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Abstract: With the increased necessity of a high power density and efficient system in aerospace and
marine industries, integrated motor drives provide an excellent solution in the modern era. Therefore,
a close structural and functional integration of passive components has become a prerequisite task to
make a compact overall system. This article reviews the existing motor drives system with integrated
passive technologies. To start, the design aspect of the traditional and integrated filter inductors, using
the area product approach, is discussed. Subsequently, layouts of traditional and integrated inductors
are presented. The available capacitor technologies, suitable for integration, are also discussed with
pros and cons of each capacitor type.

Keywords: passive components; inductor; capacitor; integrated motor; filter branch windings; motor
branch windings; aerospace applications

1. Introduction

Integrated motor drives with integrated passives are becoming more prevalent as the
logical future in the industry of power electronics and motor drives, particularly in cases
where weight and space are the major concern, such as aerospace, marine, and automotive
application. These components contribute a significant portion of converter’s weight and
volume, which is larger than 50% [1,2]. Over a decade, there has been a shift from traditional
separated passive components to integrated ones packed within the motor drive system.
The use of passive integration over traditionally designed passive components in motor
drive systems offers many benefits [3-10]:

Space and mass reduction over traditional drive components (discrete ones).
Fewer manufacturing process.
Possible reduction of EMI problems at high frequency due to the elimination of cables
transferring power.
e  Ability to replace direct online machines with variable frequency machines without
significantly adjusting the associated plant.
Single package installation which further reduces installation time and cost.
Drive topologies from greater design synergy greater flexibility in the machine.

Therefore, for applications where aforementioned benefits are needed, the use of
the integrated technologies seems to be the best solution [8-10]. The passive components
(discretely placed in the system) associated with the motor drive systems, such as capacitors,
inductors, or transformers, occupy a significant amount of space and have added fines and
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penalties of potential higher weight and loss. Typically, filters are designed and introduced
after the drive system components have been defined, which results in a discrete sub-
system. Therefore, these integrated motor drives have been a focus of research in the power
electronics industry and have proven to be successful [3,4]. However, the limitation comes
from the thermal management perspective since the several sub-components have been
integrated into a single envelope within the system. Without proper thermal management
of the whole system, placing these sub-components (i.e., passives or power electronics)
close to the machine may cause damage to the drive [8-10].

The objective of this paper is to review the traditional and the state-of-the-art (i.e.,
integrated ones) passive components from designing, sizing, and modelling points of view
whilst the focus is, mainly, given to sinewave and dv/dt passive filters for motor-drive
applications. The paper as a whole contributes towards the design of both traditional and
integrated inductors, reviewing the integration of inductors within the machine’s envelope,
within the traditional cores, and within the power substrate modules. In Section 2, the
design aspects of traditional and integrated inductor are described using the area product
approach followed by its mathematical expressions. Section 3 discusses the integrated
filter inductor technologies which are currently being used and implemented. At the end,
the available capacitor technologies suitable for integrated filters are presented with the
benefits and drawbacks of each capacitor type.

2. Filter Inductor Design
2.1. Expression for Area Product

The area product approach is the most common practice to design and size the inductor.
The expression for area product can be obtained from the voltage induced on the inductor
terminals [1,11]. The area product for a single phase system is given by Equation (1),

Vims Lrms
AW, =A = 1
oo pAph KwaBpeakIrmsfs ( )

For a 3-phase inductor, the area product will be different from the one indicated in
Equation (1). Since the window utilization is half for each coil, the window area is different.

W,
Ay spn = 3Ac. <2”) = 154,11 )

Referring to Equations (1) and (2) and Figure 1, A, is the cross-sectional core area, W,
is the window area, Vs is the root-mean-square voltage induced across the inductor coil,
Iyms is the root-mean-square current flowing through the coil, K Y is the copper fill factor, Ky,
is the waveform factor, Bpeak is the maximum flux density required in the core, J,;s is the
root-mean-square current density of the conductor, and f; is the frequency of the inducted
voltage across the coil. Equation (1) can be rewritten as Equation (3).

2L
rmssynch ®)

AW, =A T
oo KwaBpeak]rms

plph = 2

where Lgy ¢, is the synchronous inductance of an inductor, which can be obtained by using
Equation (4),
Lsynch =L+Lpy 4)

where L, is the mutual inductance and L is the self-inductance of inductor’s coil. Referring
to Equation (3), it is clearly seen that the area product does not depend on the frequency
of the induced voltage. However, the magnetic losses are proportional to the square of
frequency. Therefore, while sizing an inductor, for high frequency (kHz to MHz) appli-
cations, it is essential to consider the magnetic flux density, which must be a lower value
compared to that of the low frequency (Hz to kHz) inductor design [12,13]. “Assuming
that the frequency in the design specification is modified from 100 Hz to 1 MHz. In this
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case, we pick the same iron core as that of 100 Hz which will result in unacceptable output
from efficiency point of view, as the core loss will now increase by 52 times. As a result
of this, the maximum flux density should be reset to a lower value, which necessitates
trial-and-error-efforts” [12].
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Figure 1. Layout of 3 Phase EE-core Inductor.

2.2. Typical Inductor Requirments & Sizing Constraints

As can be seen from Equation (3), the factors such as maximum magnetic flux density,
frequency of the induced voltage, conductor’s current density, and the fill factor all have an
impact on the inductor’s area product, i.e., the electrical parameters equating the physical
parameters of an inductor. The window area W, implies the current conduction capabilities
of an inductor, whereas the core area A, indicates the flux conduction capabilities. Equation
(3) clearly indicates that the area product is inversely related with the maximum operating
flux density in the core and the peak or RMS current density of a conductor. The current
density is limited by thermal class of the wire insulation, whereas magnetic flux density
in the core is limited by the material saturation. Selecting the high strength materials (i.e.,
operating an inductor with high current and flux densities) will result in a lower area
product and hence lower overall inductor mass and volume [11,14].

2.3. Inductor Sizing

The area product approach is a common practice to adopt in order to size the inductor.
This section explains how the area product equation discussed in the previous section can
be used to size both the traditional and integrated inductor, originally introduced in [4].

2.3.1. EE-Core Inductor

The layout of traditional EE-core inductor and its sizing algorithm is illustrated in
Figures 1 and 2 respectively. The factors that greatly influence the size of the inductor
is the apparent power handling capability which is proportional to the product of core
and window area as indicated in Equation (2). In order to compute the area product, the
specifications such as window fill factor, maximum flux density, root-mean-square current,
root-mean-square conductor’s current density, and required inductance must be specified.
To set the window and core dimensions (G, F, Ly and Ly;,,;), the window aspect ratio
(G/F) and core length ratio (Lsck/Liimp) are introduced. Keeping the low window to
core area ratio help maintains the fringing flux at minimum level as suggested in [11,14].
Based on the core manufacturer, the value of window aspect ratio typically varies between
3 and 4. The value of core length ratio is application specific based on the volume and
footprint available. Subsequently, based on the specified voltage across the inductor, the
turns per coil or phase must be determined. Finally, the required inductance of an inductor
is calculated through the equation of the air gap.
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Figure 2. Sizing Algorithm of EE-Core and Integrated Inductor.
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To avoid design discrepancies, the fringing flux needs to be taken into account. Fring-
ing flux occurs at the airgap, it is the effect of the magnetic flux spreading out across the
air gap, leaving and re-entering the magnetic core away from the air gap surface. This
effect reduces the overall reluctance of the magnetic circuit, thereby producing higher
inductance as compared to the designed value, which could drive the core into premature
saturation. Furthermore, if the fringing flux is strong enough, it will induce the eddy
currents in the nearby conductors, resulting in additional losses and localised heating [2].
Since the fringing flux reduces the overall reluctance of the magnetic path, the inductance
increases by a factor “F” to a value greater than the designed one. The fringing factor is

given by [11,14]:
_ v Lg 2G

2.3.2. Integrated Inductors

The layout of integrated inductors are shown in Figure 3, whereas it’s sizing algorithm,
which converts traditional EE-core inductor into integrated one, is shown in Figure 2. For
both motor-shaped integrated inductors i.e., rotational inductor (Figure 3a) and rotor-less
inductor (Figure 3b) windows area (W;) kept same. The tooth width (Ty,) is chosen as Ly,
of traditional EE-core inductor. This is correct for the 6-slot inductor. However, whilst
designing an inductor with more than 6 slots, the tooth width will be readjusted in order to
maintain the overall core area. The back iron width (By,) is varied in order to maintain the
same level of flux density in the back of the core. The slot opening (S,), air gap length (L),
and the rotor width (Ry) are then adjusted so that the required level of flux density (Bpea)
is achieved, both back iron and stator tooth.

Figure 3. Integrated Inductors Layout (a) Integrated Rotational Inductor (b) Integrated Rotor-
less Inductor.

For the motor-shaped rotor-less inductor, the rotor needs to be detached and removed.
To keep the uniform flux density (i.e., specified one—generally selected near the knee point
on the BH curve of a given core material), the slot opening height (5,) is increased. It
is important to note here that, due to removal of the rotor, the physical air gap between
the stator and the rotor is absent. Therefore, the inductance of the magnetic circuit is only
controllable via slot opening height.

2.3.3. Inductor Sizing Using Simulation-Driven Approach

Inductors can be sized by using simulation-driven approach such as genetic algorithm
(GA) and particle swarm optimisation. The GA is well suited to solve the problems where
the decision variables are discontinuous, like transformers, inductors, and electric motors or
generators, and is to be considered as the best tool to find an optimal solution, in the recent
past [15-18]. The GA is a proven technique to solve both unconstrained and constrained
optimisation problems, based on the natural selection (i.e., the process that drives biological
evolution). The GA repeatedly alters a population of individual solutions and at each step
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it randomly picks individuals from the existing population who act as parents and uses
them to produce the children for the next generation. Over successive generations, the
population “evolves” toward an optimal solution [17,18].

The procedure of GA optimisation algorithm is to find a vector Y = (y1, ¥2, ... , Yu),
representing a set of design variables, each of them bounded by v, < yiy < Yin, i=1,2,
3, ..., n, so that the objective function F(Y) is maximised or minimised, and a set of k
constraints Gj(Y) <0,j=1,2,...,k, is satisfied [17,18].

Figure 4 shows a typical design environment to size the inductor by using a simulation-
driven optimisation approach. Referring to Figures 1 and 4, the input variables for the
inductor can be considered as: core area, window area, and electrical loading, which is the
product of inductor current and the number of turns per phase. The design environment
typically consists of an optimisation approach such as multi-objective genetic algorithm or
particle swarm optimisation followed by an inductor design tool or model, i.e., either finite
element or analytical based.

Objective Functions

v

Input N Design - Output
Variables Environment Parameters

%

Design Constraints

Figure 4. Inductor Design via Simulation Driven Approach.

The output variables will then include the performance dependent parameters of the
inductor, such as synchronous inductance, current and voltage total-harmonic-distortion
(THD), core flux density, conductor’s current density, copper and iron losses, efficiency,
mass, and volume.

Design constraints must consider the inductor limitations, such as magnetic and
thermal. Magnetic flux density, in the core, solely limited by the material saturation whereas,
the current density is limited by thermal limit of the conductor which in turn influences the
life of wire insulation. The saturation flux density of the core material usually varied from
0.3 T to 2.2 T, which is considered for materials such as ferrites, amorphous alloys, non-
oriented silicon steels, cobalt-iron, and nickel alloys [11,19], whereas the current density of
a conductor typically is considered to be 5-6 A/mm? for an air-cooled system [11,20] and
it can go up to 30 A/mm? for a forced cooling system [21,22]. Therefore, it is possible to
reduce the mass and volume of an inductor by adopting a high strength core material and
an improved cooling system. However, both come with the expense of the additional cost,
leaving a trade-off between the cost and weight.

The objective functions of the optimisation are application-specific and can be con-
sidered one or more than one output performance parameter. Typically, in an inductor
design, overall mass (i.e., copper + core) needs to be minimised and inductance needs to be
maximised, in order to increase the inductance-to-weight ratio followed by either reducing
the overall losses or increasing the efficiency.
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3. Structural Layout & Integration of Filter Inductors
3.1. Traditional Inductors

There is a wide range of core layouts that are being used in the engineering industry to
manufacture the filter inductors, the layouts of which are shown in Figure 5. The traditional
magnetic and non-magnetic cores for an inductor are air core, tape wound, powder, and
laminated cores, the in-depth details of which can be found in [11,23].

Figure 5. Layout of Traditional Inductor (a) Air core Inductor wound on Plastic Bobbin (b) Toroidal
Core Inductor (c) Single Phase Solid EE-core Inductor with bobbin and metal bracket (d) EE shaped
Laminated Core cut through EDM.

3.2. Integrated Inductors

Traditional motor drives have been in use for many years which utilises the conven-
tional non-integrated passive inductors as shown in Figure 5. The power electronics and
drive industries are shifting more towards the concept of integration (i.e., to integrate
passives within the motor-drive) to gain the benefits such as cost-effective solutions, mass
and volume reduction, and fewer construction process. The filter inductors have been
integrated in many ways which consist of inductor integration inside the machine and
integration in the traditional inductor cores.

3.2.1. Integration within the Machine’s Envelope

There are many case studies reported in the literature aiming to achieve the concept
of integration where passive components are integrated within the motor-drive system.
In [3,4,24-26], perspectives are presented on the integrated filter inductors that encourage
the drive integration on a system level, as discussed below.

Motor with Integrated Output Filter Inductor

In [3], a new approach is introduced where the integrated inductor is presented for
permanent magnet synchronous motor drives, at the inverter output. The paper uses the
in-built motor inductance as the filter inductance, instead of sizing a discrete inductor as
shown in Figure 6. The motor with integrated filter inductor (Figures 6b and 7) does not
have a discrete filter inductor as opposed to the motor-drive system shown in Figure 6a.
The motor is operating at a speed of 2.1 kRPM and load of torque of 1.50 Nm. The motor has
total 92 turns per phase and is split into two branches, i.e., filter branch and motor branch
as illustrated in Figure 7. Each branch has the inductance of 1.3 mH with its corresponding
46 turns representing a single phase of the motor. A1, B1, and C1 belong to the filter branch,
whilst A2, B2, and C2 represent the motor branch. The authors have suggested to tap the
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filter branch, which is to be determined based on the requirement of filter inductance. In
this case, coil turns for the filter branch will be modified, with the aid of tapings, as per
required inductance and the outstanding turns, which remain from the total coil turns,
must be added to the motor branch.

LF Rm Lm Em

DC-Link INVERTER

DC-Link

INVERTER

Z
m

(b)

Figure 6. Traditional and integrated PMSM drive system (a) with conventional separate filter (b) with
integrated filter.

== Filter Branch Motor Branch

Figure 7. FE Model of Integrated Motor; showing filter and motor branches.

Tables 1 and 2 shows the FE based analysis which compares the performance of a
traditional motor-drive system (i.e., with EE-core inductor) and integrated motor-drive
system, fed through a voltage source inverter. The power losses, mass, and size of the
inductor have been eliminated from the system in the integrated motor-drive. Further-
more, the effect of phase shift between the filter and motor branch currents on the mean
electromagnetic torque is significantly small and can be neglected in the comparative study.

Table 1. Power Losses of Motor with Integrated and External Inductor.

Motor External Total External External
MOTOR Power Inductor System Inductor Inductor
WITH Losses Losses Losses Mass Volume
(W) (W) W) (kg) (cm®)
Integrated 36.0 0 36.0 0 0
Inductor
External 26.1 40.67 66.77 1.52 338.7

Inductor
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Table 2. Torque Ripple of Motor with Integrated and External Inductor.

Average Torque Torque Ripple (%) at Torque Ripple (%) at Torque Ripple (%) at

MOTOR WITH (Nm) Tload =1.5Nm Tload =3 Nm Tload =4.5Nm
No Filter 1.49 9.54 5.33 4.2
Integrated Inductor 1.485 9.54 5.33 4.2
External Inductor 1.49 0.7 0.574 0.54

The torque ripple, on the other hand, is comparatively higher in the integrated motor-
drive system due to the presence of ripple component (i.e., the frequency at which semi-
conductor device switches) in the filter branch. The experimental validation of the motor
with an integrated filter inductor is presented in [23]. Figure 8a,b shows the FFT of the
motor voltage and current for the motor with an integrated filter inductor and the motor
with an external (i.e., traditional EE-core) filter inductor respectively. As can be observed
from Figure 8, the filtering effect of the motor with integrated filter inductor and the motor
with external inductor are alike, since the inductance seen by the inverter terminals is same,
in both the motor-drive systems. The magnitude of current ripple at 20 kHz, seen from
the motor terminals, is 7.9 mA and 8.1 mA for the motor with integrated and external
inductors, respectively. The experimental results show that the half of the motor winding
sees the filtered voltages and currents, which reduces the high gradient voltage stress and
high frequency losses in half of the motor windings, without using any external inductor.

< 0.05 4 o
E @ Motor Branch Current ~ [{ 3.5 &
& 0.04 3 =
5 8
O Motor Branch Voltage G
z 0.03 € 1125 2
g <
= ) 5
8 =
a2 0.02 115 &
5 i
S 0.01 g
= 1os 2
0 — A 0
0 10 20 30 40 50 60 70 80
Frequency (kHz)
0.05 4
< (b) Motor Current =
= 0.04 3 <
£ Motor Voltage &
3 0.03 3
O 5
— 2 >
2 5
= | s
0.01
0 0

0 10 20 30 40 50 60 70 80
Frequency (kHz)

Figure 8. FFT of Experimental Results (a) Motor with Integrated Inductor (b) Motor with
External Inductor.

Motor-Shaped Inductors

The way traditional filter inductors are designed and sized is transformed in [4]. The
concept of motor-shaped inductors was introduced in this article. This provides two novel
integrative options for passive filter inductor: motor-shaped rotational inductors and rotor-
less inductors as shown in Figure 9. The motor-shaped rotational inductor is different from
the traditional filter inductor in such a way that it has the stator and rotor like electrical
machines but without permanent magnets, rotor windings, or saliency. The motor-shaped
rotor-less inductor has only a stator with extended slot-opening area. Both rotational and
rotor-less inductor design are integrated axially inside the motor housing which resulted
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in a shared cooling system, as shown in Figure 9. As the motor-shaped inductor uses the
same cooling system as that of motor or generator, it can be operated with a higher current
density that would result in reduced overall size and mass of the inductor. The iron losses
were reduced in the rotational inductor by rotating its rotor at synchronous speed. This
makes it appropriate for application as the inverter output filter. On the other hand, the
rotor-less inductor design is proposed to use as high-power line inductors or isolation
transformers.

Casing

Integrated

Inductor

Starter-Generator

Figure 9. Motor-shaped Integrated Inductor.

The concept of a rotational inductor, to reduce the iron losses through a rotor magnetic
path, was validated through a finite element analysis. The loss analysis has been per-formed
by rotating the rotor at synchronous speed and when the rotor is at standstill. At one point
in the rotor, the X and Y components of magnetic flux density were analysed and converted
into the d-q reference frame. The d component of the rotor flux density is displayed in
Figure 10 and the q component of the rotor flux density is negligible. The iron loss through
the rotor magnetic path is minimized, as the rotor flux density is constant with only a small
ripple produced when the rotor is rotating at synchronous speed. This ripple is caused by
the harmonics due to the stator slots.

1.4

Rotor Flux Density (T)

-1 s Static

e \OtiON

-1.8

0 0.0002 0.0004 0.0006 0.0008 0.001

Time (Seconds)

Figure 10. D Component of Rotor Flux Density at one point.

On the other hand, when the rotor is stationary, the flux density changes sinusoidally
over time. A comparison between motor-shaped inductors and traditional EE-core inductor
had been made in relation to the total losses, AC resistance and its related volume and
weight. For this case study, it is identified that, at fundamental frequency, the iron and
copper losses in a rotational inductor are reduced by 22.5% and 45.3%, respectively. When
compared to the EE-core inductor, overall losses at fundamental frequency are reduced
by 26.1%. The iron and copper losses in a rotor-less inductor are reduced by 3.9% and
45.3% at the fundamental frequency. In comparison to the EE-core inductor, the total
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losses are reduced by 10.4% at the fundamental frequency. On the other hand, in rotor-less
and motor-shaped rotational inductor, AC resistance is drastically reduced by 73.8% at
switching frequencies of 10, 15, and 20 kHz. In [1], the concept of rotational inductor is
experimentally validated, and a comparison has been made with a traditional EE-core
inbuilt inductor and commercially available inductor in terms of power loss, weight, and
volume. For the concept validation of integrated rotational inductor, 12 slots 2 poles single
layer distributed winding is selected. The tests were conducted on 3-phase induction motor
drive (as shown in Figure 11) rated at 49 kW, 20 kRPM which is suitable for validating
and measuring the required performance of the rotational inductor whilst spinning the
induction motor at no load. The rotor of rotational inductor is coupled with the shaft of the
induction motor whereas, the stator is supped by programmable AC power source.

3
Ae Converter &
Control

i Rotational
s Induction Programmable AC 3
3 Motor Inductor

Source
N N
Pin N 3 N 3

\ 4

PC Interface [« Power Analyzer

Figure 11. Experimental Setup to Test the Rotational Inductor.

When the rotor is standstill and rotating, the rotational inductor is tested at various
supply frequencies. At standstill and when the rotor was rotating at supply frequency of
100 Hz, 200 Hz, and 300 Hz, the total inductor losses and peak inductor current of 18 A
were measured. Figure 12a shows the measured inductor loss at 18 kRPM and 300 Hz,
showing that the inductor losses decrease as the rotor speeds up to its synchronous speed.
As the rotor speed increases to the synchronous speed, the percentage of loss reduction
also increases. This is because the magnetic field through the rotor of the inductor is
rotating synchronously with the rotating magnetic field induced by the stator currents.
The difference in core losses at 300 Hz with respect to the speed of rotor, in both positive
and negative directions, is shown in Figure 12b. After subtracting the 3-phase copper
losses, the iron losses were plotted against the rotor speed. The iron losses are minimum as
expected at the synchronous speed, however this increases when slip value increases in the
counterclockwise direction. Where the slip is at 2, the highest point of loss occurs when the
rotor is rotating at synchronous speed in the counterclockwise direction.

The comparison of total loss-to-inductance ratio between a traditional rational inductor
and EE-core is illustrated in Table 3. It is observed that as the motor speed ups to 18 kRPM
the total loss reduction is increased and the total loss to inductance ratio is reduced. The loss-
to-inductance ratio is higher as the inductance of the EE-core is lower, in comparison to the
rotational inductor with reduced iron loss. At a rotor speed of 12,000 rpm and 18,000 rpm, a
reduction of 8.9% and 22.7% is obtained. On the other hand, at 6000 rpm, due to the reduced
rotor speed of the rotational inductor, the EE-core gives a lower loss-to-inductance ratio.
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Figure 12. Measure Inductor Losses at 300 Hz (a) Total Inductor losses at 18 kRPM (b) Iron Losses at

300 Hz.

Table 3. Watts per milli-henry of EE-core and Rotational Inductor.

Supply Rotor EE-Core Rotational Total Loss
Frequency Speed Inductor Inductor Reduction
(kHz) (rpm) (W/mH) (W/mH) (%)
0.10 6000 30 32 —6.7
0.20 12,000 45 41 8.9
0.30 18,000 66 51 22.7

High Current Density Rotor-Less Inductor

Figure 13b represents the design of an integrated rotor-less inductor, for an aerospace
starter-generator application (45 kW), as presented in [20]. In terms of total volume and
weight, a comparison is made to observe the impact of high current density on an induc-
tor against the traditional EE-core inductor. To size both the inductors, the area product
approach method was used, and the design parameters were validated using FEA. A sig-
nificant reduction in the total volume and weight was observed during the comparative
analysis between the integrated inductor and traditional EE-core, presented in Table 4.
When compared to the traditional air-cooled EE-core inductor, the total volume of the
integrated inductor is reduced by 52.7% and the total weight is reduced by 55.4%, as shown
in Table 4.
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Figure 13. Radial Cross-section and Flux Map (a) EE-core Inductor (b) Integrated Rotor-less Inductor
(c) Direct cooling model of aF combined system (Machine + Inductor).

Table 4. Size and Loss Comparison (at room temperature) of EE-core and Integrated Rotor-less
Inductor with Starter-Generator (SG).

Sizing Parameters EE-Core Inductor Integrated Inductor Starter-Generator
Total Losses 0.658 kW 1.57 kW 2.31 kW
Total Volume 2078 cm3 981 cm? 1689 cm?
Total Weight 9.94 kg 4.43 kg 11.7 kg
Combined (SG + Inductor) Volume 3767 cm® 2670 cm® -
Combined (SG + Inductor) Weight 21.6 kg 16.1 kg -
Percent Reduction in Volume ) 29.1% )
(Combined System) :

Percent Reduction in Weight

(Combined System) - 25.5% -
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On the other hand, both the weight and volume of the combined system with an
integrated inductor are significantly reduced by 25.5% and 29.1%, respectively. However,
this reduction comes at the expense of excess 0.9 kW, due to the higher current density
(assumed in the design phase) of the integrated inductor as opposed to the EE-core induc-
tor. This increases the stator winding loss, thereby generating heat inside the inductor’s
windings that is taken out of the starter-generator by the existing cooling system, where the
inductor’s stator is flooded with the engine oil. In [27], a thermal design investigation of an
integrated inductor system and a combined starter-generator is presented where complete
integration is achieved from thermal and physical points of view.

As both machine and inductor share the same cooling arrangement; a comparison
was made between the performance of a direct and an indirect cooling option. The direct
cooling arrangement, as shown in Figure 13c, based on a semi-flooded design results in a
temperature reduction of up to 90 °C in the most important components in contrast to the
indirect cooling method. The results showed that the shared semi-flooded arrangement
proposed keeps the operating temperatures below the maximum permissible limits (i.e.,
134.5 < 180 °C), leaving a significant safety margin in case of overpower conditions or short
circuit failure conditions.

Integrated Inductor Wound on the Stator Back Iron

The design of an integrated filter inductor that is required for power factor correction
application is presented in [24], as shown in Figure 14a. The author utilises the motor mag-
netic structure to create an integrated filter inductor. The stator back iron of the switched
reluctance motor is brought into use for a boost power factor correction application. To
increase the stator back iron, the stator laminations were modified in the paper. With this
alteration, the motor outer diameter was increased, which resulted in an increase in the
overall size and weight of the motor. However, the integrated inductor design does not
interact with the magnetic field of the motor itself.

(b)

<
=

>
e }4 s[_‘ “ N

Figure 14. Integrated Inductor (a) Motor with integrated inductor wound on the stator back iron
(b) Approximated Inductor Geometry.

The integrated filter inductor as shown in Figure 14a is approximated to an inductor
geometry as shown in Figure 14b for simplicity. The inductor design was presented for a
1 kW motor drive with a target inductance of 15 mH. Four sections of integrated inductor
located at the back of stator core was based on % hp induction motor with M-19 electrical
steel. The stack length is fixed from motor dimensions, whereas the rest of the sizing
dimensions were calculated using the reluctance equivalent circuit analysis. To ensure the
core material is operating in the linear region of its B-H characteristics, the airgap length
and the core area were varied iteratively, in order to achieve the desired inductance.

The complete stator back iron is used as a magnetic component for one or more
discrete inductors or transformers in other publications [25,26], as shown in Figure 15. This
is achieved by integrating a toroidal winding in the back of the stator core, which drives
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the alternating magnetic ring flux. This ring flux shares the back iron with main motor flux.
The ring flux always travel in one direction, whereas the main flux has as much flux going
anti-clockwise in the back of the core as is going clockwise. Therefore, ring flux, at some
point, will increase the MMF drop in the core and vice versa. The presence of ring flux due
to inductor winding will not affect the main motor flux passing the airgap if the core is
operating in the linear region of its B-H characteristics. The number of turns, according to
the author, must be an integer multiple of twice the number of pole-pairs. Even though
there are ring conductors in the bottom of every stator slot, there can be as few as two
toroidal turns in a 2-pole motor, regardless of the number of stator slots.

00

—>
—>

Ring Flux —_—> Main Flux Back Iron
o
> !

89
®

Tooth

®

Figure 15. Schematic View of Stator core carrying main and ring flux.

The application of sinusoidal output filter is considered for a 2-pole, 24 slots inductor
motor. The induction motor is operating with 240 V RMS phase-phase voltage with
0.85 power factor at full load conditions of 6.5 A RMS. The cross-sectional area of the
toroidal winding is 2880 mm? with mean length of 450 mm. The toroidal winding is divided
into 3 separate axial portions, one for each phase. With a maximum allowable toroidal MMF
and a peak phase current of 9.2 A, the maximum allowable turns are 24 (which is one turn
per stator slot). With 24 turns, inductance of 0.43 mH is achieved per phase. Furthermore,
there are drawbacks associated with this approach whilst incorporating toroidal inductor
into the motor. This includes a loss of slot-space to accommodate toroidal windings, the
need for extra volume between stator core and the motor frame for toroidal windings, along
with the manufacturing complications associated whilst inserting the toroidal windings
into each portion of the core.

The integration of a grid side passive LCL filter into the stator back iron of a permanent
magnet synchronous machine produces high power density, according to the Authors
of [7,28-31]. As shown in Figure 16a, both inductors (L1 and L2) are wound into the double
slot machine’s outermost slots. The proposed integrated inductor is iteratively optimised
in terms of iron and copper weight and compared with the conventional separate inductor.
The cross-coupling of magnetic fields between the main machine and filter windings is
avoided by placing the filter inductors on the outermost slots. This is attained by adopting
a different number of poles for the filter winding than the torque producing motor (main)
windings. Magnetic poles are balanced or unbalanced depending on the different pole
number combination in the filter windings and the main machine.

As a result, the main machine and filter winding pole numbers must be separated
by a multiple of two pole pairs. This allows both magnetic fields to rotate at different
speeds, resulting in minimal flux linkage between them. The method is verified using
FEA by providing both windings simultaneously at different supply frequencies. The
results presented the minimum cross-coupling between the main winding and the filter
windings which is responsible for the production of torque. Figure 16b shows the winding
arrangement of the machine with integrated grid side LCL filter that illustrates the main
motor winding is connected at the inverter output terminals and the integrated inductors
(L1 and L2) winding is connected between the grid and the rectifier input terminals. A 3-
phase 12s/8p permanent magnet synchronous machine is selected which gives 12 main
windings, each phase has 4 single layer concentrated windings connected in parallel. On
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the other hand, 24 integrated inductor windings are wound on the outermost slots, and
each phase has 8 double layers concentrated windings connected in series. The integrated
windings are further divided into the grid side and drive side inductor winding with 4 coils
each connected in series.

Inductor Airgap
Inductor Winding;

(L, and L) _

Main Windings

(b)
Main Windings

Inverter

R

A AP — AP T——
LTI AN Converter
e

L L J_'

Ly TTT L,
C

AC

Source

Figure 16. Motor with Integrated Grid LCL Filter (a) Axial View of the main motor (b) Winding
Configuration [28,30].

3.2.2. Integration within the Traditional Cores

Article [32] designed a passive DC-link inductor to reduce the grid side harmonics,
DC-side voltage ripple, current stress of the DC link capacitors, and rectifier side diodes.

As shown in Figure 16a, the design of two independent DC-link inductors is switched
to an integrated structure on a single magnetic core. As represented in Figure 17b,c, the
inductor can be integrated by directing the flux either in the outer leg or the middle leg.
Depending on the target specification and design specification, all inductor designs can be
built to have the same amount of inductance, as shown in Figure 17a—c.

Various studies have taken place in order to integrate both capacitors and inductors
into the same component [8,9,33-38]. To integrate the capacitance in the same magnetic
component as the inductor, the principle of electromagnetic integration is used. A planar
LC filter that is integrated with alternating layers of conductors, insulation, magnetic
material, and dielectrics was observed in [33-38], as represented in Figure 18. The LC
winding is a dielectric substrate with conductor windings directly deposited on both sides,
thus resulting in a distributed inductance and capacitance structure, as shown in Figure 18a.
By properly connecting the four terminals A, B, C, and D of the LC winding, a different
equivalent structure is possible as an equivalent LC series resonator, parallel resonator, or
low pass filter, as shown in Figure 18b.
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The same principle of [18,19,31-34] is applied in article [8,9] for EMI filter applications.
By introducing a dielectric layer between the windings, the capacitance in the windings
increased. The distributed capacitance is implemented in a traditional way where the
anode and cathode foil are etched with aluminium oxide dielectric layers. The inductor is
constructed using the cathode and anode aluminium foils of the capacitor to implement
the windings, and as represented in Figure 19a the foil windings are wound around. As
presented in Figure 19b, the inductor windings are packed in a can, which has a hole in
the middle for the magnetic core. This work has been extended for high power density
applications and was put through electrolytic capacitor technology in a 2.2 kW motor drive
to integrate the DC side smoothing capacitor. This work showed that the volume of the
integrated EMI filter decreased considerably by 45% in comparison to the discrete EMI
filter, whilst meeting the EMC standards.

o

e EEm——

oYY Y YL,

Cathode Anode

Foil Foil

LC

Winding

/7

Magnetic

Core

Figure 19. Integrated Filter with LC Windings (a) Construction (b) 3D View.

3.2.3. Integrated Inductor on Power Module Substrate

Inductors integrated onto the power modules substrate are presented and discussed,
in this section. The advantage of having this approach is that the windings can be con-
structed from the same substrate materials that will allow a direct conduction path from the
windings to the outer surface and onto the thermal management system. This will result in
an increase in thermal efficiency, allowing for higher current densities in inductors than is
usually possible.

A new integration methodology is investigated in [39] for a standard basic power
cell (SBPC) circuit, with the aim of integrating an inductor on power module substrates
together with the switching devices, in order to improve its power density and thermal
management. The proposed concept consists of bonding copper U-shapes, as shown in
Figure 20a, representative of individual turns of the windings on the substrate that offer an
enhanced thermal exchange between the inductor and the cooling system, resulting in an
increased current density for a given power level. From a construction point of view, the
inductor and the power devices are bonded on the same aluminium nitride (Al N) direct
bonded copper (DBC) substrate that results in a uniform thermal distribution across the
inductor coils as opposed to the traditional inductors where the only input and output
terminals are electrically and hence thermally connected to the substrate. An FEA based
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comparative study of thermal distribution was carried out for two cases: (1) when a solid
solenoid is used and only the first and the last turns are bonded to the copper traces of the
DBC whereas, the rest of the inductor is laid on the substrate, (2) when individual U-shapes
are bonded onto the substrate. The study showed a uniform temperature distribution
across all the turns when the inductor is constructed with individual copper U-shapes
bonded on the copper traces, when compared to the case 1. In publications [40,41], the
inductors are machined from a Cu bulk to create the desired winding shape where one side
is bonded on DBC substrate so that the inductors and the power switches shares a common
cooling system. However, the disadvantage of this approach is the difficult manufacturing
process for copper windings, which has been shown to be costly and inconsistent. Another
article [42] investigated the integration of high current density inductor onto a double
side cooled (i.e., sandwich structure) power module substrate, as shown in Figure 20b.
From a construction point of view, the inductors are integrated in between the two DBC
ceramic substrates that form the sandwich module where two DBC ceramic substrate tiles
are directly cooled using jet impingement. The module is usually cooled on its top and
bottom sides, providing a larger amount of cooling to the devices. Thus, a lightweight
and compact module can be achieved. Both FEA and experimental studies were carried
out at room temperature when the inductor current was increased from 0 to 100 A, with
a maximum current density of 100 A/mm?. The peak temperature of the inductor was
recorded with respect to the applied current, as illustrated in Figure 20c. The results showed
that the inductor’s peak temperature is changing approximately to the current squared.
Another observation is that the current density of 100 A/mm? is achieved with only a 60°C
temperature rise.
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Figure 20. Cont.



Energies 2022, 15, 88

20 of 25

~ 100
¥
B 80
g
g
g 60
L)
[_4
3
5 40
=
=]
=
~ 20 F
3 y=0.01x2- 0.5944x + 41.268
F~ R>=0.9601

0 i i ; ] ]

0 20 40 60 80 100 120

Current Density A/mm?2

Figure 20. Integrated Inductor (a) on Power Module Substrate [39] (b) on Double side power module
substrate [42] (c) Temperature vs. Current Results [42].

4. Integration of RC Branch and Capacitor Technologies for Integrated Filters
4.1. Integration of RC Branch

The integration of the RC branch (i.e., filter capacitance and damping resistance), as
shown in Figure 6b, inside the motor’s housing can be achieved by mounting and arranging
the 3-phase capacitors and resistors on the PCB [10,28]. The conceptual example shown in
Figure 21 can consist of 3 (or multiple of 3) capacitors to be integrated inside the machine’s
enclosure. The choice between different technologies of capacitors, considering integration
application, depends on the various factors, such as cost and temperature limitations. The
details of each available integrated technology currently being used for the filter capacitors
are enlisted in the next section.

Integrated (a) Motor with
RC Branch Integrated Inductor
Resistor

Capacitor Housing

Figure 21. Integration of RC Branch (a) Axial view of the motor and PCB (b) Radial view of the
damping resistors and filter capacitors mounted on the PCB.
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4.2. Capacitor Technologies for Integrated Filters

Compared to other passive components, the cost and size of an electronic system is
dominated by the capacitors utilised in the system [43]. Integrating a capacitor as part
of an integrated filter circuit will require the chosen capacitor fulfilling both spatial and
capacitance requirements. For a low pass filter, a large capacitance is required. However,
the size of the capacitor (plates) increases with capacitance. This is particularly challenging,
especially with the restricted space in the machine enclosure. Capacitors are also tempera-
ture dependent due to the thermal limitations of many common capacitors. This causes
some capacitors to lose charge due to leakage currents occurring at high temperatures [40].
The capacitor technologies available for integrated filters are outlined below:

Film capacitors

Electrolytic capacitors

Ceramic capacitors

Electro-chemical double layer (ECDL)

4.2.1. Film Capacitors

Film capacitors are very scalable with ratings ranging from a few nanojoules to hun-
dreds of kilojoules per unit. They also represent the most flexible option in terms of device
geometry compared to other capacitor technologies [44,45]. These features are particularly
attractive in an integrated application, especially where space is limited. High efficiencies
due to a low equivalent series resistance (ESR) (about 1%) and a low dissipation factor (1%)
are also some of the potential benefits of film capacitors. They also possess high working
voltage operation (up to 100 kV), high energy densities [46,47], and are polarity indepen-
dent (bipolar operation). Despite these attractive benefits, the capacitance per volume of
film capacitors is low compared to other capacitor technologies. The operating tempera-
ture of film capacitors is also a disadvantage with maximum operating temperatures less
than 170 °C [48]. Theoretical operating temperatures are quoted at 220 °C, suggesting the
technology is close to maturity. High temperature operation is vital in integrated filters,
especially the novel concept proposed in this paper. Film capacitors, despite their capaci-
tance limitations, can offer a realistic option in integrated filter applications due to their
high efficiency, high operating voltage, and geometry flexibility.

4.2.2. Electrolytic Capacitors

The electrolytic capacitor offers the highest energy densities of the four capacitor
technologies (up to 1]/cm3). The most popular choices in this range remain aluminium
electrolytic capacitors and tantalum electrolytic capacitors. Tantalum electrolytic capacitors
provide a wider operating temperature range and smaller size compared to aluminium
electrolytic capacitors. However, a greater capacitance and cheaper option is offered by alu-
minium electrolytic capacitors in comparison to Tantalum capacitors [49]. Both options offer
significantly higher capacitance compared to other conventional capacitor technologies
(capacitances from 1 pF to 2 F) [50,51]. Despite the aforementioned benefits of electrolytic
capacitors, they exhibit relatively high ESR, high equivalent series inductance (ESL), and
high dissipation factor, especially at high frequencies [51]. However, recent technologi-
cal advancements have led to the production of aluminium and polymer tantalum and
capacitors with very low ESR and ESL [49]. It also has a low operating voltage rating
(about 600 V). With a maximum operating temperature of only about 120 °C, its use in high
temperature operation applications is challenging [50]. It also has the lowest AC current
ratings of the stated capacitor options and is polarity dependent thus restricting its applica-
tions to DC circuits [45]. At high temperatures, electrolytic capacitors are also susceptible
to thermal degradation, a heat triggered electrochemical reaction, reducing the overall
lifetime of the capacitor. This is particularly problematic in integrated filter applications
as reliability is greatly reduced and maintenance costs are increased due to component
replacement [52-54]. Although tantalum electrolytic capacitors offer a high capacitance
and small volume, properties beneficial in integrated filter applications, the operating tem-
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perature limitations and short life cycle compared to other capacitor technologies makes it
a less favourable capacitor choice in this application.

4.2.3. Ceramic Capacitors

The ceramic capacitor possesses high power densities due to their small size compared
to other capacitor technologies. It also provides low to moderate size capacitance ratings.
Its major advantage compared to other capacitor options are its high temperature operating
capability and relatively high AC current ratings [55-58]. Typical operating temperatures of
ceramic capacitors reach up to 200 °C [54]. However, specialised high temperature ceramic
capacitors have been noted to reach temperatures up to 250 °C [59]. In integrated filter ap-
plications where high temperature operation and small size are critical, ceramic capacitors
prove a suitable candidate for utilisation. The high cost of ceramic capacitors compared
to other conventional capacitor technologies is one of the major drawbacks [59]. They are
also not as robust as film or electrolytic capacitors, especially in vibration prone environ-
ments [60-62] his is due to the brittle nature of the ceramic material. This poses reliability
questions, especially concerning the mechanical stability in integrated filter applications.

The recently released “CeraLink” ceramic capacitors [63-65] is of interest to extend the
scope of multi-layer ceramic capacitor for DC-link applications. The formulation contains a
lead lanthanum zirconate titanate ceramic as dielectric material. It offers higher capacitance
values at voltages close to the DC-link due to its anti-ferroelectric behaviour and strong
positive bias [62,63]. Moreover, its ESR decreases with frequency and temperature, which
allows efficient operation at high temperatures up to 150 °C and high switching frequencies
up to several MHz [63]. With this technology, the capacitance density of 2 to 5 uF/cm? can
be achieved with low ESL of 2.5-4 nH. High thermal robustness allows these capacitors
to be placed very close to the power devices [65], making them a suitable solution for
integrated motor drives.

4.2.4. Electro-Chemical Double Layer (ECDL) Capacitors

ECDL capacitors are not conventional capacitors and are more akin to electrochemi-
cal batteries. Often known as “super-capacitors” or “ultra-capacitors”, ECDL capacitors
possess a high power and energy density, a middle path between capacitors and batter-
ies [66,67]. Their typical applications include transport and high-power applications where
high-power densities are required [68]. The large size of ECDL capacitors, high cost, and
high self-discharging rate [69] compared to other capacitor options make ECDL capacitors
a poor option for integrated filter applications.

5. Conclusions

Reducing overall system mass and volume has become a mandatory requirement for
aerospace, marine, and automotive applications, in order to comply with the power density
needs. These can be met by shifting towards integrated motor drive (IMD) systems. This
paper has covered the design methods for both conventional and integrated inductors. The
article subsequently reviewed the existing motor drives system with integrated passive
technologies that aim to provide enormous benefits over conventional topologies, in terms
of reducing mass, volume, losses, and to ease the manufacturing process. A method of
integrating a filter capacitor and resistor is also proposed followed by the available capacitor
technologies, which is suitable for integration purposes, alongside the pros and cons of
each capacitor type.
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