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Abstract — In this paper a design approach for a sensorless
controlled, brushless, interior permanent magnet machine is
attained. An initial study based on established electrical machine
formulas provides the machine’s basic geometrical sizing. The
next design stage combines a particle swarm optimisation (PSO)
search routine with a magneto-static finite element (FE) solver to
provide a more in depth optimisation. The optimisation system has
been formulated to derive alternative machine design variants,
subject to the design constraints, in a computationally efficient
manner using as few FE simulations as required. Moreover a
parallel computing approach has been used for the most
computationally intensive processes. The optimisation system
objective function aims to find a solution satisfying all the
machine’s design requirements including the torque-speed
envelope and compatibility with the high-frequency injection
based sensorless operation, whilst minimising the machine weight.
A holistic approach is presented where a complete machine,
including the stator and rotor sub-assemblies are designed
accounting for all the required performance measures under the
high-frequency injection based sensorless operation. The efficacy
of the new approach has been demonstrated on a design case study
with consecutive design stages discussed in detail. Also, the paper
provides
conceptual
information
regarding
practical
implementation of the proposed optimisation system together with
an insight into the definition of the objective function and its
influence on the design solutions. Furthermore, the calculated
results from the optimisation system have been compared with
direct FE predictions for the design exemplar showing good
correlation.
Keywords—Design Methodology, Sensorless Control, Interior
Permanent Magnet (IPM), Particle Swarm Optimisation.

I. INTRODUCTION
Sensorless control of machines offers the benefits of
reduced system cost and improved reliability by eliminating the
need for a shaft mounted position sensor. A typical
implementation of sensorless operation across the full
operational range combines a back EMF flux estimator for mid
to high speed ranges with high-frequency signal injection
techniques for zero and low speed ranges [1].
Machine design for sensorless control involves the
requirements of the sensorless control algorithm to be
embedded within the design process. The aim is to tailor the

design to boost the electromagnetic characteristic that are
critical to the success of the sensorless algorithm, without
compromising other more general performance requirements.
The idea being that a machine with desirable sensorless
performance will present a reliable rotor position signature
across the full operating torque range, allowing the use of
simpler control schemes which do not require tuning to a
specific machine or complicated error correction routines [2].
Sensorless operation at zero and low operating speeds
requires an electromagnetic signature to be incorporated into
the machine design which can be detected to yield positional
information. In the case of a PM machine the most common
way of achieving this is to use a salient rotor design where the
quadrature axis inductance is greater than the direct axis
inductance. Since the rotor position signal is dependent on a
difference between the Ld and Lq inductances it is essential that
the saliency ratio (Lq/Ld) is measurable across the full range of
torque [3]. In a machine designed to operate at a high flux
density the values of inductance will change due to saturation
and cause the magnitude of the saliency to decrease, in some
cases even reverse. In addition slotting effects may alter these
values further. Therefore the saliency characteristic tends to be
a function of both load and rotor position.
Secondary magnetic effects can introduce a dependent error
in the rotor position. This is mainly due to cross coupling
between the direct (d) and quadrature (q) axis inductances [4],
[5]. The error can be quite significant and if left uncompensated
may result in a significant performance degradation.
Minimising this error is also an important criteria. The ideal
machine for a sensorless control scheme would have a high
absolute value of saliency over the full range of torque, low
angular error and little variation to either over the full rotation
of the machine.
Published work in this field has mainly focused on the
design of the rotor, including choice of rotor topology and the
use of optimisation routines [6–10]. Other papers have shown
that the type of winding configuration (i.e. concentrated or
distributed) [11] and the slot shape [12] can have a large effect
on the sensorless capability of a machine. However there is little
published work on how to design a complete machine for
sensorless control in a holistic manner. Often design
methodologies are presented where only the sensorless aspect
of the rotor design is considered and the stator is left unchanged.

Designing a rotor with a high saliency may not be sufficient to
guarantee good sensorless performance. The sensorless
performance can be strongly influenced by slotting effects, the
winding configuration and the level of flux density in the stator
iron. Therefore optimum performance can only be achieved by
designing the two components simultaneously.
The basic saliency detection process based on signal
injection can be replicated in finite element analysis (FEA) to a
high level of accuracy [10]. As the degree of saliency will vary
with both load and rotor position direct FE analysis of a
machine would require many simulations. This is
computationally prohibitive in the context of a design
optimisation. This issue is addressed in the paper through a
formulation which incorporates numerical and analytical
methods.
The proposed methodology has been demonstrated on an
IPM machine design, as this topology offers an intrinsically
higher saliency compared to other rotor types. [13].
II. OVERWIEW OF INITIAL MACHINE REQUIREMENTS
The target specification is a low speed, high torque motor.
The application requirement is a transient duty cycle with only
a short period of operation at full torque. The space envelope
available does not restrict the overall diameter or length of the
machine. However it is desirable for the final solution be as
compact and as low weight as possible. The motor specification
is summarised in Table I.
TABLE I. MACHINE OPERATING ENVELOPE SPECIFICATIONS
Peak Power
(kW)
1.5

Peak Torque
(Nm)
47

Maximum
DC link voltage
Speed (RPM)
(V)
420
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If the angular frequency of the injected signal, ωi, is
sufficiently high then only the inductance of the stator windings
need to be considered. If the machine is operating at zero or a
low speed then the rotor rotational speed is also negligible
compared to the injected voltage. The machine can therefore be
assumed to be stationary and so the machine model can be
approximated in the αβ reference frame as:
ఈఉ ≈ 

ఈఉ ఈఉ

(3)

Evaluating (3) with the high frequency voltage signal shown
in (1), it can be shown that the resulting high frequency current
is:
ఈఉ = ଵ

cos 
cos2 −  
− ଶ
sin 
sin2 −  

(4)

I1 and I2 will vary based upon the inductance of the machine
and the injection signal used. The rotor position information θr
is contained within the second term of (4). When isolated
through the use of the Park transform and high-pass filters the
high frequency current response is:
௫
cos2 
௬ = −ଶ sin2 

(5)

The above derivation is basis of an open loop
implementation of the frequency injection method. Alternative
sensorless algorithms use a closed loop form of control [1] and
tracking to improve the accuracy of the technique to account for
effects such as torque ripple, noise and inverter commutation.

It is desirable to use a high number of poles due to the low
speed and high torque requirement of the machine. To reduce
the complexity of the rotor structure in light of this, a single
layer IPM rotor topology is chosen for the basis of the work [4].
A. Initial Design Assumptions
The initial design assumptions have been made based on
requirements regarding the machine’s intended operating duty
cycle and cooling regime. From these target values for the
magnetic loading, electrical loading and winding current
density are defined respectively:
B1 = 0.8 T, Qrms = 100,000 A/m, Jrms = 27 Arms/mm2
B. Basis Of The Sensorless Control Algorithm
A three-phase sinusoidal injection signal is used as the base
for the sensorless control strategy. In such a scheme a high
frequency voltage is injected onto the stator winding. The high
frequency current variation due to this injected signal provides
the rotor position information when a magnetic saliency is
present. Represented in the αβ reference frame the injected
voltage is:

Considering the dq-model for a PM machine:
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Fig. 1. Top level design methodology

The proposed design process is presented in Fig.1, and is
formed of two main parts; an initial trade study and an
optimisation procedure. The process is iterative as the
performance of each design iteration is analysed at the end of
each section. Changes are made to the machine parameters
based upon these results until a satisfactory design is found.
A full electromagnetic and thermal analysis is conducted on
the designs which demonstrate the best potential. This will
serve to validate if they have achieved all the performance
requirements of the specification, but are too computationally
expensive to conduct during an optimisation procedure.
A. Analytical Trade Study
The first stage of the procedure employs an equivalent
circuit based analysis to specify target values for the EMF
constant and inductance. When these parameters are met by the
design then the required torque and speed envelope will be
electrically achievable within the constraints of the supply
system.
At this initial stage the saliency ratio is fixed and ideal
operation is considered. Alternative pole (p) and slot (q)
combinations are investigated. These are chosen based on the
value for the fundamental winding factor (Kw1) and the
magnitude of the cogging torque. Torque ripple effects are
gauged by value of the lowest-common-multiple between the
pole and slot numbers. Both concentrated and distributed
winding topologies have been investigated.
An estimate for the number of turns per slot (Ns) is first
made and an aspect ratio is chosen. The aspect ratio is defined
as the ratio of the stator bore to active length (6).
   =
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The resulting stator bore and active length are sized based
upon the required torque and initial assumptions for electrical
loading (Qrms), magnetic loading (B1) and the winding factor
(Kw1) (7). An estimate for the base torque must be made based
upon the saliency value that is expected to be achieved in the
design.
 ଶ
௦ =
 ோெௌ ௪ଵ
(7)
2√2
The predicted back EMF constant (Ke) can then be
calculated (8). If this value is unsatisfactory compared to the
target value needed to reach the operational envelope then
either the number of turns per slot or aspect ratio are altered.
#
(8)
 = !"௦ $   ௪ଵ
3
Finally the rms phase current (Iprms) is calculated from the
electrical loading, stator bore and number of turns per slot (9).
#
6 !"௦ $ ௦
3
(9)
௦ =

A 16 pole, 72 slot machine is chosen to demonstrate the
complete design process. This was determined to be the best
solution for the chosen application based upon its low cogging
torque, high fundamental winding factor and high saliency due

to the high number of slots. The input data for the next stage of
the design procedure is shown in Table II.
TABLE II. MACHINE DESIGN CHOICES FOR OPTIMISATION
No.
Poles
(p)
16

RMS phase
Slot fill
No.
Stator
Active
Turns per
Air gap
current (Iprms)
factor
Slots Bore (D) Length
slot (Ns)
(g) (mm)
(kp)
(q)
(mm) (L) (mm)
(Arms)
72

111.9

37.3

0.8

61.1

4

0.5

B. Design Optimisation Procedure
The design optimisation aims to tune the design of the stator
and rotor in more detail against the design objectives, whilst
taking into account non-linear effects such as saturation. The
optimisation must be able to accurately assess the performance
of a design, be computationally efficient, find the best design
possible but be constrained such that the final design is in fact
feasible.
The computation time of the optimisation is dominated by
the time required to run a numerical finite element (FE)
simulation. As such the total execution time of the optimisation
routine is determined by the number of FE simulations needed
to asses each individual design.
TABLE III. VARIABLES WITHIN THE OPTIMISATION SYSTEM AND
EXAMPLE RANGE

Number

Parameter

Range

1

Rotor pole arc angle

80° - 135°

2

V-pole angle

160° - 180°

3

PM thickness

1 mm - 6.8 mm

4

Bridge thickness

0.2 mm - 1.5 mm

5

Web thickness

0.5 mm - 2 mm

6

Web length

0mm - 7mm

7

Split Ratio (D / (7))

0.55 - 0.8

8

Yoke thickness

1 mm – 11 mm

9

Slot width

0.5 mm - 4 mm

10

Slot opening

0.5 mm – 4 mm

11

Tooth depth

0.5 mm - 1.5 mm

Fig. 2. Outline of V-IPM machine with labels indicating variables within
optimisation

In order to minimise the number of numerical FE analyses
only the most demanding operating point for the machine is
considered. Full rated current is used as this is the point at which
the saliency will be at its lowest due to saturation in the iron
circuit. If the performance at this point is satisfactory, then it is
expected to be at other, lower values of current. The same fixed
rotor position is used for all the designs. A more in depth
analysis to investigate the variation of the saliency with
changing rotor position is performed later for the designs which
demonstrate the best performance.

between these points, (10) and (11). In addition values catering
for a magnetic cross coupling component (Ldq and Lqd) can be
calculated, (12) and (13). In a later section it will be shown how
these four components can be used to estimate the sensorless
capability of a machine design.
Torque is estimated from the winding flux linkage obtained
from each FE solution, and the current used. Calculating torque
in this manner will ignore any torque ripple components, and
such will be closer to the average torque value (14).

The parametrisation of the IPM machine and example of the
assumed ranges of these parameters are included in Fig.2 and
Table III. This range is applicable to the specific inputs shown
in Table II and should be tailored for an individual design. The
ranges are determined so that any combination of the variables
within that range will generate a valid machine geometry.
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The values of Id and Iq are calculated based upon the rated
rms current (Iprms) and the current angle (γ) as shown in (15) and
(16). The value of current angle which gives the highest value
of torque is termed the maximum torque per amp (MTPA)
angle. In the rotor geometry optimisation shown in [14] a fixed
value is used throughout the optimisation procedure. However
the optimal current angle will vary significantly as the
geometries of the stator and rotor change. Therefore a method
to obtain the MTPA angle with as small a number of
simulations as possible was devised.
ௗ = −'௦ √2(sin())

(15)

 = '௦ √2(cos())

(16)
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Fig. 3. Detailed FE simulation routine for a single particle in the optimisation
system

Torque and inductance are the two main outputs needed to
judge the performance of a machine design. A method for
calculating these using only three FE simulations is described
in [14]. A simulation is first conducted at rated current (labelled
1 in Fig. 3). Then two further simulations are conducted, one
with a small increase in q-axis current (Δi = 0.1 A), and the other
with d-axis current (labelled 2 and 3 in Fig. 4). The d and q axis
inductances can be calculated from the change in flux linkage
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Fig. 4. Torque verus current angle, direct FE and estimated based on reduced
number of FEAs

As the torque in a salient machine is a combination of
synchronous and reluctance, it was found that a curve fit based

-4

on two sinusoids (17) could be used to accurately describe the
torque versus current angle characteristic (Fig. 4). It was found
that six FE simulations were sufficient to obtain the coefficients
of (17) with a high degree of certainty and good balance
between accuracy and computational time.
(17)

The full process is shown in Fig. 3. The MTPA is first
calculated and with this the torque and inductance at the optimal
current angle can then be deduced. To speed up computation,
parallel computing of the separate FE simulations is used.
A particle swarm optimisation (PSO) is the chosen
optimisation method. It is a robust stochastic evolutionary
computation technique emulating the movement and
intelligence of swarms. It has been shown to be effective in
optimising difficult multidimensional discontinues problems,
including electromagnetic design [15] and machine
optimisation [16].
IV. SENSORLESS CAPABILLITY ANALYSIS
At each iteration of the optimisation process the inductance
of the machine is determined. From this the saliency can be
calculated simply:
+,-. =



(18)

ௗ

It is desirable to estimate the sensorless control capability of
a design at this operating point also. In particular the magnitude
of the rotor position angular error due to cross coupling between
the d and q axis inductances could be identified. FEA can be
used to accomplish this.
It is not possible to simulate a voltage injection signal in a
magneto-static FEA directly. Instead a high frequency current
signal can be introduced on top of the fundamental value, and
the high frequency flux linkage variation can be isolated to
determine the sensorless capability of a machine design [10].
This can be demonstrated by substituting the voltage injection
signal presented in (1), with current and transposing into the d
and q axis reference (19), (20).
ఈ
− sinθ 
/ 0 =  /
0
θ 
ఉ

ௗ
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0/ 0
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(19)
(20)

Where Ii is the magnitude of the injection current (which can
be chosen arbitrarily), θi is the angle of the injection signal, θr
is the position of the rotor and p is the number of pole pairs. If
the rotor position is fixed, then an FE simulation can be
calculated at several points along one full cycle of the injection
signal (φinj). One additional simulation is performed with zero
injection signal (φm), then the high frequency flux linkage (φHF)
can be isolated as demonstrated in (21).
1ுி ( )|ఏೝ ୀ௦௧ = 1 ( ) |ఏೝୀ௦௧
− 1 |ఏ ୀ௦௧
ೝ

(21)
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Fig. 5. Example high frequency flux linkage locus

Once isolated, the high frequency flux linkage variation can
be plotted in the d and q axis domain to illustrate the saliency
signature (Fig. 5). This is a plot at a fixed rotor position, over
one full cycle of the injected signal. From this plot the
sensorless capability of the machine can be deduced. If a
magnetic saliency is present then the locus will form an
elliptical shape. From this ellipse it is possible to identify the
major and minor axes. The orientation of the major axis is the
predicted rotor position of the sensorless algorithm. In Fig. 5
the correct rotor position is 0°, which corresponds to the x-axis,
however the major axis is observed to be out of alignment. This
rotation away from the correct rotor position is the sensorless
angular error (ε) in electrical degrees.
The high frequency saliency calculated from the flux
linkage locus in Fig. 5 will usually be greater in magnitude than
the usual definition given by (18). This is due to the presence of
cross-coupling between the d and q axis inductance. Attempting
to maximise the high frequency saliency in the optimisation can
result in a design with a high value of cross-coupling
inductance, and a large angular error. Therefore the derivation
of saliency given in (18) is used in the optimisation fitness
function.
Employing multiple FE simulations to derive the high
frequency flux linkage locus is not computationally feasible in
an optimisation routine. However as demonstrated in [14], the
flux linkage locus shown in Fig. 5 can be calculated with just
three FE simulations, using the d, q and cross coupling
inductance values defined in the previous section.
Considering the derivation of (3), only the inductance of the
machine needs to be considered if the injection signal is a
sufficiently high frequency relative to the rotational speed. The
high frequency flux linkage can then be defined as:
/
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Using (21) the flux linkage locus can be computed rapidly
with only three FE simulations. The resulting data is passed into
a curve fitting algorithm which fits an ellipse to this data. With
this the position and magnitude of the major and minor axes can

be determined, and the high frequency saliency and angular
error calculated.
V. FITNESS FUNCTION
With the value of torque, saliency and angular error
calculated for a particular design, a fitness value is assigned to
judge its suitability. A combined fitness value is used, which
takes into account six separate criteria weighted in respect to
their importance (23).


2- = 3 4 2

(23)

ୀଵ

The optimisation aims to maximise the value of fitness.
Each fitness criteria (Fi) has a possible maximum value of one
and a minimum value of zero. In the optimisation algorithm F1
is torque, F2 saliency, F3 the winding current density, F4 the
angular error of the sensorless algorithm, F5 the d-axis
inductance and F6 the cross sectional area of the PM. The form
of each fitness value is shown below (24), with the exception of
the sensorless error which is defined in (25). The target values
for the fitness function are shown in Table IV.
2 =

*(5௧௧ − 5ௌை )
5௧௧

2ସ = 1 −

(24)

6777ௌை
45

(25)

TABLE IV. OPTIMISATION FITNESS FUNCTION TARGET VALUES
Torque
(Nm)
47

Current Density

Saliency
2

2

(A/mm )
27

Ld (µH)
373

PM area
2

(mm )
65

Fig. 6. Design 1 (top-left), 2 (top-right), 3 (bottom-left) and 4 (bottom-right)
from table V

It is common in literature to optimise a sensorless oriented
design based only on two criteria: torque and saliency. Design
1 in Table V and Fig. 6 demonstrate a result when equal
weighting is given to both of these criteria and all other criteria
removed (zero weighting). Without a target value for the
winding current density the optimisation will minimise the
winding window area to reduce saturation in the stator iron.
Design 2 in Table V additionally includes a weighting for
the current density to force a more practical stator design.
Through trial and error the weightings for these components can
be adjusted to provide a satisfactory design. Highest priority is
given to torque, as this is fundamental to meeting the
specification. However it can be observed that the sensorless
angular error is large. The optimisation has produced designs
with high values of saliency, but no consideration to the cross
coupling inductance. Design 3 addresses this by including a
component in the fitness function for evaluating the angular
error. The drawback is that a drop in the absolute value of the
saliency has occurred.

The fitness function is derived in this manner to ensure the
design aims to meet the target value, but not exceed it. Values
for the saliency and PM area are chosen so as to be challenging
to meet. The error function is formulated to minimise the value
of PM material used in order to realise a low cost design.
Table V shows a series of design outputs generated by the
PSO optimisation given the same inputs and range of values
within the optimisation. Each design was repeated 30 times and
the best design included in the Table. Each optimal design of
Table V differs in fitness function weights used. As can be seen
there is much scope for varying the weightings for these
performance criteria, and a multitude of designs can be
produced.

Design 4 incorporates targets for the d-axis inductance and
PM area. This is necessary to ensure the machine electrically
meets the required operation envelope for the specification. In
addition a significant saving in PM material can be gained with
only a small reduction in performance.

TABLE V. EXAMPLE DESIGN OUTPUTS WITH VARYING FITNESS FUNCTION WEIGHTINGS
Fitness Function Weighting Coefficients (Ci)
Design

Torque
(C 1 )

Saliency
(C 2 )

Current density
(C 3 )

Angular
Error (C 4 )

D-axis
inductance
(C 5 )

Results from optimisation
PM Area
(C 6 )

Torque
(Nm)

Saliency

Current
Density
(A/mm 2 )

Angular
Error ( °)

D-axis
inductance
fitness

PM Area
(mm 2 )

1

1.00

1.00

0.00

0.00

0.00

0.00

47.15

1.848

245.68

11.810

0.689

74.48

2

2.00

1.00

0.25

0.00

0.00

0.00

47.03

1.509

27.69

29.031

0.487

103.68

3

2.00

1.00

0.25

0.40

0.00

0.00

47.09

1.233

27.15

1.750

0.966

80.09

4

2.50

1.00

0.25

0.40

0.25

0.25

46.91

1.228

27.68

0.010

0.999

64.99

VI. FULL PERFORMANCE SIMULATION OF DESIGN 4
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Saliency

In order to constrain the number of computations the
optimisation procedure considers a single fixed rotor position.
However slotting effects are likely to affect both the torque and
sensorless capability of the machine and therefore require
investigation in the final selected design. Design 4 represented
in Table V and Fig. 6 is selected to demonstrate a full simulation
analysis.
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Fig. 9. Design 4 saliency variation with rotor position at rated current
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Fig. 7. Design 4 achieved operational envelope

Fig. 7 shows the calculated torque and speed performance.
Included in Fig. 7 are the electrical parameters for this design.
The parameters are close to those estimated in the initial design
stage and therefore the machine closely matches the
specification.
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Fig. 10. Design 4 sensorless position error variation with rotor position at rated
current
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Fig. 8. Design 4 saliency contour plot

Fig. 8 presents a contour plot of the calculated saliency
ratio. Included on the plot is the maximum torque per amp
trajectory. This represents the optimum points at which the
machine should be operated up to full rated current. This figure
confirms the assumption that a machine designed only to rated
current operation will maintain satisfactory saliency at lower
loads.
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Fig. 11. Design 4 torque variation with rotor position utilising the sensorless
predicted rotor position signal and accounting for cogging torque at rated
current

Fig. 9 shows the saliency calculated at rated current over
one full electrical cycle of the rotor. It demonstrates
approximately a +/- 4% change in saliency with rotor position.
Whilst this variation is not negligible the saliency ratio is seen
to be above unity for all positions. Therefore in principal the
rotor position should be detectable at all operating points and
positions.
Fig. 10 demonstrates the variation of the sensorless angular
error with rated current over one electrical cycle of the rotor and
has a maximum of 8 degrees electrical. The effect of this error
on torque production is estimated in Fig. 11. The expected
sensorless rotor position is used to determine the phase current
magnitudes, as it would be calculated in a machine drive. This
is compared to a simulation where the exact rotor position is
used. The angular error remains small enough to have little
effect on the torque production.
VII. CONCLUSION
A design methodology for an IPM machine utilising a zerospeed injection based sensorless control has been presented.
The focus of the research has been placed on developing a
computationally efficient and accurate system that will optimise
the parameters critical to the success of a zero speed sensorless
algorithm, while meeting the requirements for the operation
envelope and machine torque density.
The methodology contains two distinct stages to the design
process. A trade study using analytical formulas allows a broad
range of machine parameters to be investigated, critically the
number of poles, slots and the resulting winding configuration.
The second stage sizes the machine geometry using a
combination of a particle swarm optimisation with a magnetostatic FE solver.
A major benefit of the proposed approach is the
optimisation considering the full machine, as both the stator and
rotor are included in the electromagnetic design procedure.
Building upon existing research in this field [14] a method to
accurately predict the sensorless capability of a design with a
small number of FE simulations is presented. The validity of
this method is compared to a direct FE simulation showing
excellent agreement.
A single objective optimisation is used with a combined
fitness function made up of six separate components. The
derivation and weightings for this function have been calibrated
through numerous simulations. Through the use of several
examples the derivation and effectiveness of this function is
demonstrated.
A full FEA for the generated design is conducted. It is
demonstrated that the machine design meets the required
operational envelope. In addition the performance of the
sensorless algorithm over one electrical cycle of the rotor is
investigated. It can be concluded that the zero-speed sensorless
algorithm will function at all operating points, and the
performance degradation on torque at rated current due to crossinductance is minimal. This demonstrates the accuracy and
computational efficiency of the design methodology.

A prototype of a 16 pole, 72 slot, V-IPM machine is under
construction to validate the proposed design methodology.
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