrier
would become too small to be realistic to manufacture. Since more barriers result in
higher torque it was decided that no less than 3 barriers would be studied. Same as for
design 1, the initial value of βs was set to βs = αm

2 = 5.625°. The displacement angle
βs affects the thickness of the individual barriers even if the insulation ratio stays the
same. This is important since the flux barriers might become unreasonably thin for cer-
tain values of βs. The initial value of the insulation ratios were set kwq = 0.7 and kwd = 0.5.

With this in mind, the insulation ratios were varied first starting with Kwq since this
was the parameter that most affected the torque [23]. Secondly Kwd was varied. Finally,
the torque ripple was reduced by studying the effects of βs. A lower limit for the insulation
ratios had to be set based on size limitations. The lower limit forKwq = 0.4 and kwd = 0.5.
When studying the variables in JMAG-designer a setting was used that eliminates any
geometries that result in geometry collision so that no unnecessary or unfeasible cases
were calculated.
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5.7 Structural analysis
The final design of both designs 1 and 2 were evaluated for structural integrity. This
was done by importing the rotor geometry into CATIA, see figure 5.4. The imported
model of the rotor was only one lamination thick since both the centripetal force and the
braking torque are based on the rotor’s mass. Meaning that the force stays the same
at any given point along the center axis through the rotor. In CATIA to simulate the
centripetal force, the lamination was set to spin at the max speed of the motor. For the
second load case, a deceleration of 100000 rad/s2 was applied to the body to simulate a
rapid stop of the motor. This value was set after discussions with the supervisor for the
project. The two load cases were individually studied and then the total stress was added
together by applying max speed and the deceleration load at the same time. The scenario
simulates that the machine was operating at ωmax and experienced a sudden stop. This
was ultimately the dimensioning case for the rotor.

Figure 5.4: Imported lamination in CATIA

When working with the structural integrity it was decided that fillets should be placed
in the corners of the flux barriers as in figure 5.5. Since sharp corners are not desirable
because stress will concentrate in these points. By rounding the corners with fillets stress
concentration was lowered and from the initial result of the mechanical analysis, it was
decided that these would be needed. The radius of the fillets was set to 0.5 mm, but
the size was not studied further since the result of the mechanical analysis showed that a
larger size would not be needed. Also increasing the size of the end fillets leads to more
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iron in the q-axis which in turn decreases the saliency ratio and torque production of the
SynRM [25].

Figure 5.5: Barrier fillets

After the mechanical results and performance data had been produced it was decided that
enough information had been gathered to decide which design concept was best. Except
for performance and mechanical durability factors, consistent results were also considered
when picking which design concept to study further.

The effects were then studied of implementation of the radial ribs. To see how much
they affect the torque and power factor, while also improving the structural integrity of
the rotor. Two sizes of ribs were suggested. The first was at 0.5 mm thick which was
decided based on the lowest profile size allowed. Also, a rib of 1 mm was used to study the
effects of increasing the size of the rib. Even though the ribs might not be needed it was
still of interest to study their effects on performance since other mechanical stresses exist
that are outside the scope of this project. Such as vibrations and continuously changing
frequency in the rotor over time.

5.8 PMaSynRM by adding ferrite magnets
As was mentioned in section 2.3.5 it was of interest to investigate the effects that the
addition of ferrite magnets has on the performance of the motor. Ferrite magnets are the
only magnet type that was studied in this project since it was a lot cheaper and a lot
less polluting than other PM:s as was discussed in chapter 1. With the addition of the
ferrite magnets, more masses has been added to the rotor. From the manufacturer of the
magnets it was known that the tensile strength of the magnets was only 35 MPa, it was
therefore decided that the magnets would be implemented with radial ribs in the rotor
structure to avoid damage to the magnets due to high mechanical loads on them. The
ferrite material used was FB5D. The full magnet specifications can be found in appendix
A.1, but the most important parameters are presented in table 5.1.
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Table 5.1: FB5D parameters at 20° C

Br 0.415 [T]
Hc 254.6 [kA/m]
BHmax 32.6 [kJ/m3]

The magnets were implemented in two different ways. The first had only magnets along
the q-axis as in figure 5.6a. For the second case, the magnets were placed in the arms as
well. However, an assumption was made that 2 mm would be the thinnest magnet size
possible for the ferrite magnets, so for this case, realistically magnets can only be placed
in the first barrier arms as in figure 5.6b. Because of the fillets in the flux barriers the
magnets were placed 0.5 mm from the corners so that they would fit inside the barriers
while still keeping a rectangular form.

(a) Magnets in the center barriers (b) Magnets in the arms

Figure 5.6: Magnet placement

5.9 Mapping of the motors
When the design was finished for the SynRM and PMaSynRM, the next step was to
determine the parameters of the motor. The mapping of the motors was done with the
help of JMAG-RT. In JMAG-RT the operating points were defined as parameter sweeps.
The varied parameters were the current magnitude, current angle, and rotor speed Ωr. In
table 5.2 the operating points are described in more detail.

Table 5.2: Mapping parameters

Parameter min max Divisions
Imag 1 [A] 91 [A] 18
βc 0 [°] 360 [°] 72
Ωr 0.077 [RPM p.u.] 1 [RPM p.u.] 12
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For the SynRM the parameters that were needed to be known were Ld and Lq. Since
these vary with current as in (2.10) and (2.11) they are determined by current magnitude
and the current angle. For the PMaSynRM Ld and Lq needed to be known, but also ψpm.
However the flux linkage could only be calculated for d- and q-axis. By looking at (2.27)
it can be shown that ψPM can be calculated as

ψpm = −ψq, iq = 0 (5.1)

since when iq = 0 the flux linkage in the q-axis only consist of ψpm.

In the mapping of the motor, losses were also calculated for various speeds and cur-
rents. This was done so that the effect of losses would be part of the model implemented
in Simulink.

5.10 Cost analysis of the motors
As mentioned in section 1.1, an important motivation for using a SynRM would be the
lower cost due to not using neodymium magnets. The motor cost was therefore calculated
and compared between the SynRM, IPM motor and the PMaSynRM. By only looking at
the materials that actively lead to a power output in the motors (hence, active materials),
a simple way of comparing costs could be derived. The method includes material cost
and material weight. And also entail a simple model for the manufacturing costs, where a
weighting factor, fmf , is assumed for each subpart to resemble the total costs for producing
the subpart from its material [31]. The material costs were taken from a report compiled
in 2019 [31] and in consultation with the suppliers and the supervisor to get a reasonable
value in price per kilogram. The weighting factor for the ferrite magnet is here assumed
to be the same as the different steels and the NdFeB magnet. Two cases was created
for the prices. One based on typical historical prices for the materials, and one based on
what the prices were at the time of this project, spring 2022. This was done because at
the time, the prices of neodymium and copper had risen significantly. The final model for
the cost analysis is presented in table 5.3.
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Table 5.3: Cost analysis model

Material
Case 1
(Normal)
[€/kg]

Case 2
(Today)
[€/kg]

fmf
Weight
[kg]

Material
Cost [€]

Cost [€]

Stator
M270-35A 1.5 1.5 1.5
Copper 6 9.5 1.5 TBD TBD TBD
NO20 1.6 1.6 1.5
Rotor
M270-35A 1.5 1.5 1.5
Ferrite FB5D 1.45 1.45 1.5 TBD TBD TBD
NdFeB N45SH 60 100 1.5
M800-50A 1.2 1.2 1.5
Total TBD TBD TBD

The material weight of the motors was determined using JMAG-designer. This was done
by measuring the cross-section area of all individual parts in JMAG-designer. The density
of the material and the stack length of the motors were known so the weight could be
calculated. For the winding, the end winding length also had to be considered. The
total length of the windings was determined by looking at the ratio between the stator
resistance with stack length 0 mm and the stack length of the actual design. At stack
length 0 mm the stator resistance consist only of the end windings and since the resistance
is proportional to the length of the windings the total length can be determined. When
the volume of all the materials was known the weights could be calculated.
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To optimize the performance of the drive system for the SynRM, some aspects needs
certain design considerations. Figure 6.1 illustrates an overview of this system. In section
6.1-6.4.6 the implementation of the drive system will be explained and solutions for mod-
elling the system in the Simulink and Simscape environment are suggested. Litterature
will here be reviewed to find already existing knowledge relevant for improving the perfor-
mance of the drive system. The specific SynRM model implementation will be presented
in 6.4.5. In section 6.5 attempts are made to evaluate the performance and power losses
of the inverter, partly in comparison with a IPM-equivalent and a PMaSynRM-equivalent
load.

Figure 6.1: Overview of the complete drive system, similar as implemented in Simulink

6.1 Control system
In the inner control loop, a control sequence starts at the Current Ref. Calc. block.
Here id and iq are defined and set as the reference for the PI-regulator. The governing
equation for this is (2.30), described in section 2.3.1. This can then be solved for the
current magnitude,

Imag =
√

2Te
3np(Ld − Lq)cos(βc)sin(βc)

(6.1)

where trigonometric identities and the angle βc are used to determine id and iq. The
optimal βc-angle is defined beforehand, either by using an analytical MTPA-method or
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by using information from the motor model from JMAG-designer. First, the MTPA op-
tion was tested. Optimal torque per ampere for the SynRM yields βMTPA = 45°. But
in JMAG-designer it was found that a higher βc, gave higher torque output for a given
current magnitude. This angle was finally used to control the motor at speeds up to the
base speed.

At this point, some assumptions need to be clarified. For the SynRM, and by the model
definitions in this work, Ld is bigger than Lq. Then looking at the torque equation, the
difference Ld−Lq will be positive. And thus, for a positive torque, id and iq must be posi-
tive. Thereby, the current vector will have to be placed in the first quadrant, βc = [0, 90].

A PI-controller with the calculated iq and id as references was implemented. It calcu-
lates the error by comparing the reference current with measured currents from the motor
phases. The phase currents are first transferred from the 3-phase quantity to the alfa-
beta plane with the Clarke transform. It is then transferred with the Park transform to
move to a rotating system and to be able to treat the quantities as DC components. The
electrical angle (θ) is used in the Park transform, where θ = npΘ and Θ is the mechani-
cal rotor position. The rotor position was at this point assumed to be a measured quantity.

At the output of the regulator, the voltage was limited to Ulim = VDC , where Ulim is
the absolute magnitude in dq. In a real application, Ulim is set to protect the inverter
hardware, the controller must not under any circumstances request a voltage that can
damage the inverter. In this system, it was assumed that the battery voltage is the
limiting factor, and requesting higher values than this might instead create an error in
calculating the duty cycle. In either case, setting a limiter at the regulator output was
regarded as a good engineering practice. However, this limit could lead to an additional
problem, where the integrator in the regulator accumulates an error which due to the limit
can not be canceled out and the integrator gain value approaches infinity. Furthermore,
the complete drive system, including the motor is current limited, and the limit in current
can also be regarded as a reason for getting the integrator overcharged. To be precise, it is
the regulator error in the current comparison (e) that leads to the overcharged integrator.
This was avoided by an anti-windup function, the modified PI-regulator is presented in
figure 6.2. The limited value and the unlimited value of the voltage at the output of the
inverter are compared and if there is a difference this creates an error (ē), that is first
multiplied with the gain H = 1/kic and then subtracted to the initial integrator part.
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Figure 6.2: Modified PI-regulator with anti-windup of the integrator

6.2 Switch modulation
The limited reference voltage was transformed back to 3-phase quantities and now referred
to as Ua,ref , Ub,ref and Uc,ref . Each reference was then used to calculate the duty cycle,
which can be seen as a scaled reference voltage. In the initial setup, (2.54) was used to
calculate the duty cycle. The process of calculating the switching states then follows.
In Simulink, each duty cycle signal is subtracted by the triangle wave signal, and the
difference is fed to a switch block, switching to 1 if the difference is greater or equal to
zero, otherwise switching to zero. This means that the PWM is high when the duty cycle
is greater than the triangle wave. The implementation of the NOT-gate, explained in
section 2.5.3, was found to be best realized by two relation operators, followed by a data
type conversion. This stage is illustrated in figure 6.3b, and the related signal formation
is illustrated in figure 6.3a.

(a) Overview of the formation of the Gate
driver signals

(b) Logic handling between the switching states
and the Gate driver level

Figure 6.3: Switching states to Gate driver signals

6.3 Speed control
A speed controller was then added as an outer control loop and implemented as a PI-
controller. As was discussed in section 2.5.1, the two main parameters that need to
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be known for the motor were the inertia constant J and the friction coefficient D. An
assumption was made that the inertia of the rotor could be modeled as moment of inertia
of a cylindrical object

J = mrotorR
2
rotor

2 (6.2)

where mrotor is the mass of the rotor. To determine the friction coefficient accurately,
measurement needs to be made on a physical motor. In this project ,the assumption was
made that at ωn, Tfric = 0.027 p.u. This resulted in a D = 0.1 mNm/rad.

When controlling the motor at speeds above ωn operation in field weakening was used.
As a starting point, a βFW for ωmax and maximum current was sought. Equation (2.53)
was used and βFW = 68.4° was found. But similar to βMTPA, the actual motor design
and information from JMAG-designer gave a bigger βFW . The initial implementation of
the Field weakening algorithm was done by simply always setting βc = βFW when speed
above ωn was requested.

6.4 Hardware modelling and system improvements
To build the complete system the implementation was done step-wise and several smaller
models were built separately, especially for the hardware simulation, this to be able to
troubleshoot the model and to find appropriate solver settings in Simulink. Different
models related to the hardware modeling are here presented.

6.4.1 Ideal inverter model
The inverter model in the drive system simulations could be simulated in Simulink us-
ing six ideal MOSFETs, thereby this model setup is called the ideal model. The ideal
MOSFET models the drain-source resistance, RDSon. But it does not model any dynamic
behavior and it was assumed that it does not model any switching losses. This ideal
inverter model was suitable for validating the modulated switching states and also to
validate different switching frequencies. The ideal model is illustrated in figure 6.4.

Figure 6.4: Simscape model of an ideal inverter
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As a starting point, the internal battery resistance was set to a low value and the capacitor
was modelled with a high value to reduce the DC ripple below 0.1 V.

6.4.2 SPICE imported MOSFETs and the non-ideal inverter
model

The non-ideal inverter model is based on MOSFETs that are parameterized in the SPICE
programming language and then imported to the Simscape environment. The MOSFETs
model a more complete behavior compared to the ideal MOSFETs, including dynamics,
and are also capable of calculating the junction temperature. The actual hardware corre-
sponding MOSFETs that are parameterized comes from the Infineon Optimos serie. The
MOSFET requires a simscape gate driver block and some overall considerations to work
properly. An overview of this inverter model is presented in figure 6.5.

Figure 6.5: Inverter model with SPICE-imported MOSFETs

The gate driver block simulates a total turn-on time by two instances, a propagation
delay and a rise time. The instances were matched by the dynamics explained in 2.5.4
and specified by the Infineon data-sheet for the Optimos IPB100N12S3-05, see appendix
A.4. To test this dynamic, a single Gate driver and a MOSFET block was tested alone.
The MOSFET block is illustrated in figure 6.6.

Figure 6.6: MOSFET implementation with the connected signals
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The dynamics are also affected by a 10 nC capacitance, set as default in this gate driver
design block. The Gate driver voltage is plotted in figure 6.7. What was aimed here was
mainly the desired delay to avoid shoot-through in the inverter and an increase in UGS
to a value close to 5.5 V. Above this value, the MOSFET is expected to conduct with a
resistance of RDS = 6.0 mW, or lower. Which was approximated after looking into the
datasheet and extracting the slope of the ID-VDS curve. A voltage spike when the voltage
is initiated can also be noted. As well as some oscillations and a settling time to reach a
final value.

Figure 6.7: Comparision of gate driver voltage with no delay and the selected delay

The thermal dynamics are in SPICE modeled by voltages, as described in [32]. It is
similarly implemented in Simscape. As can be seen in figure 6.6, the case temperature
was here set to 25°C and the developed junction temperature could be sampled and stored.
Since the junction temperature is dynamic, the resistance, RDS will also be dynamic.

6.4.3 Zero sequence injection
For calculating the duty cycle and defining the switching state, the theory in section 2.5.3
was again recalled. It was known that this utilizes 50% of the DC-link voltage,

Ux,max = Vdc
2 (6.3)

To increase the performance of the drive system, alternative calculations of the duty cycle
can be used. A general modulation idea is described by the Space Vector Pulse Width
Modulation (SVPWM), where the six switching states can all be described by a common
space vector, early explained by [33]. It is known that in this way of modulating, the zero
vector (or zero sequence) can be included, referring to the two additional switching states
that represent the instances where the line-to-line voltages are zero.

When those ideas were established, the zero sequence was used to enable an alterna-
tive duty cycle calculation, which gives similar results as the third harmonic injection.
The third harmonics injection however needs additional calculations, not always suitable
in a real motor drive application [34]. In this alternative then, a zero sequence shift, z0
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was added to each duty cycle and the z0 is defined as

z0 = min(da, db, dc) +max(da, db, dc)
2 (6.4)

This is known to be an efficient method to increase the performance, approximately 15%
more of the DC-link voltage can be utilized, here

Ux,max = Vdc√
3

(6.5)

Litterature indicates that this method is well established and due to relatively low compu-
tational costs it is also suitable in microprocessor-controlled motor drives [34]. The initial
duty cycle versus the duty cycle with zero sequence injection is illustrated in figure 6.8.
The resulting currents at the load are plotted in figure 6.9 to illustrate the performance
gain.

Figure 6.8: Calculated duty cycle, da,
with and without zero sequence injection.

Figure 6.9: Load current with an RL-load,
with the two different voltage excitations.

This emphasizes that with the same load it is possible to have a higher power output.
However in a motor drive application, the desired working point should not be shifted
when implementing a modified duty cycle, but what is implied is that the modified duty
cycle gives the possibility to utilize a higher voltage from the battery.

For a sinusoidal space vector PWM, the modulation ratio can be kept below or equal
to 1. This is also true when using zero sequence injection. To have M ≤ 1 and thus
to avoid over modulation, is known to avoid certain harmonics and to lower the Total
Harmonics Distortion, THD [35], [36]. For that reason, over-modulation was in this work
not used. But the THD is also affected by the switching frequency, fsw. THD typically
decrease linear with a increasing fsw [36].

6.4.4 Switching frequency
The selection of the switching frequency does not only affect the switching losses. Lower
switching frequencies and the lower order harmonics, both in the range of a couple of kHz,
give an acoustical noise than can be annoying to the ear. In this range, the additional
torque ripple is more considerable. At higher switching frequencies, at a couple of tens
kHz, problems from electromagnetic interference arise while the audible noise and the
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additional torque ripple decrease or disappear [10]. Three different frequencies, 5 kHz, 20
kHz, and 50 kHz were simulated to analyze the results in terms of THD, motor torque
ripple, and switching losses.

6.4.5 JMAG imported SynRM model
Each specific motor design made in JMAG could be imported into Simulink by the gen-
erated RT-file, corresponding RT-block, and the support files, all from JMAG-RT. Early
implementations of this function used Simulink signals as inputs and outports. But later
versions used Simscape signals to model each phase line connected to the block. A Sim-
scape signal represent a more complete implementation of a physical property. In the case
of Simscape electrical (represented by blue lines) a signal models both current and volt-
age, usually driven by a current source. In this implementation, the Simscape electrical
signal was useful since it also simulates a voltage drop over the inverter and the battery.
It should be noted that the RT-block was implemented in Simscape Specialized Power
Systems which requires signal conversion from Simscape Electrical (the lines are again
black after the conversion, but should not be confused with the black simulink lines). The
block used for this conversion acts as a voltage source in the Specialized Power Systems
side and as a current source on the Simscape side, each referred to the electrical ground
on the respective sides. Figure 6.10 illustrate the motor block and the 3 phase voltages
switched by the inverter are labeled A, B, C.

Figure 6.10: RT motor-model imported from JMAG-RT and implemented in the specific
Simulink environment
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6.4.6 Model and control with non-linear inductance
As was mentioned in section 2.3.1, Ld and Lq have non-linear behavior and are dependent
on id and iq. The torque equation for the SynRM, (2.15), indicates that the machine torque
is highly dependent on changes in Ld and Lq. The control of the machine was thereby
also very sensitive to those changes and using fixed values gave a sub-optimal control.
Furthermore, the regulator parameters for the current controller are also dependent on
inductance values. To handle this, the data determined in the mapping of the SynRM were
used to create a look-up table. The data was mapped in terms of Ld and Lq, both depend
on Imag and βc. The current and angle vector was used together with the corresponding
data in a simulink look-up table, see figure 6.11, to update the inductance parameters
before each control iteration. The control parameters are then updated depending on the
values according to (2.41), (2.42) and (2.43).

Figure 6.11: Look-up tables for Ld and Lq

It was found that the current angle needed to be shifted from the first quadrant to the
second to extract the correct inductance values from the look-up table. This is because
of different axes definitions in JMAG-RT.

6.5 Performance Analysis
The drive performance was analyzed from different perspectives and with different parts
in focus. Figure 6.12 overviews the different simulations that were performed and which
hardware is considered.
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Figure 6.12: Illustration of the setup for the performance analysis

All simulations include the battery, but since the battery was simulated as close to an
ideal voltage source with no losses it is not highlighted in this analysis.

6.5.1 Complete SynRM Drive Simulation
The model used for simulating the complete drive system is overviewed in figure 6.13. The
power electronics and machine was implemented in simscape in accordance with section
6.4.5 and 6.4.1. The control system is simulated in simulink as described in 6.1.

Figure 6.13: Setup for the complete SynRM drive simulation

The current controller with torque reference as input was tested with a step function. To
solve the motor model the rotor speed must not spin freely, because the imported model
is not defined for speeds significantly larger than the max speed. Setting the friction
coefficient to 1000 times the normal values would simulate a speed-dependent brake.
When the current controller was to verify the torque estimation, an RT-block that uses
measured voltages represented in Simulink was used instead of the actual physical voltages
implemented in Simscape. The idea was to highlight the current and torque behavior as a
function of the inductance. Which is the core of the control loop. When using the speed
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controller, however, a more complete representation of the system was aimed and the
motor was connected with Simscape signals and the added friction brake was removed.
Instead, an external mechanical load Text was added to let the motor produce the desired
torque at the requested speed.

6.5.2 The equivalent RL load
To ease the simulation process a set of simulations was done with an RL-equivalent load.
Here, a resistance was connected in series with an inductance, this load was then y-
connected. The RL-equivalent load was implemented mainly due to a reoccurring error in
the motor implementation, arising from the interface block between Simscape Electrical
and Simspace Specialized Power Systems. The error was only present when the SPICE
imported MOSFETs and thus the non-ideal inverter was used. In those models, the solver
would end up in states (possibly at transients) that it can not solve.

The RL-equivalent load was calculated from power factors that were derived from the
three motor models, the SynRM, the IPM motor, and the PMaSynRM. Then using the
base speed and the torque of Tem = 1 p.u. as the operating point for each motor. Due
to the different PF for the different motors, the equivalent R and L were different. The
purpose was to analyze the losses dissipated as a result of the different PF.

The setup and calculation for the RL-equivalent load was calculated by using information
from the motor model. The specific voltage and current for each motor was used to calcu-
late the corresponding apparent power. The PF was then used to find the active power,
P, and reactive power, Q. Finally the electrical frequency (f) was derived from the rotor
speed. The phase resistance, Rload and the phase inductance, Lload then follows as

Rload = P

I2
rms

(6.6)

Lload =
Q

I2
rms

2πf (6.7)

6.5.3 Power losses using FFT analysis
The main idea behind finding the power loss, Ploss, and the efficiency in the inverter was
to compare the power output directly after the battery, labeled Pbatt, and the power out-
put from the inverter, Pinv. For Pinv, some further consequences were noted. First, the
switched voltage from the inverter was difficult to measure in the time frame, secondly, it
is only or mainly the fundamental component of the voltage that is useful for the motor,
thus only the fundamental component was taken into account when analyzing the useful
inverter power output. For the load current after the inverter it was also the fundamental
component that was regarded.

The FFT analysis was used through a GUI, labeled powergui in Simulink. Initially, a
script in Matlab using related libraries was used. The results from the Matlab script had
dependencies on resolution and the number of periods of the signal, but the GUI tool was
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consistent and regarded as a more accurate solution. The selected motor speed yielded
the frequency of the fundamental component and the magnitude for this component was
used. An example of an analyzed voltage in the GUI is presented in figure 6.14. For each
simulation, the apparent power can be calculated. For both the voltage and the current,
the angle could be read out from the GUI. The phase angle, ϕ, can be calculated following
section 2.3.2. This angle was then used to calculate the actual power, Pinv. The current
from the battery was not constant, it had a high ripple. The best way to analyze this
was to use the DC-component tool in the GUI. Thus, both of the measured components
from the battery are regarded as DC components and the active power, Pbatt could be
calculated. Finally, the power loss Pl,inv,sim was calculated as

Pl,inv,sim = Pbatt − Pinv (6.8)

and the simulated efficiency of the inverter, ηinv,sim is here defined as

ηinv,sim = Pinv
Pbatt

(6.9)

Figure 6.14: Example of an FFT-analysis in the Simulink GUI

6.5.4 Power losses from theoretical calculations
To analyze the power losses in the inverter further, the conduction and switching losses
were calculated for each MOSFET with considerations taken for the inverter application
[18]. To then form a model for the total inverter losses. Several assumptions were made
for this model. The case for comparison was the SynRM equivalent load with the SPICE
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model inverter. The inverter output current (here Is) was assumed to be a pure sinusoidal
current with amplitude presented by the simulated result. The supply voltage was simply
put as the DC link voltage, UDD = Ubatt. The resistance in the diode is assumed to be
the same as in the MOSFET and the temperature was assumed to be fixed 25° C.

For analyzing the switching losses in an inverter application, the current in each half-
bridge inverter leg is simplified. This is in each half-wave of the output sine wave, (1/(2f)),
simplified as a DC component

IDC = 1
π
Is,peak (6.10)

Each switch cycle can then be explained by the theory in section 2.5.4.

6.6 Inverter component validation
To validate the inverter models and to support upcoming work a short study was sug-
gested on selecting or validating hardware components. The hardware component that
has been in focus in the drive analysis was mainly the MOSFETs.

The procedure to validate if a MOSFET is suitable for the application and the load
was done according to the following screening,

1. Is the maximum voltage rating of the MOSFET below the maximum voltage of the
system?

2. Is the total power losses in each MOSFET below the value of maximum power
dissipation stated for the MOSFET?

3. Is the MOSFET operating within the safe operation area?
4. Find the better performance in terms of lower RDS or lower rise- & fall-times.

The maximum voltage rating refers to the absolute maximum voltage rating. Transients
must also be lower than the maximum MOSFET rating to not risk damaging the MOS-
FET. All the upper limits for operating points should be covered by the curve describing
the safe operation area, found in the MOSFET datasheet, see appendix A.4. Besides
the breakdown voltage, the curve also considers a segment for the maximum dissipation
power, a region for temperature stability, and an upper limit for continuous current [19].
This means that the safe operation area would cover all aspects mentioned in this vali-
dation. It was however decided to also validate the power dissipation alone and to use
the simulated data to give more depth to the validation. It should however be noted that
at increasing voltages, the curve of maximum power dissipation intersects with the curve
of thermal stability. Because of this, the maximum limits of power dissipation should
be used carefully to avoid a thermal runaway. Again, the safe operating area should be
used for a final conclusion. The validation was closely tied to the work in simulating the
inverter, and the MOSFET models available for the simulations were the basis of this
analysis.

The maximum power dissipated in one MOSFET device was assumed to be the same
as the power dissipated in one phase and thus also assumed to be a third of the total
inverter losses. The reason for assuming that the loss is dissipated by only one of the
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MOSFETs in the inverter leg is for accounting for all possible switching states. Further-
more, to avoid errors in calculating a possible split between the power loss of the two
MOSFETS, a phase maximum was used for the sake of redundancy. For selecting pulse
width for the safe operation area, the nominal switch period for one MOSFET, (1/fsw) was
used. And when validating the limit of thermal stability, the peak phase current was used.

The MOSFET would need some type of cooling. In the above reasoning, the cooling
performance is not considered. To make a more in-depth analysis of the power dissipation
and the operating temperature, an analysis can be done using a typical thermal model
and data on thermal characteristics taken from the corresponding datasheet.
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7.1 SynRM
Here the results of the SynRM analysis will be presented for both design concepts. The
results for the PMaSynRM will also be presented. Some decisions based on the results
are explained throughout the design process.

7.1.1 Design 1
For the first design, using JMAG Designer, the maximum torque angle was found to be
around 67.5° when the d-axis was aligned with the a-phase. Meaning that the maximum
torque angle was a lot larger than that of the MTPA angle at 45° indicating that the steel
was quite saturated.

7.1.1.1 Base design

The baseline parameters are presented in the table 7.1 along with the PF, torque, torque
ripple, efficiency, and voltage needed to maintain the base speed. All performance param-
eters are presented for all future cases for both designs.

Table 7.1: Initial parameters SynRM design 1

Performance Parameter Value
Torque 0.998 [p.u.]
Torque ripple 13.8%
Efficiency 87.0%
PF 0.585
Phase Voltage RMS 41.44 [V]
Design variables
βs 4.5°
Kwq 0.7
Wq,1 1.65 [mm]
Wq,2 1.65 [mm]
Wq,3 1.65 [mm]
Wq,4 1.65 [mm]
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7.1.1.2 Change of rotor displacement angle

The size of the barriers is kept constant while βs is varied between 0° and 10°. The results
are presented in figure 7.1.

(a) Torque (b) PF

(c) Torque ripple (d) Voltage

(e) Efficiency

Figure 7.1: Performance results for design 1 when changing βs
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The torque changes when adjusting βs. βs gives the lowest torque ripple at 2.75° and
since the goal with βs is decrease the torque ripple this was used as the parameter value
for βs.

7.1.1.3 Insulation Ratio

With βs set, the insulation ratio along the q-axis was varied by changing the size of the
barriers. In figure 7.2 the insulation ratios effect on the performance is presented.
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(a) Torque (b) PF

(c) Torque ripple (d) Voltage

(e) Efficiency

Figure 7.2: Performance results for design 1 when changing the the insulation ratio Kwq

In figure 7.2a it is seen that the torque is maximized for an insulation ratio between 0.7
and 0.9. The same correlation can be seen for the power factor and efficiency as well. The
torque ripple is however better for slightly smaller values of insulation ratios, around 0.7.
The solution converges to the case presented in table 7.2
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Table 7.2: Final parameters SynRM design 1

Performance Parameter Value
Torque 1.01 [p.u]
Torque ripple 8.4%
Efficiency 87.1%
PF 0.59
Phase Voltage RMS 41.21 [V]
Design variables
βs 2.75°
Kwq 0.78
Wq,1 1.65 [mm]
Wq,2 1.82 [mm]
Wq,3 2.02 [mm]
Wq,4 1.55 [mm]

7.1.2 Design 2
Here the results of the second design approach will be presented. The maximum torque
angle was essentially the same as in design 1 at 67.5° when the d-axis was aligned with
the a-phase. This was expected since the rotor geometries are similar and the fact that
the steel was quite saturated.

7.1.2.1 Base design

The base case is presented in the table 7.3

Table 7.3: Base case SynRM design 2

Parameter Kwq Kwd βs

Value 0.6 0.7 5.625°

This is the initial parameter selection and the performance result for this case is presented
in table 7.4.

Table 7.4: Initial performance parameters for design 2

Performance Parameter Value
Torque 0.99 [p.u]
Torque ripple 27.4%
Efficiency 85.1%
PF 0.57
Phase Voltage RMS 41.87 [V]
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7.1.2.2 Change of Kwq

The value of Kwq is varied between 0.4 to 1.0 with the other values set to the base value,
see table 7.5. The result are seen in figure 7.3

Table 7.5: Varying Kwq for SynRM design 2

Parameter Kwq Kwd βs

Value 0.4-1.0 0.5 5.625°
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(a) Torque (b) PF

(c) Torque ripple (d) Voltage

(e) Efficiency

Figure 7.3: Performance results for design 2 when changing kwq

The torque increases with increasing Kwq. However, due to conflicting geometries when
studying Kwd, Kwq was limited to 0.85.
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7.1.2.3 Change of Kwd

With the insulation ration in the q-axis set Kwd was changed between 0.5 and 1, see table
7.6 and the results can be seen in figure 7.4

Table 7.6: Varying Kwd for SynRM design 2

Parameter Kwq Kwd βs

Value 0.85 0.5-1 5.625°
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(a) Torque (b) PF

(c) Torque ripple (d) Voltage

(e) Efficiency

Figure 7.4: Performance results for design 2 when changing Kwd

The torque starts to decrease after the insulation ratio gets higher than 0.7. Therefore
the insulation ratio in the d-axis is set to 0.7
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7.1.2.4 Change of rotor displacement angle

The insulation ratios are set. The angle βs is now changed in order to minimize torque
ripple. see table 7.7 and the results can be seen in figure 7.5

Table 7.7: Varying Kwd for SynRM design 2

Parameter Kwq Kwd βs

Value 0.85 0.7 0-12°
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(a) Torque (b) PF

(c) Torque ripple (d) Voltage

(e) Efficiency

Figure 7.5: Performance results for design 2 when changing Betas

The ideal value is found at 9.5° to minimize the torque ripple. The effect on the torque
was considered minimal and therefore the angle was not set to a higher value since the
gain in torque was considered too low in relation to the increase in torque ripple.
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7.1.2.5 Final design parameters for design 2

The final values for the insulation ratios and βs are presented in table 7.8.

Table 7.8: Final parameters SynRM design 2

Parameter Kwq Kwd βs

Value 0.85 0.7 9.5°

A slight modification had to be made to the final rotor of design 2. In figure 7.6 the
marked area was removed. This was because the profile was so thin that the distance up
into the arms highlighted in the picture cannot be made within realistic manufacturing
tolerances.

Figure 7.6: Removed area in outer most flux path in Design 2

With the profile removed the performance results are presented in table 7.9
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Table 7.9: Performance parameters after parameter sweep and profile removal

Performance Parameter Value
Torque 1.03 [p.u]
Torque ripple 8.92%
Efficiency 85.8%
PF 0.599
Phase Voltage RMS 41.34 [V]

7.1.3 Result of mechanical analysis
The experienced stress on the rotor lamination for design 1 can be seen in figure 7.7. The
load cases are presented individually along with total von Mises stress experienced for the
worst case scenario.

(a) von Mises stress design 1 when rotating at
ωmax

(b) von Mises stress design 1 from deceleration

(c) Total von Mises stress design 1

(d) Max von Mises stress design 1

Figure 7.7: Stress analysis results for design 1
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For the centripetal force the maximum stress was in the tangential rib closest to the d-axis
of the rotor. The stress from the deceleration instead had its maximum along the d-axis
flux path at its thinnest point. The maximum stress when the cases are combined was in
the tangential rib closest to the d-axis as in figure 7.7d. The maximum stress yielded a
safety factor of

sf1 = σy
σv

= 450MPa
145MPa = 2.94 (7.1)

The experienced stress on the rotor lamination for design 2 can be seen in figure 7.8. The
load cases are presented individually along with total von Mises stress experienced for the
worst-case scenario.

(a) von Mises stress design 2 when rotating at
ωmax

(b) von Mises stress design 2 from deceleration

(c) Total von Mises stress design 2
(d) Max von Mises stress design 2

Figure 7.8: Stress analysis results for design 2

The stress on the rotor has its maximum in different locations depending on the load case.
The location of the maximum stress for the different load cases was very similar to that
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of design 1. When decelerating, the von Mises stress concentrates along the flux path
that connects the inner part of the rotor to the outer rim of the rotor. For the centripetal
force, the von Mises stress was instead the highest in the tangential ribs, seen in figure
7.8a. The total von Mises stress was still small enough to give a safety factor of

sf2 = σy
σv

= 450MPa
145MPa = 3.1 (7.2)

The safety factor was higher than 3 which would indicate that the tangential ribs could
be made smaller if not due to manufacturing limitations.

7.1.4 Choice of concept
Both designs had a significant safety factor and the performance was very similar. How-
ever, design 2 had a slightly higher torque production than design 1. The results for
design 2 were also more consistent and could more easily be understood. For these two
reasons it was decided that from this point design 2 would be used for the final design of
the SynRM.

7.1.5 Addition of radial ribs
The performance with the radial ribs are presented in table 7.10. The mechanical stress
can be seen in figure 7.9.

Table 7.10: Performance parameters with radial ribs

Performance Parameter Rib 0.5 mm Rib 1 mm
Torque 0.97 [p.u] 0.91 [p.u]
Torque ripple 7.5% 7.7%
Efficiency 86.6% 0.859%
PF 0.57 0.535
Phase Voltage RMS 41.54 [V] 41.68 [V]
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(a) Total von misses stress with 0.5 mm rib (b) Maximum von Misses stress 0.5 mm rib

(c) Total von misses stress with 1 mm rib
(d) Maximum von Misses stress 1 mm rib

Figure 7.9: Stress analysis results when using radial ribs

As expected the stress reduces with increased rib size, but at the cost of decreased per-
formance of the SynRM since leakage flux can now flow through these ribs, see figure
7.10. Interestingly, the stress is now concentrated in the first radial rib. This is due to
the deceleration force creating a larger force in the body closer to the shaft and since the
rib is quite thin the stress becomes high. Since it was determined that the safety factor
was sufficient without radial ribs. It was decided that no radial ribs would be used for
the final design of the SynRM.
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Figure 7.10: Leakage flux in the radial ribs

7.1.6 Change of stator steel
Changing the stator steel to the same as in the rotor yielded a slight performance increase.
This was due to the iron losses being reduced when compared at the same operating point
with M330-50A. The performance results are presented in table 7.11

Table 7.11: Results when using M270-35A steel in the stator

Performance Parameter Value
Torque 1.05 [p.u]
Torque ripple 8.5%
Efficiency 87.4%
PF 0.6
Phase Voltage RMS 41.8 [V]

The reason for the increased torque production becomes clear when looking at (2.33).
The lamination thickness d directly influences the size of the iron losses and since the
lamination thickness was changed from 0.5 mm to 0.35 mm the losses decrease. Because
of the slightly better performance of the M270-35A this steel was used from this point
forward in the project in both the stator and the rotor.
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7.1.7 Change of stator slot pitch angle
As was mentioned in section 5.1 the stator slot pitch was initially changed to full pitch
y = 6, however, the effect of the pitch was studied for three cases described in the table
7.12.

Table 7.12: Effect of slot pitch

Performance Parameter y = 6 y = 5 y = 4
Torque 1.05 [p.u] 1.045 [p.u] 0.935 [p.u]
Torque ripple 8.5% 9.6% 8.3%
Efficiency 87.4% 88.3% 88.1%
PF 0.6 0.617 0.63
Phase Voltage RMS 41.80 [V] 40.2 [V] 34.90 [V]

As expected the torque decreases for lower y. In the case when y = 4 gives a torque much
lower than the others which were not desirable. However for a slot pitch of y = 5 the
torque drop was very low, but with a larger increase in PF and decrease in voltage. It
was therefore decided that y = 5 would be used. The βc that gave the highest torque was
slightly decreased due to the change in pitch to βc = 65°.

7.1.8 Final SynRM design
With the final rotor design of the SynRM decided, the stack length of the motor was
adjusted to match the mechanical torque produced by the reference IPM motor. It was
found that to achieve 1.0 p.u torque the stack length could be decreased to only 52%
longer than the IPM. It should be noted that the stack length can only be as long as
a multiple of the lamination thickness. That is why the torque is slightly higher than
that of the IPM. The performance result after this and the final performance result of the
SynRM are presented in table 7.13. The full geometric parameters can be seen in table
7.14.

Table 7.13: Final design SynRM performance parameters

Performance Parameter Value
Torque 1.0 p.u.
Torque ripple 9.6%
Efficiency 88.1%
PF 0.617
Phase Voltage RMS 38.55 [V]
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Table 7.14: Geometric parameters for the final rotor geometry

Geometry Measurments Value Description
Wq,1 2.97 [mm] Width of flux barrier 1 in q-direction
Wq,2 2.30 [mm] Width of flux barrier 2 in q-direction
Wq,3 2.00 [mm] Width of flux barrier 3 in q-direction
Wd,1 2.20 [mm] Width of flux barrier 1 in d-direction
Wd,2 1.70 [mm] Width of flux barrier 2 in d-direction
wt,1,2,3 0.50 [mm] Width of tangential ribs
Sq,1 1.66 [mm] Width of flux path 1 in q-direction
Sq,2 3.12 [mm] Width of flux path 2 in q-direction
Sq,3 2.53 [mm] Width of flux path 3 in q-direction
Sq,4 1.50 [mm] Width of flux path 4 in q-direction
θ1 5.07° Rotor positon angle for flux barrier 1
θ2 15.20° Rotor position angle for flux barrier 2
θ3 25.36° Rotor position for flux barrier 3
Rshaft 6.08 [mm] Shaft radius
Rrotor 22.15 [mm] Rotor radius
Fillet 0.50 [mm] End barrier fillet radius

7.2 PMaSynRM
The result of the two cases for the magnet placement are shown in table 7.15.

Table 7.15: Performance parameters with the addition of ferrite magnets

Performance Parameter Case 1 Case 2
Torque 1.28 [p.u] 1.382 [p.u]
Torque ripple 11.0% 9.5%
Efficiency 90.2% 90.9%
PF 0.74 0.795
Phase Voltage RMS 39.88 [V] 38.88 [V]

7.2.1 Final PMaSynRM design
Since the torque and power factor were significantly better for the second case this was
the one used for the final design of the PMaSynRM. After the addition of ferrite magnets
βc = 60°. Because of the high torque and PF the size of the motor could be reduced to
17.7% longer than the IPM. The performance result for the length adjusted PMaSynRM
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can be seen in table 7.16.

Table 7.16: Performance parameters with the addition of ferrite magnets

Performance Parameter Value
Torque 1.02 [p.u]
Torque ripple 9.5%
Efficiency 90.0%
PF 0.8
Phase Voltage RMS 29.74 [V]

The most significant change of course is the reduction in voltage needed to maintain the
base speed. Otherwise, the torque ripple, efficiency, and PF are essentially the same.

7.3 Performance comparison of the motors
In table 7.17 the performance comparison of the SynRM and PMaSynRM compared to
the IPM motor is shown along with how the size has to be changed to achieve the same
performance.

Table 7.17: Performance comparison of all motors in this project

Performance parameter IPM Ref. SynRM SynRM PMaSynRM
Torque 1.0 [p.u] 0.96 [p.u] 1.0 [p.u] 1.02 [p.u]
Torque Ripple 2.3% 42.7% 9.6% 9.5%
Efficiency 94.7% 85.1% 88.1% 90.0%
Losses 211.6 [W] 626.2 [W] 553.2 [W] 490.8 [W]
PF 0.835 0.527 0.617 0.8
Phase Voltage RMS 33.23 [V] 44.2 [V] 38.55 [V] 29.744 [V]
Stack length 1.0 [p.u] 1.81 [p.u] 1.52 [p.u] 1.18 [p.u]

It is clear that the SynRM design is an improvement compared to the reference SynRM in
that the torque performance is achieved with a smaller motor and a significant decrease in
torque ripple. The PMaSynRM performs even better because of its higher power factor.

7.4 Cost comparison
In table 7.18, 7.19 and 7.20 the cost for the SynRM, PMaSynRM and IPM motor respec-
tively is presented along with there total weight.
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Table 7.18: Results for the cost of the SynRM

Material
Case 1
(Normal)
[€/kg]

Case 2
(Today)
[€/kg]

fmf
Weight
[kg]

Material
Cost [€]

Cost [€]

Stator
M270-35A 1.5 1.5 1.5 0.54 0.81 1.22
Copper 6 9.5 1.5 0.43 2.55/4.05 3.83/6.07
NO20 1.6 1.6 1.5 0 0 0
Rotor
M270-35A 1.5 1.5 1.5 0.2 0.3 0.45
Ferrite FB5D 1.45 1.45 1.5 0 0 0
NdFeB N45SH 60 100 1.5 0 0 0
M800-50A 1.2 1.2 1.5 0 0 0
Total 1.17 3.66/5.16 5.49/7.74

Table 7.19: Results for the cost of the PMaSynRM

Material
Case 1
(Normal)
[€/kg]

Case 2
(Today)
[€/kg]

fmf
Weight
[kg]

Material
Cost [€]

Cost [€]

Stator
M270-35A 1.5 1.5 1.5 0.42 0.63 1.22
Copper 6 9.5 1.5 0.38 2.28/3.61 3.42/5.42
NO20 1.6 1.6 1.5 0 0 0
Rotor
M270-35A 1.5 1.5 1.5 0.156 0.23 0.35
Ferrite FB5D 1.45 1.45 1.5 0.06 0.09 0.13
NdFeB N45SH 60 100 1.5 0 0 0
M800-50A 1.2 1.2 1.5 0 0 0
Total 1.02 3.23/4.56 4.85/6.84
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Table 7.20: Results for the cost of the IPM motor

Material
Case 1
(Normal)
[€/kg]

Case 2
(Today)
[€/kg]

fmf
Weight
[kg]

Material
Cost [€]

Cost [€]

Stator
M270-35A 1.5 1.5 1.5 0.42 0 0
Copper 6 9.5 1.5 0.21 1.26/2.00 1.89/2.99
NO20 1.6 1.6 1.5 0.28 0.45 0.67
Rotor
M270-35A 1.5 1.5 1.5 0 0 0
Ferrite FB5D 1.45 1.45 1.5 0 0 0
NdFeB N45SH 60 100 1.5 0.09 5.40/9.00 8.10/13.50
M800-50A 1.2 1.2 1.5 0.13 0.16 0.23
Total 0.71 7.27/11.61 10.91/17.42

Because the PMaSynRM could be made shorter and that ferrite magnets are cheap com-
pared to Neodynium magnets, the overall price for the PMaSynRM became lower than
that of the SynRM. As expected the IPM motor is a lot more expensive. The SynRM is
only 44.4 % to 50.3 % of the cost of the IPM motor and the PMaSynRM is 39.2 % to
44.3 % of the IPM motor. The weight increases for SynRM with 64.8 % and 44.5 % for
the PMaSynRM compared to the IPM motor, see figure 7.11. With ferrite magnets, a lot
of performance can be gained without sacrificing the cost aspect.

Figure 7.11: Total weight of the motors
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7.5 Motor mapping
In figures 7.12a and 7.12b the torque speed curves with an efficiency map for both the
SynRM and the PMaSynRM are shown respectively.

(a) Torque speed curve SynRM (b) Torque speed curve PMaSynRM

From figure 7.12b and table 7.17 it is clear that the voltage is underutilized for the
PMaSynRM. The stator is not ideal for the PMaSynRM. A redesign of the windings
could lead to the need for less current and the voltage instead being utilized more. This
was however not studied further in this project.

The inductance data for the SynRM are presented in figures 7.13a and 7.13b and for
the PMaSynRM in figures 7.14a and 7.14b.

(a) Ld(Imag, βc) (b) Lq(Imag, βc)

Figure 7.13: Ld and Lq values dependent on the current magnitude and current angle for
the SynRM
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(a) Ld(Imag, βc) (b) Lq(Imag, βc)

Figure 7.14: Ld and Lq values dependent on the current magnitude and current angle for
the PMaSynRM

In table 7.21 the value for ψpm for the PMaSynRM is shown. Initially, ψpm is negative
indicating that the optimal torque angle will be very different for low levels of current
compared to when operating at maximum current.

Table 7.21: ψpm for the PMaSynRM

Id [A] 10 20 30 40 50 60 70 80 90
ψpm [mWb] -4.43 -3.56 -2.25 -0.91 0.48 1.98 4.13 7.60 7.78

7.6 SynRM drive
The SynRM drive results presents the performance of the SynRM with the designed drive
system. Apart from in section 7.6.5 the switching frequency is set to fsw = 20 kHz. The
results of the inverter analysis are also presented.

7.6.1 Complete drive system simulation results
The response of the current controller for the SynRM is presented in 7.15. Figure 7.15a
plots the produced torque and the requested torque. In figure 7.15b the inductances in
d- and q-axis are plotted. Ld and Lq from the RT model are compared with the table-
generated values.
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(a) Torque request vs produced torque (b) Simulated motor inductance vs tabulated in-
ductance in d- and q-axis

Figure 7.15: Result of the drive system with the current controller and torque request as
input, where the inductance data is tabulated for updating regulator parameters.

Tabulated data for the inductance matches well with the simulation data. When the tab-
ulated values for Ld and Lq are used for updating the regulator parameters in the current
controller and for calculating the current reference from a torque request, the produced
torque matches well the torque reference up to Te = 1 p.u. For values above Te = 1 p.u.
the system is limited in current.

The complete drive system with speed control is presented in 7.16. The governing speed
reference and the simulated rotor speed are plotted in 7.16a. The torque requested by
the speed controller is plotted in 7.16b together with the produced torque, Te and the
external mechanical load, Text. Simulated and tabulated values of Ld and Lq are plotted
in 7.16c. The performance of the current controller is illustrated in figure 7.16d where
requested values are plotted together with the measured and sampled motor values, all in
the dq-frame.
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(a) Rotor speed vs reference speed (b) Torque response with load

(c) Tabulated vs simulated inductance (d) Motor current vs reference current

Figure 7.16: Result of the complete drive system with the ideal inverter model and speed
controller.

The response of the current controller is as desired in terms of rise time. The overshoot
is minimal or none and no remaining error is noticed. The outer speed controller can
then perform with a corresponding behavior which is also noted. A noise is recorded on
the currents which is partly regarded as inverter harmonics. This also affects the torque
signals. Only a minimal noise is observed on the rotor speed, due to the slower dynamics.
The speed reference is increased from ωn to ωmax at 0.2 s. At this time point, the current
angle is changed from βMTPA = 65° to βFW = 80°.

7.6.2 Inverter performance
To evaluate the behavior of the inverter models, the currents are assessed. In figure 7.17
the phase current and the inverter DC side current for the ideal inverter are plotted.
Similarly, the currents for the non-ideal inverter with SPICE imported MOSFETs at
plotted in figure 7.18.
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(a) 3-phase currents (b) Inverter DC side current

Figure 7.17: Ideal inverter model steady state drive operation of the SynRM

(a) 3-phase currents (b) Inverter DC side current

Figure 7.18: Non-ideal inverter model SynRM equivalent load

In the inverter DC side current for the Non-ideal inverter, the difference in the MOSFET
on resistance and the forward resistance of the body diode is noticed by the smaller spikes.
The figures also indicate a higher inverter DC side current for the Non-ideal inverter with
the SynRM equivalent load than the ideal model with the operation of the SynRM. The
phase currents are however the same in magnitude.

7.6.3 Inverter efficiency
The power losses as a result of the load, as well as the resulting efficiency are presented in
table 7.22 & 7.23. Table 7.22 presents the cases where the Ideal Inverter was used. Here
the SynRM is compared with its equivalent load. Table 7.23 presents the cases when then
non-ideal inverter was used, and the efficiencies are highlighted.
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Table 7.22: Ideal inverter model with the SynRM load and the SynRM equivalent load

Inverter model Ideal model Ideal model
Load model Unit SynRM Jmag design SynRM equivalent load
Rds (datasheet) Ohm 0.0043 0.0043
Switching freq. fsw kHz 20 20
Electrical freq. p.u. 0.7370 0.7385
PF - 0.6046 0.6170
Phase angle (real) deg 52.8000 51.9000
THD (Phase current) % 3.00 0.83
Battery Power, Pbatt kW 4.1443 4.2816
Inverter Power, Pinv kW 4.1173 4.2422
Apparent Power kVA 6.8100 6.8751
Power loss, Pl,inv,sim W 27.0091 39.4137
Efficiency, ηinv,sim % 99.35 99.08

The FFT analysis on the SynRM Jmag design, the RT-model, was performed on at steady-
state part of a drive sequence. The operating point at the base speed, n = 0.7385 p.u. and
the torque of Te = 1 p.u. was aimed for. The actual operation in the test was n = 0.7370
p.u. and Te = 0.98 p.u. The rotational speed is also reflected in the measured electrical
frequency, noted as the fundamental component when performing the FFT analysis.

The power output from the battery with the SynRM JMAG design is 137 W lower than
with the equivalent load. The PF is also lower. The discrepancy is partly due to that the
SynRM is not operating completely at its desired operating point, where the equivalent
load is calculated to be. And also due to the accuracy of the imported JMAG-RT motor.
The error in efficiency when driving the equivalent load is 0.27% when compared to the
actual motor design.
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Table 7.23: Inverter efficiency and power losses for the different motor equivalent loads

Inverter model SPICE model SPICE model SPICE model
Load model Unit SynRM equiv. IPM equiv. PMaSynRM equiv.
Switching freq. fsw kHz 20 20 20
Electrical freq. p.u. 0.7385 0.3692 0.7385
PF (load calc.) - 0.6170 0.8370 0.8000
Phase angle (real) deg 52.0000 33.1000 36.9000
THD (phase current) % 0.8900 0.5800 1.1300
Battery Power, Pbatt kW 4.3872 3.9414 4.2535
Inverter Power, Pinv kW 4.2662 3.8728 4.1382
Apparent Power kVA 6.9295 4.6230 5.1747
Power Loss, Pl,inv.sim W 120.9779 68.6476 115.3352
Efficiency % 97.24 98.26 97.29

The higher current and voltage due to the lower power factor results in a greater power
loss in the inverter. This explains the higher power loss in the SynRM and PMaSynRM
compared to that of the IPM motor. The PMaSynRM gives a similar result in efficiency
as the SynRM and the increased losses of the motors compared to the IPM motor are
identified to be due to the higher currents. The PMaSynRM and the SynRM are set to
the same current level, the actual RMS phase currents are 59.0 A, and 59.9 A respectively.
In figure 7.19 the summarized losses for the system with motor and inverter are shown.
The motor operates at a torque of 1 p.u and at the base speed, the inverter is using a
switching frequency of 20 kHz.

Figure 7.19: Total Power losses in the drive system for the three different motors, all
operating at the base speed and a torque of 1 p.u
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7.6.4 Power losses from the theoretical model
The results from the theoretical model calculated for the motor equivalent load are pre-
sented in table 7.24.

Table 7.24: Results from the theoretical model

Load model Unit SynRM IPM PMaSynRM
Conduction losses, Pcond W 64.7 38.6 62.6
Switching losses, Psw W 20.5 16.5 19.9
Total Power losses, inverter, Pl,inv W 85.2 55.1 82.5
Error compared to simulated % 29.5 19.8 28.5

This presents a difference in the theoretical model compared to the simulated values. The
error is presented as an error compared to the simulated value.

7.6.5 Harmonics and switching frequency
In table 7.25, the effect on losses and THD in the currents for different fsw are presented.
The same drive cycle as in 7.16 is then simulated, also with the different switching fre-
quencies, and the current in the dq-frame and the produced torque can be seen in figure
7.20.

Table 7.25: Power Losses and THD as a result of changes in fsw

Inverter model SPICE model
Load model Unit SynRM equiv.
Switching freq. kHz 5 20 50
THD (current) % 3.36 0.89 0.6
Power Loss W 78.7019 120.9779 178.7900
Efficiency % 0.9817 0.9724 0.9605

(a) d- & q-current (b) Produced motor torque

Figure 7.20: Motor drive behaviour with ideal inverter and different fsw
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With a higher switching frequency, the harmonics in the current and the torque ripple
become significantly lower at the cost of more losses in the inverter.

7.6.6 Component validation
The datasheet for the infineion OPTIMOS IPB100N12S3-05 MOSFET presents a maxi-
mum drain-source voltage of 120 V. The maximum voltage existing in the drive system
would be lower than this. The inverter performance analysis suggests that the SynRM
drive would give a power loss, Pl,inv,sim = 121 W at the operation in base speed and
torque close to the maximum possible of the system. As suggested by the analysis, up to
a third of this inverter loss could be dissipated by one MOSFET. This dissipated power is
lower than the maximum rated by the MOSFET datasheet, stating a maximum of 300 W.

Validating the safe operating area of the MOSFET then results in that the operation
will be below the maximum power limit. When using fsw = 20 kHz, operation within
the limit of thermal stability of the safe operating area can not be guaranteed for this
MOSFET according to this work. With the resolution available in the datasheet and the
plot for safe operating area, the operation of the MOSFET would more or less lay on the
line of safe operation in terms of thermal stability and a thermal runaway can with these
results not be guaranteed to be avoided.
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8
Discussion

When it comes to the slot pitch and torque ripple, it might not be the same ideal βs
when changing the pitch for minimizing the torque ripple. The small loss in torque when
changing y from 6 to 5 could be due to problems with saturation of the steel since the
loss in performance is less than expected. The ideal barrier design is not necessarily the
same when the pitch changes. Especially the ideal value for βs since the flux paths in
the rotor is the same when the pitch is changed. So the ideal relation between the stator
and rotor slot openings could potentially change for a different slot pitch. In general, the
stator should be studied more. Most likely the ideal stator for the presented rotor design
would be different.

The first design approach for the SynRM design needs more work. The design is simple,
but harder to say exactly what parameters are best. From design 1 compared to design
2, it is clear that more barriers do not necessarily increase performance since the shape
of the barriers and their positioning is also of great importance.

Just adding ferrite magnets to the SynRM rotor structure might not be an ideal way
of creating a PMaSynRM in terms of maximum performance. Also from a manufactur-
ing standpoint, it is questionable if 4 different sizes of magnets is a good idea. This is
because the different-sized magnets could increase complexity in the assembly and lead
to more problems with magnets accidentally being placed incorrectly. Also, tolerances
for ferrite magnets can be quite bad and this is an aspect that might be a problem when
working with very small geometries in the rotor. Significant performance could be lost if
the magnets need to be made smaller to account for tolerances. The assumption of a 2
mm minimum thickness of the ferrite magnets was based on information from different
suppliers. However, this needs to be investigated further. Especially since making the
magnets this thin, could make the manufacturing much harder and therefore the cost
would increase more. The stator design is also not ideal for the PMaSynRM since the
voltage of the battery becomes underutilized. It is also clear from the inverter loss results
that even though the IPM motor and the PMaSynRM have a much closer PF, the losses
are still significantly larger for the PMaSynRM due to the current being larger. The
winding arrangement should be redesigned for the PMaSynRM so that more windings are
used while decreasing the current level.

The process factor suggested in this project is questionable. It is not likely that the
added processing cost will be the same percentage-wise for all materials. Especially if
more advanced manufacturing techniques are needed for certain materials, for example
when making really thin ferrite magnets. However, the process factor was kept in place
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to say something about the total cost of the motor parts and not just the material itself.

The results indicate that the nominal battery voltage has to increase slightly from the
reference battery voltage at 94 V to achieve the desired base speed for the SynRM. Even
though using zero sequence injection would mitigate this problem, the battery voltage
would still have to be increased. When the battery discharges, the voltage will drop, and
to keep the same base speed, a margin is needed to compensate for the lower voltage
at a low state of charge. This would imply that the battery voltage needs to be further
increased. An alternative is a redesign of the stator windings and increasing the current.
This could however lead to thermal limitations and increasing the current will still mean
the same or more energy consummation out from the battery. However, other practical
reasons, such as keeping a finite amount of cells in the battery or that the capacity is
aimed to be the same, might propose that the battery design is not changed. A conclu-
sion for the battery size should be taken from a product perspective where several aspects
are considered.

The results show that in the simulation environment, it is possible to have a perfect
estimation of the motor inductance. This has a direct influence on the torque estimation
and the current reference calculation. However, it is unlikely that an actual implemen-
tation and a motor benching would give the same accuracy. Manufacturing tolerances of
the motor, temperature changes and disturbances would most likely lead to a difference
in estimated inductance values and real values. Such an error will affect the torque es-
timation. But the motor control would most likely be accurate in terms of rotor speed.
The speed controller would compensate for errors in the inner loop of the controller. The
consequences of a possible error in inductance estimation should be further investigated.

Similar to the torque estimation, the theoretical models for MTPA and field weakening
have a high dependency on the inductance parameters. The theoretical field weakening
model uses fixed values of Ld and Lq to illustrate the voltage ellipse and its dependency on
back-emf which serves the purpose of explaining the governing theory. But it might not
alone be recommended for selecting βFW . Firstly it is recommended that a comparator is
used for comparing the measured (or estimated) rotor speed with the base speed. Then
a calculation block can be used together with the tabulated inductance values to define a
βFW in each control sequence.

When adding the speed controller, and more eminently, using the complete Simscape
model with the physical signals, noise is introduced on the currents and also present on
the inductance values as well as the produced torque. As suggested in the results, the
noise must originate from the inverter. Changing the switching frequency to higher val-
ues would lower the harmonics from the inverter, but the switching losses in the inverter
would also increase.

From the analysis of the switching frequencies, no single value can be recommended as the
best solution, but some consequences can be seen. fsw = 5 kHz does give a pronounced
additional ripple in torque. The simulations confirm that the inverter losses will be the
lowest in the comparison. But the higher THD will lead to a less sinusoidal current and
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magnetic flux that are likely to increase the iron losses in the motor. fsw = 50 kHz gives
a more pure signal but might instead lead to problems in electromagnetic interference.
When simulating the switching frequency of fsw = 20 kHz it can be seen that a majority
of the harmonics can be dampened, the THD is significantly lower than in the 5 kHz case
and the additional torque ripple is also kept low. When selecting the switching frequency
the accepted torque ripple for the end product should be considered. It is also important
to regard that in this simulation the motor model itself does not model any harmonics,
which is something that should be considered when validating the drive system and the
switching frequency.

When it comes to the mechanical analysis it is questionable if the fillets are needed
at every endpoint for every barrier. Since this leads to an increase in iron in the q-axis
and any fillets that are not needed would ideally be removed to increase performance.
The fillets should most likely only be implemented for the first and potentially the second
barriers since the stress is lower further away from the d-axis in the rotor.

Due to the assumptions in the theoretical model, it was assumed that the errors in the
theoretical model were greater than the errors for the simulation model with the SPICE
MOSFETs. But, it should be mentioned that also the simulation models are only a model
of reality which also give errors. With this said though, in the analysis, the simulation
model with the SPICE MOSFETs was treated as the correct model in the sense that
other models gave an error in comparison to this. To find a single reason or to explain
the discrepancy in the theoretical model is in general difficult since the errors are diffi-
cult to isolate to one of the single assumptions that were made. However, it should be
said that it was unexpected that the losses were lower compared to the simulated values
since Infineon Technologies indicate that linearization of the switching process presents a
worst-case scenario.

The inverter performance was to a high degree validated with an RL equivalent load.
This decision was motivated for two main reasons, firstly, in the time frame for this
project, it was not possible to optimize the simulation model with the SPICE MOSFETs,
and also not possible to find a set of solver settings that would give reasonable results.
Secondly, since the SynRM was the scope of the project, it was not reasonable to imple-
ment a motor-specific RT-file and a drive system for all three motors.

The RL-equivalent load yield discrepancy compared to if the complete RT-mapped motor
models would have been used. However, when using the ideal inverter model to compare
the RL-equivalent load with the RT-model of the SynRM it could be shown that the differ-
ence was minimal. The RL-equivalent load was finally considered to be accurate enough to
give a fruitful analysis in comparing the motors at the specified operating point. To only
compare the motors in one operating point does however not give a complete validation
since the difference in performance will differ at different operating points.
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8.1 Ethical, social and environmental aspects
As was discussed in section 1.4, the ability to get a good performance and to remove rare
earth magnets was important for environmental and ethical reasons. The SynRM model
does away with the rare earth elements, but the efficiency is lower at the studied operat-
ing point and the lower power factor also creates more losses in the inverter. It was also
discussed that it is important to keep high efficiency and it is therefore of concern that
the efficiency will be lower. The fact that the voltage needs to be higher for the SynRM
could also increase the size of the battery. Batteries usually contain rare earth elements
which have negative environmental consequences when manufactured. So if the battery
needs to be made larger for the SynRM, a lot of the environmental gain from removing
rare earth magnets could be lost. This is less of a problem when adding ferrite magnets
since the voltage level is lower for the PMaSynRM due to the higher PF.

Even though the efficiency might be lower for the entire system, the SynRM and PMaSynRM
were less expensive than the IPM motor. This is good from a social perspective since it
could mean that more people can afford the products that the motors will be used in.
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A SynRM was designed which was an improvement compared to the reference SynRM
designed before the project. The low power factor of the SynRM compared to the IPM
motor means that something has to change in the system to achieve the same mechan-
ical performance. The motor either has to be larger, supplied with more current, or be
implemented with a larger battery to achieve the same performance mechanically as the
IPM motor. It was shown that a lower power factor can be partially compensated for by
the addition of ferrite magnets to the rotor making it a PMaSynRM.

In the case of this SynRM design, the battery DC voltage would have to increase to
achieve the desired base speed for the SynRM. The stack length would also increase with
or without the addition of ferrite magnets to match the mechanical performance. How-
ever, the cost of the SynRM and PMaSynRM is significantly lower than that of the IPM
motors used today. Indicating that the decreased performance could be motivated be-
cause of the cost savings.

The small size of the SynRM makes it unnecessary to have radial ribs and by not having
the radial ribs the performance is increased. The radial ribs are usually important for
SynRM applications, but in this project, it was shown that for small enough rotors it may
not be necessary.

Existing software made it possible to implement and simulate a complete drive system
with the motor and the MOSFET being parameterized from actual hardware designs.
Furthermore, the motor model in such simulations could embody the same motor that
was designed in this work. Results show an expected behavior of the control system and
the results gave a fruitful analysis in terms of power losses for the system. However, an
RL-equivalent load had to be used for finding the inverter losses.

The motor might not be suited for small handheld products since it needs to be larger
than the IPM motor to produce the same mechanical performance. Since the voltage
should be increased a larger battery would be needed that further increases volume and
weight adding to the problem. The lower PF also creates more losses in the inverter that
drives the SynRM. This since the voltage or current has to increase, which inevitably
creates higher losses in the inverter. As an alternative to increasing the battery voltage,
a lower performance for the end product has to be accepted.
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9.1 Future work
A more thorough analysis of PMaSynRM design needs to be made to establish if the
ideal design is to maximize the SynRM performance first and then implement magnets.
Preferably from a manufacturing standpoint, there should not be so many different-sized
magnets. Another future work for the PMaSynRM is to implement a control system so
that the SynRM and PMaSynRM can be compared in the complete drive system as well.

A more extensive mechanical analysis needs to be performed. Such as looking into vi-
brations and how important tolerances could be for the structural integrity of the rotor.
Especially a structural analysis has to be performed for the PMaSynRM. In this project,
the implementation was considered reasonable from a structural perspective, but the same
mechanical analysis has to be performed when the magnets have been added as well.

Another important aspect is a thermal analysis of the motors. In this project, it was
deemed sufficient to use a stator that for the given max current did not produce an un-
reasonable current density. That does not however mean that heat will not be a problem
since the motor still needs to be cooled. Both the SynRM and the PMaSynRM are al-
ready longer and use a higher current than the reference IPM motor. The larger size
could mean less space for a cooling system or that more space would need to be allocated
to the cooling system which is not ideal for handheld applications.

When it comes to controlling the motor more extensive inertia and friction coefficient
determination have to be made. The friction coefficient is particularly important since if
the motor causes a lot of friction, less torque produced by the motor can be used for work.

For more accurate results, a 3D model of the motor should be made for future stud-
ies. The 2D model is a simplification of reality that gives a good indication of the motor’s
performance. With a 3D model, a higher accuracy could be achieved. Also with a com-
plete 3D model, a more complete picture of the cost of the motor could be done. Now
only the active material cost has been compared, but things like the housing and the shaft
can more easily be considered with a 3D model.

A parameter that should be analyzed further is the gate driver voltage. In general, the
Gate driver behavior should be further investigated to minimize the MOSFET conduction
resistance. It should also be investigated if the total turn on and off time can be lowered
to achieve lower switching losses.

A thermal model for the inverter should be advised to find how the dissipated heat can
be removed from the MOSFET case. Along with this, further analysis of the thermal
stability of the MOSFETs is suggested.

The imported motor model to Simulink was as mentioned of Ld and Lq accuracy. How-
ever, this leaves a lot of dynamics out of the control loop. From JMAG-RT it is possible
to implement a motor model that also considers the harmonics of the motor to see how
the added dynamics affect the rest of the powertrain components. The inverter already
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produces harmonics and the added harmonics of the motor is a relation that is of interest
to understand and see the results of.
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The details can be found by referring to the appended individual delivery specifications.
All specifications are subject to change without notice. 

1/1

 magnet_fb_fb5d_en / 20180205

Ferrite magnet

FB Series

Dry molding process / La-Co type

FB5D

Demagnetization curve

Magnetic characteristics

Material FB5D
Residual magnetic flux density Br (mT) 415±10 (4.15±0.1kG)
Coercive force HCB (kA/m) 254.6±12 (3.2±0.15kOe)
Intrinsic coercive force HCJ (kA/m) 262.6±16 (3.3±0.2kOe)
Maximum energy product (BH)max (kJ/m3) 32.6±1.6 (4.1±0.2MGOe)
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RD represents the rolling direction
TD represents the transverse direction
Values for yield strength (0.2 % proof strength)
and tensile strength are given for the rolling direction
Values for the transverse direction are approximately 5% higher June 2008

Typical data for SURA®  M270-35A

Loss at 1.5 T , 50 Hz, W/kg 2,47
Loss at 1.0 T , 50 Hz, W/kg 1,01
Anisotropy of loss, % 10

Magnetic polarization at 50 Hz
H = 2500 A/m, T 1,54
H = 5000 A/m, T 1,65
H = 10000 A/m, T 1,77

Coercivity (DC), A/m 40
Relative permeability at 1.5 T 700
Resistivity, μΩcm 52

Yield strength, N/mm² 450
Tensile strength, N/mm² 565
Young’s modulus, RD, N/mm² 185 000
Young’s modulus, TD, N/mm² 200 000
Hardness HV5 (VPN) 215

T W/kg 
at 50 Hz

VA/kg
at 50 Hz

A/m
at 50 Hz

W/kg 
at 100 Hz

W/kg
at 200 Hz

W/kg 
at 400 Hz

W/kg
at 1000 Hz

W/kg
at 2500 Hz

0,1 0,03 0,06 30,0 0,04 0,09 0,21 0,99 4,10

0,2 0,07 0,17 39,6 0,16 0,37 0,92 3,67 14,9

0,3 0,13 0,29 46,0 0,34 0,79 1,99 7,63 30,7

0,4 0,22 0,44 52,0 0,55 1,31 3,33 12,7 52,0

0,5 0,31 0,61 58,2 0,80 1,91 4,94 18,9 79,1

0,6 0,43 0,81 65,2 1,06 2,61 6,84 26,4 113

0,7 0,54 1,04 73,3 1,38 3,39 9,00 35,4 156

0,8 0,68 1,31 83,1 1,73 4,26 11,4 46,0 209

0,9 0,83 1,63 95,5 2,10 5,23 14,2 58,4 274

1,0 1,01 2,04 112 2,51 6,30 17,3 73,0 353

1,1 1,20 2,58 136 2,98 7,51 20,9 90,1

1,2 1,42 3,38 178 3,51 8,88 24,9

1,3 1,70 4,90 272 4,15 10,5 29,5

1,4 2,12 9,64 596 4,97 12,5 35,4

1,5 2,47 28,0 1700 5,92 14,9 41,8

1,6 2,80 72,3 3880

1,7 3,05 149 7160

1,8 3,25 264 11600
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Grade named
according to isovac®

DIN EN 10106 IEC
60404-8-4

JIS
C2552

GOST
21427.2

ASTM
A677

AISI IS648 GB/T2521.1
Material No. Abbreviation

isovac 330-50 A 1.0809 M330-50A M330-50A 5 50A330 - 47F190 M-27 50C330 50W330

Grade named according to conventional international standards: 

Grade named  
according to isovac®

Yield strength 
ReH

[MPa]

0.2 %-Yield strength 
Rp0.2

[MPa]

Tensile strength 
Rm

[MPa]

Elongation
A80 
[%]

Hardness
HV5

[-]

isovac 330-50 A 370 365 505 28 185

Mechanical properties: 
Tensile test according to DIN EN ISO 6892-1 and hardness according to DIN EN ISO 6507-1 (Typical values); 
Test direction: Transverse

Specific total loss Magnetic polarization Relative  
permeability

Grade named
according to isovac®

1.0 T 
P10

1.5 T
P15

2500 A/m
J25

5000 A/m
J50

10000 A/m
J100

1.5 T
µr

50 Hz
[W/kg]

60 Hz
[W/lb]

50 Hz
[W/kg]

60 Hz
[W/lb] [T] [T] [T] [-]

isovac 330-50 A 1.15 0.66 2.90 1.65 1.58 1.67 1.79 1300

Magnetic properties: 
in as-delivered condition (Typical values)
Test direction: Mean value from longitudinal and transverse measurements at 50 Hz (60 Hz), single-sheet test

Grade named  
according to isovac®

Density
ρ

[g/cm3]

Specific electrical resistance
ρs

[µΩcm]

Thermal conductivity
λ

[W/mK]

isovac 330-50 A 7.68 52.0 25

Physical properties: 
Typical values

voestalpine supplies isovac 330-50 A, an electrical steel of the highest quality. We offer you a customer-focused overall 
package of products, service and logistics in addition to all the advantages of our integrated metallurgical facility and 
Steel Service Centers.
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Characteristics Ps/J loss curve and characteristics J/H magnetization curve
Test direction: Mean value from longitudinal and transverse measurements at indicated frequencies, single-sheet test

Characteristics µr/J permeability curve
Test direction: Mean value from longitudinal and transverse measurements at 50 Hz, single-sheet test
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Frequency dependence of magnetic properties
Test direction: Mean value longitudinal and transverse at indicated frequencies and polarizations, single-sheet test

 50 Hz  60 Hz  200 Hz

J 
[mT]

H
[A/m]

Ps
[W/kg]

µr
[-]

J 
[mT]

H
[A/m]

Ps
[W/kg]

µr
[-]

J 
[mT]

H
[A/m]

Ps
[W/kg]

µr
[-]

100 30 0.02 2650 100 31 0.02 2667 100 32 0.11 2564

150 34 0.06 3262 150 35 0.07 3219 150 37 0.34 2979

200 38 0.10 3867 200 39 0.12 3768 200 43 0.57 3389

250 41 0.14 4459 250 43 0.17 4307 250 48 0.81 3789

300 45 0.18 5031 300 47 0.22 4832 300 54 1.07 4173

350 49 0.23 5577 350 51 0.28 5339 350 59 1.35 4538

400 52 0.28 6090 400 55 0.34 5823 400 64 1.66 4877

450 55 0.33 6563 450 58 0.41 6280 450 69 2.00 5187

500 58 0.39 6991 500 61 0.48 6705 500 74 2.37 5461

550 61 0.46 7368 550 64 0.57 7093 550 79 2.79 5697

600 64 0.52 7699 600 67 0.65 7446 600 83 3.25 5895

650 67 0.60 7992 650 70 0.75 7762 650 88 3.76 6056

700 70 0.68 8252 700 73 0.85 8042 700 93 4.31 6183

750 73 0.76 8488 750 76 0.96 8285 750 97 4.90 6278

800 76 0.84 8705 800 79 1.07 8493 800 102 5.53 6343

850 79 0.93 8905 850 82 1.19 8664 850 108 6.20 6379

900 82 1.03 9071 900 85 1.31 8802 900 114 6.93 6391

1000 91 1.23 9209 1000 94 1.58 8979 1000 127 8.54 6352

1050 97 1.34 9143 1050 100 1.72 9008 1050 134 9.44 6308

1100 104 1.45 8998 1100 106 1.88 8922 1100 142 10.40 6252

1150 112 1.58 8764 1150 114 2.04 8645 1150 149 11.44 6179

1200 125 1.71 8318 1200 127 2.22 8136 1200 159 12.58 6051

1250 146 1.86 7542 1250 149 2.41 7364 1250 176 13.81 5814

1300 174 2.02 6435 1300 177 2.63 6307 1300 197 15.16 5375

1350 222 2.20 5055 1350 224 2.86 4981 1350 232 16.62 4645

1400 343 2.41 3578 1400 345 3.14 3544 1400 342 18.23 3595

1450 610 2.64 2209 1450 615 3.44 2196 1450 606 19.98 2300

1500 1122 2.88 1181 1500 1128 3.74 1175 1500 1128 21.78 1181

1550 1966 3.10 644 1550 1974 4.00 639 1550 2002 23.57 614

1600 3166 3.32 421 1600 3182 4.25 418 1600 3238 25.43 414

1650 4705 3.55 300 1650 4746 4.52 299 1650 4808 27.47 307

1700 6480 3.79 223 1700 6560 4.82 222 1700 6613 29.65 229
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Frequency dependence of magnetic properties
Test direction: Mean value longitudinal and transverse at indicated frequencies and polarizations, single-sheet test

 400 Hz  500 Hz  600 Hz

J 
[mT]

H
[A/m]

Ps
[W/kg]

µr
[-]

J 
[mT]

H
[A/m]

Ps
[W/kg]

µr
[-]

J 
[mT]

H
[A/m]

Ps
[W/kg]

µr
[-]

100 35 0.31 2294 100 36 0.43 2236 100 37 0.57 2149

150 42 0.91 2613 150 43 1.22 2525 150 46 1.62 2409

200 49 1.51 2926 200 51 2.04 2809 200 54 2.70 2663

250 57 2.16 3228 250 59 2.90 3080 250 62 3.85 2905

300 64 2.85 3514 300 67 3.85 3334 300 71 5.10 3130

350 71 3.60 3778 350 74 4.90 3564 350 80 6.48 3331

400 78 4.44 4014 400 83 6.08 3763 400 89 8.03 3503

450 85 5.37 4217 450 91 7.41 3927 450 98 9.79 3639

500 92 6.42 4382 500 99 8.93 4048 500 107 11.78 3734

550 99 7.59 4504 550 108 10.64 4125 550 118 14.03 3784

600 107 8.90 4587 600 117 12.57 4160 600 128 16.58 3795

650 114 10.36 4634 650 127 14.70 4161 650 139 19.45 3772

700 122 11.97 4649 700 137 17.05 4134 700 152 22.65 3724

750 131 13.74 4637 750 148 19.62 4087 750 165 26.22 3656

800 140 15.68 4601 800 159 22.41 4025 800 179 30.18 3577

850 150 17.80 4546 850 172 25.44 3955 850 194 34.54 3493

900 161 20.11 4476 900 185 28.80 3876 900 211 39.35 3404

1000 186 25.41 4305 1000 217 36.93 3687 1000 248 50.43 3222

1050 200 28.43 4212 1050 234 41.75 3580 1050 267 56.76 3131

1100 214 31.72 4115 1100 251 46.41 3494 1100 289 63.68 3039

1150 228 35.27 4014 1150 266 50.79 3434 1150 311 71.22 2948

1200 245 39.15 3912 1200 290 57.66 3298 1200 334 79.39 2860

1250 265 43.38 3808 1250 326 67.77 3058 1250 358 88.23 2776

1300 280 48.01 3694 1300 334 71.13 3095 1300 385 97.93 2686

1350 294 53.09 3512 1350 351 75.72 3140 1350 393 108.57 2667

1400 378 58.59 3033 1400 409 86.84 2739 1400 442 119.88 2521

1450 619 64.50 2122 1450 546 95.49 1988 1450 672 131.85 1903

1500 1121 70.67 1191 1500 1131 105.31 1177 1500 1121 145.94 1192

1550 1971 77.07 655

1600 3192 84.08 419

1650 4766 92.05 292

1700 6591 100.74 216
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Frequency dependence of magnetic properties
Test direction: Mean value longitudinal and transverse at indicated frequencies and polarizations, single-sheet test

 700 Hz  800 Hz  1000 Hz

J 
[mT]

H
[A/m]

Ps
[W/kg]

µr
[-]

J 
[mT]

H
[A/m]

Ps
[W/kg]

µr
[-]

J 
[mT]

H
[A/m]

Ps
[W/kg]

µr
[-]

100 39 0.73 2049

150 48 2.03 2284

200 57 3.38 2513

250 66 4.82 2731

300 75 6.39 2931

350 85 8.14 3109

400 95 10.12 3259 400 104 12.15 3087

450 105 12.36 3374 450 114 15.19 3148 450 128 21.53 2812

500 116 14.91 3449 500 125 18.45 3191 500 142 26.28 2825

550 128 17.82 3480 550 138 22.13 3201 550 157 31.63 2812

600 140 21.13 3473 600 151 26.30 3180 600 174 37.72 2774

650 153 24.86 3436 650 166 31.03 3134 650 192 44.65 2717

700 167 29.06 3374 700 183 36.35 3068 700 212 52.53 2645

750 183 33.77 3296 750 201 42.33 2989 750 234 61.45 2564

800 199 39.01 3209 800 220 49.01 2902 800 258 71.53 2478

850 217 44.84 3119 850 241 56.44 2812 850 283 82.83 2392

900 237 51.26 3028 900 264 64.67 2723 900 311 95.35 2309

1000 280 66.02 2849 1000 313 83.65 2550 1000 371 123.97 2151

1050 303 74.43 2762 1050 339 94.49 2471 1050 402 140.14 2078

1100 327 83.62 2678 1100 366 106.30 2394 1100 436 158.22 2010

1150 353 93.67 2596 1150 395 119.14 2319 1150 471 178.42 1945

1200 380 104.59 2516 1200 425 133.05 2247 1200 507 198.86 1886

1250 408 116.40 2439 1250 456 148.05 2181 1250 542 219.19 1834

1300 438 129.22 2361 1300 490 164.22 2112 1300 585 246.96 1769

1350 457 143.37 2329 1350 517 182.06 2074

1400 503 158.39 2215 1400 562 201.06 1983

1450 682 173.96 1785 1450 710 220.76 1671

1500 1115 193.58 1197 1500 1104 246.12 1187

A. Appendix

VIII



                         IPB100N12S3-05

IPI100N12S3-05, IPP100N12S3-05

OptiMOS
®
-T Power-Transistor

Features

• OptiMOS™ - power MOSFET for automotive applications

• N-channel - Enhancement mode

• Automotive AEC Q101 qualified

• MSL1 up to 260°C peak reflow

• 175°C operating temperature

• Green product (RoHS compliant)

• 100% Avalanche tested

Maximum ratings, at T j=25 °C, unless otherwise specified

Parameter Symbol Conditions Unit

Continuous drain current
1) I D T C=25 °C, V GS=10 V 100 A

T C=100 °C, 

V GS=10 V
2)  100

Pulsed drain current
2) I D,pulse T C=25 °C 400

Avalanche energy, single pulse
2) E AS I D=50A 1445 mJ

Avalanche current, single pulse I AS - 100 A

Gate source voltage V GS - ±20 V

Power dissipation P tot T C=25 °C 300 W

Operating and storage temperature T j, T stg - -55 ... +175 °C

Value

VDS 120 V 

RDS(on),max (SMD version) 4.8 mW 

ID 100 A 

Product Summary 

PG-TO220-3-1 PG-TO262-3-1 PG-TO263-3-2 

Type Package Marking 

IPB100N12S3-05 PG-TO263-3-2 3PN1205 

IPI100N12S3-05 PG-TO262-3-1 3PN1205 

IPP100N12S3-05 PG-TO220-3-1 3PN1205 

Rev. 1.0 page 1 2016-06-20
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IPI100N12S3-05, IPP100N12S3-05

Parameter Symbol Conditions Unit

min. typ. max.

Thermal characteristics
2)

Thermal resistance, junction - case R thJC - - - 0.5 K/W

Thermal resistance, junction - 

ambient, leaded
R thJA - - - 62

SMD version, device on PCB R thJA minimal footprint - - 62

6 cm
2
 cooling area

3) - - 40

Electrical characteristics, at T j=25 °C, unless otherwise specified

Static characteristics

Drain-source breakdown voltage V (BR)DSS V GS=0 V, I D= 1 mA 120 - - V

Gate threshold voltage V GS(th) V DS=V GS, I D=240µA 2.0 3.0 4.0

Zero gate voltage drain current I DSS

V DS=120 V, V GS=0 V, 

T j=25 °C
- 0.01 1 µA

V DS=120 V, V GS=0 V, 

T j=125 °C
2) - 1 100

Gate-source leakage current I GSS V GS=20V, V DS=0V - - 100 nA

Drain-source on-state resistance R DS(on) V GS=10V, I D=100A - 4.3 5.1 mW

V GS=10V, I D=100A, 

SMD version
- 4.0 4.8

Values

Rev. 1.0 page 2 2016-06-20
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IPI100N12S3-05, IPP100N12S3-05

Parameter Symbol Conditions Unit

min. typ. max.

Dynamic characteristics
2)

Input capacitance C iss - 8900 11570 pF

Output capacitance C oss - 2520 3276

Reverse transfer capacitance Crss - 220 330

Turn-on delay time t d(on) - 34 - ns

Rise time t r - 17 -

Turn-off delay time t d(off) - 60 -

Fall time t f - 20 -

Gate Charge Characteristics
2)

Gate to source charge Q gs - 46 61 nC

Gate to drain charge Q gd - 34 51

Gate charge total Q g - 139 185

Gate plateau voltage V plateau - 5.5 - V

Reverse Diode

Diode continous forward current
2) I S - - 100 A

Diode pulse current
2) I S,pulse - - 400

Diode forward voltage V SD

V GS=0V, I F=100A, 

T j=25°C
0.6 1 1.2 V

Reverse recovery time
2) t rr

V R=60V, I F=50A, 

di F/dt =100A/µs
- 108 - ns

Reverse recovery charge
2) Q rr - 380 - nC

3)
 Device on 40 mm x 40 mm x 1.5 mm epoxy PCB FR4 with 6 cm

2
 (one layer, 70 µm thick) copper area for drain 

connection. PCB is vertical in still air.

1)
 Current is limited by bondwire; with an R thJC = 0.5K/W the chip is able to carry 165A at 25°C. For detailed 

information see Application Note ANPS071E

T C=25°C

Values

V GS=0V, V DS=25V, 

f =1MHz

V DD=20V, V GS=10V, 

I D=80A, R G=3.5W

V DD=96V, I D=100A, 

V GS=0 to 10V

2)
 Defined by design. Not subject to production test.

Rev. 1.0 page 3 2016-06-20
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IPI100N12S3-05, IPP100N12S3-05

1 Power dissipation 2 Drain current

P tot = f(T C); V GS = 10 V I D = f(T C); V GS = 10 V; SMD

3 Safe operating area 4 Max. transient thermal impedance

I D = f(V DS); T C = 25 °C; D = 0; SMD Z thJC = f(t p)

parameter: t p parameter: D =t p/T
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IPI100N12S3-05, IPP100N12S3-05

5 Typ. output characteristics 6 Typ. drain-source on-state resistance

I D = f(V DS); T j = 25 °C; SMD R DS(on) = f(I D); T j = 25 °C; SMD

parameter: V GS parameter: V GS

7 Typ. transfer characteristics 8 Typ. drain-source on-state resistance

I D = f(V GS); V DS = 6V R DS(on) = f(T j); I D = 100 A; V GS = 10 V; SMD

parameter: T j
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