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Abstract

The aim of this work is to provide a general approach for the automatic gener-
ation of control parameters and control simulation model to evaluate the control
dynamic response valid for any synchronous reluctance (SyR) motor, starting from
the given motor data and the Finite Element Analysis (FEA) model of the mo-
tor. Different control methods are analyized, both encoder-relying and sensorless
techniques. A field oriented current vector control is employed in all these cases.
Dealing with sensorless control, a full-speed control scheme is implemented, based
on high frequency voltage signal injection techniques for zero to low speeds region
and fundamental excitation-based techniques for high speeds region. Various in-
jection and demodulation schemes are explored for the low-speed model scheme
while Active Flux (AF) and Adaptive Projection vector for Position error estima-
tion (APP) are employed for the high-speed model. The automatic control code
generation is validated simulating three SyR machines of different sizes.

The work is implemented in the electric motor design platform SyR-e, in the form
of the new feature syreDrive, capable of generating the dynamic model of the elec-
tric drive and simulating a default speed and torque sequence for evaluation of the

the dynamic response of any selected control scheme and any given SyR motor.
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Chapter 1

Introduction

This work aims at developing an automated procedure to evaluate the permfor-
mance of synchronous reluctance motors through auto-generated control simula-
tions within the motor design framework, provided the parameters and the flux
maps of the motor.

The main motivations are:

1. To build a general control algorithm that is independent of the machine spec-

ifications.

2. To provide a quick control performance evaluation for machine design proto-

types.

1.1 Description of the Work

A template of control files that is general in nature is generated and automatically
customized with the data of the motor under consideration. The same approach
is used for the simulation: a general Simulink model, suitable for any synchronous
reluctance motor, is loaded with the motor data and the suitable C-files of the
control, then the simulation is run.

The control provides for torque or speed control modes and can be encoder-relying
or position sensorless. Multiple sensorless control methods are integrated and avail-

able to the user in a simple GUI. The user will be able to ajudicate the results of

1



Introduction

the simulation with the selected control type.

This tool will provide a first judgement parameter for the control strategy of a
freshly designed motor or any machine for which the control is to be evaluated; in
particular, it will be an instrument of assessment for considering the implementa-
tion of position sensorless control, which is a focus of this work.

The control files generated are portable to any floating-point 32-bit microcontroller
with minor modifications and are suitable to be implemented in a digital control

and utilized for practical tests or for further dedicated tuning of the contorl.

1.2 SyR-e and syreDrive

SyR-e (Synchronous Reluctance - evolution) is a Matlab and FEMM based software
for design and simulation of synchronous motors [1J.

SyR-e interacts with its main client FEMM [2] for static magnetic FEA and embeds
design equations, mainly but not only for magnetic design, besides a number of

other possibilities.

@/re https://github.com/SyR-e

m |

\P File Ecit Zoom View Operation PlotX-Y Integrate Window Help |-
Dl [+ 21 bS] (BISIA)

Figure 1.1: Syr-e working principle [1].

The work developed in the course of this thesis is supplemented to SyR-e in the
form of a new add-on to this motor design tool. Given a motor designed in SyR-e,

the new syreDrive feature will automatically build a Simulink model comprising the

2



1.3 — Thesis Outline and Contribution

electric motor, inverter and current vector control blocks for control development
purposes. This will enable the fast and seamless transition from the motor design

environment to the digital control environment.

1.3 Thesis Outline and Contribution

In the first section of Chapter [2| a general overview on synchronous reluctance
motor is provided and its fundamental mathematical model is presented. dgt flux
maps model is described and a simplified dgt model which reduces the computa-
tional time during simulation is introduced. In Section the control strategy for
SyR machines is outlined. The flux observer employed in the control is described
and the online computation of apparent and incremental inductances is discussed.
Chapter|3|is dedicated to the position sensorless techniques employed. The position
error estimation methods are classified as low-speed region and high-speed region
techniques. The former rely upon the saliency of the machine and the injection
of a high frequency voltage signal, while the latter are based on the fundamental
model of the motor. A fusion scheme of the two speed regions techniques frames a
full-speed sensorless position estimation algorithm. The phase-locked loop (PLL)
employed to track the position is described.

Chapter (4] deals with describing the fundamental blocks which constitute the core
of this work: the Simulink model for the control simulaiton and the structure of
the control code. The calibration of the control parameters is dealt with. The
automatization of the process and the implementation of the work in SyR-e are
described. The results of the simualtions are presented and discussed.

Finally the conclusions are drawn in Chapter

My personal contributions to this work regarded:

e review of technical literature on traditional and sensorless control algorithms

for SyR motors;

e comparative analysis of multiple sensorless position error estimation tech-

niques, including low- and high-speed range schemes;

3



Introduction

e automatic calibration of the full speed sensorless control scheme, with different

options for the low- and high- speed schemes;
e validation of the above findings for different motor sizes;

e implementation of the work in SyR-e in the form of a new add-on.



Chapter 2

Vector Control of the

Synchronous Reluctance Machine

2.1 Synchrounous Reluctance motor

Nowadays, synchrounous reluctance (SyR) motors are an established technology in
the electric motors market because of the advantages they demonstrate over other
types of motors. Their performance mainly depends on the cutting geometry of the
rotor, as the shape of the flux barriers heavily affects the saliency ratio of the ma-
chine. Their rotor structure makes them simple to manufacture, with no windings
required, and cheap to produce because of the absence of permanent magnets (PM).
Rotor windings in induction motors and magnets in PM synchrounous machines
make very high speed applications challenging for this kind of motors because of
mechanical complications due to the significant centrifugal force their rotors un-
dergo. The rotor of synchronous reluctance motors solely consists of punched iron,
which makes them excellent candidates when it comes to spinning at very high
speeds. Furthermore, their rotor produces considerably lower losses than the one of
induction machines, reducing the complication of cooling the rotor and increasing
the capability of the motor to produce torque. Moreover, stator configuration of
SyR motors is the same as the one of induction and PM synchcronous motors; this

is an advantage for manufacturers who decide to produce more than one type of

5



Vector Control of the Synchronous Reluctance Machine

motor.

2.1.1 SyR Machine Model

Unlike all other synchronous machines, the d-axis of the dq synchronous rotor refer-
ence frame of the SyR motors is aligned along the direction of minimum permeance,
as shown in Fig. 2.1} Space vectors in the stationary reference frame are denoted

by subscript af.

Figure 2.1: Common reference frame of a synchronous reluctance motor [3].

The voltage equations of a SyR machine expressed in the rotor coordinates are:

SAdq = Vqgq — Rsidq —wd Adq (21)
where s is the differential operator d/dt, R, is the stator resistance, Ag; = [Aag A"
is the stator flux linkage space vector, w is the electrical angular speed and J = [0 7]

is the orthogonal rotational matrix.

The electromagnetic torque is given by:

3 .
T = §p ()\dq X qu) (22)

Where p is the number pole pairs.



2.1 — Synchrounous Reluctance motor

The flux linkeage and its derivative in terms of incremental inductance Ly and

apparent inductance L are the following:
)\dq =1L idq (23&)
3>\dq = La S idq (23b)

The matrices Ly and L are reported in Equations . Matrix Ly consists
of the incremental inductances l; and [, respectively the incremental inductance
along direct d and quadrature ¢ axis, and the cross-saturation term lz,. Apparent
inductances are defined likewise.

Lofis) = [ld qu] L) = [Ld 0] (24
lig 0 L,

To accurately describe saturation and cross-saturation effects and to achieve
precise torque estimation at zero speed, the current-to-flux linkage maps, denoted
with A, should be stored in the form of lookup tables. They can be automatically
evaluated using methods such as self-commissioning, descirbed in [4], [5] and [6],
or determined by means of finite element analysis. Experimental flux maps Ag; =
A(Z4q) of one of the motor examined later in this work are represented in figure
22

The electromagnetic model is represented in Fig. [2.3, Here, an inverse magnetic
model is employed. It consists of flux-to-current maps, obtained offline from the
direct model and stored in lookup tables.

The mechanical model equation is:

T=Buw,+J

dw
4T 2.
a b (2:5)

Where B is the viscous friction coefficient, J is the equivalent inertia of the rotor
and load, w, is the mechanical angular speed, w, = s6,., where 0, is the rotor posi-
tion and 77, is the load torque.

The mechanical block model is represented in Fig. [2.4]

2.1.2 dqt Model

To take into account secondary space and slot harmonics and better represent the

response of the motor to excitation, dg-theta model, or dgt, is implemented in the

7



Vector Control of the Synchronous Reluctance Machine

1.5} g
— —i,=00A
= 1t — i, =29A
- ig =57 A
~05¢ i, = 9.2 A1

0 !
0 2 4 6 8
i (A)

1.5¢ ' ' " [—is =00 Al
— —ig =29 A
w L iqg = 5.7 Al
Z iy —92A
~< 0.5

0 L
0 2 4 6 8
iq (A)

Figure 2.2: Experimentally evaluated flux maps of one of the 4.4 kW SyR motor
under test.

Flux Maps | . id
Vabe [3 Vap ] Vdq M Agq . ldq
> Inverse -
T model Iq
0

1 iab
e—peje — N P | Y

Figure 2.3: Dynamic model of a SyR machine with stator flux as the state variables
and inverse dq flux-map LUTSs to calculate the stator current.

control [24] [25].

This model considers the flux to be funciton of dg-currents and of the rotor position

Adq(iaq, 0,), accounting in this way of the influence of the slots. Fig. shows the

d-flux map at 6, = 0° in blue, and 6, = 30° in red.

When using dgt model, the Fluz Maps - Inverse model block of the electromagnetic
8



2.1 — Synchrounous Reluctance motor

N T.
dq
W’ Torque | T |1 >J’ wr @w j o,
—< 5| Eq.(12) T P g
1 0
4 r
B [« i

Figure 2.4: Mechanical model of the machine using the dg flux linkage model.

model represented in Fig. is substituted by two 3D-lookup tables, one for each
current, containing the inverse model data and function of dg flux and rotor posi-
tion I;(Agq, 0) and I,(Agg, ). The block diagram of the electromagnetic equations
employing the dgt model is represented in Fig.

While regarding the mechanical model, the Torque Equation block in Fig. [2.4] is
substituted by the 3D-lookup table T( A4y, #), shown in . Torque is then deter-
mined by interpolating a dgt Torque map, as afunction of the dg flux and the rotor
position. Fig. shows two torque maps at two different rotor positions, § = 0°
in blue, and # = 30° in red.

(@ =Yg 2\ To) p) o o
TR T Iy NI
oo, o O
30} !
g /
=201
10+
)\d(Vs)at0=0°
)‘d (Vs) at 8 =30°
O 1 1 III 1
10 20 30 40
ia (A)

Figure 2.5: dqt d-flux maps of the 4.4 kW SyR motor tested for two different rotor
positions. § = 0° in blue and # = 30° in red.

9
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\

i \I \UL% \\\ ——
650 \_/

30
—~ D _
= Ag)__
20 -
10 @©T (Nm)at §_=0° |

@ T (Nm)at§_=30° 10
0 6—0 '
10 20 30 40
ia (A)

Figure 2.6: dqt torque maps of the 4.4 kW SyR motor tested for two different rotor
positions. § = 0° in blue and # = 30° in red.

The flux maps computed are then three-dimensional data structures. Reading
these 3D-lookup tables may be computationally demanding. To reduce the simu-
lation time, the lookup tables of the dgt model are cut to the symmetrical angular
span of periodicity of the machine. The simplified dqt maps represent only the data
in the angle span of 0° to 60° as opposed to the complete dqt map with the span
of 0° to 360°. Using this simplified dgt model, the dimensions of the flux maps are
considerably reduced, as is the computational time.

Three simulation times are reported in the table below. The first one from a simu-
lation which employed dgq model, the second from a simulation using a traditional
dgt model and the last one from a simulation which used the simplified dqt model

with the lookup tables of the flux maps cut.

Flux Maps Model | Elapsed time (s)

dgq
dqt
Simplified dqt

04.2
178.4
124.7

Table 2.1: Elapsed times of a default simulation, using different flux maps models.

10



2.2 — Control of SyR Motor

It is evident that the simplified dgt flux maps model reduces the time required
for the simulation by 30 %.

) Flux Maps | . id
—p] .

Vabe [3 Vap Vdq

Aaq .| dqtinverse -
model lq

\ A 4

1 Tab
8 [ o __r\ﬂ},23_“:

Figure 2.7: Dynamic model of a SyR machine with stator fluxes as the state vari-
ables. The orange block contains two 3D inverse dqt flux-map model LUTSs, for the
d- and the g-current components, to calculate the stator currents.

Aaq T
———| Torque map
Iap - f wr w f 5]
0 dqt inverse g p g g
> model
1 Or
—» — —>
B |« 4

Figure 2.8: Mechanical model of the machine using the dgt flux linkage model.

2.2 Control of SyR Motor

Many control strategies for synchronous reluctance motors are available in litera-
ture, such as direct torque control (DTC), direct flux vector control (DFVC) [7],
[8], [9] or field oriented control.

As this work aims at laying a general groundwork for developing of control for any

SyR machine, field oriented control is selected to be implemented for its simplicity.

11



Vector Control of the Synchronous Reluctance Machine

2.2.1 Field Oriented Control

Field Oriented Control (FOC) is implemented. d- and g-current values are directly
regulated to match the reference values using two PI current regulators to deter-
mine the reference voltage [10]. Maximum Torque Per Ampere (MTPA) strategy
is adopted for determining the current reference values. The MTPA trajectory op-
timizes the output torque at any given inverter current, approximating maximum
efficiency when neglecting iron losses. This approximation may not be valid at high
speed operations, as iron losses are proportional to w?. Implementing the current
control along MTPA requires the knowledge of the MTPA locus, i.e. the correct
correletion between reference torque 7™ and reference d and ¢ currents iy and g,

which is stored in the form of two lookup tables, shown in Fig. [2.9]

\\' ~ ' ; 33
\’a 31
8H Ry 29
o 27
> 25
= 23
6 © 21
g ; 17
- 15 —
<4y w 13 —
11 —
- 9___
2 7]
5__—
OT 53—
— MTPA 1
O 1 1 1 1
0 2 4 6 8
ia (A)

Figure 2.9: MTPA trajectory of one of the 1.1 kW SyR tested.

The torque reference T™ is obtained from the speed PI controller that is cascaded
to the current controllers. The reference d and ¢ voltages are compensated with
the back-EMF' feedforward calculated with the observed flux in the flux observer.
The FOC scheme is represented in Fig. [2.10, The flux observer in the yellow block

12



2.2 — Control of SyR Motor

in the figure is discussed in the next section.

The maximum voltage is limited to vg./ V3 where vy, is the DC-link voltage,
while current amplitude is automatically bounded by limiting torque to the maxi-

mum value that the motor can withstand.

The position information needed for the determination of the dq reference frame
and the speed calculation is provided by an encoder. Sensorless control is discussed

in the next chapter.

T*

0
—O—>{ PI T* i l
) & MTPA | *dq L * * *
i v v v
T ﬂ—' LUTs dq sy oe L2127 pwm
ext . 5. . 3 | vst
wr lext
idq +
- {]
jw
le F N
i*abc
L 170 le—T\ MmN 2 A
/\qu B
_ V'ap
FLUX | IaB
0BS [ g,

SyRM

A

J

Figure 2.10: Block diagram of the field oriented control scheme.

2.2.2 Hybrid Flux Observer

A V10 hybrid flux observer (HFO) is employed to estimate the stator flux linkage
\. The term hybrid indicates that the flux observer is based on the magnetic model
flux-map LUTs (current-model) at low speed and on back-electromotive force inte-
gration (voltage model) at high speed [3], and the crossover frequency between the
two models coincides with the observer gain g. The flux observer is implemented

in stator reference frame as in its scheme reported in Fig. [2.11]

13



Vector Control of the Synchronous Reluctance Machine

The current model apparent inductance L' in estimated rotor reference frame com-

puted with the flux map lookup tables is obtained as L' (3 dg) " Ly = Alig,), where
A is the flux linkage map shown in Fig. 2.2
The state equation of the hybrid flux observer is then defined as

sj\ag = Vap — Rstop + G (e“wLie’J‘9

where G = gI and I is the 2x2 diagonal matrix.

V*aﬁ

Iaf

G — Aaﬁ)

Figure 2.11: Block diagram of the VI8 flux observer scheme.

\4

2.2.3 Inductances Online Computation

f )LOLB o —je A-dq
i
\_ B Te _)‘3‘7
& K.
o
e—be]e
_f Flux A
jO
) Maps

(2.6)

The value of the apparent and incremental inductances depend on the operating

point. To gain a better accuracy in the position error estimation methods presented

in the following chapter, apparent and incremental inductances are calculated on-

line.

Apparent inductances are defined as the ratio of the flux linkage and the relative-

axis current, while the incremental inductances are the partial derivative of the flux

linkage respect to the current, evaluated for any operating point ig,0 = [i40 z'qo]T as

depicted in Fig. [2.12]

o Me(2
Ly(tag0) = d(TZqo)
o A ($4q0)
Ly (taq) = e
140
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2.2 — Control of SyR Motor

(

\

Ny (igo+ 0t 140) — Ny(4aos tq0)

lé(iqu) =

iy
i Al (g, Gq0+07q) — Nl (o, igo)
ia) = 20200 = Xy 8)
q
i _ /\éﬁdou iq0+aiq) - /\ii(idm qu)
ldq("'qu) -

di,

Where X = [M )\flo]T = A(igyp) and 9i is a small delta of current equal to
10 mA. Note that léq = l;d.

The apparent and incremental inductances matrices are

- L, 0]
Li(igo)= | * (2.9a)
0 L)
La(qu0> | i (29b>
ldq lq i
0'5 T T T T
0.4} iq _____ ; .
2 0.3 G
20
Py 0.2 :
01+ / =L _ - Lq i
0 1 1 1 1
0 10 20 30 40 50
iq (A)

Figure 2.12: Graphical representation of apparent and incremental inductances.
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Chapter 3

Position Error Estimation

Methods for Sensorless Control

Sensorless control is implemented. This type of control allows to fully control the
machine without the rotor position information coming from the position trans-
ducer. The advantages of this method are the higher reliability of the hardware
due to the absence of the position/speed sensor, avoiding the presence of supply
and signal conditioning requirements and the possibility of cable disconnection and
fault concerning the sensor. Moreover, its absence reduces the cost and the size of
the machine and fosters the use of the motor in harsh environments, such as opera-
tion at high temperature, immersed in a liquid or vacuum packed, and in confined
spaces. Furthermore, high speed operation is not limited by the presence of the

sensor, both in bandwidth and in measurement accuracy.

When implementing sensorless control techniques the motor model equations
presented in Section are expressed in coordinates of estimated rotor reference
frame, denoted by subscript ch, whose d-axis is at § = 0 — é, where 6 is the angular

position error between the estimated coordinates and the real ones.

The main techniques employed for sensorless control are:
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Position Error Estimation Methods for Sensorless Control

e Fundamental model-based position estimation methods: they rely on
stator voltage equations to be used in rotor equations, which are postion-
dependent. The back-electromotive force (EMF) in the voltage equation is
only reliable at medium-high speed.

e Saliency-based methods: they take advantage of high frequency (HF) ex-
citation. They are employed at zero/low speed where the back-EMF is not

reliable or absent.

Multiple injection and demodulation techniques are available in literature, such
as high frequency current, voltage or flux signal injection, as in [I1] and [12]. Besides
being pulsating, the injected signal can be rotating, continuous or discontinuous,
periodic or PWM-based.

In this work, high frequency voltage injection is analyzzed and the demodulated

quantitities considered are stator current and current-model flux.

The reader should keep in mind scrolling through the next sections of this chap-
ter that all the apparent and incremental inductances which appear in the following
analysis are computed online from the magnetic current model, as anticipated in
Section [2.2.3 and for the sake of clarity the superscript 4, denoting the current
model parameters, will not be noted.

The advantages and disadvantages of each method are dealt with in more detail in

the following.

3.1 High Frequency Pulsating Voltage Injection

The high frequency voltage injection is a saliency-based sensorless control technique
which takes advantage of the anisotropy of the machine, making this method suit-
able for SyR motors, to determine the rotor position and speed by demodulating

the high-frequency stator current or current-model flux component.

If a high-frequency signal is injected in the voltage d-axis component, the quadra-

ture high-frequency response in stator current or current-model flux can be isolated
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3.1 — High Frequency Pulsating Voltage Injection

to determine rotor position, as their magnitudes are proportional to this quantity,
as demonstrated in [13] and [14].

This method is particularly suited for zero or low speed operations, as it does not
rely on back-EMF',| which is only trustworthy at higher speeds, for determining the
rotor position.

Since high frequency injection is a saliency-based method, attention should be paid
to the operating points at which saliency is low. A saliency analysis is carried out
in Section [3.4l

A drawback of this method is the fact that part of the DC-link voltage available
is intended for being injected as part of the high-frequency signal and therefore,
resulting in reduced torque dynamics. At high speeds, the injection is relegated in

favor of back-emf based methods for the absence of acoustic noise.

The machine voltage, current and flux are separated in two terms:
e Fundamental component: used for motor control.
e HF component: used for position estimation.

Several saliency-based algorithms are possible, depending on the type of injected
signal and the demodulation method.
In this work the following techniques are empolyed. They are discerned according

to:
e Type of pulsating voltage injection:

1. Sinusoidal;

2. Square wave;
e Demodulated quantity for position error signal:

1. Stator current;

2. Stator current-model flux;

The different injection and demodulation techniques will be analyzed in the follow-

ing.
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3.1.1 Sinusoidal Pulsating Voltage Injection

A high frequency voltage signal Uj,n 18 injected in the d-axis,while the high frequency
component of the g-axis quantity, stator current or current-model flux, is extracted
with demodulation to retrieve the position error signal [I3] [I5]. Note that the

high-freugency components are denoted by subscript h.

COS Wy, t] (3.1)

R [ 0

Where wy, = 27 fy,, fn is the frequency of the injected signal and v, is its magnitude.

A drawback of this method is that to be able to reconstruct the high ferquency

injected signal, the following relation must be respected:

fo < (3.2)

where f, is the frequency of the injected signal and f, is the switching frequency.

A low-pass filter (LPF) is employed to determine the amplitude of the demodu-
lated high frequency signal. The bandwidth of the position tracking loop is limited
under the cut-off frequency of the low-pass filter, resulting in poor dynamic char-
acteristics. As asserted in [14], the suggested bandwidth of the PI regulator of the
PLL should be at least three times smaller than the cut-off frequency of the LPF:

1
Qprr < 3 Qo,pr (3.3)
Square wave injection overcomes this problem, as the low-pass filter can be enitrely

removed.

3.1.2 Square Wave Pulsating Voltage Injection

The maximum possible frequency of the square wave injected signal for synchronous
sampling is up to half the switching frequency. This allows to conspicuously increase
the cut-off frequency of the LPF or to entirely eliminate the filter, enabling the

bandwidth of the whole control system to increase, resulting in a higher stability
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3.2 — Current Demdoulation

of the overall system. [17].

The squarewave signal is injected as

B —{—’Uh, lfk = 2n
/UCZh == . (34)
—up, ifk=2n+1

where vy, is the magnitude of the injected voltage and the superscript k£ denotes the

discrete time instant [18§].

3.2 Current Demdoulation

Current values are easily accessible thanks to the current sensors which are already
part of the drive system. Besides, having current as the demodulated signal in-

creases resilience to parameter errors in flux-map LUTS.

3.2.1 Sinusoidal Injection Case

sinwht

ifl iﬁh €n
—»{ BPF —>» LPF —

Figure 3.1: Current demodulation scheme in the case of sinusoidal injected signal.

It follows from reversed Eq. (2.3b]) in estimated rotor position reference frame that

iy = e L' e’ Ay (3.5a)
i —lp sin20 — lag cos 20 Uy, Sinwpt (3.5b)
" il — 12 W '

lg—14
_2 .

Being the magnitude of the high frequency g-current component g, proportional

where [p =

to the position error, it is demodulated from the measured current and filtered to
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retrieve the position error as shown in Fig. [3.1] [13].
By demodulating (3.5b]), the position error signal for the low speed model ¢, is

obtained.

€n = —L:—: (5 %ZZJ) LPF [ig, sin wpt] (3.6a)
€ = ke - LPF [ig, sinwy, €] (3.6b)
where k. is
po— 2ty (3.7)
oy, (la — 1)
Current demodulation results in a steady-state error due to cross saturation
given by
0o = ! tan_lld—q (3.8)
2 In

In literature, some papers propose active compensation of the steady state posi-
tion error derived from the demodulation of the high frequency current component.
This method requires accurate knwoledge of the model parameters and the assump-

tion of small position error to be consistent [16].

3.2.2 Square Wave Injection Case

In case of square wave injected signal the band-pass filter and the LPF are elimi-
nated, as it is enough to subtract the measured current at (k—1)" step from the

k'™ step one to retreive the high frqequency component, as follows:

Ugh q q

The position error signal €, proportional to z’qﬁf) is then determined similarly to Eq.

D as

k
k
Up, (lcg ) _ lq(k)>

) = ib) . LPF [z'f’,? coswk} (3.10b)

: LPF [ify) cos k| (3.10a)

q
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3.3 — Current-Model Flux Demodulation

Where &% is
9 (k) (k)

K :f—h—(k)d ! (3.11)

i (19— )

q

3.3 Current-Model Flux Demodulation

To overcome the steady-state position error problem due to cross saturation, current-
model high-frequency flux g-component is demodulated to retrieve the position

information instead of current [14].

sinwht
. % e
g AGn h
—»| BPF » LPF ——

Figure 3.2: Flux demodulation scheme in the case of sinusoidal injected signal.

3.3.1 Sinusoidal Injection Case

The flux to be demodulated and filtered comes from the current model flux linkage
based on the flux map lookup tables. It is identified with superscript ¢ and defined

as

Ajiqh = Lyigy, (3.12a)
X, = Lhe Lyl e N, (3.12b)

where L} is the current model incremental inductance matrix computed online.
Assuming small position error § and constant incremental inductance in proximity
of the operating point, that is to say that Lg is equal to the real Ly, linearization

is possible:

2 .
: lyla — ldq vy, Sinwpt

", — 1

After demodulating and filtering Eq. (3.13) like in Fig. [3.2] the position error

signal for the low speed model ¢, is obtained as

23
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wi, (laly — 153) .
=———— =" LPF |\ t 3.14
h Un (lyla — ldtz]) [ ah S } ( )

e, = k. - LPF [)\ti?h sin wy, t} (3.14b)

Where £, is
o (1)

— -1 47 3.15
on (—lyla + zdfl) (3.15)

3.3.2 Square Wave Injection Case

Similar to the current demodulation case, if a square wave voltage is injected, it is
sufficient to calculate the difference of two current model ¢-fluxes belonging to two
consecutive computational steps to obtain the high frequency flux component )\fjm
eliminating the band-pass filter and the low-pass filter, as

i(k i(k i(k—1
A = A0 = (3.16)

The position error signal €, is calculated similarly to Eq. (3.17) as follows:

5 (8000 —12)
b = 2h ! : [Agﬁ)lcos Wk] (3.17a)
Up, <l(k)l(k) l(k)2>
q A dq
M = g [Ag’,? "coswk} (3.17b)

where fj, is the high frequency of the injected signal and kgk) is

_ I (3.18)

3.4 Saliency Analysis

Since high-frequency voltage injection is an incremental saliency-based technique,
it is appropriate to perform a saliency analysis of the tested motors to be aware of

the operating points at which the position error estimation method may become
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3.4 — Saliency Analysis

troublesome.

High frequency-based position error estimation methods rely on incremental saliency,
defined as the ratio of incremental inductances I;/1,.

The incremental saliency maps of the three investigated motors are reported in
Fig. 3.3 For the ratings of the motors, see table [4.1]

v

0 0.5 1 1.5 2 25
iq/10
(a) Electro Adda

=]

(
//
™ N = 1

2 S Py
S 1.5}
=
1l
0.5 o g
0 f .
0 1 2
iq/70
(c) Bari

Figure 3.3: Incremental saliency plots of the tested motors Electro Adda, RawP,
Bari in the dg-currents plane in relative values. MTPA trajectory is depicted in
red.
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As shown in the contour plots in Fig. [3.3] attention should be paid when a
saliency-based position error estimation technique is employed at no load, namely
close to the origin, where currents value is low or zero. When operating in this cir-
cumstance, the ribs directed along the g-axis are not saturated, making the machine
isotropic. It is noticeable from Fig. the convenience of imposing a low value of
current along the g-axis to increase the saliency and circumvent the problem.
Whereas when high load operation is required, the saturation along d-axis reduces
the saliency of the machine along the MTPA trajectory. A maximum torque limit
should be set when operating with saliency-based position error estimation meth-

ods to avoid the loss of control in this conditions.

3.5 Back-EMF-based position estimation meth-

ods

Since these methods rely on back-EMF to retrieve rotor position, they are only
employed for medium to high speed operations, as at low speed or standstill, the
back-EMF is too low to be exploited or even null. When the speed is sufficiently
high, fundamental model based techniques are always preferred to the others, pre-
senting good robustness and accuracy.

In this work, Active Flux and Adaptive Projection Vectro for Position Error Esti-

mation methods are investigated.

3.5.1 Active Flux

Active Flux is a well known position error estimation method, appreciated for its
simplicity and ease of implementation. It has been first introduced in [19] and then

widely investigated in the literautre [14], [20].

The idea of active flux is to turn a salient machine into an isotropic one. The

g-axis component of active flux is proportional to the position error and is defined
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3.5 — Back-EMF-based position estimation methods

under position error as

a i (LZ_Ll)ZA a n
AJ;”:AJq—Lq.qu: Y G (3.19)

where )\sq is the auxiliary flux vecotr, introduced in [2I] and developed in [20].
It is defined as
(lg— Lt

(I) iq - ldqi(i] . (32())

e = (JLP — LyJ) = ,
4 ( ) [(ij - Zq) I — ldqi«i

The observed active flux allows to determine the position error signal for the high

speed model ¢y.

T
1 0 ,

_ ! A ,\%> 3.21

= 9L, H (N =X (3:21)

L= LZ‘;L‘Z and L} and LfJ are the current model apparent inductances com-

puted online.

Unlike saliency-based position error estimation, imposing a minimum current in
g-axis, as asserted in Section [3.4] is not favorable for active flux as, at no load,
it becomes unobservable. This makes active flux incompatible with low-speed
saliency-based position error estimation, resulting in some intricacies when a full-
speed snesorless control algorithm is consituted with the two techniques together.

This will be proven later in Section [4.4.2

3.5.2 Adaptive Projection Vector for Position Error Esti-

mation

An Adaptive Projection vector for Position error estimation was introduced and in-
vestigated in [22] and further analysed in [23]. Using this method, the position error
signal is determined as the projection on the vector ®4 of the difference between

the observed and the current model fluxes, as described by.

~

g = @7 <Ad11 - A;q> (3.22)
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The transfer function K, from the position error signal to the position error
€9 — 0 is derived in [22] through the linear error dynamics of the state observer

(2.6) and reported in the following:
Ky = %9 = 05 (sT+ G +wl) ™" (sT+wI) AG, (3.23)

where A;q is the auxiliary flux vector reported in Eq. (3.20)).
in steady state, when s = 0, it follows from (3.23)) that the projection vector to
obtain Ky =1 1is .
Ol = —— AT (G +w] 3.24
0 w‘)\gq‘g dq ( +w) ( )

where G is the 2x2 flux observer gain matrix.

3.6 Sensorless Control Techniques Fusion Scheme

As mentioned in the previous sections, high-frequency voltage injection methods
are more suited for zero-to-low speed applications, as part of the available DC-link
voltage is employed to inject the high-frequency signal and cannot be exploited by
the motor to reach the maximum speed. Whereas fundamental model-based posi-
tion error estimation methods such as active flux or APP encounter problems at
standstill or low speed, where back-EMF on which they rely on is absent or scarce,
while perform well at medium-to-high speed range.

The two techniques are fused together to form a full-speed sensorless control algo-
rithm with the linear fusion scheme employed in [23] and reported below, exploiting

the fusion coefficient f,,.

e=foef+(1—1f) € (3.25)
1, if |OF|<g—w,
fo=14 0, if |OF]> g4 w, (3.26)
ng“’QgT_g‘wk‘, otherwise

Where & is the operating speed, wy is the speed span of transition on either sides
of the cross-over frequency ¢g. The fusion coefficient f,, ensures a smooth transition

between the low-speed and the high-speed position error estimation methods.
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3.7 — Phase Locked Loop

3.7 Phase Locked Loop

Most of the sensorless control algorithms adopt Phase Locked Loop (PLL) struc-
tures.

The PI regulator of the PLL drives the position error signal € to zero producing
as output the observed rotor position used in the control. The PLL also acts like
a low-pass filter, meaning that the noise in the observed quantity is considerably
reduced. It also permits to retrieve the observed speed w. The PI regulator equa-
tions of the PLL are reported in the following and its scheme is represented in Fig.

3.4
d):kpe—l—/kiedt é:/@dt (3.27)

1

PLL LPF

S ey B AN

D>

Figure 3.4: PLL scheme.

where k, and k; are the proportional and the integral gains, respectively. As
discusses later in Section [4.3] they are tuned for a critically damped response. The
bandwidth of the PI regulator of the PLL is tuned separetely for the sinusoidal and

for the square wave high frequency injection cases.
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Chapter 4

Automated Generation of the

Simulation Model and Results

4.1 syreDrive Implementation

The whole work is implemented in the software SyR-e in the form of a new add-on,
syreDrive. This feature allows to start a simulation in Simulink of a standard se-
quence for control evaluation purposes of a synchronous reluctance machine, given
solely the motor parameters. The control files, as well as the Simulink model for
the simulation, are automatically generated, so that the user only deals with the
graphical user interface (GUI) of SyR-e dedicated to magnetic model manipulation
(MMM) and does not need to tackle any matters related to the control, aside from

deciding which control to use.

In the main folder of the software is a folder named Syr_ctrl_SIM which contains
a default Simulink model, shown in Fig. and predefined C-files for the control.
Both the Simulink model and the C-files are suitable for any SyR machine, they
are customized for the selected motor from SyR-e.

The syreDrive tab appears as in Fig. [L.Il As it can be seen from the picture,
the user is allowed to change the control settings. It is possible to choose the con-

trol type between current, torque or speed control, and the flux maps model, dg or
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dgt. Sensorless control can be enabled or not with a switch in the GUI, and if on,
sensorless control methods can be set up. Regarding the position error estimation
methods for the low-speed region, the user can decide whether to use sinusoidal or
square wave high frequency pulsating voltage injection and whether to demodulate
the current or the flux g-component. For the high speed-region, active flux or APP
can be set.

Some converter data can be set as well, like the on-threshold voltage of the semi-

conductor devices, their internal resistance and the dead time.

4 GUI_Syre_MMM - X
Main dagtMap Scaling & Skewing Torque-Speed syreDrive
SyR-e
Control setups RUN Magnetic Model Manipulation |
Control type | Torque control M Load Save Clear all
Flux maps model | dq Model v VNI i
New Save As Close all Sf / ri
Converter data
Current path D:isyrel
ON threashold | 0 v Motor Type SR
Incremental resistance | 0.0001 [Ohm] Motor name: No motor selected
Dead time | 1e-06 sl Number of 3phase sets 1
Motor type SR
Sensorless control
) Rated power 0 Wi
Off On
Rated current 0 [Apk]
Low speed region
e < Maximum current 1 [Apk]
HF voltage injection
B - DC link voltage 0 v
Injected signal | Sinusoidal v
Rated speed 0 [rpm]
Demodulation | Current v
Maximum speed 1 [rpm]
High speed region Phase resistance 0 [Ohm]
Position error estimation | APP v U T S 20 rel
PM temperature [ Add ¥ [FC]
Active length 0 [mm]
Turns in series per phase 1
Inertia 0 [kg m*2]

Figure 4.1: The syreDrive tab in the SyR-e MMM GUI.

The control settings decided by the user are saved in a data structure called
motorModel.m which is generated by SyR-e or can be loaded in the software. This
structure also holds all the motor data of the selected machine, comprising the flux

maps and even the motor name and path directory where motorModel.m is saved.

When button RUN in Fig. is pressed, the MATLAB function
MMM_CtrlSIM() is triggered. This function admits as input argument the data
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4.1 — syreDrive Implementation

structure motorModel.m.

The script of the function then copies the default folder Syr_ctrl_.SIM in the folder
where motorModel.m is saved. The copy is customized for the loaded machine by
automatically writing the motor data header file used in the digital control and
by saving it in the copied folder. The function that wirtes the motor data header
file which is set off in the script of MMM_CtriSIM() is MMM _print_MotorDataH().
This function prints the header file with the motor data displaced as required
by the control, drawing the data directly from the structure motorModel.m The
informations contained in the motor data header file are used to customize the
control for the selected SyR motor, allowing the control to draw the data it needs
from such a a file, like motor ratings, flux maps, MTPA trajectory and the values of
the quantities for calibrating the control parameters. Fig. shows an example of
automatically printed motor data header file for the Bari motor. The file contains
the ratings of the motor and the 1D lookup tables of the MTPA for retrieving the
reference currents and the 2D LUTs of the flux maps, not reported in the figure for

the sake of brevity.

e ENCODER_RESOLUTION 2043 //1024 //512

12 #define deadtime le-€

w
- ;5 h
E » DD
" [-R=IS
o
]

Figure 4.2: The motor data header file automatically printed by the function
MMM _print_MotorDataH().

The default folder Syr_ctrl_SIM also holds the script init_sim.m. This script is
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run in the callback functions of the Simulink model before starting the simulation.
It loads in the MATLAB’s workspace the data held in motorModel.m that will be
used in the simulation. By copying the whole Syr_ctri_.SIM folder in the motor
folder to be customized, init_sim.m file is also copied there.
The Simulink simulation in the copied folder is finally started. It employs the C-files
contained in the S-function inside the blue block in Fig. 4.5 including the printed
motor data header file and the motorModel.m informations, hence customizing the
simulation. The syreDrive flowchart is reported in Fig. [4.3

When the simulation is over, SyR-e automatically plots some graphs like the
ones in Fig. for the case of speed control, which are

1. torque control case:
e reference torque 1™, real torque 1" and observed torque T, in p.u. rela-
tively to the rated torque of the motor;

e external speed imposed n and observed speed ngys in rpm;
2. speed control case:
e real torque T, observed torque T,,, and load torque T}, in p.u. relatively

to the rated torque of the motor;

e reference speed n*, real speed n and observed speed n, in rpm;
3. for both cases:

e rotor position 6 and estimated position Opr, in rad;

e real rotor position estimation error 6 and expectet steady state position

estimation error due to cross saturation 6, in degrees;
e fusion coefficient f_;
e d and ¢ currents in A;

e d and ¢ fluxes in Vs.

The observed quantities are plotted as well, so that the behaviour of the flux

observer and PLL can be assessed.
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Input user
control
settings

RUN button
pressed

MMM_CtrISIM()

Folder containing
default control files
and Simulink model

Simulation folder SyRctrl_SIM
customization

Motor data -
structure copied in: Folder containing
customized
motorModel.m control files and

Simulink model

Function that *MotorName*SyRctrl
prints the motor

data header file

MMM_print_MotorDataH() 5"":“:”;’“
starte

Simulink

Simulation
results are

printed

Figure 4.3: The operating principle syreDrive.
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Thus, the user can evaluate the selected control performances from the plots, epe-
cially sensorless control implementation, but also further tune the control parame-
ters on the selected SyR machine for a more in-depth dedicated analysis or employ
the autamatically generated control files in a digital control for a practical applica-

tion or test.

4.1.1 Simulink Model Template

The model of the whole system is implemented in Simulink to perform simulations
and assess the performances of the different control methods addressed in Chapter
The Simulink model, depicted in Fig. comprises the motor model (green block),
along with an inverter model (yellow block), which is not discussed here, and the
digital control (blue block) presented in Section [2.2.1]

The C-files of the control are stored in the S-function contained in the digital
control block and will be further described in Section [4.1.2]
The motor model block is made up of the electromagnetic and the mechanical mod-
els, respectively shown in Fig. and [2.4]
The content of the motor model block is depicted in Fig. The quantity
FMapsModel, contained in the yellow blocks shown here, stands for the information
of the desired flux maps model to be used, either dg or dqt. The two switches in
orange select the desired flux maps model. The MATLAB code inside the dgt Flux
Map LUT blocks, for torque and currents, interpolates the dgt inverse model torque
and currents maps, which admit as inputs the d- and ¢-fluxes and the position, to

retrieve the corresponding value of torque or d and ¢ stator currents.
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Figure 4.4: The quantities plotted by syreDrive when the control simulation ends.
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4.1.2 Torque and Speed Control Scheme

The sensorless techniques presented in Chapter [3| are implemented in the Field
Oriented Control descirbed in Section to derive the rotor position thanks to
the position error estimation methods and dismiss the encoder.

Hence, when the sensorless control is enabled, the Field Oriented Control scheme

becomes the one depicted in Fig. [4.7]

HF injection
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Figure 4.7: Scheme of the Field Oriented sensorless control implemented.

The green block in Fig. marked with AF/APP inside the position error
signal estimation box contains the position error estimation methods described in
3.5l Inside, active flux or APP can be selected. The same applies for the green
block marked with HF dem, as it contains the demodulation schemes of the high
frequency voltage signal injected to determine the position error signal for the low
speed operation. These two blocks are followed by the fusion system presented in
3.6l The resulting value e is processed by the PLL block, whose output are the esti-

mated rotor position and speed used instead of the measurements from the encoder.

The control is implemented in the form of C-files, suitable for digital control, which
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are contained in the Simulink model in the S-function inside the control block in
Fig. (blue block).

Besides the main C-file, where the core of the control is, other files are included,
such as the User_functions.c containing the functions used in the control and other
header files which stock the motor data, the constants used, the variables, the
macros, etc.

The main file contains the available control types, current, torque and speed control,

along with the selectable sensorless position error estimation methods.

4.2 Simulation Results for the Encoder-based Con-
trol

Before testing sensorless control, the traditional encoder-relying Field Oriented
Control is tested to verify its functioning.
To perform this simulations, the selected SyR machine is the Bari motor, whose
data is reported in table [.1]

Two simulated sequences of torque and speed are reported below, using torque
control in Fig. and speed control in Fig. [4.8b]

The control behaves as expected, since both the torque and speed reference are
carried out with a good accuracy, as shown in Fig. 4.8|
It is clear from Fig. that the flux observer descirbed in Section and
implemented in the control works fine, as the torque computed with the observed

values T perfectly matches the torque computed in the mechanical model of the
motor depicted in Fig. [4.6al

T = ;p (Xaz'ﬁ — Xﬁz‘a> (4.1)

The speed control shows a good response to torque loads, as shown in Fig. [4.8b|

The results of two simulations in torque control at 500 rpm performed with the
SyR Bari motor are reported in Fig. [1.9) where a zoomed-in particular in steady
state condition of the reference toruqe 1™, the real torque T" and the observed torque
T is shown. Fig. shows the torque and the reference torque from a simulation
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Figure 4.8: Two torque and speed simulated sequences with the position informa-
tion coming from the encoder. The simulation reported in (a) is torque-controlled,
while the one in (b) is controlled in speed. The toruqe values are in p.u. relatively
to the rated torque of the motor Ty.
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which employed the dg flux model, while the torque graph in Fig. presents
the same quantities of the former plot, but it is taken from a simulation performed

using the dgt model presented in Section [2.1.2]
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Figure 4.9: Two graphs representing the same torque control sequence. In the
simulation in (a) the dg model was employed, while in (b) the dgt model.

It is evident from Fig. that the dgt model can better represent the torque
ripple due to the influence of the slots. In fact, dg-theta model accounts for the
secondary space and slot harmonics which result in the torque ripple visible in Fig.
4.9b more prominent than the one in Fig. 4.9al where dg model is employed, better
representing the real behaviour of the machine.
dgt model can be embedded in the control algorithm to realize a regulation that
counteracts the influence of the slots and the resulting torque ripple to obtain a

smoother torque response.
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Before switching to full-sensorless control, the PLL is tested along with the en-
coder. The observed speed 7 is plotted in Fig. [4.10] As shown in the graph, the
observed speed is close to the real speed n, proving the fact that the sensorless tools
such as the PLL and the flux observer are well functioning and ready to back fully

sensorless control.
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— —T/Tp
1t Tobs/TO T
0 0.5 1 1.5 2 2.5
t (s)
200 - —n -
/g — Nobs
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Figure 4.10: A torque and speed plot of a simulation to test the computation of
the observed speed nps.

4.3 Automatic Calibration Rules

syreDrive is meant to lay the groundwork for SyR motor control for general pur-
pose operations. Hence, the tuning of the control parameters aims at giving good
performances for any SyR motor, without reaching the outermost limit, to ensure

acceptable dynamic responses for a broad range of machines of different sizes. A
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thorough calibration is left to the final user, after obtaining a first approach tuning

from syreDrive.

Three different motors of different sizes are simulated to guarantee that the

control parameters are suitable for most SyR motors. The ratings of the motors

under test are reported in the following table:

Bari | Raw-P | Electro Adda
Rated power F, (kW) | 1.1 4.4 2.2
Rated torque 7Tj (N)| 7.3 17 14
Rated speed n, (rpm) | 1500 2500 1500
Maximum speed 7., (rpm) | 3000 6000 3000
Rated current i (A) | 3.0 15 7.0
Maximum current i,,,, (A) | 8.0 30 20
Phase resistance R, (Q)| 45 0.46 3.5
DC-link voltage Vpe (V)| 565 565 520
Pole pairs p (-) 2 3 2
Inertia J kg-m? | 0.004 | 0.008 0.005

Table 4.1: Ratings of the motors under test.

The parameters chosen resulted in good performances for all of the tested mo-
tors, as shown in Section and are defined as in the following.

4.3.1 Current loop

The proportional and integral gains of the current loop are adapted to the incre-
mental inductances computed online as in equation (2.8)). Each of the d and ¢ axes

has its own PI regulator, and therefore the gains are separately defined as in the

following
I . I Q% .
kp,d = Q[ . ld(qu()) ki,d = E . ld(quo) (42&)
I . I Q% .
kpg =S - lq(Zago) kig= 10 lq(Zaq0) (4.2b)

Where the superscript I denotes the gains of the current loop. The bandwidth
of the current loop Q; is set to 27-75 rad/s.
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4.3.2 Speed loop

The proportional and integral gains of the PI regulator of the speed loop are defined

to take into account the inertia of the motor as

w w 2
B=2Q0,0 k=020 (4.3)

The superscript w stands for the speed loop. The bandwidth €, is set to 27 -
1 rad/s and its tuning will be further discussed in Section by comparing the

performance of the three SyR motors under test.

4.3.3 PLL

The proportional and integral gains of the PLL are tuned for a critically damped

response by placing the two poles at s = —Qpr, where Qpy, is the bandwidth.
kKPP =2Qp, KM =00 (4.4)

In the case of sinusoidal puslating voltage injection the bandwidth of the position
and speed estimation loop needs to be at least three times smaller than the cut-off

freugency of the low pass filter employed to demodulate the signal. [14].

1
Qprr < 3 Qo.Lrr (4.5)

This prevents the PLL bandwidth from increasing freely and since the cut-off
frequency of the filter is set to 50 Hz to sufficiently reduce the noise of the high
frequency component, the PLL bandwidth for sinusoidal injection is Q$%, = 27-
10 rad/s, in order to garantee the relation in (4.5)).

While in the case of high frequency square wave pulsating voltage injection, Qppf
is not restrained by the presence of the filter as the LPF is not necessary for
demodulating such a signal. Hence the bandwidth of the tracking loop in this case

is Q3% = 27-25 rad/s, where the superscript sw stands for square wave.

4.3.4 Hybrid flux observer and fusion coefficient

The flux observer gain is set to g = 2710 rad/s. It also coincides with the cross-over
frequency of the linear fusion coefficient f,, defined in Eq. (3.26)), while the span
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of transition w, is set to 27-4 rad/s to ensure a smooth transit between a position

estimation method to the other.

4.3.5 High Frequency Voltage Injection Parameters

Regarding the high frequency voltage signal injected, the parameters to be set up
are its frequency and magnitude.

The switching frequency used for all the simulations performed is f; = 10 kH 2z and
the DC-link voltages of each of the motors simulated are reported in the motor
ratings listed in table [4.1]

The amplitude of the sinusoidal pulsating voltage signal is set to v;™ = 100 V,
while for the square wave signal it is v;* = 125 V, where the superscript sin stands
for sinusoidal injection and sw for square wave injection. Considering the DC-link

voltages of the motors, the following relations hold for the two cases:

|
sin 1/ 16
Uh =55 0C (4.6a)
1
W~ ——Vpeo. 4.6b
Uh = g5 PC (4.6b)

To be accurately represented, the sinudoidal injected signal should have a fre-
quency fj at least ten times smaller than the switching frequency.
sin 1
=10
To be absolutely certain that the relation in Eq. holds, a further safety factor
of 2 is utilized. Thus, the frequency of the sinusoidal signal is set to fi* = f,/20 =
500 Hz.

While the frequency of the square wave voltage signal is set to half the switching

fs (4.7)

frequency fi* = fs/2 =5 kHz, its maximum possible value, making the low-pass
filter unnecessary to demodulate the high frequency signal and thus increasing the

bandwidth of the position tracking loop.

4.3.6 No-Load Operation

The no-load operation of each motor is investigated. The necessity of setting a

minimum current value was already introduced in Section [3.4, When imposing a
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minimum ¢4, a problem raises, as at high 74 the saliency becomes weak again due to
saturation of d-axis. So it is complicated to select a stable %4 ,;, in the automated
simulation without manual fine-tuning. This justifies the choice of minimum %,. As
anticipated in Section [3.4] when operating with sensorless high frequency injection
methods, it is convenient to impose a minimum g¢-current, rather than d-current,
to optimize the saliency ratio when operating at zero torque. This allows to have
a good saliency value at no-load and not lose the control.

Fig. shows the contour plots of the saliency of the three motors under test
plotted against the d- and g-currents in relative values. From the graphs, a value
of saliency greater than 6 is obtained for all three motors by setting a minimum
g-current of 20% the rated current. A minimum saliency of 6 is a safe value to
operate at when running at no-load, this ensures the correct functioning of the

saliency-based sensorless algorithms at start-up and at low-speeds operation.

4.3.7 High-Load operation

The high-load functioning is a critical operation for saliency-based sensorless tech-
niques, as well. The maximum torque capability of this type of control is tested for
all the three motors.

The simulations reported in the following plots were performed solely employing the
low-speed saliency-based method of injecting a sinusoidal high frequency voltage
signal and demodulating the stator g-current component to retrieve the position
error for the sensorless control. The overload operation is affected by the cross-
saturation position error which characterizes the current demodulation method,
this must be considered when analyzing the following simulations. The starting
of the motors and the low-speed operation are intended to be tested, hence the
external speed imposed is set constant to 100 rpm, to be ceratin that the sensor-
less control solely runs on the low-speed saliency-based position error estimation
method.

The bandwidth of the PLL is set to 2725 rad/s. This should be kept in mind, as
the overload operation is sensitive to this parameter.

The plots in Fig. show three simulations in torque control mode, one for each

of the three motors under test. The same simulation was run for every machine,
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Figure 4.11: Saliency maps of the three motors under test. A red marker is placed
at 20% of the rated current value on the 7, axis.

consisting in a torque ramp varying from zero to four times the rated torque of
each motor. This plots provide the information on the maximum load limitation
of the low-speed methods, as it is clear from the graphs at which torque value the
real torque T and the observed torque T deviate from the reference torque ramp.
These points are highlighted with a red dot in every plot and labeled with the ap-
proximate value of torque corresponding to that point relative to the rated torque
of the motor.

As clear form Fig. [£.12a] the low-speed sensorless control cannot achieve reference
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Figure 4.12: Three simulations of the tested motors in torque control mode. The
torque reference is varied linearly from zero to four times the reference torque Ty.
The external speed imposed is set at 100 rpm.
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torque values greater than the 75% of the rated torque T} in the case of FElectro
Adda.

The same applies to the case of RawP reported in Fig. [£.12b] Here the reference
torque which was not endured by the control is equal to the rated torque Tj.

Fig. reports the simulation of Bari motor. Here the first sign of subsidence
of the saliency-based position error estimation appears around 2.3 times the rated
torque, a much higher value than the previous two motors.

The torque value at which the control fails the reference torque in each plot of Fig.
can be explained with the contour plots in Fig. The three images repre-
sent the saliency contour plot, the MTPA trajectory (in red) and the torque map
in p.u. (in black) of the motors under test plotted against the d- and g-currents in
relative values with respect to the rated current. From these images, the saliency
at each operating point of the MTPA curve can be evaluated and the correspond-
ing torque value can be defined. It is important to remind that the already poor
saliency in regions such as the ones where the high-load operation takes place is
further deteriorated by the cross-saturation error which affects the current demod-
ulation method.

Fig. is related to Electro Adda. It shows that to the operating point match-
ing with 75% of the rated torque, it corresponds a saliency slightly lower than 4.
This value is considerably low and results in the loss of control when operating
with sensorless high frequency injection techniques, which highly rely on saliency
to work. This explains the failure of the simulation in Fig. at a reference
torque value equal to 0.75-Ty. The same considerations apply to RawP and Bari
motors, whose saliency and torque maps are reported in Fig. and [£.13d], re-
spectively. When a reference torque equal to the rated torque is imposed to the
RawP motor, the saliency of the machine is around 5; but as the reference torque
increases beyond this value, the control looses the reference, as in the simulation
reported in Fig[4.12h]

The Bari motor exhibits considerably higher values of saliency compared to the
other motors, as shown in Fig. [.13d even when operating at twice the rated
torque, where the Bari motor still has a saliency between 4 and 5, a border-line

value for high frequency injection saliency-based sensorless methods. Beyond a
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reference torque of 2.3-Tj the torque control results in an unsteady chasing of the
reference torque followed by the failure of the control if the reference value further

increases, as proven in Fig. [4.12¢, due to a drop in saliency below 4.
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Figure 4.13: Saliency maps, MTPA trajectory (in red) and torque map in p.u. (in
black) of the three motors under test.

The loss of control is partially due to the cross-saturation effect, as well. As
torque increases, the position error due to cross-saturation also increases, leading
to the loss of control for high values of torque, where the position error is too
big to be endured. If the torque ramp simulation is run with flux demodulation

technique, which overcomes the problem of cross-saturation, it can be noticed that
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the torque value at which the control is lost is slightly higher than the case of current
demodulation. In Fig. [£.14] it is reported a simulation in flux demodulation with
the FElectro Adda motor. It is visible that the control is lost around a toruqge value
equal to the rated torque, a higher value than for the case of current demdoulation
in Fig. where torque deviates from the reference value around 7" = 0.75 7.
Also, it is shown that the position error remains almost zero in Fig. [4.14] until
the loss of control, while in Fig. the position error keeps increasing as the
torque ramps up. So the premature loss of control with current demodulation in
Fig. respect to the case with flux demodulation in Fig. [4.14] is due to the

cross-saturation position error that pushes the operation into poor saliency regions.

_10 1 1 L L L
0.5 1 1.5 2 2.5 3 3.5 4

Figure 4.14: A simulation of the Electro Adda motor in torque control mode employ-
ing flux demodulation and a PLL bandwidth of 27-25 rad/s. The torque reference
is varied linearly from zero to four times the reference torque T,. The external
speed imposed is set at 100 rpm. The reference torque is lost around T' = Tj.

As mentioned at the beginning of this section, overload operation is sensitive
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Figure 4.15: A simulation of the FElectro Adda motor in torque control mode em-
ploying current demodulation and a PLL bandwidth of 27-25 rad/s. The torque
reference is varied linearly from zero to four times the reference torque 7y. The
external speed imposed is set at 100 rpm. The reference torque is lost around
T =0.75T.

to the bandwidth of the PLL, which was set to 27-25 rad/s for the simulations
reported above. If the PLL bandwidth is lowered, the reference torque achieved
increases, as for the case of the Electro Adda motor, shown in Figld.16) and [£.16a]
where the PLL bandwidth is set to 2715 rad/s and 2710 rad/s and the maximum
toruqge fulfilled becomes 1.57, and 1.767j, respectively.

Since these considerations only apply for saliency-based sensorless methods for
rotor position estimation, employed at zero- to low-speeds, particular attention
must be paid in overloading the the motor at start-up when such techniques are
used and the capability of each motor should be assessed for each case.

This is the reason why the speed control dynamic response to torque load step,
as in the case of Fig. 4.24] is rather relaxed, to avoid harsh torque peaks and

to allow any motor to be controlled with the automatically generated parameters,
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Figure 4.16: Two simulations of the FElectro Adda motor in torque control mode
employing flux demodulation. The torque reference is varied linearly from zero to

four times the reference torque Ty. The external speed imposed is set at 100 rpm.

In the plots in (a) the bandwidth of the PLL is set to 27-15 rad/s, while in (b) it
is set to 2710 rad/s.

even the ones that exhibit poor saliency at high loads, for which the saliency-based
position estimation methods would struggle to keep the control, or the ones that
are particularly sensitive to the control parameters. This influenced the calibration
of the bandwidth of the speed loop.

4.3.8 Calibration Optimization

After obtaining the first-approach results from syreDrive, the user will be able to
easily edit the C-files to furhter adjust the control parameters for a dedicated tuning

for the motor under test.

59



Automated Generation of the Simulation Model and Results

The control parameters are all stored in the User_Constants.h header file. These
quantities are reported in Fig. as they appear in the header file. KOBS is the
hybrid flux observer gain. OMEGA_BW and OMEGA_BI are the bandwidths of
the speed and current loop, respectively. OMFEGA_0_INJ is the cut-off frequency of
the low-pass filter needed for the demodulation of the high frequency signal in the
case of sinusoidal voltage injection. WB_PLL_SIN and WB_PLL_SQUARE are the
bandwidths of the PLL for the case of sinusoidal and square wave voltage injection,
defined separately. OMEGA_G is the speed span w, of the fusion scheme presented
in Section |3.60l The user only needs to change these values and run a simulation
from syreDrive to evaluate the performance of the machine with the new setups

of the control parameters. An example of calibration optimization of the control

45

46|// Flux Observer

47 |[#define KOBS TWOPI*10.0f // 300 rpm
48

49|// PI Reg

50 |#define OMEGA BW TWOPI*1.0f

51 |#define OMEGA BI TWOPI*/5.0f%

52 |#define OMEGAﬁOiINJ TWOPI*50.0f

53 |#define WB PLL SIN TWOPI*10.0f

54 | #define WB PLL SQUARE TWOPI*25.0f

55

56|// Control fusion

57 | #define OMEGA G TWOPI*4.0f // 120 rpm
58

Figure 4.17: The control parameters as they appear in the User_Constants.h header
file.

parameters is provided in Fig. In this simulation the bandwidth of the speed
loop was modified to improve the performance of the Bari motor. As shown in
Section [4.3.7], this machine presents a much higher saliency per Newton-meter ratio
than the other two motors studied, as visible comparing its saliency and torque map
in Fig. to the maps of the two other motors in Fig. |4.13al and 4.13b| Hence,

a more performing response can be claimed from Bari motor, as the saliency-based

sensorless methods employed at start-up and at low speeds can make the most out

of the sufficiently high values of saliency that this motor exhibits even when it is
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forced to work at high loads. In the simulation in Fig. [4.18] the bandwidth of the
speed loop €, is increased from 271 rad/s, in Fig. , to 2mw-4 rad/s, in Fig.
[4.18D], to have a faster response to speed steps. The initial acceleration is visibly
quicker in the case of ,, = 274 rad/s and the response to the torque step is faster,
as well. This simple example of ad-hoc tuning of the control of the Bari motor was
easily achieved just changing a single value in the User_Constants.h header file.
The same test is performed for the FElectro Adda and the results are reported in
Fig. 4.19 The bandwidth €2, = 27-1 rad/s, selected as general value to be used
in syreDrive, proved to work fine with Electro Adda, as shown in Fig. [£.19a] But
when a bandwidth of 274 rad/s is applied for the speed control of Electro Adda, the
results are not as promising as they were for Bari motor. As shown in Fig. [£.19b]
the control cannot endure the initial speed step with such a harsh dynamic and ends
up failing the reference speed value. The best that could be done out of the Electro
Adda motor was to increase the speed loop bandwidth up to 27-1.75 rad/s. In this
case the maximum torque achieved by the control is T = 0.757;, the maximum
torque value that the low-speed saliency-based sensorless control techniques can
whithstand, as shown in Fig. [£.12al Increasing the bandwidth further beyond
this value results in the failure of the control. The torque and speed plots of this
simulation are reported in Fig. [£.21] where it can be seen that the response of
the motor is improved with respect to Fig. 4.19a] where a lower bandwidth was
employed.

The same applies to the RawP motor. The results of a simulation in speed
mode with a bandwidth of the speed loop of 27-1 rad/s are reported in Fig. .
The response is slow, but the control fulfills the reference speed value, even when
a torque load step is applied. In Fig. , instead, a bandwidth of 27-4 rad/s
is used. This bandwidth, which provided better results for the Bari motor, results
in the control failure in the case of the RawP motor, as visible in Fig. [4.20D]
as it did for the FElectro Adda motor. The highest speed loop bandwidth that
prevented the control of RawP to fail was Q, = 27-1.8 rad/s, as it resulted in
the maximum torque that the saliency-based sensorless method could withstand at
start-up, namely T = Ty for the case of RawP, as visible in Fig.

This proves that the general validity of the calibration of the speed loop described
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Figure 4.18: Two simulations in speed control mode of the Bari motor. The one
in (a) was performed using a bandwidth of the speed loop Q, = 271 rad/s, while
the one in (b) using Q, = 27-4 rad/s.
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Figure 4.19: Two simulations in speed control mode of the FElectro Adda motor.
The one in (a) was performed using a bandwidth of the speed loop 2, = 271 rad/s,
while the one in (b) using Q, = 274 rad/s.
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Figure 4.21: A simulation in speed control mode of the Electro Adda motor, using
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Figure 4.22: A simulation in speed control mode of the RawP motor, using a
bandwidth of the speed loop €, = 27-1.8 rad/s.
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in Section holds for most SyR motors, as a more daring tuning of the control
parameters would not be suitable for machines with poor saliency when operating
at high torque, such as the Flectro Adda motor. For this reason, the possibility for
further dedicated tuning is left to the user, after the generation of the generally

valid control with syreDrive.

4.4 Simulation Results for the Sensorless Control

The position error estimation techniques presented in Chapter have been ana-
lyzed to determine their capability and constraints and to asses their performances.
First, the low-speed range sensorless position estimation methods are tested, then
the high-speed techniques, along with the fusion scheme are examined.

The following simulations were performed on the Bari SyR motor, whose ratings
are reported in table [4.1]

4.4.1 Low-Speed Range

The low-speed position estimation techniques are based on the injection of a high-
frequency voltage signal. The multiple options for this method presented in Section
are here analyzed and their functioning is verified.

First the correct operation of the demodulation procedure is assessed. A sim-
ulation using sinusoidal high frequency voltage signal injection and demodulating
g-current component is performed.

Analyzing the following plots in this chapter, the demodulation appears to operate
as expected. The position error signal is obtained by multiplying the demodulated
and filtered magnitude of the high frequency current component by the coefficient
k., as in Eq. (3.6).

The demodulation was verified for all the high frequency injection methods and

performed well in all the cases.

In Fig. 4.23] four pairs of graphs are presented, one for each combination of the
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low-speed position error estimation technique tested, which are:

e sinusoidal injection & stator current demodulation;
e square wave injection & stator current demodulation;
e sinusoidal injection & stator current-model flux demodulation;

e square wave injection & stator current-model flux demodulation.

All the results of these simulations are in torque control mode. Each graph is
made up of three subplots, respectively for torque, speed and position error. The
first one shows the reference torque 7%, the actual torque realized by the motor
T and the torque computed with the observed quantities T; all three values are
reported in p.u. relative to the rated torque of the motor. The second one presents
the speed sequence performed during the simulation in rpm and the observed speed.
Since this analysis deals with low-speed position error estimation methods, the
external speed imposed reaches a maximum absolute value of 300 rpm. The last
subplot of the series depicts the position error § and the expected steady-state

position error 6y due to cross-saturation, both in degrees. 6, is computed as

~ 1 l
O = —= tan "4 (4.8)
2 I
la—lg
A

By comparing the four pairs of plots, no major difference in torque response is

where [ =

noticeable, though the torque ripple due to the high frequency voltage injection is
clearly visible in all of the plots.
While it is evident that demodulating current-model flux (Fig. [4.23¢| and [4.23d])

overcomes the problem of cross-saturation, as the position error 6 is close to zero

during steady-state, while in the case of stator current demodulation (Fig.
and 4.23b)) the position error largly matches the expected steady-state position er-

ror ég, except during the speed transient.

4.4.2 High-Speed Range

The high-speed position error estimation techniques presented in Section |3.5| are

tested to verify their functioning.
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Figure 4.23: Four torque and speed plots of torque control simulations using dif-
ferent low-speed position error estimation methods.
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The high-speed range fundamental model-based methods considered are the active

flux and the adaptive projection vector for position error estimation.

The plots in Fig. are taken from a simulation performed in speed control
mode, employing the full-speed sensorless control scheme described in Section |3.6]
The low-speed position error estimation method used is high frequency injeciton of
square wave voltage and the demodulated quantity to retrieve the position error

signal is current-model flux. While for the high-speed operation, APP is employed.

The reference speed is perfectly achieved in Fig. 4.24. The observed quantities
such as speed n and torque T are accurately reproduced and the control shows a
good response to torque load steps.

The fusion scheme, synthesized by the fusion coefficient f,,, proves to work fine, as
a smooth linear transition is fulfilled around 300 rpm and no disturbance in speed
can be noticed in the span of transition.

Also, it can be seen how torque is more affected by ripple when the sensorless con-
trol operates with high frequency injection methods at low speeds, i.e. when the
fusion coefficient f,, is 1. The torque smooths out when the control runs at high
speeds and APP technique takes over, when f, assumes a null value. The torque
ripple is due to the high frequency component present in the currents, especially
the d-axis component, where injection takes place.

The rotor position is accurately estimated by the position observer, as shown in
Fig. 4.24] The position error 6 is mainly null during steady state and remains be-
low 4° during accelerations and decelerations, with minor oscillations when torque

load steps are applied.

A similar simulation to the one of Fig. [4.24]is performed; the only difference
between the two is that active flux is employed for estimating the position error
in high-speed region instead of APP. The results are reported in Fig. A
minimum torque load is constanly applied during the whole simulation and the
control performs well in this situation, as it can be seen from Fig. keeping
the position error below 1°.

If this torque load is removed, the active flux control fails when no load is applied to
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Figure 4.24: From top to bottom: the actual torque, the observed torque and the
load torque in p.u.; the reference speed, the actual speed and the observed speed
in rpm; the fusion coefficient f,; the real position # and the observed position 0
in rad; the position error 6 in degrees. The plots are taken from a simulation in
speed control employing high frequency voltage injection and flux demodulation in
the low-speed region, and APP during the high-speed operations.
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the motor. This is the case of Fig. [4.26 By comparing the results with APP in the
torque plot in Fig. [£.24]to the ones with active flux in Fig. it is visible that the
effectiveness of active flux at no-load is worsened by the fact that a minimum current
is set on the g-axis instead of d-axis. The reason for doing so is that saliency-based
position error estimation methods used at low-speeds require a minimum value
of saliency to perform well, as asserted in Section (3.4, Hence, the user must be
wary of using active flux technique at no load. Alternatively, a minimum d-axis
current imposition permits no load operation, however, compromising the ease of

automated calibration for low speeds region.
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Figure 4.25: From top to bottom: the actual torque, the observed torque and the
load torque in p.u.; the reference speed, the actual speed and the observed speed
in rpm; the fusion coefficient f_; the real position and the observed position; the
position error. The plots are taken from a simulation in speed control employing
high frequency voltage injection and flux demodulation in the low-speed region,
and active flux during the high-speeds operation. Notice that a minimum torque
load is applied through out the whole simulation.
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Figure 4.26: From top to bottom: the actual torque, the observed torque and the
load torque in p.u.; the reference speed, the actual speed and the observed speed
in rpm; the fusion coefficient f,; the real position and the observed position; the
position error. The plots are taken from a simulation in speed control employing
high frequency voltage injection and flux demodulation in the low-speed region,
and active flux during the high-speeds operation. No torque load is applied in this
case.
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Chapter 5

Conclusions

The aim of this work was to provide a tool for fast and easy evaluation of control
strategy for synchronous reluctance motors, given solely the machine data. In this
thesis work, a method for automated generation of control files and a Simulink
model for any given synchronous reluctance motor is introduced and implemented

in the software SyR-e in the form of the new add-on, syreDrive.

An introduction to synchronous reluctance motors and their control strategy is

provided, the mathematical model of the SyR machine is reported and the field
oriented control scheme for this kind of motor is described. The dg-theta magnetic
model is presented and a simplified version of it, that allows to reduce the compu-
tational time, is introduced.
An analysis of technical literature on sensorless control techniques follows; these
methods are described in Chapter |3| of this text, where several sensorless position
error estimation methods are presented. These techniques are discerned into low-
speed and high-speed techniques. The former are saliency-based methods, which
employ high frequency voltage injection and stator current demodulation or sta-
tor current-model flux demodulation to retrieve the position, while the latter are
fundamental model-based algorithms that rely on stator and rotor equations and
on back-EMF. The two systems are fused together to form a full-speed sensorless
control scheme.

In Chapter [4, the implementation procedure to constitute the syreDrive software
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tool is shown. The full-speed sensorless control scheme presented, with several
selectable position error estimation techniques, is implemented in syreDrive. The
operating principle of the automatic generation of the files for the control and the
simulation model is shown. Here, both the Simulink model for the simulation and
the control structure implemented in C-files are thoroughly described. The cali-
bration of the control parameters, that allows the control to fit to any SyR motor,
is discussed and assessed. The results of the three motors simulated are presented
and the performance of the different control methods are compared. An analy-
sis of the saliency of the motors under test is performed and some considerations
on simualting motors of different saliency is carried out, paying attention to the
operating points which are critical for the sensorless control techniques, no-load
operation and torque overloading, in particular. The need to impose a minimum
current arises from this study. Following the necessary analysis, it is determined
the convenience of setting a minimum i,, rather than 7,4, to satisfy the requirements
of the low-speed saliency-based position error estimation methods. However, the
active flux becomes unobservable at no load due to the unexcited d-axis. Hence,
the no load operation with active flux position observer at high speeds is not con-
ducive with the imposition of minimum ¢-axis current. An example of optimization
of the control parameters produced in output from syreDrive is provided, to show
the simplicity of dealing with dedicated control calibration for a specific motor.

syreDrive allows to easily integrate sensorless control for a selected SyR motor by
evaluating the performance of the machine under sensorless mode from the results
of the automatically produced simulation. This software tool is meant to be used
as first-approach control strategy evaluation for a freshly designed SyR motor, for
a machine for which the control has not been realized yet or for a motor for which
a different control is desired, especially for consideraing position sensorless control
implementation. syreDrive may be used as an instrument of assessment and an
overall framework to lay the groundwork for a more in-depth analysis and tuning
of the control for any more specific applications. The control files generated are
also suitable to be implemented in a digital control and utilized for practical tests.
The final version of syreDrive is presented as it appears to the user and an example

of results is provided.
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The automatic generation of the control proved to deliver reliable results for all
the three different-sized motors simulated, evidence of the fact that the calibration
of the control is suitable for most SyR machines, which was the goal of this work.
Future work may consist in the consolidation of this software feature by examining
more SyR motors and by experimentally testing the results obtained at simulation

stage or expand the number of control strategies selectable in the software.
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